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Abstract

This review paper evaluated the impact of wastewater irrigation on heavy metal accumulation in vegetables,
focusing specifically on lead (Pb) and cadmium (Cd). Rising water exploitation poses a severe risk to the
environment. Heavy metal contamination, primarily driven by industrial activities such as textile manufacturing,
mining, and metal processing, remains a major global concern. The application of wastewater for irrigation can
significantly elevate heavy metal concentrations in both soil and crops. In many regions worldwide, vegetables
that constitute a vital part of the human diet are being irrigated with untreated wastewater. Findings indicated that
leafy greens, such as spinach and lettuce, along with root vegetables, exhibited high bioconcentration and transfer
factors (TF > 1). Furthermore, Pb and Cd levels in wastewater-irrigated vegetables frequently exceed the
Maximum Levels (MLs) set by the Codex Alimentarius 2023. This study also assessed modern treatment
technologies, concluding that membrane filtration and ion exchange methods are essential for mitigating these
risks. Ultimately, it was established that rigorous monitoring and efficient purification processes are critical for
ensuring food safety and environmental protection.

Keywords: Wastewater irrigation, Lead (Pb), Cadmium (Cd), Bioaccumulation, Vegetables

Introduction

Water is a precious natural resource upon which the sustainability of agriculture, an adequate
food supply, and a productive environment for all living organisms rely. Unfortunately, water
i1s exposed to maximum exploitation and heavy metal accumulation, which is not only an
ecological issue but also a global problem (Kausar et al., 2017; Dadebo et al., 2024; Kilic,
2020). Irrigation water can be defined as water used for the production of cultivated plants.
Irrigation is the delivery of water to plant roots when the required amount of water cannot be
met by precipitation (Ors ef al., 2021; Shahriar ef al., 2023). The increase in the content of
toxic metals and metalloids in irrigation water is a matter of worldwide concern, as toxic metals
enter the soil and, through the root system, accumulate in the edible parts of plants such as
vegetables (Kausar et al., 2017). The use of wastewater for irrigation, especially if it has a high
concentration of heavy metals and during long-term application, can significantly increase the
concentration of heavy metals in the soil and, consequently, in the plants (Aboukila, 2022;
Mushtaq et al., 2010).

Wastewater is any water that has been contaminated by human use in domestic, industrial,
commercial, and agricultural activities, as well as untreated sewage water, and it is most
commonly used in agriculture (Sane et al., 2020; Khalid et al., 2018). Many studies are focused
on analyzing heavy metal concentrations in vegetables and plants irrigated with various types
of wastewater, such as industrial wastewater (Singh et al., 2024), sewage (Bao et al., 2014),
drainage, agricultural and domestic waste (Nowwar et al., 2023), farms, wells, streams, and
rivers (Lere et al., 2021), domestic wastewater (Ahmad et al., 2015), and others. High
concentrations of heavy metals such as cadmium, lead, chromium, copper, nickel, zinc, and
iron have been found in wastewater from various industries, including textiles, construction,
and mechanical manufacturing, exceeding the maximum permissible concentrations for
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irrigation water (Bahiru et al., 2020). However, if wastewater is used for irrigation in a diluted
form, there is no significant increase in the concentration of heavy metals within the plants
(Lente et al., 2014)

Presence of heavy metals in irrigation water

Environmental pollution with heavy metals is a growing ecological crisis and a matter of
concern due to their non-biodegradability and long biological half-life. Heavy metals have
detrimental effects on human health, and exposure to these metals is increasing, primarily
through the contamination of water, soil, and air, and secondarily through their entry into the
food chain (Balali-Mood et al., 2021; Bhatia et al., 2015). Heavy metals represent a group of
toxic metals with a density greater than 5 g/cm? and an atomic mass ranging from 60 to 200.
They are present in ecosystems and wastewater in various concentrations, ranging from ng/L
to mg/L (Jadaa & Mohammed, 2023). Heavy metals in wastewater most commonly originate
from both natural and anthropogenic factors. Natural factors include soil erosion, volcanic
activities, aerosol particles, and others, while anthropogenic factors primarily stem from
industry, specifically the metal processing industry such as metal finishing and electroplating
as well as mining, the textile industry, and nuclear energy (Akpor et al., 2014). Table 1 shows
the most common sources of wastewater contamination with lead (Pb) and cadmium (Cd).

