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Abstract
The contamination of natural mineral bottled drinking water with trace, heavy metals and rare-earth elements is a growing 
concern globally, especially in regions with limited access to safe drinking water sources. In South Africa, the safety of 
bottled water remains a critical issue due to potential health risks associated with heavy metal exposure. This study aimed 
to evaluate physicochemical parameters alongside to assess the health risks due to heavy metals in natural mineral bottled 
drinking water available in South Africa, using inductively coupled plasma mass spectrometry analysis. A total of 21 bottled 
water samples from different brands were collected and analysed for heavy metal concentrations including Pb, Cd, As, Cr, 
Ni, Ba and Hg, as well as physicochemical parameters such as pH, conductivity, dissolved oxygen and total dissolved solids 
among others. The results revealed physicochemical parameters were within acceptable ranges, indicating overall water 
quality. Varying levels of heavy metals across different brands observed with concentrations of Al, Fe, Mg, Ca, K and Mn 
in some samples exceeding permissible limits set by WHO and SAWQG for drinking water quality. The mean concentra-
tion of the heavy metals is in the decreasing toxicity order of Sr > Al > Ba > Mn > Cu > Cr > Zn > Fe > As > Co > U > Ni > 
Cs > Pb > Cd > Hg. The mean values of the chronic daily intake (CDI) for the concentration of heavy metals for adults are 
in the order of Cr > Fe > Sr > Ba > Mn > Cu > Zn > Li > V > As > Ni > Be > Pb > Hg > Cd and were below acceptable limits. 
The estimated values of both HQ and HI (with mean of 2.07E−03 and range of 0.00 to 1.76E−02) for the heavy metals 
are all found to be less than 1. The total mean value of ILCR is 4.67E−06, and range of 0.00 to 2.76E−05, which is insig-
nificant and within the permissible level of the cancer risk guidance limit of 1.00E−06 to 1.00E−04. The results show that 
consumption of natural mineral bottled drinking water of South Africa is safe and may not cause any significant health risk 
to the populace. However, the long-time potential effects due to the few exceeded metals levels needed to be considered. 
Our findings contribute to the ongoing discourse on water quality assurance, offering insights into the overall integrity of 
the natural mineral bottled water supply chain in South Africa. This research not only serves as a foundation for regulatory 
measures but also underscores the significance of maintaining high-quality standards in the bottled water industry for public 
health and environmental sustainability.
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Introduction

The significance of safe drinking water to the quality of 
human health and well-being cannot be overemphasised. 
The growing demand for reliable and safe drinking water 
with persisting concerns regarding the quality and safety 
of bottled water, especially where there is limited alterna-
tive sources of portable water, makes it necessary to assess 
potential contaminant of health impact (Madzunya et al. 
2020; John et al. 2021; Kekes et al. 2023). The accessing 
of safe and pure drinking water and sanitation has been 
considered as human right to be enjoyed by all and sun-
dry as the United Nations in 2010 General Assembly so 
declared in the sustainable development goals (Hodgson 
and Manus 2006; UN 2010; Kekes et al. 2023). However, 
due to climate change, increase in population and anthro-
pogenic activities, scarcity of water resources and its con-
tamination with the attendants health risk becomes inevi-
table (Momba et al. 2006; WHO 2022; Altunisik 2023; 
Ehsan et al. 2024). Globally and in South Africa in par-
ticular, where issues of water scarcity and contamination 
could be prevalent, the safety of natural mineral bottled 
drinking water has become a subject of scrutiny (Petraccia 
et al. 2006; Hodgson and Manus 2006; Odendaal 2024).

The popularity of bottled water worldwide is unprec-
edented with its use in the year 2020 of more than 450 
billion litres, having annual global production of greater 
than 6 billion gallons and still growing (Statista 2022). 
This underscores the importance of bottled water with its 
requirement in some parts of the world increasing due to 
unsafe nature of other alternative sources like tap water. 
Having many advantages of being safe, pure, containing 
flavour, the comfort it provides and health benefits among 
others (Altunisik 2023; Feru 2004).

The bottled drinking water, formerly referred to as 
packaged water, available on the South African market are 
of various types, which are of groundwater sources. They 
include natural water, mineral water, spring water, natural 
mineral carbonated sparkling water. They are often col-
lected and packaged directly from the source or undergo 
some industrial processing before packaging. Additionally, 
due to geological settings and possible microplastic pollu-
tion, the need of continuous monitoring of the safety and 
quality in compliance to standards is pertinent (Altunisik 
2023; Feru 2004). Natural mineral bottled drinking water 
have useful benefit to the health of humans because of the 
presence of mineral elements like calcium, magnesium, 
iron, potassium, zinc, sodium, bicarbonate, etc., which the 
body needs to maintain good health. However, these ele-
ments must be in moderation as elevated levels can be of 
potential health hazards of the kind of carcinogenic and 
non-carcinogenic impact. And must comply with the South 

African National Standard (SANS) 241, for safe and clean 
drinking water (Hodgson and Manus 2006; DOH 2006, 
2010; SANS 2015).

The drinking water is one of the exposure pathways of 
humans to potential contaminants of health impact, in the 
environment (SAWQG 1996; WHO 2020). The excessive 
ingestion and overaccumulation of trace elements, heavy 
metals and rare-earth elements have some health risk of con-
cern. For instance, Mn is an important trace element, as its 
deficiency could lead to anaemia, impairment in growth and 
abnormalities in the skeleton (SAWQG 1996; WHO 2022). 
However, ingestion of high concentration of Mn in drinking 
water could cause severe health risk impact such as neu-
rological effects with diminished cognitive ability, tempo-
rarily suggested Parkinson’s disease (SAWQG 1996; WHO 
2022). Cr is a heavy metal of carcinogenic attributes and 
portends risk of acute toxicity, slight nausea and increasing 
risk of cancer induction, especially gastrointestinal cancer 
over prolonged exposure (SAWQG 1996; WHO 2020; Naz 
et al. 2016). Zn is essential for physiological and metabolic 
processes in living organism, but in high concentration it 
can have severe, acute toxicity, disturbances in electrolytes 
and renal damage possibility (Pillai 1983; SAWQG 1996). 
Pb has acute and or irreversible effects on human health like 
neurological impairment, respiratory disorder and anaemia, 
with high sensitivity to Pb toxicity by children which could 
damage their brain (SAWQG 1996; Abdul et al. 2012). Cd 
as carcinogenic heavy metal, elevated concentrations with 
long-term exposure put individuals in high risk of kidney 
damage, with effect that is potentially acute or irreversible 
on human health (SAWQG 1996). Other elements of con-
cerns are also discussed which provide understanding of 
the need for continuous monitoring of route of ingestion in 
compliance with standards (Momba et al. 2006; Hodgson 
and Manus 2006; SANS 2015).

