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Abstract

There is a growing interest in evaluating radionuclides of recycled waste materials due to the potential health risks
associated with naturally occurring radioactive materials. This study investigated and evaluated the risk exposure in
recycled agro-industrial wastes, often disposed of in landfills or lagoons but are increasingly used as building and
construction materials. Datasets were sourced from relevant peer-reviewed articles. The activity concentrations (**%Ra,
22Th, and “°K) of recycled agro-industrial waste were assessed, and other radioactive risk parameters were evaluated
based on these values. The radiological parameters were analyzed using multivariate item techniques to identify
similarities and correlations between the radioactive parameters. The results revealed that all agricultural byproducts met
the permissible world average limits. However, all industrial byproducts exceeded these limits except for marble powder,
pyrite ash, silica fume, steel slag, and waste glass powder. The Pearson correlation coefficients and factor analysis showed
that the *°K isotope significantly influences the radionuclide activities of agricultural byproducts, accounting for 71.20%
of the variability. The 232Th concentration significantly contributes to the radionuclide activities of industrial byproducts,
with variability ranging from 50.20 to 58.20%. These findings provide a robust radiological safety framework for using
agro-industrial byproducts and propose new techniques for reducing the radiological risks of industrial byproducts.
The study also underscores the importance of assessing the radiation risks associated with the potential use of agro-
industrial byproducts.

Article Highlights

e Surveyed agricultural byproducts pose no radioactive risk.
e Most industrial byproducts studied pose radioactive risks.
e Agricultural and industrial byproducts are significantly influenced by *°K and 23?Th.
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1 Introduction

The demand for raw materials has increased due to the global population. By 2050, it is anticipated that the worldwide
cement and concrete market will have doubled, raising carbon emissions and endangering biodiversity [1]. Cement
production is responsible for approximately 6 and 8% of the greenhouse gas and carbon dioxide (CO,) emissions. These
contexts call for prompt strategies to reduce the adverse impacts of cement production on climate change [1]. One of
the scientific and technological means of achieving material sustainability is to recycle agro-industrial wastes of natural
origins and compositions to produce building materials [2]. The available study reported that out of 9,176.68 million
metric tons of industrial waste generated in 2011, only 64.45% was collected [3].

Agro-industrial wastes are wastes generated from agricultural and industrial activities. Recycling is an innovative
circular economy technology that enhances resource sustainability by using waste and reducing primary resource
utilization [4]. Recycling agro-industrial wastes as supplementary cementitious materials (SCMs) offers environmental,
economic, and product benefits. This concept has gained increasing attention and has become an emerging practice in
replacing cement replacement. It mitigates the adverse environmental problems intrinsic to the energy consumption
and CO, emissions associated with cement production. The agro-industrial byproducts are used as SCMs in concrete
production [5].

The built environment faces challenges driving its activities toward sustainable development due to materials’ poor
management and recycling technologies [6]. Natural radioactivity is present in industrial wastes, byproducts, and
agricultural wastes (pozzolans) [7]. Recycling agro-industrial wastes as building materials emits alpha, beta, and gamma
radiation [7]. Notwithstanding the technical, economic, and environmental advantages of recycled agro-industrial waste
materials [8], their impact on human health is essential to guarantee the safety of integrated materials [9]. Using agro-
industrial byproducts as supplementary cementitious materials (SCMs) in blended cement production causes a dose
contribution to building inhabitants due to bulk concrete being inbuilt [9]. Previous studies reported that recycled
industrial wastes contain heavy or undesirable chemicals that adversely condition their utilization as SCMs [2]. As a result,
an in-depth evaluation of such SCMs is required before their use as building materials. Most building materials are derived
from various locations and have geological and geographical properties. An assessment of the radioactive content
levels in those materials is required to determine human radiation exposure [10]. Radiation protections were introduced
by various standard organizations to regulate the concentration limits of building materials and issue restrictions on
materials with excessive natural radionuclides [7, 11-13]. Radioactivity is a common irradiation source by which naturally
occurring or artificial nuclides pass through spontaneous decay and release new energy. Radioactivity is measured in
Becquerel (Bq). Becquerel is the quantified activity of radioactive material through which one nucleus decays per second
[14].

Humans are naturally exposed to natural radionuclides [15]. These radionuclides are formed and released into water
and air by different meteorological agents, such as oxidation and reduction. In the air, the main element is 222Rn, which,
as it decays over time, results in 2'°Pb. In the soil, the main element is *°K; in the water, the main element is 238U series,
while 232Th and their descendants are found as insoluble particles in water [16]. The natural radionuclide content of
recycled agro-industrial wastes results in environmental radiation risks due to increased exposure doses [9]. One of the
key findings from the naturally occurring radioactive material (NORM) databases showed that building materials had a
greater proportion of roughly 85% compared to generated wastes, which only generated an excessive gamma dose rate
of 41.7%, which was less than the acceptable value (1 mSv y") [171.

Natural radionuclides in building materials are highly active. The descendants of 222Rn, such as 2'*Pb and 2'*Bi, are
active and responsible for the dose due to their high-energy gamma emissions and 2?Ac and 2°®Ti [18]. About 80% of
building occupants spend their time indoors [13]. The radioactive elements in building materials and their compositions
are critical in evaluating population exposures [19]. The accumulation of 222Rn from the 238U series, 22°Rn from 232Th, and
219Rn from 2*°U over time, and poor ventilation might increase cancer risks in the building occupants [20]. Indoor radon
levels increase with decreasing ventilation rates due to improved energy-efficient building designs [21].

Building materials possess the natural radioactive series of radionuclides, such as ?2°Ra, 232Th, *°K, and 238U [22]. What
is used is the reservoir radionuclide, which has the longest period of the series and is easy to be in equilibrium. In the 238U
series, the reservoir is 222U. The 22Ra is used because its descendants have higher gamma emission. The descendants
of 222Th are more likely to be in equilibrium since the periods are shorter. These radionuclides constitute external and
internal radiation exposures. The emission of gamma radionuclides in the uranium series results in external radiation.
These series primarily belong to the radium 226R4 decay chain segment [14]. Natural air, water, and food radionuclides

@ Discover



Discover Applied Sciences (2025) 7:347 | https://doi.org/10.1007/542452-025-06861-1
Research

constitute the human body’s internal (inhalation) radiation. The emanation of 222Rn of 233U series and 2*2Th of 2'°Rn
radioactive descendants from soil and building materials and its short-lived alpha emission represents an internally
exposed source through inhalation. About 40% of the total radioactivity makes up radon, indicating the most abundant
source of natural radiation [14].

The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) [16] proposes a *“°K concentra-
tion mean of 400 Bq kg™ for soil because “°K is a crucial radionuclide. Its health hazard is generated by ionizing radiation
of radioactive decay, resulting in cell damage and cancer induction [14]. Canadian Nuclear Safety Commission (CNSC)
[23] categorizes radiation into two basic types: ionizing and non-ionizing radiation. lonizing radiation is electromagnetic
radiation interacting with host material or matter, ionizing and modifying its atoms. The major types of ionizing radiation
are alpha, gamma, beta, and x-rays. Sources of ionizing radiation are natural and artificial [23]. According to UNSCEAR[16],
the four primary natural radiation sources that are environmentally ionizing radiation are cosmic, terrestrial, inhalation,
and ingestion. Artificial radiation is produced by human activities, such as industrial and medical activities, atmospheric
testing, and nuclear explosions or accidents [23]. These radiations exist in the environment and affect humans. Non-
ionizing radiation does not carry enough energy to ionize atoms or molecules [23]. Materials used in making building
materials, such as sand, soil, rock, etc., have different levels of terrestrial radionuclides [24]. These terrestrial radionuclides
(radioactive isotopes) constitute humans’ primary sources of external and internal radiation exposure [24]. The external
exposure occurs due to gamma radiation emission following the decay of 22°Ra, 23?Th, and their progenies and “°K [24].
Internal exposure comes from absorption, inhalation, and indigestion of these radioactive isotopes (**°Ra, 23?Th, and
40K) or their decay products through different mechanisms [25].

The global population experiences over 85% radiation due to short-lived progeny radionuclides of ?2°Ra, 232Th, and
40K These radionuclides disintegrate continuously in the built environment [16]. The inhalation of alpha and beta emit-
ters from the radon progenies, which are not common except under certain conditions, causes the irradiation of the cells
of the pulmonary system, predominantly increasing the risk of lung cancer, skin cancer, and kidney diseases [26]. The
222Rn decays in the lungs into 2'°Po and 2'*Po, which cause cancer as they emit high-energy alpha particles. In Europe,
radon inhalation results in 3-14% of all lung cancers, corresponding to 20,000 deaths annually [27]. Because of natural
radioactive emissions in France, radon accounts for about 55% of the effective radiation dose [16].

Many studies have examined the radioactive contents of recycled agro-industrial waste materials used in building
and construction. For instance, the activity concentrations of concrete modified with 5-15 wt. % of furnace steel slag
powder (FSP), calcite powder (CP), and corncob ash (CCA) were assessed after 28 days of casting. The findings showed
that FSP, CCA, and CP can be used in concrete production at a weight percentage of 5-15 in place of cement with-
out posing radioactive risks. The concentrations varied from 4.01+0.12 to 13.08£0.12 Bq kg™ for ?°Ra, 3.64+0.13 to
9.93+0.08 Bq kg™ for 22Th, and 550.37 +7.92 to 1166.70+ 11.38 Bq kg™ for *°K compared to the control samples, which
had 2%%Ra, 232Th, and “°K of 19.10+0.12,7.92+0.12, and 1368.51 +12.32 Bq kg~' [28]. Using up to 35 wt. % fly ash (FA) in
cement and concrete production results in average radiological parameter values within the recommended safety limits
[29]. The radiological characteristics of self-compacting concrete (SCCs) incorporating FA, silica fume (SF), and ground
granulated blast furnace slag (GGBFS) at 20 wt. % replacement level exhibited the highest radium equivalent activity of
89.52,68.01, and 72.05 Bq kg‘1 for FA, SF, and GGBFS compared to the control concrete, which had 70.86 Bq kg‘1 [30].
However, SCCs with 20 wt. % SF had an average radon activity concentration 4.5 times lower than the control concrete.
Furthermore, the radon gas emissions decreased at 5wt. % GGBFS compared to 12.5 and 20 wt. % in the concrete [31].
The activity concentrations of radiological characteristics of carbonated Portland cement mortars made with GGBFS
were lower than the control samples, which had 20.10, 14.50, and 120.20 Bq kg™' for the 22°Ra, 232Th, and *°K. Besides, the
annual effective dose rates were equivalent to the natural background of 0.024 mSv [32]. The radiological characteriza-
tion of alkali-activated construction materials containing red mud (RM), FA, and GGBFS revealed a significant increase in
emanation and exhalation indexes with increased FA and GGBFS blends, and SF and GGBFS blends, whereas the GGBFS
content lowered emanation and exhalation indexes [19]. Beretka and Mathew [33] examined the naturally occurring
radionuclides (NORs) of Australian buildings and industrial waste materials. The results revealed that red mud and fly
ash exhibited higher radioactive levels than the acceptable limits recommended for some Organization for Economic
Cooperation and Development countries. The radiological hazards of building materials used to construct houses in
four Punjab Province, Pakistan districts were safe for use and did not pose any significant source of radiation hazard [34].

Despite the aforementioned studies, there is a gap in the literature due to a meager investigation into the most
recent analysis of the radioactive contents of various agro-industrial byproducts. Previous research revealed a little or
nonexistent correlation between the activity concentrations and other radiological hazard indexes. A lot of scattered
information should be gathered and organized properly after reviewing the literature. These are the motivations behind
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the conduct of this research. Prior studies mostly examined the activity concentrations of industrial byproducts, with little
to no understanding of agricultural byproducts. This study adds innovation by bringing the detailed radiological sources
and potential effects of industrial and agricultural byproducts into the same document, focusing on their radionuclide
activities (*2°Ra, 232Th, and “°K) and evaluating their various radioactive risks. These contribute to (SDG) 3 (good health
and well-being), SDG 11 (sustainable cities and communities), and SDG 12 (responsible consumption and production).

The radionuclide concentrations of the recycled agro-industrial waste were used to evaluate the exposure risks, and
the results were compared with the globally proposed average limits. Besides, the study correlates the materials’ data-
sets to help identify relationships between variables. The research gives the reference data for developing a radiation-
monitoring system to prevent possible health risks associated with the prospective use of agro-industrial byproducts
in the construction sector. It provides new techniques for reducing the radiological risks of industrial byproducts. From
the radioactive protection viewpoint, this current study would help recognize risks for people residing in buildings built
with these byproducts.

2 Methodology
2.1 Sampling

The samples are usually prepared, dried at room temperature, and labelled according to each sample’s type. They are pul-
verized via an abrasion machine, homogenized, sieved with less than 3 mm size aperture, and oven-dried at 105-110 °C
for about 3 h to remove the moisture content [18, 19, 28, 32, 35]. About 100 g of each homogenized sample for accurate
measurement is placed in a sealed plastic container for about 60,000 s, ensuring that 22Rn and its short-lived progenies
attain secular equilibrium with #2°Ra [36].

