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The Ganga is the most sacred Indian river, and it influences the lifestyle of ~400 million people. However,
owing to several anthropogenic activities, biotic and abiotic pollutants have increased substantially. The
water quality assessment of the Ganga river has indicated that the water is not potable along most of its
stretch. Most of the pollutants originate from a lack of responsible waste dumping from industrial,
farming, sewage sectors and religious activities and cremation practices. The level of dissolved oxygen
and biological oxygen could be the reason for serious concerns about aquatic life and human health
risks. In this context, the challenges associated with formulating a standard testing kit for the Ganga
water from people friendly viewpoint and utilising their knowledge base is presented. Overall identified
data from available sources have been classified in terms of sources, such as industrial, farming, various

religious activities, cremation practices, and their possible effects on aquatic life and human health. The
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Accepted 22nd March 2023 present level of pollution from all sources and accepted standards are discussed. Further, we have

highlighted the need for understanding pollution from the people’'s perspective involved in various
DOI: 10.1039/d25u00071g activities and postulated the information regarding the sensors that have been developed to identify

rsc.li/rscsus a variety of pollutants in the water.

Sustainability spotlight

Water is one of the most exquisite parts of life that is required for proper sustentation and function of our body. Degraded water quality can destructively affect
human health. Having your water tested before consumption makes impeccable sagacity that can save thousands of lives. Ganges is a major source of water in
India, and the water quality assessment of the river Ganga will provide knowledge to empower decisions and behaviour of people towards its purity. This review
provides an overview of the contamination scenarios, its causes, and detection methods available to identify the water quality index of the most sacred river of
India, i.e., “Ganga”. The work aligns to target the SDGs clean water and sanitation (SDG6).

Glacier and drains into the Bay of Bengal while traversing about
2525 km through Uttarakhand, Uttar Pradesh, Bihar, Jhark-

1. Introduction

Ganga is among the largest rivers of the Indian sub-continent,
which originates from the Gaumukh ice cave of the Gangotri
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hand, and West Bengal."*> The lives of more than 400 million
people depend on this river for their daily needs. It is also
considered as the most sacred river in India, embodied as
a living goddess and symbolized by Mother Ganga. It is believed
to purify the soul and has been reported to have rich medicinal
and antibacterial properties.* In India, it covers around 861
404 km” of the drainage basin and almost 26.2% of the
geographical area that includes the major ancient cities
including Haridwar, Kanpur, Allahabad, Varanasi, Patna, and
Kolkata. Starting from its origin in Gaumukh to Rishikesh, it
flows on the Himalayan hills, thereafter, it reaches the Gangetic
plain.® While traveling from hills to plain, Ganga unites with its
tributaries, i.e., Yamuna, Ghaghara, Gandak, Kosi, Burhi Gan-
dak, Gomati, Tons, Sone, and Punpun. While these tributaries
increase the volume of water in the Ganga, they also bring
several polluting elements that deteriorate its water quality. The
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stretch of the river flowing from Kannauj to Varanasi is
intensely vulnerable due to abiotic sources of pollution such as
industrial discharge, manure release, and agricultural runoff.
Thus, due to the increased level of pollution, the consumption
of Ganga water is reported to cause hazardous health effects
such as water-borne diseases and cancer. Several studies have
reported the deterioration in water quality and increased
pollution levels by analyzing the physico-chemical, biological,
and toxicological features of river Ganga.>”*

Industrial discharge has increased the level of inorganic and
organic pollutants in the river. Inorganic pollutants such as
metals like cadmium, iron, lead, chromium, mercury, and zinc
have been released from electroplating industries and thermal
power plants.’®** Organic waste, chlorinated organics, and
dioxins have entered the river due to effluents discharged from
pulp and paper mills. The petrochemical industry is also
responsible for discharging a lot of oils and phenols. Addi-
tionally, the Gangetic plane is among the most fertile agricul-
tural land in the country; therefore, large amounts of pesticides
that are used for agriculture also end up in the river due to
runoff.">'® Most of the pollutants present in the river, either
organic or inorganic, are known to be carcinogens and muta-
gens in nature and can cause numerous biological disor-
ders.”*® Due to the high prevalence of these metals in the river,
it gets accumulated in fish via biomagnification.®'***-** Several
other toxic elements are also biomagnified and bioaccumulated
by aquatic animals."***** The accumulation of toxins by aquatic
animals can cause significant health risks to the human pop-
ulation consuming sea foods. One study by the National Cancer
Registry Program has reported that the number of cancer
patients (especially gall bladder cancer) has augmented around
the Ganga basin.”” The monitoring of the Ganga river's water
quality has been mostly carried out by checking the physico-
chemical characteristics and maximum count of fecal coli-
form present.*

