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Global freshwater resources are under unprecedented strain, with water demands
already surpassing supplies in regions inhabited by over 40% of the world's population.
This scarcity is exacerbated by the widespread deterioration of water quality due to
pollution from industrial discharge, municipal sewage, and agricultural runoff.
Wastewater is a significant source of this pollution, containing harmful pathogens,
organic matter, and toxic heavy metals that pose severe risks to human health and
ecosystem integrity. In Pakistan, the situation is critical; the country faces severe
physical water scarcity and rampant water pollution, with less than 10% of its municipal
wastewater receiving any treatment. This review synthesizes the current state of
knowledge regarding the composition and sources of wastewater in Pakistan, its
detrimental impacts on human health—particularly through the contamination of the
food chain—and the associated challenges in wastewater treatment. The analysis
highlights the extensive use of untreated wastewater in agriculture due to its perennial
availability and nutrient content, a practice that offers short-term economic benefits but
leads to long-term consequences, including the accumulation of heavy metals in soils
and crops. Finally, the review discusses the potential of constructed wetlands as a
sustainable, low-cost treatment technology suited to the economic and technical
constraints of Pakistan, offering a viable alternative to energy-intensive conventional
treatment methods.

1. Introduction

agricultural runoff and urban stormwater, is a major concern
exacerbated by population growth, urbanization, and

The unequal global distribution of freshwater resources
and population densities has created a scenario where water
demands exceed supplies in many parts of the world,
impacting the lifestyle and development opportunities of
billions (Qadir et al., 2007a). It is projected that up to 60% of
the global population may experience physical water scarcity
in the near future (Rijsberman, 2006). Access to safe and
clean water is fundamental to human health (Igbal et al.,
2019), yet water often acts as a carrier for pathogenic
organisms—including viruses, protozoa, and bacteria—that
cause illness (Coleman et al., 2013; Ali et al., 2017). The
deterioration of water quality, driven by point sources like
industrial discharge and non-point sources such as

industrialization (Sanchez et al., 2015; Tran et al., 2015).
Wastewater is a significant conduit for various
pollutants, including toxic heavy metals (Ping et al., 2011).
Food consumption is the primary pathway for human
exposure to these metals, surpassing inhalation and dermal
contact (Loutfy et al., 2006). Heavy metal contamination is
linked to a spectrum of disorders, including genomic
instability, endocrine disruption, neurotoxicity,
carcinogenicity, and immunological problems (Dyer, 2007).
Specific metals like cadmium (Cd) and lead (Pb) are known
to cause mutagenesis, teratogenesis, and carcinogenesis, with
high concentrations in food crops linked to gastrointestinal
cancers (Khan et al., 2013). Lead exposure is also associated
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with elevated blood pressure, renal dysfunction, and impaired
haemoglobin synthesis. Other metals like manganese are
implicated in neurological disorders such as Parkinson's
disease, while nickel (Ni) can cause cancer, skin rashes, and
respiratory illness at high concentrations (Harmanescu et al.,
2011). Dietary chromium (Cr) intakes have been directly
correlated with breast cancer mortalities in international
studies (Pasha et al., 2010).

Pakistan exemplifies the challenges faced by many
developing nations, grappling with both severe water
quantity and quality issues. Water availability is predicted to
fall below 700 m?® per capita, a level far below the
international water scarcity threshold (Martin et al., 2006).
Water pollution, largely from untreated municipal and
industrial effluent, contributes to a high prevalence of
waterborne diseases (Azizullah et al., 2011). An estimated
7.57 x 10° m® of municipal sewage is discharged daily into
surface waters, with less than 10% receiving any treatment
(Martin et al., 2006). The use of wastewater for irrigation,
driven by its constant availability and nutrient content, leads
to the accumulation of heavy metals like Ni, Cu, Cd, Cr, Pb,
As, Hg, and Zn in agricultural soils, introducing them into the
food chain and posing a significant threat to public health
(Balkhair and Ashraf, 2016; Islam et al., 2017). The safe
disposal and treatment of this contaminated water remain a
global challenge, necessitating sustainable solutions.
Constructed wetlands (CWs) have emerged as a viable, low-
cost option for wastewater treatment, capable of handling
various effluent types with minimal operational and
maintenance requirements (Vymazal, 2019).

