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Abstract: Despite significant contributions to the national economy of Bangladesh, various urban
developments, massive industrial and growing shipping activities are making the water of many
urban rivers, including Karnaphuli River, extremely polluted. To find out the pollution sources and
their possible health effects, 45 water samples were collected from 15 sampling stations. Investigation
of six physicochemical parameters (pH, temperature, total dissolved solids, conductivity, salinity,
and turbidity) through in-situ measurements and eight heavy metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb,
and Zn) status using atomic absorption spectrophotometer (AAS) was carried out in this research.
Both the physicochemical parameters and heavy metals exceeded the World Health Organization
(WHO)’s permeable threshold limit. The calculated hazard quotient (HQ) and hazard index (HI)
ingestion values indicate non-carcinogenic risk both for adults and children, but dermal exposure
was within the safety limit. Carcinogenic risk analysis revealed that Cd could cause a risk of cancer in
those using the river water for a long period. Spatial analysis and metal pollution index (MPI) results
exhibit that downstream of the river water is more polluted than upstream of the river. Overall, the
findings of this study imply that polluted water is a threat to human health and the results will also
help to undertake proper management strategies and incorporate monitoring programs that study
river water for the implementation of safety measures to protect human health.

Keywords: Karnaphuli river; water quality; heavy metals; non-carcinogenic risk; source identifica-
tion; spatial distribution; PCA test

1. Introduction

Surface water provides vital support for human and aquatic organisms in several
ways [1]. The river water quality is a very important factor concerning human health and
aquatic ecosystems [2]. Anthropogenic and human development activities and wastewater
discharge are deteriorating river water quality day by day. The gradual decrease of river
water quality is considered a serious concern because it threatens the sustainability of the
aquatic ecosystem [3]. Besides, heavy metals are toxic, persistent, and ubiquitous and
become global concerning pollutants in the aquatic environment [4]. To meet the massive
population demands, different anthropogenic and natural activities such as industrial
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effluent discharge, municipal effluents, chemical manufacturing, wastewater discharge,
agricultural runoff, bedrock weathering, metal smelting, etc. are continuously deposited in
river water and sediments and, finally, accumulate in aquatic organisms through the food
chain [4-6]. The chemistry of heavy metals in an aquatic environment depends profoundly
on the behavior of water physicochemical parameters. The physicochemical parameters
such as pH temperature, salinity, electric conductivity, TDS, and turbidity affect the heavy
metal composition and its toxicity level. However, enrichment of toxic heavy metals makes
water unsuitable for drinking, industrial use, and agricultural purposes because exposure
to polluted water is creating a risk to human health and its surrounding ecosystem [7,8].
Heavy metals that surpass accepted standards can pose a high risk to ecosystems due to
their indefatigable biogeochemical effects, ecological impacts, and bio-accumulative and
non-biodegradable nature. Hydrophyte ecosystems around the world have been pervaded
by not only natural but also anthropogenic activities [9-12].

The use of contaminated water has health effects and if people use it for a long
time, then various types of acute and chronic health problems occur [13]. To date, few
studies have been conducted to assess the Karnaphuli River water quality. Therefore, water
pollution studies need to check whether the use of this polluted water has any health
effect on people [14-16]. In this study, health risk assessment was performed according to
different pathways based on USEPA guidelines [17]. The USEPA has suggested two types
of assessments (non-carcinogenic and carcinogenic risk assessment) in their international
agency for cancer (IARC) report [14,15]. The health risk assessment for two population
groups (adults and children) were done base on their body weight and exposure time.
Increasing developmental and industrial activities along the river were identified as the
cause of this pollution which was making the water unsuitable for use [18-21]. To the
best of our knowledge, there has been no study conducted yet to investigate the water
physicochemical parameters and heavy metal pollution from upstream to downstream of
the river. As water pollution is largely varied by surrounding anthropogenic activities, a
systematic investigation is essential to understand water quality status including heavy
metal pollution levels covering the whole river from the upstream to downstream portion.
Yet, systematic assessment of surface water quality and associated human health risk in a
polluted urban river in Bangladesh is inadequate. This study was intended to investigate
the pollution status, heavy metal distribution, and potential health risks generated from
the downstream of the river. The key objectives of this study were to (1) investigate the
water quality and contamination of heavy metal in water; (2) identify the source and
concentration distribution pattern through different statistical and correlation analysis;
(3) appraise the human health risk using different indices like hazard quotient, hazard index,
and carcinogenic risk; (4) evaluate the spatial source differences and hazard index of each
metal in the river focusing comprehensive information on the river water contamination.
Multivariate statistical analyses such as the Pearson correlation, hierarchal cluster analysis,
and principal component analysis (PCA) were employed to find out the relationship
between the variables and possible source identification of the metal contamination [22,23].
PCA is a popular data-driven method that is used to organize and reduce complex datasets
to create a set of a small number of factors. The results can be applied to increase water
management efficiency to protect water resources as well as prevent hazardous heavy
metal contamination of its consumers.

2. Materials and Methods
2.1. Study Area

The Karnaphuli River is a highly valued water resource in Bangladesh that originates
from Mizoram, India, and flows 270 km southwest through the Chittagong hill tracts and
Chittagong city into the Bay of Bengal. The country’s main port area and, at the same time,
the commercial capital makes this area as well as the river very important. A relatively
higher water current was observed because of the direct mixing of river water with the
Bay of Bengal which provides Karnaphuli River with a strong self-purification ability.
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However, the pollutant load mixed with the marine environment is threatened to the blue
economy of Bangladesh. The area of the river is comprised of temperate and semi-humid
regions. Among 15 different sampling locations, downstream sample points (stations 7 to
15) were located near higher industrial activities. Various agricultural and fishing activities
were observed near the upstream sampling station except for station 2 which is near the
Karnaphuli paper industry (Figure 1). These sources are continuously inputting a huge
quantity of pollutants into the river. Apart from these, salinity intrusion from the Bay
of Bengal is also altering the physicochemical properties of the river ecosystem area and
accelerating river water contamination [19].
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Figure 1. Map of the sampling stations showing the industrial belt.