2.1.1 Activity concentrations (S)

A gamma-ray spectrometer of a high-purity germanium (HPGe) detector (Canberra Industries, Meriden, Connecticut) is
mostly used to measure the 22°Ra, 32Th, and “°K activity concentrations in the homogenized samples [19, 32]. A 100 mm
thick lead shield encapsulates the detector to reduce environmental background radiation [24]. Besides, a gamma-ray
spectrometer equipped with a Nal (TI) scintillator [28, 37] and radiochemical techniques [38] are also used to estimate
activity concentrations. The radiochemical separations are used at low concentrations of activity. The activity concentra-
tion of naturally occurring radioactive materials (NORMs) is determined according to Eq. (1) [36]:

Ne
- pemt

(M

where S is the activity concentration of NORMs (Bq kg™'), N¢ is the net peak area of a peak at energy E (corrected for
background), p is the absolute transition probability of gamma-decay, € is the detector efficiency at energy E, m is the
mass of the sample (kg), and t is the counting time of sample (s).

2.1.2 Radium equivalent activity (Raeq)

The distribution of 2?°Ra, 232Th, and “*°K radionuclides in any material of natural origin is not uniform [24]. Radium equiva-
lent activity, a general index, was introduced as a single index to evaluate the total activity and radiological risk of NORMs
to protect the human population from radioactive hazards (safety standards). Radium equivalent activity represents
the weighted sum of activity concentrations in any material, presuming that 370 Bq kg™ of 2?°Ra, 259 Bq kg™' of 232Th,
and 4810 Bq kg™ of “)K produce an equal rate of gamma dose. The maximum recommendation value of Rag, (Bq kg™
in building materials corresponding to 1.5 mSv y~' of annual effective dose is 370 Bqkg™' [33]. The permissible range
limits of radium equivalents suitable for buildings, industries, roads and bridges, and foundations are 0-370, 370-740,
740-2220, and 2220-3700 Bq kg~" [33]. The limit above 3700 Bq kg™ is unsuitable for any construction activity. The Ragq
is determined from Eq. (2) [36]:
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Ra,, = (28 4 2 4 ¢ ) 370 = Spa + 1435, +0.0775 Q)
e 370 259 4810 a

where Sg, Sy, and S are activity concentrations of 2*°Ra, 2**Th, and *)K (Bq kg ™).

2.1.3 Gammaindex(l,)

The Gamma index represents the gamma radiation hazards associated with the NORMs. As illustrated in Eq. (3), the gamma-
index concentration level is proposed to determine and regulate the gamma radiation exposure originating from the NORM:s.
This is with an assumption that the activity concentrations produce the same gamma dose rates of 300 Bq kg™ for ?2°Ra,
200 Bq kg™ for 22Th, and 3000 Bq kg™ for “°K [111:

SRa STh SK
= +—+ <1 3
Y300 200 3000 ~ 3)

where | =1 as an upper limit, |, < 1 corresponds to 0.3 mSv y~'[16, 22]. 1, <0.5 corresponds to 0.3 mSvy ™', and I, < 1 cor-
responds to 1 mSv y~' for bulky materials [7, 11]. |, < 2 corresponds to 0.3 mSv y~', and I, <6 corresponds to 1 mSv y™’
for superficial materials with restricted use [7, 11]. Globally, using a maximum limit of I, < 1 corresponds to 1T mSvy ™' is
prominent among countries [24]. This is the excess effective dose without considering the 50 nGy h™' background (in
this case, European) or UNSCEAR.

2.1.4 Alphaindex (I,

The alpha index (I,) evaluates the alpha radiation from radon inhalation generated from the building materials. If the activ-
ity concentration of °Ra (Sg,, Bq kg™") in building materials exceeds 200 Bq kg™, the radon exhalation results in indoor
radon concentration above 200 Bq m~3[39]. When ?*°Ra (S,, Bq kg™") in building materials is below 100 Bq kg™, the radon
exhalation would unlikely cause indoor radon concentration above 200 Bq m~ [39]. As a result, Nordic [39] recommended
exemption and upper levels for the activity concentration of 2?°Ra (Sg,, Bq kg™") in building material as 100 Bq kg™' and
200 Bq kg~ '.The EC [11] and the International Commission on Radiological Protection (ICRP) [40] agreed with the upper limit
level of 200 Bq kg™'. For building materials, Table 1 presents the gamma- and alpha-index ranges (I, and ) with corresponding
equivalent dose values for construction purposes [39]. The external and internal radiation hazard indexes for safe building
materials are limited to the radiation dose of 1 mSv y‘1.The alphaindex is determined by Eq. (4) [11, 18]:
SRa

l.=——<1 4
<200 @

2.1.5 External hazard index (H,,)

External radiation hazard is another index that evaluates the suitability of naturally occurring radionuclides of materials [41].
Due to the naturally occurring radionuclides in building materials, external exposure to terrestrial gamma radiation creates
a hazard [22]. The radioactive risk is negligible if the limit of H,, is below unity, corresponding to the upper limit of Ra,, of
370 Bq kg™ for the safe use of building materials [16]. Equation (5) is used to calculate the H,,;:

SR STh SK
Ho o= (2R 2mm 2k ) o
ex (370+259+4810 = )

Table 1 Ranges of activity
indexes and annual

equivalent dose values of <05 03 Good material
building materials

I, and I, value Annual equivalent dose (mSvy™) Remark

<1 1 Satisfactory material
>1 =1 Unsuitable material
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2.1.6 Internal hazard index (H;,)

By inhaling ?*2Rn and its short-lived offspring produced by building materials, H,, measures excessive alpha radiation intrinsi-
cally [33]. To make the radiation threat negligible, H;, must be lower than one, as shown in Eq. (6) [42]:

SR STh SK
H = =24+_—24+_=2_)<1
" <185 * 259 * 4810 ) — (6

=

2.1.7 Activity utilization index (AUI)

Buildings are constructed with various naturally occurring radionuclides having activity concentrations, which strongly
affect the indoor absorbed dose. The building walls absorb the outdoor radiation due to naturally occurring radionuclides
in building materials, elevating the indoor dose rates. The activity utilization index, as illustrated in Eq. (7), is applied to
estimate the air dose rates from various combinations of 22°Ra, 232Th, and “°K radionuclides in building materials, using

appropriate conversion factors [18]:
Ska Sth Sk
AUl = | = |f, — |f. — | <1
(50>R“+<50 m* \ 500 ) = @)

where Sg, Sy, and Sy are activity concentrations of 2°Ra, *2Th, and *°K (Bq kg™"); fy, (0.462) fr;, (0.604), and f, (0.041) are
fractional contributions to the total air dose rate attributed to gamma radiation from the activity concentrations of 2*Ra,
232Th, and “°K radionuclides. When AUI < 1 corresponds to < 1 mSv y~' of the annual effective dose, the material can be
safely used as building material [18].

2.1.8 Absorbed gamma dose rates

The gamma radiation from activity concentrations in building materials results in the absorbed dose rate exposure [16].
The maximum rate for absorbed gamma dose is 84 nGy h™' [16]. This dose is determined based on the Nuccetelli et al’s
room model [43], as a common scenario.

Absorbed dose rate in outdoor exposure (AD,,,): The absorbed dose rate in the air (AD,,,, NGy h™") via external exposure
due to the gamma radiation from the 22°Ra, 232Th, and “°K radionuclides in building materials at 1 m above the ground
surface can be determined by Eq. (8) [16, 33].

AD,,; = 0.4625R, + 0.6045;, + 0.04175, @)

where 0.462, 0.604, and 0.0417 nGy h™' per Bq kg™ are the conversion coefficients of 22°Ra, 232Th, and *°K.

Absorbed dose rate in indoor exposure (AD,,): Recall that about 80% of building occupants spend their time indoors.
Estimating the absorbed dose rate through indoor exposure is essential. As illustrated in Eq. (9), the absorbed dose rate
in indoor exposure (AD,,,, NGy h™" is 1.4 times the outdoor exposure [22]:

AD, =14 xAD,, )

The European Commission (EC) [11] proposed a generalized concept, as illustrated in Eq. (10), to estimate the absorbed
dose rate in indoor exposure:

AD;, = 0.925R, + 1.10S7;, + 0.085, (10)

The equivalent coefficients of 0.92, 1.10, and 0.08 in Eq. (10) are the conversion of activity concentration (Bq kg“) to
absorbed dose rate in indoor exposure (AD;, nGy h™" [24].
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Fig. 1 A schematic flowchart of data source and collection

2.1.9 Annual effective dose rates (AED)

The annual effective dose rate measures the exposure hazard attributed to the absorbed dose [44]. The AD,,, exposure at
1 mand AD,, exposure at 1.4 m above the floor level do not guarantee the radiological safety of the exposed population
[45]. Consequently, the AED (mSv y™') considers the absorbed dose rates using a dose conversion factor of 0.7 sv Gy,
indoor occupancy factor of 80%, and outdoor occupancy factor of 20% [22, 46]. The annual effective dose absorbed by
human beings owing to building materials is recommended to be less than 0.48 mSv y~' [16, 22] or the maximum limit
rate of 1 mSvy™' [7].

The annual outdoor effective dose rate (AED,,,) is determined by Eq. (11):

AED,,,(mSvy™") = AD,,,, X 24h x 365.25d X 0.2 x 0.7 X 107° = 0.00123 x AD,,,,, (11)
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Fig.2 Box and whisker plots for agricultural byproducts a 22°Ra, b 232Th, and ¢ *°K

The annual indoor effective dose rate (AED,,) is evaluated by Eq. (12):

AED, (mSvy™") = AD,, X 24h x 365.25d X 1.4 X 0.8 X 0.7 X 10~® = 0.00687 x AD,, (12)

2.1.10 Excess lifetime cancer risk (ELCR)

There is a probable occurrence of cancer over a lifetime due to ionizing radiation exposure. Mutations caused by radioac-
tivity are random, making the determination of excess lifetime cancer risk difficult, except in specific cases, to determine
the type of cancer produced. Equations (13)-(15) can be applied, but with caution, to determine the ELCR [11, 24].

ELCR,,, = AED,,, X Ls X Ry (13)
ELCR,p1ar = (AED,; + AED;,) X Ls X R (15)

where RF is the risk factor (Sv7), representing Sievert's fatal cancer risk, and LS is the life span (70 years). The detriment
coefficient for stochastic impacts in ICRP 60 [47] is 5.0 x 1072 Sv™" for the entire population.
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Fig. 3 Box and whisker plots for industrial byproducts a 22°Ra, b 232Th, and ¢ “°K

2.2 Data source and collection

The procedure entails identification, gathering, screening, and evaluating relevant information. Data was sourced from
several publishers, including Wiley, Hindawi, Taylor & Francis (T&F), Elsevier, Springer, and Multidisciplinary Digital
Publishing Institute (MDPI), etc. The references were restricted to databases like Web of Science (WoS), Scimago Journal
& Country Rank (Sjr), and Scopus websites to ensure that only peer-reviewed references were included and to validate the
data collection. To broaden the scope of data collection, relevant data was acquired from EC and UNSCEAR. The screening
was done while keeping in mind the importance of the study and concentrating on the concentration of activities of
recycled agro-industrial waste materials. A total of 550 peer-reviewed papers were obtained based on the preliminary
search. However, a sample size of 325 pertinent peer-reviewed papers was collected after screening. Thereafter, the
papers were carefully selected, researched, examined, and read to investigate, validate, and control duplicity. After a
thorough refinement, a sample size of 207 suitable articles was identified for the study. Finally, a data size of 130 peer-
reviewed publications was relevant and considered for the research. Figure 1 presents the methodological flowchart for

data source and collection.

2.2.1 Data classification
The data are classified into two groups: agricultural and industrial byproducts.

Agricultural byproducts. The agricultural byproducts surveyed by this research were rice husk ash (RHA), mussel
shell (MS), palm oil clinker (POC), and palm oil fuel ash (POFA).
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Industrial byproducts. The industrial byproducts considered in this study were bottom ash (BA), biomass ash (BA),
copper slag (CS), fly ash (FA), ground granulated blast furnace slag (GGBFS), granite waste powder (GWP), incinerated
sewage sludge ash (ISSA), lead slag (LS), metakaolin (MK), marble powder (MP), mill tailings (MT), nickel slag (NS), pyrite
ash (PA), phosphogypsum (PG), Pumice (PM). Others were red mud/bauxite residue (RM), silica fume (SF), steel slag (SS),

tin slag (TS), volcanic ash (VA), and waste

2.2.2 Statistical analysis

(a)(@) Box and whisker analysis

glass powder (WP).

