/ Olympian”

W AEER TESTENG

1,4-DIOXANE AS A CONTAMINATION

IN DRINKING WATER

Prepared by :

R&D Team of Olympian Water



) Olympian™

WATER TESTING

INTRODUCTION

HISTORY OF 1,4-DIOXANE CONTAMINATION

SOURCES OF 1,4-DIOXANE CONTAMINATION

MECHANISMS OF 1,4-DIOXANE CONTAMINATION

HEALTH EFFECTS OF 1,4-DIOXANE CONTAMINATION

DETECTION AND MONITORING OF 1,4-DIOXANE CONTAMINATION

MITIGATION AND PREVENTION OF 1,4-DIOXANE CONTAMINATION

IMPACT OF CLIMATE CHANGE ON 1,4-DIOXANE CONTAMINATION

ECONOMIC AND SOCIAL IMPACTS OF 1,4-DIOXANE CONTAMINATION

ROLE OF NON-GOVERNMENTAL ORGANIZATIONS (NGOS) IN ADDRESSING 1,4-
DIOXANE CONTAMINATION

CASE STUDIES AND REAL-WORLD EXAMPLES OF 1,4-DIOXANE CONTAMINATION

EMERGING TECHNOLOGIES FOR 1,4-DIOXANE DETECTION AND REMOVAL

REGULATORY STANDARDS AND GUIDELINES FOR 1,4-DIOXANE

CONCLUSION

)
<
LL
—
<
O
O
Ll
O
LL
—
<
—




WHITE PAPER _ﬁ Olympian””

INTRODUCTION

1,4-Dioxane is a synthetic chemical that has emerged as a significant
contaminant in drinking water supplies due to its widespread

industrial use and persistent environmental presence. First synthesized
in the 1950s, 1,4-dioxane was initially valued for its properties as a
solvent and stabilizer in various applications, including
pharmaceuticals, cleaning agents, and personal care products. Its
chemical stability and solubility in water have led to its widespread
use, but these same properties also contribute to its environmental
persistence and potential to contaminate groundwater sources.

As 1,4-dioxane can migrate easily through soil and groundwater, it
poses a particular challenge for water quality management. The
compound has been detected in drinking water sources across various
regions, raising concerns about its impact on public health. Classified
as a probable human carcinogen by major health agencies, exposure
to 1,4-dioxane is linked to several health risks, including cancer and
organ toxicity.

Despite its recognition as a health risk, regulatory standards for 1,4-
dioxane in drinking water are still evolving. The U.S. Environmental
Protection Agency (EPA) has issued health advisories but has not yet
established a federal Maximum Contaminant Level (MCL). Other
jurisdictions, such as California, have implemented stricter guidelines

and monitoring practices to address this contaminant.

The complexity of managing 1,4-dioxane contamination is further compounded by its low detection limits and
the need for advanced treatment technologies. Research into effective methods for detecting and removing
1,4-dioxane from drinking water continues to advance, offering hope for improved water safety. This
introduction sets the stage for understanding the broader implications of 1,4-dioxane contamination, including
its health effects, regulatory challenges, and technological solutions.
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WATER TESTING

HISTORY OF 1,4-DIOXANE CONTAMINATION IN
DRINKING WATER

The history of 1,4-dioxane contamination in drinking water is marked by its
emergence as a significant environmental and public health concern due to its
widespread use and persistence. This overview covers the key events and
developments related to 1,4-dioxane contamination. (1)

Early Uses and Discovery:

Industrial Use: 1,4-Dioxane was first synthesized in
the 1950s and became widely used as a solvent
and stabilizer in various industrial applications,
including the production of pharmaceuticals,
pesticides, and personal care products. Its
properties as a solvent made it valuable for
cleaning and degreasing tasks.

Environmental Awareness: By the late 1970s and
early 1980s, researchers and environmental
scientists began to recognize 1,4-dioxane as an
environmental contaminant due to its widespread
use and its persistence in the environment. Initial
studies identified that 1,4-dioxane could migrate
from industrial sites into groundwater, posing a
potential risk to drinking water supplies.

Regulatory and Scientific Developments

1980s - Early Recognition: The U.S. Environmental
Protection Agency (EPA) first listed 1,4-dioxane as
a potential groundwater contaminant in the early
1980s. The compound was included in the EPA’s
list of hazardous substances due to its potential
health risks.

1990s - Increased Awareness and Research: During
the 1990s, scientific research on 1,4-dioxane
expanded, revealing more about its health effects,
environmental persistence, and potential for
widespread contamination. The EPA and other
agencies began to conduct more comprehensive
risk assessments and studies on the presence of
1,4-dioxane in drinking water.

2000s - Regulatory Actions and Guidelines: In the
2000s, the EPA issued health advisories for 1,4-
dioxane, providing guidance on safe levels of
exposure. Despite this, the compound was not
included in the EPA’s National Primary Drinking
Water Regulations (NPDWRs) at that time. State-
level regulations and guidelines began to emerge,
particularly in regions with significant industrial
activity.
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WATER TESTING

HISTORY OF 1,4-DIOXANE CONTAMINATION IN
DRINKING WATER

Recent Developments and Current
Status

2010s - Enhanced Regulation and
Research:

By the 2010s, increased concern over the
health impacts of 1,4-dioxane led to
stricter regulatory scrutiny. Some states,
such as California, established more
stringent standards for 1,4-dioxane in
drinking water. The EPA continued to
evaluate the need for a federal MCL and
incorporated 1,4-dioxane into its
Contaminant Candidate List (CCL) for
potential regulation.

Emerging Technologies and Treatment:

1-4 Doxin In
Drinking Water

Technological advancements in detection
and treatment of 1,4-dioxane have been
developed, including advanced oxidation
processes (AOPs) and specialized activated
carbon technologies. These technologies
have improved the ability to remove 1,4-
dioxane from drinking water and have been
adopted in various water treatment
facilities.

P

2020s - Focus on Health and Policy:

In recent years, there has been a greater emphasis on public health and environmental
protection concerning 1,4-dioxane. Efforts to establish more comprehensive regulations
and guidelines have intensified, with ongoing research into the long-term health effects
and environmental impact of the compound.