Table 1. Sources of Pb and Cd in wastewater and their characteristics (adapted from Jadaa & Mohammed,
2023)

Sources of metal in
Element Oxidation state Stable form wastewater and the
environment
Batteries, mining,
paint, pigments,
steel,  explosives,
electroplating,
smelters, inorganic
fertilizers and
pesticides, printing
industry

Mining, metallurgy,
paints, cement,
plastic  stabilizers,
nickel-cadmium
battery production,
Cadmium (Cd) Cd!to Cd"™ Cd (IT) fossil fuel
combustion, high-
phosphate
fertilizers,
municipal and
sewage waste

Lead (Pb) Pb*to Pb™ Pb (1), Pb (IV)

In soils irrigated with wastewater, there is a significant increase in heavy metal concentrations
in residual form, followed by bound oxides and heavy metal fractions associated with
carbonates, compared to soils not irrigated with wastewater (Haroon et al., 2018). As a result
of population growth, there is an increasing demand for food production, but also an increase
in wastewater generation in urban and rural areas. The reuse of wastewater (treated or
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untreated) in agriculture is most commonly employed for irrigation in developing countries to
address the problem of water scarcity, particularly in regions with warmer climates. This
wastewater can often be contaminated with heavy metals, which must be removed to reduce
their accumulation in plants and, consequently, in the food chain (Kerbouna Faycal M. A.,
2018; Hashem & Qu, 2021).

Vegetables are an integral part of the normal human diet because they contain nutrients that
are vital for the proper functioning of the human body. However, vegetables grown in
contaminated areas, as well as those irrigated with water contaminated with heavy metals, can
accumulate significant concentrations of heavy metals in their edible parts (Manwani et al.,
2022).

The absorption of heavy metals into the edible parts, resulting from high heavy metal content
in irrigation water, is influenced by their solubility in the soil, soil pH, plant development
characteristics, and other factors (Khan et al., 2023; Sarker et al., 2021). Wastewater can
contain high levels of metals and metalloids depending on the types of industries located in the
region. Nevertheless, untreated wastewater is very frequently used for irrigation. This practice
contributes to an increase in the heavy metal content in the soil, which is most commonly
associated with organic matter, amorphous iron oxides, and unidentified residual fractions,
particularly in the surface soil layer (Rivera et al., 2023).

A vast amount of fresh water is consumed in the textile industry, particularly for textile dyeing
along with dyes, chemicals, and energy used for wet processing. Although there are various
methods for treating textile wastewater, they often involve high operational and utility costs.
Consequently, in many cases, this wastewater is discharged into nearby sewers, drains, and
agricultural land after the dyeing processes without adequate treatment, especially in
developing countries. This wastewater may contain certain heavy metals that can accumulate
in cultivated plants and enter the human body through the food chain (Hassan et al., 2024;
Hassain et al., 2018). High contents of Cd, Pb, and Fe have been found in irrigation water from
rivers and streams where untreated wastewater from mechanical workshops (lubricating oil,
tire and fuel combustion) and other industries is discharged; these concentrations exceeded the
maximum permissible concentrations for irrigation water (Lere et al., 2021). The maximum
permissible concentrations in irrigation water according to the FAO are shown in Table 2.

Table 2. Maximum permissible concentrations of heavy metals (mg/L) in irrigation water according to FAO
(1985) (Shahriar et al., 2023).

