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ABSTRACT 
 
  
Student Name: Nada loufty Abd- Elrheam Ali Moussa. 
Title of the thesis: Radon -222 study in ceramics and indoor 
air. 
 
Degree: M.Sc         (nuclear physics) 
 
 
A total 50 samples of 13 different ceramic tiles companies collected from the 
Egyptian market for the measurements of radon exhalation rate. Three homes 
include twenty rooms were selected. The period of the survey was in range 2-3 
months for homes for each season while it was about 15 days for ceramic tiles. 
The radon exhalation rate of ceramic tiles (clay and glaze) and indoor radon 
activity concentration were measured by alpha tracks technique. The average 
radon exhalation rate in three homes was observed to be in the range 2.2-5.2 
mBq.m-2.h-1. The average of Ra-226 activity for all ceramic tiles either the floor 
or wall tile is in the range 16-64 Bq.kg-1. The porosity of ceramic tiles is found 
in the range 0.19-0.29.  The effective dose in all rooms is found in the range 0.9-
1.3 mSv.y-1 .  
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AIM OF THE  

RESEARCH WORK 
 

           The primary aim of the present research work is: 

1- Determination of the radon exhalation rate of different ceramic tiles 

companies for glaze and clay surface. 

2- Assessment of  the radium concentration in ceramic tiles by tracks 

technique. 

3- Study of the radon concentration in homes in different seasons.  

        4-To outline the possible role of radon as a risk factor for civil society.        
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1.1 Introduction 

        For over a century and a half, soils containing naturally occurring 

radioactive materials (NORM) have been used in manufacturing glass and 

ceramic products (1, 2), as base material, as coloring agents, and or other 

properties, even before the contained radioactivity was identified as such. 

Artificial teeth, jewelry—especially cloisonne´ jewelry, wall tiles, electrical 

materials, and other manufactured articles have also had radioactive materials 

incorporated into them for various reasons (3). Recognition of the hazards 

inherent in such applications led to regulations governing incorporation of 

byproduct radioactive materials, i.e., materials made radioactive through 

regulated activities (4), and of source materials, i.e., uranium and thorium (5), 

into products. A variety of commonly available household and industrial 

ceramic items and some specialty glass materials are assayed by alpha pulse 

counting and ion chamber voltage measurements for radioactivity 

concentrations. Identification of radionuclides in some of the items is 

performed by gamma spectroscopy. The samples included tableware, 

construction tiles and decorative tiles, figurines, and other products with a 

clay based composition. The concentrations of radioactivity ranged from near 

background to about four orders of magnitude higher. Almost every nuclide 

identification test demonstrated some radioactivity content from one or more 

of the naturally occurring radionuclide series of thorium or uranium (6). The 

risks to human health posed by ionizing radiation are well known. Radon is a 

radioactive gas that emanates from rocks and soils and tends to concentrate in 

enclosed spaces like houses. Soil gas infiltrations recognized as the most 

important source of residential radon. Other sources, including building 

materials and water extracted from wells, are of less importance in most 
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circumstances. Radon is a major contributor to the ionizing radiation dose 

received by the general population. Many studies on indoor radon and lung 

cancer in Europe, North America and Asia provide strong evidence that radon 

causes a substantial number of lung cancers in the general population (7, 8). 

Current estimates of the proportion of lung cancers attributable to radon range 

from 3 to 14%, depending on the average radon concentration in the country 

concerned and the calculation methods (9, 10). The analyses indicate that the 

lung cancer risk increases proportionally with increasing radon exposure (11). 

As many people are exposed to low and moderate radon concentrations, the 

majority of lung cancers related to radon are caused by these exposure levels 

rather than by higher concentrations (12, 13). Radon is the second cause of lung 

cancer after smoking. Daily and seasonal cycles are common features of 

indoor radon time series, usually assumed to result from stack effects, which 

would cause higher radon levels to be observed in general at night and in the 

winter (14-18). The radon emission rates has measured by Horton(19) for two 

phosphate gypsum piles in central Florida. Both piles had an average radium 

concentration of about 0.9 Bq.g-1. The exhalation rate of radon was measured 

to be about 3,600 Bq.m-2.h-1 ; the total annual release rate was estimated to be 

25T.Bq.y-1 for a pile with an area of 82 ha. More detailed measurements of 

radon emission rates made by Hartley and Freeman (20) for two phosphate 

gypsum piles in Florida over a four-day period. The average radon escape rate 

was 2,500 Bq.m-2.h-1. Mustonen (21) has measured rates of radon emission 

from by-product gypsum building material with different thicknesses and 

radium concentrations in Finland. The radon exhalation rate from some 

fertilizers, clay and potatoes have been measured by Maged and Saad (22) in 

Egypt. 
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1.2 What is radon? 

1.2.1 A scientific description  

         Radon is a chemical element with symbol Rn and atomic number 86. It 

is a radioactive, colorless, odorless, tasteless noble gas, occurring naturally as 

the decay product of radium. It is one of the densest substances that remains a 

gas under normal conditions and is considered to be a health hazard due to its 

radioactivity. Its most stable isotope, Rn-222 has a half-life of 3.8 days. Radon 

is formed as part of the normal radioactive decay chain of uranium‐238. 

Uranium has been around since the earth was formed and its most common 

isotope has a very long half-life (4.5 billion years), which is the amount of 

time required for one-half of uranium to break down. Uranium, radium, and 

thus radon, will continue to occur for millions of years at about the same 

concentrations as they do now. Radon is appreciably more soluble in organic 

liquids than in water. Early studies concluded that the stability of radon 

hydrate should be of the same order as that of the hydrates of chlorine (Cl2) or 

sulfur dioxide (SO2), and significantly higher than the stability of the hydrate 

of hydrogen sulfide (H2S) (23). Radon can be oxidized by a few powerful 

oxidizing agents such as F2, thus forming radon fluoride (24, 25).  

1.2.2 Exposure 

         Radon-222 is responsible for the majority of the mean public exposure to 

ionizing radiation. It is often the single largest contributor to an individual's 

background radiation dose in UK as shown in Figs.1-1 and 1-2. The average 

radiation doses received in Germany from radon is shown in Fig.1-2. 

 

http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Atomic_number
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Noble_gas
http://en.wikipedia.org/wiki/Radium
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Isotope
http://en.wikipedia.org/wiki/Radon-222
http://en.wikipedia.org/wiki/Half-life
http://en.wikipedia.org/wiki/Decay_chain
http://en.wikipedia.org/wiki/Uranium
http://en.wikipedia.org/wiki/Isotopes_of_uranium
http://en.wikipedia.org/wiki/Isotopes_of_uranium
http://en.wikipedia.org/wiki/Hydrate
http://en.wikipedia.org/wiki/Chlorine
http://en.wikipedia.org/wiki/Sulfur_dioxide
http://en.wikipedia.org/wiki/Hydrogen_sulfide
http://en.wikipedia.org/wiki/Oxidation
http://en.wikipedia.org/wiki/Fluorine
http://en.wikipedia.org/wiki/Fluorine
http://en.wikipedia.org/wiki/Radon_fluoride
http://en.wikipedia.org/wiki/Ionizing_radiation
http://en.wikipedia.org/wiki/Background_radiation
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                           Fig.1-1 Contributions to the average UK annual  

                                        radiation dose (26). 
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Fig.1-2  Average radiation doses received in Germany. Radon  

             accounts for half  of the background  dose; and medical 

             doses reach the same levels as background dose (27). 
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1.2.3 Use 

        Radon-222 has been used in some spas for presumed medical effects (28). 

In addition, radon is used to initiate and influence chemical reactions and as a 

surface label in the study of surface reactions. It has been obtained by 

pumping the gases off of a solution of a radium salt, sparking the gas mixture 

to combine the hydrogen and oxygen, removing the water and carbon dioxide 

by adsorption, and freezing out the radon. Radioactive radon gas is widely 

considered to be health hazard by environmental agencies in the U.S. and 

Europe (29, 30). Yet, despite the warnings of these agencies, thousands of people 

annually expose themselves to radon for therapeutic purposes in facilities 

ranging from rustic old mines to upscale spas and clinics (31, 32). 

1.2.4 Radon in the indoor places  

        Radon-222 gas from natural sources can accumulate in buildings, 

especially in confined areas such as attics, and basements (33, 34). It can also be 

found in some spring waters and hot springs (35). Epidemiological evidence 

shows a clear link between breathing high concentrations of radon and 

incidence of lung cancer. Thus, radon is considered a significant contaminant 

that affects indoor air quality worldwide. According to the United States 

Environmental Protection Agency (EPA), radon is the second most frequent 

cause of lung cancer, after cigarette smoking, causing 21,000 lung cancer 

deaths per year in the United States (36). 

1.2.5 A layman's description 

         Radon-222 is a cancer-causing radioactive gas. You cannot see, smell or 

taste radon, but it may be a problem in your home. If you smoke and your 

http://en.wikipedia.org/wiki/Spring_(hydrosphere)
http://en.wikipedia.org/wiki/Indoor_air_quality
http://en.wikipedia.org/wiki/Lung_cancer
http://en.wikipedia.org/wiki/United_States
http://www.radon.com/radon/radioactivity.html
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home has high radon levels, you're at high risk for developing lung cancer (37). 

A family whose home has radon levels of 148 Bq.m-3 is exposed to 

approximately 35 times as much radiation as the Nuclear Regulatory 

Commission, NRC (37) would allow if that family was standing next to the 

fence of a radioactive waste site  (0.25 mSv limit, 8.0 mSv exposure). An 

elementary school student that spends 8 hours per day and 180 days per year 

in a classroom with 148 Bq.m-3 of radon will receive nearly 10 times as much 

radiation as the NRC (37) allows at the edge of a nuclear power plant (0.25 

mSv limit, 2.0 mSv exposure). Some scientific studies of radon exposure 

indicate that children may be more sensitive to radon (38-40). This may be due 

to their higher respiration rate and their rapidly dividing cells, which may be 

more vulnerable to radiation damage. Most U.S. EPA lifetime safety standards 

for carcinogens are established based on a 1 in 100,000 risk of death. Most 

scientists agree that the risk of death for radon at 148 Bq.m-3 is approximately 

1 in 100. At the 148 Bq.m-3, EPA action guideline level, radon carries 

approximately 1000 times the risk of death as any other EPA carcinogen. It is 

important to note that the action level is not a safe level, as there are no "safe" 

levels of radon gas (36). 

1.3 What are the radon progeny? 

1.3.1 Decay of uranium-238 

         Atoms in a radioactive substance decay in a random fashion but at a 

characteristic rate. The length of time this takes, the number of steps required 

and the kinds of radiation released at each step are well known. The half-life 

is the time taken for half of the atoms of a radioactive substance to decay. 

Half-lives can range from less than a millionth of a second to millions of years 

http://www.radon.com/radon/radon_levels.html
http://www.ccnr.org/radon_chart.html
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depending on the element concerned. All uranium atoms are mildly 

radioactive. The type of radiation given off at each step and the 'half-life' of 

each step that uranium-238 goes through in its change into stable, non-

radioactive lead-206 is shown in Fig. 1-3. The shorter-lived each kind of 

atom, the more radioactive it is. 

                      

 

                                        Fig.1-3 Decay of uranium-238  
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1.3.2 Decay of radium-226  

         Radon originates from radium-226 which naturally occurs in most types 

of granite and soil in varying degrees. The following decay chart for radium-

226 shows the various changes as shown in Fig.1-4. As it undergoes 

radioactive decay, a chain of products is formed as a result of one by-product 

itself decaying to another element, which in turn decays further until finally 

reaching an element that is stable. In this case that stable element is lead. The 

element we're interested in is radon-222. This is produced roughly halfway 

down this decay chain from radium-226. Radon-222 is a particular problem 

because it is a gas, and as such can leave the surrounding rock and enter 

buildings along with atmospheric air.  