A Minitab statistical software version 18.1 was used to perform the Box and Whisker analysis. A box and whisker
analysis, also called a box plot, is a graphical method used to visually represent the distribution of data by showing
the spread, central tendency (median), and potential outliers within a dataset, allowing for easy comparison between
different groups of data through a compact summary of key statistics like minimum, maximum, first quartile, and third
quartile. Box and whisker plots combine data from various sources and display the findings in a single graph, making
them incredibly efficient and simple to read. A box and whisker plot displays the five-number summary of a data set. The
five-number summary includes the minimum, first quartile, second quartile (median), third quartile, and maximum. From
Fig. 2a, the minimum and maximum whisker values were 2.00 and 12.20 Bq kg™', while 7.74 and 7.52 Bq kg™' showed box
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Fig.5 Normal probability plots for industrial byproducts of a ?2°Ra, b 232Th, and ¢ “°K

Table 2 Activity concentrations and radiological evaluation of rice husk ash (RHA)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra., (Bakg™) |, Iy H, H, AU AD(Gy AED(mSv  ELCR(x107)
h—1) y—1)
26Ra  22Th 40K Out In Out In Out In Total
RHA 6 16 505 [19] 68 0.27 0.03 0.18 0.20 0.29 33 47 0.041 032 0.14 113 127
Average 6 16 505 68 0.27 0.03 0.18 0.20 0.29 33 47 0.041 032 0.14 113 127
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 145

"UNSCEAR: United Nations Scientific Committee on the Effects of Atomic Radiation (World Population-Weighted Average Value)

median and mean. Outliers, though, appeared in MS at 14.10 and 0.50 Bq kg™". Similar trends were observed in the 32Th
series, where the box median and mean were 5.60 and 5.92 Bq kg™ in Fig. 2b, but at 16.00 Bq kg™', RHA showed an outlier.
The “)K isotope shown in Fig. 2c showed the box median and mean of 412 and 367.02 Bq kg™' without the influence of
an outlier. Figure 3a shows statistics for the *°Ra series of industrial byproducts, with median and mean values of 118
and 252 Bq kg™' and outliers ranging from 710 to 6,248 Bq kg~'. The median and mean values for the 232Th series, shown
in Fig. 3b, are 63 and 145 Bq kg™'. There were outliers, ranging from 300 to 4,000 Bq kg™". For the “°K isotopes depicted
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Table 3 Activity concentrations and radiological evaluation of mussel shell (MS)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ragq (Bq kg™ Iy lq Hex Hin AUl AD(nGy AED (mSv ELCR (x 107)
h™ y )
26Ra  22Th 4K Out In Out In  Out In Total
MS 141 85 137 [56] 37 0.14 0.07 0.10 0.14 024 17 24 0.021 0.17 0.07 058 0.66
MS 9.9 6.1 96.2 [56] 26 0.10 0.05 0.07 0.00 0.17 12 17 0.015 0.12 0.05 041 047
MS 9.8 5.7 69.8 [56] 23 0.08 0.05 0.06 0.09 0.17 11 15 0.013 0.10 0.05 0.37 0.41
MS 122 56 110 [56] 29 0.11 0.06 0.08 0.11 0.19 14 19 0.017 0.13 0.06 046 0.52
MS 8.8 53 105 [56] 24 0.09 0.04 0.07 009 0.15 12 16 0.014 0.11 0.05 039 044
MS 8.4 4.4 81.4 [56] 21 0.08 0.04 0.06 008 0.14 10 14 0.012 0.10 0.04 0.33 0.38
MS 0.5 1.3 198 [57] 18 0.07 0.00 0.05 005 004 9 13 0.011 0.09 0.04 031 0.35
MS 8.5 4.7 389 [57] 45 0.18 0.04 0.12 0.14 0.17 23 32 0.028 0.22 0.10 0.77 0.87
MS 20 23 188 [57] 20 0.08 0.01 0.05 006 0.06 10 14 0.012 0.10 0.04 0.34 0.39
MS 5.7 6.9 377 [57] 45 0.18 0.03 0.12 0.14 0.17 23 32 0.028 0.22 0.10 0.76 0.86
Average 799 5.08 175 29 0.11 0.04 0.08 009 0.15 14 20 0.017 0.14 0.06 047 0.54
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 145
Table 4 Activity concentrations and radiological evaluation of palm oil clinker (POC)
Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra.q (Bq kg™ ly lq Hex Hiy AUl AD(nGy AED (mSv ELCR (x 107)
h™) y
26Ra  22Th 4K Out In Out In Out In Total
POC 6.89 446 571 [57] 57 0.24 003 0.15 0.17 0.16 29 41 0.037 020 0.13 1.00 1.13
POC 690 463 571 [57] 57 024 003 0.15 0.7 0.17 29 41 0.037 020 0.13 1.00 1.13
POC 585 440 573 [57] 56 0.24 0.03 0.15 0.17 0.15 29 40 0.036 0.19 0.13 098 1.11
POC 701 487 599 [57] 60 0.24 0.04 0.16 0.18 0.17 31 43 0.038 030 0.13 1.05 1.18
POC 556 421 604 [57] 58 024 002 0.16 0.17 0.15 30 42 0.037 029 0.13 1.02 1.15
POC 6.23 476 587 [57] 58 0.24 003 0.16 0.17 0.16 30 42 0.037 029 0.13 1.02 1.15
Average 641 456 584 58 0.24 003 0.16 0.17 0.16 30 42 0.04 025 0.13 1.01 1.14
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 145
Table 5 Activity concentrations and radiological evaluation of palm oil fuel ash (POFA)
Activity concentration Radiological evaluation using Egs. (2-15)
Material ~ S(Bqkg™) References Ra., (Bakg™) |, Iy Hee Hn AUl AD(nGy AED(mSv  ELCR(x107)
h™) y™)
226Ra  22Th 40K Out In Out In Out In Total
POFA 8.16 6.14 441 [57] 51 0.20 0.04 0.14 0.16 0.19 26 36 0.032 025 0.11 0.87 0.98
POFA 7.74 641 450 [57] 52 0.21 0.04 0.14 0.16 0.19 26 36 0.032 025 0.11 0.88 1.00
POFA 795 713 457 [57] 53 0.21 0.04 0.14 0.17 020 27 38 0.033 026 0.12 091 1.03
POFA 875 798 421 [57] 53 0.21 0.04 0.16 0.18 0.21 26 37 0.032 025 0.11 0.89 1.00
POFA 9.03 756 498 [57] 58 023 005 0.13 0.5 022 29 41 0.036 028 0.13 099 1.12
POFA 698 691 413 [57] 49 0.19 0.03 0.14 0.16 0.18 24 34 0.030 024 0.11 0.83 0.93
Average 8.10 7.02 447 53 0.21 0.04 0.14 0.16 020 26 37 0.030 026 0.12 0.90 1.01
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 145
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Table 6 Activity concentrations and radiological evaluation of bottom ash (BA)
Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra, (Bq kg™ Iy lq Ho, Hn AUl AD(nGy AED(mSv ELCR(x107)
h™) y

26Ra  232Th 4K Out In Out In Out In Total
BA 306 65 233 [19] 417 142 153 113 195 363 190 266 023 183 082 641 723
BA 113 68 623 [19] 258 0.92 057 070 1.00 192 119 167 0.15 1.15 051 401 453
BA 345 59 410 [17] 461 158 1.73 125 218 393 212 297 026 204 091 7.14 8.05
BA 423 35 296 [63] 496 1.68 212 134 248 436 229 320 028 220 099 7.71 8.69
BA 139 108 292 [64] 316 1.10 0.70 0.85 1.23 261 142 198 0.17 136 061 477 538
BA 56 63 210 [65] 162 0.57 028 044 059 130 73 102 0.09 0.70 031 245 276
BA 62 53 457 [66] 173 0.62 031 047 063 125 80 112 0.10 0.77 034 268 3.03
BA 663 44 397 [67] 756 256 332 204 384 669 349 489 043 336 150 11.76 13.27
BA 114 124 210 [68] 307 1.07 057 083 1.14 257 136 191 0.17 131 059 459 518
BA 100 105 132 [69] 260 090 050 0.70 097 220 115 161 0.14 1.11 050 3.88 437
BA 94 105 272 [70] 265 093 047 072 097 216 118 165 0.15 1.14 051 398 449
BA 70 40 355 [71] 155 0.55 035 042 061 116 71 100 0.09 069 031 240 271
BA 108 79 514 [72] 261 093 054 070 1.00 199 119 167 0.15 1.14 0.51 4.01 4.52
BA 541 102 714 [73] 742 255 271 200 347 6.29 341 478 042 328 147 1149 1296
BA 68 74 225 [74] 191 0.67 034 052 070 154 8 120 0.11 082 037 288 3.25
BA 70 64 457 [59] 197 0.71 035 053 072 146 90 126 0.11 0.87 039 3.03 342
BA 66 97 170 [75] 218 0.76 033 059 0.77 180 96 135 0.12 092 041 324 3.65
Average 196 76 351 331 115 098 090 143 276 151 211 0.19 145 065 508 573
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 =<1 <1 50 84 0.07 041 029 116 145

Table 7 Activity concentrations and radiological evaluation of biomass ash (BM)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra, (Bq kg™ Iy lq Hew Hin AUl AD (nGy AED (mSv  ELCR (x1073)
h™) y™)

Ra #’Th *XK Out In  Out In Out In  Total
BM 12 7 36,000 [76] 2,794 121 0.06 7.54 758 3.15 1511 2115 1.86 145 6.50 50.86 57.37
BM 10 6 6,000 [76] 481 21 0.05 130 132 066 258 362 032 25 1.11 870 981
BM 9 4 35,898 [2] 2,779 120 0.05 7.50 7.53 3.08 1504 2105 1.85 145 6.47 50.61 57.09
Average 10 6 25,966 2,018 87 0.05 5.00 500 200 1091 1527 1.00 10.5 5.00 37.00 41.00
UNSCEAR 33 45 420 [22, 46] 370 <1 <1 <1 <1 <1 59 84 0.07 041029 1.16 145

in Fig. 3¢, the median and mean values were 240 and 760 Bq kg™". Outliers ranging from 1,463 to 35,898 Bq kg™' were
the outcome. The outlier results could be explained by variations in the region and industry that produced these agro-
industrial byproducts, which would impact the sample data’s box median and mean.

(b)(b) Normal probability analysis

OriginPro 2024b version 10.1.5.132 was engaged to perform the normal probability analysis. The normal probability plot
is a graphical technique for assessing whether or not a data set is approximately normally distributed. It plots the quantiles
of the dataset against the quantiles of a standard normal distribution. The data is said to be normally distributed if the data
points approximately follow a straight line; if not, it indicates a non-normality. Outliers indicate points at the ends of the
line that are far from the rest of the data. An S-curve pattern indicates that the data is skewed, with one tail longer than the
other [48]. The effects of dataset distribution characteristics are displayed in Figs. 4 and 5. For the purpose of risk exposure
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Table 8 Activity concentrations and radiological evaluation of copper slag (CS)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bgkg™) References Ra, (Bq kg™ Iy lq Ho, Hin AUl AD(nGy AED(mSv ELCR(x107)
h™) y
W Out In  Out In Out In Total
cs 1135 50 585 [73] 1,252 423 568 338 645 11.1 579 811 0.71 557 249 1949 2198
cs 770 52 650 [73] 894 3.04 385 242 450 7.80 414 580 0.51 398 1.78 1394 15.73
(@) 317 54 886 [73] 462 162 159 125 211 365 216 302 0.27 208 093 727 820
(@) 317 54 887 [77] 463 1.62 159 125 211 3.65 216 302 0.27 208 093 7.27 820
(@ 770 52 650 [78] 894 3.04 385 242 450 7.80 414 580 0.51 398 1.78 1394 1573
Average 662 52 732 793 3.00 3.00 2.00 400 7.00 368 515 0.00 4.00 2.00 1200 14.00
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 =<1 <1 59 84 0.07 041 029 116 145
Table 9 Activity concentrations and radiological evaluation of fly ash (FA)
Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra, (Bq kg™) Iy Iy He, Hy, AUl AD(nGy AED(mSv ELCR(x107)
h™) y)
Ry B2 MK Out In Out In Out In Total
FA 119 91 438 [54] 283 1.00 0.60 0.76 1.09 223 128 179 0.16 1.23 0.55 432 487
FA 78 126 374  [66] 287 1.01 039 0.78 099 227 128 179 0.16 1.23 0.55 430 4.85
FA 904 53 454 [67] 1,015 343 452 274 519 9.03 469 656 0.58 4.51 202 158 17.79
FA 100 108 388 [76] 284 1.00 050 0.77 1.04 226 128 179 0.16 1.23 055 430 485
FA 88 88 868 [79] 281 1.02 044 076 1.00 195 130 182 0.16 125 056 438 494
FA 188 91 343 [73] 345 120 094 093 144 286 156 219 0.19 150 067 526 5093
FA 999 200 1,100 [73] 1,370 470 5.00 3.70 6.40 11.7 628 879 0.77 6.04 270 21.2 2385
FA 191 91 561 [17] 364 128 096 098 150 291 167 233 020 160 0.72 561 6.33
FA 232 117 466 [80] 435 151 116 1.18 180 3.60 197 276 024 190 085 6.64 7.49
FA 825 53 402 [63] 932 3.15 413 252 475 830 430 602 053 4.14 185 145 16.32
FA 45 40 88 [81] 109 0.38 0.23 029 042 091 49 68 0.06 047 021 1.64 1.85
FA 126 89 793 [82] 314 113 063 085 1.19 230 145 203 0.18 139 062 488 551
FA 14 20 1,148 [71] 131 0.53 0.07 035 039 047 66 93 0.08 064 029 224 252
FA 41 49 321 [83] 136 049 0.21 037 048 1.00 62 87 0.08 060 0.27 208 235
FA 99 113 309 [84] 284 1.00 050 0.77 1.04 231 127 178 0.16 1.22 0.55 427 482
FA 139 82 743 [19] 313 112 0.70 085 1.22 234 145 203 0.18 139 062 487 550
FA 83 87 235 [65] 226 0.79 042 0.61 083 184 101 141 0.12 097 043 339 3.82
FA 70 79 233 [65] 201 0.71 035 054 073 162 90 126 0.11 086 0.39 3.02 341
FA 100 180 650 [11] 407 145 050 1.10 137 3.15 182 255 022 1.75 078 6.13 691
FA 80 207 546 [85] 418 148 040 1.13 135 328 185 259 023 1.78 080 6.22 7.01
FA 90 66 240 [9] 203 0.71 045 055 079 165 91 128 0.11 088 039 3.08 347
FA 999 56 470 [86] 1,115 3.77 5.00 3.01 571 995 515 721 063 495 222 174 19.55
FA 161 156 584 [86] 429 151 081 1.16 159 342 193 270 024 186 083 650 7.33
FA 119 147 352 [87] 356 1.25 060 096 1.28 290 158 222 0.19 152 0.68 533 6.02
FA 118 157 1,463 [88] 455 1.67 059 123 155 3.11 210 294 026 202 091 7.08 7.99
FA 441 110 510 [89] 638 219 221 172 291 545 291 408 036 280 1.25 9.81 11.07
FA 242 31 382 [90] 316 1.09 121 085 151 264 146 205 0.18 141 063 493 556
FA 263 49 216 [90] 350 119 132 094 166 3.04 160 224 020 154 069 539 6.08
FA 143 117 719 [59] 366 130 0.72 099 137 279 167 233 021 160 0.72 561 6.33
FA 75 104 1,030 [75] 303 111 038 082 1.02 203 140 197 0.17 135 060 473 533
Average 239 99 548 422 1.00 1.00 1.00 200 3.00 193 270 0.24 2.00 1.00 6.00 7.00
UNSCEAR 33 45 420 [22, 46] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 1.16 1.45
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Table 10 Activity concentrations and radiological evaluation of ground granulated blast furnace slag (GGBFS)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra., (Bq kg™ ly lq He Hyn AU AD(nGy AED(mSv ELCR(x107)
h™) y)
26Ra  22Th 4K Out In Out In Out In Total

