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Effective hospital waste management is vital for public health and environmental
sustainability in growing urban centers like Isfahan, Iran. This study analyzed waste
generation, composition, treatment, and disposal barriers across four hospitals
(representing ~20% of Isfahan's hospital waste) to identify practical solutions. Using
a mixed-methods approach from January to June 2025, quantitative waste audits and
qualitative interviews with 20 stakeholders were conducted. Findings revealed an
average daily waste generation of 3,232 kg, with 29% infectious waste—exceeding
WHO guidelines (15-20%) due to poor segregation. Public hospitals relied heavily
on incineration (55-60%), yet only 50% of incinerators had gas-cleaning systems.
Private hospitals preferred autoclaving (50—55%) and showed higher compliance
with standards (80—85% vs. 65-70%). Key barriers included inadequate segregation
(80% of respondents), insufficient infrastructure (65%), and funding shortages
(60%). The COVID-19 pandemic exacerbated challenges, increasing landfilling
rates 3.6-fold due to PPE waste surges. Recommendations include enhanced staff
training, investment in advanced technologies like plasma pyrolysis, and stricter
regulatory enforcement. Adopting circular economy principles, such as composting,
could reduce landfill reliance, offering a roadmap for Isfahan and similar urban
settings.

Highlights

Infectious waste in Isfahan hospitals reaches 29%, exceeding WHO standards by 9—14%.
Incineration dominates treatment (47.5%), but 50% lack gas-cleaning, raising emission risks.
Public-private gap: private hospitals achieve 80-85% compliance vs. the public's 65-70%.
80% of staff cite poor segregation as the top barrier, inflating hazardous waste volume.
COVID-19 increased landfilling 3.6x, halting recycling and compounding disposal challenges.
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1. Introduction

segregation, and disposal to mitigate risks of disease

The management of hospital waste, also known as healthcare
waste (HCW), is a critical issue in urban settings due to its
potential to pose significant risks to public health and the
environment (Farzadkia et al., 2009; Ghali et al., 2023). In
Isfahan, a major metropolitan city in Iran with a population
exceeding 1.9 million, the challenges of hospital waste
disposal have been exacerbated by increasing healthcare
demands and the complexities introduced by events such as the
COVID-19 pandemic (Mohammadinia et al., 2023; Zand &
Heir, 2021). Hospital waste, comprising infectious, hazardous,
and non-hazardous materials, requires meticulous handling,

transmission and environmental contamination (Ferdowsi et
al., 2012; Reinhart & McCreanor, 2000). Approximately 15%
of HCW is classified as hazardous, including infectious sharps,
pathological waste, and chemical residues, necessitating
specialized treatment methods to ensure safety (Wafula et al.,
2019). The improper management of such waste can lead to
severe consequences, including the spread of infectious
diseases like hepatitis B and environmental pollution from
toxic emissions, underscoring the urgency for effective waste
management systems tailored to local contexts (Husaini et al.,
2024).
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Isfahan’s healthcare facilities generate substantial quantities of
waste daily, estimated at 20 tons, with 44% being infectious
and 56% non-infectious, including a significant portion of food
waste. The city’s waste management practices have
historically relied on methods such as incineration and
autoclaving. Yet, these approaches often fall short of
international standards due to inadequate infrastructure and
inconsistent regulatory enforcement (Sartaj & Arabgol, 2015).
The environmental impact of these methods, particularly
incineration, includes the release of dioxins and furans, which
are carcinogenic and contribute to air pollution (Morovati et
al., 2020). Recent studies emphasize the importance of
sustainable alternatives, such as composting and material
recovery, which can significantly reduce smog-forming
emissions and fossil fuel depletion compared to traditional
incineration (Nematollahi et al., 2024).

The complexity of hospital waste management in Isfahan is
further compounded by the lack of standardized protocols and
insufficient training among healthcare workers. Studies
indicate that over 40% of hospital waste in the city is
infectious, exceeding WHO standards by 15-20%, often due
to poor segregation practices. This inefficiency not only
increases the volume of waste requiring specialized treatment
but also elevates the risk of cross-contamination (Bazrafshan
& Kord Mostafapoor, 2011; Maroufi et al., 2012). The absence
of comprehensive waste disposal plans and limited access to
advanced treatment technologies, such as high-temperature
incinerators with gas-cleaning systems, further hinders
effective management (Quttainah & Singh, 2024).

The surge in healthcare waste during the COVID-19
pandemic, particularly from personal protective equipment
(PPE) such as face masks and gloves, has intensified these
challenges in Isfahan. Daily, residents discarded an estimated
1.49 million face masks and 2.98 million gloves, significantly
increasing the burden on waste management systems
(Kalantary et al., 2021). This influx led to the suspension of
recycling and composting programs, with all municipal solid
waste (MSW) being directed to landfills, resulting in a 3.6-fold
increase in landfilling rates. Such measures highlight the need
for adaptive strategies that balance infection control with
environmental sustainability (Zand & Heir, 2021).

Emerging technologies, such as plasma pyrolysis and chemical
disinfection, offer promising alternatives for hospital waste
treatment in Isfahan. Plasma pyrolysis, for instance, converts
organic waste into useful by-products at high temperatures,
minimizing harmful emissions (Tufael & Atiqur Rahman,
2025). Similarly, chemical disinfection using agents such as
sodium hypochlorite can effectively treat liquid waste,
although its application is limited to specific waste types.
These technologies, however, require significant investment
and infrastructure, which may pose challenges in resource-
constrained settings like Isfahan (Zikhathile et al., 2022).

This essay has aimed to comprehensively investigate the
multifaceted challenges and current practices surrounding
hospital waste management in Isfahan, Iran. By analyzing
waste generation patterns, existing treatment methods, and the
significant barriers to sustainable disposal, this study sought to

{REENS TRUST

Environmental Health and Pollution Research, 2026, 1(1)

identify practical and effective solutions. Ultimately, the
purpose of this research is to provide a robust roadmap for
policymakers and healthcare administrators in Isfahan, and
potentially other urban centers facing similar issues, to
enhance waste segregation, invest in advanced treatment
technologies, strengthen regulatory frameworks, and adopt
circular economy principles, thereby mitigating public health
risks and fostering environmental sustainability.

2. Materials and Methods
2.1 Study Area

This study was conducted in Isfahan, Iran, a major urban
center with a population of approximately 1.9 million and a
robust healthcare infrastructure comprising over 30 hospitals.
The target population consisted of healthcare facilities that
generated various types of hospital waste, including infectious,
hazardous, and non-hazardous waste streams. Four hospitals
were purposively selected based on their size, waste generation
volume, and representation of public and private sectors.
These hospitals collectively serve an estimated 500,000
patients annually, producing approximately 8 tons of
healthcare waste daily, of which 40-45% is classified as
infectious (Ali et al., 2017). The selection criteria ensured a
diverse sample reflective of Isfahan’s healthcare waste
management challenges, including variations in infrastructure
and regulatory compliance (Quttainah & Singh, 2024).

2.2 Sample Selection

The four hospitals included two public tertiary care facilities
and two private secondary care hospitals, chosen to capture
differences in waste management practices and resource
availability. Each hospital was assessed for its waste
generation rates, segregation protocols, and disposal methods.
The sample size was determined based on feasibility and the
need for in-depth analysis, with the selected hospitals
representing approximately 20% of Isfahan’s total hospital
waste output. A stratified sampling approach was employed to
ensure representation across waste types and hospital
categories, with data collected over a 6-month period from
January to June 2025 (Khan et al., 2019). This timeframe
allowed for seasonal variations in waste generation,
particularly influenced by post-COVID-19 healthcare
demands (Takahashi et al., 2021).

2.3 Data Collection

Data were collected through a mixed-methods approach,
combining quantitative waste audits and qualitative interviews
with hospital staff. Waste audits involved daily measurements
of waste generation across three categories: infectious (e.g.,
sharps, pathological waste), hazardous (e.g., chemical and
pharmaceutical waste), and non-hazardous (e.g., food waste,
paper). Waste was weighed using calibrated digital scales
(accuracy +0.1 kg) and categorized according to WHO
guidelines. Approximately 1,200 waste samples were
analyzed, with 300 samples per hospital, to determine
composition and volume (Chartier, 2014). Semi-structured
interviews were conducted with 20 stakeholders, including
waste management personnel, hospital administrators, and
environmental health officers, to assess disposal practices and
barriers to effective management (Ghoushchi et al., 2020).
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2.4 Waste Type Characterization

Hospital waste was classified into three primary types: (1)
infectious waste, including blood-soaked bandages, syringes,
and cultures; (2) hazardous waste, encompassing chemical
solvents, expired pharmaceuticals, and radioactive materials;
and (3) non-hazardous waste, such as food scraps and
administrative waste. Waste segregation was evaluated at the
point of generation, with samples collected from wards,
operating theaters, and laboratories. Each hospital’s waste
stream was audited over a 7-day cycle to account for variations
in patient load and operational activities. Data on treatment
methods, including incineration, autoclaving, and landfilling,
were recorded to assess compliance with national and
international standards (Diaz et al., 2008).

2.5 Data Analysis

Quantitative data from waste audits were analyzed using
descriptive statistics to determine waste composition,
generation rates, and treatment efficiency. Statistical software
(SPSS v.26) was used to perform analysis of variance
(ANOVA) to compare waste generation across hospitals and
waste types, with a significance level of p < 0.05. Qualitative
data from interviews were transcribed and subjected to
thematic analysis using NVivo software to identify recurring
themes, such as barriers to segregation and adoption of
sustainable practices. The analysis integrated life cycle
assessment (LCA) principles to evaluate the environmental
impact of current disposal methods, focusing on emissions and
resource consumption. Triangulation of quantitative and

Fig. 1 Daily Hospital Waste
Generation by Type and
Hospital (kg/day)
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Table 1 details the waste treatment methods employed by each
hospital and their compliance with WHO guidelines.
Incineration was the dominant method in public hospitals (55—
60%), reflecting reliance on high-temperature combustion, but
only 50% of incinerators (Central incinerator) used had gas-
cleaning systems, increasing risks of dioxin emissions. Private
hospitals favored autoclaving (50-55%), a steam-based
sterilization method, which is more environmentally friendly
but limited to infectious waste. Landfilling, used for 10-20%
of waste, was primarily for non-hazardous waste, though
audits revealed 5-10% of infectious waste was improperly
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qualitative findings ensured robust interpretation of waste
management practices (Milutinovi¢ et al., 2017).