The government of India has taken several steps to control
the level of pollution in the Ganga,* such as the Ganga Action
Plan (GAP) launched in 1986 to reduce sewage discharge
directly into the river, the establishment of the National Ganga
River Basin Authority (NGRBA) to clean and conserve the Ganga
under the Section 3(3) of Environment Protection Act, 1986.
Nevertheless, after so many years, the quality of the Ganga did
not improve as expected and continues to deteriorate. Here, we
have reviewed the various pollution sources classified into
biotic and abiotic factors that negatively affect the water quality
of the Ganga river. Secondly, we reviewed the various detection
methods available for water quality monitoring.** Further, we
argue for the need for a people-friendly test kit to identify and
monitor the existing water quality for real-time action and
awareness among people.

2. The Ganga pollution and the
adverse health hazard to its inhabitants

Ganga is the largest river basin of India. The main river stream
of Ganga homesteads a high density of population. The
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negligence in maintaining the hygiene level, effluents from
industries, household waste, and irrigation runoff turns Ganga
into a polluted river. The section here explains the sources
responsible for pollution in the Ganga river along with the
hazardous effects it can cause to living beings.

2.1 Sources

Around 20% of wastewater discharge in the Ganga emerges from
industrial sources.”® However, it is enough to elevate the toxin
levels in the river. A major part of industrial pollution, around
55% source is from Uttar Pradesh, followed by Haryana, Madhya
Pradesh, Rajasthan, West Bengal, and other states.” The majority
of polluting industries located along the river basin are tanneries
in Kanpur, textile and locomotive industries in Varanasi, and
various engineering enterprises in Prayagraj (formerly Allaha-
bad). The tributaries of the Ganga are also surrounded by various
small and large-scale industries like paper, sugar, distilleries,
fertilizers, etc., in the areas of Haryana, Uttar Pradesh, and
Madhya Pradesh. Apart from these, various industries that are
located in residential areas of almost all the cities and villages
also directly discharge their waste into the river.*

This untreated discharge is one of the major causes of the
deterioration of the water quality of the Ganga. The major toxic
constituents are heavy metals, pesticides, pathogens, and pol-
yfluoroalkyl substances dissolved in matter.>®* The studies
have shown that the Ganga river's upper stretch at Rishikesh
does not qualify for the parameters of potable water,*® while at
lower stretches of the river, the water is not even suitable for
bathing and other livelihood activities.**** This continuous
discharge has affected the physicochemical properties and
overall microbial counts of river water. Household discharge
and sewage are other major sources of pollution in the river. An
increasing level of urbanization along the Ganga basin has
deteriorated the quality of river water. The level of dissolved
oxygen (DO) and biological oxygen demand (BOD) has also
increased in recent years. As per American Public health Asso-
ciation (APHA), clean and fresh water should have BOD of less
than 5 ppm, and DO above 6.5-8 ppm.** The level of ions of
nitrate, nitrite, sulfate, phosphate, and hardness was found
highest in Uttar Pradesh, followed by Bihar and Uttarakhand,
excluding nitrate, which was found to be higher in West Bengal
after Uttar Pradesh.?” The fecal and total coliform count is
higher in West Bengal, followed by Uttar Pradesh.** Due to
a large number of industries present, Kanpur and Varanasi in
Uttar Pradesh are the most contaminated sites, with 93 000 and
50 000 MPN per 100 mL of fecal coliform, respectively.*> While
in West Bengal, the most contaminated sites are Dakshineswar
and Howrah, with 425 313 and 237 059 MPN per 100 mL of fecal
coliform, respectively.®> The maximum permissible limits of
fecal coliform are found to be higher for drinking (50 MPN per
100 mL) and bathing water (500 MPN per 100 mL, CPCB, 2009).
The report of the Central Pollution Control Board (CPCB) in
2009 revealed that the Ganga water is not suitable for drinking,
even from its origin, at Gangotri.

2.1.1 Industrial effluents. Hundreds of industries, out of
which 956 are only situated in Uttar Pradesh, like tanneries,
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Table 1 Changes in the level of inorganic pollution (trace and toxic elements) in Ganga water in different states®* (reused with permission)

