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ABSTRACT

The improper disposal of unused, expired, and unregulated pharmaceutical waste has become a growing
environmental concern. Between 2011 and 2017, global studies highlighted the accumulation of pharmaceutical
residues—particularly antibiotics, analgesics, and endocrine disruptors—in soil and aquatic systems. These
pollutants interfere with microbial balance, aquatic life, and even human health through bioaccumulation and
water contamination. This research paper assesses the scale, sources, and environmental effects of
pharmaceutical waste, presenting quantitative data and sustainable management strategies such as take-back
programs, incineration standards, and green disposal methods.
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INTRODUCTION

Pharmaceuticals play an indispensable role in maintaining human and veterinary health, contributing significantly to
the prevention, diagnosis, and treatment of diseases. However, the post-consumer stage of pharmaceuticals—that is,
what happens to medicines once they are expired, unused, or discarded—has emerged as a major environmental
challenge over the past two decades. The convenience of modern healthcare has led to a dramatic rise in pharmaceutical
consumption, yet awareness regarding safe disposal practices has not progressed at the same pace. As a result, a
substantial proportion of medicines are discarded improperly, often flushed down sinks, drains, or toilets, or disposed
of in municipal landfills along with household garbage. Once released into the environment, active pharmaceutical
ingredients (APIs) and their metabolites can persist for long periods due to their chemical stability. These compounds
gradually leach into groundwater, surface water, and soil systems through leachate formation and wastewater
discharge, thereby introducing a new class of pollutants termed pharmaceutical contaminants of emerging concern
(PhACs).

The environmental persistence of such residues has been widely documented in literature between 2011 and 2017, with
increasing evidence linking these contaminants to toxicity in aquatic life, disruption of soil microbial activity, and
development of antimicrobial resistance (AMR) in bacteria. Global data collected between 2011 and 2017 reveal the
alarming extent of this issue. Surveys in developing nations such as India, Bangladesh, and Nigeria indicate that more
than 50 percent of consumers dispose of expired or unused medicines through household waste channels rather than
returning them to pharmacies or collection centers. This lack of proper waste segregation leads to widespread
contamination of landfill sites and groundwater reserves. Parallel studies conducted in industrialized nations, including
the United Kingdom and the United States, also demonstrate measurable levels of pharmaceutical residues in major
river systems. Concentrations ranging between 0.1-10 ug/L have been detected in the Ganges (India), Thames (UK),
and Mississippi (USA), signifying that the problem transcends geographical and economic boundaries.

According to a World Health Organization (WHO) report published in 2012, the uncontrolled disposal of
pharmaceuticals poses a significant global health risk by contributing to the emergence of antibiotic-resistant bacterial
strains. When antibiotics and other biologically active compounds enter the environment, they exert selective pressure
on microbial communities, enabling resistant genes to proliferate. This phenomenon undermines the effectiveness of
life-saving antibiotics, creating long-term challenges for healthcare systems worldwide. Thus, the need to understand
and address pharmaceutical waste management is both an environmental and public health imperative. Between 2011
and 2017, a growing body of research called for the implementation of sustainable drug disposal frameworks, improved
wastewater treatment technologies, and the adoption of green chemistry principles in drug formulation. The present
study builds upon this foundation by examining global pharmaceutical waste generation patterns, their environmental
impacts on soil and water systems, and the strategies required to ensure environmentally responsible disposal of
pharmaceuticals.
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2. Objectives

1. To quantify the volume of pharmaceutical waste generated from households and healthcare facilities
2. Toanalyze environmental contamination levels in soil and water bodies.

3. To evaluate the ecological and health impact of pharmaceutical residues.

4. To recommend sustainable strategies for safe drug disposal and waste management.

3. Sources of Pharmaceutical Waste

Pharmaceutical waste originates from multiple sources across the production, distribution, and consumption chain.
Each stage of a drug’s lifecycle—ranging from its manufacture in industrial plants to its ultimate use by patients and
animals—contributes to the generation of chemical residues that can enter the environment if not properly managed.
The complexity of this waste stream arises from its diverse chemical composition, including active pharmaceutical
ingredients (APIs), excipients, solvents, and packaging materials. Table 3.1 summarizes the primary sources of
pharmaceutical waste, their examples, and their estimated contribution to the total global pharmaceutical waste
generation in 2017.

