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Abstract

Safe drinking water is directly linked to good human health. An excessive amount of manganese (Mn) in drinking water supplies
causes people show symptoms of neurotoxicity. In this study, the level of Mn in potable water sourced from tube wells located in
9 (nine) districts of Bangladesh was monitored. In total, 170 (one hundred and seventy) water samples were collected and Mn was
quantified by atomic absorption spectroscopy (AAS). The levels of Mn found in the tube well water samples of Sirajganj,
Meherpur, Chuadanga, Jhenaidah, Magura, Faridpur, Jashore, Satkhira, and Khulna were 0.37-1.86, 0.10-4.11, 0.30-0.76,
0.26-0.94, 0.01-0.18, 0.21-1.78, 0.08-1.23, 0.05-0.27, and 0.01-2.11 mg/L, respectively. Results revealed that Mn level was
beyond the highest contaminated levels of 0.1 mg/L and 0.4 mg/L, which are recommended by Bangladesh Drinking Standard
(BDS) and World Health Organization (WHO), respectively. The maximum Mn contaminated level reached up to 4.11 mg/L
(mean, 0.53 mg/L). The Mn level in tube well water exceeded 51.1% and 75.9% set by the recommended value of WHO and
BDS, respectively. Furthermore, the calculated hazard quotient (HQ) value for Mn was observed to be greater than unity,
indicating both children and adults risked potential non-carcinogenic health issues. The water supply authorities should take
steps to provide Mn-free drinking water for communities.
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Drinking water is essential for people to maintain good health.
In safe drinking water, a trace level of essential minerals is
necessary for proper bodily functioning. Too little or too much
in the way of mineral levels will badly affect human health. In
Bangladesh, groundwater is the main source of drinking wa-
ter. A few parts of the coastal area such as the Bagherhat and
Satkhira districts use harvested rainwater for drinking pur-
poses (Islam et al. 2019). Impurities of trace elements in po-
table water are one of the major health concerns particularly
for children because they might pose toxic metals. A specific
matter of concern is that the higher amount of manganese
(Mn) in the drinking water can induce to develop many dis-
ease and impairment of the body function (Avila et al. 2013;
Grandjean and Landrigan, 2006; Guilarte and Chen, 2007),
which reflect the importance of measuring Mn in potable wa-
ter and health risk assessment through consumption.
Manganese is widely disseminated in the biosphere in a
combined state. It is the 12" most abundant element and forms
almost 0.1% of the Earth’s surface (Bouchard et al. 2007; Keen
et al. 2013). It is an indispensable element for the human body
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(Aschner et al. 2007) so that various physiological processes
function properly (Erikson et al. 2005). For the immune sys-
tem’s good functioning, Mn plays an essential role (Erikson and
Aschner, 2003). It acts as a constituent of metalloenzymes
(Keen et al. 2013). However, exposure to high amounts of
Mn can be neurotoxic. Many studies of Mn exposures in chil-
dren and associated adverse neurodevelopmental outcomes is
well documented (Grandjean and Landrigan 2014, Lucchini
et al. 2017, Rodriguez-Barranco et al. 2013; Keen et al. 2013;
Wasserman et al. 2006). High Mn exposure can cause cognitive
(Roels et al. 2012), Parkinson, psychiatric, and memory impair-
ment (Grandjean and Landrigan, 2006; Guilarte and Chen,
2007). Manganese can also cause Alzheumer’s disease,
Huntington’s disease, amyotrophic lateral sclerosis, mitochon-
drial dysfunction, astrocytosis, genotoxicity, etc. (Ghosh et al.
2020; Avila et al. 2013). Manganese is a well-known occupa-
tional toxicant, causing a depletion of brain dopamine and a
syndrome of motor dysfunction and memory loss resembling
Parkinson disease (McMillan, 1999). The concentration of Mn
at 0.14 mg/kg/day as an oral reference doses (RdD,) can devel-
op critical neurotoxicity (ATSDR, 2012), although this value
sometimes considered to 0.047 mg/kg/day for association with
Mn toxicity through consumption of drinking water (Brown
et al. 2009). When peoples are exposed at elevated level of
Mn through intake of drinking water, they might be of greater
health risk due to the rapid absorption of Mn in the intestine and
enter into blood cells (Chen et al. 2018). Potential neurological
effects and/or behavior problems are reported in children fol-
lowing oral exposure to clevated levels (0.4 mg/L) on Mn con-
sumption (Woolf et al. 2002; Sahni et al. 2007).

Usually, Mn in the groundwater ranges from 1 to 100 pg/L
(Keen et al. 2013). However, the value may varies due to nature
of the environments, such as Mn concentrations reported up to
1300 g/L in neutral groundwater and 9600 g/L in acidic
groundwater (ATSDR, 2012). Many countries, for example,
those in the European Union, UK, Canada, USA, and Japan
recommended that Mn in potable water should be no more than
50 ug/L (Iyare, 2019); yet, in Bangladesh, it is 100 pg /L (ECR
1997). Bowler et al. (2006) reported that anthropogenic activ-
ities are responsible for Mn exposure, which might be the
source of damage done to the central peripheral nervous sys-
tems. The Mn level in groundwater is increasing gradually
which is an issue of concern globally (Bouchard et al. 2018;
Groschen et al. 2009). Some recent studies investigated many
factors (urbanization and industrialization, mining activities
and landfill leaching, rock and soil weathering, industrial dis-
charges, leakage of wastewater sewages, corrosion of pipes,
temperature, pH, decomposition of organic matter, and reduc-
tion of iron (Fe) as well as many other hydrological and geo-
logical factors) that influence the release of Mn in drinking
water (WHO 2020; Hou et al. 2020; Zhang et al. 2020, Kohl
and Medlar, 2006; Ljung and Vahter, 2007). Of these, the main
sources of Mn are from industrial activities including Fe and
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steel-alloys production, as an ingredient in various products
such as fertilizers and pottery glazes, dry-cell batteries, glass
and fireworks, burning of organo-manganese compounds—
containing petrol, power plants, coke ovens, handloom indus-
try, dyeing printing, and painting industry, textile industry, and
from mining operations (William-Johnson and World Health
Organization, 1999; USEPA, 2004; Stokes et al. 1988).
Manganese can also be used as an impurity in coagulant pro-
duction (such as ferric-based coagulants) for drinking water
treatment. Hasan and Ali (2010) reported that the occurrence
of Mn in groundwater of Bangladesh has consequences for as
benign water supply. It is stated that environmental exposure to
Mn causes human health risks (O’Neal and Zheng, 2015) and
Mn in potable water increases the rate of all cancers (Spangler
and Reid, 2010).