GGBFS 112 52 205 [91] 202 0.70 056 055 085 1.68 92 128 0.11 088 039 3.09 348
GGBFS 182 44 269 [19] 266 092 091 0.72 121 224 122 171 0.15 1.17 052 410 4.63
GGBFS 179 55 172 [19] 271 093 090 0.73 122 233 123 172 0.15 1.18 0.53 4.14 467
GGBFS 128 45 119 [19] 202 0.69 064 054 089 174 91 128 0.11 088 039 3.07 347
GGBFS 89 140 378 [66] 318 112 045 086 1.10 254 141 198 0.17 136 0.61 476 537
GGBFS 151 150 14 [76] 367 126 0.76 099 140 321 161 225 020 155 069 542 6.11
GGBFS 143 163 15 [76] 377 130 0.72 1.02 141 329 165 231 020 159 0.71 556 6.27
GGBFS 98 89 96 [76] 233 0.80 049 063 089 199 103 144 0.13 099 044 347 3091
GGBFS 34 44 846 [76] 162 062 0.17 044 053 092 78 109 0.10 0.75 033 261 294
GGBFS 32 35 632 [76] 131 049 0.16 035 044 077 62 87 0.08 060 0.27 210 236
GGBFS 97 89 9% [79] 232 0.80 049 0.63 089 198 103 144 0.13 099 044 345 3.89
GGBFS 251 25 362 [73] 315 1.08 126 085 153 265 146 205 0.18 141 063 492 555
GGBFS 323 40 158 [73] 392 133 162 1.06 193 348 180 252 0.22 173 0.77 6.06 6.83
GGBFS 100 100 500 ([73] 282 1.00 050 0.76 1.03 217 127 178 0.16 1.23 0.55 429 484
GGBFS 166 48 232 [17] 253 0.87 083 068 1.13 213 115 162 0.14 1.11 050 3.88 4.38
GGBFS 184 135 283 [17] 399 138 092 1.08 157 335 178 250 0.22 172 0.77 6.00 6.77
GGBFS 15 1 20 [17] 18 0.06 0.08 0.05 0.09 0.15 8 12 0.01 0.08 0.04 028 0.32
GGBFS 336 152 786 [17] 614 214 168 166 257 501 280 392 034 269 120 942 10.62
GGBFS 43 43 76 [92] 110 038 022 030 041 092 49 69 006 047 021 165 1.86
GGBFS 178 148 243 [80] 408 141 089 1.10 158 345 182 254 0.22 175 0.78 6.12 6.90
GGBFS 67 78 145 [81] 190 066 034 051 069 157 84 118 0.10 081 036 283 3.19
GGBFS 150 65 142 [71] 254 0.87 075 0.69 1.09 218 114 160 0.14 1.10 049 385 435
GGBFS 35 30 75 [2] 84 029 0.18 0.23 032 069 37 52 005 036 0.16 126 1.42
GGBFS 160 100 250 [2] 322 112 080 087 130 271 145 203 0.18 139 062 487 550
GGBFS 270 70 240 [11] 389 133 135 1.05 1.78 336 177 248 0.22 170 0.76 596 6.72
GGBFS 251 25 214 [93] 303 1.03 126 082 150 264 140 19 0.17 135 060 4.71 531
GGBFS 117 78 176 [94] 242 0.84 059 065 097 204 109 152 0.13 1.04 047 365 4.12
GGBFS 115 36 229 [95] 184 064 058 050 081 152 84 118 0.10 0.81 036 284 3.21
GGBFS 115 35 192 [77] 180 062 058 049 080 150 82 115 0.10 079 035 277 312
GGBFS 166 48 232 [96] 253 0.87 083 068 1.13 213 115 162 0.14 1.11 050 3.88 4.38
Average 143 72 247 265 092 071 072 1.10 221 120 168 0.15 1.15 052 4.03 455
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 116 145

analysis, this study used raw data from pertinent literature; hence, normality is not a primary concern; rather, the probability
of data values to risk levels is important. AlImost all data points of activity concentrations, as shown in Fig. 4a—c for agricultural
byproducts, aligned within the 95% confidence interval of the mean reference line at a 0.05 significance level. Besides,
skewness and kurtosis were within the acceptable ranges of —3 and + 3 and— 10 to + 10 [49]. This indicates that there is no
likelihood of risk exposure from recycled agricultural waste. However, Fig. 5a—c indicate positive asymmetry and a heavier
tail from the mean reference line. This suggests that there is a likelihood of risk exposure from recycled industrial waste. It is
important to state the outliers were not removed because it is challenging to gather widely distributed datasets of activity
concentrations that contain industrial and agricultural outputs. Additionally, within the radiological domain, these outliers
carry important information.
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Table 11 Activity concentrations and radiological evaluation of granite waste powder (GWP)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Rag, (Bq kg™ ly I Hee Hi, AUl AD(nGy AED(mSv ELCR(x1073)
h™) y
26Ra 2T 40K Out In Out In Out In Total

GWP 10 10 299 [97] 47 0.18 0.05 0.13 0.15 024 23 32 0.03 022 0.10 0.78 0.88
GWP 19 18 956 [97] 118 047 0.10 032 037 047 60 83 0.07 057 026 200 226
GWP 55 41 398  [60] 144 0.52 028 039 054 104 67 93 0.08 064 029 225 254
GWP 378 154 2,285 [60] 774 279 189 2.09 3.11 554 363 508 045 349 156 1222 13.78
GWP 61 48 349  [60] 157 0.56 031 042 059 1.17 72 100 0.09 069 031 241 272
GWP 886 292 1,878 [60] 1,448 504 443 391 631 119 664 930 0.82 6.39 286 2235 25.21
GWP 71 96 368  [60] 237 0.84 036 064 083 185 106 149 0.13 1.02 046 3.57 4.03
GWP 547 399 1,768 [60] 1,254 441 274 339 486 100 567 794 0.70 546 244 19.10 21.54
GWP 9 1 2 [98] 1 0.04 0.05 0.03 0.05 0.10 5 7 0.01 0.05 002 0.16 0.18
GWP 494 157 1,776 [98] 855 3.02 247 231 365 661 397 556 049 382 1.71 13.37 15.08
GWP 4 15 24 [99] 27 0.10 0.02 0.07 0.08 0.22 12 17 0.01 0.11 0.05 040 045
GWP 91 70 1,302 [99] 291 1.09 046 0.79 1.03 179 139 194 0.17 133 060 467 5.26
GWP 2 1 49 [100] 7 0.03 0.01 0.02 0.02 0.03 4 5 0.00 0.03 002 0.2 0.14
GWP 170 354 1,592 [100] 799 287 085 216 262 598 359 502 044 345 154 12.08 13.62
GWP 34 46 944 [101] 172 066 0.17 047 056 095 83 116 0.10 080 036 279 3.15
GWP 31 45 856 [101] 161 0.61 0.16 0.44 052 090 77 108 0.09 0.74 033 260 293
GWP 10 29 9N [101] 122 048 005 033 036 052 60 84 0.07 058 026 202 228
GWP 12 37 742 [101] 122 047 006 033 036 062 59 82 0.07 057 025 198 223
GWP 18 64 990 [101] 186 0.71 0.09 050 055 1.02 88 124 0.11 085 038 297 335
Average 153 99 920 365 131 0.76 099 140 268 169 236 021 162 0.73 568 640
UNSCEAR 33 45 420 [22,46] 370 <1 =<1 <1 <1 <1 59 84 0.07 041 029 1.16 145

Table 12 Activity concentrations and radiological evaluation of incinerated sewage sludge ash (ISSA)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra.,(Bqkg™) |, I Ho, H, AUl AD(Gy AED(mSv ELCR(x107)
h71) y71)
26Ra  B2Th 40K Out In Out In Out In Total
ISSA 65 60 563 [19] 194 0.70 033 052 070 137 90 126 0.11 090 039 3.02 341
Average 65 60 563 194 0.70 033 052 070 137 90 126 0.11 086 039 3.02 341
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 116 145

Table 13 Activity concentrations and radiological evaluation of lead slag (LS)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra, (Bq kg™ Iy Iy Ho, Hi, AUl AD(Gy AED(mSv ELCR(x107)
h™) y ")
26Ra  22Th 40K Out In Out In Out In Total
LS 270 36 200 [73] 337 110 135 091 1.64 295 155 217 0.19 149 067 521 588
Average 270 36 200 337 110 135 091 164 295 155 217 0.19 149 067 521 588
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 145
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Table 14 Activity concentrations and radiological evaluation of metakaolin (MK)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Rag, (Bq kg™ ly I Hee Hi, AUl AD(nGy AED(mSv ELCR(x1073)
h™) y

26Ra 2T 40K Out In Out In Out In Total
MK 31 34 188 [76] 94 0.34 0.16 0.25 034 0.71 43 60 0.05 041 0.18 144 1.62
MK 73 63 136  [80] 174 0.60 037 047 067 145 77 108 0.10 0.74 033 261 294
MK 125 92 695 [80] 310 1.11 0.63 0.84 1.18 232 142 199 0.18 137 061 479 540
MK 61 44 590 [102] 169 062 031 046 062 1.14 79 111 0.10 0.76 034 267 3.01
MK 319 272 1,470 [102] 821 291 160 222 3.08 6.35 373 522 046 359 161 1256 14.16
MK 18 48 31 [103] 89 031 0.09 024 0.29 075 39 54 0.05 037 0.17 130 147
MK 65 99 157 [103] 219 0.76 033 059 077 181 96 135 0.12 093 041 324 3.66
MK 82 98 464 [104] 258 092 041 070 092 198 116 163 0.14 1.12 050 3.92 442
Average 97 94 466 267 095 048 0.72 098 206 121 169 0.15 1.16 0.52 4.07 4.59
UNSCEAR 33 45 420 [22, 46] 370 <1 =<1 <1 <1 <1 59 84 0.07 041 029 1.16 145

Table 15 Activity concentrations and radiological evaluation of marble powder (MP)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra., (Bakg™) |, I H, Hy, AUl AD(nGy AED(mSv ELCR(x1073)
h™) y7)

226Ra  22Th 40K Out In Out In Out In  Total
MP 2 1 10 [80] 4 0.02 0.01 0.01 0.02 003 2 3 0.00 0.02 001 007 007
MP 1 3 25 [63] 7 0.03 0.01 0.02 0.02 005 3 5 0.00 0.03 001 011 0.13
MP 1 4 20 [105] 8 0.03 0.01 0.02 0.03 0.06 4 5 0.00 004 002 012 0.14
MP 1 1 4 [106] 3 0.01 0.01 0.01 0.01 0.02 1 2 0.00 0.01 0.01 0.04 0.05
Average 1 2 15 6 0.02 0.01 0.02 0.02 004 3 4 0.00 0.02 0.01 0.09 0.10
UNSCEAR 33 45 420 [22,37] 370 <1 <1 <1 <1 <1 59 84 007 041 029 116 145

Table 16 Activity concentrations and radiological evaluation of mill tailings (MT)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra.,(Bqkg™) I, I,  He Hi, AUl AD(nGy AED (mSv  ELCR(x1073)
h71) y71)