2. Composition of Wastewater

Wastewater can be characterized by its physicochemical and
biological constituents, which collectively determine its
pollution load and environmental impact. The main
contaminants include suspended and dissolved solids,
organic matter measured as biological oxygen demand
(BOD) and chemical oxygen demand (COD), nutrients
(particularly nitrogen and phosphorus), heavy metals, and a
wide array of pathogenic microorganisms. The specific
composition varies significantly based on the source—
whether municipal, industrial, or agricultural—but invariably
poses risks to receiving water bodies and public health when
discharged untreated (Figure 1).

3. Types and Sources of Wastewater in Pakistan

Water pollution in Pakistan is predominantly
anthropogenic, stemming from the indiscriminate disposal of
industrial, municipal, and domestic wastes into water
channels, rivers, and lakes (Hammer, 1986; Kahlown and
Majeed, 2003). It is estimated that over 90% of raw sewage
and 70% of untreated industrial wastes are dumped directly
into surface waters (Anonymous, 2010).

Industrial pollution is a major contributor. Of the 6634
registered industries in Pakistan, 1228 are classified as highly
polluting (Sial et al., 2006). Sectors such as textiles,
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Figure 1: Schematic overview of composting pathways
and mechanisms involved in waste transformation and
stabilization. The diagram illustrates the major processes
occurring during composting, including feedstock
preparation, microbial degradation, and thermophilic and
maturation phases. Organic waste is aerobically
decomposed through microbial oxidation, leading to CO:
release, humus formation, and pathogen reduction. Key
mechanisms include enzymatic hydrolysis (cellulase,
ligninase, and protease activity), nitrification—
denitrification, humification, and stabilization of organic
matter. Reactor zones (aeration unit, thermophilic
chamber, and curing section) facilitate controlled
temperature, oxygen supply, and moisture regulation,
enhancing microbial efficiency and reducing greenhouse
gas emissions.

pharmaceuticals, petrochemicals, leather tanning, and
fertilizers discharge wastewater laden with organic load,
nitrates, nitrites, and toxic metals including arsenic, lead,
mercury, chromium, and cadmium (Ali et al., 1996; Sial et
al., 2006; Ullah et al., 2009). Most industries dispose of their
effluent directly into nearby drains and rivers. For instance,
River Kabul receives approximately 80,000 m?® of industrial
effluent daily, and even the capital, Islamabad, discharges
untreated waste from its industrial estates into the Sawan
River (Mian et al., 1998; MOE-PAK, 2005a). A staggering
99% of industrial wastewater is estimated to be untreated
before discharge (MOE-PAK, 2005a), resulting in about 40
billion liters of effluent polluting water bodies daily (Saleemi,
1993).

Municipal and domestic wastes pose an equally grave
threat. Sewerage collection systems cover less than 50% of
urban areas, and only about 8% of the collected wastewater
is effectively treated (WB-SCEA, 2006; WWF, 2007).
Consequently, an estimated 7.57 billion liters of raw sewage
are discharged to surface waters daily (WB-SCEA, 20006).
These combined discharges from industry and municipalities
not only introduce toxic chemicals but also cause severe
bacteriological contamination, elevating parameters like
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BOD, COD, TDS, and TSS, thereby rendering water unfit for
consumption and ecosystem health.

4. Wastewater Generation and Contaminated Sites

The link between industrial growth and water pollution
is evident in fast-growing economies. In countries like China
and India, industrial water use and concomitant wastewater
discharge have surged dramatically (Pandey, 2005; Shalizi
and Zmarak, 2006). In Pakistan, industrial pollution is
increasing at a rapid pace, significantly impairing surface and
groundwater quality around major urban centers and
impacting human health and productivity (Aftab et al., 2000).