                                     

 
                         Fig.1-4 The radium-226 decay chain. 
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1.4 Alpha radiation emitted from radioactive atoms 

         Some very heavy atoms transform by the atom emitting from its nucleus 

an energetic, positively charged particle, many thousands of times heavier 

than an electron. This relatively massive particle is called an alpha particle 

loses. It is known to be the nucleus of a helium atom. When the alpha particle 

loses its kinetic energy, it is neutralized by attracting electrons and becomes a 

normal atom of the element helium. Uranium-238, radium-226, radon-222 are 

typical alpha-particle emitters.  

1.5 Radioactivity in the air 

         A crucial factor in determining the potential hazard of a radon 

contaminated atmosphere is the relative amounts of radon and of each of its 

short lived radioactive daughters that are present. The relative amounts may 

vary anywhere from pure radon to an equilibrium mixture. In this context, it is 

customary to use the term "equilibrium" to mean the secular   equilibrium 

which exists when the only input is that of radon-222 and the only losses are 

by radioactive decay. Departures from this equilibrium occur when additional 

sources or removal processes alter the relative abundances of radon and its 

daughters in the air. For indoor radon-222, the most important of the removal 

processes are ventilation and the plate out of radon daughters on surfaces with 

in the house. To the extent that these processes are constant over time scales 

longer than four hours required to reach equilibrium (41) as shown in Table 

(1.1).  
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     Table (1.1) 

     Approximate time to equilibrate radon daughters with radon-222  

     (in minutes) (41). 
         

 Time to Indicated Equilibrium (%) 
 

Daughter

 

Half Life 
25 50 90 99 

Po-218 3 min 1 3 10 20 

Pb-214 27 min 16 31 95 180 

Bi-214 20 min 36 60 135 230 

Po-214 « 1 sec 36 60 135 230 

        The concentrations of the chain members down to polonium-214 tend to 

follow the variation in the sources and losses (42). An aerosol is defined (43) to 

be "a system of solid or liquid particles which are (a) dispersed in a gaseous 

medium, (b) able to remain suspended in the gaseous medium for a long time 

relative to the time scale of interest and (c) have a high surface area to volume 

ratio. The geometrical diameters of aerosol particles normally fall within the 

range between 0.001 and 100 microns". Those daughters which are adsorbed 

onto the micron and submicron sized atmospheric   aerosol are carried with it 

and are deposited in the lung accordingly (44-47). The daughters that are so 

adsorbed make up the “attached fraction". The remaining daughters in the air 

occur as a mixture of free ions, oxides, or other chemical forms, usually as 

very small agglomerates with several water molecules. These are called the 

“unattached fraction" (48). The  unattached fraction of  polonium-218 is usually 

less than 0.10 in indoor environments although higher values are possible in 
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dust-free atmospheres; the  unattached fraction of the other  daughters are 

usually much smaller (49,50). 

1.6 Accumulation in homes 

        Typical domestic exposures (32) are of ≈100 Bq.m-3 indoors as shown in 

Table (1.2). Depending on how homes are built and ventilated, radon may 

accumulate in basements and dwellings. 

  Table (1.2) 

  Radon concentration scale of occurrence example. 

Bq.m-3 Occurrence example 

1 Radon concentration at the shores of large oceans is typically 1 Bq.m-3. Radon 
trace concentration above oceans or in Antarctica can be lower than 0.1 Bq.m-3. 

10 
Mean continental concentration in the open air: 10 to 30 Bq.m-3. Based on a 
series of surveys, the global mean indoor radon concentration is estimated to be 
39 Bq. m-3. 

100 
Most countries have adopted a radon concentration of 200–400 Bq.m-3 for 
indoor air as an Action or Reference Level. If testing shows levels less than 
148 Bq.m-3, then no action is necessary. A cumulated exposure of 230 Bq. m-3 
of radon gas concentration during a period of 1 year corresponds to 1 WLM. 

1,000 
Very high radon concentrations (>1000 Bq.m-3) have been found in houses built 
on soils with a high uranium content and/or high permeability of the ground. For 
levels are 20 picocuries radon per liter of air (800 Bq.m-3) or higher, the home 
owner should consider some type of procedure to decrease indoor radon levels. 

10,000 
The "Working Level" in uranium mines corresponds to a 7000 Bq.m-3 
concentration. The concentration in the air at the (unventilated) Gastein Healing 
Gallery averages 43 kBq.m-3  with maximal value(32) of 148 kBq.m-3. 

100,000 About 100,000 Bq.m-3 was measured in Stanley Watras's basement (51). 

1,000,000 Concentrations reaching 1,000,000 Bq.m-3 can be found in unventilated uranium 
mines. 
 

        

http://en.wikipedia.org/wiki/Antarctica
http://en.wikipedia.org/wiki/Stanley_Watras
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 Radon concentrations in the same location may differ by a factor of two 

over a period of 1 hour (10). Also, the concentration in one room of a building 

may be significantly different than the concentration in an adjoining room (52). 

The distribution of radon concentrations tends to be asymmetrical around the 

average; the larger concentrations have a disproportionately greater weight. 

Indoor radon concentration is usually assumed to follow a lognormal 

distribution on a given territory (53). The mean concentration ranges from less 

than 10 Bq.m-3 to over 100 Bq.m-3 in some European countries (54). Iowa has the 

highest average radon concentrations in the United States due to significant 

glaciations that ground the granitic rocks from the Canadian Shield and 

deposited it as soils making up the rich Iowa farmland (55). Many cities within 

the state, such as Iowa City, have passed requirements for radon-resistant 

construction in new homes. In a few locations, uranium tailings have been used 

for landfills and are subsequently built on; resulting in possible increased 

exposure to radon (52). 

1.7   Sources of indoor radon 

1.7.1 Soil 

        Radon is a decay product of uranium, which is relatively common in the 

Earth's crust, but generally concentrated in ore-bearing rocks scattered around 

the world. Every square mile of surface soil, to a depth of 6 inches (2.6 km2 to 

a depth of 15 cm), contains approximately 1 gram of radium, which releases 

radon in small amounts to the atmosphere (52). On a global scale, it is estimated 

that 2,400 million curies of radon are released from soil annually. Radon 

concentration varies wildly from place to place. In the open air, it ranges from 

http://en.wikipedia.org/wiki/Lognormal_distribution
http://en.wikipedia.org/wiki/Lognormal_distribution
http://en.wikipedia.org/wiki/Glaciation
http://en.wikipedia.org/wiki/Canadian_Shield
http://en.wikipedia.org/wiki/Iowa_City
http://en.wikipedia.org/wiki/Uranium_tailings
http://en.wikipedia.org/wiki/Landfills
http://en.wikipedia.org/wiki/File:Radon_Concentration_next_to_Uranium_Mine.PNG
http://en.wikipedia.org/wiki/Earth%27s_crust
http://en.wikipedia.org/wiki/Curies
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1 to 100 Bq.m-3, even less (0.1 Bq.m-3) above the ocean. In caves or aerated 

mines, or ill-aerated houses, its concentration climbs to 20-2,000 Bq.m-3 (56, 57).  

1.7.2 Ground water 

         The second most important contributor to outdoor radon is emanation 

from ground water sources. The radon in the water supply poses an inhalation 

risk and an ingestion risk.  Research has shown that the risk of lung cancer from 

breathing radon in air is much larger than the risk of stomach cancer from 

swallowing water with radon in it.  Most of the risk from radon in water comes 

from radon released into the air when water is used for showering and other 

household purposes.  Radon in home’s water is not usually a problem when its 

source is surface water.  A radon in water problem is more likely when its 

source is ground water, e.g., a private well or public water supply system that 

uses ground water (58). The reason for high concentration of radon in ground 

water is that six-valence uranium is relatively easily soluble and is leached out 

of the rock by the ground water (59).  The solubility of each noble gas decreases 

with temperature but the temperature dependence is much stronger for heavier 

gases.  Radon can then be transported by ground water to far large distances 

than by the diffusion process in a short time (60). 

1.7.3 Radium-226 in building material 

         The activity concentrations of NORM in building materials vary 

according to the type and origin of the building material. The typical activity 

concentration (Bq.kg-1) in the most common and covering building materials 

in Europe is shown in Tables (1.3) and (1.4).  
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                       Table (1.3) 

                       Activity concentration range (Bq.kg-1) of  
                       common building material  (61). 
 

Building material 226Ra(Bq.kg-1) 

Concrete 18-67 

Light weight concrete 10-60 

Bricks 7-140 

Gypsum 1-67 

Cement 13-107 

   

                     Table (1.4)  

                    Activity concentration range (Bq.kg-1) of selected 

                    covering building material  (61).                

Building material 226Ra(Bq.kg-1) 

Ceramics 25-193 

Granite ND-160 

Tiles 33-61 

Marble 1-63 

                   ND: No data 

        Radiation exposure due to natural radionuclides in building materials, as 

well as radon concentrations in closed space, is recognized as a significant 

cancer risk for the general population only in the early seventies in the 20th 

century (61). In Europe the annual effective dose equivalent from all sources of 

radiation in the environment is estimated to 3.3 mSv and doses of natural 
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radiation account for about 80% of this value, while the average annual 

exposure to indoor radon and its short-lived daughters is estimated to 1.6 mSv. 

The most significant natural radionuclides in building materials are 40K, 238U, 
235U, 232Th and the its progenies (62-64). The content of natural radionuclides in 

building materials is caused by many factors: geological origin and composition 

of soil, its density and porosity, content of water in soil (65).  

1.8    Ceramic material 
 
1.8.1 A scientific description 

        The word ceramic, derives its name from the Greek keramos. The Greeks 

used the term to mean "burnt stuff" or "burned earth". Ceramics can be defined 

as inorganic, non-metallic materials that are typically produced using clays and 

other minerals from the earth or chemically processed powders. Ceramics are 

typically crystalline in nature and are compounds formed between metallic and 

non-metallic elements such as aluminum and oxygen (alumina- Al2O3), silicon 

and nitrogen (silicon nitride- Si3N4) and silicon and carbon (silicon carbide-

SiC). Glass is often considered a subset of ceramics. Glass is somewhat 

different than ceramics in that it is amorphous, or has no long range crystalline 

order. Ceramics can be particularly radioactive if some compound of uranium 

(e.g., uranium oxide, sodium urinate) has been used to impart color (e.g., 

orange-red, green, yellow, black) to the glaze.  It is widely known that uranium 

was used in the glaze of orange-red Fiesta dinnerware, but uranium glazes have 

also been used other types of ceramics: wall and floor tiles, pottery, laboratory 

ceramics, etc.  The glaze can serve two functions: it provides color, and it seals 

the ceramic. The use of uranium in ceramic glazes ceased during World War II 

and didn’t resume until 1959.  NCRP (66) indicated that no manufacturers were 

using uranium-glaze in dinnerware. Sometimes the higher readings are due to 
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uranium in the glaze; sometimes they are due to the radionuclides in the clay 

that is used to produce the ceramic. One common misconception is that a 

uranium-containing glaze can be a source of radon-222. This is incorrect 

because the glaze contains chemically purified uranium, not the complete 

uranium series. Chemically purified uranium contains: U-238 plus its two short-

lived decay products, Th-234 and Pa-234; U-234; and U-235 plus its decay 

product Th-231.  Since Ra-226 is not present, there is no radon-222 production.   

It is true that the clay used to produce the body of the ceramic (rather than the 

glaze) can be a source of radon, but this is true for all ceramics, with or without 

a uranium glaze.  Raw zirconium sand is one of the substances, naturally 

occurring radioactive material (NORM) which is widely used in the ceramic 

industry (67-69) as shown in Table (1.5). 