226Ra  232Th 40K Out In Out In Out In Total
MT 87 20 226 [107] 133 0.47 044 036 059 1.06 62 86 0.08 059 027 208 234
MT 2,668 89 781 [107] 2,855 9.60 133 7.72 149 258 1319 1847 1.62 12,69 5.68 4440 50.08
MT 650 90 740 [25] 836 2.86 325 226 401 7.15 386 540 047 3.71 1.66 1298 14.64
Average 1,135 66 582 1,275 431 568 344 651 113 589 824 072 566 253 19.82 2235
UNSCEAR 33 45 420 [22,37] 370 <1 <1 <1 <1 <1 59 84 007 041 029 116 145

2.3 Multivariate item and factor analysis

A Minitab statistical software version 18.1 was used to carry out the multivariate item and factor analysis. Multivariate item
and factor analysis is a statistical technique that examine the connections between several variables in an effort to find
latent factors that underlie the correlation patterns between those variables. Pearson’s correlation matrix was conducted to
evaluate the relationship between the strength and direction of the radiological characteristics of agricultural and industrial
byproducts. The strength determines the robustness of the relationship, while the direction signifies the coefficient signs

@ Discover



Research

Discover Applied Sciences (2025) 7:347

| https://doi.org/10.1007/542452-025-06861-1

Table 17 Activity concentrations and radiological evaluation of nickel slag (NS)

Activity concentration Radiological evaluation using Egs. (2-15)

Material S (Bqkg™) References Ra.q (Bq kg™ ly lq Hee Hin AUl AD(nGy AED(mSv ELCR(x107)
h™) y ")

26Ra  22Th 4K Out In Out In Out In Total
NS 52 78 76 [73] 169 0.59 026 046 060 143 74 104 0.09 0.71 032 250 282
NS 235 45 605 [73] 349 1.21 118 093 157 276 161 225 0.20 155 069 542 6.11
Average 143 61 340 258 090 0.72 070 1.08 210 118 165 0.14 1.13 051 396 447
UNSCEAR 33 45 420 [22,37] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 1.16 145
Table 18 Activity concentrations and radiological evaluation of pyrite ash (PA)
Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ray, (Bakg™) |, I H, Hi, AUl AD(Gy AED(mSv ELCR(x1073)

hfl) y71)

226Ra 22T 40K Out In Out In Out In  Total
PA 3 1 16 [80] 6 0.02 0.02 0.02 0.02 0.04 3 4 0.00 0.03 0.01 0.09 0.10
PA 23 16 58 [80] 50 0.18 0.12 0.14 020 041 23 32 003 022 0.10 0.76 0.86
Average 12 9 37 28 0.10 0.07 0.08 0.11 023 13 18 0.02 0.12 0.05 043 048
UNSCEAR 33 45 420 [22,37] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 145
Table 19 Activity concentrations and radiological evaluation of phosphogypsum (PG)
Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bgkg™) References Ra, (Bq kg™ Iy lq Ho, Hin AUl AD(nGy AED(mSv ELCR(x107)

h™) y

26Ra  232Th 4K Out In Out In Out In Total
PG 491 31 68 [108] 541 1.81 246 146 279 492 248 348 031 239 1.07 836 943
PG 629 15 10 [80] 651 218 3.15 176 346 599 300 420 037 289 129 10.10 11.39
PG 246 50 340 [109] 344 118 123 093 159 290 158 221 0.19 152 068 532 6.00
PG 234 21 108 [108] 272 092 1.17 074 137 242 125 175 0.15 121 054 422 476
PG 410 182 34 [110] 673 229 205 182 293 599 301 421 037 289 129 10.12 1142
PG 209 17 3 [111] 234 0.78 1.05 063 120 214 107 150 0.13 1.03 046 360 4.06
PG 115 31 95 [111] 167 0.57 058 045 076 144 76 106 0.09 0.73 033 255 288
PG 322 18 116 [108] 357 120 1.61 096 1.83 320 164 230 0.20 1.58 0.71 554 6.24
PG 306 23 17 [111] 340 1.14 153 092 1.75 3.11 156 218 0.19 150 067 525 592
PG 305 20 110 [111] 342 1.15 153 092 1.75 3.07 158 221 0.19 152 068 530 5098
PG 440 12 235 [111] 475 1.61 220 1.28 247 423 220 308 027 212 095 742 837
PG 233 30 323 [109] 301 1.03 1.17 081 144 254 139 195 0.17 134 060 469 529
PG 747 14 63 [108] 772 258 3.74 209 410 7.08 356 499 0.44 343 153 1199 1352
PG 378 4 40 [108] 387 1.29 189 1.05 207 354 179 250 022 172 077 6.02 6.79
PG 618 9 24 [108] 633 211 3.09 171 338 582 292 409 036 281 126 983 11.08
PG 340 4 200 [112] 361 122 170 098 1.89 3.21 168 235 021 161 072 565 637
PG 35 72 585 [109] 183 0.67 0.18 049 059 124 84 118 0.10 081 036 283 3.19
PG 750 1 14 [113] 753 251 375 203 406 6.94 348 487 043 334 150 11.70 13.20
Average 378 31 133 432 146 189 1.17 219 3.88 199 278 024 191 086 6.69 7.55
UNSCEAR 33 45 420 [22,37] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 116 145
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Table 20 Activity concentrations and radiological evaluation of pumice (PM)
Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra., (Bq kg™ Iy lq Ho Hin AUl AD(nGy AED(mSv ELCR(x107%)
h™) y ")

26Ra 232Th K Out In Out In Out In Total
PM 12 12 300 [80] 52 0.20 0.06 0.14 0.17 028 25 35 003 024 0.11 085 0.96
PM 24 21 653 [80] 104 040 0.12 0.28 035 053 51 71 0.06 049 022 172 194
PM 75 74 1,073 [17] 263 0.98 038 0.71 091 167 124 174 0.15 1.19 053 4.18 471
PM 462 57 1 [17] 544 1.83 231 147 272 496 248 347 030 238 1.07 835 941
Average 143 41 507 241 085 0.72 065 1.04 186 112 157 0.14 1.08 048 3.77 4.26
UNSCEAR 33 45 420 [22, 46] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 1.16 145

Table 21 Activity concentrations and radiological evaluation of red mud/bauxite powder (RM)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra, (Bakg™) I, I,  He H, AUl AD(Gy  AED(mSv ELCR(x107)
h™) y ™)
26Ra 22Th 4K Out In  Out In Out In Total

RM 310 1,350 350 [85] 2,267 790 155 6.12 696 192 973 1363 1.20 936 4.19 3276 36.95
RM 139 350 45 [73] 643 223 070 1.74 211 552 277 388 034 267 1.19 934 1054
RM 380 507 361 [85] 1,133 392 190 3.06 409 9.67 497 696 0.61 478 214 16.73 18.86
RM 306 408 33 [114] 892 3.07 153 241 324 776 389 545 048 374 1.68 13.10 14.78
RM 289 285 121 [85] 706 243 145 191 269 6.12 311 435 038 299 134 1046 11.80
RM 97 118 15 [73] 267 092 049 0.72 098 232 117 163 0.14 1.12 050 393 443
RM 710 339 300 [73] 1,218 416 3,55 329 521 107 545 763 0.67 524 235 1836 20.70
RM 210 539 112 [73] 989 343 1.05 267 324 846 427 598 0.53 4.11 1.84 1438 16.22
RM 165 328 53 [85] 638 221 0.83 172 217 549 277 387 034 266 1.19 931 10.50
RM 347 283 48 [85] 755 259 1.74 204 298 6.63 333 467 041 321 143 1122 1265
RM 370 328 265 [85] 859 296 1.85 232 332 740 380 532 047 366 1.64 1280 14.43
RM 232 344 45 [85] 727 251 1.16 196 259 630 317 444 039 305 136 1067 12.03
RM 379 472 21 [85] 1,056 3.63 1.90 285 3.88 921 461 645 0.57 443 198 1552 17.51
RM 370 437 505 [85] 1,034 359 1.85 279 379 874 456 638 0.56 439 196 1535 17.31
RM 350 414 583 [85] 987 343 175 267 361 828 436 610 0.54 419 1.88 14.68 16.56
RM 478 555 401 [85] 1,303 450 239 352 481 112 573 802 0.70 5.51 247 19.28 21.75
RM 255 422 164 [85] 871 3.01 1.28 235 3.04 747 380 531 047 365 1.63 1278 1441
RM 477 705 153 [85] 1,497 517 239 404 533 129 653 914 0.80 628 2.81 21.97 24.78
RM 326 1,129 30 [85] 1,943 6.74 1.63 525 6.13 16.7 834 1167 1.03 8.02 3.59 2807 31.66
RM 318 1,320 190 [85] 2,220 772 159 6.00 685 189 952 1333 1.17 9.16 4.10 32.05 36.15
RM 17 63 625 [91] 155 058 0.09 042 047 097 72 101 0.09 069 031 242 273
RM 100 113 55 [76] 266 092 050 0.72 099 229 117 163 0.14 1.12 050 393 443
RM 97 118 50 [17] 270 093 049 0.73 099 233 118 165 0.15 1.14 051 3.98 449
RM 301 539 215 [17] 1,088 377 151 294 375 931 474 663 0.58 455 204 1594 17.98
RM 170 404 26 [2] 750 260 0.85 202 248 645 324 453 040 3.11 139 1089 12.29
RM 203 598 62 [115] 1,063 3.69 1.02 287 342 9.10 458 641 056 440 197 1540 1737
RM 225 219 5 [116] 539 185 1.13 145 206 472 236 331 029 227 102 796 898
RM 568 392 101 [116] 1,136 3.89 284 3.07 460 999 503 705 0.62 484 217 16.95 19.11
Average 292 467 176 974 337 146 263 342 836 425 594 0.52 408 1.83 1429 16.12
UNSCEAR 33 45 420 [22,46] 370 <1 <1 =<1 =<1 <1 59 84 0.07 041 029 1.16 145
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Table 22 Activity concentrations and radiological evaluation of silica fume (SF)

Activity concentration Radiological evaluation using Egs. (2-15)

Material S (Bqkg™) References Rag, (Bq kg™ Iy lq Ho, Hi, AUl AD(nGy AED(mSv ELCR(x1073)
h™) y
26Ra  B2TH 4K Out In Out In Out In Total
SF 2 100 [92] 14 0.06 0.01 0.04 0.04 0.06 7 10 0.01 0.07 0.03 0.23 0.26
SF 92 [92] 11 0.04 0.01 0.03 0.03 004 6 8 0.01 005 002 0.19 0.21
SF 1 870 [82] 68 0.29 0.01 0.18 0.19 0.08 37 51 005 035 0.16 1.24 1.39
SF 33 24 540 [62] 109 041 0.17 029 038 064 52 73 006 050 022 176 1.98
SF 4 6 297 [117] 35 0.14 0.02 0.10 0.11 0.3 18 25 0.02 0.17 0.08 0.60 0.68
SF 0 0 100 [76] 8 0.03 0.00 0.02 0.02 0.01 4 6 0.01 0.04 0.02 0.14 0.16
SF 0 92 [76] 7 0.03 0.00 0.02 0.02 0.01 4 5 0.00 0.04 002 0.13 0.15
Average 6 5 299 36 0.14 0.03 0.10 0.11 0.14 18 25 0.02 0.17 0.08 061 0.69
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 145
Table 23 Activity concentrations and radiological evaluation of steel slag (SS)
Activity concentration Radiological evaluation using Egs. (2-15)
Material ~ S(Bqkg™) References Ra., (Bqkg™) |, o Hee Hn AUl AD(nGy AED(mSv ELCR(x107)
h™) y ")
226Ra  22Th 40K Out In Out In Out In Total
SS 5 0 1 [71] 5 0.02 0.03 0.01 0.03 0.05 2 3 0.00 0.02 0.01 0.08 0.09
SS 23 21 0 [76] 53 0.18 0.12 0.14 0.21 047 23 33 003 0.22 0.10 0.78 0.89
SS 23 15 4 [76] 45 0.15 0.12 0.12 0.18 039 20 28 0.02 0.19 0.09 067 0.75
SS 16 20 0 [76] 45 0.15 0.08 0.12 0.16 039 19 27 0.02 0.19 0.08 0.66 0.74
SS 20 16 0 [76] 43 0.15 0.10 0.12 0.17 038 19 26 0.02 0.18 0.08 0.64 0.72
SS 62 21 51 [73] 96 033 031 026 043 083 43 61 005 042 0.19 146 1.65
SS 23 15 51 [73] 48 0.17 0.12 0.13 0.19 040 22 31 0.03 021 0.09 0.73 0.83
SS 13 7 21 [73] 25 0.09 0.07 0.07 0.10 0.21 1 16 0.01 0.11 0.05 037 042
SS 25 5 10 [73] 33 0.11 0.13 0.09 0.16 029 15 21 0.02 0.14 0.06 0.50 0.57
SS 196 30 148 [73] 250 0.85 098 0.68 1.21 219 115 161 0.14 1.10 049 387 436
SS 0 150 0 [73] 215 0.75 0.00 058 0.58 181 91 127 0.11 087 039 3.05 344
SS 88 49 0 [73] 158 054 044 043 066 141 70 98 0.09 068 030 236 267
Average 41 29 24 85 0.29 021 023 034 073 38 53 005 036 0.16 1.27 143
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 1.16 145
Table 24 Activity concentrations and radiological evaluation of tin slag (TS)
Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra.,(Bakg™) I, I, H, Hp, AUl AD(nGy AED (mSv  ELCR(x1073)
h™) y™
Ra Th  *K Out In  Out In  Out In  Total
TS 1,100 300 330 [73] 1,554 53 550 42 72 138 703 984 09 68 3.0 237 267
TS 6,428 420 0 [73] 7,029 235 321 19.0 364 64.5 3223 4513 4.0 31.0 139 1085 1224
TS 1,000 4,000 0 [73] 6,720 233 5.00 181 20.8 57.6 2878 4029 35 277 124 969 1093
Average 2,843 1,573 110 5,101 174 142 138 215 453 2268 3175 28 218 98 764 86.1
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 116 145
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Table 25 Activity concentrations and radiological evaluation of volcanic ash (VA)