3. Results and Discussion

The investigation into hospital waste management practices in
Isfahan across four selected hospitals yielded comprehensive
data on waste generation, composition, treatment methods, and
associated challenges. The results are presented in three tables,
each accompanied by a detailed explanation to elucidate the
findings. These findings are grounded in the data collected
through waste audits and stakeholder interviews, as described
in the Materials and Methods section.

Fig. 1 summarizes the daily waste generation across the four
hospitals, categorized by waste type: infectious (e.g., sharps,
pathological waste), hazardous (e.g., chemical, pharmaceutical
waste), and non-hazardous (e.g., food waste, paper). Public
Hospital A generated the highest total waste (4,000 kg/day),
with 30% classified as infectious, reflecting its larger patient
capacity (approximately 1,000 beds). Private Hospital D
produced the least (2,480 kg/day), consistent with its smaller
size (300 beds). Infectious waste averaged 29% of total waste
across all hospitals, exceeding the WHO-recommended
threshold of 15-20% for healthcare facilities, indicating poor
segregation practices (Harhay et al., 2009). Hazardous waste
constituted 7% of the total, with variations linked to the
availability of specialized departments (e.g., oncology in
Public Hospital A). Statistical analysis (ANOVA, p < 0.05)
(Table 1) revealed significant differences in infectious waste
generation between public and private hospitals, likely due to
differences in surgical activity.

Hospital B Hospital C ~ Hospital D Average
Hospital type
®m Hazardous Waste ™ Non-Hazardous Waste B Total Waste

landfilled, violating regulations. Compliance with WHO
standards averaged 75%, with private hospitals outperforming
public ones due to better infrastructure and training. Non-
compliance was attributed to inadequate segregation and
outdated incineration technology.

The findings from this study on hospital waste management in
Isfahan, Iran, provide critical insights into the challenges and
opportunities for improving healthcare waste (HCW) disposal
in a major urban center. The data reveal that the four hospitals
studied generate an average of 3,232 kg of waste daily, with
29% classified as infectious, significantly exceeding the World
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Health Organization’s (WHO) recommended threshold of 15—
20% for healthcare facilities (Harhay et al., 2009; Wafula et
al., 2019). This high proportion of infectious waste aligns with
previous studies in developing countries, where inadequate
segregation practices inflate the volume of waste requiring
specialized treatment (Ali et al., 2017). The observed
discrepancy is likely attributable to insufficient staff training
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and inconsistent adherence to segregation protocols, as 80% of
interviewed stakeholders cited poor segregation as a primary
barrier. This finding underscores the need for targeted
educational interventions to enhance compliance with waste
categorization standards, a strategy proven effective in similar
settings (Kumar et al., 2015).

Table 1 Waste treatment methods and compliance with standards (%)

Hospitals Incineration Autoclaving Landfilling Compliance with WHO Standards
Hospital A 60 30 10 70
Hospital B 55 25 20 65
Hospital C 40 50 10 80
Hospital D 35 55 10 85
Average 47.5 40 12.5 75

Treatment methods in Isfahan’s hospitals rely heavily on
incineration (47.5% on average), particularly in public
facilities, despite its environmental drawbacks, such as dioxin
and furan emissions. Only 50% of incinerators in the studied
hospitals were equipped with gas-cleaning systems, increasing
the risk of air pollution and associated health impacts, such as
respiratory diseases and cancer (Ferdowsi et al., 2013). In
contrast, private hospitals utilized autoclaving more frequently
(50-55%), which is a more environmentally sustainable option
for infectious waste but is limited in its applicability to other
waste types (Azmal et al., 2014). The reliance on incineration
reflects a broader trend in resource-constrained settings, where
cost and infrastructure limitations hinder the adoption of
advanced technologies like plasma pyrolysis, which can
minimize emissions while converting waste into usable by-
products (Salem et al, 2023). The study’s life cycle
assessment (LCA) analysis indicates that transitioning to such
technologies could reduce smog-forming emissions by up to
40% compared to traditional incineration, supporting the case
for investment in modern infrastructure (Barton et al., 1996).

Compliance with WHO standards averaged 75%, with private
hospitals (80-85%) outperforming public ones (65-70%),
largely due to better infrastructure and staff training. This
disparity highlights systemic issues in public healthcare
facilities, including insufficient funding (cited by 60% of
stakeholders) and regulatory gaps (50%) (Althumairi et al.,

2022). These findings are consistent with global studies that
identify financial constraints and weak enforcement as key
obstacles to effective HCW management (Janik-Karpinska et
al., 2023). The improper landfilling of 5-10% of infectious
waste, observed during audits, further exacerbates risks of
environmental contamination and disease transmission,
particularly in densely populated areas like Isfahan (Mbongwe
et al., 2008). Addressing these gaps requires stricter regulatory
oversight and the adoption of national policies aligned with
international standards, such as those outlined by the Basel
Convention (Yang, 2020).

Table 2 presents findings from thematic analysis of
stakeholder interviews, identifying key barriers to effective
hospital waste management. Poor segregation practices were
cited by 80% of respondents, driven by insufficient training
and a lack of awareness about waste categorization, leading to
higher volumes of infectious waste requiring specialized
treatment. Inadequate infrastructure, noted by 65%, included
the absence of advanced treatment technologies like plasma
pyrolysis, limiting sustainable options. Funding shortages
(60%) restricted investments in modern equipment, while
regulatory gaps (50%) reflected inconsistent enforcement of
national standards. Staff resistance (45%) highlighted
challenges in implementing new protocols, particularly in
public hospitals with higher staff turnover.

Table 2 Key barriers to effective waste management (thematic analysis)

Barrier Frequency (% of Description

Respondents)
Poor Segregation Practices 80 Lack of training and awareness among staff is leading to mixing of waste

types

Inadequate Infrastructure 65 Limited access to modern incinerators and autoclaves
Insufficient Funding 60 Budget constraints for advanced treatment technologies
Regulatory Gaps 50 Inconsistent enforcement of national waste management policies
Staff Resistance to Change 45 Reluctance to adopt new waste management protocols

The surge in healthcare waste during the COVID-19
pandemic, particularly from personal protective equipment
(PPE), has compounded these challenges, as evidenced by the
suspension of recycling and composting programs in Isfahan.
This led to a 3.6-fold increase in landfilling, highlighting the
need for adaptive waste management strategies during public
health crises (Organization, 2022). The findings suggest that
integrating circular economy principles, such as material
recovery and composting of non-hazardous waste, could
mitigate the environmental impact of such surges. For
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instance, composting organic waste, which constitutes 30—
40% of non-hazardous waste in the studied hospitals, could
reduce landfill dependency and align with sustainable
development goals (Pires & Martinho, 2019). However,
implementing these solutions in Isfahan requires overcoming
barriers such as staff resistance (45% of respondents) and
inadequate infrastructure, which necessitate both policy
reforms and community engagement (Zakaria, 2011).

The study’s mixed-methods approach, combining quantitative
waste audits with qualitative stakeholder interviews, provided


Table%202%20Key%20barriers%20to%20effective%20waste%20management%20(thematic%20analysis)
Admin
Typewritten text
4


Mohammadi

a comprehensive understanding of Isfahan’s HCW
management landscape. The thematic analysis revealed that
staff resistance and lack of awareness are not merely
operational issues but are deeply tied to organizational culture
and resource availability (Babita & Dwivedi, 2023). These
insights suggest that multifaceted interventions, including
continuous training, infrastructure upgrades, and public-
private partnerships, are essential for sustainable waste
management. Moreover, the higher infectious waste rates in
public hospitals (30% vs. 25% in private hospitals) indicate a
need for tailored interventions that account for differences in
patient volume and operational complexity (Agunwamba et
al., 2013).

While the study’s findings are specific to Isfahan, they have
broader implications for other urban centers in developing
countries facing similar challenges. The integration of
advanced technologies, enhanced regulatory frameworks, and
community-driven initiatives could transform HCW
management into a model of sustainability and safety
(Morrissey & Browne, 2004).

The finding that infectious waste averaged 29% of total waste
in the studied Isfahan hospitals, exceeding the WHO-
recommended threshold of 15-20%, is supported by another
research in Isfahan. For instance, a 2012 study on hospital
waste management practices in Isfahan reported that 40% of
all wastes were infected, which was also 15 to 20% higher than
WHO standards (Ferdowsi et al., 2012). Similarly, another
assessment in Isfahan Province indicated that 36.2% of the
total waste produced were infectious (Sartaj & Arabgol, 2015).
These figures, while varying in exact percentages (29% vs.
40% vs. 36.2%), consistently highlight a significant issue with
the proportion of infectious waste exceeding international
guidelines in the region. The prevalence of poor segregation
practices, cited by 80% of respondents in the current study,
aligns with broader challenges in developing countries where
"poor waste segregation, collection, storage, transportation
and disposal practices" are common (Ali et al., 2017).

Regarding waste treatment methods, the current study noted
the dominance of incineration in public hospitals (55—60%)
and autoclaving in private hospitals (50-55%), with concerns
about gas-cleaning systems in incinerators. This is consistent
with earlier findings in Isfahan, which also identified high
concentrations of carbon monoxide and low combustion
efficiency in some incinerator stack gases, suggesting
incomplete combustion and environmental risks (Ferdowsi et
al., 2013; Ferdowsi et al., 2012). The preference for
autoclaving in private facilities, despite higher capital
investment, is supported by a comparative study in Isfahan that
found autoclaves to have lower current costs compared to
incineration (Ferdowsi et al., 2013). The identified barriers,
such as inadequate infrastructure, insufficient funding, and
regulatory gaps, resonate with a mini-review on hospital waste
management in developing countries, which points to resource
constraints, varying implementation of regulations, and low
knowledge and awareness among staff as key issues (Ali et al.,
2017). Furthermore, a study on waste management barriers in
Brazilian hospitals also identified cost and employee
awareness as significant barriers, paralleling the "Insufficient
Funding" and "Poor Segregation Practices" found in the
Isfahan hospitals (Delmonico et al., 2018).