     Table (1.5) 

     Activity concentrations of naturally-occurring radionuclide 

    in zircon materials and ceramic tiles (67). 

Radioactivity concentrations (Bq.kg-1) 
Material n samples

n samples 226 Ra 232 Th 40 K 

Mean 2640 ± 650 1100 ± 160 90±  15 
Zircon materials 27 

Range 1660-3600   270-500 13-40 

Mean 90 ± 60 50 ± 10 600 ± 90 
Ceramic tiles 12 

Range 30-200 40-80 370-660 
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1.9 Working Levels and Working Level Months. 
        Working levels are units that have been used to describe the radon decay-

product activities in air in terms of potential alpha energy. It is defined as any 

combination of short-lived radon daughters (through polonium-214) per liter 

of air that will result in the emission of 1.3x105 MeV of alpha energy. The 

radon activity concentration of 3700 Bq.m-3 of air, in equilibrium with its 

daughters, corresponds approximately to a potential alpha-energy 

concentration of 1 WL. The potential alpha energy exposure of miners is 

commonly expressed in the unit Working Level Month (WLM). One WLM 

corresponds to exposure to a concentration of 1 WL for the reference period 

of 170 hours (70). 

1.10 Determination of radon-222 concentrations: 

          Instantaneous method 
a. Alpha-particle scintillation counting with zinc sulfide. 

b. Alpha particle scintillation counting with liquid scintillators. 

c. Internal ionization chamber counters. 

1.11 Determination of radon-222 daughter's concentrations: 

          Instantaneous method 

a. Alpha particle scintillation counting: Single time period. 

b. Alpha particle scintillation counting: Several time periods. 

c. alpha particle spectroscopy. 

1.12 Continuous counting methods 
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1.13 Integrating techniques for measuring radon-222 and its daughters 

a. Etched track detectors. 

b. Thermoluminescent detectors. 

c. Charcoal adsorption detectors. 

1.14 Etched track detectors description 

         The etched track detector method is perhaps the most widely used 

method for time-integrated monitoring, and is commercially available under 

the different trade-name Track-Etch. This general method is originally 

developed for detecting heavy particles in nuclear physics experiments and 

from cosmic rays (71) and is subsequently applied to the specific problems of 

radon detection (72-75). 
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2.1 Mapping radon levels 

  2.1.1 Samples 
           A total 50 samples of 13 different ceramic tiles companies collected from 

the Egyptian market for the measurements of radon exhalation rate. The ceramic 

tiles (floor and wall tiles) are obtained from suppliers or buildings under 

construction. The thirteen different ceramic tiles companies are ten Egyptian 

made and three are imported. Three homes built about 1910 include about 

twenty rooms in the ground floor are selected in El-Abasia area about 3 km east 

of Cairo the capital of Egypt as shown in Fig.2-1.  

 

 

 

 

 

 

 

        Fig. 2-1 Map of the study area of El-Abasia 3 km east of Cairo. 

           The number of detectors located in each home ranged between four and 

five detectors in bed and living rooms of the ground floor for each season. In 

every measuring location, the detectors with hollow holder are hung about 1.0 m 

from the ceiling of the rooms. The period of the survey is in range 2-3 months 

for each season in homes while it is about 15 days for ceramic tile. The radon 
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exhalation rate of ceramic tiles (clay and glaze) and indoor radon activity 

concentration are measured by alpha tracks technique. 

  2.1.2 CR-39 detector and hollow holder. 

            Domestic air radon levels are measured by means of a time-integrated 

alpha-track detector provided and analyzed by National Center for Radiation 

Research and Technology (NCRRT), Cairo, Solid State and Electron 

Accelerators Department, Atomic Energy Authority, Nasr City, Cairo, Egypt. 

CR-39 detector is the type of detector used. It is a thermoset plastic formed as a 

cross-linked polymer from the monomer allyl-diglycolcarbonate. It combines 

the optical properties of glass with mechanical and physical properties superior 

to other plastics. Its industrial applications are widespread being used 

principally in the manufacture of optical lenses and fashionable sunglasses. Two 

different batches of CR-39 detectors obtained from Page Mouldings, UK, of 

thickness ~500 microns,  are used, one of them is covered by a thin film of 

polyethylene as protection against the natural background radiation and stored 

for 10 years at refrigerator while the other was without cover layer and stored 

for 5 years at  the same refrigerator. Both of them have shown no significant 

difference in counts after subtracting the background. The samples are cut into 

pieces of 1.5 cm x 1.5 cm then each piece is mounted in the center of a closed 

container (hollow holder) by using blue tag. The hollow holder is designed to 

permit Rn-222 only to diffuse into without its daughters as shown in Fig.2-2.  
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Fig. 2-2 The two halves of hollow holder with CR-39  

 detector which is fixed with blue tag. 

2.2 Chemical etching processing 

           Chemical etching is the method used for fixing and enlarging the latent 

track damage trail in a solid state track detector. Essentially, etching is taken 

place via rapid dissolution of the disordered region of the track core which 

exists in a state of higher free energy than the undamaged bulk material. The 

linear rate of chemical attack along the track is termed the track etching velocity 

VT. The surrounding undamaged material is attacked at a rate VB, the bulk 

etching velocity. Both VT and VB for CR-39 under certain conditions are 

measured elsewhere (1). The bulk etching rate is generally constant for a given 

material and for a given etchant applied under a specific set of etching 

conditions. The detectors are etched in 6M NaHO solution at 70 0C for 18 

hours. Then, the detectors are rinsed with current flow of water for 5 min and 

keep it dry. 
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2.3 Track counting  

           The number of alpha particle tracks is registered by using an optical 

microscope attached to the image analysis system Quantimet 500 as in Fig. 2-3.  

 

 

 

 

 

                                         

 

                               Fig. 2-3 Image analysis systems. 

             The Quantimet 500 is a video image analyzer, which means that it uses a 

video camera to sample the image. An objective magnification of 4 is sufficient 

for measuring the track density to minimize the error value. The Quantimet 500 

provides several classes of measurements including:  track length, track area, 

roundness, aspect ratio, …..etc. The image analysis system is permanently 

calibrated by transparent micrometer slide. The present study has measured both 

of the tracks density inside (closed) and outside (open) hollow holder to calculate 

the equilibrium factor in homes. The calibration factor of CR-39 has been 

measured in known radon concentration (2) as in Figs. 2-4 and 2-5.  
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        Fig. 2-4  Tracks density inside hollow holder versus,  

                       time for  radon exposure at equilibrium (2). 

 

         Fig.2-5   Tracks density outside hollow holder versus, 

                       time for radon exposure at equilibrium (2). 
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These figures have been measured the tracks density inside and outside hollow 

holder versus time for radon exposure at equilibrium to calculate the calibration 

factor of CR-39 in this hollow holder experimentally and theoretically as shown 

in Fig.2-6. 

                 

 

Fig.2-6  Geometry of α-track registration on CR-39 detector, θc – critical angle     

             R- range of α-particles, C-number of α-decays per unit volume and  time(2). 

2.4 Alpha tracks images 
The alpha tracks appeared in solid state nuclear track detector (SSNTD), 

with using the hollow holder technique and filter paper for about 15 days 

exposure for both of wall and floor tiles including glaze and clay surface by using 

objective magnification 20X for all ceramic companies are shown in Fig. 2-7. 
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Fig.2-7 Photographs showing alpha tracks appeared in SSNTD, by using    

            objective magnification 20X for Egyptian ceramic companies.  

                                                     

                                    Background                     1 div=10 μm (Obj. Mag. 20 X)                                     

                                                        Cleopatra (code No.1) 

                                         Wall                                                 Floor                              
                          Glaze              Clay                       Glaze              Clay              

                            

                                                        Aracemco (code No.2) 

                           Glaze              Clay                      Glaze              Clay             

                            

                                                Lecico (code No.3) 

                           Glaze              Clay                      Glaze            Clay               
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                                    Wall                                                 Floor                                                     

                                                  Venecia (code No.4) 

                            Glaze             Clay                      Glaze             Clay                

                            

                                             Pharaoho (code No.5) 

                            Glaze              Clay                       Glaze            Clay                 

                            

El-Gawhara (code No.6) 

                      Glaze              Clay                      Glaze               Clay            

                     
                                                

                                            Misr (code No.7) 

                          Glaze             Clay                       Glaze            Clay                  
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                                        Wall                                                  Floor                              

                                                 Alfa (code No.8) 

                          Glaze              Clay                       Glaze             Clay              

                       

                                             Alamir (code No.9) 
                      Glaze               Clay                    Glaze             Clay        

                  
                                                    

                                                       Royal (code No.10) 

                          Glaze              Clay                    Glaze              Clay                 

                        

2.5 Radon activity concentration 

            Conversion of alpha track density to radon concentration is based on a 

factor obtained from calibration of CR-39 detector in a radon chamber of known 

concentration. Radon concentration per unit volume is calculated using the 

equation (2): 

                                C = K-1 ρ                             (2- 1) 
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Where, ρ is the number of tracks per cm2, C is the radon concentration and K is 

the calibration factor, 1.37 cm-2.kBq-1 .h-1. m3.  

The radon concentration is calculated according to the equation: 

   C (Bq.m-3) = (Mean track density) (103)/ (Time period in hours x 1.37)      (2-2) 

2.6 Radon exhalation rate from building materials 
The evaluation of the internal dose caused by building materials is more complicated. 

The general parameters, apart from the exhalation rate of the building material, 

affecting the indoor radon concentration are the dimensions of the house and the 

ventilation rate. Expressions for the concentration of radon in indoor air from 

building materials are derived several authors (3, 4).The radon exhalation rate equation 

is:                                   

                ( )
S

VCCE v

v

v λλ
λλ
λ +

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−= 0                                                    (2-3)        

where E is the specific exhalation rate, S is the surface area of hollow holder, V 

is the volume of hollow holder, λ is the radon decay constant (7.6 x 10-3 h-1), Co 

is the outdoor radon concentration, λv is the ventilation rate. For calculating the 

exhalation rate of ceramic tile and homes we considered that λv≅0, so the second 

term in equation (2-3) is equal zero. In general, ventilation is the key factor that 

affects the indoor radon concentration and, on the average, an air-conditioned 

room has a higher radon concentration than a non-air-conditioned room in the 

same category of building, and the use of the building may slightly influence the 

radon concentration(5). In many cases, the most significant pathway of radon 

entry into a home is radon migration from ceramic tiles through porosity. 

Because ceramic contain trace amount of radium, radon is a constituent of the 
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gas which fills ceramic pores. The amount of radon transferred from the ceramic 

tile into a structure is affected by many factors, including radium content, 

density and porosity, construction type, and meteorological conditions. 

           For measuring radon concentrations directly in contact to ceramic tile 

surface, the open hollow holders are placed directly on different positions of 

each ceramic tile surface. A filter paper used between the open hollow holder 

and the ceramic tile surface to prevent the radon progeny and permit only for 

radon gas to enter the hollow holder dosimeter. The hollow holder is adhered 

and sealed with silicon as Fig. 2-8. 

 
Ceramic tile 

 
Hollow holder 

 
CR-39 detector Clay  

 Glaze 

                           

Filter paper 

 

 

                        Fig.2-8 The setup diagram for measuring radon 

                                     exhalation of ceramic tile. 
           For the control measurements a group of hollow holders include CR-39 

detectors are placed in a sealed plastic bag filled with nitrogen gas as an inert 

gas for the same time interval for ceramic tile or home. 