Studies on water quality and safety in South Africa have 
been reported (Grabow 1986; Momba et al. 2006; Mathuthu 
and Olobatoke 2016; Njinga et al. 2016; Mathuthu et al. 
2021), but not on natural mineral bottled drinking water 
also using different analytical procedures other than ICP-
MS, which makes this baseline study and novel. This study 
aims at assessing the health risks related to trace elements, 
heavy metals and rare-earth elements contamination in 
natural mineral bottled drinking water available in South 
Africa. Using a modern highly sensitive, accurate, effective 
analytical technique, known as inductively coupled plasma 
mass spectrometry (ICP-MS) (Ogana et al. 2019; Wilschef-
ski and Baxter 2019). We evaluated the concentrations of 
trace elements, heavy metals and rare-earth elements in vari-
ous bottled drinking water brands. More so, we examined 
key physicochemical parameters like potential hydrogen 
(pH), electrical conductivity, dissolved oxygen (DO), total 
dissolved solids (TDS), salinity and oxidation reduction 
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potential (ORP) to provide a comprehensive assessment of 
the drinking water quality (Jindal and Sharma 2011). The 
significance of this research lies in its potential to shed light 
and provide baseline data on the extent of trace elements, 
heavy metal contamination and rare-earth elements in natu-
ral mineral bottled drinking water and its implications for 
public health. By identifying and quantifying trace ele-
ments, heavy metal concentrations and rare-earth elements, 
we can better understand the associated health risks (Liang 
et al. 2019) and inform regulatory measures to ensure the 
safety of bottled drinking water products. Furthermore, this 
study contributes to the existing body of knowledge regard-
ing water quality assessment in South Africa, ensuring the 
adherence to stringent quality standards, safeguarding pub-
lic health and promoting transparency within the bottled 
drinking water industry, while providing valuable insights 
for policymakers, regulatory agencies and consumers alike.

Materials and methods

Study area

The area for this study is South Africa, which covers 
1,219,602  km2 surface area and stretches from latitude 22oS 
to 35oS and longitude 17oE to 33oE , bordered by Namibia, 
Botswana, Zimbabwe, Mozambique and Eswatini up 
inlands, but landlock Lesotho in the south-east region. It is 
also bordered by the Atlantic Ocean south-westwards and 
the Indian ocean by south-eastwards, see Fig. 1, and has an 
estimated population of about 60.5 M people (GCIS 2022). 
Due to its subtropical location, the warm temperate con-
dition of the area is accounted for by the interior plateau 
altitude and the oceans besides the country, which moder-
ates it. South Africa has an annual rainfall of about 500 mm 
and is relatively dry. The temperatures compared to other 
countries having similar altitudes tend to be lower, owing to 
the elevation above sea level, thereby requiring more con-
sumption of drinking water by the people. It is endowed 
with natural mineral resources such as gold, platinum, ura-
nium, diamond, coal and a lot more with many rivers and 

Fig. 1  The Map of the Republic of South Africa showing provinces and cities (NOP 1998)
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mountains of geological significance to the aquifers related 
to natural water sources.

Sampling

A total of twenty-one different commercial natural mineral 
bottled drinking water samples were collected from the 
South African shopping malls and taken to the laboratory 
for analysis. The sample brands are the topmost and most 
consumed commercial bottled drinking water across South 
Africa, following a mini survey conducted and online search, 
prior to the sample collection (AoPrice 2023; Mascha 2023). 
The various bottled drinking water are of the type—natural-
still spring water, mineral water, natural carbonated spar-
kling water, flavoured sparkling water and alkaline ionised 
water. The sampling was done according to a standardised 
method by the South African Water Quality Guidelines 
(SAWQG 1996) and the American Public Health Associa-
tion (APHA 1999). The samples were collected, stored in 
the refrigerator at a temperature of 2–4 °C in laboratory and 
analysed within the month of September, 2023.

Physicochemical parameters

The physicochemical parameters of the drinking water sam-
ples were determined based on the standardised methods for 

the examination of water by the South African Water Quality 
Guidelines (SAWQG 1996) and the American Public Health 
Association (APHA 1999). BANTE 900-UK Benchtop Mul-
tiparameter Water Quality Meter, with S/N 230223-003, by 
BANTE Instruments, was used together with 913 pH Meter 
Ω Metrohm—Swiss made and BIOBASE MS-S280-Pro 
Magnetic Stirrer device (Fig. 2). The average value from 
the various instruments was used. The calibration of equip-
ment using standard and buffer solutions was performed, 
using standardised procedures, and the calibration curves 
are shown in Figs. 3, 4. The physicochemical parameters 
measured include potential hydrogen (pH), temperature, 
dissolved oxygen (DO), electrical conductivity (EC), total 
dissolved solids (TDS), salinity, resistivity, potential and 
oxidation reduction potential (ORP) and discussed, as shown 
in Figs. 5, 6.

ICP‑MS analysis

The glassware and materials used were decontaminated 
using 10% (v/v)  HNO3, then rinsed with ultrapure, deionised 
water, (18 MΩ cm) obtained from Hitech Laboratory Water 
Purification System (Lasec Laboratory Solution Provider, 
UK) as shown in Fig. 2, also used in the preparation of all 
the solutions. It was ensured that only reagents of analytical 
grade were used.

Fig. 2  Pictural description of the experimental set-up for natural spring bottled drinking water sample collection, preparation and analysis using 
ICP-MS technique
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The water samples were analysed for their chemical 
content such as the trace elements, heavy and rare-earth 
elements using the inductively coupled plasma mass spec-
trometry (ICP-MS) PerkinElmer NexION 2000, as shown 
in Fig. 2. The ICP-MS detection limit for the respective 
metals analysed in the drinking water samples ranged 
between 0.5 and 5.0 ng/L. The instrument analyses sam-
ple by producing ions (ionizations) through the inductively 
coupled plasma to a mass spectrometer which separates 
and detects ions from the samples. The quadruple KED 
mode setting enables measurement with no or insignifi-
cant elemental interferences (Pruszkowski 2021). The total 

quant analysis method was used, with 103Rh and 209Bi as 
the internal standards.

Assessment of human health risk

The assessment of human health risks entails weighing the 
amount of possible evidence concerning the potential of a 
given contaminant that could cause harmful health effect 
when a person is exposed to toxic and harmful substances 
over a given time duration (USEPA 1989). The assessment 
of human health risk due to individual potentially toxic 

Fig. 3  pH calibration curve for the pH and related physicochemical 
parameters measurement in this study

Fig. 4  Calibration curve for electrical conductivity and related phys-
icochemical parameters measurement in this study

Fig. 5  Results of the physicochemical parameters for pH, dissolved 
oxygen (mg/L), temperature (oC) and salinity (psu) measured in this 
study; whiskers represent standard deviation

Fig. 6  Results showing the physicochemical parameters for electrical 
conductivity (EC), total dissolved solids (ppm), potential delta (mV), 
electrical resistance (kΩ) and oxidation reduction potential (mV) 
measured in this study; whiskers represent standard deviation
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metal is performed by estimating the level of risk, and clas-
sified in terms of carcinogenic or non-carcinogenic health 
risk (Bempah and Ewusi 2016; Mohammadi et al. 2019). 
Ingestion of drinking water is one of the most important 
rout through which humans are being exposed to harmful 
and toxic contaminants of significant health impacts. In this 
study, the determination of the carcinogenic or non-carci-
nogenic health hazards due to ingestion of bottled drinking 
water in South Africa was done using the general exposure 
pathway equations (Eqs. 1–4) adopted from (USEPA 1989; 
Wu et al. 2009; Bempah and Ewusi 2016; Mohammadi et al. 
2019), for the adult age group. The levels of the exposure of 
humans to heavy metal were calculated using Eq. 1, chronic 
daily intake (CDI)(mg/kg-day) as:

where CW (mg/L) is the heavy metal concentration in drink-
ing water, IR (L/day) is the ingestion rate  − 2 .0 L/day used 
in this study (USEPA 1989; SAWQG 1996), ABSgi (no 
unit) is the gastrointestinal absorption factor − 0.001 used 
in this study (Mohammadi et al. 2019), EF (days/years) is 
the exposure frequency − 365 days/year used in this study; 
ED (years) is the exposure duration − 70 years lifetime 
(USEPA 1989; SAWQG 1996); BW (kg) is the body weight 
of the exposed adult person − 70 kg used in this study as 
average, age specific values (USEPA 1989; SAWQG 1996) 
and AT (days/year) is the average time, a non-carcinogenic 
effect period of exposure that is pathway-specific, derived as 
ED × 365 days/year, i.e. 25,550 days/year used in this study 
(USEPA 1989; SAWQG 1996).