Pb Fe Cu /n Cd Ni Mo Co Mn

5 5 0,2 2 0.02 0,2 0,01 0,05 0,2

The analysis by Fauozi ef al. (2022) regarding heavy metal concentrations in irrigation water
and soil during the rainy and dry seasons showed that during the dry season, the concentrations
of heavy metals Cd, Cr, Cu, Fe, Ni, Pb, and Zn were higher in both irrigation water and soil
compared to the rainy season. Furthermore, the content of all heavy metals, except zinc, was
higher in the analyzed plants during the dry season. Significant concentrations of heavy metals
were found in irrigation water from rivers where wastewater from hospitals, households,
laundries, etc., was discharged. Higher heavy metal content was observed in the surface soil
layers and lettuce leaves; moreover, the bioconcentration factor and the transfer factor were >
1 for Cd, Cu, and Zn, indicating significant bioaccumulation of heavy metals in the edible parts
of the lettuce (Mewouo et al., 2024). Similarly, the highest heavy metal content and the highest
transfer factor for Fe, Ni, Pb, and Zn were found in lettuce in the study by Aksouh et al. (2024).
Higher concentrations of Cd, Pb, Cu, Cr, Ni, and Zn were present in wastewater for irrigation
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compared to groundwater, resulting in significantly higher concentrations of these heavy
metals in the soil as well as in the vegetables grown on it. In carrots, spinach, and radishes, the
transfer factor for cadmium, chromium, and zinc from soil to plant was above 1, indicating
high bioaccumulation from the soil (Kausar ef al., 2017). All analyzed plants showed a high
transfer factor for Cd (> 1), ranging from 0.85 — 1.17, which indicates high mobility of Cd from
the soil into the plants. The transfer factor was lower for Pb, ranging from 0.02 — 0.03, and for
iron, ranging from 0.04 — 0.06 (Gupta et al., 2010). According to Parmoozeh et al. (2024),
vegetables irrigated with synthetic effluent containing permissible concentrations of Pb, Cd,
and As according to the WHO for the reuse of treated wastewater for irrigation, had high heavy
metal accumulation that exceeded the permissible limits set by FAO/WHO. Consequently,
vegetables irrigated with treated wastewater may pose a risk to human health.

Presence of cadmium and lead in vegetables irrigated with wastewater

Cd was highly accumulated in radishes, lettuce, and spinach irrigated with wastewater
compared to vegetables irrigated with well water (Khan et al., 2015). High concentrations of
Cd and Pb were found in lettuce (0.5 and 0.27 mg/kg dry weight, respectively), spinach (0.37
and 0.06 mg/kg dry weight, respectively), kale (0.67 and 0.13 mg/kg dry weight, respectively),
and cabbage (0.93 and 0.23 mg/kg dry weight, respectively) irrigated with untreated sewage
wastewater (Alamnie et al., 2020). Table 3 shows the concentration of Cd in irrigation water
and in the vegetables irrigated with that water.

Table 3. Cadmium content in irrigation water and vegetables.

cd in Cd in vegetable
Vegetable wastewater me/k & Description References
mg/L gke
Lettuce 0.16
Cabbage 0.18 Domestic
020 wastewater and | Rezapour ef al.,
Green beans ' 0.12 local industrial | 2024
sources
Peppers 0.14
Radishes 0.33 *
Cabbage 0.26 * River channels
Lettuce 0.51 * receiving
0.054 wastewater Khan et al.,
Cauliflower ’ 0.37 * from industrial | 2015
' zones and
households
Spinach 0.62 *
Synthesized
Radishes 0.03 0.351 * wastewater Parmoozeh et
. al., 2024
with Cd
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concentrations
according  to
treated
wastewater
reuse standards
Spinach 1.20
0.014 Sewage Aftab et al.,
Cauliflower ) 0.97 wastewater 2023
Spinach 21.35* Chopra &
Cauliflower | °13 1751 Wastewater | 01 2015
Cabbage 1.86
Spinach 1.21
Wastewater
from  various
industries
(textiles,
0.02 ba‘Fteries, . %llmll(ar 2018&
) aints, astic akur,
Cauliflower 0.86 fecycling]? etc.)
discharged with
municipal
sewage
Peppers 0.0037 Leblebici et al.,
Onion 0.003 0.0010 Wastewater 2018
Cabbage 0.07 1.21 Industrial Lere et al,
Cucumbers ) 3.55 wastewater 2021
Industrial
wastewater
from integrated
. steel lants, | Gupta et al.,
Radishes 0.0003 6.5 * ol li’)ower 50 1po
plants,
untreated
sewage, etc.
Carrot 0.05 S d
Cabbage 0.15 0.03 ineglztgr?al A1 Rehman et al.,
Spinach ’ 0.08 wastewater 2019
Cauliflower 0.03