Level (mg L") in Ganga water in different states

Name of trace and

Sl no. toxic elements Uttarakhand Uttar Pradesh Bihar West Bengal

A Trace elements

1 Fe After 2009 0.03-2.61 0.0-7.0 — 0.0-5.5
Before 2009 0.3-5.99 0.02-3 0.08-0.36 0.35-2.35

2 Zn After 2009 ND-13 ND-106 — ND-64
Before 2009 0.015-0.16 0.01-0.60 0.04-0.4 0.04-0.69

3 Cu After 2009 ND-0.18 ND-36 — ND-38
Before 2009 0.01-0.02 0.01-2.0 0.02-0.15 0.003-0.322

4 Mn After 2009 0.002-0.16 0.04-2.8 — ND-2.7
Before 2009 0.03-0.08 0.03-0.12 0.10-0.25 0.085-0.712

5 Co After 2009 0.002-0.02 ND-0.02 — —
Before 2009 — 0.01-0.05 — —

B Toxic elements

1 Cr After 2009 0.003-0.2 0.0-52 — 0.0-9.5
Before 2009 — ND-1.09 ND-0.13 0.01-0.39

2 Cd After 2009 0.0-0.7 0.00-13 — ND-1.4
Before 2009 ND-0.011 0.003-0.033 ND-0.10 ND-0.003

3 Pb After 2009 0.00-5.0 0.0-27 — ND-7.9
Before 2009 — 0.03-0.19 ND-0.37 0.00004-0.076

4 As After 2009 0.003-0.01 ND-0.01 — 0.0-4.7
Before 2009 — 0.007-0.03 ND-0.01 —

5 Hg After 2009 ND-0.0004 ND-0.0008 — 0.0-0.69
Before 2009 0.0-0.000081 ND-0.002 ND 0.00001-0.95

6 Ni After 2009 0.0-0.004 0.0-1.12 — 0.0-9.7
Before 2009 0.01-0.05 0.03-0.9 ND-0.01 0.03-0.05

textiles, sugar mills, paper and pulp, thermal power plants,
electro processing, dairies, pesticides, and fertilizer industries
discharge various types of waste into the river.**** As per the
study by Trivedi 2010, around 2500 MLD of industrial waste has
been generated in the Ganga basin.** The CPCB 2016 report has
listed 764 grossly polluting industries that are situated in Uttar
Pradesh, discharging their wastewater directly into the river
without any treatment. The tannery industry constitutes the
highest proportion of pollution among all the grossly polluting
industries, due to which there exists an elevated level of chro-
mium in the Ganga stretch along Kanpur and Kolkata. The level
of toxic elements present in the Ganga basin has been
summarized in Table 1.

2.1.2 Agricultural waste. The Indo-Gangetic Plain (IGP) is
one of the most extensive fertile plains in the world.** In India,
nearly 13% of the IGP area is present in the states of Uttarak-
hand, Uttar Pradesh, Bihar, Jharkhand, and West Bengal.
Around 50% of the food grains are produced in this region,
which feeds about 40% of the country's population.** India has
agricultural importance, and therefore, the use of pesticides is
also high. India produces ~85 000 MT year ' of pesticides and
ranks fourth in the world after the US, Japan, and China.****
Annually, India uses 60000 MT of pesticides, of which the
highest consumption is in the Ganga basin.***” Pesticides and
fertilizers used in agriculture could easily penetrate into the
river via runoff streams and tributaries. Apart from the usual
agricultural practice, the dry bed of the Ganga basin is also used
for the cultivation of vegetables and fruits, further adding

pesticides to the river after monsoon runoff.

420 | RSC Sustainability, 2023, 1, 418-43]

Organophosphorus pesticides (OPPs) and Organochlorine
(OCPs) are the most consumed pesticides in India. These
pesticides contribute to the increase in Persistent Organic
Pollutants (POPs). POPs are carcinogenic and are of human and
environmental health concern.?””*® Few pesticides, such as DDT,
aldrin, etc., are banned by the Government of India, but due to
low cost and easy availability, these pesticides are still being
used for agricultural practices.***°

Several researchers have monitored various types of pesti-
cides in the Ganga basin, and most of them were reported to be
at elevated levels, beyond the permissible limit of the World
Health Organization (WHO).**> Severe pesticide contamination
has been observed in Uttar Pradesh, particularly in Kanpur and
Varanasi cities.*>** The level of pesticides in the Ganga basin in
different states has been listed in Table 2.

2.1.3 Religious activities. As per the Hindu religious belief,
the river Ganga is a soul purifier or “Mokshdayini”, which
means ritual bathing in the river can help you escape the cycle
of death and rebirth. The most important pilgrim centers of the
Ganga basin are Rishikesh, Haridwar, Garhmukteshwar, Alla-
habad, Gangasagar, Mirzapur, Varanasi, and Kannauj, where
numerous religious activities occur on the bank of the Ganga.
On various festive occasions, people come to these pilgrim cities
and take a dip called “Ganga Snan” in river.’> Devotees not only
take a dip, but they also engage in various ritualistic offerings
that include flowers, leaves, discarded remains of books and
idols, earthen lamps, etc. People also perform the last rites of
their deceased ones at the banks of Ganga. Occasionally, dead
human bodies and dead animals are also drowned in the river