Environmental Health and Pollution Research, 2026, 1(1)

While many findings are concordant, some studies offer
different quantitative data or contextual factors. For example,
while the current study found infectious waste to be 29% of
total waste, an earlier Isfahan study reported 40% (Ferdowsi et
al., 2012), and another found 36.2% (Sartaj & Arabgol, 2015).
These variations could be due to differences in methodology,
the specific hospitals sampled, or changes over time.
Additionally, a study conducted during the COVID-19
pandemic in Isfahan noted a slight decrease in overall hospital
waste production, which could represent a non-concordant
trend if the current study's data reflects a period outside this
specific context or assumes stable generation rates (Zand &
Heir, 2021). The current study's detailed breakdown of
barriers, such as staff resistance to change (45%), provides
specific insights that while broadly aligned with "low
knowledge and awareness." (Ali et al., 2017), offer a more
granular understanding of human factors influencing waste
management effectiveness.

4. Conclusion

This study on hospital waste management in Isfahan, Iran,
revealed critical insights into the current practices and
challenges across four hospitals. The key results indicate that
the hospitals generate an average of 3,232 kg of waste daily,

with 29% classified as infectious, exceeding WHO
recommendations due to poor segregation practices.
Incineration dominates treatment methods (47.5%),

particularly in public hospitals, but only 50% of incinerators
have gas-cleaning systems, posing environmental risks.
Private hospitals show higher compliance with WHO
standards (80-85%) compared to public ones (65-70%),
driven by better infrastructure and training. Stakeholder
interviews highlighted poor segregation (80%), inadequate
infrastructure (65%), and insufficient funding (60%) as
primary barriers. The COVID-19 pandemic exacerbated these
issues, increasing landfilling rates by 3.6 times due to PPE
waste surges. These findings underscore the urgent need for
improved segregation training, investment in modern
treatment technologies like plasma pyrolysis, and stronger
regulatory enforcement to align with international standards.
The results also highlight the potential of circular economy
approaches, such as composting, to reduce landfill dependency
and environmental impact. By addressing these challenges
through targeted interventions, Isfahan can enhance its
healthcare waste management system, protecting public health
and the environment while serving as a model for other urban
centers in developing countries. Future studies should evaluate
the feasibility and cost-effectiveness of plasma pyrolysis and
composting in Isfahan’s public hospitals.
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Urban air pollution poses significant health risks, particularly for individuals with
prolonged exposure to traffic-related emissions. This study aimed to assess the
concentration and distribution of PM o and PM, 5 particulate matter among taxi and
bus drivers in Rasht, Iran, and to identify key environmental and occupational
predictors of exposure. A cross-sectional observational design was employed,
involving 120 drivers (60 taxi, 60 bus) selected through stratified random sampling
across high-traffic urban zones. Real-time measurements of PM;o and PM, s were
collected using portable air quality monitors installed in vehicle cabins, supplemented
by GPS tracking and meteorological data. Descriptive statistics revealed that bus
drivers experienced higher mean concentrations of PM o (97.8 ug/m?) and PM, 5(74.3
pg/m?®) compared to taxi drivers (PMjo: 84.2 pg/m3; PM,s: 62.5 pg/m?®). One-way
ANOVA indicated significant differences in exposure across urban zones, with central
districts showing the highest particulate levels (p < 0.01). Multivariate regression
analysis identified traffic density as the strongest positive predictor of PM exposure,
while effective cabin ventilation and favorable meteorological conditions were
associated with reduced concentrations. These findings underscore the occupational
vulnerability of urban transport workers and highlight the need for targeted
interventions. Recommendations include retrofitting vehicles with high-efficiency
filtration systems, optimizing traffic flow, and implementing exposure monitoring
programs in high-risk zones. The study contributes to the growing body of evidence
supporting localized air quality management and occupational health protections in
urban environments.

e Bus drivers experience significantly higher PM, s/PM exposure compared to taxi drivers.

Highlights .

Spatial analysis identifies central urban zones as key PM hotspots via kernel density.

e Traffic density is the strongest predictor of in-cabin PM levels per regression models.

® (Cabin ventilation and favorable meteorological factors significantly reduce PM exposure.
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1. Introduction

Organization has consistently emphasized the health risks
associated with prolonged exposure to fine particulate matter,

Urban air pollution remains a critical public health concern,
particularly in densely populated cities where vehicular
emissions dominate ambient air quality profiles. Particulate
matter (PM), especially PMjo and PM; 5, has been extensively
linked to respiratory and cardiovascular morbidity due to its
ability to penetrate deep into the pulmonary system and even
enter the bloodstream (Zhao et al., 2024a). The World Health

urging nations to adopt stringent air quality standards and
monitoring frameworks (Zhong et al., 2024).

Occupational exposure to PM is particularly pronounced
among professional drivers, who spend extended periods in
traffic microenvironments characterized by elevated pollutant
concentrations. Studies have demonstrated that taxi and bus
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drivers are frequently subjected to higher levels of PM, s and
PM)o compared with the general population, largely due to
their proximity to vehicular exhaust and limited cabin filtration
systems. Moreover, the spatial and temporal variability of PM
exposure in urban transport corridors necessitates localized
assessments to inform targeted mitigation strategies
(Adikaram & Arambepola, 2025; Zhang et al., 2022).

Rasht, a rapidly urbanizing city in northern Iran, presents a
unique case for evaluating occupational exposure to particulate
matter due to its climatic conditions, traffic density, and urban
morphology. The city’s frequent precipitation events and
moderate wind speeds may influence the dispersion and
accumulation of airborne particles, thereby affecting exposure
levels among transit workers (Tian et al., 2022; Zhang et al.,
2022). Previous research in similar urban settings has
highlighted the interplay between meteorological factors and
PM concentration, underscoring the need for context-specific
exposure modeling (Tian et al., 2014).

In-cabin air quality within public transport vehicles is shaped
by multiple determinants, including ventilation design,
passenger density, and route characteristics. Empirical
investigations have revealed that buses and taxis operating in
congested urban zones often exhibit elevated PM levels,
particularly during peak traffic hours when pollutant
accumulation is exacerbated (Tasmurzayev et al., 2025). These
findings align with broader assessments of transport-related
exposure, which advocate for enhanced air filtration
technologies and real-time monitoring systems to safeguard
driver health (Zhang et al., 2023).

Despite growing awareness of occupational air pollution risks,
there remains a paucity of localized data on PM exposure
among drivers in Iranian cities, limiting the efficacy of policy
interventions. The integration of mobile monitoring platforms
and satellite-derived air quality data offers promising avenues
for capturing fine-scale exposure dynamics in urban transport
networks (Mohammadyan et al., 2009). Such approaches have
been successfully implemented in other regions, yielding
actionable insights for urban planning and public health
protection (Holloway et al., 2021).

This study aims to quantify the exposure of taxi and bus drivers
in Rasht to PMjp and PM,s using a combination of field
measurements and geospatial analysis. By examining the
spatial distribution of particulate concentrations and
correlating them with driver activity patterns, the research
seeks to identify high-risk zones and inform evidence-based
mitigation strategies (Kappos et al., 2004; Zhang et al., 2022).
Ultimately, the findings are expected to contribute to the
broader discourse on occupational health in urban
environments and support the development of targeted air
quality management policies (Adikaram & Arambepola, 2025;
Singh et al., 2021).

2. Materials and Methods
2.1 Study Design and Location

This research employed a cross-sectional observational design
to assess the exposure levels of PMjy, and PM>s among
professional drivers in Rasht, a metropolitan city in northern
Iran characterized by moderate traffic congestion and variable
meteorological conditions. The cross-sectional approach is

{REENS TRUST
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suitable for capturing real-time exposure data and identifying
spatial patterns of particulate matter distribution across urban
transport routes. Rasht’s urban morphology and climatic
profile, including frequent precipitation and moderate wind
speeds, were considered in the selection of monitoring periods
to ensure representative sampling.

2.2 Population and Sampling Strategy

The target population comprised active taxi and bus drivers
operating within Rasht’s municipal boundaries. A stratified
random sampling method was adopted to ensure proportional
representation across different transport sectors and
geographic zones. Stratification was based on route density
and traffic volume, with drivers selected from high-traffic
corridors, central business districts, and peripheral zones. This
method enhances the generalizability of findings and reduces
sampling bias in occupational exposure studies. The final
sample included 120 drivers, 60 taxi drivers, and 60 bus
drivers based on power calculations to detect significant
differences in PM exposure levels with a 95% confidence
interval and 80% statistical power.

2.3 Data Collection Procedures

Data collection was conducted over four weeks during peak
traffic seasons. Portable air quality monitors (e.g., TSI
DustTrak II) were installed inside vehicle cabins to measure
real-time concentrations of PM o and PM, 5. Each device was
calibrated before deployment and configured to record data at
one-minute intervals. Drivers were instructed to maintain
typical driving routines to capture authentic exposure profiles.
In addition to particulate measurements, GPS tracking was
used to log route trajectories and correlate exposure levels with
spatial movement patterns. Meteorological data, including
temperature, humidity, and wind speed, were obtained from
Rasht’s local weather station to contextualize pollutant
dispersion (Zhao et al., 2024b).

2.4 Statistical Analysis

Descriptive  statistics were used to summarize PM
concentrations across vehicle types and routes. Inferential
analyses included independent t-tests and one-way ANOVA to
compare mean exposure levels between taxi and bus drivers,
as well as across different urban zones. Multivariate regression
models were employed to assess the influence of route
characteristics, traffic density, and meteorological variables on
PM exposure. Kernel density estimation was applied to
identify spatial hotspots of elevated particulate concentrations.
All statistical analyses were performed using SPSS v26.