 



Chapter 2                                                                                      Methods and Materials 

 

40 

 

2.7 Some physical parameters 

 2.7.1 Density of ceramics tiles 
           The mass of the particles divided by the volume they occupy that 

includes the space between the particles, ASTM (American Society for 

Testing and Materials (6, 7). 

2.7.2 Dry density 
           The dry density ρD is equal to the dry mass MD of the sample divided by 

the total volume VT of the sample. The sample must be dried long enough to 

remove any moisture from voids. The ceramic tile sample (~4cm x ~4cm x 

~0.8cm) is placed in muffle (Heraeus, made in Germany) at 120 0C under 

vacuum (10-3 torr) for 24 hours. Then the dry mass (~50 g) was determined by 

using sensitive balance (AND model HR-200, made in Japan). 

              ρD = MD/VT                                                                   (2-4) 

2.7.3 Wet density 

            The wet density ρW is equal to the wet mass (saturated) MW of the 

sample divided by the total volume VT of the sample. The same dry ceramic 

tile is immersed in water content for 24 hours. When the sample has been 

saturated under the atmospheric pressures for long enough that all the voids 

are filled with water. Then the wet mass is determined by using the same 

sensitive balance. 

              ρw = Mw/VT                                                                           (2-5) 
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 2.7.4 Porosity of ceramics tiles 

         Porosity is a measure of the void spaces in a material, and is measured as 

a fraction, between 0–1, typically ranging from less than 0.01 for solid granite 

to more than 0.5 for peat and clay, although it may also be represented in 

percent terms by multiplying the fraction by 100.  The term is used in multiple 

fields including ceramics, metallurgy, materials, manufacturing, earth sciences 

and construction. It is defined by the ratio: 

              Ф = VV/VT                                                                             (2-6) 

where VV is the volume of void-space and VT is the total or geometric volume 

(The volumes of a material calculated from measurements of its physical 

dimensions) of ceramic tile, including the solid and void components as Fig. 

2-9. 

 

 

 

 

 

 

 

Fig. 2-9  A straightedge placed along the edge of a ceramic tile  

               demonstrates the concept  of ‘external volume,’ the 

               volume contained by virtue of surface irregularities. 
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           A pycnometer is a vessel with a precisely known volume. Although a 

pycnometer is used to determine density ρ or specific gravity, it measures 

volume V; a balance is used to determine mass M. Manual pycnometers 

(glassware) typically are used to determine the density or specific gravity of 

liquids by filling the vessel, then weighing. Density is calculated by ρ= M/V 

and specific gravity by the same equation and dividing both sides by the 

density of water with reference to temperature. Essentially the same process 

can be used to determine the volume of an unknown, enclosed space. First the 

object containing the void is weighed empty (dry). It is then filled with a 

liquid of known density (water) and reweighed. The weight difference ΔM is 

the weight of the water and from these data, volume can be calculated by 

VV=ΔM/ρ. The porosity (Ф) can be measured for each ceramic tile using 

equation (2-6). Porosity is an important transport parameter in porous media. 

All common methods to determine porosity are based on the measurements of 

the bulk volume and the void volume. They have been compared and 

evaluated several times (8-10).  

           In the framework of our project on radon transport in ceramic tile, a 

testing system to determine the porosity of ceramic tiles is needed. We 

decided to use the water immersion method as it is fast, relatively accurate and 

non-destructive. According to literature, ceramic porosity varies from 10% to 

60%. The porosities of ceramic samples are found in the range 19-28% which 

are consistent with the authors (11). 
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2.8 Assessment of effective radium concentration 

            The radon emanation power or emanation coefficient, denoted by ε, is 

defined as the fraction of Rn-222 produced by the disintegration of Ra-226 in 

the grains of the material that can escape from it. The emanation power is 

dimensionless and ranges from 0 (no radon escapes from the material) to 1 (all 

radon escapes). The rate of radon exhalation is proportional to the gradient of 

the radon concentration in the internal pores (12). The principle factors affecting 

the radon exhalation rate (from a ceramic tile) per unit activity concentration of 

Ra-226 are the porosity and the density of the material, the diffusion coefficient, 

the water, the age and the composition of the material as seen in equation (2-7). 

                    .tanh[ ]                                          (2‐7) 

where ε is the emanation power, CRa is the effective radium concentration, is 

the density, D is the effective diffusion coefficient, λ is the decay constant of 

Rn-222, P is the porosity of the material, and  is the half thickness of the 

ceramic tile. 

2.9 Working level: definition and calculation. 

            The hazard from airborne radon is due to inhalation of its short-lived 

daughters. The daughters are trapped in the lung and decay there, depositing their 

‘alpha particles’ energy in the lung tissue. 

One Working Level (WL)  ≅  any combination of short-lived radon daughters in 1 

liter of air with the potential of emitting 1.3x105 MeV of alpha-particle energy 
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during decay to lead-210. (At secular equilibrium, 1 WL corresponds to 3700 

Bq.m-3 of radon-222. 

                                                                                      (2-8) 

where WL= number of working levels and nA, nB and nC are the concentrations of 

polonium-218, lead-214 and bismuth-214, respectively in atoms per liter. 

2.10 Equilibrium factor (F)  

            The extent to which the short-lived daughters have concentrations less than 

their values in secular equilibrium with radon can be denoted by the “equilibrium 

factor”, F, where F is defined by the expression: 

        Exposure in WL = 0.01 x F x (radon concentration in Bq.m-3)        (2-9) 

           This method is used for simultaneous estimation of the radon activity 

concentration and the equilibrium factor (13, 14, and 2). By this method the detector 

inside the hollow holder measures the Rn-222 exposure at equilibrium and the 

detector outside the hollow holder measures the Rn-222 and its progeny at 

equilibrium. It is found that the track density ratio of the two detectors may 

possible to get a reasonable estimation of the equilibrium factor (15). 

   2.11 Equilibrium equivalent concentration (EEC) 

             The concept of the equilibrium factor defined above gives rise to an 

alternate specification of the radon daughter concentrations in terms of an 

equivalent radon concentration. The overall daughter concentrations are here 

given in terms of the radon concentration that, in equilibrium with its daughters,  
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would generate the number of working levels that are actually present. Thus, if the 

actual radon concentration is CRn and the radon daughter concentrations are such 

that the equilibrium ratio is F, then "Equilibrium equivalent concentration" EEC, 

is given by: 

                EEC = F x CRn                                                                                  (2-10) 

where EEC and CRn are expressed in Bq.m-3. 

2.12 Working level month (WLM) 

            Total exposure is dependent on both the intensity of the exposure and its 

time duration. The working month is usually rounded off to 170 hours (8 

hours/day x 5 days/week x 4 weeks + 10 hours= 170 hrs). A miner exposed to 1 

WL over a full year will receive, by definition, an annual exposure of 12 WLM. In 

considering indoor exposures, allowance must be made for the longer time spent 

in the indoor environment than miners spend working.  

2.13 Effective dose equivalent due Rn-222 

            Annual indoor effective dose equivalent due to Rn-222 and its progenies  

is estimated using the following equation (16). 

      H(mSv.y-1) = ((0.17 + 9F) x CRn) x 8760(h) x 0.8 x 10-6                (2-11) 

where, F is the equilibrium factor between radon and its progeny, CRn is the 

concentration of Rn-222 and 0.8 is the indoor occupancy factor. 
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2.14 Radon intercalibration exercise 
            In order to establish the extent to which there is consistency between radon 

measurements made at different institutions, as an example, the National 

Radiological Protection Board, NRPB (currently Health Protection Agency, HPA, 

UK) has conducted a series of intercalibration exercises since 1990 (17-19). In these 

exercises, a set of detectors to be tested are sent to the NRPB, exposed to a 

standard concentration of radon in a large calibration chamber, and returned to the 

participating institutions for counting. The results are expressed as the ratio of the 

mean concentration measured at a given institution to the reference concentration 

as measured by the NRPB. The departure of this ratio from unity for a given 

detector is an indication of the error or uncertainty in measurements made with 

that detector as Fig. 2-10. 
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Fig.2-10. The intercalibration of passive detector with standard errors: radon           
exposure in NRPB, 1997. Egyptian participation is No.31 (17). 
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2.1 Mapping radon levels 

  2.1.1 Samples 
           A total 50 samples of 13 different ceramic tiles companies collected from 

the Egyptian market for the measurements of radon exhalation rate. The ceramic 

tiles (floor and wall tiles) are obtained from suppliers or buildings under 

construction. The thirteen different ceramic tiles companies are ten Egyptian 

made and three are imported. Three homes built about 1910 include about 

twenty rooms in the ground floor are selected in El-Abasia area about 3 km east 

of Cairo the capital of Egypt as shown in Fig.2-1.  

 

 

 

 

 

 

 

        Fig. 2-1 Map of the study area of El-Abasia 3 km east of Cairo. 

           The number of detectors located in each home ranged between four and 

five detectors in bed and living rooms of the ground floor for each season. In 

every measuring location, the detectors with hollow holder are hung about 1.0 m 

from the ceiling of the rooms. The period of the survey is in range 2-3 months 

for each season in homes while it is about 15 days for ceramic tile. The radon 
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exhalation rate of ceramic tiles (clay and glaze) and indoor radon activity 

concentration are measured by alpha tracks technique. 

  2.1.2 CR-39 detector and hollow holder. 

            Domestic air radon levels are measured by means of a time-integrated 

alpha-track detector provided and analyzed by National Center for Radiation 

Research and Technology (NCRRT), Cairo, Solid State and Electron 

Accelerators Department, Atomic Energy Authority, Nasr City, Cairo, Egypt. 

CR-39 detector is the type of detector used. It is a thermoset plastic formed as a 

cross-linked polymer from the monomer allyl-diglycolcarbonate. It combines 

the optical properties of glass with mechanical and physical properties superior 

to other plastics. Its industrial applications are widespread being used 

principally in the manufacture of optical lenses and fashionable sunglasses. Two 

different batches of CR-39 detectors obtained from Page Mouldings, UK, of 

thickness ~500 microns,  are used, one of them is covered by a thin film of 

polyethylene as protection against the natural background radiation and stored 

for 10 years at refrigerator while the other was without cover layer and stored 

for 5 years at  the same refrigerator. Both of them have shown no significant 

difference in counts after subtracting the background. The samples are cut into 

pieces of 1.5 cm x 1.5 cm then each piece is mounted in the center of a closed 

container (hollow holder) by using blue tag. The hollow holder is designed to 

permit Rn-222 only to diffuse into without its daughters as shown in Fig.2-2.  
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Fig. 2-2 The two halves of hollow holder with CR-39  

 detector which is fixed with blue tag. 

2.2 Chemical etching processing 

           Chemical etching is the method used for fixing and enlarging the latent 

track damage trail in a solid state track detector. Essentially, etching is taken 

place via rapid dissolution of the disordered region of the track core which 

exists in a state of higher free energy than the undamaged bulk material. The 

linear rate of chemical attack along the track is termed the track etching velocity 

VT. The surrounding undamaged material is attacked at a rate VB, the bulk 

etching velocity. Both VT and VB for CR-39 under certain conditions are 

measured elsewhere (1). The bulk etching rate is generally constant for a given 

material and for a given etchant applied under a specific set of etching 

conditions. The detectors are etched in 6M NaHO solution at 70 0C for 18 

hours. Then, the detectors are rinsed with current flow of water for 5 min and 

keep it dry. 
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2.3 Track counting  

           The number of alpha particle tracks is registered by using an optical 

microscope attached to the image analysis system Quantimet 500 as in Fig. 2-3.  

 

 

 

 

 

                                         

 

                               Fig. 2-3 Image analysis systems. 