OLYMPIAN WATER m



WATER TESTING

SOURCES OF 1,4-DIOXANE CONTAMINATION

Copper contamination in drinking water can originate from several sources, primarily related to human
activities and infrastructure. Here are some of the main sources: (2)

Industrial Discharges:

1,4-Dioxane is extensively used as a solvent in various industrial processes,
including the manufacture of pharmaceuticals, plastics, and chemicals.
Industrial facilities may discharge wastewater containing 1,4-dioxane
directly into water bodies, which can lead to contamination of surface and
groundwater sources. The chemical's persistence and mobility in water
make it particularly challenging to contain once it enters the environment .

Landfill Leachate:

Landfills that accept waste containing 1,4-dioxane, such as industrial waste,
contaminated consumer products, and by-products from manufacturing
processes, can contribute to groundwater contamination. Over time,
rainwater percolates through the landfill, creating leachate that can carry
1,4-dioxane into surrounding soil and groundwater, potentially affecting
nearby drinking water supplies (3).

Wastewater Treatment Plants::

Wastewater treatment plants (WWTPs) are not typically equipped to
remove 1,4-dioxane effectively. As a result, treated effluent released into
the environment may still contain residual amounts of the chemical. This
effluent can contaminate surface water and infiltrate groundwater, leading
to potential contamination of drinking water sources . (4)
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WATER TESTING

SOURCES OF 1,4-DIOXANE CONTAMINATION

Consumer Products:

1,4-Dioxane can be found as a trace contaminant in various consumer
products, including shampoos, detergents, and cosmetics, due to its
presence as a by-product in the production of certain surfactants and
solvents. Although the concentrations in these products are generally low,
repeated use and disposal can contribute to environmental contamination.
Improper disposal of these products can lead to the chemical entering
wastewater systems and eventually contaminating water supplies .

Historical Contamination:

In some areas, 1,4-dioxane contamination is the result of historical
industrial practices, particularly in regions with a legacy of chemical
manufacturing. Sites that were previously used for industrial purposes may
have residual contamination that continues to leach 1,4-dioxane into the
environment. This legacy contamination can persist for decades, impacting
local drinking water sources (5).
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g WATER TESTING

MECHANISMS OF 1,4-DIOXANE CONTAMINATION

1,4-Dioxane is a synthetic industrial chemical that poses significant challenges in water systems due to its

persistence, mobility, and resistance to conventional water treatment processes. The mechanisms by

which 1,4-dioxane contaminates water systems are multifaceted and involve several environmental

processes and human activities. Below is a detailed exploration of these mechanisms, along with

references and links for further reading.

Leaching from Contaminated Soil and Landfills

One primary mechanism by which 1,4-dioxane contaminates water systems is through leaching from contaminated
soil and landfills. Landfills and industrial sites where 1,4-dioxane-containing materials have been disposed of can
become long-term sources of contamination. As water percolates through the soil or landfill waste (often as
rainwater), it can dissolve 1,4-dioxane and carry it into the underlying groundwater. Due to its high solubility and low
affinity for soil particles, 1,4-dioxane moves easily through soil layers, allowing it to reach and contaminate aquifers
that may serve as sources of drinking water. (5)

Migration in Groundwater

1,4-Dioxane is characterized by its high mobility in groundwater, which is one of the critical mechanisms of its
widespread contamination. Once it enters the groundwater, 1,4-dioxane can travel considerable distances from the
original contamination source. Unlike many other organic contaminants, 1,4-dioxane does not readily biodegrade in
groundwater and does not adsorb strongly to soil or sediment. This results in the formation of extensive contaminant
plumes that can impact large areas of groundwater, potentially affecting multiple wells and water sources over time.

Surface Water Contamination from Wastewater Effluents

Another significant mechanism for 1,4-dioxane contamination is the discharge of treated wastewater into surface
water bodies. Wastewater treatment plants often struggle to remove 1,4-dioxane effectively because conventional
biological and physical treatment methods are not sufficient to degrade or eliminate it. Consequently, 1,4-dioxane can
be present in the effluents released from these plants, entering rivers, lakes, and reservoirs that may serve as sources
of drinking water or recreational areas. Over time, this can lead to the accumulation of 1,4-dioxane in surface water
systems. (6)

Historical Industrial Practices and Legacy Pollution

Historical industrial practices, particularly in the mid-20th century when environmental regulations were less
stringent, have left a legacy of 1,4-dioxane contamination. Sites where 1,4-dioxane was used or produced without
proper waste management or disposal practices can remain sources of ongoing contamination. These legacy sites
often have contaminated soil and groundwater that continue to leach 1,4-dioxane into surrounding areas, contributing
to long-term pollution of local water systems.

OLYMPIAN WATER m
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MECHANISMS OF 1,4-DIOXANE CONTAMINATION

° Atmospheric Deposition

Although less common, atmospheric deposition is another mechanism by which 1,4-dioxane can contaminate
water systems. The chemical can be released into the atmosphere through industrial emissions or volatilization
from contaminated water or soil. Once in the atmosphere, it can undergo long-range transport before being
deposited back onto land or water surfaces through precipitation (rain, snow, or fog). This process can introduce
1,4-dioxane into surface waters or onto land surfaces, where it can subsequently leach into groundwater. (7)

9 Contamination from Industrial Spills and Accidents

Industrial spills and accidents represent acute mechanisms for 1,4-dioxane contamination in water systems. Spills
during the transportation, storage, or handling of 1,4-dioxane or products containing it can lead to the chemical being
released directly into the environment. If these spills occur near water bodies or over permeable land, 1,4-dioxane can
quickly infiltrate surface water or seep into groundwater, leading to localized but severe contamination. Emergency
response and containment measures are crucial in such scenarios to prevent the spread of the contaminant.
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HEALTH EFFECTS OF 1,4-DIOXANE
CONTAMINATION

1,4-Dioxane is a chemical contaminant found in drinking water that has raised significant public health

concerns due to its potential toxic effects on humans. The health risks associated with 1,4-dioxane

contamination primarily stem from its carcinogenic properties and its impact on various organ systems

when ingested over long periods. Below is a detailed overview of the health effects of 1,4-dioxane in

drinking water, along with references and links for further reading.

01

02

03

Carcinogenicity:

1,4-Dioxane is classified as a likely human carcinogen by the U.S. Environmental Protection
Agency (EPA) and other regulatory agencies based on studies in laboratory animals. Chronic
exposure to 1,4-dioxane in drinking water has been associated with an increased risk of
developing cancer, particularly liver cancer. Animal studies have shown that long-term ingestion
of 1,4-dioxane can lead to the development of tumors in the liver, kidneys, and other organs.