2.2. Sampling

Water samples were collected from 15 different sites with three replicates from up-
stream to downstream of the Karnaphuli River. The global positioning system (GPS)
was used to determine the actual coordinates of the selected sampling stations and to
re-confirm the location of stations (Figure 1). Sample stations were selected based on
different point and non-point sources and the collected samples were directly stored in
100 mL of pre-sterilized (washed with a phosphate-free soap, rinsed with 20% HNO;,
followed by distilled water and finally dried in air before taking in the sample location)
polypropylene bottles. The collected samples were labeled properly and put in an icebox as
soon as possible. We collected three replicates” samples from within a 5 m circle of a sample
location. Samples were collected at a depth of 0.25-1 m. Before collecting the sample, the
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bottles were cleaned three times by rinsing well with the sample water. After collecting
the sample, we filtered the water samples through a 0.45 pm filter paper and have the
final elute.

2.3. In-Situ Measurement of Physical Parameters

A multi-parameters (Multi 3010 IDS) portable field instrument was used for in-situ
measurement of five parameters: pH, temperature, total dissolved solids, conductivity,
and salinity. A portable turbidity meter (2020 we/wi) was used for measuring the turbidity
of water. In-situ measurement was done at 15 selected stations with three replicates from
each location.

2.4. Sample Processing and Analysis

Samples were taken to the laboratory and analyzed for trace metals by atomic ab-
sorption spectrometry (VARIAN, Palo Alto, CA, USA, model AA2407). After taking the
sample to the laboratory, a few drops of 5% HNO;3 acid were added to it to combat the
biological growth and precipitation of metal. The final elute was used to determine the
heavy metal concentration by atomic absorption spectrometry. One mL of stock solution
with the addition of 1 mL of HCL and 1 mL of Potassium Iodide was mixed in 20 mL
beakers. Then, added to this solution was a volume of 10 mL of distilled water. Finally,
this extracted solution was run directly in AAS for the determination of heavy metal in the
sample. The concentration of selected heavy metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn)
was determined by the direct flame method. First, the AAS was calibrated following the
manufacturer’s recommendation. Then, the metal concentration was calculated for each
sample of interest by plotting the AAS reading on the standard curve. All the analyses
were performed in triplicate for assuring analytical reliability.

2.5. Quality Control

We have used standard methods NIST-SRM-1640 (natural water) for laboratory analy-
sis. Quality control methods included replication of test, standardized adjustment, and
uses of analytical grade chemical. We use blanks and spikes and standard operational
procedures for maintaining the quality of the determination of heavy metals. The multi-
parameter instruments used for in-situ measurements (pH, temperature, total dissolved
solids, conductivity, and salinity) were washed with distilled water before measurement
and we ran a blank sample before each turbidity sample measurement with a turbidity
meter. The Atomic Absorption Spectrometer (AAS) was calibrated based on the standard
laboratory measures. The wavelengths (nm) of AAS were 324.8, 217.0, 228.8, 357.9, 232.0,
248.3,213.9, 279.5 for Cu, Pd, Cd, Cr, Ni, Fe, Zn, Mn respectively. The AAS has detection
limits (mg/L) of 0.001 for measuring all heavy metals except Fe and Zn which were 0.08 and
0.03, respectively. Triplicate measures of each sample were taken to minimize the errors.

2.6. Risk Assessment of Metals in Water
2.6.1. Hazard Quintet and Hazard Index

Water from rivers is used for various purposes such as drinking, industrial raw water,
and other usages by the people. Using polluted water can cause acute and chronic effects
on human health through physicochemical and biological processes [24]. Risk assessment
was applied to the concentration of the studied metal to identify the exposure, tendency
of the toxic elements to coagulate in the human body, and check for the probability of
non-carcinogenic and carcinogenic risk. Many scientific methods are explored by USEPA
for assessing risk using contaminated water. In this study, mainly two pathways of element
exposure from contaminated water to the human body were considered: (i) through water
consumption (ingestion) and (ii) through skin exposure (dermal). Thus, reference doses
and the chronic daily intake (CDI) were compared to the studied elements and were
calculated for both adults and children based on US Environmental Protection Agency
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(USEPA) standards. The estimated doses of exposure through ingestion and dermal were
calculated using Equations (1) and (2), respectively, adopted from [24-26]:

EC x IngR x EF x ED
BW x AT

CDIingestion = (1)
EC xSA x AF x ABS x ET x EF x ED x CF
BW x AT

where EC is the metals concentration (mg/L); IngR is the ingestion rate (1 day’l) (for
adult: 2.5, child: 0.78; [17]; EF is the exposure frequency (day year~!) (365) [17]; ED is the
exposure duration (year) (for adult: 70, child: 6) [27]; BW is the bodyweight (kg) (for adult:
70, child: 15) [28]; AT is the average time (day) (ED x 365) [17]; SA is the exposed skin
area (cm?) (5700) [29]; AF is the adherence factor (mg cm?) (0.07) [29]; ABSd is the dermal
absorption fraction (0.03) [29]; the exposure time (ET) is 0.6 (hour day ') [24]; CF is the
conversion factor (kg mg’l) (107) [27]. Moreover, non-carcinogenic risk (CR) to human
population related to the metal contamination of water was assessed by calculating hazard
quotient (HQ) and hazard index (HI) using Equations (3)-(5) prescribed by [17,24,27]:

CDI dermal — (2)