Various factors, for example, the concentration of Mn and
competition of other metals, are responsible for Mn absorption
by the gastrointestinal tract (Aschner and Aschner, 2005).
Typically, Mn in food products ranges from 0.4-20 pg/g
(Keen et al. 2013). Drinking water contaminated by Mn poses
can endanger children’s health and especially the nervous sys-
tem (Frisbie et al. 2012). Children who are exposed to Mn
higher than 400 pg/L achieved poorer education outcomes
compared to those with less Mn in their body (Khan et al.
2012). Bouchard et al. (2007) reported the positive correlation
to hyperactive classroom behavior of 46 children (24 boys and
22 girls) between ages of 6 and 15 years (mean 11 years)
association with Mn in drinking water in one study from
Quebec (Canada). Thus, Mn in drinking water is a potential
threat for children. Wasserman et al. (2006) discovered that
the consumption of larger amounts of Mn in water (mean, 800
pug/L) by children at the age of 10 years resulted in them
showing notably lower intelligence quotient (IQ). Many re-
searchers stated that Mn is a poisonous substance that causes
shortfalls in learning and IQ in children (Ericson et al. 2007,
Henn et al. 2011; Yousef et al. 2011; Riojas-Rodriguez et al.,
2010; Menezes-Filho et al. 2011; Kim et al. 2009; Wright
et al. 2006). Kullar et al. (2019) reported a 1% and 2% of
decreasing 1Q with intake of Mn concentration of 133 pg/L
and 266 pg/L, respectively. Moreover, during pregnancy, a
higher Mn level causes low fetal weight and risk of increase
infant mortality (Zota et al. 2009; Hafeman et al. 2007,
Spangler and Spangler, 2009). Rahman et al. (2015) reported
that the presence of high Mn (56—1496 pg/L) via consumption
of drinking water decrease hemoglobin concentration and
impaired fetal growth during pregnancy. Newborn babies
are extremely vulnerable to exposed high level of Mn in
drinking water by disrupting intellectual development during
pregnancy. Hafeman et al. (2007) reported that amongst the
3824 new born infant, 335 was died before reaching 1 year of
age due to the consumption of Mn in drinking water at con-
centrations >0.4 mg/L. In a study report in North Carolina
(USA), Spangler and Spangler (2009) showed that for every
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log increase of Mn in drinking water, 2.1 increase of infant
death per 1000 lives birth after with low birth weight.

Therefore, this study aims to examine the Mn level in po-
table water of the Sirajganj, Meherpur, Chuadanga, Jhenaidah,
Magura, Faridpur, Jashore, Satkhira, and Khulna districts of
Bangladesh, in order to ensure safe drinking water. These
regions are currently experiencing increasing Mn contamina-
tion in drinking water due to its geology, hydrogeology, enor-
mous industrialization, and many other anthropogenic activi-
ties. The children is considered as the most vulnerable and can
be affected (especially neurodevelopment and behavior prob-
lems) by Mn-rich water even below the provisional guideline
value of World Health Organization (WHO). Therefore, the
obtained data were compared with the allowable limit (0.4
mg/L) of WHO (WHO, 2017; Cotruvo, 2017)) as well as
national drinking water standard (0.1 mg/L) of Bangladesh
(BDS). This monitoring study is very crucial to improve pub-
lic awareness of Mn contamination in the drinking water
around the world.

Materials and methods
Reagents

In all experiments, the stock solution was prepared from the
analytical reagent (AR). The standard Mn solution was pur-
chased from Fluka-Analytical, Switzerland.

Description of the study area

The study area was randomly selected based on previously
reported and recognized as a contaminated area by different
types of heavy metals (Chakraborti et al. 2010; Mohana et al.
2020; Ghosh et al. 2020; Rahman et al. 2016). The tube well
water is the major sources for drinking and other domestic
uses in the study area (Mohana et al. 2020). Industrialization
and urbanization significantly developing at the site, which
could impact background level of Mn. The randomly selected
area is rural which is located at southwestern part of
Bangladesh except Sirajgonj (north central and situated on
the bank of Jamuna river; one of the main three rivers in
Bangladesh) and is experiencing the most natural disaster
prone areas in Bangladesh (Didar-Ul Islam et al., 2015;
Akter et el. 2010; BBS 2015). Sirajgon;j is also known as a
flood prone and river erosion zone (BBS 2015); and Khulna
(is known as western coastal zones (crossing the Rupsha and
Bhairab river), which is connected to the Bay of Bengal and
covered by the Sundarbans mangrove forest (BBS 2015;
Hossain et al. 2014). The population density in Sirajganj,
Chuadanga Sadar, Meherpur Sadar, Magura
(Mohammadpur), Jhenaidah (Shailkupa), Faridpur
(Alfadanga and Bhanga), Jashore Sadar, Khulna (City