The computed CDI of the heavy metals was used to cal-
culate the hazard quotient, HQ a non-carcinogenic health 
risks quantity, from Eq. 2

where RfD (mg/kg/day) is the reference oral-ingested dose, 
values for each heavy metal as used in this study are pre-
sented in Table 4, column 8.

The estimated values of HQ less than 1 are within the 
acceptable level of non-carcinogenic risk, whereas the value 
with HQ greater than 1 is considered as unacceptable risk 
with the potential of causing adverse health hazard impact 
on human (USEPA 2011). Hazard index (HI), a non-carci-
nogenic health risk parameter, is the sum of all the HQs of 
the individual contaminants, and it provides the estimated 
values of the whole potential health risks. It is determined 
based on USEPA guidelines using Eq. 3

(1)CDI =
CW × IR ABSgi × EF × ED

BW × AT

(2)HQ =
CDI

RfD

(3)HI =

n
∑

k=1

HQHM

where HQHM represents the individual heavy metal’s HQ 
being added up, respectively.

The values of HI as computed are being compared to 
the standard values to ascertain the level or possibility of 
whether there is non-carcinogenic health impact on the 
humans. Hence, for HI value less 1 imply there is no non-
carcinogenic health risk whereas for HI values greater than 
1, for an exposed person imply there are chances of non-
carcinogenic health risk impact to occur (Bempah and Ewusi 
2016; Mohammadi et al. 2019).

The incident lifetime cancer risk (ILCR) (unitless) can 
be used to estimate the probability of cancer health risk due 
to the consumption of drinking water and consequent expo-
sure to a given dose of heavy metals therein, for a lifetime 
(USEPA 1989). In this study, the ILCR, for the drinking 
water samples, was calculated using Eq. 4, which is a linear 
low dose cancer equation.

where SF (mg/kg-day) is the cancer slope factor, an esti-
mate which is contaminant specific. The values of SF for 
individual toxic metal used in this study are presented in 
Table 5 column 5. The permissible range value for the ILCR 
is between 1.00E−06 and 1.00E−04 for both single and 
multicarcinogenic elements. This means that, based on the 
exposure circumstance, computed values of ILCR greater 
than 1.00E−04 are regarded as unacceptable risks whereas 
those below 1.00E−06 are regarded as not to pose any sig-
nificant health risk (USEPA 1989; Wu et al. 2009; Bempah 
and Ewusi 2016).

The computation of the various parameter and data in 
this study was done using the statistical packages Micro-
soft Excel and Sigma Plot version 15.0, where the formulas 
described above, Eqs. 1–4 and statistical analysis were per-
formed, and the respective results presented in the tables in 
result and discussion section.

Results and discussion

The results of physicochemical parameters and ICP-MS 
analysis of the bottled natural mineral drinking water sam-
ples from South Africa are presented as follows:

Calibration of the instrument

Figures 3, 4 present the calibration curves of the instru-
ments used in measuring the physicochemical parameters 
of the various drinking water samples. Figure 3 shows the 
plot of standard pH buffer solution against the measured pH 
values. The calibration points are 1 to 5—USA (pH 1.68, 
4.01, 7.00, 10.01, 12.45), with temperature compensation of 
0 to 100 °C and accuracy of ± 0.002 pH. The measured pH 

(4)ILCR = CDI × SF
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values compare well with the standard pH values yielding 
a correlation coefficient,  R2 of 99.97%. Figure 4 shows the 
calibration curve plot of the conductivity standard solution 
(µS/cm) against the measured EC values. There are 1 to 4 
calibration points (12.88, 84, 111.8 and 1413, µS/cm), at 
the temperature compensation of 0 to 100 °C and accuracy 
of ± 0.5% F.S. The result shows a very good correlation  R2 of 
100%. The calibration results both at 95% confidence level 
show high level of sensitivity and accuracy of the instrument 
for the measurement, with good reliability.

Physicochemical parameters

Figures 5, 6 present the results of the measured physico-
chemical parameters, with their respective errors shown as 
whiskers which represent standard deviation (SD). Figure 5 
shows results of pH, dissolved oxygen (DO) (mg/L), temper-
ature (°C) and salinity (psu or g/L). Figure 5 shows results 
of electrical conductivity (EC) (µS/cm), total dissolved solid 
(TDS) (ppm or mg/kg), delta (mV), electrical resistance 
(kΩ) and oxidation reduction potential (ORP) (mV).

The pH of water samples ranged from 2.964 ± 0.013 
to 9.632 ± 0.390 with a mean value of 6.680 ± 0.129 
and standard deviation of 1.472, as shown in Fig. 4. The 
lower limit of the pH range value is measured from fruit 

flavoured sparkling bottled water sample, whereas the 
upper limit is from alkaline ionised still water sample. The 
mean value is within both the recommended guidelines 
of South African Water Quality Guideline—Target Water 
Quality Range (TWQR) of (6.0–9.0) and World Health 
Organization—WHO of (6.5–8.5). The water samples that 
are outside the pH permissible limit are specialised bot-
tled drinking water containing some additive fruit flavours, 
carbonated and alkaline ionised, considered to be respon-
sible for the pH variation. The statistical analysis of the 
physicochemical parameters in the bottled drinking water 
quality of the samples is presented in Table 1. The pH in 
this study correlates with DO, potential delta and ORP, 
see Table 2, and is comparable with the indicated values 
on the label of the bottled water brand.

Dissolved oxygen of the water samples ranged from 
6.480 ± 0.015 to 17.145 ± 0.535 mg/L, with a mean value 
of 11.603 ± 0.179 mg/L and standard deviation of 2.684, 
see Fig. 4. The value in this study is within the permissible 
limit of ≥ 6.0 mg/L, an indication that the water samples 
contain the required dissolved oxygen needed for healthy 
body. One of the sources of oxygen for blood oxygenation 
is from water and the level of which is very important to 
be in checked and follow the recommended value (Patil 
et al. 2012).