(8)

Liver and Kidney Toxicity:

In addition to its carcinogenic potential, 1,4-dioxane can cause liver and kidney damage when
consumed at elevated levels over extended periods. The liver is particularly vulnerable, as it is
the primary site of 1,4-dioxane metabolism in the body. Animal studies have demonstrated that
exposure to 1,4-dioxane can lead to liver cell damage, fatty liver, and, in severe cases, liver
failure. Similarly, the kidneys can be adversely affected, with chronic exposure leading to renal
tubular damage and impaired kidney function. (9)

Respiratory and Nervous System Effects:

While ingestion is the primary concern for 1,4-dioxane exposure via drinking water, inhalation
of contaminated water vapor (e.g., during showering or bathing) can also pose health risks.
Inhalation of 1,4-dioxane has been linked to respiratory irritation and central nervous system
effects, such as dizziness, headaches, and nausea. Although these effects are more commonly
associated with occupational exposures, they highlight the potential risks of 1,4-dioxane in
household environments.

OLYMPIAN WATER
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HEALTH EFFECTS OF 1,4-DIOXANE
CONTAMINATION

Reproductive and Developmental Toxicity:

Studies on the reproductive and developmental effects of 1,4-dioxane are limited, but some

04 animal studies suggest potential risks. High doses of 1,4-dioxane have been associated with
adverse effects on fetal development, including reduced fetal weight and delayed skeletal
development. While these effects have been observed in animal models at doses much higher
than those typically found in drinking water, they underscore the need for caution, particularly
for pregnant women. (10)

Acute Toxicity
Although the primary concern with 1,4-dioxane is its chronic exposure effects, acute exposure at
05 very high levels can also cause immediate health problems. Symptoms of acute toxicity include

eye and skin irritation, gastrointestinal distress, and, in severe cases, central nervous system
depression. However, such levels are unlikely to occur through contaminated drinking water
alone and are more relevant to industrial or accidental exposures. (11)

Here are some of the health risks associated with
1,4-dioxane in drinking water and consumer products:

Eye and Skin
Irritation

Liver and

Kidney Damage Lung Irritation
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DETECTION AND MONITORING OF 1,4-
DIOXANE CONTAMINATION

Detecting and monitoring 1,4-dioxane contamination in drinking water is crucial for ensuring public health and safety.
Due to its persistence and potential health risks, accurate detection and continuous monitoring are essential to assess
exposure levels and implement effective treatment methods. This process involves a combination of sampling
techniques, analytical methods, and ongoing surveillance efforts. Below is a detailed exploration of the detection and
monitoring processes for 1,4-dioxane in drinking water, along with references and links for further reading.

/—\ SAMPLING TECHNIQUES:

Sampling for 1,4-dioxane in drinking water typically involves collecting water samples from
various points within a water system, including sources such as wells, reservoirs, distribution
systems, and points-of-use (e.g., household taps). Proper sampling techniques are critical to
avoid contamination and ensure that the samples accurately represent the water quality. Given
the mobility and persistence of 1,4-dioxane, samples are often collected from locations both
upstream and downstream of potential contamination sources, as well as at regular intervals to

monitor changes over time.

ANALYTICAL METHODS FOR DETECTION:

The detection of 1,4-dioxane in drinking water is commonly performed using advanced analytical
methods that provide high sensitivity and accuracy. The most widely used methods include: (12)

« Gas Chromatography-Mass Spectrometry (GC-MS): GC-MS is the gold standard for
detecting 1,4-dioxane due to its sensitivity and specificity. It involves separating the chemical
components in a water sample using gas chromatography, followed by mass spectrometric
detection to identify and quantify 1,4-dioxane. This method can detect 1,4-dioxane at very
low concentrations, often down to parts per billion (ppb) levels.

« Liquid Chromatography-Mass Spectrometry (LC-MS): LC-MS is another effective method for
detecting 1,4-dioxane, particularly in complex water matrices where other organic
compounds may interfere. This technique offers similar sensitivity to GC-MS and is
particularly useful for detecting a wide range of contaminants simultaneously.

« Solid-Phase Extraction (SPE) Followed by GC-MS or LC-MS: SPE is often used as a pre-
concentration step to enhance detection limits. It involves passing a water sample through a

v solid-phase material that adsorbs 1,4-dioxane, followed by elution and analysis using GC-MS
or LC-MS.

OLYMPIAN WATER m
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DETECTION AND MONITORING OF 1,4-
DIOXANE CONTAMINATION

/\ MONITORING PROGRAMS

Monitoring programs for 1,4-dioxane in drinking water are essential for tracking contamination
levels over time and assessing the effectiveness of remediation efforts. These programs are
typically carried out by water utilities, environmental agencies, and public health organizations.
Monitoring involves regular sampling at key locations, analysis using the aforementioned
methods, and comparison of results against established safety guidelines and regulatory
standards.

REGULATORY GUIDELINES AND HEALTH ADVISORY LEVELS

The U.S. Environmental Protection Agency (EPA) and various state agencies have established
guidelines for the detection and monitoring of 1,4-dioxane in drinking water. The EPA has
issued a non-enforceable health advisory level of 0.35 parts per billion (ppb) for 1,4-dioxane,
which is based on lifetime exposure and is intended to protect against cancer risk. Some states
have set their own regulatory limits, which may be more stringent.

Monitoring programs must adhere to these guidelines to ensure that 1,4-dioxane levels in
drinking water remain below thresholds that could pose health risks. Results from monitoring
efforts are often reported to regulatory agencies and the public to maintain transparency and
accountability. (13)

CHALLENGES IN DETECTION AND MONITORING

Detecting and monitoring 1,4-dioxane presents several challenges due to the chemical’s
low volatility, high solubility, and resistance to conventional water treatment methods.
These properties require the use of highly sensitive and specific analytical techniques,
which can be costly and require specialized equipment. Additionally, the widespread use
of 1,4-dioxane in various industries means that contamination can occur at numerous
sites, necessitating extensive and ongoing monitoring efforts.

Emerging technologies and methods are being developed to improve the detection of
1,4-dioxane, including the use of biosensors and advanced chromatographic techniques
that offer higher sensitivity and faster analysis times.

N

11
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WATER TESTING

DETECTION AND MONITORING OF 1,4-

Ermvironmental or
biological sample
cantaining 1,4-dioxane

DIOXANE CONTAMINATION

PUBLIC REPORTING AND TRANSPARENCY

Transparency in the detection and monitoring of 1,4-dioxane is crucial for public trust
and health protection. Water utilities and regulatory agencies often publish monitoring
results, including levels of 1,4-dioxane detected in drinking water supplies, through
public databases and annual water quality reports. These reports help inform the public
about potential health risks and the measures being taken to address contamination.