Corporation), and Satkhira Sadar are 1290/km?, 1052/km?,
929/km?, 890/km?, 968/km?, 1025/km’, 1707/km?, 16,268/
km?, and 1156/km?, respectively (BBS 2013 and 2015). The
total population of study area is reported to be 6,559,124,
where number of males and females are 3,296,869 and
3,262,255, respectively (BBS 2013). The children below 10
years age are estimated to 1,371,572 and the total males and
females above 10 years age are 5,187,552 in the studied areas
(BBS 2013). Generally, in rural areas in Bangladesh, a tube
well is utilized for 50-100 families in which on average each
family consists of 7 (seven) members. However, this value
may increase due to the scarcity of potable water. Detail in-
formation on population distribution can be found in supple-
mentary Table S1. During each sample collection, the survey
personnel met with a local administrative officer to gather
information on the village demography and then randomly
selected households’ tube well where samples were collected.

Water sample collection and analysis

Tube well (TW) water samples were collected from 9 (nine)
randomly selected districts in Bangladesh, specifically
Sirajganj, Meherpur, Chuadanga, Jhenaidah, Magura,
Faridpur, Jashore, Satkhira, and Khulna. A total 170 (one
hundred and seventy) water samples were selected by ran-
domized trial for this preliminary Mn-induced health-based
study. Considering the facts that of the natural calamity, flood
prone, unstable hydrology, unplanned industrialization as well
as population density makes the Sirajgonj and Khulna most
vulnerable, and therefore, a relatively higher volume of sam-
ples was collected from these two sites compared to other
areas (Didar-Ul Islam et al., 2015; Akter et el. 2010; BBS,
2015). However, population density in Jashore sadar is higher
than Sirajgonj, a higher size of samples were selected from
Sirajgong due to considering the more vulnerability aspects.
From each district, a different number of TW water samples
were put into plastic 500-mL high-density polyethylene
(HDPE) bottles acidified with 1% nitric acid (Merck KGaA,
Germany) from the tube well. Before collecting the water
samples from the TW, for the first 1015 min (depending on
the depth), water was allowed to run so that a steady stream
flow of water from the aquifer water layer was possible. Water
samples were collected and identified as follows: Sirajganj
(40): SJO1 to SJ40, Meherpur (10): MHRO1 to MHR10,
Chuaganga (10): CAO1 to CA10, Jheniadah (10): JHOI to
JH10, Magura (10): MRO1 to MR10, Satkhira (12): SAO1 to
SA12, Faridpur (10): FRO1 to FR10 (10), Jashore (26): JEO1
to JE26, and Khulna (42): KNO1 to KN42. The sample iden-
tification (ID) of these 9 (nine) districts is depicted in Table 1,
Table 2, Table 3, Table 4, Table 5, and Table 6, and the
sampling location is shown in Fig. 1. The water samples were
preserved at 4 °C until required for analysis. The Mn was
quantified employing atomic absorption spectroscopy
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Table 1

Descriptive statistics of Mn in tube well water (n = 170) collected from nine districts, Bangladesh

Parameters Range

Median Mean Standard deviation WHO Standard® Bangladesh Standard® Exceeded (%)

WHO Standard® Bangladesh Standard®

Mn (mg/L) 0.014.11 041 053 0.52 0.4°

0.1° 51.12 75.88

# Safe limit provided by both USEPA (2017) and WHO (2011); ® maximum allowable concentration provided by (ECR 1997) and BBS/UNICEF (2011)

(SpectrAA220, Varian, Australia) with direct flame (air-
acetylene) at the wavelength of 279.5 nm (Rahman et al.
2016; Rahman et al. 2019).

Health risk calculation

The recommended USEPA (2011) method was applied to assess
the chronic daily intake (CDI) of Mn and HQ for both children
and adults. Equation (1) served for calculating the CDI:

(C X IRyaer X EF x ED)

DI =
¢ BW x AT

(1)

Here, C indicates the true Mn concentration in groundwater
(mg LY, IRyaer represents the water ingestion rate which was
considered to be 2.1 L day ' for children and 3.5 L day ' for
adults (Hossain et al. 2013), EF indicates the exposure frequency
(365 days year '), ED represents exposure duration (10 and 70
years for children and adults, respectively), BW means body
weight of children (<15 years) and adults (>15 years) which
are approximately 31.97 kg and 50 kg, respectively (NCHS

2000; Ghosh et al. 2020); AT is the average time (365 x 10 =
3650 days for children and 365 x 70 = 25,550 days for adults).

The HQ was assessed using the following equation
(USEPA, 2004):

HQ = CDI/RD, (2)

R, refers to the oral reference dose (mg kg_1 day_l) and
the R{D, for Mn was 0.14 mg kg™ ' day ' (USEPA, 2020). HQ
< 1 means that the population is safe from certain harmful
effects over a lifetime of Mn exposure, but HQ >1 stands for
adverse non-carcinogenic health effects felt by the population
exposed to Mn.