CDIingestion
HQineestion = 5o 3
ngestlon RfDingestion ( )
CDlgermal
H = —_ demal 4
Qdermal RfDdermal ( )
HI = ¥ HQ; (5)

where i represents the HQ of each element, and RfD ingestion and RfD dermal are the
reference dose for oral and dermal exposures, respectively, expressed in mg/kg/day,
based on USEPA. Risk-based concentrations for all metals were obtained from USEPA
standards [29-31] except Pb, which was derived from the guidelines of the World Health
Organization [32]. The RfD ingestion and RfD dermal values are as follows: Fe-0.3, Al-1,
Mn-0.02, Cu-0.04, Zn-0.3, Ni-0.02, Cd-0.0005, V-0.001, Cr- 0.003, and Pb-0.0014 for RfD
ingestion and Fe-0.045, Al-0.2, Mn-0.0008, Cu-0.012, Zn-0.06, Ni-0.0054, Cd-0.000005, Cr-
0.000015, Co-0.06, and Pb-0.00042 for RfD dermal. If the HI and HQ values become >1 for a
long term which indicates a high risk for human health [26,32].

2.6.2. Carcinogenic Risks

The probability of developing cancer using polluted river water during a lifetime
was estimated by multiplying CDI values with the cancer slope factor (SF) [28,33]. The
carcinogenic risk was estimated both for an individual metal (Risk;) and multiple metals
(Risk total) were calculated from Equations (6) and (7), respectively:

Carcinogenic Risk; = CDI x SF (6)
m n

Carcinogenic Risk Total = ) _ ) " Risk ij )
i=1j=1

where Carcinogenic Risk for an individual denotes the probability during the lifetime of an
individual exposed to carcinogens, and Carcinogenic Risk total is the sum of cancer risk
for heavy metal i in exposure pathway j. SF (mg kg ! day ') represents the cancer slope
factor. Among the five metals, As, Cd, and Cr are identified as human carcinogens and Pb
is classified as a probable human carcinogen by the International Agency for Research on
Cancer [34]. The applied oral slope factors were as follows: 1.5 for As, 0.0085 for Pb, 0.5
for Cr, and 15 for Cd. For managing the risk, the cancer risk from 1 x 107 to 1 x 10~ is
considered acceptable or tolerable [27].
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2.6.3. Metal Pollution Index (MPI)

Cumulative impacts of the metals on water quality were calculated by the Metal
Pollution Index (MPI) [34,35]. The MPI for a particular station was calculated by the sum
of the ratios between the concentration of selected metals and their respective maximum
allowable concentration (MAC) as represented in Equation (6). The MACs were taken
from the drinking water standards of Bangladesh [36] and standards for Ni have been
taken from the New York State Department of Environmental Conservation (NYSDEC)
water quality standards and criteria of maximum concentration (CMC), respectively, as
prescribed by [31].

G
MPI =) (MAC), ®)

The degree of anthropogenic influence of metals on water quality and to classify water
quality at different sampling stations was expressed through a six-category ranking system
as used in [35]. An MPI of < 0.3 represents very pure (Class I), 0.3-1.0 represents pure (Class
II), 1.0-2.0 represents slightly affected (Class III), 2.0-4.0 represents moderately affected
(Class 1V), 4.0-6.0 represents strongly affected (Class V), and > 6.0 represents seriously
affected (Class VI).

2.7. Statistical Methods

For comparison of the spatial differences of the water quality parameters from up-
stream to downstream of the Karnaphuli river, various statistical analyses such as Pearson’s
correlation, principal component analysis (PCA), hierarchical agglomerative cluster anal-
ysis (CA), and metal pollution index (MPI) were used. All of the data processes were
conducted using Microsoft Office 2016, ArcGIS 10.1, and the statistical software package
SPSS 25.0 for Windows (SPSS Inc., Chicago, IL, USA, 2002) and origin lab. The Kolmogorov—
Smirnov (K-S) test was deployed to detect the normality among water quality parameters
whereas the Levene test was carried out to check the consistency of the surface water data
patterns. To check the differences in the water quality parameters with a confidence level
of p < 0.05 by one-way ANOVA experiment.

3. Results and Discussions
3.1. Analysis of Physical Parameters

Temperature, salinity, pH, conductivity, total dissolved solids, and turbidity play a
significant and crucial role in element distribution patterns in river water. No significant
variance among the physical parameters of the analyzed datasets in the study area was
found with the one-way ANOVA test. Physicochemical parameters sample data according
to sample location is provided in Table 1. There was a very low fluctuation in temperature
(degree Celsius) ranged from 29.8 (54) to 31.9 (S2), indicating the well-mixed and shallow
nature of the river [37]. A wide range of variations of salinity was observed from the
upstream to the downstream (0 in S1 to 3.2 in S8) of the river water. The river connected
directly with the Bay of Bengal shows that average electric conductivity (EC) values rising
towards the sea, and its consequent values, ranged from 0.09 &£ 0 to 5.83 £ 0.01 mS/cm,
which was higher than the WHO's limit of 1000 uS/cm [32]. The average spatial pH values
varied from 5.78 £ 0.081 to 7.60 & 0.193 during the in-situ study, which was within the
WHO'’s permissible limit (6.5-8.5) for drinking water at the upstream area [38]. In the
middle and the downstream of the river, pH values were lower than the permissible values
of the WHO, indicating the acidic condition of the river water. Total dissolved solids of the
fifteen sampling stations fluctuated from 0.09 £ 0.001 g/L to 5.83 4= 0.015 g/L. The TDS
of the river increased towards the downstream of the river which exceeded the WHO's
permissible limit of drinking water [39]. The water turbidity reported in this study was
generally higher from upstream to downstream of the river. For upstream, station S1
showed the lowest the turbidity, and the highest was found in station S515. Freshwater
introduction from major rainfall events and mountain waterfall might be a possible reason
for low turbidity in the upstream whereas a higher amount of industrial effluent and
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color and washing sediments could be a reason for the higher amount of turbidity in the

downstream of the river.

