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Abstract

In recent years, drinking water in bottles or sachets has become increasingly
accepted in major towns and cities in Ekiti and Ondo states, southwestern Nigeria.
Selected sachet and bottled water based on a wide range of consumer samples were
collected from various manufacturers and distributors in both states. Activity
concentrations of natural radioactivity, including “°K, ?*Ra and 2*’Th, were
measured using a gamma ray spectrometer with a high-purity germanium detector
(HPGe). The activity concentration of*’K, ?*Ra and ?**Th ranged from 0.46 + 0.02
to 4.74 + 0.44 Bq L', 0.144 0.01 to 1.62 + 0.30 Bq L', and 0.16 £+ 0.11 to 1.42 +
0.21 Bq L, respectively in sachet water. Activity concentration values in bottled
water for 0K, 2?Ra and 2*?Th ranged from 0.72 + 0.10 to 2.32 + 0.14 Bq L,
0.15t 0.01 to 0.82 + 0.03 Bq L', and 0.19 £+ 0.03 to 1.42 + 0.10 Bq L,
respectively. Determined ingested annual effective dose on the scale of
International Commission on Radiological Protection (ICRP) for the age groups of
0-1y, 1-2y, 2-7y, 7-12y, 12 -17y and > 17y from consumption of the water samples
are 0.831 mSvy!, 0.258 mSvy!, 0.204 mSvy!, 0.245 mSvy!, 0.620 mSvy!, 0.261
mSvy~! respectively for sachet water, it is 0.613 mSvy', 0.118 mSvy™, 0.156 mSvy
1, 0.175 mSvy, 0.428 mSvy'!, 0.203 mSvy™!, respectively for bottled water. The
mean contributions of “°K, ??Ra and 2**Th activities of both water type samples in
the study area from an annual volume consumption is higher than the recommended
tolerable limit of 0.1 mSvy™! or lower as reported by WHO. It is therefore strongly
recommended that nursing mothers should guard the lactating populace from the
consumption of the surveyed samples to minimize the stochastic risk of radiation
hazards in infants.

Keywords: Sachet water, Bottled water, Natural radioactivity, Annual Effective
Dose, Stochastic, Radiation hazard

1. Introduction

Although having access to clean drinking water is a fundamental human right, billions
worldwide still do not have it [1, 2]. Due to their perceived safety and convenience, sachet
and bottled water have become increasingly popular substitutes for tap and underground
water in many developing nations, including Nigeria. However, the purity and safety criteria
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for these water sources and brands are frequently under dispute, with many brands falling
short [3]. The purity of sachet and bottled water is an important consideration in establishing
its safety for consumption. Water contamination takes many forms, physical, chemical,
biological and radiological. Radiological contamination of water comes from high levels of
radioactive nuclides. The presence of radiation poses a potential concern to public health. The
level of radiation is dependent on the vulnerability of each individual and the sort of contact
with the people [7]. To protect public health, it is critical to determine the quantity of
radiation in various forms of water, including sachet and bottled water brands across states in
Nigeria.

Ionizing radiation, which manifests as electromagnetic waves or particles and is capable of
causing DNA strand breaks, mutations, and cell death [4], is a problem that affects our
environment on a worldwide scale. If not carefully monitored, radiation-contaminated water
poses a variety of severe health risks to people and the ecology, including cancer and
radiation illness. The exposure can happen via ingestion, inhalation, or even skin contact [5],
[6], and it can be challenging to identify because radioactive chemicals are frequently
tasteless, odorless, and undetectable at the early stage.

When taken in high quantities over an extended period, radioactive substances present in
water do constitute a health concern. These radioactive pollutants can get into the water from
various places, including human activities like mining, industrial waste and the discharge of
nuclear power plants' effluents, as well as natural sources like the rock and soil that hold the
water they are extracted from. Groundwater typically has a bigger problem with radiological
elements like 2*°U, 2?°Ra, 2*8Th, and ?*Ra than surface water [7]. Additionally, the nylon and
plastic used for packaging occasionally include radioactive materials that might contaminate
water [8].

