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Vegetables are crucial for human nutrition, providing essential micronutrients and beneficial compounds.
Heavy metal contamination of vegetables irrigated with wastewater poses a significant public health risk
in developing Asian countries. This review analyses recent research on heavy metal accumulation in
vegetables across India, Bangladesh, Pakistan, and China. Studies consistently report concerning levels of
cadmium, lead, chromium, arsenic, nickel, and mercury in vegetables, often exceeding international
safety standards. Leafy vegetables consistently show higher heavy metal accumulation compared to fruit
and root vegetables. Within plant structures, roots generally contain higher heavy metal concentrations
than edible parts, though this varies depending on the metal and plant species. Many studies report
health risk indices exceeding safe limits, indicating potential non-carcinogenic and carcinogenic risks
from chronic dietary exposure, with children at higher risk. The review highlights inadequate regulatory
frameworks and enforcement mechanisms. A multi-faceted approach is urgently needed, encompassing
improved wastewater treatment, best agricultural practices, rigorous monitoring, and public awareness
campaigns. Future research directions are identified, including long-term health impact studies,
development of cost-effective remediation techniques, and exploration of sustainable alternatives to

wastewater irrigation. While wastewater irrigation addresses immediate water scarcity, it poses significant
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Accepted 28th April 2025 long-term food safety and public health risks. Integrated policies balancing water scarcity, agricultural

productivity, and health risks are essential. This review underscores the pressing need for coordinated
efforts from policymakers, researchers, and health officials to safeguard public health and ensure
sustainable agriculture in developing Asian countries facing increasing urbanization and water scarcity.
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Environmental significance

Heavy metal contamination of vegetables irrigated with wastewater is a critical environmental and public health issue in developing Asian countries. Under-
standing this problem is crucial for ensuring food safety and sustainable agriculture in water-scarce regions. This review reveals widespread contamination of
vegetables with toxic metals like cadmium, lead, and arsenic, often exceeding international safety standards. Leafy vegetables consistently show higher
accumulation compared to other types. Health risk assessments indicate potential carcinogenic and non-carcinogenic risks from chronic dietary exposure.
These findings highlight the urgent need for improved wastewater treatment, agricultural practices, and regulatory enforcement to mitigate risks. Insights
gained can inform integrated policies and interventions to balance water scarcity, agricultural productivity, and public health across developing regions facing
similar challenges globally.

include minerals such as iron, sodium, copper, magnesium,
zine, calcium, iodine, and potassium, as well as vitamins,
antioxidants, and important metabolites.>® People consume
vegetables both in their raw state and after cooking.* However, if
vegetables contain toxic metals, they may present serious health
hazards to consumers.” Research has extensively documented
heavy metal (HM) contamination in food chains worldwide.*®
Plants can absorb HMs from the soil, often accumulating them

1. Introduction

Vegetables are essential to human nutrition, providing vital
micronutrients and other beneficial compounds.® These
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at higher concentrations than found in their environment.****
The primary factor contributing to this metal buildup in plants
is the presence of HM pollutants in the soil.****
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Globally, wastewater production is estimated to be 359.4
billion m? per year, with South Asia contributing approximately
25.6 billion m® - just 7% of the global total despite hosting
around 24% of the world's population.” In India, the estimated
wastewater generation in 2020-21 was approximately 14.46
billion m? per year in rural areas and 26.41 billion m® per year in
urban centers, totaling about 40.8 billion m® per year.*” A 2002
report stated that Pakistan produces an estimated 4.369 billion
m® of wastewater annually, comprising 3.060 billion m* from
municipal and 1.309 billion m?® from industrial sources.*® In
Bangladesh, annual domestic and industrial wastewater
generation is approximately 4.87 billion m® and 0.45 billion m?,
respectively.’® China discharged 55.7 billion m® of wastewater in
2021, of which 28.7% originated from industrial sources.”®
While data vary across years and sources, they collectively
highlight the substantial and growing volume of wastewater in
developing Asian countries. Thus, urbanization and industri-
alization in many developing Asian nations have led to the
proliferation of wastewater irrigation for agricultural purposes,
particularly in peri-urban areas.”*® This has led to the accu-
mulation of HMs in farmlands, which can then be absorbed by
vegetable crops, posing a health hazard to
consumers.”>*”>°