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Changes in the level of organic pollution (pesticides) in Ganga water in different states®* (reused with permission)

Level (ng L") in Ganga water in different states

Sl no. Name of pesticides Uttarakhand Uttar Pradesh Bihar West Bengal

A Organochlorines

1 >-HCH After 2009 5.2-7.24 0.1-3.5 ND-74.04 0.0-0.039
Before 2009 ND-153 1-99,517 11-2597 0-18,650

2 >-DDT After 2009 ND-1.01 0.05-2.21 ND-489
Before 2009 2.0-365 ND-143226 19-1663 0-6000

3 =-Endosulfan After 2009 ND-0.92 ND-85.4 ND-739 —
Before 2009 ND-66 ND-66516 — 0-3620

4 =-Aldrin After 2009 0.12-2.3 ND-2.2 ND-489 0.0-0.009
Before 2009 ND-46 ND-3340 ND-800 10-900

5 >-Hepta After 2009 0.06-0.32 ND-0.2 ND-11.8 0.0-0.026
Before 2009 — — — —

6 2-4D After 2009 — — — —
Before 2009 — ND-39 — —

Organophosphorus

1 Dimethoate After 2009 — — — —
Before 2009 — 0-2694 — 0-1940

2 Malathion After 2009 — — — —
Before 2009 — ND-6982 — 0-4830

3 Methyl parathion After 2009 — — ND —
Before 2009 — ND-500 — 0-3050

4 Ethion After 2009 — — — —
Before 2009 — 0-1995 — —

as per the beliefs of people. All these different religious prac-
tices also contribute to the water quality of the Ganga river,
which has been summarized here.

2.1.3.1 Religious bathing. Millions of people take a bath in
the Ganga every day; however, on auspicious days, rituals of
mass bathing occur. The main festival of this ritualistic bathing
is “Kumbh”, which takes place mainly at four places: Nasik,
Allahabad, Ujjain, and Haridwar. Kumbh festival is celebrated
once every 12 years in each of the four places, and it continues
for one and a half months. During this period, billions of people
take a bath in the Ganga.** This mass gathering depreciates the
water quality as people carelessly use detergents and discard
waste, food, and clothes into the river. Hence, these ritualistic
activities also end up contributing to the pollution levels of the
sacred Gange River. The effect of Kumbh on the water quality of
the Ganga has been reported by various researchers.**¢ The
BOD, COD, and fecal coliform count have been reported to
increase significantly after the Kumbha snan.*”

2.1.3.2 Immersion of idol. The immersion of idols is also one
of the practices responsible for increasing numerous toxins in
the Ganga river. During many festivities such as Durga Puja,
Lakshmi Puja, and Ganesh Chaturthi that are celebrated in
West Bengal, Uttar Pradesh, and Bihar, immersion of idols
takes place on a large scale. These idols are made up of a variety
of materials that includes clay, metals, plaster of Paris, and
cloths. These are further decorated with plastic and polystyrene,
reported to deteriorate the water quality.”” The materials used
for the decoration of these idols contain heavy metals like
arsenic, cadmium, lead, and chromium, which are carcinogens
as per WHO recommendation.*® The plaster of Paris used for
making the idol structure contains sulfur, phosphorus,

© 2023 The Author(s). Published by the Royal Society of Chemistry

magnesium, and gypsum. The immersion of these idols
increases the acidity and heavy metal levels of the water.**">>
Approximately, thousands of liters of paint and hundreds of
kilograms of toxic synthetic materials are immersed in the river
with the idols.** Plastic and polystyrene are not soluble; there-
fore, it also gets accumulated at the banks of the river and
hampers the natural flow of water. These materials not only
deteriorate the water quality of rivers but also affect aquatic life
by killing the fish and damaging the phytoplankton.

2.1.3.3 Waste generated through the temple and religious
activities. Every year thousands of tons of flowers and garlands
are thrown in the Ganga as an offering. At prominent places like
Haridwar, Varanasi, etc., grand evening prayers are held, where
devotees offer earthen lamps, flowers, and food items in the
river. These practices are common and occur in large numbers.
In Kashi Vishwanath temple of Varanasi, an estimated 20
quintals of floral waste are disposed of in the river daily.** This
amount increases four to five times in the months of Shrawan
(July-August). Furthermore, the religious wastes generated by
households also end up in Ganga, leading to a greater pollution
load in Ganga every day.