According to Kebir [10], Al-Hayani et al. [11], Borrego-Alonso et al. [12], and
Muhammad et al. [13], the primary natural radionuclides in drinking water are Uranium-238,
Thorium-236, and their decay products such as Radium-226 and Radium-228. Several studies
have been undertaken worldwide to assess the amounts of radiation in sachet and bottled
water.

In Nigeria, Olaniyi et al. [14] calculated the mean activity content of Radium-226,
Thorium-232, and Potassium-40 in sachet water samples, which it was found to be higher
than the World Health Organization (WHO) and European Union (EU) recommended limit.
Similarly, Usikalu et al. [15] estimated the mean activity concentration of Potassium-40,
Uraium-238, and Thorium-232 of the Bell University of Technology to be 442.66 Bg/kg,
41.98 Bqg/kg, and 48.35 Bqg/kg, respectively, in their investigation in Bells Area and Canaan
City, Ota, Nigeria. Aladeniyi et al. [16] studied 35 brands of the most commonly used sachet
drinking water in Ondo state to assess the associated health risks to the general public. The
determined annual effective dosages were found to surpass the WHO acceptable limits.

The current study seeks to assess the quality of sachet and bottled water of different
brands as well as the potential health risks connected with their usage within Ekiti and Ondo
states. The study will specifically evaluate the activity concentration of chosen natural
radionuclides (**Ra, 2*Th and *°K), because these elements can pose a health risks if present
in high concentrations, in frequently consumed sachet and bottled water brands produced in
both states. The study also estimates the annual effective dose (AED) from consumption of
selected sachet and bottled water brands.
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2 Material and Methods
2.1 Sample Collection

In this study, a total of thirty-five (35) sachet and bottled water brands were acquired from
major towns and cities in the states of Ondo and Ekiti. Fifteen (15) popular sachet drinking
water brands were acquired from different markets in four main towns in EXkiti state, and four
(4) popular bottled drinking water brands were also purchased from the same four major
towns in Ekiti state. Twelve (12) widely consumed sachet water brands were acquired for
analysis in Ondo state, whereas four (4) generally consumed brands of bottled water were
obtained for examination from four major towns and cities.

2.2 Sample Preparation

Marinelli beakers were utilized as measuring containers in this study. The containers were
cleansed and rinsed with weak hydrochloric acid and distilled water prior to use. Each beaker
was filled to the brim, absolutely devoid of air, and carefully sealed. The samples were then
transferred to the laboratory and held for one month to allow the daughter products to reach
radioactive equilibrium with their parents [17], which means that the rate of radioactive
generation can be equal to the rate of decay (secular equilibrium).

2.3 Radioactivity Measurement and Analysis of Spectra

A non-destructive examination using computerized gamma ray spectrometry equipment
(Fig. 1) with high-purity germanium (HPGe) detector of relatively high efficiency was used
to assess the activity concentration of the water samples. The gamma spectrometer was
connected to a multichannel analyzer card (MCA) installed on a desktop computer through
standard electronics. MAESTRO-32 software was used to manually collect and evaluate the
data, while Microsoft Excel spreadsheet program was utilized to compute the natural
radioactivity concentrations in all samples.

Figure. 1: The Radioactivity Measuring System

The detector and measuring equipment were calibrated for energy and efficiency before
measurements, to enable both qualitative and quantitative analysis of the samples. Energy and
efficiency calibrations were carried out using a mixture of calibration radionuclide standards
that were uniformly dispersed and had a volume of about 1000 ml and a density of about 1.0
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gem™ in a 1.0 L Marinelli beaker. Energy calibration was done by comparing the main
gamma peaks in the standard's spectra to the channel numbers.