’ Sample Preparation [ 9 Gas Chromatography - gﬁ;;:;r?;a;;ﬁ
— Direct injection  Flame-ionization detection
— Purge & trap — Mass spectroscopy
{madifications: heat, time, salt) (selected-ion monitoring mode)
— Azetropic distillation Tandem mass spectrometry

Vacuum distillation

Liquid phase extraction
(including freeze and continuous methods)

Solid phase extraction
(various extraction and elution media)
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MITIGATION AND PREVENTION OF 1,4-DIOXANE
CONTAMINATION

Mitigating and preventing 1,4-dioxane contamination in drinking water is a complex task that involves a
combination of advanced water treatment technologies, regulatory measures, and proactive environmental
management. Due to its persistence, mobility, and resistance to conventional treatment processes, 1,4-
dioxane requires targeted strategies to effectively reduce its presence in water systems. Below is a detailed
overview of the methods and strategies for mitigating and preventing 1,4-dioxane contamination, along with
references and links for further reading.

Advanced Water Treatment Technologies:

“; Advanced Oxidation Processes (AOPs):

Advanced Oxidation Processes (AOPs) are among the most effective treatment methods for removing 1,4-
dioxane from drinking water. AOPs involve the generation of highly reactive hydroxyl radicals (¢OH) that can
break down 1,4-dioxane into harmless byproducts like water and carbon dioxide. Common AOPs include:

« UV/Hydrogen Peroxide (UV/H202): This process combines ultraviolet (UV) light with hydrogen peroxide
to generate hydroxyl radicals, effectively oxidizing 1,4-dioxane. UV/H202 is widely used in water
treatment plants due to its effectiveness and relatively low cost.

« 0Ozone/Hydrogen Peroxide (03/H202): Also known as peroxone, this process combines ozone with
hydrogen peroxide to produce hydroxyl radicals. It is particularly effective in treating large volumes of
water and in situations where UV light penetration is limited.

« Fenton’s Reagent: Fenton’s reagent involves the use of hydrogen peroxide and iron salts to produce
hydroxyl radicals. While highly effective, it is more commonly used in industrial wastewater treatment
than in municipal water systems.

Granular Activated Carbon (GAC) filtration is another method used to remove organic contaminants,
including 1,4-dioxane, from drinking water. GAC works by adsorbing organic molecules onto the surface of
activated carbon particles. While GAC is effective for many contaminants, it is less effective for 1,4-dioxane
due to the compound's low affinity for carbon. However, GAC can be used in combination with AOPs to
enhance overall treatment efficiency. (14)

OLYMPIAN WATER m
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MITIGATION AND PREVENTION OF 1,4-DIOXANE
CONTAMINATION

Regulatory and Policy Measures

0 Establishing Regulatory Standards:

One of the most critical steps in mitigating 1,4-dioxane contamination is the establishment of regulatory
standards for allowable concentrations in drinking water. While the U.S. Environmental Protection Agency
(EPA) has issued health advisory levels, some states have set their own Maximum Contaminant Levels
(MCLs) to regulate 1,4-dioxane more stringently. These regulations compel water utilities to monitor and
treat water supplies to ensure compliance, thereby reducing public exposure to the contaminant.
absorbance of light, which is proportional to the arsenic concentration. This method is highly sensitive and
accurate.

9» Industrial Regulation and Best Practices:

To prevent future contamination, it is essential to regulate the use, disposal, and management of 1,4-dioxane
in industrial processes. This includes enforcing stricter controls on the discharge of industrial effluents
containing 1,4-dioxane, requiring the use of closed-loop systems, and promoting best practices in chemical
management to minimize leaks and spills.

OLYMPIAN WATER m
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MITIGATION AND PREVENTION OF 1,4-DIOXANE
CONTAMINATION

Environmental Remediation

0 Soil and Groundwater Remediation:

For areas already contaminated with 1,4-dioxane, environmental remediation is necessary to prevent further
leaching into drinking water sources. In-situ bioremediation and ex-situ treatments such as soil vapor
extraction (SVE) and pump-and-treat methods can be employed to remove 1,4-dioxane from contaminated
sites. These remediation efforts are essential to prevent the spread of contamination to nearby water
supplies.

9» Natural Attenuation:

Natural attenuation refers to the natural processes that reduce contaminant concentrations in the
environment without human intervention. For 1,4-dioxane, this may include dilution, dispersion, and
microbial degradation. However, due to the compound’s persistence and resistance to biodegradation,
natural attenuation alone is usually insufficient for significant remediation.

Public Awareness and Education

{ '
Raising public awareness about 1,4-dioxane contamination is crucial for prevention. Educating communities,
industries, and policymakers about the sources, risks, and mitigation strategies can lead to more informed
decisions and actions. Public awareness campaigns can also encourage individuals to support regulatory
measures, adopt safer products that do not contain 1,4-dioxane, and participate in local water quality
monitoring efforts.

OLYMPIAN WATER E
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MITIGATION AND PREVENTION OF 1,4-DIOXANE
CONTAMINATION

Source Control and Product Substitution

0 Reducing Use in Consumer Products:

One of the long-term strategies for preventing 1,4-dioxane contamination is reducing its use in consumer
products, such as personal care items, detergents, and cleaning agents. Many of these products contain 1,4-
dioxane as a byproduct of manufacturing processes like ethoxylation. Encouraging manufacturers to adopt
alternative production methods or substitute safer ingredients can significantly reduce the amount of 1,4-
dioxane entering wastewater streams.

0» Wastewater Treatment Enhancements:

Upgrading wastewater treatment plants to include processes specifically designed to remove 1,4-dioxane
can prevent the contaminant from being discharged into the environment. This includes integrating AOPs or
other advanced technologies into existing treatment systems.

OLYMPIAN WATER m
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IMPACT OF CLIMATE CHANGE ON 1,4-DIOXANE
CONTAMINATION

Climate change is increasingly recognized as a significant factor influencing the behavior and
distribution of environmental contaminants, including 1,4-dioxane, in drinking water sources.
Changes in temperature, precipitation patterns, and extreme weather events can affect the
transport, persistence, and concentration of 1,4-dioxane in water systems. This article explores
the various ways in which climate change may exacerbate 1,4-dioxane contamination in drinking
water, with references and links for further reading.