2.1.4 Cremation of the dead body. The religious belief
prescribes that dying and cremation near the Ganga, particu-
larly in Varanasi, releases the soul from the process of rebirth
and directs the soul to heaven. On average, around thirty to forty
thousand dead bodies are cremated every year, and the number
increased during the recent COVID-19 pandemic.”® The ashes
and unburnt or half-burnt body parts are thrown into the river,
and even the ashes of bodies cremated elsewhere are also
transported and thrown into the Ganga. Further, the dead body
of thousands of people that are not burnt is directly dumped

RSC Sustainability, 2023, 1, 418-431 | 421
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into the river. These practices degrade the water quality of the
river to a great extent.

2.1.5 Contamination by pathogens. The contamination of
pathogens in the water bodies is a serious issue, which makes
its recognition essential. The level of the pathogen is usually
detected through indicator organisms like water-borne patho-
gens such as E. coli and fecal coliforms. It is a common
approach to quantify the pathogenic load over the water bodies
by estimating the indicator organisms. The main sources of the
entry of these pathogens are sewage discharge, runoff from
vegetated areas, and discharge from commercial and industrial
effluents. These pathogens are known to cause diarrhea and
gastrointestinal illness.**

2.2 Degradation in water quality

In ancient times, Ganga water was used to treat various
diseases, and people believed bathing in Ganga will cure their
illnesses. The antimicrobial property of Ganga was identified
long back in 1896 by Ernest Hankin, the British bacteriologist.
The research reports indicated that pathogenic microbes were
not able to thrive in the Ganga.>** The high oxygen retention
rate of Ganga allowed it to remain fresh even after long storage.”
The extent of various polluting activities has changed the water
quality and diminished the self-cleansing ability of the Ganga.

2.3 Accumulation of toxic substances by aquatic life

Hundreds of fish varieties are found in the Ganga basin,
including the most exotic species.”® The river also supports the
country's economy by benefiting and providing fisheries
resources. These fish markets have commercial importance and
serve as sources of livelihood for the local people residing near
the bank of Ganga. Increased level of pollution has decreased
the water volume and affected the health and diversity of fish in
the river. Several species of fish in the Ganga are under threat,
including the national aquatic animal, the Dolphin. The species
number of commercially important fish has declined signifi-
cantly.®® The pesticides introduced in the river water accumu-
late in the fish and cause metabolic disruption.’®*” Various
metals and metalloids also accumulate in the organs of fish,
like in the gills, brain, liver, kidney, and skin, therefore altering
various metabolic pathways.”® The toxins accumulate and
magnify in the fishes in two ways either through gills, which are
the main sites to uptake toxicants and then get absorbed in the
blood or through consumption of contaminated food and
phytoplankton with high metal concentrations.*®*

2.4 Human health risks and diseases associated with water

Degradation in the water quality of Ganga due to a high level of
pesticides, toxic chemicals, and heavy metals highly affects
human health by entering through the food chain.**
Consumption of contaminated seafood may cause serious
health hazards, predominantly in the states where fish is
a subsistence economy. The guidelines for drinking water and
the permissible limit of pesticides and heavy metals have been
established by WHO (1993) and other health and environmental
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protection agencies, which referred to the level of maximum
toxicant uptake as “acceptable daily intake” (ADI).*

The level of most of the elements, along with pesticides and
heavy metals, are higher than the ADI values in the Ganga. The
water of the Ganga is unsuitable for direct utilization or
drinking purposes. The water is first treated with disinfectant
and then subjected to a conventional treatment process and
then supplied for domestic usage. High levels of heavy metal
contamination (arsenic, cadmium, chromium, and nickel)
present in the river may increase the risk of cancer, as per
International Agency for Research on Cancer.” These heavy
metals are classified as group 1 toxicants, and the pesticides
such as DDT, HCH, and lead are categorized in group 2.°
Therefore, consumption of contaminated toxic food and water
poses a high risk of human cancer. Apart from cancer,
contaminated water intake can also lead to various other water-
borne diseases such as cholera, diarrhea, hepatitis A, typhoid,
food poisoning, and polio. The polluted water contains viruses
and bacteria as well like E. coli, hepatitis A and E, which can
easily pass from one living being to another and affect health.
Though the previous studies show the elevated level of toxic
chemicals in the water, the regular monitoring system and lack
of people's interest in knowing and remediating the pollution
level of Ganga indicates the precarious fate of Ganga.>*

