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ABSTRACT

Occupational exposure is currently the most widespread menace all over India
because of untreated industrial effluents. Such constant contact with toxic
substances poses significant risks of occupational toxicity, which often leads to
severe occupational disease among workers. It is crucial to protect workers and the
general population from toxic chemicals to foster a sustainable industrial ecosystem
and ensure long-term public health safety. Wastewater-based epidemiology (WBE)
emerged as a powerful tool during the COVID-19 pandemic and opioid epidemic,
for monitoring public health trends by analysing lethal threats in the environment.
Currently, heavy metals have been identified as the highest priority group among
several kinds of pollutants known because of their adverse effects on the industry
workers, the general population, and the environment. This study focuses on the
feasibility of the WBE approach by utilizing advanced analytical techniques, which
enable early detection of the toxicity level of metallic effluents in the wastewater
produced by the industries and prevent future population health hazards. In this
Review Article, techniques/ procedures for treating industrial effluents are initially
discussed along with currently available analytical techniques for the detection of
hazardous materials present in the industrial effluents, gaps in the WBE approach
in industrial wastewater management in India, followed by limitations, and
prospects of wastewater management techniques.
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INTRODUCTION

Forensic Science applies methods from the
natural and physical sciences to address legal
questions in both criminal and civil instances.
Toxicology is one of the branches of forensic
science that focuses on understanding the
harmful effects of chemical substances, toxins
and drugs not only on living organisms but
also on the environment. With advances
in technology and recent developments
in biomedical engineering, toxicology has
evolved in various sub-disciplines, including
environmental toxicology, entomotoxicology,
occupational  toxicology,  pharmaceutical
toxicology and medical/forensic toxicology.!?
Within  these branches of toxicology,
occupational toxicology and environmental
toxicology highlight the potential hazards
from natural or human-made sources that may
impact ecosystems through qualitative and
quantitative assessments. It is estimated that
India, currently the most populated country
in the world, generates approximately 1,11,972
MLD (Mega Liter per Day) of wastewater,
including rural and urban areas, as per the
2020-21 report of NITI Aayog.?® Therefore,
it becomes critical to address issues related
to wastewater management, as it is not
merely limited to municipal sewage; it also
involves industrial sectors, such as textiles
and pharmaceuticals, as they release a potent
mixture of heavy metals, dyes, and complex
organic compounds in their wastewater.*®
Meanwhile, agricultural runoff from farms
introduces pesticides, herbicides, and excess
nutrients like nitrogen and phosphorus into
the freshwater ecosystem, leading to the
eutrophication of water bodies and widespread
contamination of groundwater.

Farm & factory workers are routinely
exposed to a wide range of hazardous chemicals
through various modes, including inhalation,
ingestion, and direct contact of skin, hair and
eyes with the wastewater.® Proper wastewater
management remains a critical challenge
in today’s era due to the rapid growth of
industries across the globe; wastewater from
these sources is comprised of a complex matrix
containing various chemicals, organic matter,
and emerging contaminants, many of which
are unknown or whose combined effects are
still under research. Since heavy metal toxicity
depends on various factors, including the level
and duration of exposure, the toxicodynamic

and toxicokinetic properties of the toxin
involved.” Hence monitoring of the heavy metal
effluentsis essential. Under these circumstances
Wastewater Based Epidemiology an approach
that systematically monitor wastewater
sample to evaluate community level exposure
to chemical and biological agents through
detection of contaminants, biomarkers, or their
metabolites.

Over the last two decades, Wastewater-
Based Epidemiology (WBE) or Wastewater
Surveillance has become a new development
in India’s disease surveillance system. In 2001,
the World Health Organisation (WHO) first
started environmental surveillance for Polio
in India by setting up a wastewater sampling
site in Mumbai, and in 2003, during the
SARS-CoV-1 pandemic, attempts were made
to determine if there could be waterborne
transmission of the virus.® Since the proposal
of Wastewater Surveillance in 2001, there
is currently no specific legislation in India
compelling the use of WBE for detecting toxic
hazards in effluents. The absence of such
regulatory requirements creates a significant
gap in systematic monitoring and risk
assessment. As aresult, both the short-term and
long-term impacts of occupational poisoning
associated with industrial effluent exposure
remain insufficiently characterized, along with
the extent of environmental and ecosystem
damage caused by these contaminants.