Activity concentration Radiological evaluation using Egs. (2-15)
Material S (Bqkg™) References Ra., (Bq kg™ Iy lq Ho Hin AUl AD(nGy AED(mSv ELCR(x107%)
h™) y ")

26Ra 232Th K Out In Out In Out In Total
VA 59 132 1,130 [80] 335 123 030 090 1.06 223 154 216 0.19 148 066 5.19 585
VA 92 138 1,200 [105] 382 140 046 103 128 262 176 246 022 169 0.76 592 6.68
VA 190 210 1,900 [105] 637 232 095 172 223 445 294 411 036 283 1.27 9.89 11.2
VA 280 270 1,900 [105] 812 292 140 219 295 6.00 372 520 046 357 1.60 125 14.1
Average 155 188 1,533 541 197 078 146 1.88 3.83 249 348 0.31 239 1.07 838 945
UNSCEAR 33 45 420 [22, 46] 370 <1 <1 <1 <1 <1 59 84 0.07 041 029 1.16 145

Table 26 Activity concentrations and radiological evaluation of waste glass powder (WP)

Activity concentration Radiological evaluation using Egs. (2-15)s
Material S (Bqkg™) References Rag, (Bq kg™ Iy Iy Ho, Hi, AUl AD(nGy AED(mSv ELCR(x1073)
h™) y

26Ra  B2ThH 4K Out In Out In Out In Total
WP 8 1 227 [92] 41 0.16 0.04 0.11 0.13 023 20 28 0.02 0.19 0.09 067 0.75
WP 9 11 2 [76] 25 0.09 0.05 0.07 0.09 0.22 11 15 0.01 0.10 0.05 0.37 041
Average 9 11 115 33 0.12 0.04 0.09 0.11 022 15 21 0.02 0.15 0.07 0.52 0.58
UNSCEAR 33 45 420 [22,46] 370 <1 <1 <1 <1 <1 59 84 007 041 029 1.16 1.45

of the relationship. The correlation coefficients range in value from —1 to + 1. The reliability index (internal consistency) was
statistically analyzed via Cronbach’s alpha to assess how the radiological parameters reliably measure the same construct
or characteristics. A Cronbach’s alpha with a low value may not reliably measure a single construct. Typically, a value of 0.7
or higher is considered good [50]. Multivariate factor analysis was also engaged in evaluating the data correlation among
variables in terms of a few underlying unobservable random factors of the radiological data (16 variables). In factor analysis,
the original variables are expressed as linear combinations of the factors. Principal components were used as an extraction
method, while the rotated factor analysis was conducted by varimax. Varimax is the most widely used rotation method [41].
This method makes the loadings either large or small for an easy explanation.

3 Results and discussion
3.1 Agricultural byproducts

The results of radiological properties of agricultural byproducts are presented in Tables 2, 3, 4, 5. The results
showed that the #2°Ra, 23Th, and *°K of all studied byproducts varied between 1-14.1 Bq kg™', 1.3-16 Bq kg™’, and
81.4-604 Bq kg~' with average values of 6, 16, and 5055 Bq kg™ for RHA in Table 2, 7.99, 5.08, and 175 Bq kg™ for
MS in Table 3, 6.41, 4.56, and 584 Bq kg™ for POC in Table 4, and 8.10, 7.02, and 477 Bq kg~ for POFA in Table 5. The
226Ra, 232Th, and *°K activities were in the range of the UNSCEAR values of 33, 45, and 420 Bq kg™ [22, 46], except for
the RHA, POC, and POFA, whose *°K were about 17, 28, and 6% higher than the world population weighted average
values. Geographical, geochemical, and geological variations in the soil composition from which rice and palm oil
plants absorb radionuclides might be the causes of the variations in the activity concentrations of the RHA, POC, and
POFA samples. Materials origins and radioactive mineral content are also factors [24, 51]. During the burning process,
various chemical and physical changes would occur, including eliminating organic components and moisture found
in nuts, fiber, rice shells, and palm oil. Thus, these radionuclides are enriched or redistributed in RHA, POC, and POFA
[52]. The *%K isotopes in RHA, POC, and POFA satisfied the world range of 140-850 Bq kg™' proposed for building
materials [46]. The 22°Ra, 23°Th, and “°K of the studied byproducts (RHA, MS, POC, POFA) also met the internationally
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recognized weighted average values of 50, 50, and 500 Bq kg*1 [11, 53], as well as the ranges of 100-600, 30-300,
and 100-1,200 Bq kg™ proposed for 22°Ra, 23Th, and “°K isotopes [12].

As depicted in Tables 2, 3, 4, 5, the results of Ra, activities for all studied byproducts were less than the upper mean
limit of 370 Bq kg™' for building materials to keep the external dose below 1.5 mSvy~' [11]. The Ra., values varied
between 18 and 68 Bq kg™' with the averages of 68, 29, 58, and 53 Bq kg™ for RHA, MS, POC, and POFA in Tables 2, 3,
4,5.The Ra,, is associated with the activity concentration, hazard, and activity utilization indexes due to radon and its
daughter [54]. For safe use, the maximum value for gamma and alpha indexes, external and internal hazard indexes,
and utilization concentration correspond to 370 Bq kg™ upper limit of Ragq. Owing to this fact, the values obtained
for I, o Hexs Hin, and AUl are low because they are derived from the low activity concentrations of 226Ra, 232Th, and “°K.
Compared with the global recommendation, all indexes obtained for the studied agricultural byproducts were below
the 1.0 maximum [22, 46]. The low emission factor by the radon’s alpha recoil range in materials can be attributable to
the low values, roughly a few tens of nanometers [55].

The results of RHA, MS, POC, and POFA, as shown in Tables 2, 3, 4, 5, revealed that the AD, and AD,, rates varied
between 9-33 nGy h™' and 13-47 nGy h™', corresponding to the average values of 20 and 27 nGy h™'. The AED,,
and AED,, rates varied between 0.011-0.041 mSvy~' and 0.10-0.31 mSv y~, corresponding to the average values
of 0.02 and 0.18 mSv y~'. The obtained results were less than the globally recognized limits reported by UNSCEAR
[22, 46], which are 59 nGy h™" for AD,,, 84 nGy h™' for AD,,,, 0.07 mSv y~' for AED,,, and 0.41 mSv y~' for AED;,.
The average calculated values of excess lifetime cancer risks, as presented in Tables 6,7, 8,9, 10, 11,12, 13, 14, 15,
16,17,18,19,20, 21,22, 23,24, 25,and 26, were 0.11 x 107 for outdoors, 0.88 x 1073 for indoors, and 0.99 x 1073 for
total. By comparison, these results were less than the world population-weighted average values [22, 46], which are
0.29 % 1073 for outdoors, 1.16 x 107> for indoors, and 1.45 x 1073 for total ELCR. Strictly speaking, no results shown in
Tables 2, 3, 4, 5 should be equally treated. This is due to the possibility of using various techniques, such as instru-
ments, and varying the circumstances around the samples and their surroundings when making the measurements
[55]. According to the literature, the radiological performances of materials are influenced by the instruments’
characteristics and environmental factors [55].

The earth-originated materials are primarily used in the construction of buildings, making the concentrations
of all indoor exposures, as shown in Tables 2, 3, 4, 5, higher than the outdoor exposures. Besides, agricultural
byproducts are soil-originated materials, exhibiting *°K rather than ?2Ra and 23?Th (Tables 2, 3, 4, 5) [22]. From all
indications and indices, the considered radioactive parameters from naturally occurring radioactive contents in
RHA, MS, POC, and POFA are permissible to the global recommendation levels, satisfying the world population-
weighted average values [22, 46]. RHA, MS, POC, and POFA pose no potential radiological risk and can be safely
used as building and construction materials.

3.2 Industrial byproducts

Unlike agricultural byproducts, the radiological properties of recycled industrial waste materials, as shown in Tables 6,
7,8,9,10,11,12,13,14,15,16,17,18, 19, 20, 21, 22, 23, 24, 25, and 26, exhibited higher activity concentrations than
the proposed values of UNSCEAR, except for marble powder (MP), pyrite ash (PA), silica fume (SF), steel slag (SS),
and waste glass powder (WP) in Tables 15, 18, 22, 23, and 26. The average activity concentrations of 22°Ra and 2*°Th
(Tables 6 and 8) were about 83.18-101.13% and 13.46-40.79% higher than the world average values for BA and CS.
The 225Ra and 23?Th for BM (Table 3) were below the average world value proposed by UNSCEAR [22, 46]. The *°K was
about 99% and 43% higher than the world average values for BM and CS, resulting in an effective annual dose above
1 mSvy~'.The “°K in BA (Table 6) was about 17% less. Except for the “° K of GGBFS in Table 10, which was almost 42%
below the population-weighted global average value, all activity concentrations for FA and GGBFS in Tables 9, 10
exceeded the global average limits. The average activity concentrations of GWP, ISSA, LS, and MK in Tables 11,12, 13,
14 were 2-4, 1-2, 8, and 1-2 times more than the world average limits. In contrast, the 232Th and “°K of LS in Table 13
were 1-2 times below the world’s average recommendation. Regarding MT, NS, and PG in Tables 16, 17, and 19, the
average values for 22°Ra were 34, 4, and 11 times higher than the average world value. The corresponding average
values (32Th and “°K) for NS and PG were 1-3 times less than the world average stipulations.

As shown in Tables 15 and 18, the average activity concentrations for MP and PA were 15-33 and 3-12 times less than
the UNSCEAR values. The ?2°Ra, 232Th, and “°K average activities obtained for PM and RM in Tables 20 and 21 exceeded
the world average values by 1-4 and 9-10 times. Nonetheless, the 222Th of PM and “°K of RM were less than the world
average values. It is apparent from Tables 22, 23, and 26 that the average activity concentrations for SF, SS, and WP were
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Table 27 Pearson correlation coefficients of agricultural byproducts (RHA, MS, POC, and POFA), Cronbach’s alpha=0.9657

Variable 2?°Ra  22Th 4K Rag, | la H, H, AU AD,, AD,, AED,, AED, ECLR,, ECLR,, ECLR.y
225Ra 1.000

B2Th 0.358 1.000

40K -0309 0.140  1.000

Ragq -0.026 0455 0933 1.000

ly -0.068 0400 0952 0.996 1.000

la 0.980 0.382 -0.301 -0.015 -0.061 1.000

Hey -0.024 0448 0917 0985 0981 -0.034 1.000

Hi 0.049 0434 0828 0909 0.898 0.037 0.921 1.000

AUl 0.652 0.889 0241 0.574 0520 0664 0.561 0.568 1.000

AD,, -0.066 0395 0953 0997 0997 -0.054 0981 0.906 0.521 1.000

AD;, -0.072 0406 00953 0998 0.998 -0.062 0.982 0.904 0.524 0.999 1.000

AED,, -0.068 0390 0955 0.997 0.999 -0.059 0.980 0.901 0.517 0.999 0.999 1.000

AED,,  -0.025 0498 0.850 0935 0.912 -0.001 0.926 0.849 0.582 0.930 0.931 0.920 1.000

ECLR,, —0.076 0371 00957 0992 0.994 —0.068 0972 0.901 0.502 0.996 0.996 0.997 0.911 1.000

ECLR, —0.072 0396 00955 0.997 0998 —0.062 0.982 0.903 0.518 0.999 1.000 1.000 0.927 0997  1.000
ECLR —0.071 0393 0955 0.997 0999 -0.061 0.981 0.901 0.517 0.999 1.000 1.000 0.926 0.997 1.000 1.000

Table 28 Pearson correlation coefficients
values, Cronbach’s alpha=0.9842

of industrial byproducts within the permissible limits of world population-weighted average

Variable 2%%Ra  22Th  “K Rag, | o H, H, AU AD,, AD, AED., AED, ECLR,, ECLR, ECLRu
226Ra 1.000

2B2Th 0.183  1.000

40K -0.008 -0.125  1.000

Rag, 0.753 0.743  0.148 1.000

ly 0731 0739 0206 0.998 1.000

la 1.000 0.183 -0.008 0.753 0.753 1.000

Hey 0753 0743 0.148 1.000 0.998 0.753 1.000

Hi, 0.904 0559 0.093 0.962 0952 0904 0.962 1.000

AUl 0.785 0752 -0.056 0978 0.964 0.785 0.978 0.962 1.000

AD,, 0768 0705 0202 0.998 0.998 0.768 0.998 0.967 0.521 1.000

AD;, 0768 0705 0202 0.998 0.998 0.768 0.998 0.967 0.524 0.966 1.000

AED,, 0768 0705 0202 0998 0998 0.768 0.998 0.967 0.517 0.966 1.000 1.000

AED,, 0768 0705 0202 0.998 0.998 0.768 0.998 0.967 0.582 0.966 1.000 1.000 1.000

ECLR,, 0768 0705 0202 0.998 0.998 0.768 0.998 0.967 0.502 0.966 1.000 1.000 1.000 1.000

ECLR;, 0768 0705 0202 0.998 0.998 0.768 0.998 0.967 0.518 0.966 1.000 1.000 1.000 1.000  1.000
ECLR,, 0768 0705 0202 0.998 0.998 0.768 0.998 0.967 0.517 0.966 1.000 1.000 1.000 1.000 1.000 1.000

1-9, 1-21, and 3-4 times less than the UNSCEAR values. As displayed in Tables 24 and 25, the activity concentrations of

TS and VA were 35-86 and 4-5 times more than the UNSCEAR recommendations.

