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Abstract

Contamination of food and water with radioactive substances
is a serious health problem. There are several methods to detect
and measure radioactive materials, some of which have been
developed in recent years. This paper aims to discuss the methods
of detecting and measuring radioactive substances in food and
water. The principles and the advantages and disadvantages of
each method have been discussed. The results showed that some of
these methods, such as spectrometry y-ray high-purity germanium,
portable radon gas surveyor SILENA, RAD7, and inductively cou-
pled plasma mass spectrometry, have a higher sensitivity for detec-
tion and measurement. The spectrometry y-ray high-purity germa-
nium method has attracted more attention than other methods
because it can measure a wide range of radionuclides with high
resolution.
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Introduction

Although radioactive minerals have always existed in the
earth’s crust, their radioactivity has become known in the last cen-
tury. Radioactivity is the property of a nucleus emitting energy.
The nuclei of radioactive atoms are constantly changing and disin-
tegrating (Anderson et al., 1957). Radioactive radiation is general-
ly classified as o, (3, and y. Regarding o radiation, it is present in
natural and synthetic radionuclides with a high atomic weight and
very low penetrating power of high-energy particles. The risk of a
radiation is very significant for human beings since it irritates sen-
sitive tissues. § radiation, which also exists as a natural and artifi-
cial radionuclide, includes the kinetic energy of electrons with an
average penetrating power. Lastly, y radiation is pure electromag-
netic radiation with high penetrating power; therefore, it has
greater health risks for humans (Harley, 1979).

Different radioactive materials have different radiation levels.
For example, potassium-40, cesium-137, radium-226, and radium-
228 have y-ray radiation. Polonium-238, polonium-239, polonium-
240, plutonium-210, and amirium-241 have a-like radiation.
Strontium-90 has f radiation (Guérin ez al., 2017; Heldal et al.,
2017). Radionuclides in the environment are produced from both
natural and artificial sources. Human beings are always under the
influence of energies from both natural and artificial sources. The
food chain is one of the ways of transferring radioactive substances
to the human body. Food contains natural and synthetic radionu-
clides, resulting in an effective internal dose after being consumed
by humans (Hatif et al., 2018). Many radioactive substances will
be damaged when they enter the body (Harley, 1979). Strontium-
90 is considered a dangerous contaminant in agro-food chains
because, having a strong chemical affinity with calcium, it can be
rapidly absorbed and deposited in the bones where it is stored
(Tammarino et al., 2015). Radon gas causes tetanus, bronchitis,
hemoptysis, lung cancer, and trachea and bronchial cancer.
Cesium-137 behaves similarly to sodium and potassium, which are
distributed throughout the body and accumulate in soft tissues,
resulting in serious health issues such as gastric cancer. High levels
of uranium accumulate in the kidneys and ultimately lead to can-
cer. Radium and strontium behave similarly to calcium and bind to
bones. Potassium-40 rapidly reaches the entire bloodstream and
tissues and causes cancer (Pl er al., 2010; Guérin et al., 2017,
Rahimi et al., 2018). The type of radiation, the half-life, and the
source of their production should be specified to analyze radioac-
tive substances (Harley, 1979).

Various types of food naturally contain radionuclides that are
transferred from the soil to crops and from water to fish
(Vosniakos, 2012). The levels of these natural radionuclides in
food and drinking water are generally low and considered safe for
human consumption. However, the concentrations of these
radionuclides vary among different types of food due to environ-
mental conditions, agricultural practices, and other factors that
influence their transfer from the environment to crops and animal
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products (Charles, 2001). The concentrations of natural radionu-
clides also differ within food categories such as vegetables, cere-
als, fruits, meat, and fish. Additionally, radiation doses from food
consumption vary depending on the types of food consumed in dif-
ferent countries (Mercuri et al., 2016). Therefore, it is crucial to
monitor radioactivity levels in food and educate consumers about
potential risks. Typically, radiation doses from consuming food
range from a few tens to a few hundred pSv per year (FAO and
WHO, 2017). On average, the global population receives a total
radiation dose of about 0.3 mSv each year from radionuclides of
natural origin in the diet, representing 10% of the average annual
radiation dose of 3 mSv from all sources received by an individual
(Charles, 2001).

Many methods are sensitive, selective, fast, and precise and
can optimally measure radioactive materials. In recent years, sev-
eral methods, including portable radon gas surveyor SILENA
(PRASSI) (Sahin et al., 2013), RAD7 (Rahimi ef al., 2018), spec-
trometry y-ray high-purity germanium (Nasreddine et al., 2000),
inductively coupled plasma mass spectrometry (ICP-MS) (Pol et
al., 2010), and the o spectrometer method (Rozmari¢ et al., 2012).
Gas flow proportional counter and scintillation counting, liquid
scintillation counting (LSC), a combination of a-particle, y-ray
spectrometry, and a scintillation counter (Jobbagy et al., 2010)
were used with their advantages and limitations. All measurements
require an initial sampling method or a radioactive separator
(Caroli et al., 2013). The purpose of this review article is to discuss
different methods of detecting and measuring radioactive sub-
stances in water and food.