Quality control and data analysis

The limit of detection (LOD) of the atomic absorption spectros-
copy (AAS) for Mn was determined to be 9.0 pg/L, which was
obtained from 3 (three) times the standard deviation (SD) of the
blank responses. Certified reference material (CRM), blanks,
duplicates, and continuing calibration verification (CCV) were

Table 2 Mn content in TWs

water of Sirajganj district Sample ID Upazila Mn (mg/L) Sample ID Upazila Mn (mg/L)
SJo1 Sadar 0.87 SJ21 Ullapara 1.47
SJ02 Sadar 0.79 SJ22 Ullapara 1.36
SJo3 Sadar 1.45 SJ23 Raygonj 0.75
SJo4 Sadar 0.64 SJ24 Raygonj 0.87
SJOs Sadar 0.95 SJ25 Raygonj 0.64
SJ06 Sadar 0.75 SJ26 Raygonj 0.95
SJo7 Sadar 0.96 SJ27 Raygonj 0.84
SJo8 Sadar 0.99 SJ28 Raygonj 0.97
SJ09 Sadar 0.72 SJ29 Raygonj 0.71
SJ10 Sadar 041 SJ30 Raygonj 0.75
SJ11 Sadar 0.40 SJ31 Raygonj 0.37
SJ12 Sadar 0.73 SJ32 Belkuchi 1.67
SJ13 Sadar 0.83 SJ33 Belkuchi 1.86
SJ14 Sadar 0.96 SJ34 Belkuchi 0.94
SJ15 Kazipur 0.55 SJ35 Belkuchi 1.36
SJ16 Shahjadpur 0.62 SJ36 Belkuchi 0.85
SJ17 Shahjadpur 0.52 SJ37 Kamarkahand 0.69
SJ18 Ullapara 1.46 SJ38 Kamarkahand 0.78
SJ19 Ullapara 1.34 SJ39 Kamarkahand 0.59
SJ20 Ullapara 1.05 SJ40 Kamarkahand 0.74
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Table 3 Mn content in TWs

water of Meherpur and Sample ID Upazila Mn (mg/L) Sample ID Upazila Mn (mg/L)

Chuadanga district

Meherpur MHRO1 Sadar 0.12 Chuadanga CAO01 Sadar 0.52

MHRO02 Sadar 0.10 CA02 Sadar 0.56
MHRO03 Sadar 0.17 CAO03 Sadar 0.42
MHR04 Sadar 0.10 CA04 Sadar 0.39
MHRO5 Sadar 0.18 CAO05 Sadar 0.76
MHRO06 Sadar 4.11 CA06 Sadar 0.41
MHRO07 Sadar 0.44 CA07 Sadar 0.40
MHRO08 Sadar 0.63 CAO08 Sadar 0.46
MHRO09 Sadar 0.32 CA09 Sadar 0.41
MHR10 Sadar 0.83 CA10 Sadar 0.30

conducted after every 10 samples throughout the Mn analysis.
The mean recovery (n = 10) from CRMs (TraceCERT, Sigma-
Aldrich) was within the 85-104% range, thus confirming the
accuracy of the Mn analysis. For plotting of the graph, figures,
and statistical data analysis, we used Excel 2016, Adobe
Photoshop elements 12, and Origin8 Software.

Results and discussion

The mean Mn level was 0.53 mg/L (range 0.01-4.11 mg/L)
which exceeded 1.3 and 5.3 times the recommended levels of
WHO (0.4 mg/L) and BDS (0.1 mg/L), respectively (Table 1).

Mn in TWs water of Sirajganj district

Table 2 shows the Mn in TWs water of Sirajgan;j district in the
TW. It secems that all (40) of the tested samples’ Mn level
exceeded the BDS level, which represents human health con-
cern. The largest and smallest amount of Mn in TWs water
was found in samples SJ33 (1.86 mg/L) and SJ31 (0.37 mg/
L), respectively. In the meantime, 95% (38 out of 40) of TWs
water Mn level was beyond the WHO (2008) guideline (0.4
mg/L). It implies that the Mn level was 1.03—4.65 times higher

than the WHO guideline and 3.7-18.6 times higher than the
BSD (0.1 mg/L) value (ECR, 1997). In contrast to BIS (2012),
there was no acceptable (0.1 mg/L) and permissible (0.3 mg/
L) Mn level of the tested TW water samples. The worst
groundwater and TWs in Sirajganj district have been consis-
tently reported over a long period of time, due to it being a
severe flood-affected area and the many industries do not dis-
pose of their waste in a planned way (Ali et al. 2019; Akter
etal. 2010). Uddin et al. (2019) reported that a Mn concentra-
tion (1.58 mg/L) was considered hazardous for both drinking
and irrigation in the Sirajganj district, whereas Akter et al.
(2010) reported high Mn concentration (3.58 mg/L) in the
industrial effluents (from handloom cottage, textile, dyeing,
and printing) in the Belkuchi, Sirajganj that could impact
TWs and subsequent human health. Hou et al. (2020) reported
many factors for the elevated level of Mn in groundwater.
Therefore, both natural and anthropogenic sources contribute
to the concentration of Mn in TWs in the investigated area.

Mn in TWs water of Meherpur and Chuadanga district

Table 3 represents the Mn level that exists in Meherpur dis-
trict. It appears that this Mn level ranged from 0.10 to 4.11 mg/
L. The maximum and minimum Mn in TWs water were found

Table 4 Mn content in TWs

water of Jhenaidah and Magura Sample ID Upazila Mn (mg/L) Sample ID Upazila Mn (mg/L)

district Jhenaidah JHO1 Shailkupa 0.58 Magura MRO1 Mohammadpur 0.01
JHO2 Shailkupa 041 MRO02 Mohammadpur 0.09
JHO3 Shailkupa 0.63 MRO3 Mohammadpur 0.01
JHO4 Shailkupa 0.53 MRO04 Mohammadpur 0.03
JHOS Shailkupa 0.26 MRO5 Mohammadpur 0.04
JHO6 Shailkupa 0.85 MRO06 Mohammadpur 0.05
JHO7 Shailkupa 0.71 MRO7 Mohammadpur 0.04
JHOS Shailkupa 0.94 MRO8 Mohammadpur 0.12
JHO9 Shailkupa 0.65 MRO09 Mohammadpur 0.05
JHI10 Shailkupa 0.56 MRI10 Mohammadpur 0.18
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Table 5 Mn content in TWs

water of Satkhira and Faridpur Sample ID Upazila Mn (mg/L) Sample ID Upazila Mn (mg/L)
district
Satkhira SA01 Sadar 0.15 Faridpur FRO1 Alfadanga 0.21