Increased Mobilization Due to Extreme Weather Events

Flooding and Stormwater Runoff

Climate change is expected to increase the frequency and intensity of extreme weather events, such as heavy rainfall
and flooding. These events can lead to the mobilization of 1,4-dioxane from contaminated soils, industrial sites, and
landfills into nearby water bodies and groundwater. Floodwaters can carry contaminants over large areas, potentially
introducing 1,4-dioxane into drinking water sources that were previously unaffected. (15)

Increased Runoff and Soil Erosion

Heavy rainfall and the resultant runoff can increase soil erosion, leading to the leaching of 1,4-dioxane into surface
waters and groundwater. As climate change accelerates soil erosion processes, the risk of contamination spreading
from polluted sites to water sources may rise, complicating efforts to manage and mitigate 1,4-dioxane levels in
drinking water.

Altered Hydrology and Water Availability

Changes in Groundwater Recharge:

Climate change is projected to affect groundwater recharge rates due to altered precipitation patterns, with some
regions experiencing reduced rainfall while others may see increased precipitation. Reduced recharge in areas
dependent on groundwater could concentrate existing 1,4-dioxane contamination, leading to higher levels in
drinking water. Conversely, increased recharge might dilute 1,4-dioxane concentrations but could also mobilize
contaminants from the vadose zone into the groundwater.

Impact on Surface Water Levels:

Climate change is expected to lead to fluctuations in surface water levels, with some areas experiencing droughts
and others floods. Lower water levels during droughts could concentrate 1,4-dioxane in rivers, lakes, and reservoirs,
increasing its potential impact on drinking water supplies. On the other hand, excessive water levels during floods
may cause overflows and breaches in waste containment systems, leading to contamination

17
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IMPACT OF CLIMATE CHANGE ON 1,4-DIOXANE
CONTAMINATION

Increased Temperature and Chemical Reactions

Enhanced Degradation Rates:

Higher temperatures due to climate change can influence the chemical degradation of 1,4-dioxane in the
environment. While temperature increases can accelerate some degradation processes, 1,4-dioxane is known for its
chemical stability, meaning that it may not degrade significantly even under warmer conditions. However, increased
temperature could affect the efficacy of certain treatment processes, such as those involving advanced oxidation.

Impact on Water Treatment Processes:

Climate change can also impact the effectiveness of water treatment processes designed to remove 1,4-dioxane.
Higher water temperatures can influence the performance of oxidation processes and biological treatment systems,
potentially requiring adjustments in treatment protocols to maintain efficiency.

Sea-Level Rise and Saltwater Intrusion

Saltwater Intrusion into Coastal Aquifers:

Rising sea levels, driven by climate change, can lead to saltwater intrusion into coastal aquifers, where 1,4-dioxane
contamination is already present. The mixing of saltwater with freshwater can alter the chemical behavior of
contaminants, potentially complicating their removal and treatment. Saltwater intrusion may also force the
abandonment of certain water sources, concentrating reliance on other sources that might be at greater risk of
contamination. (16)

Changes in Land Use and Development Patterns

Urbanization and Industrial Expansion:

Climate change, combined with population growth, may drive changes in land use and development patterns,
leading to increased urbanization and industrial activity in areas previously less developed. This expansion can
increase the risk of 1,4-dioxane contamination from new sources, such as industrial facilities and landfills, especially
if these developments are not managed with strict environmental controls.
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IMPACT OF CLIMATE CHANGE ON 1,4-DIOXANE
CONTAMINATION

Adaptive Management and Policy Responses

Enhancing Water Treatment Infrastructure:

As climate change exacerbates the risks associated with 1,4-dioxane contamination, there will be an increasing need
to enhance water treatment infrastructure to cope with these challenges. Investments in advanced treatment
technologies, improved monitoring systems, and adaptive management strategies will be crucial for maintaining safe
drinking water supplies in the face of climate-induced changes.

Integrating Climate Change into Water Quality Regulations:

Regulatory frameworks will need to evolve to address the new risks posed by climate change. This includes
integrating climate change projections into water quality standards, risk assessments, and contaminant management

plans. By considering future climate scenarios, policymakers can develop more robust strategies to protect drinking
water from 1,4-dioxane contamination.
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ECONOMIC AND SOCIAL IMPACTS OF 1,4-

DIOXANE CONTAMINATION

1,4-Dioxane contamination in drinking water has profound economic and social impacts that extend beyond

immediate health concerns. These effects influence public health systems, property values, water utility

operations, and community well-being. Here is a detailed examination of these impacts, including references

and links for further exploration.

Economic Impacts

1. Public Health Costs

Medical Treatment
and Healthcare

Costs

Long-Term Health
Monitoring

Exposure to 1,4-dioxane can lead to various health issues, including liver and kidney damage and
an increased risk of cancer. The costs associated with treating these conditions can be
substantial. This includes expenses for medical consultations, diagnostic tests, treatments, and
long-term care. For communities affected by contamination, these costs can place a significant

strain on local healthcare systems and individual finances.

Long-term health effects associated with 1,4-dioxane may necessitate ongoing health
monitoring and follow-up care, adding to the overall healthcare costs. This is especially
important in communities with prolonged exposure, where ongoing surveillance is critical to

managing potential health impacts.

2. Water Utility Costs

Treatment Costs

Infrastructure

Upgrades

To remove 1,4-dioxane from drinking water, utilities must invest in advanced treatment
technologies, such as advanced oxidation processes (AOPs). These technologies can be
expensive to install and maintain, leading to increased operational costs for water utilities.
These costs are often passed on to consumers in the form of higher water rates.

Water utilities may need to upgrade existing infrastructure to better manage and mitigate 1,4-
dioxane contamination. This can involve significant capital expenditures on new filtration

systems, enhanced monitoring equipment, and retrofitting of existing facilities.
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ECONOMIC AND SOCIAL IMPACTS OF 1,4-
DIOXANE CONTAMINATION

Economic Impacts
3. Property Values

When 1,4-dioxane contamination is discovered in a community, it can lead to a decline in
Decreased property values. Homes and properties in areas with known contamination are often less
Property Values desirable, which can result in reduced market value and decreased ability to sell or refinance

properties.

Community Declines in property values can affect local economies, reducing tax revenues for municipal

Economic Impact services and leading to potential disinvestment in affected areas. This can create a cycle of

economic decline, impacting local businesses and public services.