Table 3.1: Sources of Pharmaceutical Waste (Global Estimates, 2017)

Approx.
Source Examples Description (Gcl:oobnglr;zbsl:;[rlggte
2017)
Improper disposal via toilets, sinks,
Expired or unused over- | or household garbage bins, leading 0
Households the-counter (OTC) drugs | to entry of APIs into sewage and 30-40%
landfills
. . Inadequate segregation of
Hospitals and S_yr_mges, v fImd_s, biomedical and pharmaceutical
. antibiotics, anesthetics, L L . 25-30%
Clinics . waste; improper incineration or
disinfectants . . .
dumping of medical residues
_ Manufacturing residues, Discharge of untreated or partially
Pharmaceutical Lo . treated effluents containing APls
- chemical intermediates, - 20-25%
Industries and solvents into nearby water
solvents :
bodies
. Antibiotics, hormones, Runoff ffom ar_nmal f_arms carrying
Veterinary and . o drug residues into soil and surface
. anti-parasitic drugs used . S . 10-15%
Agricultural Use L water; accumulation in agricultural
in livestock
ecosystems

The data indicate that households and healthcare institutions together account for nearly two-thirds of the total
pharmaceutical waste generated globally. Household waste primarily results from the accumulation of unused or
expired medicines, improper consumer behavior, and lack of awareness about safe disposal methods. In most
developing countries, expired medicines are discarded with regular municipal waste or flushed down toilets, eventually
contaminating sewage systems and landfills. Hospitals and clinics are another major contributor, generating between 25
and 30 percent of global pharmaceutical waste. The problem often arises due to inadequate segregation between
biomedical and chemical waste streams. In many cases, pharmaceutical residues are mixed with general medical waste
and disposed of through low-temperature incineration or open dumping. Such practices fail to completely degrade
active ingredients, allowing them to persist in ash, air, and surrounding soil. Pharmaceutical manufacturing industries
contribute approximately 20 to 25 percent of total waste.

Industrial waste typically contains high concentrations of APIs, catalysts, and chemical solvents. In regions where
effluent treatment plants are underdeveloped or poorly maintained, these contaminants are released directly into rivers
and groundwater. For example, studies in Hyderabad, India, and Guangdong, China, between 2013 and 2016 found API
concentrations in industrial effluents reaching up to 31 mg/L, far exceeding acceptable environmental limits. Veterinary
and agricultural activities represent an additional but often overlooked source, accounting for 10 to 15 percent of
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pharmaceutical waste. Antibiotics and growth-promoting hormones used in animal husbandry frequently enter the
environment through manure, runoff, or irrigation using contaminated water. The continuous release of these
compounds into the soil contributes to the emergence of antibiotic-resistant microorganisms and disrupts natural
nutrient cycles. Overall, weak enforcement of biomedical and environmental regulations, particularly in low- and
middle-income countries, has exacerbated the spread of pharmaceutical contaminants. A lack of infrastructure for
collection, segregation, and high-temperature incineration allows significant quantities of pharmaceuticals to bypass
formal disposal channels. The trend observed between 2011 and 2017 reflects an urgent need for improved waste
management systems, public awareness programs, and regulatory oversight to minimize the environmental burden of
pharmaceutical waste.

4. Environmental Contamination Data

The presence of pharmaceutical residues in water bodies has emerged as a global environmental concern. From 2011 to
2017, several studies reported the widespread detection of active pharmaceutical ingredients (APIs) in surface waters,
groundwater, and even treated drinking water. These residues originate primarily from domestic sewage, hospital
effluents, industrial discharge, and landfill leachates. Wastewater treatment plants (WWTPs) are often ineffective in
completely removing pharmaceuticals because many of these compounds are chemically stable and resistant to
biodegradation. Table 4.1 presents a summary of pharmaceutical residue concentrations detected in major water bodies
across different countries during this period.