The toxicity of food due to HM contamination poses
a serious threat to human well-being and is a significant food
safety problem globally.>** HMs can be classified depending on
their toxicity levels into low toxicity (Mo, Mn, and Fe),***
average toxicity (Zn, Cr, Cu, W, Co, V, and Ni)** and high toxicity
(As, U, Pb, Sb, Hg, Cd, and Ag).** While some trace elements like
iron, manganese, zinc, and copper are vital nutrients for plants
and animals with lower health risks at elevated levels, others
such as cadmium, nickel, arsenic and lead can be detrimental
even in small amounts.>***¢ Ingesting these metals beyond safe
thresholds can potentially harm human and animal well-
being.’”*® Plants, particularly vegetables, absorb these elements
through their root systems, leading to accumulation in different
tissues.*® Excessive intake of such metals by humans and
animals can result in various health issues, including disrupted
endocrine function, cancer, skeletal damage, and impairment
of the circulatory, nervous, excretory and cardiovascular
systems.*>*' The persistent nature of HMs, their extended bio-
logical presence, and high potential for uptake and bio-
accumulation make them particularly dangerous to all living
organisms, including humans.”” Prolonged exposure to toxic
metals through dietary sources, even in minute quantities, is
believed to cause gradual buildup in the hepatic and renal
systems of humans, livestock, and bird species.****

The quality of irrigation water is a crucial factor, as sewage®
or industrial wastewater*®*’ often contains much higher
concentrations of HMs, such as mercury, arsenic, chromium,
nickel, zinc, lead, copper and cadmium, compared to clean
water.*® Approximately 11% of global cultivated land is irrigated
using untreated wastewater.* Furthermore, an estimated 10%
of the world's population consumes produce grown with
wastewater irrigation.”® Due to its high content of organic
matter and nutrients, wastewater is often utilized in agriculture
as a method of wastewater management.”® While HM

serious
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concentration in wastewater is typically low and often within
acceptable limits, prolonged irrigation with wastewater has led
to an increase in HM levels in soil over time.**** Consequently,
farmlands irrigated with this contaminated water over extended
periods have become heavily polluted with HMs, which are then
taken up by the vegetables grown in these soils. HM uptake by
plants from soil is affected by multiple factors.*® These include
the nature of the metal sources, seasonal variations, loading
rates, soil pH levels, oxidation-reduction potential, soil
composition, organic content, various forms of bioavailable
metal fractions, and overall metal concentrations in the soil.>**

The global context of this issue cannot be overstated (Fig. 1).
However, the situation in developing Asian countries is partic-
ularly acute due to a confluence of factors. Rapid industriali-
zation, coupled with inadequate waste management
infrastructure and often lax environmental regulations, has
exacerbated the problem in these nations.?® The United Nations'
Sustainable Development Goals define food security as a state
where every individual has consistent access to adequate and
safe nutrition for a healthy, active lifestyle.>® However, devel-
oping countries like India often prioritize increasing food
quantity and access in their efforts to achieve food security,
often overlooking practices that ensure food quality and safety.
These include cultivating crops on polluted land and irrigating
with untreated wastewater that could alter food composition.
Such practices risk introducing non-essential elements and
harmful substances into the food supply.”” The production of
fruits and vegetables has been on the constant rise, as shown in
Fig. 2, but the quality of such vegetables due to the use of
wastewater has declined. Addressing HM contamination in
vegetables is not just a matter of environmental concern but is
crucial for achieving sustainability goals and ensuring food
security and public health in developing regions.