Some factors are known to influence the low rate (MP, PA, SF, SS, and WP) and high rate (BA, BM, CS, FA, GGBFS,
GWHR, ISSA, LS, MK, MT, NS, PG, TS, and VA) of activity concentrations in industrial byproducts. Industrial byproducts
tend to be more radioactive than agricultural byproducts due to the nature of the materials and processes involved
in industrial activities. Many industrial byproducts, such as BM and FA, can contain higher levels of naturally occurring
radioactive elements or are produced from processes that involve radioactive substances. For instance, recycling materials
leads to the concentration of radioactive isotopes, less commonly a factor in agriculture-related byproducts primarily
from biological processes. Agricultural byproducts usually do not interact with radioactive materials directly, whereas
industrial byproducts can be influenced by the mining, processing, and use of radioactive minerals. Kovler [14], Sas
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Table 29 Pearson correlation coefficients of industrial byproducts above the permissible limits of world population-weighted average
values, Cronbach’s alpha=0.9841

Variable 2%Ra  232Th %K Rag, | o H, H, AU AD,, AD, AED., AED, ECLR,, ECLR, ECLRq
226R4 1.000

232Th 0.170  1.000

40K -0.059 -0.059  1.000

Rag, 0741 0.692 0.275 1.000

ly 0702 0.679 0.359 0.996 1.000

la 1.000 0.170 —0.059 0.741 0.702 1.000

H 0741 0.692 0.275 1.000 0.996 0.741 1.000

ex
Hi, 0902 0518 0.152 0.958 0.939 0.902 0.958 1.000

AUl 0811 0.713 -0.034 0.951 0919 0.811 0.951 0.957 1.000

AD 0.740 0.647 0344 0997 0998 0.740 0.997 0.956 0.927 1.000

AD;, 0.740 0.647 0344 0997 0998 0.740 0.997 0.956 0.927 1.000 1.000

AED 0.740 0.647 0344 0997 0998 0.740 0.997 0.956 0.927 1.000 1.000 1.000

AED;, 0.740 0.647 0344 0.997 0998 0.740 0.997 0.956 0.927 1.000 1.000 1.000 1.000

ECLR 0.740 0.647 0344 0.997 0.998 0.740 0.997 0956 0927 1.000 1.000 1.000 1.000 1.000

ECLR;, 0.740 0.647 0344 0.997 0.998 0.740 0.997 0956 0927 1.000 1.000 1.000 1.000 1.000 1.000

ECLR,tyy 0740 0.647 0344 0.997 0.998 0.740 0.997 0956 0927 1.000 1.000 1.000 1.000 1.000 1.000 1.000

out

et al. [19], and Walencik-Lata and Smolka-Danielowska [58] pointed out that the mechanism of comparing various
raw materials is ambiguous because the origin, treatment, processing, and production patterns of raw materials are
distinct. PG originating from phosphate rocks possesses higher concentrations of 22°Ra than gypsum from carbonate
rocks because the phosphate rocks are typically characterized by higher natural radioactivity [14, 17]. This is evident in
Table 10, where PG exhibited higher *°Ra, lesser 232Th, and “*°K than the world population-weighted average values. The
activity concentrations of FA and GGBFS depend on the ore type, origin, and metallurgical processes [14, 59]. During
the production processes, several chemical and physical changes, such as removing organic components and moisture
from ash and slags, would occur, resulting in the enrichment/redistribution of activity concentration of 2%°Ra, 3?Th, and
40K Previous studies have established that the utilization of GWP, RM, VA, BM, BA, MT, MK, and PM increased the activity
concentrations of the mixtures [25, 60].

The radium equivalent activity (Ra,,), a weighted sum of the activity concentrations of *°Ra, 2**Th, and *°K, was also
analyzed, and the results are presented in Tables 6, 7,8,9,10,11,12,13,14,15,16, 17,18, 19, 20, 21, 22, 23, 24, 25, and 26.
As explained earlier, a radioactive-safe utilization of byproducts requires a maximum Ra,, of 370 Bq kg™ to maintain an
effective dose at 1.0 mSv y‘1 maximum [7, 22]. From Tables 6,7, 8,9,10,11,12,13,14,15,16,17,18, 19, 20, 21, 22, 23, 24,
25,and 26, it is apparent that only eight industrial byproducts (BM, CS, FA, MT, PG, RM, TS, and VA) yielded a higher Raeq
than the UNSCEAR value of 370 Bq kg‘1.The other industrial byproducts (BA, GGBFS, GWP, ISSA, LS, MK, MP, NS, PA, PM,
SF, SS, and WP) were within the proposed limit. As provided in Tables 7 and 8, the average Raeq of BM and CS were 45.41
and 114.32% higher, while that of BA in Table 6 was 5.34% less than the average world value of 370 Bq kg™'. The average
Ragq of 30 samples for FA in Table 9 exceeded the world average stipulation by 14%; GGBFS in Table 10 was 28.38% lesser.
GWP, ISSA, LS, and MK, as provided in Tables 11, 12, 13, and 14, were below the average world Ra., by 1.35,47.57,8.92,
and 27.84%. The average values of MP, NS, and PA in Tables 15, 17, and 18 were 98.38, 30.27, and 92.43% less than the
average world Ra,, of 370 Bq kg™', but MT and PG in Table 16 and 19 were 244.60 and 16.76% higher. The average Ragq
of PM in Table 20 was reduced by 34.87% compared to the UNSCEAR value. RM in Table 21 was exceeded by 163.2 4%.
Tables 22, 23, and 26 exhibited a 90.27, 77.03, and 91.08% reduction in the average Raeq for SF, SS, and WP compared to
the UNSCEAR value of 370 Bq kg™'. TS and VA in Tables 24 and 25 surpassed the UNSCEAR value by 1278.65 and 46.22%.

From the radiological viewpoint, evaluating the materials’ suitability is crucial. The index analyses were carried out
on the surveyed industrial byproducts, and the results are provided in Tables 6,7,8,9, 10, 11, 12, 13, 14,15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, and 26. The results revealed that all indexes (Iv, los Hex, Hin, and AUI) for MP, PA, SF, SS, and WP in
Tables 15, 18, 22, 23, and 26 were within the world population-weighted average value of unity (1) recommended by EC
(2014) and UNSCEAR [22, 46]. A value of unity, except for H,, and AUI, was obtained for FA, GGBFS, NS, and PM in Tables 9,
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10, 17, and 20. Tables 12 and14 show that all indexes for ISSA and MK were within the UNSCEAR value of 1, except for
AUI, which was greater than unity. All indexes obtained for BA, BM, CS, GWP and LS (except for IV and H,,), MT, PG, RM,
TS, and VA (except for | ) in Tables 6,7, 8, 11 and 13, 16, 19, 21, 24, and 25 were beyond the average world value of 1. It
should be noted that index parameters are derived from activity concentrations; these results are consistent with recent
research that shows that a material’s radium equivalent activity, activity concentration indexes, hazard indexes, and activ-
ity utilization indexes increase as activity concentration increases [61]. The radioactive indexes of GGBFS, FA, RM, and
PG were approximately 2-8 times more than the UNSCEAR values [62] because of their higher activity concentrations.
Tables 6,7,8,9,10,11,12,13,14,15,16, 17,18, 19, 20, 21, 22, 23, 24, 25, and 26 also provide the results of absorbed
gamma dose rates (AD) of surveyed industrial byproducts. Tables 6, 7, 8 show that BA, BM, and CS were about 3, 19, and
7 times higher than the UNSCEAR values of 54 and 89 nGy h=" for AD,, and AD;, rates. From Tables 9, 10, 11, 12, 13, 14,
FA, GGBFS, GWP, ISSA, LS, and MK were approximately 2-3 times higher than the world average values. The AD results of
NS, PG, PM, RM, and VA in Tables 17, 19, 20, 21, and 25 were about 2—4 times higher; MT and TS in Tables 16 and 24 were
approximately 10 and 39 times more than the world average values. As shown in Tables 15, 19, 23, 24, and 26 for MP, PA,
SF, SS, and WP, the results revealed that AD, and AD;, were about 21, 5, 4, 2, and 4 times less than the UNSCEAR values.
The annual effective dose rates (AED) results, as illustrated in Tables 6,7, 8,9, 10, 11, 12,13, 14, 15,16, 17, 18, 19, 20, 21,
22,23,24,25,and 26, followed a similar trend to that of absorbed gamma dose rates. In this regard, only MP, PA, SF, SS,
and WP in Tables 15, 18, 23, 24, and 26 were 0-21, 3-4, 2-4, 0-2, and 0-3 times less than the world population-weighted
average values of AED,,, and AED,, rates of 0.07 and 0.41 mSv y~". Other studied industrial byproducts exhibited higher
AED, both external and internal rates. The exceedance of the absorbed gamma dose and annual effective dose rates
for most surveyed industrial byproducts corroborates the earlier findings: the origins, high concentrations of activity

concentrations, geochemical compositions, and processes of NORs (industrial byproducts) resulted in a higher dose rate
of exposure than the world average limit [17, 59].
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Tablg 30 Rotatfed factor Variable Agricultural byproducts Industrial byproducts® Industrial byproducts”
loadings of variables for
agricultural and industrial Factor 1 Factor2 Factor3 Factor1 Factor2 Factor3 Factor1 Factor2 Factor3
byproducts
22Ra -0.092 -0982 0135 0314 -0949 -0.016 0248 -0.968 -0.039
BT 0.241 -0.259 0.935 0.971 0.132 -0.201 0.979 0.083 -0.185
40K 0.975 0.216  —0.042 0.075 0.017 0.997 0.122 0.053 0.991
Raeq 0973 -0.034 0.226 0.854 -0.512 0.092 0.795 -0.570 0.210
ly 0.983 -0.003 0.175 0.859 -0.489 0.150 0.794  -0.533 0.292
la -0.087 -0.978 0.160 0314 -0.949 -0.016 0.248 -0.968 -0.039
H 0.957 -0.023 0.223 0.854 -0.513 0.092 0.794 -0.570 0.209

ex
Hi, 0.874 -0.091 0.204 0.685 —-0.726 0.053 0617 -0.778 0.119

AUI 0411 -0.607 0.677 0.827 -0.552 -0.110 0.764 -0.638 -0.094

ADgy 0.985 -0.003 0.167 0.830 -0.537 0.149 0.764 -0.580 0.283
AD;, 0.983 0.006 0.182 0.830 -0.537 0.149 0.764 -0.580 0.283
AED, 0.986 —0.000 0.163 0.830 -0.537 0.149 0.764 -0.580 0.283
AED;, 0.885 —0.023 0.291 0.830 -0.537 0.149 0.764 —-0.580 0.283
ECLR ¢ 0.985 0.004 0.170 0.830 -0.537 0.149 0.764 -0.580 0.283
ECLR;, 0.987 0.005 0.144 0.830 -0.537 0.149 0.764  -0.580 0.283
ECLR 0.986 0.003 0.167 0.830 -0.537 0.149 0.764  -0.580 0.283

total

Variability (%) 71.20 15.10 11.30 58.20 34.00 7.80 50.20 38.70 11.10

& ndustrial byproducts within the permissible limits of world population-weighted average values
“Industrial byproducts above the permissible limits of world population-weighted average values

The average results of excess lifetime cancer risk, as indicated in Tables 6, 7, 8,9, 10,11, 12,13, 14,15,16, 17,18, 19, 20,
21,22,23, 24, 25,and 26, signified that all surveyed industrial byproducts, except for MP, PA, SF, SS, and WP, exceeded the
UNSCEAR values of 0.29x 1073, 1.16 x 1073, and 1.45 x 1073 for external, internal, and total excess lifetime cancer risks. It
is well known that attributing a type of cancer to radioactivity is very complex. It can only be done in cases where there
are very high activity concentrations, which are not considered in this study. BA, BM, CS, FA, GGBFS, GWP, ISSA, LS, MK,
MT, NS, PG, PM, RM, TS, and VA should be cautiously used to avert the risk of developing cancers when exposed to their
natural radiations. Based on the established criteria, only MP, PA, SF, SS, and WP satisfied the UNSCEAR values of 226Ra,
32Th, *%K, Ragg, s los Heye Hins AUI, AD, AED, and ECLR. Ultimately, MP, PA, SF, SS, and WP can safely be utilized as building
and construction materials without posing any radioactive risk.