Preparation of samples before measurement

The main difference between measuring radioactive sub-
stances in food and other analytical experiments is that the initial
sample amount is higher compared to other methods (1 to 20 kg)
(Harley, 1979). However, for the measurement of pure p-radiation,
such as toxic radio strontium-90, since sample preparation is very
difficult, a relatively small amount of sample is analyzed (Weller,
2017). For instance, strontium-90 is isolated from a complicated
organic mixture through combustion and precipitation processes
and then further extracted using strontium-specific resins in solid-
phase extraction (Weller, 2017). The equipment should be thor-
oughly cleaned and used between every preparation to prevent
cross-contamination (Nasreddine et al., 20006). A test sample is a
form of food ready to be eaten or cooked (Harley, 1979).

There are several steps to prepare samples before the measure-
ments: 1) remove dust, surface contamination, and non-edible parts
of foods such as citrus peel, apple kernels, shellfish, and soft-
woods, the outer leaves of leafy vegetables, and the upper parts of
root vegetables (Harley, 1979; Jibiri et al., 2007; Lou et al., 2013).
For example, for different species of fish, the non-edible parts such
as skin, lungs, and ovaries are separated, and the edible parts are
mixed and shredded for analysis (Yokota et al., 2017). To remove
dust and surface contamination from mushrooms and vegetables,
they are completely washed with tap water, the non-edible parts are
separated from the edible parts, and then they are prepared for the
next step (drying) (Lou et al., 2013). For water and liquid samples,
their organic compounds are removed by adding nitric acid and
acidifying the environment (Kudo and Kobayashi, 1979); ii) sam-
ple size reduction and water removal could be made via high-tem-
perature drying, ashing, filtration, and centrifugation, which can
ultimately increase the concentration of radioactive materials in
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the samples. Different temperatures and time scales are used for
drying, depending on the nature of different foods and the desired
radionuclide. For example, to measure radium-226 in nuts, a tem-
perature of 80°C for 14 hours or a temperature of 110°C for 24
hours should be used (Ezzulddin ez al., 2017; Al-Ghamdi, 2018).
Moreover, to measure potassium-40, tritium-232, and radium-226
in vegetables, a temperature of 110°C for 72 hours is used. The
samples are then homogenized by being dried, milled, or crushed
and sieved. The obtained ash is isolated for a stable equilibrium
and conversion of radioactive substances for a certain period; for
example, to convert radon to lead and bismuth, one month of iso-
lation is required; to create a balance between radium and bismuth
and to prevent the decay of radium into radon gas, 21 to 24 days of
isolation are needed; and to create a balance between radon-224
and radon-226, 4-week isolation is required (Nkuba and
Mohammed, 2014; Ezzulddin et al., 2017; Al-Ghamdi, 2018).
When the concentration of radionuclides such as cesium-137 in the
water sample is low and there is a large volume of water (about
100 L), to condense and reduce the volume of water, the water
sample is passed through the absorbent resins (cesium-137) and
then the resin is transferred (Binesh et al., 2017); iii) when the sep-
aration method does not depend on the element’s mass, different
carriers (for example, barium for radium) are used: the carrier is
practical in glass containers to prevent a decrease in nucleotides or
the unwanted absorption of the nucleoside (Harley, 1979); iv) in
critical situations, rapid preparation methods are applied. In such
cases, digesting the sample with microwaves, adding stable
radioactive isotopes to the sample, using centrifuges instead of fil-
tration, and using chromatographic columns containing resin are
used to increase the action rate; v) when the amount of radioactive
material in the sample is very low, it is convenient to load and dis-
pose (scavenging) of the sediment containing radionuclides by
adding a carrier group. This method is suitable for separating
radioactive material from the whole sample; vi) in chemical sepa-
ration, different methods such as deposition, ion exchange, distil-
lation, and electrolysis are used (Harley, 1979). In this case, when
the level of some actinides such as Pu, Th, and U isotopes is less
than the 0.1 maximum permitted levels, and the sample size is
large, the separation will be done by ion exchange or chromatog-
raphy column (Caroli et al., 2013; Brandhoff et al., 2016).