4. Legal and Regulatory Costs

Communities affected by 1,4-dioxane contamination may engage in legal actions against

Litigation Costs responsible parties, such as industrial polluters or water utilities. Legal battles can be costly,

involving attorney fees, court costs, and potential settlements or compensation claims.

Regulatory agencies may impose stricter standards and compliance requirements for managing

. 1,4-dioxane contamination. Meeting these regulations can involve additional costs for
Compliance Costs o . . . )
monitoring, reporting, and implementing new treatment technologies.
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ECONOMIC AND SOCIAL IMPACTS OF 1,4-
DIOXANE CONTAMINATION

Social Impacts

1. Community Stress and Anxiety

The presence of 1,4-dioxane in drinking water can cause significant stress and anxiety among
Health-Related residents concerned about potential health risks. This stress can negatively impact mental
Stress health and quality of life, contributing to broader social and psychological challenges.

Contamination issues often lead to heightened public concern and scrutiny, which can strain
Increased Public community relations and trust in local authorities. Managing these concerns requires effective

Concern communication and transparent actions from both government and water utilities.

2. Social Disparities

Disproportionate Low-income and marginalized communities are often more severely affected by environmental
Impact on contaminants due to limited resources and access to remediation services. These communities
Marginalized may also face greater health risks and fewer options for relocating or addressing contamination.
Communities

Contamination can exacerbate existing social inequalities by disproportionately affecting
Inequities in Access communities that already struggle with access to safe and clean drinking water. Addressing
to Clean Water these inequities requires targeted policies and support to ensure equitable access to clean

water for all communities.
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ECONOMIC AND SOCIAL IMPACTS OF 1,4-
DIOXANE CONTAMINATION

Social Impacts

3. Impact on Community Cohesion

In cases where contamination is severe and remediation is not feasible, residents may need to
Community relocate. This can disrupt community cohesion, leading to the loss of social networks and
Displacement community ties. Displacement can also create financial burdens for affected families and further

strain local resources.

The overall quality of life in affected communities may decline due to the combined effects of
Reduced Quality of health risks, property devaluation, and social stress. This reduction in quality of life can affect
Life individuals' well-being and limit opportunities for economic and social advancement.
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WATER TESTING

ROLE OF NON-GOVERNMENTAL ORGANIZATIONS
(NGOS)

Non-Governmental Organizations (NGOs) play a crucial role in addressing 1,4-dioxane contamination in
drinking water by advocating for public health, raising awareness, supporting remediation efforts, and
influencing policy changes. These organizations often bridge gaps between government agencies,
affected communities, and the general public. This article outlines the various roles and contributions of
NGOs in combating 1,4-dioxane contamination, with references and links for further exploration.

ADVOCACY AND AWARENESS

Raising Public Awareness: NGOs are instrumental in educating the public about the risks and health
impacts associated with 1,4-dioxane contamination. They often conduct awareness campaigns, produce
educational materials, and organize community events to inform residents about the presence of 1,4-
dioxane in drinking water and its potential health effects. (17)

Advocating for Public Health Protections: NGOs advocate for stronger regulatory protections and
enforcement to address 1,4-dioxane contamination. They lobby policymakers and regulatory agencies to
establish and enforce stringent drinking water standards, support research, and implement effective
remediation strategies.

SUPPORTING REMEDIATION AND CLEANUP EFFORTS

Funding and Grants: NGOs often provide financial support and grants to communities and organizations
engaged in remediation efforts. This funding helps cover the costs of advanced treatment technologies,
environmental testing, and cleanup projects aimed at reducing 1,4-dioxane contamination in drinking
water sources.

Technical Assistance and Expertise: Some NGOs offer technical assistance and expertise to local
communities dealing with 1,4-dioxane contamination. They may provide guidance on selecting
appropriate water treatment technologies, interpreting environmental data, and implementing best
practices for contamination management.
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WATER TESTING

ROLE OF NON-GOVERNMENTAL ORGANIZATIONS
(NGOS)

POLICY AND REGULATORY ADVOCACY

Influencing Policy and Legislation: NGOs actively participate in policy and legislative processes to
advocate for stricter water quality standards and regulations related to 1,4-dioxane. They work with
legislators, regulatory agencies, and other stakeholders to promote policies that prioritize public health
and environmental protection.

Monitoring and Reporting: NGOs often monitor and report on the effectiveness of regulatory measures
and cleanup efforts related to 1,4-dioxane contamination. They track progress, highlight areas of concern,
and hold authorities accountable for meeting established standards and commitments.

COMMUNITY ENGAGEMENT AND SUPPORT

Engaging Affected Communities: NGOs work directly with communities impacted by 1,4-dioxane
contamination to ensure they have access to necessary resources and support. This includes organizing
community meetings, facilitating dialogue between residents and authorities, and helping individuals
navigate the complexities of contamination issues.

Providing Resources and Guidance: NGOs offer various resources and guidance to affected communities,
including information on health risks, legal rights, and options for addressing contamination. They may
also assist in developing community action plans and strategies for dealing with contamination.

RESEARCH AND DATA COLLECTION

Conducting Research: NGOs often fund and conduct research on 1,4-dioxane contamination to better
understand its impacts and develop effective solutions. They may collaborate with academic institutions,
government agencies, and other stakeholders to advance scientific knowledge and inform policy
decisions.

Publishing Reports and Studies: NGOs publish reports and studies on 1,4-dioxane contamination,
providing valuable information to the public, policymakers, and researchers. These publications often
highlight key findings, recommend actions, and serve as a resource for further investigation and advocacy.
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CASE STUDIES AND REAL-WORLD EXAMPLES

1,4-Dioxane contamination in drinking water has been observed in various locations around the world, often
highlighting the complexities of environmental contamination and the challenges of remediation. These
case studies and real-world examples illustrate the impact of 1,4-dioxane contamination on communities,
the measures taken to address it, and the lessons learned from these experiences.

SANTA CLARA COUNTY, CALIFORNIA

O OVERVIEW

Santa Clara County in California has faced significant challenges with 1,4-dioxane contamination in its drinking water supplies. The
contamination was primarily linked to industrial activities, including the use of 1,4-dioxane as a solvent and stabilizer in various
manufacturing processes.

O KEY ISSUES:

« Source: The contamination was traced back to several former industrial sites where 1,4-dioxane was used.

« Extent: High levels of 1,4-dioxane were detected in groundwater, which is a source of drinking water for the region.