5. The Use of Wastewater in Low and High-Income
Countries

Wastewater is used for irrigation on millions of hectares
worldwide, supporting the livelihoods of an estimated 200
million farmers (Jiménez and Asano, 2008b; Raschid-Sally
and Jayakody, 2008). However, a stark disparity exists in
treatment levels between income groups. High-income
countries treat about 70% of generated wastewater, while
upper-middle-income, lower-middle-income, and low-
income countries treat only 38%, 28%, and 8%, respectively
(Sato et al., 2013). In Pakistan and other developing nations,
untreated wastewater is a vital, year-round resource for urban
and peri-urban agriculture, offering reliable irrigation and
cost savings on fertilizers (Scott et al., 2000; Buechler et al.,
2006). Studies indicate that farmers using wastewater can
earn significantly more than those using freshwater,
highlighting its economic importance despite the associated
health risks (Saravanan et al., 2011).

6. Potential Impacts of Wastewater Irrigation on
Environment and Health

The reuse of wastewater in agriculture presents a
paradox: it enables food production and nutrient recycling but
introduces health risks from pathogens, antibiotic-resistant
bacteria, and toxic chemicals (Contreras et al., 2017). The
absence of treatment in most cases exacerbates these risks,
contributing to diarrheal diseases, which remain a leading
cause of death in children under five globally (Liu et al.,
2012).

In Pakistan, the contamination of drinking water with
industrial and municipal waste, coupled with inadequate
disinfection, is a primary cause of waterborne diseases such
as hepatitis, cholera, dysentery, and typhoid (Hashmi et al.,
2009a; Aziz, 2005). These diseases account for a significant
portion of hospital patients and one-third of all deaths in the
country (WB-SCEA, 2006). The health effects are not
uniform; agricultural workers, crop handlers, consumers, and
nearby communities—especially children and the elderly—
face varying levels of risk from exposure to pathogens and
chemicals in wastewater (WHO, 2005).

7. Health Risk Assessment
Contamination

from Food Chain

Agriculture, Ecosystem and Economics

Irrigating crops with wastewater introduces a direct
pathway for contaminants to enter the human food chain. The
health risks depend on the type of crop and the level of
contamination. While some crops like cotton or dried fruits
pose a lower risk, vegetables consumed raw present a
significant health hazard (Shakir et al., 2017). Furthermore,
the long-term irrigation with wastewater can lead to
groundwater contamination through the leaching of
pollutants like chlorides, creating a cumulative and persistent
environmental threat (Babiker et al., 2004).

Risk assessment has evolved to quantify these dangers
using indices such as the degree of contamination (Cdeg),
enrichment factor (EF), bioaccumulation factor (BAF),
translocation factor (TrF), hazard quotient (HQ), and
estimated daily intake (EDI) (Antoniadis et al., 2017; Shahid
et al., 2018). These tools are crucial for understanding the
transfer of metals from soil to plants and for evaluating the
potential non-carcinogenic and carcinogenic risks to human
populations.

8. Wastewater Treatment in Pakistan: Challenges and

a Sustainable Alternative

The discovery of emerging pollutants, including toxic
heavy metals, micro-pollutants, and pharmaceuticals, is
challenging the efficacy of conventional treatment
technologies (Zhuang et al., 2015; Xiao et al., 2017). The
increasing volume and complexity of wastewater, combined
with stringent discharge limits, underscores the need for
robust and affordable treatment solutions (Liu et al., 2015).
In this context, Constructed Wetlands (CWSs) represent a
promising natural treatment technology. CWs are engineered
systems that mimic natural wetland processes to remove
pollutants. They are characterized by lower operational and
maintenance costs compared to conventional systems like
activated sludge (Wang et al., 2017; Vymazal, 2019). The
effectiveness of CWs depends on factors such as wastewater
biodegradability and hydraulic loading rates. Systems can be
hampered by a lack of biodegradable organics or by loadings
that exceed their natural treatment capacity (Kadlec and
Wallace, 2008; Dan et al., 2011; Saced and Sun, 2017a). For
a country like Pakistan, facing technical and financial
constraints in wastewater management, CWs offer a viable,
sustainable pathway to mitigate pollution and protect
precious water resources.