* - mg/kg on a dry weight (dw) basis

Maximum Levels (MLs) for Cd (mg/kg) according to Codex Alimentarius (2023):

Brassica vegetables (cauliflower, cabbage, broccoli, kale) — 0.05
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Leafy vegetables (lettuce, spinach, Swiss chard, etc.) — 0.2
Fruiting vegetables (cucumber, tomato, pepper, eggplant, etc.), garlic, onion — 0.05
Root and tuber vegetables (carrot, radish, beetroot, etc.) — 0.1

According to the study by Khan ef al. (2023), the concentration of heavy metals in vegetables
irrigated with industrial wastewater at three different locations was high. The concentrations
of Pb and Cd were higher in all vegetables (spinach, cabbage, cauliflower, turnip, radish, carrot,
and lettuce), exceeding the MLs. The average concentrations of these metals in the wastewater
were 14.86, 0.331, and 8.267 mg/L for Pb, and 0.706, 0.52, and 0.773 mg/L for cadmium. The
concentration of all heavy metals in the vegetables was significantly higher in those irrigated
with wastewater compared to those irrigated with high-quality tap water. There was significant
heavy metal contamination in vegetables irrigated with wastewater contaminated by the
discharge of municipal waste, urban drainage, and effluents from various industries (dairy,
paper mill, textile industry, and iron foundry). The average Cd value in all vegetables exceeded
the MLs according to Codex Alimentarius (2023), with the highest concentrations found in
radishes at 1.2 mg/kg, and turnips at 1.06 mg/kg (Sharma et al., 2016). Table 4 shows the
concentration of Pb in irrigation water and in the vegetables irrigated with that water.

Table 4. Lead content in irrigation water and vegetables.

Pb in Pb in vegetable
Vegetable wastewater (me/k )g Description References
(mg/L) ERE

Radishes 2.91%* River channels
Cabbage 2.24%* receiving
Lettuce 021 1.52* wastewater Khan et al.,
Cauliflower ’ 1.32% from industrial | 2015

zones and
Spinach 1.84%* households

Synthesized

wastewater

with Pb

‘ concegtrations Parmoozeh  ef
Radishes 3 12.26* according  to
al., 2024

standards  for

treated

wastewater

reuse.
Spinach 68.17* Chopra &
Cauliflower 0.88 86.69* Wastewater Pathak, 2015
Tomatoes 0.0247 . .
Onion 0.00003 0.0213 Wastewater Iigll’;ebm etal.,
Peppers 0.0263
Cabbage 0.02 0.28 Industrial Lere et al,
Cucumber ) 0.56 wastewater 2021

Industrial

wastewater

. from integrated | Gupta et al.,

Radishes 0.0523 22 * ston] lflams’ 2011’0

thermal power

plants,
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untreated

sewage, etc.
Carrot 1.49 S q
Cabbage 135 1.81 iniiv:,fsltgrei:al M| Rehman et al.,
Splnach | 2.08 wastewater 2019
Cauliflower 1.38
Lettuce 0.23
Cabbage 0.23 _
Groen beans 0.35 0.12 Wastewater Jalilet al., 2022
Peppers 0.14

* - mg/kg on a dry weight (dw) basis

Maximum Levels (MLs) for Pb (mg/kg) according to Codex Alimentarius (2023):
Brassica vegetables (cauliflower, cabbage, broccoli, kale) — 0.1