             The Quantimet 500 is a video image analyzer, which means that it uses a 

video camera to sample the image. An objective magnification of 4 is sufficient 

for measuring the track density to minimize the error value. The Quantimet 500 

provides several classes of measurements including:  track length, track area, 

roundness, aspect ratio, …..etc. The image analysis system is permanently 

calibrated by transparent micrometer slide. The present study has measured both 

of the tracks density inside (closed) and outside (open) hollow holder to calculate 

the equilibrium factor in homes. The calibration factor of CR-39 has been 

measured in known radon concentration (2) as in Figs. 2-4 and 2-5.  
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        Fig. 2-4  Tracks density inside hollow holder versus,  

                       time for  radon exposure at equilibrium (2). 

 

         Fig.2-5   Tracks density outside hollow holder versus, 

                       time for radon exposure at equilibrium (2). 
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These figures have been measured the tracks density inside and outside hollow 

holder versus time for radon exposure at equilibrium to calculate the calibration 

factor of CR-39 in this hollow holder experimentally and theoretically as shown 

in Fig.2-6. 

                 

 

Fig.2-6  Geometry of α-track registration on CR-39 detector, θc – critical angle     

             R- range of α-particles, C-number of α-decays per unit volume and  time(2). 

2.4 Alpha tracks images 
The alpha tracks appeared in solid state nuclear track detector (SSNTD), 

with using the hollow holder technique and filter paper for about 15 days 

exposure for both of wall and floor tiles including glaze and clay surface by using 

objective magnification 20X for all ceramic companies are shown in Fig. 2-7. 
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Fig.2-7 Photographs showing alpha tracks appeared in SSNTD, by using    

            objective magnification 20X for Egyptian ceramic companies.  

                                                     

                                    Background                     1 div=10 μm (Obj. Mag. 20 X)                                     

                                                        Cleopatra (code No.1) 

                                         Wall                                                 Floor                              
                          Glaze              Clay                       Glaze              Clay              

                            

                                                        Aracemco (code No.2) 

                           Glaze              Clay                      Glaze              Clay             

                            

                                                Lecico (code No.3) 

                           Glaze              Clay                      Glaze            Clay               
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                                    Wall                                                 Floor                                                     

                                                  Venecia (code No.4) 

                            Glaze             Clay                      Glaze             Clay                

                            

                                             Pharaoho (code No.5) 

                            Glaze              Clay                       Glaze            Clay                 

                            

El-Gawhara (code No.6) 

                      Glaze              Clay                      Glaze               Clay            

                     
                                                

                                            Misr (code No.7) 

                          Glaze             Clay                       Glaze            Clay                  
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                                        Wall                                                  Floor                              

                                                 Alfa (code No.8) 

                          Glaze              Clay                       Glaze             Clay              

                       

                                             Alamir (code No.9) 
                      Glaze               Clay                    Glaze             Clay        

                  
                                                    

                                                       Royal (code No.10) 

                          Glaze              Clay                    Glaze              Clay                 

                        

2.5 Radon activity concentration 

            Conversion of alpha track density to radon concentration is based on a 

factor obtained from calibration of CR-39 detector in a radon chamber of known 

concentration. Radon concentration per unit volume is calculated using the 

equation (2): 

                                C = K-1 ρ                             (2- 1) 
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Where, ρ is the number of tracks per cm2, C is the radon concentration and K is 

the calibration factor, 1.37 cm-2.kBq-1 .h-1. m3.  

The radon concentration is calculated according to the equation: 

   C (Bq.m-3) = (Mean track density) (103)/ (Time period in hours x 1.37)      (2-2) 

2.6 Radon exhalation rate from building materials 
The evaluation of the internal dose caused by building materials is more complicated. 

The general parameters, apart from the exhalation rate of the building material, 

affecting the indoor radon concentration are the dimensions of the house and the 

ventilation rate. Expressions for the concentration of radon in indoor air from 

building materials are derived several authors (3, 4).The radon exhalation rate equation 

is:                                   

                ( )
S

VCCE v

v

v λλ
λλ
λ +

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−= 0                                                    (2-3)        

where E is the specific exhalation rate, S is the surface area of hollow holder, V 

is the volume of hollow holder, λ is the radon decay constant (7.6 x 10-3 h-1), Co 

is the outdoor radon concentration, λv is the ventilation rate. For calculating the 

exhalation rate of ceramic tile and homes we considered that λv≅0, so the second 

term in equation (2-3) is equal zero. In general, ventilation is the key factor that 

affects the indoor radon concentration and, on the average, an air-conditioned 

room has a higher radon concentration than a non-air-conditioned room in the 

same category of building, and the use of the building may slightly influence the 

radon concentration(5). In many cases, the most significant pathway of radon 

entry into a home is radon migration from ceramic tiles through porosity. 

Because ceramic contain trace amount of radium, radon is a constituent of the 
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gas which fills ceramic pores. The amount of radon transferred from the ceramic 

tile into a structure is affected by many factors, including radium content, 

density and porosity, construction type, and meteorological conditions. 

           For measuring radon concentrations directly in contact to ceramic tile 

surface, the open hollow holders are placed directly on different positions of 

each ceramic tile surface. A filter paper used between the open hollow holder 

and the ceramic tile surface to prevent the radon progeny and permit only for 

radon gas to enter the hollow holder dosimeter. The hollow holder is adhered 

and sealed with silicon as Fig. 2-8. 

 
Ceramic tile 

 
Hollow holder 

 
CR-39 detector Clay  

 Glaze 

                           

Filter paper 

 

 

                        Fig.2-8 The setup diagram for measuring radon 

                                     exhalation of ceramic tile. 
           For the control measurements a group of hollow holders include CR-39 

detectors are placed in a sealed plastic bag filled with nitrogen gas as an inert 

gas for the same time interval for ceramic tile or home. 
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2.7 Some physical parameters 

 2.7.1 Density of ceramics tiles 
           The mass of the particles divided by the volume they occupy that 

includes the space between the particles, ASTM (American Society for 

Testing and Materials (6, 7). 

2.7.2 Dry density 
           The dry density ρD is equal to the dry mass MD of the sample divided by 

the total volume VT of the sample. The sample must be dried long enough to 

remove any moisture from voids. The ceramic tile sample (~4cm x ~4cm x 

~0.8cm) is placed in muffle (Heraeus, made in Germany) at 120 0C under 

vacuum (10-3 torr) for 24 hours. Then the dry mass (~50 g) was determined by 

using sensitive balance (AND model HR-200, made in Japan). 

              ρD = MD/VT                                                                   (2-4) 

2.7.3 Wet density 

            The wet density ρW is equal to the wet mass (saturated) MW of the 

sample divided by the total volume VT of the sample. The same dry ceramic 

tile is immersed in water content for 24 hours. When the sample has been 

saturated under the atmospheric pressures for long enough that all the voids 

are filled with water. Then the wet mass is determined by using the same 

sensitive balance. 

              ρw = Mw/VT                                                                           (2-5) 
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 2.7.4 Porosity of ceramics tiles 

         Porosity is a measure of the void spaces in a material, and is measured as 

a fraction, between 0–1, typically ranging from less than 0.01 for solid granite 

to more than 0.5 for peat and clay, although it may also be represented in 

percent terms by multiplying the fraction by 100.  The term is used in multiple 

fields including ceramics, metallurgy, materials, manufacturing, earth sciences 

and construction. It is defined by the ratio: 

              Ф = VV/VT                                                                             (2-6) 

where VV is the volume of void-space and VT is the total or geometric volume 

(The volumes of a material calculated from measurements of its physical 

dimensions) of ceramic tile, including the solid and void components as Fig. 

2-9. 

 

 

 

 

 

 

 

Fig. 2-9  A straightedge placed along the edge of a ceramic tile  

               demonstrates the concept  of ‘external volume,’ the 

               volume contained by virtue of surface irregularities. 
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           A pycnometer is a vessel with a precisely known volume. Although a 

pycnometer is used to determine density ρ or specific gravity, it measures 

volume V; a balance is used to determine mass M. Manual pycnometers 

(glassware) typically are used to determine the density or specific gravity of 

liquids by filling the vessel, then weighing. Density is calculated by ρ= M/V 

and specific gravity by the same equation and dividing both sides by the 

density of water with reference to temperature. Essentially the same process 

can be used to determine the volume of an unknown, enclosed space. First the 

object containing the void is weighed empty (dry). It is then filled with a 

liquid of known density (water) and reweighed. The weight difference ΔM is 

the weight of the water and from these data, volume can be calculated by 

VV=ΔM/ρ. The porosity (Ф) can be measured for each ceramic tile using 

equation (2-6). Porosity is an important transport parameter in porous media. 

All common methods to determine porosity are based on the measurements of 

the bulk volume and the void volume. They have been compared and 

evaluated several times (8-10).  

           In the framework of our project on radon transport in ceramic tile, a 

testing system to determine the porosity of ceramic tiles is needed. We 

decided to use the water immersion method as it is fast, relatively accurate and 

non-destructive. According to literature, ceramic porosity varies from 10% to 

60%. The porosities of ceramic samples are found in the range 19-28% which 

are consistent with the authors (11). 
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2.8 Assessment of effective radium concentration 

            The radon emanation power or emanation coefficient, denoted by ε, is 

defined as the fraction of Rn-222 produced by the disintegration of Ra-226 in 

the grains of the material that can escape from it. The emanation power is 

dimensionless and ranges from 0 (no radon escapes from the material) to 1 (all 

radon escapes). The rate of radon exhalation is proportional to the gradient of 

the radon concentration in the internal pores (12). The principle factors affecting 

the radon exhalation rate (from a ceramic tile) per unit activity concentration of 

Ra-226 are the porosity and the density of the material, the diffusion coefficient, 

the water, the age and the composition of the material as seen in equation (2-7). 

                    .tanh[ ]                                          (2‐7) 

where ε is the emanation power, CRa is the effective radium concentration, is 

the density, D is the effective diffusion coefficient, λ is the decay constant of 

Rn-222, P is the porosity of the material, and  is the half thickness of the 

ceramic tile. 

2.9 Working level: definition and calculation. 

            The hazard from airborne radon is due to inhalation of its short-lived 

daughters. The daughters are trapped in the lung and decay there, depositing their 

‘alpha particles’ energy in the lung tissue. 

One Working Level (WL)  ≅  any combination of short-lived radon daughters in 1 

liter of air with the potential of emitting 1.3x105 MeV of alpha-particle energy 
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during decay to lead-210. (At secular equilibrium, 1 WL corresponds to 3700 

Bq.m-3 of radon-222. 

                                                                                      (2-8) 

where WL= number of working levels and nA, nB and nC are the concentrations of 

polonium-218, lead-214 and bismuth-214, respectively in atoms per liter. 

2.10 Equilibrium factor (F)  

            The extent to which the short-lived daughters have concentrations less than 

their values in secular equilibrium with radon can be denoted by the “equilibrium 

factor”, F, where F is defined by the expression: 

        Exposure in WL = 0.01 x F x (radon concentration in Bq.m-3)        (2-9) 

           This method is used for simultaneous estimation of the radon activity 

concentration and the equilibrium factor (13, 14, and 2). By this method the detector 

inside the hollow holder measures the Rn-222 exposure at equilibrium and the 

detector outside the hollow holder measures the Rn-222 and its progeny at 

equilibrium. It is found that the track density ratio of the two detectors may 

possible to get a reasonable estimation of the equilibrium factor (15). 

   2.11 Equilibrium equivalent concentration (EEC) 

             The concept of the equilibrium factor defined above gives rise to an 

alternate specification of the radon daughter concentrations in terms of an 

equivalent radon concentration. The overall daughter concentrations are here 

given in terms of the radon concentration that, in equilibrium with its daughters,  
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would generate the number of working levels that are actually present. Thus, if the 

actual radon concentration is CRn and the radon daughter concentrations are such 

that the equilibrium ratio is F, then "Equilibrium equivalent concentration" EEC, 

is given by: 

                EEC = F x CRn                                                                                  (2-10) 

where EEC and CRn are expressed in Bq.m-3. 