Table 4.1: Concentration of Pharmaceutical Residues Detected in Major Water Bodies (2011-2017)

Region / Water Bod Major Drugs Concentration Primary Reference

Country y Detected (ug/L) Source Year
. Ganga River Ciprofloxacin, Hospital

India (Varanasi) Diclofenac 2.5-41 effluents 2015

USA MIsSISSIpPE |y rofen, Naproxen 08-12 Domestic 2013
River sewage

UK | ThamesRiver |  Carbamazepine, 0.4-09 Household 2014
Sulfamethoxazole disposal

Germany Rhine River Atenolol, Diclofenac 0.3-0.7 Waps::x:gter 2016

China Pearl River Amoxicillin, 3.1-55 Ir)dustrlal 2017
Paracetamol discharge

Between 2011 and 2017, antibiotics and anti-inflammatory drugs were among the most commonly detected
pharmaceutical residues in aquatic systems across continents. Developing countries such as India and China reported
higher concentration ranges (3-5 ug/L), largely due to inadequate wastewater treatment infrastructure and the absence
of stringent effluent regulations. In contrast, industrialized nations like Germany and the United Kingdom showed
lower concentrations, reflecting more effective wastewater management systems. The persistence of compounds such
as diclofenac and carbamazepine demonstrates their resistance to conventional treatment methods and highlights the
need for advanced remediation technologies.

5. Soil Contamination and Ecological Impact

Pharmaceutical residues also accumulate in soils, particularly in agricultural regions irrigated with treated or untreated
wastewater. These residues affect soil health, microbial communities, and nutrient cycling processes. Continuous
exposure leads to the disruption of microbial enzyme activity and can alter soil fertility over time. Table 5.1
summarizes the types and effects of pharmaceutical contaminants identified in agricultural soils between 2012 and
2017.

Table 5.1: Presence of Pharmaceutical Residues in Agricultural Soil (2012-2017)

. Concentration Impact on Soil
Location Drug Category (mg/kg) Microbes Observed Effect
Punjgb, Tetracyclines 0.03-008 Reduced_ ml_croblal Nut_rlent f:ycle
India respiration disruption
Spain Ib_uprofen, 0.01-0.06 Altered ba(_:terlal Reduced soil fertility
Diclofenac population
USA Sulfonamides 0.02 — 0.04 Antimicrobial resistance Genetic mutation in
development microbes
China Paracetamol 0.05-0.09 Increased organic carbon Soil acidification
degradation
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Soil exposure to pharmaceutical residues disrupts microbial balance and reduces soil fertility. Antibiotic residues are
particularly harmful as they promote the development of antimicrobial resistance genes (ARGs) among soil bacteria,
posing a serious global threat. For example, the presence of tetracyclines in Indian agricultural soils has been shown to
reduce microbial respiration, thereby affecting nitrogen fixation and carbon cycling. In addition, ibuprofen and
diclofenac residues in European soils have been linked to reduced enzymatic activity and crop yield. These findings
highlight that pharmaceutical pollution is not only an aquatic issue but also a terrestrial one with long-term ecological
consequences.

6. Human and Ecological Health Risks

The continuous release of pharmaceuticals into the environment has direct and indirect effects on humans, animals, and
entire ecosystems. Chronic exposure to even trace concentrations of pharmaceuticals can cause hormonal imbalance in
wildlife, endocrine disruption in humans, and microbial resistance in both. Table 6.1 provides examples of documented
impacts during 2011-2017.

Table 6.1: Human and Ecological Health Risks (2011-2017)

Impact Description Examples (2011-2017 Studies)
Lo Hormonal imbalance, reduced Diclofenac linked to vulture population decline
Aquatic Life . . .
reproduction rate in India

Human Health Drug resistance, endocrine disruption Antibiotic residues dgtected in drinking water

(India, 2014)
Biodiversity Disruption of aquatic flora and fauna Estrogenic compound; affecting fish
reproduction
Ecosystem Services Altered mlrt):rrgtt:)el:\;edsegradatlon Affects nitrogen fixation and carbon cycling

The continuous entry of pharmaceuticals into ecosystems creates chronic exposure conditions, resulting in
bioaccumulation and long-term ecological imbalance. Even at very low concentrations, below 1 pg/L, pharmaceuticals
have been shown to cause measurable biological effects. Hormonal drugs and analgesics alter the reproductive behavior
of aquatic organisms, while antibiotics in drinking water contribute to the rise of antibiotic-resistant pathogens in
human populations. These findings illustrate that pharmaceutical contamination is both an environmental and a public
health issue demanding urgent regulatory attention.

7. Global Disposal Practices

Various countries implemented regulatory frameworks and community-based programs to manage pharmaceutical
waste between 2011 and 2017. However, the level of enforcement and public participation varies widely. Table 7.1
summarizes key initiatives and their effectiveness.