Leafy vegetables (lettuce, spinach, Swiss chard, etc.) — 0.3

Fruiting vegetables (cucumber, tomato, pepper, eggplant, etc.) — 0.05

Root and tuber vegetables (carrot, radish, beetroot, etc.), garlic, onion — 0.1

According to Ali et al. (2022), the highest average concentration of Pb in vegetables irrigated
with wastewater was found in cauliflower, followed by spinach, cabbage, tomato, and lettuce.
High Pb concentrations were observed when irrigating vegetables with industrial and sewage
wastewater, ranging from 35 - 93 mg/kg in spinach, 17 to 43 mg/kg in tomatoes, and 23 to 47
mg/kg in cauliflower. The concentration of Pb in the wastewater was above permissible limits,
while the accumulation of Pb in the soil was lower because the soil concentration remained
within permissible limits. The high concentrations in the vegetables are attributed to the direct
bioaccumulation of Pb from the water into the vegetables (Aslam et al., 2017). From the study
by Ali et al. (2021), an analysis of vegetables irrigated with wastewater near various industries
such as leather, metal processing, paper, battery manufacturing, pharmaceuticals, etc. showed
that the heavy metal concentrations in the wastewater were 0.79 mg/L for Pb and 0.02 mg/L
for Cd. The concentrations of Pb and Cd in the vegetables irrigated with this wastewater ranged
from 0.70 — 18.14 mg/kg and 0.02 — 3.64 mg/kg, respectively (Ali et al., 2021). According to
the study by Aslam et al. (2024), the concentration of heavy metals in domestic wastewater
used for vegetable irrigation exceeded the maximum permissible concentrations. The Pb
concentration ranged from 0.06 to 0.37 mg/L, and Cd from 0.01 to 0.80 mg/L. The
concentrations of these heavy metals were above the MLs in the vegetables irrigated with
wastewater, ranging from 11.1 to 47.02 mg/kg for Pb and from 2.9 to 11.02 mg/kg for Cd.
These concentrations were particularly high in radishes, cabbage, carrots, spinach, and
cauliflower. According to Khan et al. (2023), the concentration of heavy metals in irrigation
water containing industrial effluents ranges from 0.05 to 0.09 mg/L for Pb and 0.01 to 0.03
mg/L for cadmium. The concentration of heavy metals in the vegetables irrigated with this
water ranged from 5 to 9 mg/kg for Pb and 0.70 to 1.90 mg/kg for cadmium. High
concentrations of Cd and Pb were found in radishes, cabbage, carrots, spinach, and cauliflower.

Treatment of heavy metals from wastewater

Heavy metal pollution is of great significance due to its pronounced toxicity, difficult
degradation, and accumulation in plants and living organisms. Irrigation with wastewater raises
major concerns among the population due to the high accumulation of heavy metals in
vegetables. It is of vital importance to treat the water before it is discharged into rivers and
streams, especially from the metal-processing industry, households, and industrial waste (Noor
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etal.,2019). Treated wastewater can be reused for irrigation. This involves physical, chemical,
and biological processes to remove these pollutants and obtain environmentally safe treated
wastewater. Various technologies exist for the removal of heavy metals from water, such as
chemical precipitation, oxidation or reduction, filtration, ion exchange, electrochemical
treatments (electrocoagulation, electroflotation, and electrodeposition), reverse osmosis,
adsorption (activated carbon, carbon nanotubes, and wood sawdust), membrane filtration, as
well as nanotechnology. The most commonly used methods are ion exchange and membrane
filtration. However, most treatments are either ineffective or too expensive when metal
concentrations exceed 100 mg/L (Nalenthiran et al., 2016; Zareh et al., 2024; Li et al., 2023).
The membrane filtration separation method offers high efficiency, ease of operation, and low
space requirements, making it a promising method for heavy metal removal (Birniwa et al.,
2024; Xiang et al., 2022). Ion exchange is an advanced water treatment that can be used to
remove metal ions present in low concentrations in water (Lupa & Cocheci, 2022)

Conclusions

Water is a vital natural resource essential for the sustainability of all living organisms; however,
today it is subjected to intensive exploitation as well as contamination with heavy metals,
primarily through the uncontrolled discharge of industrial wastewater. The data from this
literature review confirm that the use of wastewater for irrigation significantly increases the
concentration of heavy metals in the soil, and consequently, in the edible parts of plants,
entering the human body through the food chain.

Analysis of numerous studies indicates that lead and cadmium concentrations frequently
exceed the maximum levels prescribed by international standards (FAO/WHO and Codex
Alimentarius 2023), both in irrigation water and in vegetables. This situation poses a serious
risk to public health due to the entry of lead and cadmium from irrigation water into the food
chain. As a result, it is necessary to take urgent measures to treat wastewater using modern
purification technologies, such as membrane filtration and ion exchange, before its reuse in
agriculture. Future focus should be directed toward strict monitoring to ensure the production
of safe food and the protection of the ecosystem.
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