9. Conclusion

Pakistan stands at a critical juncture, facing an acute
water crisis defined by both scarcity and severe pollution.
The widespread discharge of untreated industrial and
municipal wastewater has dire consequences for
environmental health and human well-being, particularly
through the contamination of the food chain via agricultural
irrigation. While the use of wastewater provides short-term
agricultural benefits, the long-term accumulation of heavy
metals and pathogens in the ecosystem poses a significant and
growing public health threat. Addressing this challenge
requires a paradigm shift in water management. Conventional
treatment methods are often economically unfeasible.
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Therefore, the adoption of sustainable, low-cost technologies
like Constructed Wetlands is not just an option but a
necessity. Future efforts must focus on implementing such

nature-based solutions, strengthening regulatory
enforcement, and promoting safe water reuse practices to
secure water for Pakistan's future.
10. Future Recommendations

Based on the comprehensive review of wastewater
pollution in  Pakistan, the following strategic
recommendations are proposed to address the escalating
water crisis and its associated health and environmental
impacts:

10.1. Policy and Institutional Framework

Strengthen enforcement of the National Environmental
Quality Standards (NEQs) through robust monitoring
systems and stringent penalties for non-compliance. Develop
a national wastewater management policy that prioritizes
water reuse and recycling in agriculture. Establish cross-
sectoral coordination mechanisms between water, health,
agriculture, and industrial sectors. Implement the "polluter
pays" principle to generate funds for wastewater treatment
infrastructure

10.2. Technological Interventions

Promote decentralized constructed wetland systems for peri-
urban and rural areas, tailored to local conditions. Develop
hybrid wetland systems combining different macrophytes
and flow regimes for enhanced heavy metal removal.
Implement pilot-scale studies to optimize wetland designs for
specific industrial effluents (textile, tannery,
pharmaceutical). Integrate advanced primary treatment with
constructed wetlands to handle high organic loads

10.3. Agricultural Management

Implement crop restriction policies for wastewater-irrigated
areas, prohibiting leafy vegetables for raw consumption.
Promote drip irrigation and other application methods that
minimize crop contamination. Develop soil amendment
strategies using biochar and compost to immobilize heavy
metals. Establish farmer training programs on safe
wastewater irrigation practices

10.4. Research and Development Priorities

Conduct longitudinal studies on heavy metal accumulation in
soil-crop systems under continuous wastewater irrigation.
Investigate the fate and removal mechanisms of emerging
contaminants in constructed wetlands. Develop local
databases on wastewater quality parameters for different
regions and seasons. Research cost-effective pre-treatment
options to enhance wetland performance and lifespan

10.5. Public Health Protection

Establish regular monitoring of heavy metals in commonly
consumed wastewater-irrigated crops. Implement health
surveillance systems in high-risk communities using
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wastewater for irrigation. Develop public awareness
campaigns on safe food preparation from wastewater-
irrigated crops. Promote point-of-use water treatment
technologies in areas affected by groundwater contamination

10.6. Economic and Financial Strategies

Explore public-private partnerships for construction and
maintenance of treatment wetlands. Develop micro-credit
schemes for farmers to adopt safer irrigation technologies.
Implement economic incentives for industries that pre-treat
their wastewater. Establish water pricing policies that
encourage wastewater treatment and reuse

10.7. Capacity Building and Awareness

Train technical staff in design, operation, and maintenance of
constructed wetland systems. Incorporate wastewater
management and safe reuse in agricultural extension services.
Develop educational programs on water conservation and
pollution prevention. Strengthen laboratory capabilities for
water quality monitoring at district levels

10.8. Climate Resilience

Design treatment systems with climate adaptability,
considering temperature variations and extreme weather
events. Develop water storage strategies to optimize
wastewater use during dry periods. Implement watershed
management approaches to reduce non-point source
pollution. Promote water-efficient crops in wastewater
irrigation zones to maximize productivity

The successful implementation of  these
recommendations requires a coordinated approach involving
government agencies, research institutions, private sector,
and local communities. By adopting appropriate technologies
like constructed wetlands and implementing comprehensive
management strategies, Pakistan can transform its
wastewater challenge into an opportunity for water security,
environmental protection, and sustainable agricultural
development.
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SDG 6 (Clean Water and Sanitation) by addressing water
scarcity and promoting sustainable wastewater treatment,
and SDG 2 (Zero Hunger) by ensuring safer agricultural
practices and food security. Other strongly connected goals
include SDG 3 (Good Health and Well-being) through
reducing waterborne diseases and SDG 12 (Responsible
Consumption and Production) via sustainable water resource
management.
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