According to ‘American National Standard Calibration and Usage of Sodium Iodide Detector
Systems’ N42.12-1980 [18], the formula between energy and channel number is as follows:
E=A)+A;.CN (1)

Where: E is the energy, CN is the channel number for a given radionuclide, Ay and A; are
calibration constants for a given geometry. Figure 2 shows the calibration curve.
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Figure 2: Energy Calibration Curve

2.4 Activity Measurement
The specific activity concentrations (Ag,) of 226Ra, ?Th and “°K in BqL™! for water

samples were determined using the following expression [19]:
N
A _ sam (2)

SP T pp.eT.M

Where:

Neam — Net counts of the radionuclide in the sample
Pg — Gamma ray emission probability

€ — Total counting efficiency of the detector

T, — Sample counting time

M — Mass of sample (kg) or volume (L)

2.5 Estimation of Annual Effective Dose
The following relation was used to estimate the annual effective dose, Eq (Svy™1), due to
ingestion of natural radionuclides found in sachet and bottled water brands [20]:
Eq = AspCRyDew (3)

Where: Agy, is the activity concentration of radionuclides in the ingested sachet and bottled

water (BqL™1), CR,, is the annual intake of sachet and bottled drinking water (L y~?1), and
D., is the ingested dose conversion factor for the public (SvBq~!). D, used in the
calculation varies with radionuclides and the age of individuals ingesting the radionuclides.
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The total annual effective dose D (Svy™?) to an individual was established by summing
the contributions from all radionuclides present in the water samples:
D= ZAspCRchw (4)
For the age categories 0 - 1 year, 1 - 2 years, 2 - 7 years, 7 - 12 years, 12 - 17 years, and > 17
years, the annual average intake of sachet and bottled drinking water is determined to be 200,
260, 300, 350, 600, and 730 liters, respectively [21, 22].

3 Results and Discussion
3.1 Activity Concentration

Table 1 shows the natural radioactivity activity concentrations of “°K, 2**Th, and ?*°Ra in
different sachet water brands in Ondo and Ekiti. The activity concentrations in sachet
drinking water vary from 0.46+0.02 to 4.7440.44 BqL~! with an average of 1.74 BqL™! for
40K, 0.1640.11 BqL™! to 1.4240.21 BqL™! with an average of 0.87 BqL™! for 2**Th, and
0.1440.01 BqL™! to 1.6240.30 BqL™! with an average of 0.54 BqL™*for ?*°Ra. It was found
that the J & M brand of sachet water has the highest activity concentration of *“°K, while the
Rinmola and the Ogo-Oluwa brands have the lowest activity concentration of “°K. The
highest and lowest activity concentrations of 2*’Th were found in the Febyoks and Ogo-
Oluwa brands, respectively; the highest activity concentration of 2*Ra was found in the
Lokotobi and the Todmok brands, and the Anglican and Wale brands had the lowest activity
concentration of 2*?Th. Furthermore, “°K gave the highest activity concentration; this is likely
since “’K is abundant in natural systems and could also be as a consequence of potassium ion-
exchange resins used by some treatment facilities. °Ra has the lowest activity levels in
sachet drinking water samples. The mean value of >*Th level was approximately twice
higher than ??°Ra. This could be because most of the sachet water samples were slightly
acidic, and 2**Th is more soluble in groundwater than in surface waters [23]. The average
values of 2*’Th and *?Ra are lower than the world value proposed by the World Health
Organization maximum content in drinking water of 1000 mBqL™! [20].

Table 1: Activity Concentration in BqL™*for Sachet Water Samples from Ondo and Ekiti
States

Activity Concentration (BqL™)