SA02 Sadar 0.17 FRO2 Alfadanga 1.78
SA03 Sadar 0.07 FRO3 Alfadanga 0.42
SA04 Sadar 0.16 FRO4 Alfadanga 0.54
SA05 Sadar 0.25 FROS Bhanga 0.85
SA06 Sadar 0.05 FRO6 Bhanga 1.14
SA07 Sadar 0.13 FRO7 Bhanga 1.14
SA08 Sadar 0.27 FROS Bhanga 0.31
SA09 Sadar 0.06 FRO9 Bhanga 0.79
SA10 Sadar 0.14 FR10 Bhanga 0.96
SA11 Sadar 0.08 - - -
SA12 Sadar 0.13 - - -

in the samples MHR04 and MHRO06, respectively. Referring
to the Mn in TWs water samples from MHR06, MHRO7,
MROS, and MHR10, these exceeded the WHO guideline. In
fact, it is indicated that 40% (4 out of 10) TWs water sample
exceeded the WHO guideline. It also clear that Mn in TW
water sample from MHRO06 was 10.3 times higher than the
WHO permissible level, which can negative impact on human
health. On the other hand, except for MHR02 and MHRO04,
the remaining TWs had a Mn level greater than the BDS.
However, 80% (8 out of 10) and 40% (4 out of 10) TWs water
samples’ Mn concentration in the Meherpur district found
above the BDS and WHO level, respectively. Hasan and Ali
(2010) reported the Mn concentration (0.806—1.336 mg/L) for
the 17 most contaminated districts including Meherpur, 1.34
mg/L (maximum). However, the sources of Mn in TWs of the
investigated area could be due to the ground flow of the
Padma River (close to the sampling area), irrigation,

Table 6 Mn content in TWs water of Jashore district

Sample ID Upazila Mn (mg/L) Sample ID Upazila Mn (mg/L)
JEO1 Sadar 1.23 JE14 Sadar  0.37
JEO2 Sadar  0.37 JE15 Sadar  0.08
JEO3 Sadar  0.39 JE16 Sadar  0.27
JEO4 Sadar 048 JE17 Sadar  0.14
JEO5 Sadar 1.11 JE18 Sadar  0.09
JE06 Sadar  0.57 JE19 Sadar  0.37
JEO7 Sadar  0.32 JE20 Sadar  0.17
JEO8 Sadar  0.55 JE21 Sadar  0.27
JE09 Sadar  0.36 JE22 Sadar  0.29
JE10 Sadar  0.33 JE23 Sadar  0.35
JE11 Sadar 0.24 JE24 Sadar 1.06
JE12 Sadar 0.45 JE25 Sadar 0.52
JE13 Sadar 0.64 JE26 Sadar 0.57

@ Springer

industrialization, etc. Hou et al. (2020) reported river network
areas do influence the amount of Mn released in groundwater.

Two TWs water samples in Chuadanga district (CA04 and
CA10) had a Mn level below the WHO guideline value
(Table 3). The other 8 (eight) TWs water samples showed
Mn level above the WHO guideline value. Conversely, all
the TWs water samples” Mn level exceeded the BDS limit
several times. It is noted that 90% (except CA10) of the
TWs water samples had Mn levels beyond what was permis-
sible. The Mn in all TWs water samples crossed the acceptable
limit (BIS, 2012).

Mn in TWs water of Jhenaidah and Magura district

The maximum and minimum concentration of Mn were 0.94
and 0.26 mg/L found in TWs water samples of JHO8 and
JHOS, respectively (Table 4). Ninety percent (9 out of 10) of
TWs water samples exceeded the WHO guideline value and
all the water samples Mn level was above the BDS level
(ECR, 1997). It appears that the Mn level was 26 to 94 times
higher than the BDS level, which causes obvious detrimental
to human health.

The Mn in TWs water samples from the Magura district are
summarized in Table 4. The Mn level was ranged between
0.01 to 0.18 mg/L. Here, all the TWs water samples indicated
a Mn level below the WHO recommendation level. Two TWs
water samples (MR0O8 and MR10) were greater than the al-
lowable limit of Mn level recommended by BDS and the rest
of the TWs water samples Mn was below the BDS value.

Geologically, there are many oxbow lakes (baors) in
Jhenaidah and Magura districts and the decomposition of
different biomass could influence the Mn released to the
groundwater. Rahman et al. (2016) reported Mn concentra-
tions of 10-370 pg/L in TWs of different primary schools in
Magura districts. Our findings are within that range. Hasan
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and Ali (2010) reported relatively more Mn (~0.971 mg/L) in
the groundwater of Magura district.

Mn in TWs water of Satkhira and Faridpur districts

Table 5 depicts the Mn in TWs water of Satkhira district and
the Mn content spanned from 0.05 to 0.27 mg/L. The Mn level
in all the tested TWs water samples was below the WHO
guideline value and 66.7% (8 out of 12) of TWs water
surpassed the BDS stipulation in Satkhira district. In contrast
to BIS (2012), 8 (SA01, SA02, SA04, SA05, SA07, SA0S,
SA10, and SA12) TWs water samples, the Mn level was be-
low the permissible level, while the remaining 4 (SA03,
SA06, SA09, and SA11) TWs water samples had acceptable
Mn levels.