3. People’s perception of measuring
the water quality of Ganga

People’s perception of the water quality of a river is derived from
one or a combination of the following factors: sensorial,
contextual, scientific, heuristics, or culture and belief.®> For
river Ganga, culture and belief are of particular importance
given its iconic cultural status and reverence among people as
an embodiment of a living goddess. People's perception of
water quality gives us insights into the community's attitude
toward water management, their conception of ‘polluted’ and
‘potable’ water, and thus, their risk perception related to water
usage.®*** Social norms play an important role in determining
people’s beliefs, attitudes, and perceptions, which in effect,
influence users' behavioral intent.®® While attitude is an indi-
vidual trait, norms are the collective traits shared by members
of a given group or society that drives the social behavior of the
public.®*®” Rich qualitative data generated from the investiga-
tion of people's perception of water quality offers the potential
for the co-production of knowledge through engagement with
diverse groups of stakeholders, thereby creating new knowl-
edge. Such equitable processes address the needs of different
communities and facilitate their ability to participate mean-
ingfully in water management. It will also allow for the identi-
fication of different levels of risk perceptions amongst different
groups, thus leading to the effective allocation of resources for
the mitigation of risks.*®

Public perception of water quality drives the user's assess-
ment of water suitability for different purposes, the feasibility of
water reuse, and their actions towards resource conservation.®®
Integrating this information into public policy can make

© 2023 The Author(s). Published by the Royal Society of Chemistry
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environmental management strategies more robust by creating
resource ownership, wider community support, and enhanced
implementation.

Public perception highlights the user's perception of
perceived risks, and their responses and also informs their
dialogue with government officials and various other stake-
holders. However, in several cases, public perception and
expert's classification of differentials risks might differ, thereby
creating challenges for effective risk communication. In the
context of the Ganga river, the community's perception of its
water quality is heavily guided by their religious beliefs, which
prescribe the ‘sacredness’ and ‘self-cleansing’ ability of Ganga,
thus rendering it immune to any polluting activity.” Such
beliefs and attitudes can diminish the perception of hazards
due to pollutants, thereby negatively impacting environmental
decision-making.

4. Available methods and test kits for
monitoring the water quality of river
Ganga

A low-cost real-time water detection monitoring system that can
be applied in remote sensing for water bodies has been devel-
oped. The sensor is a wireless electrochemical sensor controlled
by a microcontroller. The device is designed to detect the
temperature of the water, its pH, and dissolved oxygen at
a particular time interval. The sensor gathers the information
and presents it in graphical and tabular form through the
designed user interface on the pre-registered mobile phones.”

The first sensor developed for monitoring water was a pH
sensor with a glass electrode, developed around 1930. Since
then, the pH has been tested as the primary parameter for
identifying the water quality in most sensor devices. It is
important to analyze various other parameters to evaluate the
water quality, for which multiple sensors are needed.

Pressure driven flow (AMPs)
(A) D
Electromigration (AMPs)
=
Pressure driven flow (Bac) + Electromigration (Bac) &
—

Detector

AMPs supply (d)
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The world has become cautious about the conservation of
natural resources, especially water, as it is a basic need of life.
The contamination in the water can cause various diseases in
the community. Therefore, the real-time monitoring of toxin
levels is the need of the hour. Several systems were developed,
among which some focused on the detection of the initiation of
a contamination event. The first such kind of system was
Canary, built by Sandia National Laboratories, and this work
was funded by Environmental Protection Agency (EPA),
National Homeland Security Research Center. This system is
currently being used at Greater Cincinnati Water Works
(GCWW). It provides online monitoring of several contaminants
to analyze the water quality, for which it employs multiple direct
and interlinked sensors. It has artificial intelligence program-
ming that provides users to update their algorithms.”

Electrochemical sensors are the best-suited sensors for
rapid, sensitive, and on-site analysis. A recent report by Cai and
co-workers presented a rechargeable microbial electrochemical
sensor with bioanode and biocathode. Acetate, formate, and
hydrogen were used as charge carriers, with coulombic effi-
ciency and energy efficiency of 38% =+ 18% and 2.2% =+ 0.7%,
respectively. The sensors demonstrated good reusability due to
their rechargeable nature. The microbes Acetobacterium, Ace-
toanaerobium, and Geobacter act as biorecognition elements.”
To design microscale sensors, microfluidic microscale tech-
nologies have also been exploited.