Accurate chromatography separation is essential so that the
signals are separated and do not interfere with one another, as they
reduce the detection limit (Brandhoff et al., 2016). In certain cases,
selective solvents used to extract the radioactive isotopes are
employed to increase the analysis rate. For example, direct urani-
um extraction from water using a lipophylic toluene-based scintil-
lation solution mixed with bis (2-ethylhexyl) phosphoric acid. This
specific reagent was also extensively used for strontium-90 deter-
mination (Forte et al., 2001).

Methods of diagnosis and measurement
Portable radon gas surveyor SILENA

This method is a portable sensing system and one of the oldest
methods with suitable properties for measuring the concentration
of radon gas in water (Forozani and Soori, 2011; Binesh et al.,
2012). In this method, the concentration of radon and radium in
water samples is directly measured through the chamber (Sahin et
al., 2013). The tool detector is a scintillation cell coated with sil-
ver-activated zinc sulfide [ZNS (Ag)] with a volume of 1830 cm?
(Binesh et al., 2011), indicating the radon activity in m? of water
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by counting the a-particles emitted from radon and its daughter
nuclei. The PRASSI pump circuit operates at 3 L/min for gas seal-
ing (Binesh et al., 2012). The sensitivity of this system is 4 Bg/m?
in a continuous state for one hour (Binesh et al., 2011).

Principles

This measurement system comprises a bubbler and a dryer col-
umn, which are used to measure radon concentration in water sam-
ples carried out in a closed-loop circuit. A short plastic hose con-
nects the plastic can to the faucet for sampling. After a few min-
utes, the water sample is collected in the canal by decreasing the
water flow rate (Binesh ez al., 2011). Water sampling from external
sources (other than the faucet) is performed under reverse pressure
from a 25-cm depth of water because the water movement allows
radon loss to be high. Radon levels are abundant in deep springs
and waters. Therefore, sampling is about -30-25 cm below the free
water level. The samples are stored in a cool place and transferred
to the laboratory in the shortest amount of time possible. The spec-
imens are left in a dark place for 25 to 60 days to reach equilibrium
(Binesh et al., 2011; Forozani and Soori, 2011).

The numbers represented by the device are based on Bg/m’,
which is calculated using Equation 1, radon gas density (Bg/L)
(Binesh et al., 2011).

B
Qrn (Tq) = Qprasst ,LLot(m3)

V(sample) [Eq. 1]

where: Qg, is the concentration of radon, Qprass; 1S the value
recorded by the device, V,,, is the total volume of air connections
and V. is the volume sample, and a correction factor in the
delay measurement is within the brackets.

Advantages

This device is light and portable; its most crucial feature is
high sensitivity and short response time. This method is one of the
most reliable methods for measuring radon-222.

RAD7

The detector of this device is a solid-state semiconductor type
and scintillator based on the number of a-particles emitted from
radionuclides such as radon-222 and thoron (radon-220) and con-
verts o radiation directly into an electrical signal (Rahimi et al.,
2018; Chmielewska et al., 2020).

A special kit of RAD H20 accessories is used to measure
radon activity in water samples using a RAD7 detector. This kit
has 40 and 250 mL vials, connecting hoses, aerator broadcasts, and
a RAD7 detector (Chmielewska et al., 2020). The kit is attached to
a bubble kit capable of removing radon from the water sample in
the closed loop and a scintillator coated with zinc sulfide that can
detect a activity (Snihs, 1983). This method uses a closed-loop
aeration design where the volume of air and water is kept constant
(Al-jnaby, 2016).

Principles

The inner hole of the RAD7 consists of a hemisphere with a
solid-state silicon semiconductor detector located in the center of
the hemisphere. Applying a high voltage (2000-2500 V) to the con-
ductor generates an electric field, which causes the positively
charged particles to be directed to the surface of the detector
(Ravikumar and Somashekar, 2014; Chmielewska et al., 2020;).
Then, the electrical signal recorded by the radionuclide decay is
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amplified, filtered, and arranged based on its power (Mehra and
Bala, 2014). The device bubbles use a closed cycle for 5 to 10 min-
utes so that more than 95% of radon is separated from water. The
pump is then switched off, and it takes 5 minutes to have a steady
balance between water, air, and radon daughters attached to the
system detector. Air filters are used to prevent dust particles and
charged ions from entering. The radon gas concentration is then
measured by passing through the air filter tube. During the mea-
surement period, radon-222 gas decays into the chamber, which
leads to the production of a-particles. Each a-particle is recorded
by the detector due to its energy, which is determined by the num-
ber of particles recorded. The humidity should remain below 10%
and should be removed from the radon before the measurement
begins because detection efficiency decreases with increasing rel-
ative humidity. Radon gas enters the glass lamp containing calcium
or calcium salts to remove any moisture (Mehra and Bala, 2014;
Ravikumar and Somashekar, 2014; Rahimi et al., 2018; Hatif et
al., 2018). It should be noted that if the humidity exceeds 10%
before the end of the first counting cycle, an error will occur
(Abojassim et al., 2017). Water testing in a 250-mL protocol is typ-
ically completed within 30 minutes, and the radon concentration in
the water is reported as an average (Al-jnaby, 2016).