3. Results and Discussion
3.1 Physicochemical Parameters

Bus drivers exhibited significantly higher mean concentrations
of both PM ¢ and PM, s compared with taxi drivers (Table 1).
The standard deviations indicate moderate variability in
exposure, with buses showing greater fluctuation. Maximum
recorded values exceeded WHO recommended thresholds
(PM2.5: 25 pg/m*; PMI10: 50 pg/m?®), suggesting acute
exposure risks.
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Table 1 Descriptive Statistics of PM o and PM, s Concentrations (p1g/m?)

Vehicle Type PMI0 PM2.5

Mean SD Max Mean SD Max
Taxi 84.2 12.6 112.4 62.5 10.3 89.7
Bus 97.8 15.1 128.6 74.3 13.2 102.1

The present study reveals that taxi and bus drivers in Rasht are
exposed to significantly elevated concentrations of PM o and
PM, s, with mean values far exceeding the World Health
Organization’s recommended thresholds (Zhao et al., 2024b).
These findings are consistent with prior research conducted in
Wuhan, China, where taxi drivers were found to experience
PM, s levels up to 3.4 times higher than WHO guidelines due
to prolonged exposure in traffic-dense environments. The
elevated exposure among Rasht’s bus drivers, in particular,
may be attributed to larger cabin volumes, frequent door

openings, and longer route durations, which facilitate pollutant
ingress and accumulation (Adikaram & Arambepola, 2025).

ANOVA results show statistically significant differences in
PM exposure across urban zones (Table 2). Central areas had
the highest concentrations, likely due to traffic congestion and
limited ventilation. Peripheral zones showed comparatively
lower exposure, reinforcing the spatial variability of
particulate pollution.

Table 2 Comparison of PM (ug/m?) Exposure by Urban Zone (One-way ANOVA)

Zone PMio PMas

Mean F-value p-value Mean F-value p-value
Central 101.3 78.4
Peripheral 76.5 6.72 0.003 58.2 7.91 0.001
Mixed-traffic 89.7 66.9

Spatial analysis further demonstrated that drivers operating in
central urban zones faced the highest particulate
concentrations. This aligns with studies from Stockholm and
Guangzhou, which identified commercial districts and
transport hubs as PM hotspots due to high vehicular density
and limited dispersion capacity (Singh et al., 2021; Zhao et al.,
2024b). The use of kernel density estimation in our study
confirmed that exposure intensity is not uniformly distributed
but rather concentrated in specific high-traffic corridors. These
localized hotspots pose chronic health risks to drivers,
especially those with pre-existing respiratory or cardiovascular
conditions (Brokamp et al., 2018; Gany et al., 2017).

Traffic density was the strongest positive predictor of PM
exposure, while effective cabin ventilation and favorable
meteorological conditions (e.g., wind speed, humidity) were
associated with reduced concentrations (Table 3). Route length

had a marginal effect, suggesting that exposure is more
influenced by traffic intensity than duration.

Multivariate regression analysis underscored traffic density as
the most significant predictor of PM exposure, reinforcing the
role of urban congestion in shaping air quality. Similar
conclusions were drawn in high-resolution mobile monitoring
studies, where traffic volume and stop-and-go driving patterns
were directly correlated with increased PM» s and PMg levels
(Pénard-Morand & Annesi-Maesano, 2004). The inverse
relationship between cabin ventilation and particulate
concentration highlights the importance of vehicle design and
maintenance in mitigating exposure. Studies in Helsinki and
Hong Kong have shown that improved filtration systems and
sealed cabin environments can substantially reduce in-vehicle
pollutant levels (Weichenthal et al., 2015).

Table 3 Multivariate regression analysis of PM exposure predictors

. PMazs PMio
Predictor
B p-value B p-value
Traffic Density 0.42 0.001 0.39 0.002
Route Length 0.21 0.045 0.18 0.061
Cabin Ventilation Type -0.33 0.008 -0.29 0.011
Meteorological Index -0.27 0.019 -0.25 0.022

Meteorological factors also played a protective role in our
study, with wind speed and precipitation contributing to lower
PM concentrations. This is consistent with atmospheric
dispersion models that demonstrate how meteorological
conditions influence pollutant behavior and exposure risk
(Yavuz, 2024). Seasonal variability should therefore be
considered in future exposure assessments and policy
planning, particularly in cities like Rasht with fluctuating
weather patterns (Liu et al., 2020).

From an occupational health perspective, the implications of
chronic PM exposure among drivers are profound. Long-term
inhalation of fine particulate matter has been linked to
increased incidence of ischemic heart disease, chronic

10

obstructive pulmonary disease, and lung cancer (Laden et al.,
2007). Given the cumulative nature of exposure and the
limited control drivers have over their work environment,
targeted interventions are urgently needed. These may include
retrofitting public transport vehicles with HEPA filters,
enforcing anti-idling regulations, and redesigning urban routes
to minimize congestion (Costello et al., 2014).

Finally, the integration of mobile monitoring platforms, GPS
trajectory data, and meteorological inputs, as demonstrated in
this study, offers a robust framework for dynamic exposure
assessment. Such approaches have been successfully
implemented in other urban centers to inform air quality
management and occupational safety protocols (Peters et al.,
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2013). In Rasht, these findings can guide municipal authorities
in developing localized mitigation strategies, such as traffic
rerouting, emission zoning, and driver health surveillance
programs (Tsyban et al., 2023).

4. Conclusion

This study highlights the occupational vulnerability of taxi and
bus drivers in Rasht to elevated levels of PMjo and PMs5s,
shaped by urban traffic dynamics and vehicle-specific factors.
The integration of spatial and statistical analyses provided a
nuanced understanding of exposure patterns, reinforcing the
need for localized air quality interventions. To mitigate health
risks, urban transport policies should prioritize vehicle cabin
filtration upgrades, traffic decongestion strategies, and
exposure monitoring programs tailored to high-risk zones.
These findings contribute to the growing body of evidence
supporting targeted environmental health protections for
mobile urban workers.
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Access to safe drinking water is critical for public health, yet rural areas often face
contamination challenges. This study aimed to assess the physical and microbial quality
of drinking water in 10 villages of Sanandaj city, Iran, to identify contamination risks and
inform water management strategies. A stratified random sampling approach was used to
collect 400 water samples (100 per quarterly round) from source, storage, and distribution
points across wells, springs, and piped systems over 12 months. Samples were analyzed
for pH, turbidity, residual chlorine, total coliforms, fecal coliforms, and heterotrophic plate
counts (HPC) following standard protocols (APHA, 2017). Results revealed pH values
within WHO guidelines (6.5-8.5), but 12% of distribution point samples exceeded the
turbidity threshold of 5 NTU, and residual chlorine levels were consistently low (0.12—
0.22 mg/L). Microbial contamination was widespread, with total coliforms detected in
82% of samples and fecal coliforms in 55%, particularly at distribution points (16.2 and
4.8 MPN/100 mL, respectively). HPC remained below 500 CFU/mL but increased from
source to distribution, suggesting biofilm formation. Summer months showed higher
turbidity and fecal coliforms due to runoff and temperature effects. The Water Quality
Index classified six villages as “poor” (WQI < 70) and four as “fair” (WQI 70-80), with
spring-based systems performing better. These findings highlight inadequate disinfection,
aging infrastructure, and environmental vulnerabilities as key contamination drivers.
Urgent interventions, including enhanced chlorination, source protection, and pipe
maintenance, are needed to ensure safe drinking water and reduce health risks in rural
Sanandaj.

Highlights

Widespread fecal coliform contamination detected in 55% of drinking water samples.
Turbidity exceeded WHO limits at distribution points, correlating with microbial counts.
Residual chlorine levels consistently below WHO guidelines, indicating poor disinfection.

Seasonal peaks in contamination were observed during summer due to runoff and temperature.

Water Quality Index classified most villages as "poor" or "fair," none as "good."
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1. Introduction

The provision of safe drinking water is a cornerstone of public
health, yet its integrity remains a critical challenge in many
rural regions worldwide. In the villages surrounding Sanandaj
city, Iran, the interplay of environmental, infrastructural, and
anthropogenic factors has raised concerns about the physical
and microbial quality of drinking water. Physical
contamination, encompassing parameters such as turbidity,

13

pH, and total dissolved solids, can compromise water
aesthetics and safety, while microbial contamination
introduces pathogens that pose severe health risks. This study
seeks to elucidate the extent and sources of these contaminants
in Sanandaj’s rural water supplies, addressing a pressing need
for data-driven interventions in a region where water quality
directly impacts community well-being. By examining both
physical and microbial dimensions, this investigation aims to
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provide a comprehensive understanding of water safety
challenges in this context (Nouri et al., 2018; Organization,
2023).

The rural setting of Sanandaj presents unique vulnerabilities to
water contamination, driven by factors such as inadequate
sanitation infrastructure and proximity to agricultural
activities. Microbial pathogens, including Escherichia coli and
fecal coliforms, often infiltrate water sources through fecal
contamination from livestock or poor waste management,
leading to diseases like diarrhea and typhoid. Physical
parameters, such as elevated turbidity, can exacerbate
microbial survival by shielding pathogens from disinfection
processes. The significance of this study lies in its focus on
rural villages, where access to advanced water treatment is
often limited, amplifying the public health implications of
contaminated water. Understanding these dynamics is
essential for crafting targeted mitigation strategies tailored to
the region’s socio-environmental context (Ashbolt, 2004; Bain
etal., 2014).

The methodological approach of this study integrates rigorous
sampling and analytical techniques to assess water quality
across multiple villages in Sanandaj. By collecting samples
from diverse sources such as wells, springs, and distribution
systems this investigation captures the spatial variability of
contamination. Advanced laboratory analyses, including the
most probable number (MPN) test for microbial indicators and
physicochemical measurements, provide a robust dataset to
evaluate water safety against international standards, such as
those set by the World Health Organization. This
comprehensive methodology ensures that both visible and
invisible threats to water quality are quantified, offering a
foundation for evidence-based policy recommendations. The
focus on both physical and microbial parameters distinguishes
this study as a holistic assessment of drinking water challenges
(Nouri et al., 2018; Rompre et al., 2002).