Microfluidic-based designs have been reported for the
detection of various biological and non-biological analytes such
as heavy metals, pesticides, and phosphates with an improved
limit of detection. E. coli 0157 and Salmonella typhimurium have
been successfully used for biosensor fabrication.” A study by
Schwartz demonstrated the use of high-concentration labeled
antimicrobial peptides (AMPs) in microfluidic devices to ach-
ieve a low detection limit (105 c¢fu mL™") with a rapid response
time of 2 min.” Briefly, the AMPs were mixed with electrolytes
and focused to travel in a vacuum-driven flow, and the vacuum
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Fig. 2 Representation of the microfluidic chip-based experimental
setup.”® (A) The chip is a commercially available design (NS-12A, Perki-
nElmer) made of isotropically etched soda lime glass with dimensions of 90
um (width) x 20 um (depth). Also shown are the length dimensions of each
intersected channel. A finite amount of AMPs is injected through the West
reservoir, focused by cationic ITP, and remains confined and stationary at
point (1) by negative pressure applied at the West reservoir. Electric field is
applied on the channel by setting a constant voltage or current between
East and West reservoirs, oriented for cationic ITP propagation from the
West to the East. Detection of the fluorescent signal is obtained by
a camera located at point (2), 4 mm downstream from the labeling zone.
(B) Raw fluorescence image of the channel intersection showing an E. coli
sample prelabeled with SYTO9, initially mixed in the South reservoir,
flowing into the main channel, toward the labeling site.
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line was also subjected to contaminated water. Any bacteria
present in the water moves along with high AMPs concentra-
tions. The bound bacteria from AMPs continue downstream
while free AMPs remain in the stationary zone. These fluores-
cent signals were then recorded by the detector (Fig. 1). The
microfluidic device chip layout has been demonstrated in Fig. 2.

The micro-scale sensor designed by Jiang et al. has also been
customized to identify the concentration of bacteria in drinking
water.”® The system was based on electrochemical impedance
spectroscopy, where the presence of bacteria in the sample
hinders the electrochemical system of the sensor (Fig. 3).

To detect the chloride ion concentration in water, a micro-
fluidic device using long-period fiber grating (LPFG) was
designed by Wang in the year 2011.”7 Apart from that, the
microfluidic device integrated with optical transducers was also
reported to measure several chemical and biological toxicants.”
A droplet sensor entrenched on an electrowetting-on-dielectric
microfluidic system was reported by Zengerle and co-workers
in the year 2012.” The sampling requirement for analysis in
the system is as less as 100 nL. The sensor was designed in a way
that reduces power consumption, which makes the device
useful for onsite detection. The microfluidic analytical platform
can detect the contaminant at a very low level. The microfluidic
platform has also been demonstrated for identifying the
nanomaterials and their assembly, and this feature can also be
useful to extricate the nanoparticle characterization.** The
experimental setup of the microfluidics device has been
depicted in Fig. 4.

Micro electro-mechanical system (MEMS) and polymer
micromachining techniques have gained the interest of
researchers for sensor development. MEMS provides the

hrc
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Fig. 3 Smartphone based wireless bacteria sensing device (a) syringe to inject testing sample in the senor, (b) EIS based bacteria sensing (c)
communication between smartphone and sensor device for bacteria sensing, (d) wireless circuit system.”®
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advantage of making the devices in the micron size to make the
device compatible with a small volume of samples. Another
advantage of MEMS based devices is their mass production,
which permits low-cost components with high precision and
reliability. Combining the electrochemical system with MEMS
can provide more potential devices. Various other advance-
ments in the sensor for water analysis have been made, such as

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a) Representation of a microfluidic setup for the detection of nanoparticles (b) circuit model of the sensor, (c) detection of 490 nm sized

using nanomaterials. Nanomaterials are well known for their
good catalytic, mechanical, and electrical properties. Among the
various metal nanomaterials, magnetic nanomaterials attribute
extra advantage to capture targets and molecules of complex
structure.®* The magnetic property of these nanomaterials is
useful for their recovery after accumulation in the experiment.
Magnetic nanomaterials have been reported for the detection of
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Fig. 5 Schematic representation of the sensing mechanism to detect Escherichia coli in drinking water using T7 bacteriophage-conjugated
magnetic probe. (i) T7 bacteriophage-conjugated magnetic probe-based E. coli separation, (i) release of B-gal due to T7 bacteriophage
infection, (iii) B-gal mediated CPRG hydrolysis that generates colorimetric readout®? (reprinted (adapted) with permission from {Chen, J.; Alcaine,
S. D.; Jiang, Z.; Rotello, V. M.; Nugen, S. R. Detection of Escherichia coli in drinking water using T7 bacteriophage-conjugated magnetic probe.
Anal. Chem. 2015, 87 (17), 8977-8984}. Copyright {2023} American Chemical Society).