Table 1  Statistical analysis of the physicochemical parameters in the bottled drinking water samples in South Africa

*EC: electrical conductivity, TDS: total dissolved solids, Temp.: temperature, Delta: potential, ER: electrical resistance, ORP: oxidation reduction 
potential, SA WQG: South Africa Water Quality Guideline, WHO: World Health Organization

Param-
eters

pH EC (µS/cm) TDS (ppm) DO (mg/L) Temp. (°C) Delta (mV) Salinity 
(psu)

Resistivity 
(kΩ)

ORP (mV)

No. of 
Sam-
ples

21 21 21 21 21 21 21 21 21

Mini-
mum

2.96 ± 0.01 1.38 ± 0.00 0.70 ± 0.03 6.48 ± 0.02 18.55 ± 0.49 497.95 ± 0.61 0 0.89 ± 0.04 531.4 ± 0.25

Maxi-
mum

9.63 ± 0.39 737.0 ± 9.39 371 ± 13.88 17.15 ± 0.54 22.9 ± 2.89 979.15 ± 49.11 0.35 ± 0.29 242 ± 3.27 970.0 ± 44.70

Arith-
metic 
Mean

6.68 ± 0.13 192.57 ± 2.25 99.62 ± 1.48 11.60 ± 0.18 21.42 ± 1.26 649.39 ± 12.51 0.09 ± 0.04 29.70 ± 0.60 653.21 ± 10.44

Median 7.08 ± 0.08 110.05 ± 1.67 78.35 ± 0.61 11.63 ± 0.15 22.40 ± 0.89 619.8 ± 4.57 0.06 ± 0.00 6.35 ± 0.12 612.3 ± 4.45
Mode N/A N/A N/A 11.39 ± 0.32 22.50 ± 0.49 N/A N/A N/A N/A
Stand-

ard 
devi-
ation

1.47 208.03 102.2 2.68 1.70 123.79 0.1 57.47 123.45

SA 
WQG

6.0–9.0 0–700 (µS/
cm)

0–450  ≥ 6.0 N/A N/A 0–1 N/A N/A

WHO 
per-
mis-
sible 
limits

6.5–8.0 1500  < 600  ≥ 6.0 N/A N/A N/A N/A N/A
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The temperature of the water samples, as shown in Fig. 5, 
ranged from 18.55 ± 0.489 to 22.90 ± 2.898 °C, with a mean 
of 21.42 ± 1.258 °C and standard deviation of 1.701. Water 
temperature is significant to physicochemical parameters, 
such as pH, DO, TDS, EC, salinity and ORP (Patil et al. 
2012) but showed low and negative correlation between 
them in this study.

Salinity of water samples ranged from 0 to 0.35 ± 0.29 
psu, with a mean value of 0.09 ± 0.04 psu and standard devi-
ation of 0.1 (see Fig. 5 and Table 1). The permissible limit 
is in the range of 0–1 which is not exceeded by the water 
samples results.

The electrical conductivity of the water samples ranged 
from 1.382 ± 0.00 to 737 ± 9.389 µS/cm with a mean value 
of 192.57 ± 2.247 µS/cm and a standard deviation of 208.03 
as shown in Fig. 6. The range and mean value are within 
both the recommended guidelines of South African Water 
Quality Guideline—Target Water Quality Range (TWQR) 
of (0–700 µS/cm) and World Health Organization—WHO 
of (1500 µS/cm) (SAWQG 1996; WHO 2022). In this study, 
EC is found as shown in Table 2 to statistically correlate 
very strongly with TDS, DO and salinity water properties, 
and comparable with (Joshi et al. 2009).

The total dissolved solids of the water samples ranged 
from 0.701 ± 0.033 to 371 ± 13.880 ppm, with a mean value 
of 99.623 ± 1.478 ppm and a standard deviation of 102.2, see 
Fig. 6. The range and mean value are within both the recom-
mended guidelines of South African Water Quality Guide-
line—Target Water Quality Range (TWQR) of (0–450 ppm) 
and World Health Organization—WHO of (< 600). The val-
ues are also comparable with the indicated values on the 
label of the water bottle. TDS as an important water quality 
property that tells the quantity of dissolved solids such as 
minerals and salts is found in this study to correlate very 
strongly with dissolved oxygen, conductivity and salinity as 
shown in Table 2.

The potential delta of the water samples ranged from 
497.95 ± 0.612 to 979.15 ± 49.112 mV with a mean value 

of 649.39 ± 12.514 mV and standard deviation of 123.79 
(see Fig. 6 and Table 1). From Table 2, delta correlated sig-
nificantly with ORP, a related parameter to DO and slightly 
with salinity.

The resistivity parameter of the water ranged from 
0.895 ± 0.00 to 242 ± 3.266 kΩ with a mean value of 
29.701 ± 0.601 kΩ and standard deviation of 57.474 as 
shown in Fig. 6 also in Table 1. It is an important water 
quality parameter which tells its ability to resist electrical 
current, correlates inversely with the TDS and EC and is 
usually higher in fresh water than saline water. It provides 
information on groundwater potential indicating the absence 
of dissolved solids or contaminants which ensures water 
purity for consumption (Hodlur et al. 2006; Fajana 2020).

Oxidation reduction potential also known as redox poten-
tial shows how free electrons and oxidising or reducing 
agent are available in drinking water (James et al. 2004). 
In this study, ORP has values ranging from 531.4 ± 0.245 
to 970 ± 44.703 mV with a mean of 653.121 ± 10.437 mV 
and standard deviation of 123.454 (see Fig. 5 and Table 1). 
Although there is no recommended value for the ORP, the 
values observed here suggest drinking water rich in redox 
agent enough for body electrolytic balance. A correlation of 
0.160 was observed between ORP and DO, suggesting that 
low or higher value of ORP in drinking water does not nec-
essarily implied that there is less or a lot of DO present and 
is comparable with findings by (James et al. 2004; Austin 
et al. 2009).

Table 2 shows the Pearson correlation coefficient of 
the analysed physicochemical parameters in the bottled 
drinking water samples in South Africa. Values that are 
close to 1 and − 1 or where R > 0.8 have high correla-
tion, those whose values of R in the range of 0.4 to 0.8 
correlates moderately, whereas those close to 0 have low 
correlation or there is no significant interaction between 
the parameters involved (Abdessamed et  al. 2023). 
The range of Pearson’s coefficient is from − 0.617 and 
0.273; − 0.422 and 0.981; and − 0.123 and 0.987. The 

Table 2  Pearson correlation 
coefficient of the analysed 
physicochemical parameters 
in the bottled drinking water 
samples in South Africa

*EC: electrical conductivity, TDS: total dissolved solids, Temp: temperature, Delta: potential, ER: electri-
cal resistance, ORP: oxidation reduction potential

Parameter pH EC TDS DO Temp Delta Salinity ER ORP

pH 1
EC − 0.494 1
TDS − 0.485 0.981 1
DO − 0.543 0.507 0.519 1
Temp − 0.126 − 0.285 − 0.260 − 0.290 1
Delta − 0.617 0.450 0.472 0.202 − 0.449 1
Salinity − 0.476 0.998 0.981 0.495 − 0.270 0.442 1
ER 0.273 − 0.417 − 0.422 − 0.304 0.110 − 0.193 − 0.430 1
ORP − 0.598 0.402 0.421 0.160 − 0.454 0.987 0.394 − 0.180 1
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parameters (pH) show a negatively moderate correlation 
with EC, TDS, DO, salinity and ORP. A very strong sig-
nificant correlation is observed between salinity and EC, 
TDS with values of R as 0.998 and 0.981, respectively. 
ORP and delta also show high correlation of 0.987. A 

very low correlation is observed between pH and tem-
perature, resistivity; dissolved oxygen (DO) and delta, 
ORP; resistivity and ORP, temp and delta.