The World Health Organization (WHO) has established
safety guidelines for the maximum permissible concentration
of HMs in various edible items, including vegetables.>>* These
guidelines serve as a global benchmark for food safety.
However, numerous studies conducted in wastewater-irrigated
areas have reported that vegetables grown in these conditions
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Fig. 1 Area under wastewater irrigation in various countries.”®
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often exceed these safety limits.**** This widespread non-
compliance with international safety standards raises serious
concerns about the long-term health impacts on consumers
who rely on these vegetables as a staple part of their diet.

There are various sources of HM contamination of agricul-
tural fields, as shown in Fig. 3, of which HMs usually enter
through irrigation with contaminated water. The use of waste-
water for irrigation in developing Asian countries is driven by
a complex set of factors that highlight the challenging trade-offs
between immediate agricultural needs and long-term health
and environmental concerns.””%”° Water scarcity is a primary
driver, with many regions facing severe shortages that make
wastewater an attractive alternative for irrigation. Additionally,
wastewater often contains high levels of nutrients, which can
enhance crop yields and reduce the need for chemical fertil-
izers.”* Farmers favour wastewater irrigation due to its nutrient
content and constant availability.”” This nutritional benefit
makes wastewater irrigation an economically attractive option
for many small-scale farmers who view it as a free or low-cost
irrigation source. In some peri-urban areas, wastewater may
be the only readily available water source for irrigation, leaving
farmers with little choice but to use it despite the potential
risks.”” While wastewater irrigation offers these apparent
benefits, it also presents significant risks, particularly in terms
of HM contamination. Balancing these competing interests
poses a significant challenge for policymakers and agricultural
practitioners in developing Asian countries.

The bioaccumulation of these metals in vegetables is not
a straightforward process but depends on a variety of factors.
Soil properties play a crucial role, with factors such as clay
content, cation exchange capacity, organic matter content, and
pH all influencing the bioavailability of HMs.”* Different vege-
table species have varying capacities for uptake of HMs and
their translocation. In general, compared to fruit vegetables,
leafy vegetables like spinach and lettuce tend to acquire higher
quantities of HMs.** Vegetables accumulate varying levels of
HMs based on agronomic conditions and farming practices.
These diverse products converge in common markets across
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Fig. 2 Year wise increase in production of fruits and vegetables.>®
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villages, towns, and cities, potentially exposing unsuspecting
consumers to significant health risks.**

The duration of irrigation with wastewater is another critical
factor. The long-term use of wastewater for irrigation leads to
increased accumulation of HMs in soils and, consequently, in
vegetables.”” The source of wastewater also plays a significant
role, with industrial effluents typically containing higher
concentrations of HMs compared to domestic wastewater.>”
Climate and environmental factors, including temperature,
rainfall, and atmospheric deposition, can influence HM
mobility and uptake.” Additionally, agronomic practices such
as the use of fertilizers and pesticides can affect HM dynamics
in soil-plant systems.”

The current status of HM contamination in vegetables due to
wastewater irrigation varies across developing Asian countries
but they share common challenges, including rapid urbaniza-
tion, inadequate wastewater treatment infrastructure, and the
need to balance food security with environmental and health
concerns.

By identifying knowledge gaps and proposing future
research directions, this review seeks to enhance our under-
standing and management of HM contamination in vegetables
grown using wastewater irrigation in developing Asian coun-
tries. By evaluating the extent of contamination across different
vegetables and geographic regions, the review seeks to identify
patterns and trends that can inform targeted interventions.
Assessing the associated health risks based on reported
contamination levels and established safety standards is crucial
for prioritizing public health measures. This review holds
significant implications for various stakeholders. Policymakers
can use the findings to inform the development and refinement
of food safety regulations, environmental protection policies,
and urban planning strategies to minimize the risks associated
with wastewater irrigation. By addressing the critical issue of
HM contamination in vegetables grown using wastewater irri-
gation, this review contributes to the broader goals of ensuring
food security, promoting public health, and advancing
sustainable agricultural practices in developing Asian
countries.