Advantages

The most significant feature of this device is that its electronic
detector is portable (Mehra and Bala, 2014; Hatif et al., 2018).
This device can evaluate inaccurate measurements, and the results
are analyzed within 30 minutes. The device sensitivity is similar to
or even better than the liquid scintillation methods, and no harmful
chemicals are needed (Tabar and Yakut, 2014). Samples are ana-
lyzed immediately at the sampling site (Duggal et al., 2018).
Another advantage of the solid-state detector in detecting radon
generation is its ability to determine the energy associated with o.-
particles entering the device electronically, such as radionuclides
polonium-218. Po-specific iodine can be identified by the energy
of 6.00 MeV a radiation or polonium-214 by the energy of 7.69
MeV (Mehra and Bala, 2014). This system can detect the sample
pulse/signal from annoying noises (Tabar and Yakut, 2014).

Spectrometry y-ray high-purity germanium
Germanium semiconductor detectors were introduced in 1962
and are currently the desired detectors for high-resolution y-ray
spectrometric studies (Khandaker, 2011). These detectors can be
used to detect photon beams and specific actinide rays. As an
example, photons of 185.7 kV 235U can be readily observed with
low energy v spectroscopy (D). High-purity germanium is embed-
ded in a cylindrical lead shield with an inner coating of copper and
cadmium. The thickness of the cylindrical shield is much greater
than that of the internal coating. The cylindrical shield around the
system reduces background radiation and radiation (Goriir et al.,
2012). High-purity germanium detectors located in conventional
lead shields have different types with different relative efficiencies,
including i) a 100% efficiency coaxial detector (CANBERRA,
Canberra Packard, Schwadorf, Austria) with electrolytic copper
crystals with carbon window; ii) a CAN detector with 150% crys-
talline efficiency made of electrolyte copper (good dimensions:
32.5 mm, depth 73 mm) and thin copper walls; iii) 170% coaxial
detector (EURISY'S, Canberra Packard, Schwadorf, Austria) with
crystalline and al-made window; iv) 200% efficiency detector
(CANBERRA, Canberra Packard, Schwadorf, Austria) with elec-
trolytic crystals made of copper (ideal dimensions of 25 mm diam-
eter and 60 mm depth) and fine walls made of thin copper; v) thal-
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lium doped sodium iodide crystal [Nal(TI)]: the detector is used
for radioactive measurement in Marin. The Nal(TI) detector com-
prises a crystalline structure and typically demonstrates an energy
resolution of 7.0 for the absorption of 662 keV y-rays
(L’ Annunziata, 2012) with poor energy resolution. Only if the
energy and probability of the photons emitted by the radionuclides
are high enough and the background is low enough will they be
sufficiently resolved (Jibiri et al., 2007).

Principles

This method has two detectors and an electronic device. The
detector is high-purity germanium with a significant spectroscopy
component (Goriir et al., 2012), which receives the radiation and
converts it into an electrical peak as a core component. Since this
peak is weak, changes are required to make it ideal for stabilization,
amplification, and isolation for proper analysis and inference; there-
fore, it is improved in the amplifier. The second part of the system
is an electronic component, which includes a power supply, an
along-to-digital converter amplifier, a multichannel analyzer, a
computer, and a printer. Some devices also have a pre-amplifier,
usually with a detector (L’ Annunziata, 2012). In the y spectrometer
(Figure 1) (Yoo et al., 2015), the specimens are placed in the detec-
tor chamber, and the device is adjusted. The count, the number, and
the file’s name are recorded. Then, the counting begins for 12-24
hours, depending on the type and concentration of the radioactive
elements. The peaks of the factors measured on the monitor deter-
mine their type and amount. For example, cesium-137 shows a
count at the peak of 661 Kev. The y-rays emitted in the energy range
between 50 keV and 3000 keV are used to measure the energy spec-
trum. Raw data are obtained from Pc and are analyzed, and final
responses are extracted (Binesh ez al., 2011). Different y-ray ener-
gies are used for measuring the activity of radionuclides for
radioactive materials, for example, 351.92 keV for lead-214, 609.31

Kev for bismuth-214, and 911.07 keV for thorium-232. Energy cal-
ibration and efficiency are performed using mixed y radionuclide
reference standards (Goriir et al., 2012; Meli et al., 2016).