Table 3  Concentrations and summary statistics of trace, rare-earth elements and heavy metals (mg/L) in commercial bottled drinking water in 
South Africa using ICP-MS (mean concentration ± SD) number of samples 21

*N.G.: not available, Stdev. and SD: Standard deviation, WHO: World Health Organization guidelines, TWQR-SA: Total Water Quality Range 
of South Africa

Elements Maximum (mg/L) Minimum 
(mg/L)

Mean (mg/L) Stdev WHO (2004, 
2022) (mg/L)

TWQR-
SA (1996) 
(mg/L)

Li 0.0170 ± 0.0003 0.00 0.0020 ± 3.03E−05 0.0038 N.G N.G
Be 0.0007 ± 0.0005 0.00 0.0226 ± 8.07E−05 0.0002 N.G N.G
C 734.809 ± 231.514 0.00 132.0857 ± 24.6992 231.7373 N.G N.G
Na 6.8165 ± 0.1740 0.00 1.4854 ± 0.0242 2.4467  < 20 0–100
Mg 42.5622 ± 0.3265 0.00 8.5293 ± 0.0645 12.6673 30 0–30
Al 0.2442 ± 0.0138 0.00 0.0301 ± 0.0014 0.0703 0.2 0–0.15
Si 14.5449 ± 0.1292 0.00 3.7496 ± 0.0267 4.3139 N.G N.G
P 0.0537 ± 0.0005 0.00 0.0037 ± 6.97E−05 0.0119 N.G N.G
Cl 21.5009 ± 1.9979 0.00 3.6316 ± 0.2814 6.3116 5 N.G
K 93.6178 ± 8.1812 0.00 11.7508 ± 5.2044 21.3885 10 0–50
Ca 288.8297 ± 4.1015 0.00 80.8176 ± 0.6389 116.0008 75 0–32
Ti 0.1838 ± 0.0026 0.00 0.0364 ± 0.0007 0.0575 N.G N.G
V 0.0042 ± 7.78E−05 0.00 0.0005 ± 1.48E−05 0.0010 N.G 0–0.1
Cr 0.0213 ± 0.0083 0.00 0.0036 ± 0.0007 0.0062 0.05 0–0.05
Mn 0.1569 ± 0.0005 0.00 0.0080 ± 3.8E−05 0.0341 0.08 0–0.05
Fe 0.2807 ± 0.0092 0.00 0.0021 ± 0.1921 0.0027 0.3 0–0.1
Co 0.0034 ± 3.54E−05 0.00 0.0002 ± 2.36E−06 0.0007 N.G N.G
Ni 0.0019 ± 2.83E−05 0.00 9.21E−05 ± 2.36E−06 0.0004 0.07 N.G
Cu 0.0423 ± 0.0007 0.00 0.0054 ± 7.78E−05 0.0107 2 0–1
Zn 0.0567 ± 0.0006 0.00 0.0027 ± 2.93E−05 0.0124 3 0–3
As 0.0009 ± 2.12E−05 0.00 0.0002 ± 3.37E−06 0.0002 0.01 0–10
Se 0.04975 ± 0.0696 0.00 0.0025 ± 0.0033 0.0152 0.04 0–20
Br 0.1434 ± 0.0729 0.00 0.0406 ± 0.0048 0.0502 N.G N.G
Rb 0.1033 ± 0.0729 0.00 0.0016 ± 0.0035 0.0224 N.G N.G
Sr 1.1535 ± 0.07225 0.00 0.0733 ± 0.0040 0.2489 N.G N.G
Zr 0.0011 ± 0.0006 0.00 0.0002 ± 7.27E−05 0.0003 N.G N.G
Ag 0.0053 ± 5.66E−05 0.00 0.0003 ± 1.08E−05 1.64E−05 0.01 N.G
Cd 3.50E−05 ± 7.07E−06 0.00 2.86E−06 ± 6.73E−07 8.60E−06 0.003 0–5
Sb 0.0006 ± 1.414E−05 0.00 0.0002 ± 3.70E−06 4.81E−06 0.02 N.G
I 0.0731 ± 0.0026 0.00 0.0099 ± 0.0003 0.0163 N.G N.G
Cs 0.0005 ± 1.41E−05 0.00 4.93E−05 ± 1.01E−06 0.0001 N.G N.G
Ba 0.2235 ± 0.0063 0.00 0.0241 ± 0.0007 0.0627 1.3 N.G
La 0.0066 ± 0.0002 0.00 0.0004 ± 1.52E−05 0.0014 N.G N.G
Ce 0.0067 ± 0.0002 0.00 0.0004 ± 1.28E−05 0.0015 N.G N.G
Nd 0.0004 ± 1.41E−05 0.00 3.07E−05 ± 1.68E−06 9.58E−05 N.G N.G
Hg 0.0005 ± 0.0007 0.00 2.52E−05 ± 3.43E−05 0.0001 0.006 0–1
Pb 0.0004 ± 0.0002 0.00 2.88E−05 ± 1.11E−05 9.95E−05 0.01 0–10
Th 7.00E−05 ± 7.07E−06 0.00 6.43E−06 ± 1.01E−06 1.78E−05 N.G N.G
U 0.0029 ± 0.0002 0.00 0.0002 ± 1.45E−05 0.0007 0.03 N.G
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Concentrations of trace, heavy and rare‑earth 
elements

Table 3 presents the concentrations (mg/L) of lithium 
(Li), beryllium (Be), carbon (C), sodium (Na), magne-
sium (Mg), aluminium (Al), silicon (Si), phosphorus (P), 
chlorine (Cl), potassium (K), calcium (Ca), titanium (Ti), 
vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), 
cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic 
(As), selenium (Se), bromine (Br), rubidium (Rb), stron-
tium (Sr), zirconium (Z), silver (Ag), cadmium (Cd), anti-
mony (Sb), iodine (I), caesium (Cs), barium (Ba), lantha-
num (La), cerium (Ce), neodymium (Nd), mercury (Hg), 
lead (Pb), thorium (Th) and uranium (U), measured utilis-
ing the ICP-MS analysis.