Table 1. Tabulation of the Physicochemical parameters of the surface water of Karnaphuli River.

Physicochemical Parameters

Sample Temperature . . EC TDS Turbidit

Station 0 pH Salinity (mS/cm) (g/L) (NTU)
S1 30.5 7.00 £0.12 0 0.09 £ 0.002 0.09 4 0.002 493 +0.91
S2 319 7.12 +0.33 0 0.10 + 0.015 0.10 £ 0.015 5.22 +0.98
S3 30.9 7.60 +0.19 0 0.15 + 0.017 0.15 £ 0.017 20.23 £2.2
S4 29.8 725 +0.12 0 0.09+0 0.09 4 0.001 6.33 +0.77
S5 30.0 6.83 £ 0.05 0 0.13 + 0.035 0.13 £+ 0.035 40.10 = 12.23
S6 29.8 5.86 + 0.16 0 0.13 =+ 0.006 0.13 =+ 0.006 32.37 £1.95
S7 30.1 5.78 4+ 0.08 0 0.14 4+ 0.034 0.14 4 0.035 39.20 + 4.39
S8 30.2 592 +0.14 0 0.12 + 0.011 0.12 £+ 0.011 46.13 £ 6.5
S9 29.9 5.86 4+ 0.06 0 0.19 + 0.016 0.19 £ 0.017 34.47 £19.73
S10 30.2 5.93 +0.11 0 0.17 4 0.007 0.17 4 0.007 86.10 + 7.65
S11 30.3 6.36 + 0.25 1.67 +£0.21 3.19 +0.37 3.19 + 0.36 115.03 + 31.41
S12 30.0 6.61 +0.18 290 +0.17 5.30 + 0.279 5.31 +0.284 125.93 + 21.69
S13 30.4 6.50 + 0.4 3.00 £ 0.1 5.44 4+ 0.216 5.44 4+ 0.226 92.73 +19.13
S14 29.9 6.24 + 0.08 3.03 + 0.06 5.59 + 0.125 5.59 + 0.122 242.30 £ 37.62
S15 29.9 6.39 +0.2 320+ 0 5.83 £+ 0.01 5.83 £+ 0.015 319.93 £ 73.24

Mean 30.3 6.48 + 0.6 0.92 +1.39 10.38 £ 0.076 1.78 +£2.48 80.73 +91.19

Range 29.8-31.9 5.78-7.60 0-3.20 0.09-5.83 0.09-5.83 4.93-319.93

Bangladesh
Standard 20-30 - 0 - 1 10
WHO - 6.5-8.5 - 1 - -

3.2. Concentration of Heavy Metals in Water and their Spatial Variability in the River

The concentration of the elements in the present study was likened with the permissible
limit of WHO for drinking water [32] and with the permissible limit of Bangladesh public
health safety to pursue the adverse impact on the biota [36]. Fe showed maximum concentra-
tion among all the stations of the studied elements. Drown by the weathering process from
the earth’s crust may be the reason behind this result of Fe. The average value of eight heavy
metals generally followed the decreasing order Fe > Mn > Zn > Pb > Ni > Cd > Cr > Cu but
dissimilarities in this order were observed in different stations.

All elements have shown a high density in downstream from the middle of the river.
The increase in the concentration of elements like Mn, Cd, Cr, Cu, Zn, Ni, and Fe was partic-
ularly high from upstream to downstream (Table 2). The study elements showed variations
in different stations which are spatially depicted for the selected metal in Figures 2 and 3.
The concentration of Cd was increased from the middle to the downstream of the river. The
mean concentration of Cd was found to be 0.017 mg/L (ranging from 0.013 to 0.029 mg/L),
the concentration of Cd was higher in the downstream of the river, suggesting the increased
industrial activity in this region. Combustion of coal for industrial purposes, industrial
waste incineration, metal alloys, and industrial sewage runoff acted as the source for
Cd in water [5,39]. Although the studied concentrations exceeded the permissible limits
(0.003 mg/L for Cd) recommended by WHO, a wide range of variation was recorded
for Fe (range 0.693 to 12.517 (mg/L); average: 4.336. Water samples were found to be
toxic to the consumers of these elements as per the permissible values prescribed by the
WHO [32]. Different oxides, hydroxides, and different weathering processes may cause
this type of variation. The sources of Fe not only involved atmospheric deposition but
also the weathering of rocks, and human activities such as a huge load of industrial and
urban effluents [40]. Fe could possess both positive and negative impacts on the water
column: the high concentration level could enhance the intake of highly toxic inorganic
As (III) by aquatic organisms, thereby causing an adverse health impact, but, at the same
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time, it could also help in the reduction of more toxic Cr (IV) to less toxic Cr (III) and make
Cd less bioavailable [40,41]. The average concentration of Mn was found to be 1.527 mg/L
(ranging from 0.47 to 2.88 mg/L), thereby reaching its maximum value in the downstream
(515), exceeding the WHO's limit of 0.500 mg/L in different stations [32]. Discharges
from the adjacent power plant, paper mill, electric power generation, manufacturing of
commercial refrigeration arsenal, and similar types of industry may cause a higher amount
of Mn in the river water [5,42]. The concentration of Zn (mg/L) (ranging from 0.04 to 0.107)
was observed with the average concentration of 0.059 mg/L which is much lower than
the permissible limit of 3.000 mg/L [32]. The concentration of Cr varied between 0.003
and 0.009 (mg/L), with the highest concentration recorded at the downstream sites (514,
S12) of the river mainly because of the runoff toward the downstream [43,44]. The highest
concentration was also under the WHO'’s permissible limit of 0.05 mg/L and thus can
possess no threat to aquatic life. The spatial concentration of Ni (mg/L) ranged between
0.002 and 0.037 (average value: 0.018) with an increasing trend toward the downstream of
the river with the maximum values in (512).