* Response: The Santa Clara Valley Water District implemented advanced treatment technologies, including advanced
oxidation processes (AOPs), to remove 1,4-dioxane from the water supply. They also engaged in extensive monitoring and
public communication to ensure water safety.

O LESSONS LEARNED:

* Importance of Monitoring: Continuous monitoring and testing are crucial for detecting and managing contamination.
* Technological Solutions: Advanced treatment technologies can effectively address challenging contaminants like 1,4-dioxane
but require significant investment.
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CASE STUDIES AND REAL-WORLD EXAMPLES

LONG ISLAND, NEW YORK

O OVERVIEW

Long Island, New York, has experienced significant 1,4-dioxane contamination in its groundwater, primarily attributed to industrial
activities and wastewater disposal practices.

& KEY ISSUES:

» Source: Industrial discharges and wastewater from several facilities contributed to the contamination of groundwater supplies.

» Extent: Elevated levels of 1,4-dioxane have been detected in several public water systems.

» Response: The New York State Department of Environmental Conservation (DEC) has undertaken cleanup efforts, including site
investigations and remediation plans. They have also worked to identify and address the sources of contamination.

O LESSONS LEARNED:

« Source Identification: Identifying and addressing the sources of contamination is critical for effective remediation.
» Regulatory Actions: State and local agencies must collaborate to implement and enforce regulations to prevent and manage
contamination.

NORTH CAROLINA — ASHEVILLE

QO OVERVIEW

In Asheville, North Carolina, 1,4-dioxane contamination has been detected in the drinking water supply, linked to the use of the
chemical in industrial processes.

O KEY ISSUES:

» Source: Industrial use and improper disposal practices contributed to the contamination.

» Extent: The contamination affected a significant portion of the region's water supply.

* Response: The local water utility has implemented advanced treatment methods and conducted extensive outreach to inform
the public. They have also engaged in efforts to locate and remediate the sources of contamination.

O LESSONS LEARNED:

» Community Engagement: Effective communication with the public is essential for managing contamination issues and
maintaining trust.
» Source Control: Preventing future contamination requires addressing the root causes and improving industrial practices.
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CASE STUDIES AND REAL-WORLD EXAMPLES

AUSTRALIA — MELBOURNE

O OVERVIEW

In Melbourne, Australia, 1,4-dioxane contamination has been a concern due to its presence in groundwater associated with
industrial areas.

O KEY ISSUES:

» Source: Historical industrial activities, including the use of 1,4-dioxane as a solvent.

» Extent: Contamination has been detected in various groundwater monitoring sites.

» Response: The Victorian Environmental Protection Authority (EPA) has been involved in monitoring, remediation, and public
education efforts. They have also worked on assessing the health risks and implementing remediation strategies.

O LESSONS LEARNED:

* Regulatory Framework: Strong regulatory frameworks are needed to manage and prevent contamination effectively.
 Public Education: Educating the public about potential risks and remediation efforts is crucial for community health and safety.

UNITED KINGDOM - HULL

O OVERVIEW

In Hull, UK, 1,4-dioxane contamination was identified in groundwater, linked to historical industrial processes.

O KEY ISSUES:

» Source: Contamination was attributed to past industrial activities and waste disposal practices.

» Extent: The contamination affected groundwater supplies used for drinking water.

» Response: The Environment Agency has been involved in monitoring, assessing risks, and implementing remediation measures
to address the contamination and protect public health.

O LESSONS LEARNED:

» Long-Term Monitoring: Long-term monitoring and assessment are essential for managing contamination and ensuring water
safety.
» Risk Assessment: Comprehensive risk assessments help in understanding the extent of contamination and guiding remediation

efforts.
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EMERGING TECHNOLOGIES FOR 1,4-DIOXANE
DETECTION AND REMOVAL

The detection and removal of 1,4-dioxane in drinking water present significant challenges due
to its persistence and low concentration levels. However, advances in technology are providing
new solutions for more effective monitoring and remediation. This article explores emerging
technologies in these areas, highlighting their potential applications and effectiveness.

. ADVANCED OXIDATION PROCESSES (AOPS)

° OVERVIEW

Advanced Oxidation Processes (AOPs) involve the generation of highly reactive radicals, such as hydroxyl radicals (¢OH), which can
degrade 1,4-dioxane into less harmful compounds. These processes are effective at breaking down contaminants that are resistant
to conventional treatment methods.

° KEY TECHNOLOGIES:

« Ozone-Based AOPs: Combining ozone (Os) with hydrogen peroxide (H»0,) or ultraviolet (UV) light to generate hydroxyl radicals.
* UV/H,0, Systems: Utilizing UV light to activate hydrogen peroxide, creating hydroxyl radicals that oxidize 1,4-dioxane.

° EFFECTIVENESS:

AOPs have been shown to be effective at removing 1,4-dioxane from water, often achieving high removal efficiencies. They are
particularly useful for treating low concentrations of contaminants in complex matrices.
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EMERGING TECHNOLOGIES FOR 1,4-DIOXANE

DETECTION AND REMOVAL

. ACTIVATED CARBON TECHNOLOGIES

OVERVIEW

Activated carbon is commonly used to adsorb a wide range of organic contaminants, including 1,4-dioxane. Innovations in activated
carbon technology are improving its effectiveness and efficiency.

KEY TECHNOLOGIES:

« Granular Activated Carbon (GAC): Traditional form of activated carbon used for water filtration.
+ Powdered Activated Carbon (PAC): Used for more intensive treatment, often in combination with other technologies.
« Innovative Carbons: Development of specialized activated carbons with enhanced adsorption capacities for 1,4-dioxane.

EFFECTIVENESS:

Activated carbon can be effective in removing 1,4-dioxane, especially when combined with other treatment processes. New forms of
activated carbon with improved adsorption properties are being developed to enhance performance.

. MEMBRANE TECHNOLOGIES

OVERVIEW

Membrane technologies utilize semi-permeable membranes to separate contaminants from water. These technologies are
increasingly being adapted for the removal of challenging contaminants like 1,4-dioxane.

KEY TECHNOLOGIES:

* Reverse Osmosis (RO): Effective for removing a wide range of contaminants, including 1,4-dioxane, through high-pressure
filtration.

« Nanofiltration (NF): A type of membrane filtration that provides a compromise between RO and conventional filtration, useful
for removing contaminants of intermediate size.