Table 7.1: Global Disposal Practices (2011-2017)

. . Implementation Status :
Country/Region Regulation or Program (as of 2017) Effectiveness
USA Drug Take-Back Programs Nationwide; annual 70% success rate in
(DEA) collection drives reducing home stockpiles
EU Directive 2008/98/EC on Fully implemented Encouraged_ p_r(_)ducer
Waste responsibility
India Biomedical Waste partially implemented Limited enforcement at
Management Rules (2016) yimp local level
Australia Return Unwanted Fully operational since 60% reduction in improper
Medicines (RUM) Project 2013 household disposal

Countries that have implemented structured take-back systems show measurable improvement in safe disposal
practices. For instance, the United States and Australia successfully reduced household pharmaceutical waste through
public participation and regulatory enforcement. The European Union’s waste directive also promotes producer
responsibility, compelling pharmaceutical companies to engage in environmentally safe disposal of expired products.
In contrast, India’s partial implementation of biomedical waste rules reflects a policy gap, indicating that stronger
monitoring and public engagement mechanisms are required to ensure effectiveness.

8. Strategies for Sustainable Drug Disposal
Addressing the problem of pharmaceutical waste requires a combination of technological innovation, policy
enforcement, and behavioral change. Table 8.1 summarizes effective strategies adopted or proposed globally.
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Table 8.1: Strategies for Sustainable Drug Disposal

Strategy Methodology Environmental Benefit Challenges

Drug Take-Back | Consumers  return  unused | Prevents landfill and | Low public

Programs medicines  to designated | sewage contamination awareness and
collection centers participation

High-Temperature Complete thermal destruction | Ensures zero-residue | High  capital and

Incineration of APl molecules disposal energy cost

(>1200°C)

Green Pharmacy | Developing biodegradable drug | Reduces  environmental | Requires  long-term

Design molecules persistence R&D investment

Advanced Oxidation | Photocatalysis, ozonation, UV | Effective degradation of | Energy-intensive and

Processes (AOPSs) degradation of wastewater persistent compounds costly

Public Education | Awareness drives on safe drug | Reduces household-level | Behavioral ~ change

Campaigns disposal pollution takes time

Sustainable pharmaceutical waste management depends on integrating regulation, technology, and community
awareness. While incineration and oxidation technologies effectively eliminate contaminants, their high operational
costs limit use in developing nations. Therefore, public awareness and drug take-back initiatives must complement
technical solutions. The future direction lies in green pharmacy design and circular waste management models where
pharmaceutical products are designed to biodegrade safely after use.

9. Statistical Trends (2011-2017)
Global pharmaceutical production and consumption have steadily increased, leading to a parallel rise in waste
generation. The following data estimate global pharmaceutical waste quantities over six years.

Table 9.1: Estimated Global Pharmaceutical Waste Generation (in Tonnes)

Year Household Waste (T) Hospital Waste (T) Industrial Waste (T) Total (T)
2011 42,000 30,000 25,000 97,000
2013 49,500 34,200 28,000 111,700
2015 56,000 38,000 30,500 124,500
2017 63,000 42,000 32,800 137,800

Between 2011 and 2017, global pharmaceutical waste generation increased by over 40 percent. This growth correlates
with higher drug consumption, population expansion, and urbanization. The most significant contributors are
households and hospitals, followed by industrial sources. The lack of universal waste collection and treatment
mechanisms remains a major driver of this rising trend, especially in regions with inadequate infrastructure for
hazardous waste disposal.

CONCLUSION AND RECOMMENDATIONS

Pharmaceutical residues are increasingly recognized as emerging environmental contaminants due to their persistence,
bioactivity, and potential for long-term ecological harm. Households and healthcare institutions are identified as the
largest contributors to pharmaceutical waste, followed by industrial and agricultural sectors. The findings from 2011 to
2017 clearly demonstrate that improper disposal practices have resulted in measurable contamination of soil and water
ecosystems. To address these challenges, sustainable solutions must include the expansion of pharmaceutical take-back
programs, the enforcement of stricter disposal laws, and the adoption of green chemistry approaches to develop
biodegradable drug formulations. Governments should invest in public awareness campaigns and infrastructure for
high-temperature incineration and advanced oxidation processes. Furthermore, cross-sector collaboration between
pharmaceutical industries, environmental agencies, and communities is essential to achieving a circular pharmaceutical
economy by 2030, where waste generation is minimized, and drug residues are safely managed without harming the
environment.
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