Table 2. Tabulation of the heavy metals of the surface water of Karnaphuli River.

Heavy Metals (mg/L)

Sample Cu Fe Mn Zn Pb cd Cr Ni

Station
S1 0.006 + 0.002 0.75 4+ 0.07 0.56 + 0.15 0.043 +£0.006 0.064 +0.016  0.029 +0.008 0.007 + 0.001  0.017 + 0.004
S2 0.006 £ 0.001 0.69 +0.21 0.47 £+ 0.09 0.047 £ 0.006  0.037 +0.008 0.018 = 0.006  0.003 + 0.001  0.014 £ 0.003
S3 0.004 + 0.001 1.66 +0.37 1.04 +0.18 0.043 +£0.006 0.058 +0.014 0.014 +0.003  0.006 + 0.001  0.017 + 0.008
S4 0.007 £ 0.001 1.45 + 0.61 0.79 £ 0.11 0.067 £ 0.006  0.006 +0.003 0.017 £ 0.003  0.006 + 0.002  0.024 + 0.006
S5 0.005 + 0.001 2.26 + 0.64 1.43 +0.33 0.05 £+ 0.01 0.005 +£0.002  0.014 +£0.002  0.005 4+ 0.001  0.008 + 0.001
S6 0.005 + 0.001 2.17 £0.71 1.13 +£0.12 0.047 £0.015 0.007 +0.002  0.016 = 0.003  0.007 + 0.002  0.002 =+ 0.002
S7 0.005 4 0.001 2.29 +0.82 1.16 + 0.28 0.04 £ 0.01 0.037+£0.21  0.018 £0.003 0.008 £ 0.001  0.008 + 0.001
S8 0.007 £ 0.001 2.27 +0.62 1.62 + 0.48 0.053 +£0.015 0.007 +0.002  0.014 +0.004 0.005 + 0.003  0.028 + 0.01
S9 0.008 4 0.001 2.93 +0.84 1.85 +0.23 0.063 +0.012  0.003 £0.001 0.013 +0.003 0.003 4+ 0.002  0.019 + 0.009
S10 0.006 + 0.002 3.82 +0.59 1.4 +0.16 0.043 +£0.015 0.004 +0.002 0.017 +£0.005 0.003 + 0.001  0.037 £+ 0.013
S11 0.007 £ 0.002 849 +1.78 2.09 £ 0.8 0.057 £0.015 0.007 +0.004 0.016 = 0.003  0.008 + 0.002  0.024 + 0.008
S12 0.009 =+ 0.001 7.96 + 1.48 2.02 +0.53 0.083 £0.012  0.007 +0.002  0.016 +0.003  0.003 + 0.002  0.03 + 0.007
S13 0.007 £ 0.002 39+1.34 1.67 + 0.62 0.067 £0.021  0.050 +0.019  0.016 = 0.005 0.004 + 0.001  0.008 £ 0.003
S14 0.010 +0.002  11.88 +2.19 2.79 +0.29 0.08 £ 0.01 0.024 £0.026  0.019 £ 0.005 0.009 +0.002  0.012 + 0.003
S15 0.011 +£0.001 1252 +1.82 2.88 +0.48 0.107 £0.012  0.013 +0.011  0.019 £ 0.005  0.009 + 0.002  0.018 + 0.005

Mean 0.007 4 0.002 434 +3.93 1.53 +0.72 0.059 £0.019  0.022 +0.022 0.017 £0.004 0.006 £ 0.002  0.018 £ 0.01

Range 0.004-0.011 0.693-12.517 0.470-2.880 0.04-0.107 0.003-0.064 0.013-0.029 0.003-0.009 0.002-0.037

Bangladesh
Standard 1 0.3-1.0 0.1 5 0.05 0.005 0.05 0.1
WHO 2.000 0.300 0.500 3.000 0.010 0.003 0.050 0.020

The concentration of Cu (0.004-0.011) mg/L; mean value: 0.007 mg/L) was found
to be lower than the WHO's permissible limit of 2.000 mg/L [32]. In contrast, the low
concentration of the element might be related to either the microbial uptake or the low
discharge of this element from different points and non-point sources [45]. The concen-
tration of Pb throughout the upstream to the downstream of the Karnaphuli River varied
between 0.003 and 0.064 mg/L (mean value: 0.022 mg/L), which exceeded the threshold
values of the world average (0.0002 mg/L) as well as the permissible limit of the WHO
(0.010 mg/L) [31,45]. Wastewater from industries such as the paint industry, oil indus-
try, ship breaking industry, and cosmetic industry use Pb for various purposes that may
cause it to mix with the river [46,47]. Besides, chemical manures from agricultural land in
the upland area that persist in the environment might also contribute to the higher lead
concentration in the river [48-50].
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Figure 2. Spatial distribution of metals in Karnaphuli river.
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Figure 3. Graphical representation of investigated metals CDI (ingestion, dermal) and HQ (ingestion, dermal) for children

and adults.
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Spatial analysis was done by the inverse distance weighting (IDW) method for differ-
ent values of selected metals by which we can measure the probable risky area of affecting
human health [14,51]. The main justification for using this IDW method is that it can
accurately calculate spatially distributed values quickly, compared to the kriging method
and also inbuilt-in ArcGIS platform. The spatial distribution was done to find the variation
of a metal concentration from upstream to downstream of the river, where the green color
indicates the low concentration and the red color a high concentration of different metals.