Advantages

The advantage of this method is that, while it is cost-effective,
it can also be used to detect a wide range of radionuclides
(L’ Annunziata, 2012). High-purity germanium has high purity, low
ionization energy required to generate electron pairs, high conduc-
tivity, fast response time (swift electron motion), high resolution,
and good resolution between two rays (their energy levels are very
close to one another); also, it is simple with high efficiency
(L’ Annunziata, 2012; Khandaker, 2011). In this method, measur-
ing the activity of radionuclides that produce high-energy y-rays is
relatively simple.

Disadvantages
A large sample size is needed because of the high detection
limit in the y spectrometry method.

o spectrometry method

The o spectrometer has a semiconductor silicon detector
(Skwarzec et al., 2003) widely used for a-emitter nucleic acid
analysis (L’Annunziata, 2012). Many actinides are a-emitters
(Fukushima’s forgotten radionuclides). The usual analysis of
actinide-emitter a has complex and time-consuming chemical sep-
arations (extraction chromatography, sedimentation, electrical
deposition, etc.) with relatively low counting efficiency. Since
higher detection limits and relatively small sample sizes are
required in critical situations, ion chromatography on a chemical
resin can reduce the time needed for sample preparation (Forte et
al.,2001; Jobbagy et al., 2010; Meli et al., 2016). The enumeration
efficiency of these methods is strongly influenced by the total sol-
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Figure 1. Schematic of spectrometry y-ray high purity germanium. Reproduced from: Yoo et al., 2015. Cs-137, cesium-137; Co-60,
cobalt-60; POF, plastic optical fiber; PMT, photomultiplier tube; MCA, multichannel analyzer.
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uble solids and the chemical composition of the water or sample
(Jobbagy et al., 2010).

Principles

This method requires long preparation and source counting
(Meli et al., 2016). The post-prepared sample (ash) is directed to
the planchet source/stainless steel plate/discs of 50mm diameter.
The counting of a-particles is done in 80,000 seconds. A radioac-
tive substance such as radium-226 should be measured immediate-
ly after preparation to minimize the growth effects of the radionu-
clide (Desideri et al., 2007). The measurements are made at a dis-
tance of 5 mm from the detector (Idoeta et al., 2018) (Figure 2)
(Liu et al., 2017).

Advantages

The o spectrometry is a rapid screening method with the best
energy resolution of a-particles and the lowest background. When
the a source is prepared correctly, no significant self-absorption is
detected. Volatile compounds can be measured if the sample and
preparation conditions are selected with care (e.g., polonium-210)
(Jobbagy et al., 2010). This method is also simple, sensitive, inex-
pensive, and does not require expensive equipment (Desideri ez al.,
2007; Meli et al., 2016). In this method, some oa-particles produced
in the uranium-238, uranium-235, and thorium-232 series can be
measured directly (Bonotto et al., 2009). The a spectroscopy has
the highest sensitivity for accurately evaluating uranium isotope
ratios, which is essential for detecting low and attenuated amounts
in environmental samples (Forte ez al., 2001).

Disadvantages

Since the surface of the detector is small, there is less sensitiv-
ity, and only samples with higher relative concentrations of a-emit-
ters can be analyzed. However, high-resolution silicon detectors
and deconvolution software can solve this problem (L’ Annunziata,
2012). Water evaporation time, soluble solids in water, and the
number of samples that can be prepared simultaneously for count-
ing are considered limitations (Desideri et al., 2007).

Gas flow proportional counter and scintillation
counting
Gas flow detectors, designed to detect all kinds of radioactive
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materials, are nuclear detectors. The detectors have a metal cham-
ber filled with gas that contains an anode wire in which the gas
flows continuously, and when the radioactive substances pass
through the gas, the process of ionization and excitation of gas
molecules occurs along its path. Gas-ionization rays are transmit-
ted into the room. The electrons are absorbed into the anode wire
and collected to produce an electric pulse. High-density ions can
be recombined with electrons at low anode voltages. Almost all
electrons are accelerated to the anode at high voltages, and the
detector is known as an ionization chamber and counter. The ion-
ization chamber is the simplest type of gas-filled detector. It con-
tains a chamber with two electrodes with an electrical potential
that generates an electric current by absorbing opposing ions. lon
flow is measured by electrical amplification in dose units. In addi-
tion, these detectors can measure low-energy a- and p-particles
(Al-Ghamdi, 2018). The flow proportional counting method used
to measure a and f3 in drinking water samples requires more chem-
ical treatment in comparison with evaporative methods. Some
properties of the detector are affected by sample preparation. The
amount of sample in the detector plays a vital role in obtaining reli-
able results to create a uniform thickness and form a homogeneous
layer of residual material in the planchet. Time is also an essential
factor; for example, the half-life of radium-224 is 3.66 days, and
due to the delay between sampling and analysis of a-rays, it cannot
be detected via conventional methods. Therefore, it is advisable to
evaluate o activity within 48 hours. It is also preferable to count
the samples on a scale that is proportional to the low background
gas flow. In general, the counting time may vary from a few hours
to several days. Finally, due to the energy loss and self-absorption
of a- and p-particles in the sample matrix, their counting efficien-
cy is much less than 100% (Jobbagy et al., 2010).