Occupational poisoning is classified as an
occupational disease under the Workmen’'s
Compensation Act (1923). It states that
Occupational poisoning/Occupational disease
is the health condition directly resulting from
exposure to toxic hazards and occupational
chemicals in the course of employment, such
as metallic poisons, agrochemicals, many
organic and inorganic compounds, irritants,
or corrosives. In occupational settings, it
is crucial to keep an eye on these toxicants
because of their extensive harmful effects
due to prolonged exposure.” To address this
gap, it is essential that a toxicity-directed
approach, such as the Microtox toxicity test,
can be employed for wastewater analysis.
This methodology, which is often referred to
as Toxicity Identification Evaluation (TIE),
uses biological assays, human biomonitoring
as a guiding framework for chemical analysis.
Instead of analysing every possible compound,
it systematically isolates and identifies the
specific chemicals harming the workers, the
general population, and the environment as a
whole.!!
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Overview of WBE

WBE enables a non-invasive, real-time
method to assess occupational exposure to
hazardous substances.®> The novel approach of
wastewater-based epidemiology was proposed
by Christian G. Daughton, an environmental
scientist at the National Environmental
Protection Agency, in 2001 in Las Vegas,
Nevada, USA. (18). WBE allows unbiased
assessment of chemical contaminants present in
a population’s environment, offering valuable
insights into exposure levels and associated
health risks which is necessary to understand
and determine the degree of population-level
exposure to metallic poison because waste
water of various industries include organic
materials, pathogens, metals, salts, ammonia,
pesticides, pharmaceuticals which can cause
adverse impacts in the surrounding water
sources, workers, general population and entire
ecosystem.” The internationally accepted
standards for industrial effluent discharge into
water are summarized in Table 1. WBE relies
on principles that are essential for applying
it effectively in occupational toxicology
and public health surveillance, such as (I)
Biomarker detection; (II) Monitoring human
exposure profile across a large population; (III)
Using the technique of analytical chemistry.'?*

Scope of WBE

* Detect heavy metals, illicit drugs,
poisons, corrosive substances, and toxins
that may be present in the wastewater of
industries.

* Help in controlling diseases, especially
carcinogenicchanges observed inexposed
individuals, and detection of human
exposure to mycotoxins by measuring
biomarkers in wastewater effluent.

e Track community health on various
parameters across a wide population of
individuals exposed to the wastewater
effluents directly/indirectly and/or due
to acute/chronic exposure.

Global scenario of WBE

Currently, due to the rising trend of
contamination of both occupational settings
and the ecosystem by a wide array of toxic
agents has become a significant global health
concern. Wastewater-based epidemiology
(WBE) has emerged as a robust global
surveillance strategy extending beyond the

monitoring of illicit drug use to encompass
pharmaceutical residues and toxic chemical
exposures. Europe, North America, and
Australia are the leading regions in research
and implementation and adoption of the WBE
standards. It is slowly expanding across Asia,
Africa, and Latin America. In the near future,
the establishment of standardized international
frameworks and guidelines is anticipated
and highly essential to consolidate WBE as
an integral component of drug surveillance,
poison detection, and occupational and public
health protection, if we want to prevent cases
of occupational diseases, harm to the innocent
general population, and the entire ecosystem.
It is important to recognize that, as a developing
nations (e.g. India) faces a particularly
challenging industrial scenario, wherein even
basic personal protective equipment (PPE) is
often unavailable or not provided, children
below 18 years of age are employed in factories
and manufacturing units, regulated working
hours are not adhered to, and provisions for
personal hygiene and routine health check-ups
are largely absent.

Indian scenario of WBE

The importance of WBE grew tremendously
during the recent COVID-19 pandemic,
during which it was widely adopted as a
cost-effective and time-effective tool for
detecting SARS-CoV-2 virus to determine if
there could be waterborne transmission of
the virus, transforming it into a mainstream
global surveillance strategy.'*'® However, the
accelerated growth of India’s industrial sector
in recent times, including pharmaceuticals,
pesticides, textiles, tanneries, and heavy metal-
based industries, further necessitates enhanced
toxicological surveillance in workplace settings
to estimate occupational diseases and the acute
and chronic effects of the toxins to which the
workers are exposed on a daily basis. India lags
in implementing WBE in monitoring industrial
effluents because of the lack of awareness about
the field among public health officials, the
government, municipal corporations, and so
forth, leading to waste water management and
proper surveillance of the effects of effluents
on the workers, the general population, and the
ecosystem, a difficult and virtually impossible
task in developing countries like India if WBE
is not brought in the industrial framework
soon. SRM Institute of Science and Technology
in Tamil Nadu created a set of standard
operating procedures (SOP) for WBE, which
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was passed by NITI Aayog, to the states and
union territories for possible implementation.”
However, the effective implementation of these
measure in the states and Union Territories are
yet to be documented.