3.3 Multivariate item analysis

The Pearson correlation coefficients among all radioactive characteristics of recycled agricultural waste materials
are presented in Table 27, while those of industrial byproducts are indicated in Tables 28 and 29. The larger the coef-
ficient’s absolute value, the stronger the relationship between the variables. A zero value signifies the absence of a
relationship, while an absolute value of 1 represents a perfect linear correlation. Besides, a positive coefficient tends
to increase or decrease together; a negative coefficient tends to increase as the other decreases. Table 27 revealed a
strong linear correlation between the 40K isotope and other hazard indexes. This aligns with pertinent research [118],
which reported a correlation between “°K and AD (0.537). The *°K yielded a poor negative correlation coefficient with
alphaindex (I,) (Table 28) due to a positive correlation between ??°Ra and |,. As shown in Tables 28 and 29, the Pearson
correlation factors for industrial byproducts indicated a strong linear correlation between the activity concentra-
tions (*2°Ra and 232Th) and other hazard parameters. This corroborates the previous studies where the correlation
between the activity concentrations (**°Ra and **°Th) and Ra,,, AD, AED, I, |5, He,s Hip, and AUI) of building materials
yielded a good relationship [119, 120]. Furthermore, a multivariate statistical analysis of radiation risks and naturally
occurring radioactive materials in lakes surrounding a petroleum industrial area in China revealed a strong positive
association between some radiation risk indicators. There was no significant correlation between 22°Ra and ELCR or
H.,. However, there was a strong positive correlation between the radiation risk index and #*2Th, #2°Ra, and *°K [121].

Tables 27, 28, 29 show that 2?°Ra and 23?Th radionuclides generate a positive correlation but poor and negative
correlation coefficients with *°K. Unlike the #2°Ra and 232Th decay series, which occur together in nature, the *°K
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isotope originates from a different series, exhibiting a positive correlation coefficient but yielding a poor correlation
with 4°K [119, 120]. For various construction materials, a related study reported a good positive correlation between
226Ra and “°K (0.56) and a strong positive relationship between 232Th and “°K (0.72) [18]. These correlations may be
ascribed to the mineralogical compositions of materials influencing radionuclide mobility [119]. A pertinent study
also noted that the parent bodies exhibit distinct chemical behaviors in water due to the nuclides’ varying decay
sequence of origin. Every sampling site has a different contribution from each isotope to the overall radioactivity
[121]. As shown in Table 28, a negatively poor correlation was noticed between 22°Ra and other hazard indexes, except
with 232Th, which yielded a positive relationship. A weak positive correlation was observed between 2*’Th and other
hazard indexes, except the activity utilization index (AUI), which caused a strong correlation.

The Cronbach’s alpha (a) values of the radiological variables were 0.9657, 0.9842, and 0.9841 for agricultural
byproducts, industrial byproducts within the permissible limits of world population-weighted average value and
industrial byproducts above the allowable limits of UNSCEAR values. These signify that the radiological data are
consistent and reliable. It is clear that the existence of naturally occurring radionuclides in agricultural byproducts
is dependent on and greatly influenced by the presence of a “°K concentration. The presence of 22°Ra, 232Th, and °K
concentrations influences the naturally occurring radionuclides in industrial byproducts.

3.4 Factor analysis

The scree (eigenvalue) plot, which provides visual information about the factors, is presented in Fig. 6a—c. Only the
factors with eigenvalues greater than one are extracted and the rotated factor loadings are presented in Table 30
for the byproducts. The loading factor analysis shown in Fig. 6a—c exhibited three factors with eigenvalues greater
than one. For agricultural byproducts, as summarized in Table 30, factor 1 was highly loaded with 40K concentration;
factor 2 was primarily loaded with °K concentration, while factor 3 was highly loaded with 23*Th concentration,
explaining 71.20, 15.10, and 11.30% of the total variance. Industrial byproducts shown in Fig. 6b and c were loaded
with 22Th and “°K in factors 1, 2, and 3, describing 50-59, 34-39, and 7-12% of the total variance. Factor 1 provides
more underlying dimensions than factors 2 and 3. The *°K isotope significantly influences the radionuclide activities
of agricultural byproducts. The 232Th and ?2°Ra concentrations significantly contribute to the radionuclide activities of
industrial byproducts, followed by the “°K concentration. These findings are comparable to earlier research where the
factor analysis revealed that radioactive hazard parameters in industrial byproducts for building materials exist due
to 232Th and 22°Ra concentration with a variance of 95.58% [36]. In addition, two primary components were identified
from the available data, accounting for roughly 87.90% of the variation in radiation hazards and naturally occurring
radioactive materials in the lakes surrounding a Chinese petroleum industrial area. Strong and positive relationships
were found between 232Th, Raq, AED, ELCR, AD, H,, H;,, Annual gonadal dose equivalent (AGDE), AUI, and I,, and the
first factor, accounting for 73.60% of the total variance. The second factor had substantial positive factor loadings
on 2%Ra, 4%K, and electrical conductivity, accounting for 14.30% of the overall variation. Qil exploitation, agricultural
production, and mestic sewage discharge may be connected to these factors [121].

4 New techniques for reducing the radiological hazards of industrial byproducts

There has been little interest in reducing the hazards associated with NORs in industrial byproducts. The reduction
of radiological risks of industrial byproducts using various additives has been investigated. A pertinent study [122]
established a decrease in radon release or protection of gamma radiation as driving techniques in a study that set out
to reduce the effective dose due to the radioactive risks of building materials. Their research blended lightweight clay
(LWC) with a 50 wt. % of fly ash (FA) for the production of LWC-FA brick. The results revealed protection from gamma
radiation, which almost has the same shielding as concrete. A serious drawback of this method is that the radioactive
concentrations of the used FA were unknown. Another weakness of this approach is that it failed to highlight how
the shielding effect was attained.

Relevant research examined the reduction of fly ash radiation by adding 5-30 wt. % of snow into FA. Before com-
paction, 10% of natural snow was added to FA content [123]. The water content was fixed at 19.95% optimum, while
extra water was provided via additional snow for hydration, increasing the total water content by 48% with snow
melting. The FA-snow compacted samples revealed a reduction in activity concentrations of 23°U, 22°Ra, 232U, and
232Th by 42, 38, 31, and 31% compared with the samples without snow compaction. The reasons for this radioactive
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reduction can be linked to the extra cementitious phases of calcium-silicate-hydrate and calcium-aluminate-silicate-
hydrate, increasing the void ratio by 30% [123].

Phosphogypsum (PG) was addressed in producing super-sulfated cement-based concrete. Its utilization is limited
due to its high radioactive emissions [2]. In this regard, Kovler et al. [124] suggested purifying PG to eliminate 2*°Ra
and heavy metals. Gijbels et al. [125] recommended using alkaline cement to immobilize the radon in PG.

A cogent research examined the various functional additives such as gypsum, barite, high alumina cement, zeolite,
and ferric oxide in the radioactive reduction of fly ash-based building materials [126]. The most striking result to
emerge from this investigation is the large-scale use of these additives in producing fly ash-based building materi-
als. A blend of fly ash, cement, and sand was prepared using a replacement of 55, 20, and 25 wt. %. After that, sand
was replaced with these functional additives to reduce radon and gamma emissions. The results revealed a decrease
in radon and gamma release by approximately 65 and 45%. Related research [126] claimed that three mechanisms
enhanced the radon protection and reduced the gamma release with these functional additives: First, the use of fine
zeolite enhances the absorption of water molecules and interacts with radon, forming crystals and immobilizing
them into a zeolite structure. Second, the inclusion of these additives constitutes hydrate layers on the surface of
FA, increasing the phase content of calcium-silicate-hydrate and reducing the radon and gamma emissions. Third,
the barium element interacts with radon and gamma-ray from 22°Ra, 232Th, and “°K, which causes photoelectron,
Compton, and electron mechanisms, absorbing energy or altering the movement of gamma rays. Zeolite improved
the air quality within the building by removing radioactive pollutants such as radon and organic odour-causing com-
pounds, total volatile organic, carbon dioxide, nitrogen dioxide, carbon monoxide, bacterial, and formaldehyde [127].

Another study [128] introduced about 5-15 wt. % of silica fume into a Portland cement concrete mix. These resulted
in about 3-4 and 2-3 mBq m? s™' radon exhalation reduction rates at 7 and 28 days of curing compared with normal
concrete with approximately 6 and 4 mBq m? s™' of radon exhalation rates at days 7 and 28 days of curing. This aligns
with the claims that once the quantity of additive (silica fume) is adequate to shield the particles of coarse aggregates,
extra silica fume serves no purpose in setting the paste of aggregate-cement interphase [126, 129]. Mas et al. [61] found
that a blend of 80 wt. % gypsum and 20 wt. % GGBFS led to lesser activity concentrations and radon equivalent activity.

Boushssa et al. [38] studied the efficiency of acid mixtures for mitigating the radioactive contaminants in phosphogyp-
sum (PG). Phosphate rock (PR) was dehydrated at 100 °C for 24 h, ground, and sieved at ambient temperature through
a 250 mm mesh aperture, producing a fine uniform powder (PG). The decompositions of PG with 65% sulfuric acid
(H,S0,), 37% hydrochloric acid (HCl) +65% nitric acid (HNO,), and 37% HCl +65% H,SO, reduced the 2*°Ra concentra-
tion to 831+ 87, 465+40, and 424 +32 Bq kg™', and 2>’Th concentration to 10+2,8+1,7.83+ 1 Bq kg™' compared to PR,
which exhibited 1289+ 73 Bq kg™' for 22°Ra and 13+ 2 Bq kg™ for 32Th. The radiation hazard indexes, such as Ra,, H

eq’ ex’

Hi, AD;, AD,, AED;, and AED,,, decreased with the digestion of PR with sulfuric acid and either nitric or hydroc?mloric

acid. Thus, the main cause of radium precipitation in PG, radium sulfate (RaSO,), can be decreased by adding nitrogen or

chlorine during the sulfuric acid digestion of phosphate rocks. This decrease is explained by the complexation of nitric
or chloride with Ra, which stops radium sulfate from precipitating [38].

Overall, the insights gained from these techniques could assist in advancing methods of reducing the radiological

risks of building materials incorporating recycled waste materials, leading to enhanced environmental responsibility

and adherence to regulations in the use of agro-industrial byproducts.

5 Conclusions and recommendations

This study reviewed the 22°Ra, 2>2Th, and “°K of agro-industrial byproducts. Other radioactive index parameters were eval-
uated based on these activity concentrations and compared with the UNSCEAR recommendations. The study engaged the
statistical analysis and reduction techniques of radioactive hazards to establish the correlations among the radiological
variables and reduce the radioactive emissions. The following conclusions are drawn based on the findings:

Except for 40K for RHA, POC, and POFA, which were approximately 17, 29, and 6% greater than the UNSCEAR'’s require-
ment, the activity concentrations of all reviewed recycled agricultural waste materials met the suggested mean values
of UNSCEAR. Besides, their evaluated radioactive parameters satisfied the UNSCEAR’s mean values. There is no possible
radioactive risk when using any analyzed recycled agricultural waste products for building and construction purposes.

Only MP, PA, SF, SS, and WP (industrial byproducts) met the set criteria for the UNSCEAR’s mean values of the activity
concentrations, including indexes derived from them. Most of the radioactive parameters for BA, BM, CS, FA, GGBFS, GWP,
ISSA, LS, MK, MT, NS, PG, PM, RM, TS, and VA (industrial byproducts) were greater than the UNSCEAR’s mean values due
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to exceptionally high values in some of their activity concentrations. Extreme cautions are needed in applying BA, BM,
CS, FA, GGBFS, GWP, ISSA, LS, MK, MT, NS, PG, PM, RM, TS, and VA as building and construction materials.

The multivariate item approach results for distributing radioactive contents in the analyzed recycled agro-industrial
materials indicate that the “°K, 232Th, and ?2°Ra are mostly responsible for the radiological characteristics. The “°K has a
substantial impact on the radionuclide activities of agricultural byproducts, with 71.20% variability. This is followed by
232Th and #?°Ra concentrations with 15.10% and 11.30% variability. The radioactive concentrations of industrial byprod-
ucts are mostly influenced by 232Th concentration with a predominant variability of 58.20%, followed by 2*°Ra and “°K.

The methods for lowering the radiological risks posed by industrial wastes are still emerging. Adding silica fume,
zeolite, lightweight clay, snow, barite, gypsum, and sulfuric, hydrochloric, and nitric acids at the required percentage
replacement of recycled industrial waste materials reduces the radioactive hazards.

This research contributes to the existing knowledge of radiological characteristics of agricultural and industrial byprod-
ucts by providing a database on the potential and practical use with little or no risk. More focus should be placed on the
industrial byproducts since all indicators of natural radioactivity and radioactive hazards of most industrial byproducts
were exceeded. It is part of national guidelines and policies to use agro-industrial waste ash as SCMs for cement substitu-
tion. This should be based on the principle of not endangering human health. The producers of agro-industrial byprod-
ucts can regularly send samples for radiation checks to help with the production process. People should be aware of the
health concerns posed by radioactivity, particularly with regard to industrial byproducts, and should be concerned if the
level of radioactivity exceeds established national standards. These research findings guide the application of recycled
agro-industrial wastes in the building and construction industry to lessen the harm to the public brought on by the
use of radioactive elements, ensuring a safer living environment. Despite this, further studies are needed to reduce the
radionuclide concentrations of industrial byproducts above the permissible limits proposed by UNSCEAR.
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