2. Heavy metal determination in
various vegetable samples

The determination of HMs in vegetable samples from devel-
oping Asian countries has highlighted both the prevalence of
these contaminants and the methodologies employed for their
detection. Studies conducted in countries such as India, Ban-
gladesh, Pakistan, and China have focused on urban and peri-
urban areas, agricultural regions, and industrial zones, reflect-
ing a comprehensive approach to understanding the extent of
HM contamination. In these studies, various digestion methods
were employed to prepare vegetable samples for analysis. The
most commonly used method involved nitric acid (HNOj),
either alone or in combination with other acids like hydro-
fluoric acid (HF), sulfuric acid (H,SO,), perchloric acid (HClO,),
and hydrochloric acid (HCl). The analysis of digested samples

Environ. Sci.. Processes Impacts, 2025, 27, 1747-1767 | 1749
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Sources of heavy metal pollution in agricultural fields
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Fig. 3 Different sources of HM pollution in agricultural fields. All the images used in the figure are reused under the terms of the Creative
Commons license CC BY 2.0 https://creativecommons.org/licenses/by/2.0/.62-¢8

predominantly used Atomic Absorption Spectroscopy (AAS),
Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES), and Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) whereas Atomic Fluorescence Spectroscopy (AFS),
Atomic Fluorescence Morphological Analyzer (AFMA) and
Automatic Mercury Analyzer (AMA) were rarely used. These were
used to identify various HMs such as aluminum (Al), arsenic
(As), boron (B), cadmium (Cd), chromium (Cr), cobalt (Co),
copper (Cu), iron (Fe), lead (Pb), manganese (Mn), mercury (Hg),
molybdenum (Mo), nickel (Ni), selenium (Se), and zinc (Zn)
(Table 1).

A wide variety of vegetables were analyzed across these
studies, with spinach, tomato, cabbage, radish, and brinjal
being the most frequently tested. These vegetables, commonly
consumed in the regions studied, serve as key indicators of HM
contamination due to their varying abilities to absorb and
accumulate metals from the soil. Results obtained from these
studies are listed in Table 2 and discussed in the following
sections.

3. Contamination of vegetables
irrigated with wastewater in India

Several recent studies have highlighted the concerning levels of
HM pollution in vegetables that are irrigated with wastewater in
different parts of India. A study conducted in Jhansi, North
India, found that vegetables irrigated with wastewater/grown
near industrial areas, particularly leafy varieties like spinach

1750 | Environ. Sci.: Processes Impacts, 2025, 27, 1747-1767

and fenugreek, accumulated hazardous levels of cadmium,
manganese, and lead. The target hazard quotients for these
metals exceeded unity, indicating significant non-carcinogenic
health risks for regular consumers.®* Research in peri-urban
and urban areas of Delhi analyzed six vegetables for 5 HMs
(Pb, Hg, Cr, Cd and As). The study found that Cd concentrations
exceeded permissible levels in most vegetables, with spinach
and okra showing the highest metal pollution index and
transfer factor values.” Similarly, another research study in
peri-urban and urban areas of Delhi and Dehradun revealed the
ubiquitous presence of toxic elements like cadmium and lead in
vegetables, often exceeding permissible limits set by the World
Health Organization (WHO) and the Food and Agriculture
Organization (FAO). Vegetables, especially spinach and okra,
were identified as major contributors to dietary exposure of
HMs. Cadmium and lead levels in vegetables, particularly in
spinach samples, were found to be dangerously high. The
health risk assessments concluded that children are at a higher
risk compared to adults, with vegetables being the primary
contributors to this risk.** Another research study conducted in
peri-urban regions of Lucknow city found that while HM levels
in irrigation water and agricultural soil were within permissible
limits, they exceeded these limits in vegetables. Iron levels were
particularly high, being 5 to 60 times above permissible limits
in almost all samples. The hazard index values for vegetables
from all studied peri-urban areas were found to be more than 1
(threshold level), indicating probable adverse non-carcinogenic
health hazards.*