Principles

A certain amount of water sample (0.1 to 2 L of the initial sam-
ple volume in soluble solids) evaporates slowly and forms a dry
residue or sediment. a- and B-particle absorption in the final sedi-
ment depends on the density of the source surface, which must be
carefully controlled according to different standards and protocols.
This value ranges from 0.5 to 25 mg/cm? to obtain satisfactory
counting statistics. The precipitate must be heated on an asbestos
pad with a gas burner for 1 minute to eliminate nitrates. The sur-
face should be fragile and uniform, especially in saline waters. The

:-.ll..“llll..ll.ll.ll.l.llﬂ.

. Vacuum :

4 .

H a .

E ......... B e - Computer
S | B — E

: : I

i a Source Detector : ™1 High voltage supply

sssnsnssnsnsnhsssnsnnsnnnnnd

Figure 2. Schematic of o spectrometry. Reproduced from Liu ef al., 2017.
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final o and f activity of the filtered and dried sediment is counted
by a ZnS (Ag) scintillation detector (Jobbagy et al., 2010).

Advantages

This method is beneficial for high-power screening. The o and
[ activities can be determined simultaneously, reducing analysis
time. Several detectors can be installed in a single chamber so that
more samples can be measured simultaneously; moreover, the
transmission of o and f signals is low (Jobbagy ef al., 2010).

Disadvantages

Volatile radionuclides are not detected in a sample that has
been evaporated and re-exposed to heat (polonium-210 above
100°C). Therefore, low o and f activity concentrations may not be
measured (Jobbagy et al., 2010).

Liquid scintillation counting

The radionuclide in LSC is mixed with a fluorine cocktail (Liu
et al.,2017) (Figure 3). The decay energy is transferred to the cock-
tail, and radionuclide activity is measured by photon counting
using a photomultiplier tube (PMT). Aromatic solvents are used
due to the high density of electrons associated with these solvents.
When they react with 3-particles, a large amount of fluorescence is
produced. PMTs are not sensitive to the fluorescence wavelength
of aromatic solvents; thus, the scintillator absorbs solvent energy
and quickly detects light (L’ Annunziata et al., 2020). The gross o
and f activities can be measured using LSC (Desideri et al., 2007).
The o energy can be partially separated by this method. The
obtained resolution is not as accurate as the resolution obtained by
a spectroscopy; therefore, the identification of a-emitting radionu-
clides becomes complicated. In some countries (Italy), the gross
activity of a and 3 in water samples is determined by LSC accord-
ing to the ISO 11704 standard (Jobbagy et al., 2010). Different
types of radiation, including a-, -, and y-particles, can be mea-
sured by LSC. LSC is the most commonly used method among 3
detectors (Jobbagy et al., 2010).

Principles

An aliquot of water (50-200 mL) is acidified to a pH=1.5-2.5
and evaporated onto the hot plate to reach a volume of about
10 mL. They are sometimes stirred to eliminate radon and its short-
lived daughters to prevent salt deposition (Yokota et al., 2017).
The water sample is mixed with a scintillation cocktail in a 20 mL
polyethylene vial. Choosing the correct type of vial is crucial.
Given the potassium-40 content, glass vials have a higher degree
of backing compared to polyethylene vials because organic sol-
vents may penetrate the walls of polyethylene vials. Using low-
emission polyethylene coated with teflon or low-potassium glass
vials with copper warheads is recommended to achieve a low
background and to prevent scintillation cocktails from spreading
on the walls of the counting vial (Jobbagy et al., 2010).

The presence of some metal ions in water affects the counting;
therefore, it is of great importance to properly adjust the type of
vial, cocktail, and o/p pulse discrimination to determine the count-
ing efficiency for LSC o/f measurements. Some factors, such as
the physicochemical properties of the radionuclides, soluble
anions, and energy released from particulate matter (Orita et al.,
2017), should be used during calibration measurements (Jobbagy
et al., 2010). The use of LSC and specialty resins were developed
for this purpose. As the water passes through specific chromato-
graphic resins, the resin is extracted from the column, then dried
and mixed with a suitable scintillation cocktail, and is then counted
by LSC (Jobbagy et al., 2010; Hatif et al., 2018).