S/N Sample ID e prom— Ra
1 Anglican 0.9240.10 1.02+0.03 0.14+0.01
2 Ayanfe 4.5440.45 1.1240.15 1.26£0.15
3 P.K 0.9010.05 0.8610.02 0.41+0.04
4 Dele 0.55+0.02 0.54+0.14 0.2440.03
5 Albest 3.03£0.16 0.9540.02 0.5610.02
6 Me & You 1.8440.03 1.2040.10 1.0340.05
7 Lokotobi 0.68+0.02 1.361+0.18 1.62+0.30
8 Lade 1.84+0.05 1.2540.20 1.03£0.08
9 J&M 4.7440.52 1.1240.20 1.38+0.22
10 Eliseg 0.78+0.12 0.1940.02 0.15+0.01
11 Ewakin 2.10+0.21 0.81+0.04 0.58+0.02
12 Yopeky 0.9010.08 0.7610.10 0.41+0.02
13 Tkopas 0.9240.10 0.88+0.12 0.35+0.02
14 Todmok 0.681+0.02 1.30+0.22 1.62+0.30
15 Sparkleen 1.02+0.05 0.7340.11 0.8240.03
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16 Keniks 0.55+0.02 0.5440.11 0.2410.06
17 Magtos 3.85+0.08 0.7410.08 0.1610.01
18 Rinmola 0.46+0.02 0.18%0.01 0.21£0.02
19 Wale 0.92+0.10 1.014+0.13 0.1410.01
20 Raphilo 3.03£0.22 0.8540.02 0.5610.03
21 Febyoks 2.324.0.14 1.4240.21 0.2510.01
22 Love Lead 0.72£0.06 0.6410.03 0.1940.02
23 Ogo-Oluwa 0.46+0.04 0.1610.11 0.21+0.02
24 Olamide 3.50£0.10 0.77+0.22 0.3610.02
25 Diamond 3.85+0.08 0.7410.05 0.1610.01
26 Ige 0.84+£0.10 0.4310.08 0.22+0.02
27 Dorcas 0.72£0.08 0.4610.02 0.1940.02

Table 2 shows the natural radioactivity activity concentrations of *°K, 23>Th, and **Ra in
sampled bottled water brands in Ondo and Ekiti. It has been observed that activity
concentrations in bottled drinking water due to *’K range from 0.72040.10 to 2.32+0.14
BqL! with an average of 1.20 BqL™!, due to 2*>Th ranges from 0.19+0.03 BqL! to 1.4240.10
BqL! with an average of 0.76 BqL™! and activity concentration due to 2*°Ra ranges from
0.1540.01 BgL! to 0.82+0.03 BqL"! with an average of 0.35 BqL™'. The highest activity
concentration of *°K was found in the Bride brand bottled water, while the lowest activity
concentration of *°K was found in the SkyloAcqua brand. The FUTA brand had the highest
activity concentration of 2*Ra, the Olvine brand had the lowest activity concentration of
232Th, and the Bride and the Olvine brands had the highest and lowest activity concentrations
of 22 Th, respectively. “°K had the highest activity concentration in the bottled water samples,
whereas ?2°Ra provided the lowest activity concentration. In conclusion, the sequence of
activity concentrations was “°K > 232Th > ?*Ra,

Table 2: Activity Concentration in BqL™! for Bottled Water Samples from Ondo and Ekiti
States

Activity Concentration (BqL™?!)

S/N Sample ID e prve— R
1 Sovic 0.8440.15 0.4410.05 0.224+0.04
2 Yemi 0.9240.06 0.7840.02 0.1910.01
3 Bride 2.3240.14 1.4240.10 0.35+0.14
4 Olvine 0.7840.10 0.191+0.03 0.15%0.01
5 FUTA 1.0240.10 0.73140.02 0.8240.03
6 SkyloAcqua 0.72+0.10 0.85+0.13 0.18+0.01
7 Michade 2.1010.14 0.611+0.18 0.5240.06
8 Edna 0.924+0.08 0.8610.12 0.3540.02

3.2 Annual Effective Dose (AED)

Table 3 illustrates the total annual effective dose (E4) calculated by Eq. (3) for sachet
water using the activity concentrations of the indicated radionuclides, the annual water
consumption rate, and the relevant ingestion dose conversion coefficients [21]. The different
age groups mentioned earlier were also recognized as significant groups in this arena. The

recommended effective dose which the individual may ingest is 0.1 mSv y™! or lower [13, 24,
25].
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Table 3: Total Annual Effective Dose (uSvy 1) of the Different Age Groups from Sachet
Water Consumed in Ondo and Ekiti States