Satkhira is situated in the coastal belt region and recognized
as one of the most vulnerable areas in Bangladesh in terms of
safe drinking water (Didar-Ul Islam et al., 2015, Hasan et al.
2018). Hasan et al. (2018) reported a Mn concentration 0.6
mg/L in the groundwater of the Khulna-Satkhira coastal belt
region. Aktaruzzaman et al. (2013) reported Mn (0.129-0.195
mg/L) in water and sediments (13.6-24.0 mg/L) in the shrimp
farms operating in Satkhira district. Hydrological and
hydrogeological factors mainly contribute to the release of
Mn in TWs in this region.

Similarly, Mn in TWs water of the Faridpur district is sum-
marized in Table 5. Results describes that the maximum and
minimum Mn concentration were determined to be 1.78 and
0.21 mg/L, in sample FR02 and FRO1, respectively. Only two

TWs water samples (FR02 and FR08) were the Mn within the
WHO permissible level and 80% TWs water samples
contained Mn greater than the WHO guideline value.
Results revealed that the Mn content in TWs water samples
were above the permissible level of Bangladesh drinking wa-
ter quality standard in Faridpur district. The chronic exposure
by consumption of high Mn exposure could affect human
health in this area. It is clear that the concentration of Mn in
TWs water was 21 to 114 times higher than the BDS values.
Except for the TW water sample FRO1, the remaining TWs
water samples contained Mn beyond the permissible level of
BIS (2012). Hasan and Ali (2010) reported a maximum Mn
concentration in the Faridpur district’s groundwater of 0.806
mg/L and this is similar to our findings.

Mn in TWs water of Jashore district

Table 6 shows the Mn level at the district of Jashore. The
highest and lowest level of Mn was found at 0.08 (JEOL)
and 1.23 mg/LL (JE18), respectively. Except for two (JE15
and JE18), 92.3% (24 out of 26) water samples Mn concen-
tration crossed the BDS level. Ghosh et al. (2020) reported
that 87% of TW samples in the Jashore district exceeded the
BDS value. On the other hand, the amount of analyzed Mn
was closer to the WHO guideline in 4 (JE02, JE03, JE09, and
JE14) TWs water samples, while Mn concentration was below
the WHO guideline for 12 (twelve) TWs water samples. The
rest of the samples, for example, 38.5% (10 out of 26) TWs
contained Mn levels beyond the WHO guideline and the value

@ Springer



45670

Environ Sci Pollut Res (2021) 28:45663-45675

was 1.13 to 3.08 times higher. In terms of BIS (2012) and
BDS, Mn in 7.7% (2 out of 26) of TWs water samples was
within the acceptable limit. However, 92.3% (24 out of 26) of
TWs water samples contained Mn beyond the BDS, and
sometimes was actually several times higher than the BDS
guideline recommendation. A recent study reported a Mn con-
centration of 0.05-0.93 mg/L in different TWs of Jashore,
Bangladesh (Ghosh et al. 2020) which is similar to our find-
ings. They also evaluated the hazardous effects of Mn on
children and adults. The sources of Mn that contribute to the
TWs are most likely domestic sewage, industrialization, poor
management and indiscriminate disposal of industrial waste-
water, river networks, etc.

Mn in TWs water of Khulna district

Correspondingly, Mn in TWs water of the Khulna district is
illustrated in Table 7. It appears that the highest and lowest Mn
levels in the water sample were 2.11 mg/L and 0.01 mg/L,
respectively. Of the samples, 40.5% (17 out of 42) exceeded
the BDS level for Mn and 26.2% (11 out of 42) was beyond
the WHO guideline value. The Mn in TWs water of KN19,
KN23, KN24, KN25, KN30, KN31, KN33, KN34, KN38,
KN39, KN40, and KN41 was above the permissible level of
BIS (2012). Islam et al. (2020) reported Mn, 0.01-22.4 (mean
0.47) mg/L in TWs from various households situated in the

Table 7 Mn content in TWs water of Khulna district

Sample ID Upazila Mn (mg/L) Sample ID Upazila Mn (mg/L)
KNO1 Sadar  0.05 KN22 Sadar  0.29
KNO02 Sadar  0.04 KN23 Sadar  0.40
KNO3 Sadar  0.06 KN24 Sadar  0.68
KNO04 Sadar 0.11 KN25 Sadar 0.45
KNO5 Sadar  0.06 KN26 Sadar  0.30
KNO06 Sadar  0.01 KN27 Sadar  0.06
KNO7 Sadar 0.04 KN28 Sadar 0.01
KNO08 Sadar  0.02 KN29 Sadar  0.01
KN09 Sadar  0.03 KN30 Sadar  0.71
KNI10 Sadar  0.03 KN31 Sadar  0.51
KNI11 Sadar  0.03 KN32 Sadar  0.12
KN12 Sadar  0.03 KN33 Sadar 1.23
KN13 Sadar  0.06 KN34 Sadar 1.32
KN14 Sadar  0.02 KN35 Sadar  0.01
KN15 Sadar  0.01 KN36 Sadar  0.02
KN16 Sadar  0.01 KN37 Sadar  0.16
KN17 Sadar  0.02 KN38 Sadar 143
KN18 Sadar  0.02 KN39 Sadar  2.11
KN19 Sadar  0.81 KN40 Sadar  0.96
KN20 Sadar 0.04 KN41 Sadar 1.56
KN21 Sadar  0.04 KN42 Sadar  0.08
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coastal region of Khulna. They detected a non-carcinogenic
hazardous effect. Khulna is situated in the Rupsa River
network and Islam et al. (2018) reported that the amount of
Mn in Rupsa River water ranged from 0.2-2.19 (mean 0.70)
mg/L, which is similar to our findings in different TWs in that
region. An important outcome of this data is that the back-
ground concentrations of Mn in a particular region significant-
ly correlated with the Mn concentration in TWs. However, the
main sources of Mn in TWs in these regions are industrializa-
tion, coastal region, river network areas, etc. The extensive
corrosion of pipelines which is evident in the presence of
saline water can dictate the solubility of Fe and Mn in TWs.
Hou et al. (2020) reported that on the inner wall of such pipes,
hydrous Mn-oxides are deposited which can potentially be
leached in drinking water.