For Mn and Zn, a similar pattern of high concentration is seen downstream of the river
where anthropogenic and agricultural activities are dominant. Cd and Pd are observed to be
moderate on the middle to high in sample stations 1 and 2 of the rivers. Karnaphuli paper
industry is situated near there and huge agricultural activities occur beside sample stations
1 and 2. A moderate amount of Cd and Pb in the S8-510 was detected, where different
garment, shoe, chemical, and fertilizer industries are located. Their direct discharge
could be the reason for the higher concentration of selected metal in those areas. Cr
is observed from moderate to high at the upstream to the middle of the river where
different industrial activities occur. Ni is observed to be higher in the middle of the
river from spatial distribution. The concentration of all the measured elements in the
mainstream of Karnaphuli River showed an increasing trend from upstream to downstream.
However, different metal intentness does not show any specific pattern mainly due to
the variability in the input of chemical load from other tributaries such as Kaptai Lake
and Halda River, and also inputs from domestic and industrial effluents. Figure 2 shows
that the element concentrations were very low in the upstream except Zn, Fe, Cd, and
Pb. Agricultural activities and paper meal pollution in these areas may be related to these
results. The elemental assemblage reaching may be very low values mainly because of the
freshwater intrusion and low level of industrial discharge just before the sampling point.
The concentration of most elements starts to increase and the highest peak for almost all the
elements was found near (510, S11) and (514, S15), maybe due to the presence of unloading
sites in the area. In general, the concentration of different metals showed an increasing
trend along the river channel to the downstream. The population density is generally high
beside the downstream region of the river, commencing population density as the major
factor for elemental concentration.

3.3. Health Risk Assessment of Heavy Metals

The average annual CDI and HQ values are presented in Figure 3. Both the routes
of exposure (ingestion and dermal absorption) revealed a similar decreasing trend for
both the populations as: Fe > Mn > Zn > Pb > Ni > Cd > Cu > Cr, where Fe showed
the highest consuming and absorbing element respectively with 0.1549 mg/L/day and
4.45 x 1077 mg/L/day for adults and 0.2255 mg/L/day and 2.08 x 10 mg/L/day for
children. The results also indicate the total consumption and absorption of the elements
were the highest at (S14, S15) followed by (510, S11) for both population groups (Figure 3).
The calculated result of the CDI ingestion pathway shows higher exposure than dermal
pathways. This study shows the same highest exposure for a child than an adult in both
ingestion and dermal processes (Figure 3).

However, the CDI (ingestion) values for Fe, Cd, Mn, Pb, Ni, and Zn were found to be
higher in the downstream for both adults and children, which might be attributed to the
river water contamination through multiple industrial and municipal wastes. HQ and HI
of different routes of exposure were used to evaluate non-carcinogenic risk. The average
spatial HQ (ingestion and dermal) values were well within the safety limit (HQ < 1) except
Mn and Cd, and the HQ (ingestion) of these elements was found to be much higher than
HQ dermal. HQ results show that Mn and Cd had non-carcinogenic risk in the ingestion
pathway for both population groups. Results also revealed that the risk is higher for
children. Almost similar ingestion and dermal values were observed for both population
groups in order as follows: Mn > Cd > Pb > Fe > Zn > Cr > Ni > Cu. Greater HQ dermal
values of Mn and Cd were observed where a child is more affected than an adult. The
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present result ascertained that there might be rare chances of contamination through the
exposure routes as previously discussed, and there may be very little health threat for
humans in terms of surface water intake and absorption from the studied regions.

The spatial distribution of HI along the river is mapped through the IDW process
by which we identified the risky stations that could have health risks in using the river
water. The yellow color indicates the less hazardous area but the red color indicates the
high-risk area for water use (Figure 4). The HI ingestion for adults and children ranged
from 3.0816 (54) to 8.5082 (S14) (average value: 5.136 & 1.645) and 4.487 (54) to 12.388 (S14)
(average value: 7.478 & 2.394), respectively, thereby suggesting non-carcinogenic health
risk for both the population groups in the ingestion pathway (Figure 5). The cumulative
result of HI values suggested that all the stations are below the risk limit (HI > 1) for
both the population groups, although children are affected more than adults. HI, dermal
values ranged from (0.002 to 0.004) for children and (0.0002 to 0.0006) for adults, which
is very alarming because it is reported that one-third of a million children are affected by
water-borne diseases every year [52]. The spatial distribution also demonstrated that the
HI values in the downstream of the river are higher than the upstream, which might be
due to the disposal of the sewages and other landfilled wastes together with terrestrial
runoff, industrial effluents, and municipal waste from the city area. Thus, among the
studied elements, Fe, Cd, Mn, and Pb contribute the most to the non-carcinogenic risk
for both the exposure groups. The local people who lived near the river may be more
affected by the river water. They have used river water for various purposes than any
other [53]. If any measure were not taken to protect river water pollution from industry or
other development activities, the calculated HI and HQ will become more alarming and
non-carcinogenic risks using the river water will be complex.
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Figure 4. Spatial distribution of HI ingestion values both for adults and children.



Sustainability 2021, 13, 6832 14 of 22

1.6x10" T T T T
1 25%-75%
1.4x1 01 - Range within 1.5IQR| =
o e Median Line
1.2x10" - ot . O 4
- utliers
1.0x10" 4 -
E 'o‘
8.0x10° - - .
<Ib').l) 1 R
S 6.0x10° . L -
m 1 “* -
4.0x10° - Pt * 4
4 o
2.0x10° 4 -
0.0 —— AN —— NS =
-2.0x10° ~ -
-4.0x10° r T T T

Adult ingestion Child ingestion Adult dermal Child dermal
Figure 5. Boxplot representation of Hazard index (HI) values.