Historical data from Sanandaj’s water systems indicate
persistent  challenges with microbial contamination,
particularly in rural areas where infrastructure maintenance is
inconsistent. Previous studies have reported elevated coliform
counts in water sources, suggesting systemic issues in source
protection and treatment efficacy. Physical parameters, such as
turbidity, often exceed acceptable limits due to runoff from
surrounding  agricultural lands, further complicating
disinfection efforts. These findings underscore the urgency of
this study, as they highlight a gap in localized, up-to-date
assessments of water quality in Sanandaj’s villages. By
building on prior research, this investigation aims to provide a
current snapshot of contamination levels and their implications
for public health (Nouri et al., 2018; Ye et al., 2013).

The health implications of contaminated drinking water in
rural Sanandaj are profound, particularly for vulnerable
populations such as children and the elderly. Waterborne
pathogens contribute to a significant disease burden, with
diarrhea alone accounting for substantial morbidity in
developing regions. The interaction between physical and
microbial contaminants can exacerbate these risks, as high
turbidity or improper pH levels may reduce the effectiveness
of chlorination, a common disinfection method. This study’s
findings will inform public health strategies by identifying
high-risk areas and contaminants, enabling prioritized
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interventions to reduce disease incidence. The focus on rural
communities highlights the need for equitable access to safe
water, aligning with global health priorities (Organization,
2023; Priiss-Ustiin et al., 2014).

Environmental and anthropogenic factors in Sanandaj’s
villages, such as open defecation and agricultural runoff, are
likely contributors to water quality degradation. These factors
create a complex web of contamination pathways,
necessitating a multidisciplinary approach to water
management. By mapping contamination sources and their
correlation with physical and microbial parameters, this study
will provide insights into the environmental drivers of water
quality issues. Such knowledge is critical for designing
sustainable interventions, such as improved source protection
or community education on hygiene practices, to safeguard
water supplies in rural settings (Bain et al., 2014; Gwimbi et
al., 2019).

This investigation also contributes to the broader discourse on
water security in the Global South, where rural areas often bear
the brunt of inadequate infrastructure and policy oversight. By
focusing on Sananda;j’s villages, the study addresses a critical
gap in localized research, offering a model for other regions
facing similar challenges. The integration of physical and
microbial analyses provides a nuanced perspective on water
quality, revealing how these factors interact to affect
potability. The findings are expected to guide local authorities
in prioritizing resources for water treatment and infrastructure
upgrades, fostering resilience against contamination risks
(Ashbolt, 2004; Izah & Ogwu, 2025).

In conclusion, this study represents a pivotal step toward
understanding and addressing drinking water contamination in
Sanandaj’s rural villages. By combining rigorous scientific
methods with a focus on local challenges, it seeks to illuminate
the pathways through which physical and microbial
contaminants compromise water safety. The anticipated
outcomes will not only inform local water management
practices but also contribute to global efforts to achieve
sustainable access to safe drinking water, as outlined in the
United Nations’ Sustainable Development Goals. Through this
research, we aim to empower communities and policymakers
with the knowledge needed to protect public health and ensure
water security in vulnerable regions (Ogidi & Izah, 2024;
Organization, 2024).

2. Materials and Methods
2.1 Study Population and Sampling Strategy

Population and Sample Selection: The study targets rural
villages in Sanandaj city, located in the Kurdistan Province of
Iran, where groundwater (e.g., wells) and surface water (e.g.,
springs or reservoirs) are primary drinking water sources. A
total of 10 villages were selected based on their population
size, geographical distribution, and reliance on different water
sources (e.g., wells, springs, or piped systems).

Ten villages were chosen to balance logistical feasibility with
comprehensive coverage of the region. The selection was
based on stratified random sampling to account for variability
in water source types and population density, ensuring the
results are generalizable to the broader rural context of
Sanandaj city. In each village, a minimum of 10 water samples
were collected from various points in the water supply system,
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including source points (e.g., wells or springs), storage
reservoirs, and distribution points (e.g., household taps or
public standpipes). This yielded a total of 100 samples across
the 10 villages. The sample size was determined based on
statistical power calculations to detect significant differences
in contamination levels, following guidelines for water quality
studies (Bartram & Ballance, 1996).

2.2 Water Sampling Method

Sampling Points: Samples were collected from three key
points in each village’s water supply system: (1) the raw water
source (e.g., well, spring, or surface water intake), (2) storage
reservoirs (if applicable), and (3) distribution points (e.g.,
household taps or public fountains). This approach ensures a
comprehensive assessment of contamination risks at different
stages of the water supply chain, from source to point of use
(Cotruvo, 2017).

Sampling was conducted over 12 months to capture seasonal
variations (wet and dry seasons), as microbial and physical
parameters can fluctuate due to environmental factors such as
rainfall or temperature. Each village was sampled quarterly,
resulting in four sampling rounds per village (40 samples per
village annually).

Water samples were collected following standard protocols to
avoid contamination during collection. Sterilized 500 mL
polyethylene bottles were used for physical and chemical
analyses, while 250 mL sterile glass bottles with sodium
thiosulfate (to neutralize residual chlorine) were used for
microbial analyses. For each sample, bottles were filled to the
brim, leaving minimal headspace, and capped tightly. Samples
were collected after flushing taps or pipes for 1-2 minutes to
ensure representative water from the system was obtained. For
wells, a sanitized bucket or pump was used to draw water
directly from the source (Polya' & Watts, 2017).

Each sample consisted of 500 mL for physical and chemical
tests and 250 mL for microbial tests, ensuring sufficient
volume for accurate analysis while minimizing logistical
challenges during transport. A total of 100 samples (50 L for
physical/chemical and 25 L for microbial) were collected
across the 10 villages per sampling round (Organization, 2004;
WHO, 2017).

2.3 Sample Transportation

To maintain sample integrity, all samples were transported to
the laboratory in insulated coolers with ice packs to keep
temperatures below 4°C, as recommended for microbial and
physical water quality analyses. Samples were delivered to the
laboratory within 6 hours of collection to minimize microbial
growth or degradation of physical parameters. During
transport, samples were protected from direct sunlight and
physical agitation to prevent alterations in turbidity or
microbial activity (Bridgewater, 2017).

2.4 Physical and Microbial Analyses
2.4.1 Physical Analyses
2.4.1.1 pH

Measured using a calibrated pH meter (e.g., Hach HQ40d) to
assess water acidity or alkalinity, which influences microbial
growth and chemical stability. The pH was recorded on-site
immediately after collection to avoid changes due to storage
(Bridgewater, 2017).
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2.4.1.2 Turbidity

Measured in Nephelometric Turbidity Units (NTU) using a
portable turbidimeter (e.g., Hach 2100Q). Turbidity indicates
suspended particles, which can harbor microorganisms and
affect water treatment efficacy (Bridgewater, 2017).

2.4.1.3 Residual Chlorine

Measured using a colorimetric method (e.g., DPD method with
a Hach DR900 colorimeter) to evaluate the effectiveness of
disinfection in treated water supplies. Residual chlorine levels
between 0.2-0.5 mg/L are considered optimal for microbial
control without health risks (Bridgewater, 2017).

2.4.2 Microbial Analyses
2.4.2.1 Total Coliforms and Fecal Coliforms

Assessed using the Most Probable Number (MPN) method
with multiple-tube fermentation. Samples were incubated at
35°C for total coliforms and 44.5°C for fecal coliforms (e.g.,
Escherichia coli) for 24 to 48 hours. The presence of coliforms
indicates potential contamination from environmental or fecal
sources (Bridgewater, 2017).

2.4.2.2 Heterotrophic Plate Count (HPC)

Determined by spreading 1 mL of the water sample on R2A
agar and incubating at 35°C for 48 hours. HPC measures the
overall bacterial load, providing insight into water quality and
biofilm formation in distribution systems (Bridgewater, 2017).

2.4.2.3 Pathogen-Specific Tests

Where applicable, samples were tested for specific pathogens
(e.g., Pseudomonas aeruginosa, Salmonella spp.) using
selective media and confirmatory biochemical tests, following
standard microbiological protocols (Casanovas-Massana et al.,
2010).

2.4.2.4 Quality Control

All analyses were conducted in triplicate to ensure precision,
and laboratory equipment was calibrated daily. Negative
controls (sterile water) and positive controls (known microbial
cultures) were included to validate results. Data were
compared against Iranian national standards and WHO
guidelines to assess compliance (Bridgewater, 2017; Tsaridou
& Karabelas, 2021).

2.5 Data Analysis

Data were analyzed using SPSS software (version 25).
Descriptive statistics (mean, standard deviation) were
calculated for physical parameters (pH, turbidity, residual
chlorine) and microbial counts (total coliforms, fecal
coliforms, HPC). A one-way ANOVA was used to compare
contamination levels across villages and sampling points, with
a significance level of p < 0.05. Seasonal variations were
assessed using paired t-tests to identify differences between
wet and dry seasons. Correlation analyses (e.g., Pearson’s
correlation) were conducted to explore relationships between
physical and microbial parameters (e.g., turbidity and coliform
counts) (Nouri et al., 2018).

3. Results and Discussion
3.1 Study Population and Sampling Strategy

The study covered 10 villages with a combined population of
6,950, representing a diverse range of population sizes and
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water source types (wells, springs, and piped systems). Each
village contributed 10 sampling points, including source,
storage, and distribution points, ensuring a comprehensive
assessment of the water supply chain. A total of 400 samples
(100 per quarterly round) were collected over the 12-month
study period, meeting the methodological requirement for

Environmental Health and Pollution Research, 2026, 1(1)

sufficient sample size to detect variations in contamination
levels (Table 1). The stratified random sampling approach
ensured representativeness across small, medium, and large
villages, as well as different water source types, aligning with
the goal of generalizability to rural Sanandaj.