The concentration of Al in the water samples ranges 
from 0 to 0.245 ± 0.013  mg/L, with a mean value of 
0.0301 ± 0.0014 mg/L and a standard deviation of 0.070. 
The permissible limit and guideline level for Al are 0.2 
and 0–0.15, respectively (WHO 2004, 2022 and SAWQG 
1996). 4.76% of the samples exceeded the limit, and it is 
of the natural carbonated water sample type. Al is used in 
the treatment of water and as food additives (WHO 2022). 
In domestic water, Al where there is Fe or Mn has aesthetic 
effects, in relation to discolouration and relates to causing 
Alzheimer’s disease as well as chronic neurological disor-
ders such as dialysis dementia (SAWQG 1996; Abdul et al. 
2012). Fe concentration in the water samples ranges from 0 
to 0.281 ± 0.009 mg/L with a mean of 0.086 ± 0.002 mg/L 
and standard deviation of 0.113. The permissible limit of Fe 
in drinking water is 0.3 and 0–0.1 mg/L, respectively (WHO 
2004, SA WQG, 1996). 23.81% of the samples exceeded 
the South African Water Quality Guideline but is below 
the WHO recommendation. The excessive ingestion and 
overaccumulation of Fe may cause haemorrhage, metabolic 
acidosis, cardiac depression and tissue damage (SAWQG 
1996; Abdul et al. 2012). The concentration of Cu in the 
water samples range from 0 to 0.042 ± 0.001 mg/L with 
a mean of 0.005 ± 0.0001 mg/L and standard deviation of 
0.011. None of the samples showed high Cu concentration 
above the permissible limit. However, Cu is considered an 
essential nutrient but at higher doses is observed to cause 
gastrointestinal irritation, nausea and vomiting (SAWQG 
1996; USEPA 1999). Zn concentration in the drinking water 
samples ranges from 0 to 0.057 ± 0.001 mg/L with mean of 
0.002 ± 0.0002 mg/L and standard deviation of 0.012. Only 
4.76% of the water samples contain Zn and the concentra-
tions are below the acceptable limit of 3 mg/L set by both 
(SAWQG 1996; WHO 2022). Zn is a trace element that is 
essential for physiological and metabolic processes in liv-
ing organism, but in high concentration it can have severe, 
acute toxicity, disturbances in electrolytes and renal damage 
possibility (Pillai 1983; SAWQG 1996).

The concentration of Pb in the water samples is in 
the range of 0 to 0.0004 ± 0.0002 mg/L with a mean of 
2.88E−05 ± 1.11E−05  mg/L and standard deviation of 
9.95E−05, shown by only 9.52% of the samples. The desir-
able limit of Pb in drinking water is 0.01 mg/L (WHO 2022) 
and 0–10 mg/L(SAWQG 1996), and is not exceeded by the 
Pb concentration. However, the acute and or irreversible 
effects of high level of Pb on human health include neu-
rological impairment, respiratory disorder and anaemia, 
with high sensitivity to Pb toxicity by children which could 
damage their brain (Abdul et al. 2012; SAWQG 1996). The 
concentration of Mg in the drinking water is in the range of 
0 to 42.562 ± 0.326 mg/L, mean of 8.529 ± 0.0645 mg/L and 
standard deviation of 12.667. The permisible limit of Mg 
in drinking water is 30 mg/L (WHO 2022; SAWQG 1996). 
The mean value of Mg is below acceptable limit whereas 
the maximum value (recorded from natural carbonated 
sparkling water) is above the permissible limit. Magnesium 
carbonate is one of the common minerals of magnesium 
and could inform the reason why the permissible limit is 
exceeded in this water sample (Nerbrand et al. 2003). Mg 
has a property of bitter taste and makes it provide natural 
protection against the ingestion of concentrations that could 
be potentially harmful. However, high levels of Mg in drink-
ing water may cause diarrhoea, severe scaling and health 
problems (Kozisek 2020; Abdul et al. 2012; SAWQG 1996). 
However, Mg in drinking water was found to play a pro-
tective role against cardiovascular disease (Kozisek 2020). 
The concentration of Ca in the water samples ranges from 
0 to 288.829 ± 4.102 mg/L, mean of 80.818 ± 0.639 mg/L 
and standard deviation of 116.001. The permissible limit 
of Ca in drinking water is 75  mg/L (WHO 2022) and 
0–32 mg/L (SAWQG 1996). 28.57% of the water samples 
exceeded the permissible limit set by WHO whereas 42.86% 
of the water samples are above the recommended level by 
SAWQG. Natural mineral spring water were the samples 
type found with the elevated levels of Ca. In human diet, 
Ca is an important mineral element having a range of 500 
to 1400 mg per day total dietary intake, considered to play 
protective role against cardiovascular disease and moderate 
the toxicity of other heavy metals (SAWQG 1996). However, 
studies showed that major cardiovascular risk factors corre-
lated significantly with the content of Ca in water (Nerbrand 
et al. 2003; Kozisek 2020). K concentration in the drinking 
water is in the range of 0 to 93.618 ± 8.181 mg/L, mean 
of 11.751 ± 5.204 mg/L and standard deviation of 21.388. 
The recommended limit of K in drinking water is 10 mg/L 
(WHO 2004) and 0–50 mg/L (SAWQG 1996). 23.81% and 
4.76% of the samples exceed the WHO and SAWQG permis-
sible limit, respectively. However, the daily recommended 
requirement of K is > 3000 mg as it is essential element 
in human and found widely in the environment including 
natural drinking water at concentrations levels of no health 
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concern (WHO 2022). However, elevated levels of K cause 
hyperkalaemia and have adverse effects on high-risk groups 
such infants or persons with renal disease, kidney and heart 
disease, diabetes as well as those under medication that 
interfere with functioning of K in the body (WHO 2009).

The concentration of Mn in the water samples 
ranges from 0 to 0.1569 ± 0.0005 mg/L, mean value of 
0.0080 ± 3.8E−05 mg/L and standard deviation of 0.0341. 
The permissible limit of Mn in drinking water is 0.08 mg/L 
(WHO 2022) and 0–0.05 mg/L (SAWQG 1996). 4.76% of 
the water exceed both permissible limits of Mn in drink-
ing water, and it is observed in spring water sample type. 
It could be attributed to its natural occurrence in ground-
water, or contamination from the water bottling process 
(WHO 2022; Feru 2004). Mn is an important trace ele-
ment, as its deficiency could lead to anaemia, impairment 
in growth and abnormalities in the skeleton (SAWQG 1996; 
WHO 2022). However, ingestion of elevated levels of Mn 
in drinking water could cause severe health effects such 
as neurological effects with diminished cognitive ability, 
temporarily suggested Parkinson’s disease (WHO 2022; 
SAWQG 1996). The concentration of Cr in the analysed 
drinking water ranges from 0 to 0.0213 ± 0.0083 mg/L, mean 
of 0.0036 ± 0.0007 mg/L and standard deviation of 0.0062. 
The permissible limit of Cr in drinking water is 0.05 mg/L 
(WHO 2022; SAWQG 1996) and is not exceeded in this 
study. Cr is one of the heavy metals of carcinogenic attrib-
utes. If found in high concentrations in drinking water, it 
portends risk of acute toxicity, slight nausea and increas-
ing risk of cancer induction, especially gastrointestinal 
cancer over prolonged exposure (SAWQG 1996; WHO 
2020; Naz et al 2016). Ni concentration in the water sam-
ples ranges from 0 to 0.0019 ± 2.83E−05 mg/L with mean 
value of 9.21E−05 ± 2.36E−06 mg/L and standard devia-
tion of 0.0004. 9.52% of the samples yielded that results 
while others have zero values. The permissible limit of Ni 
in drinking water 0.07 mg/L is not exceeded in this study. 
Ni is also one of the heavy metals that has attributes of 
carcinogen through ingestion route(DHHS 2002). The 
concentration of Cd in the drinking water ranges from 0 to 
3.50E−05 ± 7.07E−06 mg/L, mean of 2.86E−06 ± 6.73E-
07 mg/L and standard deviation of 8.60E−06. The results 
are produced by only 14.29% of the samples and are below 
the permissible limit of 0.003 mg/L and 0–5 mg/L, respec-
tively (WHO 2022; SAWQG 1996). However, Cd is one of 
the carcinogenic heavy metals, elevated concentrations with 
long-term exposure put individuals in high risk of kidney 
damage, effect for which is potentially acute or irreversible 
on human health (SAWQG 1996).