DISCUSSION

Continuous exposure to the heavy metals
and other toxins (mentioned in Table 1) on
a daily basis in industrial settings poses
significant health hazards, including various

Table 1: List of a few industrial effluents

life-threatening diseases of the respiratory
system, nervous system, hepatorenal system,
endocrine system, and oncological outcome
(cancer of the skin, urinary bladder, and lungs)
to the workers and to the general population
living in the area nearby who comes in the
contact with these effluents unknowingly,
and even furthermore long term effects to
the ecosystem in which these effluents are
thrown into without proper treatment/
management harming the flora and fauna and
microorganism.

Industrial Sectors Toxins/Poisons in wastewater

WBE applications

Pharmaceuticals Antibiotics, Analgesics, Cytotoxic

Metal processing Pb, Ni, Zn, Cr, Ni
Tanning & leather Organic Poisons
Electronics Pb, Cd, As, Hg

Paints & inks

Surveillance of drug residues, early detection of antimicrobial

resistance

Surveillance of heavy metal toxicity, quantification of cumulative

industrial discharge trends

Identify the toxic organic compound, evaluating risks to workers and

downstream ecosystems

Surveillance of metal toxicity, monitoring cumulative heavy metal

exposure

Textile & dying

Agrochemical

Pb, Cr, Cd, VOCs

Cr, Cu, Co, Fe

Pesticides, Herbicides, Insecticides,

Detecting volatile organic compounds, environmental & occupational
risk assessment

Detection of toxic dye residues, monitoring chemical burden,
evaluation of occupational and environmental exposure risks

Occupational exposure surveillance, environmental risk assessment,

Fungicides, and Fertilizers

early detection of poisons

Many metallic effluents, which are released
in industrial wastewater, also function
as airway irritants, capable of provoking
immunological reactions that may also lead
to occupational asthma and lung cancer,
and other chronic pulmonary disorders.?**
Monitoring such exposures through traditional
clinical surveillance techniques alone often
fails to capture and bring to notice the acute
and population-wide risks posed by such
exposures, knowingly and unknowingly. In
this regard, Wastewater-Based Epidemiology
(WBE) provides a progressive approach to
tracing and quantifying biomarkers of heavy
metal exposure in the workplace environment
comprehensively.

Availability of analytical techniques in India
to detect toxins from wastewater effluents

In India, a robust analytical framework
has been developed by forensic scientists,
biomedical engineers, and environmental
scientists for the detection of toxic pollutants,
heavy metals, and other poisons in the
wastewater effluents, which is supported with

the help of advanced instrumentation and
accredited laboratory networks nationwide.

Chromatography and mass spectrometry
are currently the most commonly utilised
techniques due to their high selectivity
and sensitivity of measurement, analysis
of multiple chemical targets and effluents.
Recently, conventional analytical techniques
have been conjugated with other methods
of analysis, such as Gas Chromatography
Mass Spectrometry (GC-MS) and Liquid
Chromatography Tandem Mass Spectrometry
(LC-MS/MS), which are also employed
for identification of volatile, semi-volatile,
and polar organic/inorganic contaminants,
including pesticides, hydrocarbons, and
pharmaceutical by-products.?2

Toxic metals such as Mercury, Arsenic,
Lead, Cadmium, and Chromium are routinely
analysed utilising Atomic  Absorption
Spectroscopy (AAS), Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-
OES), and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), x-ray fluorescence
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spectrometer (XRF), which offer high
sensitivity and have low detection limits.”