S/N  Sample ID 0—1 year ;e;rzs 2 — 7years ;e_aﬁ I;e;rlg >17 years
1 Anglican 500 170 150 140 280 200
2 Ayanfe 1820 490 380 480 1320 470
3 P.K 760 210 180 210 500 220
4 Dele 450 130 110 120 300 140
5 Albest 970 330 220 270 650 280
6 Me & You 1570 420 330 420 1120 420
7 Lokotobi 2300 570 440 590 1660 560
8 Lade 1570 420 330 420 1120 420
9 J&M 1980 520 410 520 1430 490
10 Eliseg 560 190 150 160 320 230
11 Ewakin 940 260 210 260 650 270
12 Yopeky 760 210 180 210 500 220
13 Tkopas 690 200 170 190 450 220
14 Todmok 2300 570 440 590 1660 560
15 Sparkleen 1180 310 240 310 860 300
16 Keniks 450 130 110 120 300 140
17 Magtos 460 170 130 150 270 170
18 Rinmola 310 80 60 80 220 70
19 Wale 500 170 150 140 280 200

20 Raphilo 970 330 220 270 650 280

21 Febyoks 740 230 210 220 450 300

22 Love Lead 430 130 120 110 270 150

23 Ogo-Oluwa 310 80 60 80 220 70

24 Olamide 700 220 170 200 460 220

25 Diamond 460 170 130 150 270 170

26 Ige 400 120 100 100 260 120

27 Dorcas 430 130 120 110 270 150

MEAN 831 258 204 245 620 261
RANGE 310-2300 80-570 60 — 440 80— 590 220 -1660 70 — 560

Owing to the consumption of sachet drinking water, the annual effective dose received by the
collective ingestion has been estimated which varied from 0.31 to 2.30 mSvy™! with a mean
of 0.831 mSvy!, 0.08 to 0.57 mSvy! with a mean of 0.258 mSvy!, 0.06 to 0.44 mSvy! with
a mean of 0.204 mSvy™!, 0.08 to 0.59 mSvy"! with a mean of 0.245 mSvy, 0.22 to 1.66
mSvy! with a mean of 0.620 mSvy!, 0.07 to 0.56 mSvy™! with a mean of 0.261 mSvy 'for
the age groups of the living population 0 — lyear, 2 — 7 years, 7 — 12 years, 12—17 years and
>17 years, respectively. Furthermore, comparing the averages of the annual effective doses
due to the intake of the different brands of sachet water with the WHO permissible limit, it is
evident from Table 3 that the cumulative average annual effective doses due to activities of
natural radionuclides, “°K, ??°Ra, and 2**Th in sachet drinking water samples for all the six
different age groups are higher than the recommended limit of 0.1 mSvy™! for drinking water
due to the ingestion of natural radionuclides.
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The total annual effective dose(Eq) calculated for bottled drinking water using the activity
concentrations of the indicated radionuclides, the annual water consumption rate, and the
relevant ingestion dose conversion coefficients [21] is shown in Table 4.

Table 4: Total Annual Effective Dose (uSvy 1) of the Different Age Groups from Bottled
Water Consumed in Ondo and Ekiti States

S/N Sample ID 0—1 year ;e:lrzs ;ef_l:s ‘;'e_a:‘: I;e;rl: >17 years
1 Sovic 400 120 100 100 260 120
2 Yemi 250 150 130 130 290 170
3 Bride 760 230 210 220 450 300
4 Olvine 190 70 60 60 170 60
5 FUTA 1180 310 240 310 860 300
6 SkyloAcqua 490 160 130 140 290 180
7 Michade 940 260 210 250 650 270
8 Edna 690 200 170 190 450 220
MEAN 613 188 156 175 428 203