Descriptive data of Mn in TWs water of 9 (nine)
districts

Table 8 lists the Mn in TWs water of 9 (nine) districts and of
these, Sirajganj recorded the worst quality water in terms of
Mn contamination. The Mn level in all the tested TWs water
was beyond the BDS level and 95% surpassed the WHO
guideline values. Likewise, Chuadanga, Jheniadah, and
Faridpur districts’ Mn level (above 0.1 mg/L) was such that
their TWs water were not fit to drink. The Mn in TWs of
Meherpur, Magura, Jashore, Satkhira, and Khulna districts
was beyond the drinking water quality standard of
Bangladesh permissible limit of 80%, 20%, 92.3%, 66.7%,
and 40.5%, respectively. Except for Magura and Satkhira
Mn in TWs, water was within the WHO guideline value.
Conversely, Mn in TWs of Meherpur, Chuadanga,
Jhenaidah, Faridpur, Jashore, and Khulna districts crossed
the WHO guideline (on some occasions several times higher)
at the levels of 40%, 70%, 90%, 80%, 38.5%, and 26.2%,
respectively. Overall, the Mn levels in TWs water were
48.9% and 77.7% outside the WHO and BDS levels,
respectively.

The mean Mn in TWs water from Sirajganj, Meherpur,
Chuadanga, Jhenaidah, Faridpur, Jashore, Satkhira, and
Khulna districts was 9.0, 7.0, 4.6, 6.1, 8.1, 4.5, 1.4 and 3.3
times higher than the BDS guideline values, respectively.
Only the mean Mn level in TWs water of Magura district
was closer to BDS level. It was shown that the mean Mn in
TWs water from Magura, Satkhira, and Khulna was below the
WHO guideline value. Conversely, it was higher than the
WHO permissible level in districts like Sirajganj, Meherpur,
Chuadanga, Jhenaidah, Faridpur, and Jashore, at 2.3, 1.8, 1.2,
1.5, 2.0, and 1.1 times, respectively. The mean Mn value in
TWs water collected in this study at Magura district was great-
er than the mean value reported by Rahman et al. (2016). In
this work, the mean Mn value in TWs of Faridpur district was
higher than that documented by Bhuiyan et al. (2016). The
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Table 8 Descriptive data of Mn in TWs water of 9 (nine) districts
District Unit (mg/L) Guideline Exceeded (%)

Min. Max. Mean SD WHO (2011) ECR (1997) WHO (2011) ECR (1997)
Sirajganj (n = 40) 0.37 1.86 0.90 0.35 0.4 0.1 95 100
Meherpur (n = 10) 0.10 4.11 0.70 1.22 0.4 0.1 40 80
Chuadanga (n = 10) 0.30 0.76 0.46 0.13 0.4 0.1 70 100
Jhenaidah (n = 10) 0.26 0.94 0.61 0.20 0.4 0.1 90 100
Magura (n = 10) 0.01 0.18 0.06 0.05 0.4 0.1 0 20
Faridpur (n = 10) 0.21 1.78 0.81 0.47 0.4 0.1 80 100
Jashore (n = 26) 0.08 1.23 0.45 0.29 0.4 0.1 38.5 92.3
Satkhira (n = 12) 0.05 0.27 0.14 0.07 0.4 0.1 0 66.7
Khulna (n = 42) 0.01 2.11 0.33 0.52 0.4 0.1 26.2 40.5

mean value of Mn in TWs of other districts, i.e., Rangpur,
Narayanganj (Araihazar), and Noakhali was reported to be
0.685, 0.793, and 0.140 mg/L, respectively (Wasserman
et al. 2006; Islam et al. 2017; Rahman et al. 2015).

One study reported that consumption of a Mn concentra-
tion higher than 0.4 mg/L reduced intellectual functions of
children (age 10 years) in Bangladesh (Wasserman et al.
2006), while in Canada it was reported for children in the
5.9-13.7 age range (Kullar et al., 2019). Another analysis
suggested that infants had increased risk of mortality during
the first year of life if they were exposed to drinking water
with a Mn concentration > 0.4 mg/L when compared to in-
fants not exposed to this danger (Hafeman et al. 2007).

Data comparison with recent studies

Table 9 depicts the Mn data comparison with recent studies in
Bangladesh. Recently, Ghosh et al. (2020) reported 2.11 mg/L

Table 9  Mn level comparison water with recent studies in Bangladesh

Sampling area ~ Water source  Mn (mg/L) Reference

Noakhali Tube well 0.0189-0.4995 Rahman et al. 2015
Magura Tube well 0.01-0.3699 Rahman et al. 2016
Rangpur Tube well 0.085-4.96 Islam et al. 2017
Jashore Tube well 0.02-2.11 Ghosh et al. 2020
Sirajganj Tube well 0.37-1.86 This study
Meherpur Tube well 0.104.11