The concentrat ion of Na ranges from 0 to 
6.8165 ± 0.1740  mg/L mean of 1.4854 ± 0.0242  mg/L 
and standard deviation of 2.4467. Guidance level of Na 
is < 20 mg/L (WHO 2022) and 0–100 mg/L (SAWQG 

1996) and is not exceeded by the drinking water samples 
in this study. As an essential element, the body of humans 
needs Na whose functions include the regulation of fluids, 
transmission of nerves impulses, contraction of impulses 
as well as relaxing (Jeffery et al 2014). However, high 
concentrations of Na in drinking water make it have very 
salty taste with tendency of causing nausea and vomit-
ing. It increases the risk of severe health effects such as 
hypertension, disease of the heart and stroke, gastroin-
testinal track ulceration, disturbances of the central nerv-
ous system and possibility of pulmonary oedema (USEPA 
2003; Jeffery et al 2014). The concentration of U in drink-
ing water ranges from 0 to 0.0029 ± 0.0002 mg/L mean 
of 0.0002 ± 1.45E−05 mg/L and standard deviation of 
0.0007, presented by 38.10% of the samples, while 61.90% 
of the samples recorded zero concentration. The accepta-
ble limit of U in drinking water is 0.03 mg/L (WHO 2004) 
which is not exceeded by the drinking water samples in 
this study. U is a chemical element and a toxic heavy metal 
that is ubiquitous and has potential health effects (due to 
elevated levels and prolong exposure) of kidney damage, 
composition of urine changes and liver or bone cancer 
(WHO 2005; Kurttio et al. 2002). Ba concentration in the 
drinking water ranges from 0 to 0.2235 ± 0.0063 mg/L, 
mean value of 0.0241 ± 0.0007 mg/L and standard devia-
tion of 0.0627. The recommended guideline level of Ba is 
1.3 mg/L (WHO 2022) and is not exceeded by the water 
samples in this study.

The concentration of C in the drinking water samples 
ranged between 0 to 734.809 ± 231.514 mg/L with a mean 
value of 132.0857 ± 24.6992 mg/L and standard deviation 
of 231.7373, recorded by 61.90% of the drinking water sam-
ples, whereas 38.10% recorded zero. There is no permissible 
limit for C in drinking water.

The maximum concentrations of Al, Fe, Mg, Ca, K and 
Mn were above the permissible limits of the drinking water 
quality, while the other elements analysed did not exceed the 
limits, as provided by WHO and SAWQG. This may be due 
to factors such as the geological formation of the aquifer or 
bedrock for which water is in contact with, anthropogenic 
factors such as industrial processing, discharge of sewage 
and acid mined water seepage into soil, which could con-
taminate natural spring water (APHA 1999; Fajana 2020; 
USEPA 2012). This call for remedial action by relevant 
authority to mitigate the long-time effects this exceedence 
could have on the people consuming such water. The con-
centrations of the heavy metals analysed in the drinking 
water samples are presented in Fig. 7. The mean concentra-
tion of the heavy metals in the drinking water samples as 
measured was in the decreasing toxicity order of Sr > Al > 
Ba > Mn > Cu > Cr > Zn > Fe > As > Co > U > Ni > Cs > Pb 
> Cd > Hg. This order skewed the highly toxic heavy metals 
to the right, which is the low-level concentration region.
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Assessment of human health risk

Assessment of non‑carcinogenic risk

The assessment of health risks of humans involves esti-
mating the kind and level of health effects people could 
be exposed to in an environment that is contaminated, 
especially by toxic chemicals. In this study, the computed 
chronic daily intake (CDI), hazard quotient (HQ) and hazard 

index (HI) values for the adults due to heavy metals in the 
consumption of bottled drinking water of South Africa are 
shown in Table 4. The results showed that the mean lev-
els of the CDI (mg/kg-day) are 6.31E−08 for Li, 2.54E−09 
for Be, 1.13E−05 for Cr, 2.52E−07 for Mn, 2.72E−06 for 
Fe, 2.90E−09 for Ni, 1.71E−07 for Cu, 8.48E−08 for Zn, 
5.52E−09 for As, 8.98E-11 for Cd, 7.59E−07 for Ba, 7.93E-
10 for Hg, 9.05E-10 for Pb, 9.05E−06 for Sr and 1.41E−08 
for V. Hence, the mean values of the CDI for the concen-
tration of heavy metals for the adults are determined to be 
of the order of Cr > Fe > Sr > Ba > Mn > Cu > Zn > Li > V > 
As > Ni > Be > Pb > Hg > Cd. The estimated chronic daily 
intake values in the drinking water were all below the rec-
ommended permissible limit (USEPA 2011).

The estimated values of HQ as shown in Table 4 columns 
5–7 for the heavy metals are all less than 1. Therefore, the 
health risk estimation of Li, Be, Cr, Mn, Fe, Ni, Cu, Zn, As, 
Cd, Ba, Hg, Pb, Sr and V by their mean values showed an 
acceptable level of the non-carcinogenic health risk in all the 
bottled drinking water samples analysed from South Africa. 
The individual contributions of the heavy metals can be said 
to be in the order of Li > As > V > Ba > Fe > Cu > Sr > Hg > 
Mn > Pb > Zn > Cd > Ni > Be > Cr. The HI estimated value, 
which is the total of the HQs, as shown in Table 4 at the 
bottom of columns 5–7 has mean of 2.07E−03 and range 
of 0.00 to 1.76E−02 all of which falls below 1. It therefore 
suggests that consumption of bottled drinking water by the 
people of South Africa will not pose any non-carcinogenic 
health risk due to heavy metals exposure.

Fig. 7  Heavy metal concentrations of Cr, Ni, Cu, As, Cd, Pb, Al, 
Fe, Hg and U in the different bottled drinking water samples (mg/L) 
measured in this study with whiskers representing standard deviation

Table 4  Non-carcinogenic human health risks values of chronic daily intake (CDI), hazard quotient (HQ) and hazard index (HI) due to ingestion 
of heavy metals in bottled drinking water in South Africa

*USEPA (2011), Mohammadi et al. (2019), Bempah and Ewusi (2016), Wu et al. (2009). RfD = Reference Dose

Heavy metal Chronic daily intake (CDI) (mg/kg/day) Hazard quotient (HQ) RfD (mg/kg-day)*