3.4. Cancer Risk Assessment

People use water through the ingestion pathway higher than the dermal adsorptions,
there is a high possibility of cancer risk through the ingestion process. However, the risk
was calculated only for Cd, Pb, and, Cr as slope factor (SF) values were available only
for these elements. Generally, the considered acceptable range of cancer risk ranged from
107° to 10~* [27]. The calculated CR values for the elements ranged from 9.11 x 10~7 to
1.54 x 1072 for adults and from 1.3 x 1070 to 2.24 x 102 for children, as shown in Table 3.
Although, almost every station crossed the safety limit of Cd, Cr except Pb. Therefore, Cd
and Cr were considered as the major contributors of CR, and children seemed to be affected
more than adults. From Figure 6, it can be seen that human health is at risk from using this
river water mainly from a higher concentration of Cd. Their cumulative carcinogenic risk
is more threatening than individual elemental risks.

Table 3. Spatial Cancer Risk (CR) distribution of selected elements through the ingestion of water for adults and children.

Adult Station Child
Pb cd Cr Pb cd Cr
1.95 x 1072 1.54 x 1072 1.19 x 104 1 2.84 x 107° 224 x 102 1.73 x 104
111 x 105 9.82 x 1073 5.36 x 10~° 2 1.62 x 1075 1.43 x 1072 7.80 x 10~°
1.75 x 1073 732 x 1073 1.07 x 104 3 2.55 x 107> 1.07 x 1072 1.56 x 104
1.72 x 10 9.11 x 1073 1.13 x 1074 4 2.50 x 106 1.33 x 1072 1.65 x 1074
1.62 x 1076 7.50 x 1073 833 x 107° 5 2.36 x 107° 1.09 x 1072 121 x 1074
212 x 107 8.75 x 1073 1.25 x 10744 6 3.09 x 10~ 1.27 x 1072 1.82 x 1074
1.13 x 1075 946 x 1073 1.37 x 1074 7 1.65 x 1075 1.38 x 1072 1.99 x 1074
223 x 107 732 x 1073 8.33 x 107° 8 3.24 x 10~ 1.07 x 1072 121 x 1074
9.11 x 10~7 7.14 x 1073 5.95 x 10~° 9 1.33 x 107° 1.04 x 1072 8.67 x 10~°
1.11 x 107° 9.29 x 1073 5.36 x 107° 10 1.62 x 107° 1.35 x 1072 7.80 x 10~°
2.02 x 107 8.75 x 1073 137 x 104 11 2.95 x 10~° 1.27 x 1072 1.99 x 104
2.23 x 10 8.75 x 1073 595 x 107° 12 3.24 x 107 1.27 x 1072 8.67 x 10~°
1.52 x 1075 857 x 1073 7.14 x 1075 13 221 x 10~° 1.25 x 1072 1.04 x 1074
7.18 x 107° 1.02 x 1072 1.67 x 1074 14 1.05 x 1075 1.48 x 1072 243 x 1074
3.85 x 10~ 1.02 x 1072 1.61 x 104 15 5.60 x 10~° 1.48 x 1072 2.34 x 1074
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Figure 6. Total Carcinogenic risks from different pathways: (a) Total carcinogenic risk for child, (b) Total carcinogenic risk

for adult.

The calculated values remained toward the higher end of the CR, which is unac-
ceptable, and exceeding these values might pose detrimental health hazards to the ex-
posed population. Cumulatively, the cancer risk is higher for both adults and children
than individually.

3.5. Metal Pollution Index (MPI)

The MPI for a particular station was calculated by the sum of the ratios between the
concentration of selected metals and their respective maximum allowable concentration
(MAC). The contamination level was checked for understanding the pollution status of
different stations using MPI. Figure 7 indicates that metal pollution in the Karnaphuli River
is higher in the downstream than the upstream. The accumulation of metals from different
nearby sources is responsible for this condition in the downstream of the river. MPI results
showed that only S2 stood in class V, which indicates a strongly affected area where all
other stations were in a seriously affected area. MPI results also indicated that the pollution
level is the highest in the 514 and S15 indicating a high pollution load in these stations.

30-

24

Seriously affected regions

(above this line)

MPI

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 SIS

Stations

Figure 7. Schematic diagram of calculated metal pollution index (MPI) for selected metals.
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3.6. Source Identification

Similarity or dissimilarity between studied stations was investigated through multi-
variate hierarchical cluster analysis (HCA) based on sources and chemical reactivity of the
elements and hydrodynamics of the river water. Ward’s method using the Euclidian dis-
tance single linkage was used as the measure of similarity [54]. The result represented two
statistically significant and distinct clusters, the first cluster comprising two sub-clusters,

“(a)” and “(b)”, where (a) indicates the station (51-58) and (b) indicates the station (59, S10,

513)) and Cluster 2 including subclass (c and d) indicate the station (S11, 512, 514, and S15)
based on similar sources of contamination (Figure 8). Huge pollution load from industry
may be responsible for indication these stations separately in cluster analysis.

1
|
(€))
] | Cluster 1
1
u
(b)
)
1
1 ©)
— Cluster 2
(d)
T T T T T T T
0 2 4 6 8
Distance

Figure 8. Hierarchical cluster diagram of sites, distances reflect the degree of association between different sites based on

the dissimilarity of metal concentration of surface water.