Advantages

This method has high detection efficiency (100%) and a low
background count tool for determining gross o/} activities, which
is suitable for specific isotope analysis when rapid information is
needed (Jobbagy et al., 2010). LSC is a valid test for measuring
non-volatile natural o-emitting radionuclides in drinking water
(counting radium-226 determination in complex samples using lig-
uid scintillation) (Yokota et al., 2017). Compared to other meth-
ods, the easy sample preparation, optimal detection power, and
high speed of this technique have made its overall performance
satisfactory (Caroli ef al., 2013). The high counting efficiency in a
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Figure 3. Liquid scintillation counting for the determination of 3 emitter.
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scintillating cocktail is due to the fact that the sample is thoroughly
dissolved and homogenized (Jobbagy et al., 2010).

Disadvantages

In this method, the resolution is poor, and complete separation
of § and o energy may not be performed, which is considered an
obvious disadvantage (Caroli et al., 2013). This technique is also
expensive (Desideri et al., 2007), and because of the installation of
a detector on one device, only one sample is counted at a time
(Jobbagy et al., 2010). Most methods, like LSC, cannot be used for
food analysis. The few available methods for food analysis have
several drawbacks, including time-consuming processes, the use of
dangerous chemicals, low repeatability and sensitivity, and inter-
ference from other radioactive substances. Additionally, there is a
lack of validation procedures, which is a significant limitation for
laboratories responsible for official food controls, as they need
fully validated radiochemical procedures to meet ISO 17025
requirements. For this reason, several studies have focused on the
validation and optimization of these methods in food. In the study
of lamarino et al. (2016), a multi-matrix ultrasensitive radiochem-
ical method was optimized and validated for the determination of
radiostrontium in solid food (wheat and derived products, seafood,
meat, and dairy products) by liquid scintillation counting
(Iammarino et al., 2016). The findings indicated that the minimum
detectable activity was 8.0 mBq per kg, with a mean repeatability
of 14.5% and a recovery rate of 90.5%. Marchesani et al. (2022)
developed and validated a rapid and highly sensitive technique to
detect strontium-90 in solid food items like meat, dairy products,
seafood, vegetables, and animal feed. This method involves the use
of a specialized resin for extraction and ultra-low-level liquid scin-
tillation counting for detection. The result showed that the mini-
mum detectable activity was 11 mBq kg-!, with an average repeata-
bility of 10.7% and a recovery rate of 100.1%. In another study
conducted by dell’Oro ef al. (2014), an analytical technique using
liquid scintillation counting to accurately measure low levels of
radiostrontium in milk was developed. The results demonstrated
strong selectivity, with a detection limit of 0.006 Bq L', a repeata-
bility value of 13% expressed as coefficient of variation%, and a
mean recovery value of 102.5% (dell’Oro et al., 2014).
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Spectrometry combination of a-particle and y-ray

This method uses o- and y-ray spectroscopy to determine o and
B gross radioactivity in water (Bonotto et al., 2009; Khandaker,
2011).

Principles

An alternative method to determine gross o and f§ radioactivity
in water is using o-particle and y-ray spectroscopy. This method
includes 2-stage evaporation of water samples. A relatively inex-
pensive sodium iodide activated with a trace amount of thallium
scintillation detector is used for counting y-ray and a surface barri-
er detector for a-particles. The water sample evaporates in two
stages. The two detectors being used for y-ray counting are rela-
tively inexpensive thallium scintillation and a barrier-level detec-
tor for a-particles (Jobbagy et al., 2010).

Advantages

This method requires no specific reagents or laboratory equip-
ment. Sample preparation is simple, and the measuring equipment
is cheap, with the minimum detectable activity of gross a (0.001
Bq/L) and gross f (0.03 Bg/L). Direct detection of radionuclides is
possible after system calibration (Jobbagy et al., 2010).

Disadvantages

This method requires both types of detectors in the laboratory.
An analyst is needed to analyze the data and calibrate the system.
This method is more time-consuming, and complex compared to
other standard techniques. Quantitative data on the radionuclides
of o radiation in the sample do not appear to be accurate; therefore,
more sophisticated and reliable methods should be used for specif-
ic nucleoid analysis, for example, isotope separation step and
a spectrometry or LSC (Sujo et al., 2004; Bonotto et al., 2009;
Jobbagy et al., 2010).

Scintillation counter

Scintillation means producing small flashes of light. Some
crystals, such as sodium iodide, convert ionization and radiation-
stimulated products into scintillation optical pulses. The light pro-
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Figure 4. The main components and operation of a scintillator detector.
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duced is proportional to the energy the radiation/photon particles
store. The small light pulse is transformed into an electric pulse by
an electrical component called a PMT. The size of the amplified
electric pulse is proportional to the energy stored by the
photon/radiation particle. Thallium-activated sodium iodide and
cesium iodide crystals and a wide range of plastics are used as the
dominant sodium iodide detector for high-resolution y detection,
which is affordable. Many types of plastic scintillators are com-
mercially available and are suitable for detecting charged particles
or neutrons in rapid time. The essential components and agents of
the scintillation detector operation are shown in Figure 4. The
counter with solid scintillation detector materials such as ZnS (Ag)
is used for water analysis. ZnS (Ag) sensors and plastic detectors
are used for sample preparation, allowing simultaneous collection
of a and 3 (Jobbagy et al., 2010).