Ion chromatography, Immunoassay, Total
OrganicCarbon (TOC)analysis, Total Dissolved
Solids (TDS), Chemical Oxygen Demand and
Biological Oxygen Demand (COD/BOD)
assessment, and fluorometric techniques are
extensively utilised for quantifying inorganic
anions, industrial dyes, phenolic compounds,
and various other substances.**” Bioassays
and ecotoxicological evaluations utilising
aquatic organisms and microorganisms
provide additional insight into the biological
toxicity of complex effluent matrices. These
analytical capabilities are accessible through
national research institutes such as CSIR-NEERI
(Council of Scientific & Industrial Research -
National Environmental Engineering Research
Institute) and CSIR-NCL (Council of Scientific
& Industrial Research - National Chemical
Laboratory), academic institutions including
IITs and IISc, State and Central Pollution Control
Board laboratories, and numerous NABL -
accredited private laboratories. Furthermore,
regulatory mandates by the CPCB have led
to the implementation of Online Continuous
Effluent Monitoring Systems (OCEMS) for
real-time tracking of parameters like pH, Total
Suspended Solids (TSS), Arsenic, Adsorbable
Organically Bound Halogen (AOx), Ammonia,
heavy metals, and chemical oxygen demand.
This integrated framework ensures accurate
early detection, forensic assessment, and
regulatory compliance related to industrial
pollution and chemical exposure.”

Implications of WBE for managing
occupational health hazards
The primary focus of occupational

toxicologists in industrial settings is to
identify potential adverse effects that are a
result of occupational exposure of workers to
toxic substances.*® Industrial effluents often
contain hazardous heavy metals such as
Lead, Chromium, Arsenic, Trichloromethane,
and even radioactive substances in certain
industries, which are regulated according
to their specific oxidation states and relative
toxicities. Rapid assessment of workmen or
public exposures to toxic chemicals is required
for early detection, prevention, control, and
mitigation of risks. The improper discharge
of these substances into the environment
poses severe threats to both human health
and the entire ecosystem. Wastewater-

Based Epidemiology (WBE) has emerged as
a transformative tool in environmental and
occupational health monitoring, offering a
comprehensive and data-driven approach
to understanding occupational chemical
exposures. Its application to industrial
wastewater represents a paradigm shift in
managing and regulating industrial discharges.
Rather than merely identifying individual
pollutants from industrial or agricultural
sources, WBE provides a dynamic, population-
level overview of chemical inputs within
wastewater systems, thereby reflecting their
direct and indirect effects on both workers,
the general population, and surrounding
ecosystems.

In industrial contexts, the integration of WBE
has significant implications for occupational
safety, environmental governance, and the
prevention of toxic exposures. The foremost
public health advantage of industrial WBE
lies in its capacity to generate early detection,
anonymized insights into workforce health,
and environmental contamination patterns, as
follows:

1. Proactive Detection of Hazardous
Exposure: Industrial effluents, which
penetrate soil or water bodies, pose a
seriousdirectand indirectthreatto health.
WBE enables the early identification of
harmful chemicals and allows for rapid
and focused interventions to reduce
occupational exposure.

2. Quantitative Risk Assessment: By
analysing toxicological parameters such
as Lethal Dose 50% (LD,) and Lethal
Concentration 50% (LC,), it enables
the assessor to evaluate the inherent
toxicity potential of chemical substances
and predict their adverse impacts
on environmental and occupational
health. WBE assists in evaluating
both environmental and occupational
exposure levels. This data supports
the estimation of potential health risks
and helps correlate effluent chemical
concentrations with exposure trends
among workers, facilitating informed
decision-making for risk management.

3. Support for Health Surveillance: WBE
has been successfully used in tracking
the exposure to industrial contaminants.
It enables long-term epidemiological
assessments of occupational health
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hazards, enabling agencies to identify
acute and chronic changes and evaluate
the effectiveness of industrial protective
measures.

Role of occupational toxicologists in the
application of WBE

Occupational toxicologists are not just
merely relevant, rather highly essential for
wastewater-based epidemiology, especially to
assess death due to toxic chemical exposure, to
help differentiate between routine emissions
and accidental or illegal discharges, and
subsequent forensic investigations in such
cases. Advancements in WBE will require
collaboration across various disciplines,
including analytical chemistry, water and
civil engineering, public health officials,
epidemiologists, infectious disease specialists,
microbiologists, forensic medicine experts,
and toxicologists.'® In addition to chemical
identification, toxicologists contribute to
the selection and validation of appropriate
biomarkers and techniques/methodology
as well as interpretation of measured
concentrations using toxicological reference
values [e.g., Lethal Dose 50% (LD,), No
Observed Adverse Effect Level (NOAEL),
occupational exposure limits] to assess
potential acute and chronic health risks to
the workers.®® Moreover, their involvement
strengthens data reliability through proper
sample handling and chain-of-custody
protocols. In cases of environmental violations,
forensic toxicologists may also provide expert
interpretation to support legal accountability
and ensure justice is served to the victims of
undue exposure to harmful toxic substances.