RANGE 250-1180 70-310 60 — 240 60-310 170 — 860 60 —300

Due to the consumption of bottled drinking water, the annual effective dose received by the
collective ingestion varied from 0.25 to 1.18 mSvy! with a mean of 0.613 mSvy!, 0.07 to
0.31 mSvy™! with a mean of 0.118mSvy, 0.06 to 0.24 mSvy™! with a mean of 0.156 mSvy!,
0.06 to 0.31 mSvy™! with a mean of 0.175 mSvy!, 0.17 to 0.86 mSvy! with a mean of 0.428
mSvy!, 0.06 to 0.30 mSvy! with a mean of 0.203 mSvy! for age groups of the living
population of 0 — 1 year, 2 — 7 years, 7 — 12 years, 12 — 17 years and >17 years, respectively.
The annual effective dose values were observed to be greater than the permissible value. This
could be attributed to either prolonged exposure time or cumulative exposure from other
hidden radionuclides.

Furthermore, comparing the averages of the annual effective doses due to the intake of the
different brands of bottled water, it is evident from Table 4 that the cumulative annual
effective doses due to the activity of natural radionuclides *°K, ??°Ra, and ?*’Th in bottled
drinking water samples for all six different age groups are higher than the recommended limit
of 0.1 mSvy! for drinking water due to the ingestion of natural radionuclides.

The study shows that it is not radiologically safe to consume most of the sachet and
bottled drinking water of the studied brands since their cumulative annual effective doses are
higher than the recommended limit. However, the Rinmola and the Ogo-Oluwa sachet water
brands are considered safe for the age groups 1 — 2 years, 2 — 7 years, 7 — 12 years and adults
>17 years. The Olvine brand of bottled water is also considered safe for 1 — 2 years, 2 — 7
years, 7 — 12 years and adults >17 years. It is scientifically reasonable to assume that the
incidence of cancer or hereditary effects rises in direct proportion to an increase in the
equivalent dose in the relevant organs or tissues due to consumption of sampled water in
Ondo and EXkiti states.

4 Conclusions

A total of 35 brands of sachet and bottled drinking water popularly consumed in Ekiti and
Ondo states were analyzed for natural radioactivity in view of implication for radiological
hazard using gamma ray spectrometer with high purity germanium detector (HPGe). The
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activity concentrations in sachet drinking water varied from 0.46+0.02 to 4.7440.44 BqL™!
with an average of 1.74 BqL™! for “°K, 0.1640.11 to 1.4240.21 BqL™! with an average of
0.87 BqL™?! for 2*2Th, and 0.1440.01 to 1.6240.30 BqL™! with an average of 0.54 BqL™for
226Ra. It has also been observed that activity concentrations in bottled drinking water due to
40K range from 0.72040.10 to 2.3240.14 BqL™! with an average of 1.20 BqL"!, due to 2*2Th
ranges from 0.1940.03 to 1.4240.10 BqL"! with an average of 0.76 BqL"! and due to **°Ra
ranges from 0.1540.01 to 0.8240.03 BqL! with an average of 0.35 BqL™".

As a result, the possible risk of exposure was assessed by calculating the total annual
effective doses for six age groups: 0 - 1 year, 1 - 2 years, 2 - 7 years, 7 - 12 years, 12 - 17
years, and > 17 years, resulting from drinking sachet and bottled water. The estimated doses
were consistently higher than 0.1 mSvy™! for 92% of the age groups. To avoid any potential
harm, it is advised that consumers limit their water intake to half the recommended volume,
or better yet, stop consuming these products altogether. Additionally, manufacturers should
take precautions to shield their products at the point of sale from direct sunlight during
transport and display for advertisement to prevent radiation contamination and an increase in
the levels of NO>TDS and turbidity after plastic packaging because leaching of compounds
from plastic bottles can result [23]. It is also recommended that this type of study be
conducted regularly on new brands of sachet and bottled water, at least twice a year, to ensure
safety.
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