Advantages
This method is easy to maintain and operate. Operational and
maintenance costs are relatively low (Jobbagy et al., 2010).

Disadvantages

Detectors should be kept in the dark and the lead compartment.
The counting efficiency is lower than that of counters proportional
to gas flow, but it can be significantly increased by a vacuum.
Detection of volatile nucleoids is also not possible, and self-
absorption may be significant. Besides, several transitions occur
between o and f signals (Jobbagy et al., 2010).

Inductively coupled plasma mass spectrometry
method

Several non-radiometric methods based on mass spectrometry
(MS) have been introduced for the quantitative determination of
radionuclides. Different types of MS instruments largely depend
on the variety of ion sources and the detection unit. The most suc-
cessful methods are as follows: inductively coupled plasma, direct
current plasma, microwave-induced plasma, spark source, thermal
ionization, laser microprobe, and secondary ion systems.
Specifically, ICP-MS has the potential to detect radionuclides in a
wide range of environmental, clinical, and nutritional materials
(Caroli et al., 2013). ICP-MS is the latest susceptible and non-
radiometric method (Desideri et al., 2007).

Principles

This method measures the mass-to-charge ratio. Sample
molecules (as vapor) become ionized and charged molecules in the
ionizing portion. The ions pass through the magnetic field of the
analyzers and are separated by mass-to-charge ratio. These ions are
sent to the recorder to detect the signal and obtain a proportion of
voltage (Pol et al., 2010).

Advantages

Currently, ICP-MS is one of the leading techniques for detect-
ing trace elements with high accuracy. This method could screen
several elements with a wide dynamic range (ng/L to mg/L). In
addition, with its rapid analysis, it can measure all actinide elements
in concentrations of less than 1pgmL-! in liquid samples within 1
minute (Santos et al., 2010). This method has a plasma temperature
range of 6000-10,000 K, which is relatively free of contamination
and interference in the sample matrix. The detection limit in this
method is equal to or better than atomic absorption spectroscopy
(Caroli et al., 2013). The cost is low, and the technique is suitable
for analyzing small samples. Moreover, accurate methods such as
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chromatography eliminate potential interference and are widely
used to analyze long-lived radioisotopes (L’Annunziata, 2012).
This method can determine the contamination of foodstuffs with
plutonium, americium, and neptune at the same time within 3 hours
of sampling (Brandhoff et al., 2016). ICP-MS was also extensively
used to determine chemical yields in radiochemical analysis
(ITammarino et al., 2016). ICP-MS is the fastest method to measure
the concentrations of isotopes because no pre-processing is required
and the analysis is performed directly and quickly, in a few minutes.
Moreover, the number of sample preparation steps can be signifi-
cantly reduced due to the separation of elements by mass/charge
ratio (Forte et al., 2001; Santos et al., 2010).

Disadvantages

The main drawbacks of this technique are the initial cost of the
equipment and the daily maintenance costs. The mass spectra pro-
duced by ICP-MS are relatively simple, but that does not mean the
technique is free from spectral interference caused by isobaric
ions. Isobaric interactions occur when two isotopes of the same
mass are present. Most elements generally have more than one iso-
tope, and there is a good chance of choosing an isotope unaffected
by isobaric interference (Caroli et al., 2013). Additionally, organic
compounds, acidic conditions, salt, and soluble solids can affect
ICP-MS in addition to spectral and non-spectral interactions
(Santos et al., 2010).

Conclusions

This review article evaluates different methods of measuring
radioactive substances in water and food. The principles, advan-
tages and disadvantages of each method have been assessed.
Briefly, it can be said that RAD7 and PRASSI methods have high
sensitivity and the ability to measure radionuclides (portable), and
this measurement is direct and fast. ICP-MS also has high accura-
cy. Gas flow proportion can simultaneously measure o and 3
activity in water with short-half-life radioactive materials. LSC is
used to determine o/f gross activity and its high detection efficien-
cy. Combining a-particle and y-ray spectrometry and scintillation
counter are inexpensive and simple methods for the detection of
a/p gross. The a spectrometry has the highest resolution for a.-par-
ticles and the lowest background. Spectrometry y-ray high-purity
germanium method is better for measuring because of its ability to
measure a wide range of radionuclides with high resolution, effi-
ciency, and speed.
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