Industrial wastewater management by WBE

1. Infectious Disease Surveillance:
Industrial WBE can act as an early
warning system for infectious disease
outbreaks, such as COVID-19 or
influenza, within a specific industrial
facility. By detecting levels of biomarkers,
mycotoxin levels, and levels of micro-
organism concentration in wastewater,
Human Biomarker Monitoring (HBM)
would enable raising advanced alarms
for alerting authorities about a possible
increase in cases due to the infection,
days Dbefore clinical cases would
actually take place.”" This would allow
authorities to prepare properly for the

timely implementation of mitigation
strategies, like increased sanitation,
targeted testing, and flexible work
arrangements, to protect employees and
maintain business continuity.

2. Antimicrobial Resistance = (AMR):
Industrial facilities, particularly those that
utilise antibiotics or other antimicrobials,
can be the burning hotspots for
the development and spread of
Antimicrobial-Resistant Genes (ARGs)
and/or antimicrobial-resistant bacteria,
which is a dreaded nightmare because
of their microbial resistance to multiple
antibiotics and antifungals, making it
highly difficult to manage. WBE allows
the systematic surveillance of ARGs in
wastewater, helping to identify facilities
that may be contributing to the global
AMR crisis. This data can provide
targeted interventions and better
wastewater management practices to
curb the spread of such antimicrobial
resistance.

CHALLENGESANDFUTUREPROSPECTS

While the implementation of WBE is necessary
in industrial wastewater management, it is not
without its inherent challenges such as

1. Complex Matrix: Industrial wastewater
is a highly complex matrix, often
containing high concentrations of salts,
acids, and other chemicals that can
interfere with the analytical methods
used in WBE. Additionally, there are
also a few limitations of WBE, such as
Human Biomonitoring (HBM), including
its high cost & time time-consuming/
laborious process, and sampling bias.”**
The degradation of various target
biomarkers can also be more rapid or
delayed and unpredictable in some
industrial environments, making the
results unreliable in these cases.

2. Data Interpretation: Accurately interpreting
the data can be difficult in various instances
because many countries currently do not
even have wastewater infrastructure,
and therefore, it is highly challenging
to estimate the per capita exposure in
the workers and the general population
to heavy metals and other toxins from
industries.® The relationship between
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the concentration of the hazardous
substance in wastewater and its source is
not always straight forward. Therefore,
it is further necessary to develop advanced
and robust normalization techniques
and retrospective estimation models that
incorporate variables such as wastewater
flow fluctuations and its potential toxicity
of detected contaminants, becoming a
pivotal direction for future research.

3. Standardization: The lack of standardized
protocols for sampling, analysing
samples, and data interpretation across
different industries and regulators
is a significant barrier to widespread
adoption. Furthermore, the lack of
specialized analytical equipment and
trained personnel can be prohibitive for
smaller industries in the implementation
of the WBE programme.* Hence, more
research is needed in those cases so that it
can be standardised and such deviations
can be tackled.

CONCLUSION

Recent progress in Wastewater-Based
Epidemiology (WBE) has emerged as a
supportive approach to monitor environmental
and occupational chemical exposure at the level
of the worker involved, the population level,
and at the level of the ecosystem by detecting
biomarkers, along with tests like the Microtox
toxicity test, which help in determining the
level of toxicity of industrial effluents. Hence,
WBE is a non-invasive method that provides
real-time data on community-level chemical
exposure, facilitating early warning of
environmental contamination and supporting
evidence-based public health interventions.
Furthermore, when combined with
occupational data, WBE can help to identify
high-risk industrial sectors or geographical
areas where toxic exposure is prevalent.
Thus, integrating traditional epidemiological
research, laboratory toxicology, and novel
surveillance techniques like wastewater-based
epidemiology represents a comprehensive
approach to assess and mitigate human
exposure to hazardous industrial agents. This
interdisciplinary approach not only enhances
our understanding of occupational disease
but also facilitates the development of more
effective policies in industrial wastewater
surveillance.
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