This journal is © The Royal Society of Chemistry 2025
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Vegetables watered with untreated wastewater had a notable
buildup of HMs, according to a study conducted on the Agra
Canal in Faridabad. The metals were ranked according to the
extent of accumulation as Mn > Zn > Ni > Cu > Cr > Pb > As.
Metal bioaccumulation varied considerably between leafy and
non-leafy vegetables. The health risk index for manganese,
nickel, and lead was above 1, indicating significant health
hazards for consumers of these wastewater-irrigated vegeta-
bles.** A study found that vegetables in the Yamuna River
floodplain in Delhi had varying degrees of trace element
contamination; leafy vegetables had higher concentrations of
Mn, Co and Ni, while fruit and inflorescence vegetables had
higher levels of Pb, Zn and Cr. It also found that the highest
translocation efficiency from soil to vegetables was for Cr. Most
significantly, the research indicated potential carcinogenic risks
due to consumption of all studied vegetables, with higher
carcinogenic and non-carcinogenic risks for cauliflower and
brinjal.®* Significant HM contamination was found in the soil,
vegetables, and grain crops near the Bokaro thermal power
station in Jharkhand. The study discovered that the levels of Cd
and Pb in every vegetable and grain crop sampled were higher
than allowed. Cd had the highest transfer factor for HMs due to
its great mobility. Adults were at significant risk of non-
carcinogenic health problems due to high concentrations of
Cr, Cd and Pb in grain crops and vegetables. Moreover, carci-
nogenic risks associated with Pb and Cr were also identified for
adults.”* A study focusing on areas receiving untreated waste-
water from carpet industries in northern India revealed high
concentrations of HMs in irrigation water, crops and soils.
Notably, Cd levels in all tested vegetables exceeded both
national and international safety limits.®

A study carried out in the industrialised city of Solapur,
Maharashtra, examined the presence of HMs in twenty-four
distinct varieties of fruits and vegetables. Varying levels of Pb,
Cd, As, and Hg were found, with vegetables generally showing
higher metal accumulations than fruits. Garlic and potato were
identified as having the highest HM accumulation. Concern-
ingly high human health risk index values were found in several
vegetables, indicating possible negative health impacts from
their consumption.®® A comprehensive study conducted across
a 100 km radius around Lucknow, India, revealed significant
contamination of toxic HMs (Cd, Cr, Pb, and Ni) and metalloid
(As) in vegetables. Notably, the edible parts of vegetables con-
tained significantly higher levels of these elements than the
maximum allowable concentration. The study highlighted
a high bioaccumulation factor for Cd and Ni, indicating their
entry into the food chain primarily through contaminated irri-
gation water. Although ecological risk indices showed moderate
risk, As, Ni, Cd and Cr showed high carcinogenic risk factors,
suggesting potential long-term health hazards for consumers.**
A study in Haridwar, India, focused on the impact of integrated
industrial wastewater irrigation on spinach cultivation. While
integrated industrial wastewater irrigation increased crop yield
and growth, it also led to greater build-up of HMs in spinach
tissues. Prediction models based on soil characteristics were
developed to evaluate HM uptake by spinach, which could be

1756 | Environ. Sci.: Processes Impacts, 2025, 27, 1747-1767

View Article Online

Critical Review

valuable for policymakers in formulating guidelines for
controlled irrigation using industrial effluents.®*

Another study in Kolkata revealed high levels of Pb, Cd, and
Ni in commercially grown vegetables from 8 zones irrigated
with wastewater and affected by solid waste dumping. Leafy
vegetables—particularly red spinach, bathua, coriander, and
mustard—showed higher HM accumulation (Pb: up to 1.3 mg
kg™ "; Cd: up to 0.2 mg kg™