Table 1 Summary of Villages and Sampling Points

Village ID Population Size Water Source Type Sampling Points (n) Total Samples Collected
V1 350 Well 10 40
V2 600 Spring 10 40
V3 800 Piped System 10 40
V4 450 Well 10 40
V5 1200 Spring 10 40
V6 700 Piped System 10 40
V7 400 Well 10 40
V8 900 Spring 10 40
V9 550 Piped System 10 40
V10 1000 Spring 10 40
Total 6950 Mixed 100 400

3.2 Water Sampling Results

The sampling protocol was adhered to with high fidelity,
achieving an overall compliance rate of 98% across the 400
samples collected. Each quarterly round successfully gathered
100 samples, with minor deviations (e.g., 2-3% non-
compliance) due to logistical challenges such as inaccessible
sampling points during heavy rainfall or equipment

malfunctions (Table 2). These deviations were mitigated by
resampling within 24 hr, ensuring data integrity. The quarterly
sampling captured seasonal variations, with slightly lower
compliance in summer due to higher temperatures affecting
sample collection logistics. The consistent sample size and
adherence to standardized protocols provided a robust dataset
for analyzing physical and microbial contamination (Cotruvo,
2017).

Table 2 Sampling Compliance and Seasonal Distribution

Sampling Round Season Number of Samples Collected Compliance with Sampling Protocol (%)
Round 1 Spring 100 98%
Round 2 Summer 100 97%
Round 3 Fall 100 99%
Round 4 Winter 100 98%
Total 400 98%

3.3 Physical and Microbial Analyses Results

The physical parameters showed variations across the water
supply chain. The mean pH values (7.2—7.4) were within the
WHO guideline range (6.5-8.5), indicating suitable
acidity/alkalinity for drinking water across all sampling points.
Turbidity increased from source (2.8 NTU) to distribution
points (4.2 NTU), with 15% of distribution point samples
exceeding the WHO threshold of 5 NTU, likely due to
Table 3 Physical Parameters Acros

sediment resuspension in aging distribution systems. Residual
chlorine levels were consistently below the WHO-
recommended range (0.2—0.5 mg/L), with mean values of 0.1—
0.2 mg/L, suggesting inadequate disinfection, particularly at
source points (Table 3). These findings highlight potential
vulnerabilities in the treatment and distribution systems,
especially in piped systems, where residual chlorine was
lowest (Cotruvo, 2017).

s Sampling Points (Mean + SD)

Parameter Source Points (n=100)  Storage Points (n=50) Distribution Points (n=250) WHO Guideline
pH 72+04 73+03 74+0.5 6.5-8.5
Turbidity (NTU) 28+1.2 35+1.5 42+18 <SNTU
Residual Chlorine (mg/L) 0.1 +0.05 0.15+0.07 0.2+£0.1 0.2-0.5 mg/L

The pH values across all sampling points (mean 7.3-7.5) were
within the WHO guideline range of 6.5-8.5, indicating no
significant issues with water acidity or alkalinity. This is
expected, as groundwater and spring sources in the region
typically have neutral to slightly alkaline pH due to geological
characteristics, such as limestone aquifers, which buffer
acidity (Soleimani et al., 2018). The consistency of pH across
source, storage, and distribution points suggests minimal
chemical alteration during water transport, which is typical for
well-maintained systems.

Turbidity levels, however, increased from source (2.5 NTU) to
distribution points (4.0 NTU), with 12% of distribution point
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samples exceeding the WHO threshold of 5 NTU. This trend
is likely due to sediment resuspension in aging or poorly
maintained distribution systems, particularly in piped systems,
where corrosion or biofilm accumulation can dislodge
particles. The elevated turbidity in Sanandaj’s villages is
concerning, as it can shield microorganisms from disinfection
and increase microbial risk, as evidenced by the positive
correlation between turbidity and coliform counts (r = 0.65—
0.70, p < 0.01).

Residual chlorine levels were consistently below the WHO-
recommended range of 0.2—0.5 mg/L (mean 0.12-0.22 mg/L),
particularly at source points. This is likely due to inadequate
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chlorination practices or rapid chlorine dissipation in systems
with high organic matter, which is common in rural settings
with limited treatment infrastructure. In a study similarly
found low residual chlorine (0.1-0.3 mg/L), attributing it to
insufficient dosing and lack of regular monitoring (Asghari et
al., 2019). The low chlorine levels in this study explain the
high microbial contamination, as chlorine is critical for
controlling pathogens (Cotruvo, 2017).

Microbial analyses revealed widespread contamination. Total
coliforms were detected in 85% of samples, with mean counts
increasing from source (12.5 MPN/100 mL) to distribution
points (183 MPN/100 mL), indicating progressive
contamination through the supply chain. Fecal coliforms, an
indicator of fecal contamination, were present in 60% of
samples, with higher counts at distribution points (5.5
MPN/100 mL) (Table 4), suggesting potential sewage
infiltration or inadequate disinfection. HPC values remained
within the WHO guideline (<500 CFU/mL) but showed an
increasing trend from source to distribution, likely due to
biofilm formation in pipes or storage tanks. These results
indicate significant microbial risks, particularly at distribution
points, necessitating urgent improvements in water treatment
and infrastructure maintenance (Cotruvo, 2017).

Microbial analyses revealed widespread contamination. Total
coliforms were detected in 85% of samples, with mean counts
increasing from source (12.5 MPN/100 mL) to distribution
points (18.3 MPN/100 mL), indicating progressive
contamination through the supply chain. Fecal coliforms, an
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indicator of fecal contamination, were present in 60% of
samples, with higher counts at distribution points (5.5
MPN/100 mL) (Table 4), suggesting potential sewage
infiltration or inadequate disinfection. HPC values remained
within the WHO guideline (<500 CFU/mL) but showed an
increasing trend from source to distribution, likely due to
biofilm formation in pipes or storage tanks. These results
indicate significant microbial risks, particularly at distribution
points, necessitating urgent improvements in water treatment
and infrastructure maintenance (Cotruvo, 2017).

The presence of total coliforms in 82% of samples and fecal
coliforms in 55% of samples indicates widespread microbial
contamination, with counts increasing from source (10.8 and
2.8 MPN/100 mL, respectively) to distribution points (16.2
and 4.8 MPN/100 mL). These findings suggest contamination
from environmental or fecal sources, likely due to unprotected
water sources, sewage infiltration, or cross-contamination in
distribution systems. The higher microbial counts at
distribution points align with studies like Nouri et al. (2018)
(Nouri et al., 2018), who reported fecal coliforms in 60% of
rural water samples in Sanandaj, attributing contamination to
leaking pipes and proximity to agricultural runoff. The positive
correlation between turbidity and coliforms (r = 0.65-0.70)
further supports the hypothesis that suspended particles
facilitate microbial survival, a phenomenon also noted by
Yousefi et al. (2018) in groundwater studies (Soleimani et al.,
2018).

Table 4 Microbial Parameters Across Sampling Points

Parameter Source Points (n=100) Storage Points (n=50)  Distribution Points (n=250) WHO Guideline
Total Coliforms (MPN/100 mL) 12.5£8.2 15.8+9.0 183 +10.5 0
Fecal Coliforms (MPN/100 mL) 32+25 4.0+3.0 55+42 0
HPC (CFU/mL) 150 + 80 200 £ 100 250+ 120 <500 CFU/mL

Heterotrophic plate counts (HPC) remained within the WHO
guideline (<500 CFU/mL) but increased from source (140
CFU/mL) to distribution points (230 CFU/mL), likely due to
biofilm formation in storage tanks or pipes. The microbial
results underscore the need for improved source protection and
regular maintenance of distribution infrastructure.

Table 5 shows significant variation in the seasonal turbidity
and fecal coliforms (p < 0.05). Turbidity peaked in summer

(4.5 NTU), likely due to increased runoff during sporadic
heavy rains, which introduced suspended particles into water
sources. Fecal coliform counts were also highest in summer
(6.2 MPN/100 mL), potentially linked to higher temperatures
promoting microbial growth or agricultural runoff. Fall and
winter showed lower contamination levels, possibly due to
reduced runoff and cooler temperatures inhibiting microbial
proliferation.

Table 5 Seasonal variations in key parameters (Mean + SD)

Parameter Spring Summer Fall Winter p-value (ANOVA
Turbidity (NTU) 30+13 45+19 38+1.5 32+14 0.02
Fecal Coliforms (MPN/100 mL) 3.5+27 6.2+45 48+33 3.8+£29 0.01

Turbidity and fecal coliforms peaked in summer (4.2 NTU and
5.8 MPN/100 mL, respectively), with significant seasonal
differences (p < 0.05). These patterns are likely driven by
increased runoff during sporadic summer rains, which
introduce sediments and fecal matter into unprotected sources
like wells and springs. Higher summer temperatures may also
promote microbial growth, as noted in a study by Mohseni et
al. (2013) in southern Iran, where fecal coliform counts
doubled during warmer months (Mohseni-Bandpi et al., 2013).

3.2 Water Quality Index (WQI)

The WQI, calculated using weighted arithmetic methods,
ranged from 60 to 78 across the 10 villages. Six villages (V1,

17

V3, V4, V6, V7, V9) were classified as having "poor" water
quality (WQI < 70), primarily due to high microbial
contamination and low residual chlorine. Four villages (V2,
V5, V8, V10) achieved "fair" quality (WQI 70-80), largely
associated with spring-based sources that exhibited lower
turbidity and microbial counts (Table 6). No village achieved
"good" or "excellent" classifications, indicating widespread
challenges in maintaining safe drinking water. These findings
highlight the need for targeted interventions, particularly in
villages relying on wells or piped systems (WHO, 2017).
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Table 6 Water quality index (WQI) by village

Village ID Classification (WHO-
WQI (Mean) based)
Vi 65 Poor
V2 72 Fair
V3 68 Poor
V4 60 Poor
V5 75 Fair
Vo6 70 Poor
V7 62 Poor
V8 78 Fair
V9 66 Poor
V10 73 Fair

The WQI ranged from 58 to 79, with six villages classified as
having "poor" water quality (WQI < 70) and four as "fair"
(WQI 70-80). Villages with spring-based sources (V2, V5,
V8, V10) generally had higher WQI scores, likely due to lower
turbidity and microbial contamination compared to well or
piped systems. This aligns with findings by Yousefi et al.
(2018) (Soleimani et al., 2018), who reported better water
quality in spring-fed systems due to natural filtration through
soil layers. The "poor" WQI in well-based villages (V1, V4,

Environmental Health and Pollution Research, 2026, 1(1)

V7) may result from shallow wells being more susceptible to
surface contamination, a common issue in rural (Asghari et al.,
2019).The absence of "good" or ‘"excellent" WQI
classifications reflects systemic challenges in rural water
management, including inadequate treatment and
infrastructure maintenance.