2.12 Working level month (WLM) 

            Total exposure is dependent on both the intensity of the exposure and its 

time duration. The working month is usually rounded off to 170 hours (8 

hours/day x 5 days/week x 4 weeks + 10 hours= 170 hrs). A miner exposed to 1 

WL over a full year will receive, by definition, an annual exposure of 12 WLM. In 

considering indoor exposures, allowance must be made for the longer time spent 

in the indoor environment than miners spend working.  

2.13 Effective dose equivalent due Rn-222 

            Annual indoor effective dose equivalent due to Rn-222 and its progenies  

is estimated using the following equation (16). 

      H(mSv.y-1) = ((0.17 + 9F) x CRn) x 8760(h) x 0.8 x 10-6                (2-11) 

where, F is the equilibrium factor between radon and its progeny, CRn is the 

concentration of Rn-222 and 0.8 is the indoor occupancy factor. 
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2.14 Radon intercalibration exercise 
            In order to establish the extent to which there is consistency between radon 

measurements made at different institutions, as an example, the National 

Radiological Protection Board, NRPB (currently Health Protection Agency, HPA, 

UK) has conducted a series of intercalibration exercises since 1990 (17-19). In these 

exercises, a set of detectors to be tested are sent to the NRPB, exposed to a 

standard concentration of radon in a large calibration chamber, and returned to the 

participating institutions for counting. The results are expressed as the ratio of the 

mean concentration measured at a given institution to the reference concentration 

as measured by the NRPB. The departure of this ratio from unity for a given 

detector is an indication of the error or uncertainty in measurements made with 

that detector as Fig. 2-10. 
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Fig.2-10. The intercalibration of passive detector with standard errors: radon           
exposure in NRPB, 1997. Egyptian participation is No.31 (17). 
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Chapter 3                                                                                                Results and discussion 
3.1 Track density 

           The counting of the alpha tracks is done using an optical microscope 

attached to video camera by using an objective magnification of 4X. Each 

data is obtained by averaging the densities of one hundred field areas over the 

entire sample surface to minimize the statistical error (±5%). The error bars 

correspond to the standard deviation of the mean value. The storing effect of 

CR-39 sheets for different years at refrigerator is studied and found no 

significant difference in counts after subtracting the background. 

3.1.1 Homes 

           The behavior of the track density with the room's number for the three 

homes are shown in Figs. 3-1, 3-2 and 3-3. It is found that the tracks density is 

higher in the winter season more than the other seasons and this may be due to 

the closed windows and doors during the winter season and the bad 

ventilation.  

-1 0 1 2 3 4 5 6 7
40

50

60

70

80

90

100

110

120

130

140

 

 

Spring
Summer
Autumn
Winter

Fig. 3-1  Tracks density of the rooms in the first home in El- Abasia area, Cario,
               Egypt for exposure time about three months and Obj. Mag. 4X.
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Fig.3-2 Tracks density of  the rooms of the second home in El- Abasia area,   
            Cario, Egypt for exposure time about three month and Obj. Mag. 4X.
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Fig. 3-3  Tracks density of the rooms in the third home in El- Abasia area, Cario, 
               Egypt for exposure time about three months and Obj. Mag. 4X.
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3.1.2 Ceramic Tiles 

           The behavior of the track density with the first ten different Egyptian 

ceramic companies (code number 1-10) for both of the  floor and the wall tiles 

which are covered by both of the glaze and the clay surface and the other three 

foreign companies (code number 11-13) for wall tiles only are shown in Figs. 3-

4 and  3-5. The tracks density is found higher for the clay surface than the glaze 

surface of ceramic tile for both of the wall and the floor tiles and it may be due 

to that the increase of radium concentration in clay surface. 

0 1 2 3 4 5 6 7 8 9 10 11
200

300

400

500

600

 

 
 Fig. 3-4 The dependence  of  the  tracks  density  on  different  ceramic tiles
              companies (floor) for exposure time about 15 days and Obj. Mag. 4X.
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 Fig. 3-5 The  dependence  of  the  tracks  density  on different ceramic tiles 
               companies (wall) for exposure time about 15 days and Obj. Mag. 4X.
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3.2. Indoor radon  

3.2.1 Homes 

           The average indoor Rn-222 levels in three homes (20 rooms) is observed 

to be nearly similar to the world wide(1) indoor radon level of Rn-222 which is 

40 Bq.m-3. The sources affecting the radon concentrations are the radon input 

(or source magnitude) and the ventilation rate. Rn-222 inside buildings arises 

from several sources other than entering with outside air, such as building 

materials incorporated in structures, the soil and the rock underneath buildings 

and utilities. The seasonal variation of the indoor Rn-222 activity concentrations 

for the three homes in El-Abasia area about 3 km east of Cairo, Egypt are shown 

in Fig. 3-6.  
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Fig.3-6 Average  seasonal variation of  radon-222 activity  concentration
           in three  homes in El-Abasia area, Cario, Egypt.

 

The maximum average value is observed 47 Bq.m-3 during the winter season 

while the minimum average value is observed 21 Bq.m-3 during the summer 

seasons. The reason may be during the winter; the doors and windows are kept 

closed to conserve heat resulting in increased exhalation of building materials 

and reduced ventilation where as in the summer season it may due to increased 

air ventilation rate and this is matched with the other authors(2). The temperature 

and humidity variation during radon measurements is obtained officially as in 

Table (3.1).  
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Table (3.1) 

Shows the temperature and relative humidity 

 during the radon measurements. 

Time period 
Jan-Mar 

Min/max

Apr-Jun 

Min/max

Jul-Sep 

Min/max

Oct-Dec 

Min/max 

Temperature  
(0C) 

2/38 6/47 14/43 1/43 

Humidity (%) 27/69 18/55 24/69 31/70 

 

The annual effective dose equivalent due to radon and its progenies for 

the twenty rooms in the three homes are found in the range of 0.9-1.3 mSv.y-1. It 

is evident that considering on average annual occupancy of 7000 h per year, the 

effective dose for all rooms is found to be below the remedial action limit of 10 

mSv. In considering indoor exposures, allowance must be made for the longer 

time spent in the indoor environment spend working. For example, if an 

individual spends 80% of his time in an indoor environment, this is the 

equivalent of 0.8 x 24 x 365/170 = 41 working month. Thus, if an individual 

exposed to 0.17 WL for 80% of the time will receives a total annual exposure of 

6.97 WLM. If this individual exposed to 3.3 WL (our project) as in case of 

spending long time in closed ceramic tiles store will receive a total exposure 138 

WLM. Most countries have adopted a radon concentration of 200 Bq.m-3 for 

indoor air as an Action or Reference Level. If testing shows levels less than 

148 Bq.m-3, then no action is necessary. 
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3.2.2 Ceramic tiles 

            The behavior of the radon activity concentration  with the first ten 

different Egyptian ceramic companies (code number 1-10) for both floor and 

wall tiles and the other three foreign companies (code number 11-13) for wall 

tiles  only are shown in Figs. 3-7 and  3-8.  
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Fig. 3-7 The dependence of radon-222 activity concentration on
               the different ceramic tiles companies (for floor).
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Fig. 3-8 The dependence of radon-222 activity concentration on 
             the different ceramic tiles companies  (for wall).
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The radon concentration in contact directly to the ceramic tile surface of 

the floor tile is found higher than the wall tile and it may be due to that the 

thickness of the floor tile is greater than the wall tile and it is consequently the 

radium concentration is higher. 

3.3 Radon exhalation rate 

3.3.1 Homes 

            The radon exhalation rate in the three homes for twenty rooms is observed 

in the range 2.2-5.2 mBq.m-2.h-1 as shown in Fig.3-9. This range is consistent 

with the other authors elsewhere (3). 
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 Fig. 3-9  The relation between the average radon exhalation rate
                 of the   surface area of the rooms in homes.  

3.3.2 Ceramic tiles 

   The radon exhalation rates for all ceramic tiles companies in the vicinity of ceramic 

surface are in the range 22 to 64 mBq.m-2.h-1 as shown Figs 3-10 and 3-11.  
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 Fig. 3-10 The dependence of the radon exhalation rate on  
                     the different ceramic tiles companies   (for floor). 
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 Fig. 3-11 The dependence of the radon exhalation rate  on  
                 the different ceramic tiles companies (for wall). 
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A comparison study have done for both of the mass exhalation rate (Em) 

and the area exhalation rate (Es) between the average of all ceramic tiles with 

soil samples at different masses with other authors (4) as shown in Table (3.2). 
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Table (3.2)  

   Comparison between the average exhalation rates of ceramic tiles and soil  

 samples at different masses(4). 

Code 
No. 

Mass of the 
sample (kg) 

     Exhalation rates (GM ± SEa)) 

  Em(mBq.kg-1.h-1)      Es(mBq.m-2.h-1

1 0.05 8.7 ± 1.3 185 ± 15 

2 0.10 9.4 ± 1.6 192 ± 38 

3 0.20 10.3 ± 1.0 205 ± 19 

4 0.30 15.4 ± 5.6 306 ± 59 

5 0.50 12.4 ± 3.1 212 ± 14 

6 1.00 9.1 ± 0.7 168 ± 19 

7b) 0.05 3.4±0.2 38±6 

a) SE (standard error)=σ/N0.5, where σ is SD (Standard Deviation) and N  
is the no of observations.  

b) The present work. 
 

The dependence of the radon-222 exhalation rate on the porosity of ceramic 

tiles is shown in Figs. 3-12 and 3-13. The porosity of ceramic tiles is found in 

the range 0.19-0.28. It is found that the ceramic tile porosity have no significant 

difference with the radon exhalation rate in our study. 

 



Chapter 3                                                                                                Results and discussion 

0.20 0.22 0.24 0.26 0.28 0.30
20

30

40

50

60

70

80

Porosity
 Fig. 3-12 The dependence of the radon exhalation rate on the porosity
                   for the different ceramic tiles companies   (for floor). 
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 Fig. 3-13 The dependence of the radon exhalation rate  on the porosity
                   for the different ceramic tiles companies (for wall). 
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3.4 Assessment of effective radium concentration in ceramic tiles.                  

           The activity concentrations of NORM in building materials vary according 

to the type and origin of the building material. The typical activity concentration 

(Bq.kg-1) in the most common building materials in Europe, e.g. concrete and 

sand-lime bricks is 40 and 10 for Ra-226, respectively (3). A comparison study 

of radium-226 activity in ceramics between our project and others elsewhere is 

shown in Table (3.3).  

                              

                              Table 3.3  

                              The average values and ranges for  

                              activity concentrations of  naturally  

                              occurring radionuclide Ra-226(3). 

Building material 226Ra (Bq.kg-1) 

Ceramic 25-193 

Granite NDa)-160 

Tiles 33-61 

Marble 1-63 

Ceramic b) 16-64 
a) ND= No data 

b) present work 

           

The average of Ra-226 activity for all ceramic tiles either the floor or 

wall tile is shown in Table (3.4) and it is found in the range 16-64 Bq.kg-1. 
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Table (3.4) 
 Average radium concentration from all ceramic tiles of different companies. 
 

Average radium concentration 

 (Bq.kg-1) 

Average radium concentration 

(Bq.kg-1) 

Floor tile Wall tile 

Code 
No. 