Stations of cluster 2, situated in the downstream region, accounted for the highest
accretive concentration of the elements owing to some specific industrial stresses such as
sand scavenging activities, and industrial effluents from paper cement, chemical, fertilizer,
shipping, and oil industries, as well as nearby fervent power stations, etc. [16,55]. The
consistency of the trace element concentrations in the contiguous stations might be ascribed
to the potential unidentified point sources coupled with limited radiating impact down-
stream of the river. Deterioration of the water quality from point and diffuse sources is also
manifested, as several elements (Pb, Mn, Fe, and Cd) exceeded the WHO'’s threshold values
to be considered as priority pollutants and thereby pose a considerable health concern at
the studied stations. Cluster 1 may differ from cluster 2 on the sources of pollution [56].
Among two subclasses, (a) includes stations which were near the anthropogenic sources
like aquaculture, agricultural activities, and paper industry, but, for (b), it may be that the
differences are due to nearby chemical and salts industry [22]

Pearson’s correlation is useful for investigating associations between parameters by
presenting the overall congruence of the dataset [3,57]. A Pearson’s correlation was used to
identify correlations between the selected metals and physicochemical parameters. The
correlation between metals is depicted in Figure 9 and shows a strong positive correlation
between Cu-Fe, Cu-Mn, Cu-Zn, Fe-Mn, Fe-Zn, and Mn-Zn (p < 0.01), which indicates their
common sources in the river water. A strong negative correlation between Cu-Pb, Fe-Pb,
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Mn-Pb, Cd-Mn, Cd-Zn, Pb-Ni, Cd-Ni, and Cr-Ni (p < 0.01) indicates that they may be
derived from different sources. The overall correlation matrix among metals indicated
that Ni might come from completely diverse sources which is uncommon in the case of
other metals.
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Figure 9. Correlation of heavy metal concentration. ** Correlation is significant at the 0.01 level (2-tailed).

The correlation between physical parameters was depicted in Figure 10 with their
regression trend. From the figure, a strong positive correlation between salinity-EC, salinity-
TDS, salinity-turbidity, EC-TDS, EC-turbidity, and TDS-turbidity (p < 0.05) has been ob-
served in this study. A higher concentration of sediment and saline water with higher EC
in the river bed flow indicates contamination of the water in this region. High pH values
promote adsorption and precipitation of metal ions in water through complex formation,
while low pH values can weaken the strength of metal association resulting in clear water
in the upstream rather than the downstream of the river. A negative association between
temperature with the salinity, EC, TDS, turbidity (p < 0.05), and between pH with salinity,
EC, TDS, and turbidity is observed.
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Figure 10. Pearson’s correlation among physicochemical properties of the surface water of Karnaphuli River. * Correlation
is significant at the 0.05 level (2-tailed).

PCA was conducted to explore the trace element origins and their correlation with the
water parameters by diminution of the dataset to several influencing factors. The factor
loadings were classified as ‘strong’, ‘moderate’, and ‘weak” according to the superlative
loading values. Out of the PCA factors, the contribution of the first three PCA factors was
the highest and accounted for 80.08% of the total variances (Figure 11). The contribution of
the remaining eleven factors is not mentioned here as their contribution was very small.
The first factor, PC1, was responsible for 53.14% of the total variance (eigenvalue = 7.45),
and had weak correlation with increasing Cu (0.33), Fe (0.35), Mn (0.34), Zn (0.33), salinity
(0.34), EC (0.34), TDS (0.34), and turbidity (0.35). Again, PC2 was responsible for 16.54%
of the total variances (eigenvalue = 2.32) and had a moderately strong correlation with
increasing of Pb (0.57) and was poorly correlated with temperature, pH, Cd, and Cr.
Between the significant factors (eigenvalue > 1), PC3 was responsible for a 10.36% variance
(eigenvalue = 1.45). Considering the PCI, it can be said that Cu, Zn, Mn, and Zn came from
similar stations and correlated with physicochemical parameters: salinity, EC, TDS, and
turbidity. PCA analysis indicates that Ni contribution sources are far from other sources
which also support the results of the correlation matrix. Similar results of PCA analysis
were observed by Salam et al. [3], in a sediment study of Perak river, Malaysia, and six
major rivers in Bangladesh [15]. Scores and loading plots of PCA strongly support the
results of the Pearson correlation and hierarchical cluster analysis. Huge industrial load and
residential areas waste are mixing with the downstream of the river which maybe acted as
the factor behind their availability in those stations. In the upstream of the river, industrial
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activities such as paper industry and agricultural activities and their direct mixing may be

the possible reason for the factor with PC2 and their availability on those stations.
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Figure 11. Loading plot and biplot of principal component analysis for heavy metals at all of the investigated sites.

4. Conclusions

Human health risk and pollution status of Karnaphuli river water were analyzed in
this study. Fe, Mn, Pb, Cd, and Ni concentrations among all studied metals were higher
than the WHO’s drinking water standard. The ingestion rate of Fe, Mn, Zn, Pb, Cd, and Ni
showed higher contamination among the studied metals. HQ and HI ingestion showed
non-carcinogenic risk for both population groups, but dermal exposure showed no risk.
Moreover, a child was more than 1.5 times more susceptible to using the river water than
an adult. Carcinogenic risk analysis revealed that Cd could have a cancer risk for lifetime
use of the river water. Spatial analysis and cluster analysis almost revealed the same result,
where downstream of the river water is more polluted. The principal component analysis
showed that natural crust producing Fe and agricultural activities releasing metal such as
Zn, Mn, and Cu were higher in the river water. The overall study revealed that a huge
pollution load is mixing with river water from industrial effluents and other anthropogenic
activities and human health risk tendency becomes higher day by day. In this study, we
used Flame AAS for water analysis which is a pristine method for water quality analysis.
Using new laboratory analyses such as ICP-MS may provide more accurate and detectable
results, which are very important for water quality analysis. In addition to this study, we
took a one-season sample. If sampling can be done separately in the monsoon and winter
seasons, then a better conclusion may be possible. In the near future, we are interested
in studying the river water quality in different seasons. Therefore, this study suggests
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proper water management at the policy implementation level, incorporation of monitoring
programs, proper waste, and wastewater treatment for the safeguarding of human health
using the river water.
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