3.3 Statistical Analysis Results

Statistical analysis revealed significant correlations between
physical and microbial parameters. Turbidity was positively
correlated with both total coliforms (r = 0.68, p < 0.01) and
fecal coliforms (r = 0.72, p < 0.01) (Table 6), suggesting that
suspended particles may facilitate microbial survival or
transport. Residual chlorine showed a negative correlation
with fecal coliforms (r = -0.55, p < 0.05) (Table 7), indicating
that higher chlorine levels were associated with lower
microbial contamination, though levels were often insufficient
to eliminate coliforms. ANOVA confirmed significant
differences in contamination levels across villages (p < 0.05),
with well-based systems showing higher microbial counts than
spring-based systems.

Table 7 Correlation between physical and microbial parameters

Parameter Pair Pearson’s Correlation Coefficient p-value
Turbidity vs. Total Coliforms 0.68 <0.01
Turbidity vs. Fecal Coliforms 0.72 <0.01
Residual Chlorine vs. Fecal Coliforms -0.55 <0.05

3.4 Comparison with Other Studies

The results are largely consistent with other studies in rural
Iran and similar contexts. For instance, Nouri et al. (2018)
found comparable levels of fecal coliforms (3—6 MPN/100
mL) in Sanandaj’s rural water systems, attributing
contamination to unprotected wells and inadequate
chlorination, which aligns with our findings of low residual
chlorine and high coliform counts (Nouri et al., 2018). The
positive correlation between turbidity and coliforms is also
supported by Yousefi et al. (2018) (Soleimani et al., 2018),
who noted that suspended particles can harbor pathogens,
reducing disinfection efficacy. Mohseni et al. (2013) found
lower fecal coliform counts in some rural areas, possibly due
to better source protection or more consistent chlorination
practices (Mohseni-Bandpi et al., 2013). These inconsistencies
may reflect local variations in infrastructure, treatment
practices, or environmental conditions, such as proximity to
agricultural fields or sewage systems in Sanandaj.

Low residual chlorine levels indicate insufficient chlorination,
a common issue in rural areas with limited resources for
treatment and monitoring (Asghari et al., 2019). Seasonal
peaks in contamination during summer are likely due to runoff
and higher temperatures, which increase microbial activity and
sediment transport (Mohseni-Bandpi et al., 2013). Wells and
piped systems showed higher contamination than springs,
likely due to shallow wells’ exposure to surface contaminants
and poor maintenance of piped networks (Soleimani et al.,
2018).
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4. Conclusion

The investigation of drinking water in 10 villages of Sanandaj
city revealed widespread microbial contamination, with total
coliforms in 82% and fecal coliforms in 55% of samples,
alongside elevated turbidity (12% of samples >5 NTU) and
consistently low residual chlorine (0.12-0.22 mg/L). The
Water Quality Index classified most villages as having “poor”
or “fair” water quality, highlighting inadequate disinfection
and aging infrastructure. These findings underscore the urgent
need for improved chlorination, source protection, and
infrastructure maintenance to ensure safe drinking water and
protect public health in rural Sanandaj.
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This study aimed to quantify N-nitrosamine concentrations in fast foods sold in Tehran,
Iran, and to identify the key factors influencing their formation, in order to inform safer
food production practices and reduce dietary exposure risks. A cross-sectional analysis
was conducted on 120 fast food samples (burgers, sausages, and kebabs) collected
from 40 outlets (20 international chains, 20 local vendors) between March and June
2025. Seven volatile N-nitrosamines were analyzed using gas chromatography—mass
spectrometry (GC-MS). Data on cooking methods, meat percentage, sodium nitrite
use, and storage conditions were obtained through structured questionnaires. Statistical
analyses, including ANOVA and multiple linear regression, were performed to identify
significant predictors. Sausages exhibited the highest total nitrosamine levels (10.78 +
3.60 ug/kg), followed by burgers (7.88 + 2.58 pg/kg) and kebabs (6.30 + 2.15 pg/kg).
Local vendors showed higher levels (9.45 + 3.15 pg/kg) than international chains (7.25
+2.30 pg/kg). Cooking temperature (f = 0.412, p <0.001) and sodium nitrite use (f =
0.387, p = 0.002) were the strongest predictors of nitrosamine concentrations, with
grilling producing the highest levels. Elevated nitrosamine levels in Tehran’s fast
foods, particularly sausages, highlight the need for regulatory measures to limit nitrite
use and optimize cooking practices. Future research should address potential
confounding factors, such as pH or storage duration, and explore natural inhibitors like

m ascorbic acid to further mitigate nitrosamine formation.
e Highest nitrosamines found in sausages, then burgers and kebabs.
Highlights e Local vendor foods showed higher nitrosamines than international chains.

Grilling produced more nitrosamines than frying or baking methods.

Cooking temperature and sodium nitrite are key nitrosamine predictors.
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1. Introduction

Agency (EPA). The investigation of nitrosamine
concentrations in fast foods is critical to understanding

Fast foods have become a staple in modern diets, particularly
in urban centers like Tehran, Iran, where rapid lifestyle
changes and increasing demand for convenience foods have
driven their popularity. These foods, often processed and
prepared with additives, are consumed widely across various
demographics, raising concerns about their safety and
nutritional quality. Among the potential health risks associated
with fast food consumption is the presence of N-nitrosamines,
a group of chemical compounds recognized as potent
carcinogens by the International Agency for Research on
Cancer (IARC) and the U.S. Environmental Protection

21

their potential impact on public health, especially in a
city like Tehran, where fast food consumption is on the
rise among adolescents and young adults. This study
aims to quantify nitrosamine levels in fast foods
available in Tehran and identify factors influencing their
formation to inform safer food processing practices and
regulatory measures (Majabadi et al., 2016; Moradi et al.,
2021).
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N-nitrosamines are formed through the reaction of nitrosating
agents, such as nitrites or nitrogen oxides, with secondary
amines, which are naturally present or introduced during food
processing. In fast foods, particularly processed meats like
sausages and burgers, nitrites are commonly used as
preservatives to enhance color, flavor, and shelf life while
preventing bacterial growth, such as Clostridium botulinum.
However, these additives can lead to the formation of
nitrosamines under certain conditions, including high cooking
temperatures, acidic environments, or prolonged storage.
Understanding the chemical pathways of nitrosamine
formation is essential for identifying mitigation strategies, as
these compounds are linked to serious health risks, including
cancers of the liver, stomach, and pancreas. This study
explores how these chemical interactions occur in the context
of fast food preparation in Tehran (Al-Kaseem et al., 2014;
Zhu et al., 2024).

The formation of nitrosamines in fast foods is influenced by
multiple factors, including cooking methods, ingredient
composition, and storage conditions. For instance, high-
temperature cooking techniques such as frying, grilling, or
smoking can accelerate nitrosamine formation by generating
nitrogen oxides or increasing the reactivity of precursors.
Additionally, the type and percentage of meat used in fast
foods, as well as the presence of additives like sodium nitrite,
significantly affect nitrosamine levels. In Tehran, where a
variety of fast foods are prepared using diverse methods,
understanding these factors is crucial for assessing exposure
risks. This study investigates how these variables contribute to
nitrosamine concentrations in popular fast food items
consumed in the city (Nabizadeh et al., 2023; Seo et al., 2022).

Tehran’s fast-food market is diverse, encompassing both
international chains and local vendors, offering items such as
burgers, sausages, and kebabs. The widespread consumption
of these foods, particularly among adolescents necessitates a
thorough examination of their safety. Studies have shown that
fast foods often contain higher levels of nitrosamines
compared to unprocessed foods due to the use of preservatives
and specific cooking techniques. The cultural preference for
grilled and fried foods in Tehran may exacerbate nitrosamine
formation, posing potential health risks. This study aims to
provide a comprehensive analysis of nitrosamine levels in fast
foods commonly consumed in Tehran, contributing to the
limited data available on this issue in Iran (Park et al., 2015;
Yurchenko & Mélder, 2007).

In the context of Tehran, where fast food consumption is
rising, assessing the potential carcinogenic risk from dietary
nitrosamines is a public health priority. The presence of
nitrosamines in processed meats, coupled with high
consumption rates among younger populations, could
contribute to long-term health consequences. This study
evaluates the health risks posed by nitrosamine levels in
Tehran’s fast foods, using analytical methods like gas
chromatography-mass spectrometry (GC-MS) to ensure
accurate detection and quantification (Cintya et al., 2019;
Moradi et al., 2021).

Mitigating nitrosamine formation in fast foods requires both
regulatory actions and industry measures. Natural inhibitors
like vitamin C and vitamin E can effectively reduce
nitrosamine levels, and this study evaluates their potential and
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the optimization of local processing techniques to improve
food safety in Tehran (Ferysiuk & Wojciak, 2020; Tricker &
Preussmann, 1991).

Given the carcinogenic potential of compounds like NDMA
and NDEA, assessing nitrosamine levels in Tehran’s fast foods
is a public health priority. This study, therefore, quantifies N-
nitrosamine concentrations in commonly consumed fast foods
and examines the factors influencing their formation, aiming
to inform safer processing practices and policy interventions
to minimize dietary exposure (Abedi et al., 2023; Okafor &
Nwogbo, 2005).

2. Materials and Methods
2.1 Study Design and Population

This study employed a cross-sectional analytical approach to
investigate the concentration of N-nitrosamines in fast foods
commonly consumed in Tehran, Iran, and to identify factors
influencing their formation. The target population comprises
fast food items available in Tehran, including products from
both international fast-food chains and local vendors. The
study focuses on popular fast-food categories, such as burgers,
sausages, hot dogs, and kebabs, which are widely consumed
across various demographic groups in the city. These food
items were selected due to their high consumption rates,
particularly among adolescents and young adults, and their
potential to contain nitrosamines due to the use of processed
meats and specific cooking methods (Moradi et al., 2021; Park
etal., 2015).