Glaze Clay Glaze Clay 

1 33 54 17 24 

2 36 52 23 31 

3 30 59 22 34 

4 24 48 21 32 

5 23 50 16 33 

6 34 56 27 37 

7 31 64 21 34 

8 30 54 26 39 

9 38 56 24 34 

10 26 48 16 29 

11 -- -- 22 30 

12 -- -- 17 23 

13 -- -- 18 27 

Mean 31 54 21 31 

Max 38 64 27 39 

Min 23 48 16 23 

S.D 5 5 4 5 
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The radium-226 activity in ceramic tiles in Egypt is less than the others (5, 3) 

as shown Table (3.5).  

 Table (3.5) 

Activity concentrations of naturally-occurring radionuclides in zircon       

  materials and ceramic tiles (5). 
 

Material Samples Average 226Ra radioactivity (Bq.kg-1) 

Zircon materials 27 2640±650 

Ceramic tiles 12 90±60 

Ceramic tilesa) 50 33±13 

a)Present work 

            

It is found that the average radium concentrations (79 Bq.kg-1) in clays 

which is used in ceramic industry in Serbia(6) is higher than  the present work 

(41 Bq.kg-1). The use of industrial by-products and residues containing elevated 

concentrations of radioactive material in building materials and in ceramic is 

increasing due to economic and environmental reasons. The national regulatory 

authorities should ensure that “annual doses are restricted to a few mSv for the 

worst-case scenarios (7). The dependence of the radon-222 exhalation rate on the 

radium concentration of ceramic tiles either floor or wall for all companies 

(glaze and clay) is shown in Figs. 3-14, 3-15, 3-16, and 3-17. It is found that the 

exhalation rate increase with the radium concentration and is found in the range 

20-35% for ceramic tile. 
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 Fig. 3-14 The dependence of the radon-222 exhalation rate on the radium-226
                  concentration of the different ceramic tiles companies (for wall).
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 Fig. 3-15 The dependence of the radon-222 exhalation rate on the radium-226 
                   concentration of the different ceramic tiles companies (for wall). 
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 Fig. 3-16 The dependence of the radon-222 exhalation rate on the radium-226
                   concentration of the different ceramic tiles companies (for floor).
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 Fig. 3-17 The dependence of the radon-222 exhalation rate on the radium-226
                   concentration of the different ceramic tiles companies (for floor).
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           The radon exhalation rate and equivalent dose is found in the range 39±5 
mBq.m-2.h-1 and 22±2 mSv.y-1 respectively as in Table (3.6). The equivalent dose 
due to radon concentration in the vicinity of ceramic tile surface is found higher 
twice more than the recommended action level (10 mSv.y-1). This may be give 
risk indication to people whom spend long time in closed ceramic tiles stores. It is 
found that the track density, radon concentration, equilibrium equivalent 
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concentration and exposure are in the range 288-444 No.cm-2, 486-751 Bq.m-3, 
243-375 Bq.m-3 and 2.4 -3.8W.L, respectively as in Table (3.6). It is found that 
the exposure range in working level for both of homes and in the vicinity of 
ceramic tile are 0.11-0.24 WL and 2.4-3.8 WL, respectively. 
                   Table (3.6) 

                   The average value of ceramic tiles for all companies.  
Exposure 

W.L  

E.E.Ca) 

Bq.m‐3 

Equivalent dose

mSv.y‐1 

Exhalation rate 

mBq.m‐2.h‐1 

Radon 
concentration 

Bq.m‐3 

Track 
density 

No.cm‐2 

Code 

3.2  319  21 37  637 377 1 

3.6  364  24 43 728 431 2 

3.6  363  24 43 727 430 3 

3.3  327  21 37 654 387 4 

3.2  321  21 43 644 381 5 

3.6  364  24 42 728 430 6 

3.5  351  23 41 703 416 7 

3.7  367  24 43 733 434 8 

3.8  375  25 44 751 444 9 

3.4  337  22 38 673 394 10 

2.8  279  18 33 559 331 11 

2.4  243  16 28 486 288 12 

2.8  285  18 33 569  337 13  

3.3  331  22 39 661 390 Mean 

3.8  375  25  44  751  444  Max  

2.4  243  16  28  486  288  Min  

0.2  55  2  5  68  46  SD  

a)E.E.C= Equilibrium Equivalent concentration 
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3.1 Track density 

           The counting of the alpha tracks is done using an optical microscope 

attached to video camera by using an objective magnification of 4X. Each 

data is obtained by averaging the densities of one hundred field areas over the 

entire sample surface to minimize the statistical error (±5%). The error bars 

correspond to the standard deviation of the mean value. The storing effect of 

CR-39 sheets for different years at refrigerator is studied and found no 

significant difference in counts after subtracting the background. 

3.1.1 Homes 

           The behavior of the track density with the room's number for the three 

homes are shown in Figs. 3-1, 3-2 and 3-3. It is found that the tracks density is 

higher in the winter season more than the other seasons and this may be due to 

the closed windows and doors during the winter season and the bad 

ventilation.  
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Fig. 3-1  Tracks density of the rooms in the first home in El- Abasia area, Cario,
               Egypt for exposure time about three months and Obj. Mag. 4X.

 Roomes No. 

Tr
ac

ks
 d

en
si

ty
  (

N
o.

cm
-2

)

 

51 

 



Chapter 3                                                                                                Results and discussion 
 

0 1 2 3 4 5 6 7
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

 

Spring
Summer
Winter
Autumn

Fig.3-2 Tracks density of  the rooms of the second home in El- Abasia area,   
            Cario, Egypt for exposure time about three month and Obj. Mag. 4X.
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Fig. 3-3  Tracks density of the rooms in the third home in El- Abasia area, Cario, 
               Egypt for exposure time about three months and Obj. Mag. 4X.
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3.1.2 Ceramic Tiles 

           The behavior of the track density with the first ten different Egyptian 

ceramic companies (code number 1-10) for both of the  floor and the wall tiles 

which are covered by both of the glaze and the clay surface and the other three 

foreign companies (code number 11-13) for wall tiles only are shown in Figs. 3-

4 and  3-5. The tracks density is found higher for the clay surface than the glaze 

surface of ceramic tile for both of the wall and the floor tiles and it may be due 

to that the increase of radium concentration in clay surface. 
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 Fig. 3-4 The dependence  of  the  tracks  density  on  different  ceramic tiles
              companies (floor) for exposure time about 15 days and Obj. Mag. 4X.
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 Fig. 3-5 The  dependence  of  the  tracks  density  on different ceramic tiles 
               companies (wall) for exposure time about 15 days and Obj. Mag. 4X.
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3.2. Indoor radon  

3.2.1 Homes 

           The average indoor Rn-222 levels in three homes (20 rooms) is observed 

to be nearly similar to the world wide(1) indoor radon level of Rn-222 which is 

40 Bq.m-3. The sources affecting the radon concentrations are the radon input 

(or source magnitude) and the ventilation rate. Rn-222 inside buildings arises 

from several sources other than entering with outside air, such as building 

materials incorporated in structures, the soil and the rock underneath buildings 

and utilities. The seasonal variation of the indoor Rn-222 activity concentrations 

for the three homes in El-Abasia area about 3 km east of Cairo, Egypt are shown 

in Fig. 3-6.  
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Fig.3-6 Average  seasonal variation of  radon-222 activity  concentration
           in three  homes in El-Abasia area, Cario, Egypt.

 

The maximum average value is observed 47 Bq.m-3 during the winter season 

while the minimum average value is observed 21 Bq.m-3 during the summer 

seasons. The reason may be during the winter; the doors and windows are kept 

closed to conserve heat resulting in increased exhalation of building materials 

and reduced ventilation where as in the summer season it may due to increased 

air ventilation rate and this is matched with the other authors(2). The temperature 

and humidity variation during radon measurements is obtained officially as in 

Table (3.1).  
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Table (3.1) 

Shows the temperature and relative humidity 

 during the radon measurements. 

Time period 
Jan-Mar 

Min/max

Apr-Jun 

Min/max

Jul-Sep 

Min/max

Oct-Dec 

Min/max 

Temperature  
(0C) 

2/38 6/47 14/43 1/43 

Humidity (%) 27/69 18/55 24/69 31/70 

 

The annual effective dose equivalent due to radon and its progenies for 

the twenty rooms in the three homes are found in the range of 0.9-1.3 mSv.y-1. It 

is evident that considering on average annual occupancy of 7000 h per year, the 

effective dose for all rooms is found to be below the remedial action limit of 10 

mSv. In considering indoor exposures, allowance must be made for the longer 

time spent in the indoor environment spend working. For example, if an 

individual spends 80% of his time in an indoor environment, this is the 

equivalent of 0.8 x 24 x 365/170 = 41 working month. Thus, if an individual 

exposed to 0.17 WL for 80% of the time will receives a total annual exposure of 

6.97 WLM. If this individual exposed to 3.3 WL (our project) as in case of 

spending long time in closed ceramic tiles store will receive a total exposure 138 

WLM. Most countries have adopted a radon concentration of 200 Bq.m-3 for 

indoor air as an Action or Reference Level. If testing shows levels less than 

148 Bq.m-3, then no action is necessary. 
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3.2.2 Ceramic tiles 

            The behavior of the radon activity concentration  with the first ten 

different Egyptian ceramic companies (code number 1-10) for both floor and 

wall tiles and the other three foreign companies (code number 11-13) for wall 

tiles  only are shown in Figs. 3-7 and  3-8.  
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Fig. 3-7 The dependence of radon-222 activity concentration on
               the different ceramic tiles companies (for floor).
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Fig. 3-8 The dependence of radon-222 activity concentration on 
             the different ceramic tiles companies  (for wall).
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The radon concentration in contact directly to the ceramic tile surface of 

the floor tile is found higher than the wall tile and it may be due to that the 

thickness of the floor tile is greater than the wall tile and it is consequently the 

radium concentration is higher. 

3.3 Radon exhalation rate 

3.3.1 Homes 

            The radon exhalation rate in the three homes for twenty rooms is observed 

in the range 2.2-5.2 mBq.m-2.h-1 as shown in Fig.3-9. This range is consistent 

with the other authors elsewhere (3). 
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 Fig. 3-9  The relation between the average radon exhalation rate
                 of the   surface area of the rooms in homes.  

3.3.2 Ceramic tiles 

   The radon exhalation rates for all ceramic tiles companies in the vicinity of ceramic 

surface are in the range 22 to 64 mBq.m-2.h-1 as shown Figs 3-10 and 3-11.  
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 Fig. 3-10 The dependence of the radon exhalation rate on  
                     the different ceramic tiles companies   (for floor). 
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 Fig. 3-11 The dependence of the radon exhalation rate  on  
                 the different ceramic tiles companies (for wall). 
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A comparison study have done for both of the mass exhalation rate (Em) 

and the area exhalation rate (Es) between the average of all ceramic tiles with 

soil samples at different masses with other authors (4) as shown in Table (3.2). 
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Table (3.2)  

   Comparison between the average exhalation rates of ceramic tiles and soil  

 samples at different masses(4). 

Code 
No. 

Mass of the 
sample (kg) 

     Exhalation rates (GM ± SEa)) 

  Em(mBq.kg-1.h-1)      Es(mBq.m-2.h-1

1 0.05 8.7 ± 1.3 185 ± 15 

2 0.10 9.4 ± 1.6 192 ± 38 

3 0.20 10.3 ± 1.0 205 ± 19 

4 0.30 15.4 ± 5.6 306 ± 59 

5 0.50 12.4 ± 3.1 212 ± 14 

6 1.00 9.1 ± 0.7 168 ± 19 

7b) 0.05 3.4±0.2 38±6 

a) SE (standard error)=σ/N0.5, where σ is SD (Standard Deviation) and N  
is the no of observations.  

b) The present work. 
 