EFFECTIVENESS:

Membrane technologies can effectively remove 1,4-dioxane, with reverse osmosis being particularly efficient. They are well-suited
for situations requiring high-purity water.
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EMERGING TECHNOLOGIES FOR 1,4-DIOXANE
DETECTION AND REMOVAL

. PHOTOCATALYSIS

° OVERVIEW

Photocatalysis involves the use of light-activated catalysts to degrade organic contaminants. This technology is emerging as a
potential method for breaking down 1,4-dioxane in water.

° KEY TECHNOLOGIES:

» Titanium Dioxide (TiO;) Catalysis: Titanium dioxide is a common photocatalyst that, when activated by UV light, can degrade
1,4-dioxane.

» Visible Light Photocatalysts: Newer photocatalysts that operate under visible light, expanding the applicability of
photocatalysis.

° EFFECTIVENESS:

Photocatalysis has shown promise in laboratory settings for degrading 1,4-dioxane. However, scalability and practical application are
still areas of ongoing research

. BIOSORPTION

° OVERVIEW

Biosorption uses biological materials, such as algae or microorganisms, to remove contaminants from water. This emerging
technology is being explored for its potential to treat 1,4-dioxane.

° KEY TECHNOLOGIES:

« Algal Biosorption: Utilizing algae to adsorb and remove 1,4-dioxane from water.
* Microbial Biosorption: Employing microorganisms with high affinity for contaminants.

° EFFECTIVENESS:

Biosorption is a promising technology for 1,4-dioxane removal, especially in combination with other treatment methods. Research is
ongoing to optimize and scale up these processes.

OLYMPIAN WATER



WHITE PAPER /) Q\IXEI}R@E

REGULATORY STANDARDS AND GUIDELINES
FOR 1,4-DIOXANE

Regulatory standards and guidelines for 1,4-dioxane in drinking water are essential for ensuring public health and
safety. As a synthetic chemical with potential health risks, 1,4-dioxane has been subject to varying degrees of
regulation and monitoring across different jurisdictions. This article outlines the key regulatory standards and
guidelines established by national and international agencies.

1. United States

Environmental Protection Agency (EPA)\

« Drinking Water Standards: The EPA has not established a Maximum Contaminant Level (MCL)
for 1,4-dioxane in drinking water. However, the EPA has set a Health Advisory Level (HAL) for
1,4-dioxane at 0.35 mg/L (350 pg/L) to guide short-term exposure.

« Health Advisories: The EPA's health advisory is intended to provide guidance on acceptable
levels of exposure to 1,4-dioxane and is based on potential health risks including cancer and
non-cancer effects.

National Primary Drinking Water Regulations (NPDWRs)
« Regulatory Status: As of now, 1,4-dioxane is not listed under the NPDWRs, which means there
is no enforceable MCL for this contaminant. The EPA is, however, required to evaluate the need
for regulations under the Safe Drinking Water Act (SDWA) periodically.

States with Specific Regulations
« California: The California Office of Environmental Health Hazard Assessment (OEHHA) has
established a Public Health Goal (PHG) for 1,4-dioxane at 0.3 pg/L. California also sets
regulatory standards for 1,4-dioxane in drinking water, which are among the most stringent in
the U.S.

2. European Union (EU)

European Drinking Water Directive
« Regulatory Standards: Under the European Drinking Water Directive, there are no specific
L= limits for 1,4-dioxane. However, the EU has provisions for controlling chemical contaminants in
drinking water and requires member states to monitor and address emerging contaminants as
part of a broader regulatory framework.

European Food Safety Authority (EFSA)
« Guidance Values: EFSA has established guidance values for 1,4-dioxane, particularly focusing on
food and water safety, to ensure that exposure remains within safe limits.
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REGULATORY STANDARDS AND GUIDELINES
FOR 1,4-DIOXANE

y, 3. World Health Organization (WHO)

N

AR
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=z

=~ Guidelines for Drinking-Water Quality

Guidelines: The WHO has not established a specific guideline value for 1,4-dioxane in drinking
water but provides general guidance on managing chemical contaminants. The organization
supports research and provides recommendations based on emerging evidence and risk
assessments.

,*' 4. CANADA

Health Canada
» Guidelines: Health Canada has established guidelines for 1,4-dioxane in drinking water, setting

a maximum allowable concentration to protect public health. The guidelines are updated
periodically based on the latest scientific evidence.

5. Australia, NHMRC

National Health and Medical Research Council (NHMRC)

+ Drinking Water Guidelines: The NHMRC includes 1,4-dioxane in its guidelines for drinking water
quality, recommending limits based on health risk assessments. However, specific numerical
limits are often subject to updates based on ongoing research and risk evaluations.
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CONCLUSION

1,4-Dioxane contamination in drinking water is a significant environmental and public health
issue, primarily due to its widespread use and persistence in the environment. This synthetic
chemical, found in various industrial solvents, personal care products, and cleaning agents, has
become a common contaminant in groundwater and drinking water supplies. Its stability and
ability to migrate through soil and water make it a challenging pollutant to manage.

The health risks associated with 1,4-dioxane are considerable. It is classified as a probable human
carcinogen, with potential health effects that include cancer and non-cancer issues such as liver
and kidney damage. The absence of a federal Maximum Contaminant Level (MCL) from the U.S.
Environmental Protection Agency (EPA) underscores the need for ongoing vigilance. Although the
EPA has established health advisories, other jurisdictions, such as California, have implemented
more stringent standards to address these risks more effectively.

Detection and removal of 1,4-dioxane from drinking water have seen significant advancements.
Emerging technologies such as advanced oxidation processes (AOPs), activated carbon
treatment, membrane filtration, photocatalysis, and biosorption offer promising solutions for
reducing contamination levels. These technologies reflect the progress made in addressing the
complexities of 1,4-dioxane contamination, but they also highlight the need for continued
innovation and research.

Historically, the issue of 1,4-dioxane contamination has evolved from early recognition of its
environmental impact to more comprehensive regulatory and technological responses. Case
studies from regions like California and Long Island illustrate the challenges faced and the
responses developed to manage this contaminant effectively. These experiences provide valuable
lessons and underscore the importance of proactive management strategies.

The economic and social impacts of 1,4-dioxane contamination are substantial. Costs associated
with water treatment, regulatory compliance, and health care can be significant, while public
health risks and community concerns highlight the broader social implications. Addressing these
impacts requires a collaborative approach that includes stronger regulatory frameworks,
enhanced treatment technologies, and transparent communication with the public.
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