Table 3 Sensors for monitoring water quality

Target Method Detection limit Reference
E. coli and B. subtillis Electrochemical impedance spectroscopy (EIS) 6 x 10> CFUmL ™" 83
S. aureus Differential pulse voltammetry (DPV) 10° CFUmL ™" 84
S. typhimurium EIS 10 CFU mL " 85
C. parvum Chrono-potentiometry; o-phenylenediamine/hydrogen 500 oocysts mL™* 86
peroxide potentiometry

Middle East respiratory Square wave voltammetry (SWV) 400 fg mL ™" 87
syndrome corona virus (MERS-CoV)

Mercury (Hg>") ions Electrochemical 0.098 ppb 88
Cadmium (Cd*") ions Stripping voltammetry 20.7 ppb 88
Lead (Pb**) ions Square wave anodic stripping voltammetry (SWASV) 1.8 ppb 88
Arsenic SWASV 8 x 10~ ppb 89
Chromium Cyclic voltammetry (CV) 0.03 pM 90
Zinc cv 75pug Lt 91
Copper CvV 0.635 ppm 92

E. coli, where the magnetic beads were conjugated with bacte-
riophage (Fig. 5).*> In another study, aptamer-based biosensors
have been reported to use gold-coated magnetic microdisks,
which have an analysis time of fewer than 45 min.** To detect
pesticides in the water sample, a hybrid nanocomposite of
Fe;0,@mSiO, was reported by Xie and co-workers.**** Another
study where graphene oxide (GO) coated with polyvinyl alcohol
(PVA) was used to detect organophosphorus residues in the
water was also reported.®® In another study, the detection of N-
methylcarbamate in the surface water by temperature-handled
ionic liquid amalgamated by magnetic multi-walled carbon
nanotubes (MWCNTs) was reported.®® A report on electro-
chemical nanosensors was also published where a thiol and
magnetic polymer was used for simultaneous detection of Cu(u)
and Pb(u) in the natural water using differential-pulse voltam-
metry (DPV) analysis method.”” Few other information about

426 | RSC Sustainability, 2023, 1, 418-431

sensors available for pollutant detection has been summarized
in Table 3.

5. Fate of Ganga water estimation and
way forward

The rapid increase in industrialization and unplanned urbani-
zation have increased the disposal of harmful pollutants in the
river, leading to the degradation of natural water resources. This
has detrimental effects on aquatic as well as human health.
Water is a basic need of life and livelihood; therefore, the
quality of water must be monitored regularly, and detailed
information about water pollution should be documented.
Recent developments in sensing applications have shown many
advantages of providing rapid and accurate monitoring of water
contaminants. Biomaterials functionalized with magnetic and
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metallic materials are also being utilized for effective detection
processes due to their efficient conductivity, biocompatibility,
high surface-to-volume ratio, magnetic properties, and easy
fabrication.®® The water quality assessment of Ganga through
these sensing techniques proved that water in Ganga is highly
polluted and thus not appropriate for drinking. Regular moni-
toring and strong management strategies should be imple-
mented by regulatory authorities for effective water quality
management. There are innumerable approaches for improving
the water quality of the Ganga, and a few options are (i) efficient
irrigation and agricultural practices, (ii) quality check in the
inflow and outflow streams of the Ganga using effective sensing
technologies, (iii) control of effluent discharge from the
industries, (iv) rational practice of cremation and other reli-
gious rituals should be followed. With renewed time, some
rational thinking and behavioral approach should be practiced
to improve the current scenario. The coming years will be the
indication of the applicable measures and efficacy taken by the
government and society's collective effort to conserve the Ganga
and transform it into a healthy river.*

6. Conclusions

The sacred Indian river Ganga covers more than 2500 km and
influences more than 400 million human life and millions of
many other forms of life. Apart from that, the river Ganga also
provides an equilibrium of biotic and abiotic balance
throughout all seasons over centuries of its existence. However,
during the last century, anthropogenic activities transformed
this river into one of the most polluted rivers in the world.
Reversing this equilibrium to an acceptable quality of water has
become one of the main challenges in India politically, scien-
tifically, socially, and culturally. This study has examined
available data sources from different angles and dimensions of
pollutants and pinpointed the following key aspects to be
considered for coherently integrating to formulate a scope for
quality water by Participation, Policy, Procedure, Process, and
Practices (5P approach):

e Participation: people's participation in identifying and
formulating an acceptable knowledge base to make informed
decisions.

e Policies: needs to be formulated with the engagement of all
stakeholders involved in polluting activities, such as industry,
agriculture, religious activities, sewage, etc., to formulate strict
public norms.

e Procedure: to identify norms to develop a scale and people-
friendly test kit.

e Process: of engagement could be based on the norms
identified and formulate sustainable actions of engagement.

e Practice: is for achieving acceptable water quality in the
Ganga river and could be a cooperative venture willingly
undertaken by all stakeholders based on a knowledge base and
norms created above.

Overall, the water quality of river Gange and the future of the
river has heavy dependence on the suggested 5P approach for
actions and creating a people-friendly knowledge base, test kit,
and norms of engagement with the river Ganga water by all

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stakeholders. This review provides an inclusive understanding
of the factors responsible for the water quality deterioration of
Ganga, how people should be more acquainted with the activ-
ities harming the water, and what test kits are available to
determine the toxic pollutants.
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