Mean Minimum Maximum Mean Minimum Maximum

Li 6.31E−08 0.00 5.28E−07 2.00E−03 0.00 1.68E−02 2.00E−02
Be 2.54E−09 0.00 2.15E−08 1.27E−07 0.00 1.08E−06 2.00E−03
Cr 1.13E−05 0.00 6.68E−07 3.78E−08 0.00 2.23E−04 3.00E−03
Mn 2.52E−07 0.00 4.93E−06 1.80E−06 0.00 3.52E−05 1.40E−01
Fe 2.72E−06 0.00 8.82E−06 9.06E−06 0.00 2.94E−05 3.00E−01
Ni 2.90E−09 0.00 5.94E−08 1.45E−07 0.00 2.97E−06 2.00E−02
Cu 1.71E−07 0.00 1.33E−06 4.28E−06 0.00 3.33E−05 4.00E−02
Zn 8.48E−08 0.00 1.78E−06 2.83E−07 0.00 5.94E−06 3.00E−01
As 5.52E−09 0.00 2.77E−08 1.84E−05 0.00 9.22E−05 3.00E−04
Cd 8.98E-11 0.00 1.10E−09 1.80E−07 0.00 2.20E−06 5.00E−04
Ba 7.59E−07 0.00 7.02E−06 1.08E−05 0.00 1.00E−04 7.00E−02
Hg 7.93E-10 0.00 1.59E−08 2.64E−06 0.00 5.29E−05 3.00E−04
Pb 9.05E-10 0.00 1.35E−08 6.47E−07 0.00 9.65E−06 1.40E−03
Sr 2.30E−06 0.00 3.23E−05 3.84E−06 0.00 6.04E−05 6.00E−01
V 1.41E−08 0.00 1.32E−07 1.41E−05 0.00 1.32E−04 1.00E−03
Hazard index (HI) 2.07E−03 0.00 1.76E−02
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Assessment of carcinogenic risk

Assessment of carcinogenic risk is performed for heavy 
metals such as Cr, Ni, As, Cd and Pb that have potential of 
yielding cancer in humans due to exposure to same (USEPA 
1989; Mohammadi et al 2019). Table 5 presents the esti-
mated values of ILCR for the heavy metals, and the can-
cer slope factor (SF) in column 5, which was used together 
with the CDI in the determination of the ILCR. The results 
from this study showed total mean values of ILCR to be 
4.67E−06, and range of 0.00 to 2.76E−05, which is insig-
nificant as well as within the permissible level of the can-
cer risk guidance limit of 1.00E−06 to 1.00E−04 (Wu et al 
2009). An indication that the consumption of bottled drink-
ing water in South Africa is safe and without contamination 
with heavy metals that could cause carcinogenic health risk.

Table 6 presents the comparison of heavy metal concen-
tration in drinking water from South Africa (present study) 
and other countries of the world and the water quality guide-
line values by international organisations, such as World 
Health Organization (WHO) and US Environmental Pro-
tection Agency (USEPA). The type of water considered in 
this comparison is of groundwater source. It can be observed 
that the concentration of heavy metals in the bottled drink-
ing water from South Africa has values in a close order of 
magnitude to those of natural spring water from Iran but less 
than those reported by other countries of the world. Moreso, 
the concentrations are below the guideline values except for 
countries like Ghana and Nigeria which exceeded the lim-
its. This variation could be due to the geological location 
variation across the world, anthropogenic factors as well as 
industrial water production processes (Oyeku and Eludoyin 
2010; WHO 2022).

Conclusion

The purpose of this study is to investigate the composition 
and characteristics of the natural mineral bottled drinking 
water consumed in South Africa with the view to ascer-
tain the potential health risks related with the exposure to 
heavy metal contaminants. Utilising specialised ICP-MS 
and physicochemical parameters system of analysis, the 
results showed varying concentration levels of trace, heavy 
and rare-earth elements across the various brands in rela-
tion to compliance with regulatory standards. Additionally, 
our findings underscore the importance of monitoring the 
concentrations of heavy metal in bottled drinking water. 
The physicochemical parameters, such as pH, EC, DO, 
ORP, resistivity and salinity among others, were found to be 
within the acceptable levels, showing overall water quality.

The maximum concentrations of Al, Fe, Mg, Ca, K and 
Mn in some samples were above the permissible limits of 

the drinking water quality, while those of other elements 
analysed did not exceed the limits, as provided by WHO and 
SAWQG. Samples with exceeding concentration limits are 
of the type—fruit flavoured carbonated sparkling drinking 
water. Hence, potential long-time effects this exceedence 
could have on the people consuming such water should be 
examined. The mean concentration of the heavy metals in 
the drinking water samples as measured was in the decreas-
ing toxicity order of Sr > Al > Ba > Mn > Cu > Cr > Zn > Fe 
> As > Co > U > Ni > Cs > Pb > Cd > Hg. The mean values 
of the CDI for the concentration of heavy metals for adults 
are determined to be of the order of Cr > Fe > Sr > Ba > M
n > Cu > Zn > Li > V > As > Ni > Be > Pb > Hg > Cd. The 
estimated chronic daily intake values in the drinking water 
were all below the recommended permissible limit. The esti-
mated values of both HQ and HI (with mean of 2.07E−03 
and range of 0.00 to 1.76E−02) for the heavy metals are all 
found to be less than 1. Therefore, the health risk estimation 
of Li, Be, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, Ba, Hg, Pb, Sr 
and V by their mean values showed an acceptable level of 
the non-carcinogenic health risk in all the bottled drinking 
water samples analysed. Meanwhile, the results from this 
study showed total mean values of ILCR to be 4.67E−06, 
and range of 0.00 to 2.76E−05, which is insignificant as 
well as within the permissible level of the cancer risk guid-
ance limit of 1.00E−06 to 1.00E−04. An indication that the 
consumption of bottled drinking water in south Africa may 
be safe and without contamination with heavy metals that 
could cause carcinogenic health risk. However, the long-
time potential effects due to the few exceeded metals needed 
to be considered. The bottled drinking water from this study 
compares well with other countries but with less heavy met-
als concentration.

This study is limited to the assessment of the physico-
chemical parameters, trace and heavy metals and the health 
risk from most consumed natural spring commercial bot-
tled water in South Africa, using the ICP-MS destructive 

Table 5  Carcinogenic human health risks values of incremental life-
time cancer risk (ILCR) due to the ingestion of heavy metals in the 
bottled drinking water by adults in South Africa

*USEPA (2011),Mohammadi et al. (2019)

Heavy metal Incremental lifetime cancer risk 
(ILCR)

Cancer slope factor 
(SF) (kg/day/mg)*

Mean Minimum Maximum

Cr 4.65E−06 0.00 2.74E−05 41
Ni 2.43E−09 0.00 4.99E−08 0.84
As 8.28E−09 0.00 4.15E−08 1.5
Cd 5.48E-10 0.00 6.71E−09 6.1
Pb 7.70E−09 0.00 1.15E−07 8.5
∑

ILCR 4.67E−06 0.00 2.76E−05
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analytical technique. It could be further expanded to include 
more and all available and consumed natural mineral spring 
bottled commercial water, also utilising other methods like 
ion chromatography (for anions and cations components 
of physicochemical parameters), hyper pure germanium 
(HPGe) gamma spectrometry technique (for activity con-
centration levels of natural radionuclides and radiological 
health risk analysis) and or liquid scintillation counting 
(LSC) technique for hydrogen and tritium or gross alpha 
and beta in the drinking water.

This study contributes to the existing body of knowledge 
in safety of bottled drinking water, especially, in the context 
of human health risk due to exposure to heavy metals, by 
providing baseline data for reference. It also underscores the 
significance of stringent quality control measures and regu-
lar monitoring to ensure the safety as well as the integrity of 
the bottled water products. It will boost the safeguarding of 
public health and the confidence of consumers.

It is highly recommended that there should be continu-
ous research on bottled drinking water to assess the sources 
and ingestion pathway of heavy metals contamination and 
human exposure, with potential mitigation strategies. Fur-
thermore, there should be public awareness campaigns on 
the importance of quality of water whereby healthier drink-
ing water practices could be achieved in the process.
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