The dependence of the radon-222 exhalation rate on the porosity of ceramic 

tiles is shown in Figs. 3-12 and 3-13. The porosity of ceramic tiles is found in 

the range 0.19-0.28. It is found that the ceramic tile porosity have no significant 

difference with the radon exhalation rate in our study. 
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 Fig. 3-12 The dependence of the radon exhalation rate on the porosity
                   for the different ceramic tiles companies   (for floor). 
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 Fig. 3-13 The dependence of the radon exhalation rate  on the porosity
                   for the different ceramic tiles companies (for wall). 
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3.4 Assessment of effective radium concentration in ceramic tiles.                  

           The activity concentrations of NORM in building materials vary according 

to the type and origin of the building material. The typical activity concentration 

(Bq.kg-1) in the most common building materials in Europe, e.g. concrete and 

sand-lime bricks is 40 and 10 for Ra-226, respectively (3). A comparison study 

of radium-226 activity in ceramics between our project and others elsewhere is 

shown in Table (3.3).  

                              

                              Table 3.3  

                              The average values and ranges for  

                              activity concentrations of  naturally  

                              occurring radionuclide Ra-226(3). 

Building material 226Ra (Bq.kg-1) 

Ceramic 25-193 

Granite NDa)-160 

Tiles 33-61 

Marble 1-63 

Ceramic b) 16-64 
a) ND= No data 

b) present work 

           

The average of Ra-226 activity for all ceramic tiles either the floor or 

wall tile is shown in Table (3.4) and it is found in the range 16-64 Bq.kg-1. 
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Table (3.4) 
 Average radium concentration from all ceramic tiles of different companies. 
 

Average radium concentration 

 (Bq.kg-1) 

Average radium concentration 

(Bq.kg-1) 

Floor tile Wall tile 

Code 
No. 

Glaze Clay Glaze Clay 

1 33 54 17 24 

2 36 52 23 31 

3 30 59 22 34 

4 24 48 21 32 

5 23 50 16 33 

6 34 56 27 37 

7 31 64 21 34 

8 30 54 26 39 

9 38 56 24 34 

10 26 48 16 29 

11 -- -- 22 30 

12 -- -- 17 23 

13 -- -- 18 27 

Mean 31 54 21 31 

Max 38 64 27 39 

Min 23 48 16 23 

S.D 5 5 4 5 
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The radium-226 activity in ceramic tiles in Egypt is less than the others (5, 3) 

as shown Table (3.5).  

 Table (3.5) 

Activity concentrations of naturally-occurring radionuclides in zircon       

  materials and ceramic tiles (5). 
 

Material Samples Average 226Ra radioactivity (Bq.kg-1) 

Zircon materials 27 2640±650 

Ceramic tiles 12 90±60 

Ceramic tilesa) 50 33±13 

a)Present work 

            

It is found that the average radium concentrations (79 Bq.kg-1) in clays 

which is used in ceramic industry in Serbia(6) is higher than  the present work 

(41 Bq.kg-1). The use of industrial by-products and residues containing elevated 

concentrations of radioactive material in building materials and in ceramic is 

increasing due to economic and environmental reasons. The national regulatory 

authorities should ensure that “annual doses are restricted to a few mSv for the 

worst-case scenarios (7). The dependence of the radon-222 exhalation rate on the 

radium concentration of ceramic tiles either floor or wall for all companies 

(glaze and clay) is shown in Figs. 3-14, 3-15, 3-16, and 3-17. It is found that the 

exhalation rate increase with the radium concentration and is found in the range 

20-35% for ceramic tile. 
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 Fig. 3-14 The dependence of the radon-222 exhalation rate on the radium-226
                  concentration of the different ceramic tiles companies (for wall).
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 Fig. 3-15 The dependence of the radon-222 exhalation rate on the radium-226 
                   concentration of the different ceramic tiles companies (for wall). 
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 Fig. 3-16 The dependence of the radon-222 exhalation rate on the radium-226
                   concentration of the different ceramic tiles companies (for floor).
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 Fig. 3-17 The dependence of the radon-222 exhalation rate on the radium-226
                   concentration of the different ceramic tiles companies (for floor).
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           The radon exhalation rate and equivalent dose is found in the range 39±5 
mBq.m-2.h-1 and 22±2 mSv.y-1 respectively as in Table (3.6). The equivalent dose 
due to radon concentration in the vicinity of ceramic tile surface is found higher 
twice more than the recommended action level (10 mSv.y-1). This may be give 
risk indication to people whom spend long time in closed ceramic tiles stores. It is 
found that the track density, radon concentration, equilibrium equivalent 

67 

 



Chapter 3                                                                                                Results and discussion 

68 

 

concentration and exposure are in the range 288-444 No.cm-2, 486-751 Bq.m-3, 
243-375 Bq.m-3 and 2.4 -3.8W.L, respectively as in Table (3.6). It is found that 
the exposure range in working level for both of homes and in the vicinity of 
ceramic tile are 0.11-0.24 WL and 2.4-3.8 WL, respectively. 
                   Table (3.6) 

                   The average value of ceramic tiles for all companies.  
Exposure 

W.L  

E.E.Ca) 

Bq.m‐3 

Equivalent dose

mSv.y‐1 

Exhalation rate 

mBq.m‐2.h‐1 

Radon 
concentration 

Bq.m‐3 

Track 
density 

No.cm‐2 

Code 

3.2  319  21 37  637 377 1 

3.6  364  24 43 728 431 2 

3.6  363  24 43 727 430 3 

3.3  327  21 37 654 387 4 

3.2  321  21 43 644 381 5 

3.6  364  24 42 728 430 6 

3.5  351  23 41 703 416 7 

3.7  367  24 43 733 434 8 

3.8  375  25 44 751 444 9 

3.4  337  22 38 673 394 10 

2.8  279  18 33 559 331 11 

2.4  243  16 28 486 288 12 

2.8  285  18 33 569  337 13  

3.3  331  22 39 661 390 Mean 

3.8  375  25  44  751  444  Max  

2.4  243  16  28  486  288  Min  

0.2  55  2  5  68  46  SD  

a)E.E.C= Equilibrium Equivalent concentration 
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CONCLUSION 

 

Conclusion 

       This project introduced environmental risk assessment of radon-222 

for the ceramic tiles. We presented information about the indoor radon-222 in 

homes, effective dose equivalent, exhalation rates of ceramic and porosity. The 

indoor 222Rn concentrations in homes are found in the range 21-47 Bq.m-3. The 

radon exhalation rate in rooms is observed in the range 2.2-5.2 mBq.m-2.h-1. The 

average annual indoor radon effective dose equivalent in homes is found in the 

range 0.9-1.3 mSv.y-1. The radon exhalation rates for all ceramic tiles companies 

in the vicinity of ceramic surface were in the range 22-64 mBq.m-2.h-1. The 

average radon exhalation rate of ceramic tiles and equivalent dose due to 

ceramic are found 39 mBq.m-2.h-1 and 22 mSv.y-1, respectively.  The activity 

concentrations of 226Ra are assessed for all ceramic tiles and were found in the 

range 16-64 Bq.kg-1.The assessment of radium activity of ceramic tiles was 

found in the range 16-38 Bq.kg-1 for glaze surface and 23-64 Bq.kg-1 for clay 

surface, respectively. The porosity of ceramic tiles is found in the range 0.19-

0.28. The equivalent dose in contact to the ceramic surface is found 22±2 mSv.y-

1. So, if an individual exposed to 3.3 WL (our project) as in case of spending 

long time in closed ceramic tiles store will receive a total exposure 138 WLM. 

This give risk indication to people whom spend long time in closed ceramic tiles 

stores to avoid staying for long time in such places. 

 



 

 

 

  الملخص العربى



 الملخص العربى

 

لقد تم دراسة معدل انبعاث الرادون من بالط السيراميك سواء االرضي  

او الحائطي ، وقدتم اختيار خمسون عينة تتشابه في المواصفات وذلك من خالل 

تم اختيار ثالث .  شرآة منهم عشر شرآات مصرية و االخرى مستورده 13

فى ئها  حيث تم بنارضى حوالى عشرون غرفه بالدور االبهامنازل متشابهه 

 في منطقة العباسية بالقاهرة وتم قياس ترآيز غاز الرادون 1910حوالى عام 

ومعدل انبعاثه ، وقد وضعت آواشف االثر النووي لمدة ثالثة اشهر في آل 

فصل من فصول السنة اما بالنسبة لعينات السيراميك فكانت فترة التعرض لمدة 

 39 – االثر النووى س ار خمسة عشر يوما تقريبًا، ، وقد تم استخدام آاشف

رادون ال  من غازوالعلبة الخاصة به  ، والتى تمت معايرتها سابقًا في ترآيز

 آاشف في آل غرفه حيث تم عمل آود لكل أآثر منمعلوم و قد تم وضع 

ولقد تم عمل حفر آيمائي  للكواشف المستخدمة في المنازل او  . آاشف

 6عند ترآيز هيدروآسيد الصوديوم السيراميك الظهار وتكبير االثر النووي 

 ساعة  لكي نستطيع استخدام 18 م لمدة 70مول عند درجة حرارة 

الميكروسكوب الضوئي المتصل بجهاز تحليل فى العد وحساب آثافة االثر 

ولقد تم . لرادونالنشط االشعاعى لالنووي التى يمكن يتم تحويلها الى ترآيز 

ثافة السيراميك سواء آانت آثافة قياس بعض الخواص الفيزيائية مثل، آ

 م تحت 120السيراميك في حالة جافة تماما و ذلك باستخدام فرن عند درجه 

تفريغ الهواء و ميزان حساس او آثافته في حالة متشبعة بالماء و ذلك بترآه 

 ساعه ثم تجفيفه و وزنه وايضًا حساب المسامية  24منقوع فى الماء لمده 

وقد ). 0,28 – 0,19(د وجد ان مدى المسامية يقع بين الخاصة بالسيراميك  وق

 فى السيراميك باستخدام معادالت تعتمد 226تم تقدير ترآيز عنصر الراديوم 



 الملخص العربى
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ندى لطفي عبد الرحيم علي موسى:أسم الطالب  

 
في السيراميك  وهواء األماآن المغلقة 222 -دراسة الرادون:عنوان الرسالة   

 
)فيزياء نووية( ماجستير      :الدرجة   

 
و تم اختيار ثالث . لقد تم دراسة معدل انبعاث الرادون من بالط السيراميك سواء االرضي او الحائطي

ل متشابهه تضم حوالى عشرون غرفه بالدور االول لدراسه ترآيز غاز الرادون و ذلك باستخدام مناز
، وقد وضعت آواشف االثر النووي لمدة ثالثة اشهر في آل فصل من فصول السنة . آاشف االثر النووى

ولقد تم عمل . فى المنازل اما بالنسبة لعينات السيراميك فكانت فترة التعرض لمدة خمسة عشر يوما تقريبًا
حفر آيمائي  للكواشف المستخدمة في المنازل او  السيراميك الظهار وتكبير االثر وحساب آثافة االثر 

ولقد تم قياس بعض الخواص الفيزيائية مثل، آثافة . النووي التى يمكن يتم تحويلها الى ترآيز الرادون
( وقد وجد ان مدى المسامية يقع بين . في حالة متشبعة بالماء وفي حالة جافة تماما  و هوالسيراميك 

 – 16فى السيراميك وجد انها تقع فى المدى  226وقد تم تقدير ترآيز عنصر الراديوم ). 0.29 – 0.19
و لقد تم حساب الجرعة االشعاعية نتيجة التعرض لغاز الرادون لكل من السيراميك . آجم/بيكرل 64

)  السنه/ملليسيفرت 1.3-  0.9( ،  ) السنه/ملليسيفرت 25- 16(نها تقع في المدىوالمنازل وقد وجدت ا
 .على التوالى
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