Chuadanga Tube well 0.30-0.76

Jhenaidah Tube well 0.26-0.94

Magura Tube well 0.01-0.18

Faridpur Tube well 0.21-1.78

Jashore Tube well 0.08-1.23

Satkhira Tube well 0.05-0.27

Khulna Tube well 0.01-2.11

Mn in tube well water in Jashore district, which is 1.71 times
higher than the same area in this study. Islam et al. (2017)
found Mn in TWs water at Rangpur district ranging from
0.085—4.96 mg/L. It is noticeable that the lower level of Mn
in TWs was below BDS level but the upper level of Mn in
TWs water was 49.6 times greater than the BDS. When com-
paring the Mn in Magura district with a previous study, the
lower level was the same (0.01 mg/L) but the upper level was
higher (0.3699 mg/L) (Rahman et al. 2016). Rahman and
Rahaman (2018) reported the high Mn concentration in drink-
ing water at the range of 0.01 to 6.32 mg/L (mean 0.99 mg/L)
in Kushtia district, Bangladesh, which is higher than this
study. In comparison to the Noakhali district, Mn in TWs
water varied between 0.0189 and 0.4995 mg/L (Rahman
etal. 2015), in which the upper limit was lower than this study
except for Magura and Satkhira districts. However, it is clear
from Table 8 that the maximum Mn in TWs water of this
study, as well as the previous study, was beyond the BDS.
The maximum Mn in the TWs level of the previous study
done on Noakhali and Rangpur (Rahman et al. 2015; Islam
et al. 2017) as well as the Sirajganj, Meherpur, Chuadanga,
Jhenaidah, Faridpur, Jashore, and Khulna districts in the pres-
ent study exceeded the WHO guideline. The maximum Mn
concentration was detected at 4.11 mg/L in the current study,
which is 41.1 and 10.3 times greater than the WHO and BDS
safe limits, respectively (Table 9). Therefore, children are ex-
tremely susceptible to reduced intellectual functions, i.e., mo-
tor dysfunctions, memory loss, Parkinson disease, and in-
creased infant mortality via consumption of Mn-rich drinking
water in the studied areas.

Health risk assessment
The mean CDI and HQ of Mn for both children and adults in
each district are tabulated in Fig. 2. The increasing pattern of

mean CDI values of Mn for both children and adults follows this
sequence: Magura < Satkhira < Khulna < Jashore < Chuadanga
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(a)

Khulna

I Adults
I Children

Satkhira

Jashore
Faridpur
Magura
Jhenaidah
Chuadanga
Meherpur
Sirajganj
0.00 0.01 0.02 0.03 0.04 0.05 0.06

CDI (mg/L/day)

Jhenaidah

Chuadanga

(b)

I Adults
I Children

Khulna
Satkhira
Jashore
Faridpur

Magura

Meherpur
Sirajganj

0.0 0.1 0.2 0.3 0.4
Hazard Quotient (HQ)

Fig. 2 Chronic daily intake (CDI) (A), and hazard quotient (B) of Mn through water ingestion for the nine districts of Bangladesh

< Jhenaidah < Meherpur < Faridpur < Sirajgon;j (Fig. 2A). The
estimated mean CDIs of Mn for both children and adults in most
cases are very low (Fig. 2A). The decreasing pattern of HQs
(mean value) for Mn are as follows: Sirajganj (children 0.42 and
adults 0.45) > Faridpur (children 0.38 and adults 0.41) >
Meherpur (children 0.33 and adults 0.35) > Jhenaidah (children
0.29 and adults 0.31) > Chuadanga (children 0.22 and adults
0.23) < Jashore (children 0.21 and adults 0.22) > Khulna (chil-
dren 0.15 and adults 0.16) > Satkhira (children 0.06 adults 0.07)
> Magura (children 0.028 and adults 0.03). The mean HQs for
Mn in the study area for children and adults are less than unity
(Fig. 2B), confirming there are no potential non-carcinogenic
health risks posed by Mn through drinking water. However,
the maximum HQ for Mn in Meherpur (MHRO6) (1.93 for
children and 2.05 for adults) and Khulna (KN39) (1.05 for
adults) was determined greater than unity (Fig. S1 in
supplementary information). The HQ of Mn for children was
more than unity at only one sample, whereas that for adults was
greater than unity at two water samples, which indicated a sig-
nificantly high risk to the exposed population. A recent study
noted that the HQ of Mn for children in the Jashore district was
higher than unity at one sample but for adults was at sixteen
samples (Ghosh et al. 2020).

Study limitation

This preliminary study conducted in only 9 districts for the
monitoring of Mn contamination level from drinking water
sources, especially tube well water in the rural area,
Bangladesh. Therefore, the other districts or larger site is war-
ranted to integrate in future research for investigation the level
of Mn concentration as a large-scale monitoring work. Other
sources of Mn exposure, such as dietary and supplementary
foods, and particulate substance were not considered for esti-
mation of health risk in this study.

@ Springer

Conclusion

Manganese-free potable water is essential for good health. The
study results should help the relevant authorities identify the
districts/areas that need to be safeguarded. Most of the tube well
water Mn level did follow the WHO or Bangladesh drinking
standard (BDS). The Mn level in tube well water exceeded the
recommend value of the WHO and Bangladesh drinking stan-
dard by 51% and 76%, respectively. The maximum HQ value
for children and adults was observed to be greater than unity in
one and two samples, respectively, which suggests potential
non-carcinogenic health risks are evident in the study area. It
is very important to identify the tube wells which are safe or not
safe for drinking purposes. The authorities should take the ini-
tiative to provide safe drinking water to the people so that they
remain in good health. Before installing any water supply de-
vice, the water quality should be checked and subjected to
treatment strategies if necessary. The data emanating from this
will be helpful in the long term. Increased awareness, low-cost
water supply, development of cost-effective household water
treatment systems, and effective water safety planning at the
household level will all help to reduce the risks associated with
Mn in drinking water. These findings are important for future
research to evaluate the exact sources of Mn contamination in
drinking water in the investigated area and how they should be
managed properly. This study recommends long-term monitor-
ing of Mn in drinking water to prevent risks to health and ensure
that good resource management policies are implemented.
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