2.2 Sample Selection and Size

A purposive sampling strategy was employed to select a
representative sample of fast-food outlets in Tehran, ensuring
coverage of both high-traffic commercial areas and residential
districts. A total of 120 fast food samples were collected from
40 different outlets, including 20 international chain
restaurants and 20 local vendors, to account for variability in
preparation methods and ingredient sourcing. Each outlet
provided three samples from different batches of the most
commonly ordered items (e.g., beef burgers, sausages, and
kebabs), resulting in a diverse sample set. The sample size was
determined based on previous studies to ensure sufficient
statistical power for detecting nitrosamine concentrations and
analyzing influencing factors (Cintya et al., 2019; Yurchenko
& Molder, 2007).

2.3 Sampling Method and Volume

Samples were collected between March and June 2025 to
account for potential seasonal variations in food preparation
and ingredient sourcing. Each sample consisted of
approximately 200 grams of prepared fast food, collected
immediately after cooking to preserve the integrity of
nitrosamine content. Samples were obtained during peak
serving hours (12:00-15:00 and 18:00-21:00) to reflect typical
consumer exposure. To ensure consistency, samples were
placed in sterile, airtight polyethylene containers, labeled with
outlet details, food type, and collection time, and immediately
transported in a cold chain (4°C) to the laboratory for analysis
within 24 hours. Sampling protocols adhered to standard food
safety guidelines to prevent contamination or degradation of
nitrosamines (Al-Kaseem et al., 2014; Nabizadeh et al.,
2023).
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2.4 Data Collection and Experimental Analysis

Information on factors influencing nitrosamine formation was
collected through structured questionnaires administered to
fast food outlet managers. The questionnaires gathered data on
ingredient composition (e.g., meat type, percentage, and
source), cooking methods (e.g., grilling, frying, or baking),
cooking temperatures, use of preservatives (e.g., sodium
nitrite), and storage conditions. For nitrosamine analysis,
samples were homogenized and subjected to solid-phase
extraction (SPE) to isolate N-nitrosamines, followed by gas
chromatography-mass spectrometry (GC-MS) for
quantification. The GC-MS method was adapted from
established protocols, targeting seven volatile N-nitrosamines
(e.g., N-nitrosodimethylamine [NDMA], N-
nitrosodiethylamine [NDEA]) with a limit of detection (LOD)
of 0.1 pg/kg. Calibration curves were constructed using
standard nitrosamine solutions, and quality control measures
included duplicate analyses and spiked samples to ensure
accuracy and precision (Seo et al., 2022).

2.5 Quality Control and Validation

To ensure the reliability of analytical results, internal quality
control measures were implemented, including the use of
certified reference materials and blank samples to monitor for
contamination. The GC-MS system was calibrated daily, and
recovery rates for nitrosamines were maintained between 85%
and 110%, as recommended by international guidelines.
Additionally, a subset of samples (10%) was analyzed in an
independent  laboratory to  verify  inter-laboratory
reproducibility. All experimental procedures followed the
guidelines of the Association of Official Analytical Chemists
(AOAC) to ensure methodological rigor (Ferysiuk & Wojciak,
2020; Tricker & Preussmann, 1991).

2.6 Statistical Analysis

Data analysis was performed using SPSS version 26.0.
Nitrosamine concentrations were expressed as mean =+
standard deviation (ng/kg) and compared across food types,
cooking methods, and outlet types using one-way analysis of
variance (ANOVA) with post-hoc Tukey tests for multiple
comparisons. Factors influencing nitrosamine formation (e.g.,
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cooking temperature, nitrite content, and storage duration)
were analyzed using multiple linear regression to determine
their relative contributions. Normality of data was assessed
using the Shapiro-Wilk test, and non-parametric tests (e.g.,
Kruskal-Wallis) were applied where data deviated from
normality. A p-value < 0.05 was considered statistically
significant. Correlation analyses (Pearson or Spearman, as
appropriate) were conducted to explore relationships between
nitrosamine levels and specific factors, such as meat
percentage or cooking time (!!! INVALID CITATION !!!

(12)).
3. Results and Discussion

The investigation into N-nitrosamine concentrations in fast
foods from Tehran, Iran, provided detailed insights into their
levels and the factors influencing their formation. A total of
120 fast food samples, comprising burgers, sausages, and
kebabs, were collected from 40 outlets (20 international chains
and 20 local vendors) between March and June 2025.
Analytical quantification of seven volatile N-nitrosamines (N-
nitrosodimethylamine =~ [NDMA],  N-nitrosodiethylamine
[NDEA], N-nitrosopyrrolidine [NPYR], N-nitrosopiperidine
[NPIP], N-nitrosomorpholine [NMOR], N-
nitrosodibutylamine [NDBA], and N-nitrosodiphenylamine
[NDPhA]) was performed using gas chromatography-mass
spectrometry (GC-MS). Statistical analyses were conducted
using SPSS version 26.0. The results are presented in five
tables, accompanied by descriptive and analytical text to
elucidate the findings.

3.1 Descriptive Results

Table 1 summarizes the mean concentrations (pg/kg) and
standard deviations of individual nitrosamines across the three
fast food categories (burgers, sausages, and kebabs). Sausages
exhibited the highest total nitrosamine levels (10.78 + 3.60
ng/kg), followed by burgers (7.88 £ 2.58 pg/kg) and kebabs
(6.30 +2.15 png/kg). NDMA was the predominant nitrosamine
across all categories, with sausages showing the highest
concentration (3.12 + 1.02 pg/kg). Kebabs consistently had the
lowest levels, likely due to lower processed meat content and
less frequent use of sodium nitrite.

Table 1 Mean nitrosamine concentrations (ug/kg) in fast food samples by type

Nitrosamine Burger (n=40) Sausage (n=40) Kebab (n=40)
NDMA 2.45+0.87 3.12+1.02 1.89 £0.65
NDEA 1.78 £0.54 2.34+0.78 1.43 £0.49
NPYR 1.32+0.41 1.95+£0.63 1.08 £0.37
NMOR 0.67+0.22 0.89 +£0.31 0.54+0.18
NDBA 0.43+0.15 0.62+0.21 0.38+0.13
NDPhA 0.28 +£0.10 0.39+0.14 0.22 +£0.09
Total Nitrosamines 7.88 £2.58 10.78 +£3.60 6.30+2.15

The investigation into N-nitrosamine concentrations in fast
foods from Tehran, Iran, reveals significant variations across
food types, with sausages exhibiting the highest levels (10.78
+ 3.60 pg/kg), followed by burgers (7.88 + 2.58 pg/kg) and
kebabs (6.30 + 2.15 pg/kg). These findings align with the
hypothesis that processed meat products, such as sausages, are
more likely to contain elevated nitrosamine levels due to their
high content of preservatives like sodium nitrite and the use of
intensive processing techniques. The predominance of N-
nitrosodimethylamine (NDMA) across all food types
underscores its role as a primary nitrosamine in processed
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foods, consistent with global studies on meat-based products.
This variation highlights the need to prioritize specific fast-
food categories in public health interventions aimed at
reducing dietary nitrosamine exposure in urban populations
like Tehran (Moradi et al., 2021; Park et al., 2015).

The significantly higher nitrosamine concentrations in
sausages compared with burgers and kebabs (p < 0.001) can
be attributed to their higher content of processed meat and the
frequent use of sodium nitrite (present in 80% of sausage
samples). Sodium nitrite, widely used to enhance color and
extend shelf life, is a key precursor to nitrosamine formation
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through reactions with secondary amines under favorable
conditions such as high cooking temperatures or acidic
environments. These results are consistent with studies
indicating that processed meats are a primary dietary source of
nitrosamines due to their chemical composition and processing
methods. In Tehran, where sausages are a popular fast-food
item, these findings suggest a need for stricter regulations on
nitrite use in food production (Cintya et al., 2019; Tricker &
Preussmann, 1991).

3.1.1 Nitrosamine concentrations by outlet type

Table 2 compares total nitrosamine concentrations between
international chain restaurants and local vendors. Local
vendors exhibited higher mean concentrations (9.45 + 3.15
pg/kg) compared to international chains (7.25 + 2.30 pg/kg),
reflecting potential differences in ingredient quality and
preparation practices.

Table 2 Mean total nitrosamine concentrations (ug/kg) by

Environmental Health and Pollution Research, 2026, 1(1)

The observation that local vendors exhibited higher
nitrosamine concentrations (9.45 + 3.15 pg/kg) compared with
international chains (7.25 + 2.30 ug/kg) suggests disparities in
food preparation practices. Local vendors often lack
standardized protocols for ingredient sourcing and cooking,
which may lead to higher nitrosamine formation due to
inconsistent use of preservatives or unregulated cooking
temperatures. In contrast, international chains typically adhere
to global food safety standards, potentially reducing
nitrosamine levels through controlled processing. This finding
underscores the importance of implementing uniform food
safety regulations across all fast food outlets in Tehran to
mitigate health risks associated with nitrosamine exposure
(Al-Kaseem et al., 2014; Yurchenko & Mdlder, 2007).

3.1.2 Nitrosamine concentrations by cooking method

Table 3 tabulates total nitrosamine concentrations across
different cooking methods (grilling, frying, and baking).
Grilling, used in 45% of samples, was associated with the

.outlet.type highest nitrosamine levels (9.82 + 3.10 pg/kg), followed by

Outlet Type Total Nitrosamines (ug/kg)  Range (ug/ke) frying (8.15 + 2.45 pg/kg) and baking (6.45 £ 1.95 pg/kg).
International 7.25%£2.30 4.12-11.89 These differences likely stem from the higher temperatures
Chain (n=60) . Y rom Zae fugher femp

Local Vendor 945+3.15 567-14.32 and direct heat exposure in grilling, which enhance

(n=60) nitrosamine formation.
Table 3 Mean total nitrosamine concentrations (1g/kg) by cooking method

Cooking Method Number of Samples Total Nitrosamines (ng/kg) Range (ug/kg)
Grilling 54 9.82+3.10 5.23-15.67
Frying 42 8.15+2.45 4.89-12.34
Baking 24 6.45+1.95 3.78-9.45

Cooking methods significantly influenced nitrosamine
concentrations, with grilling (9.82 £+ 3.10 pg/kg) producing
higher levels than frying (8.15 + 2.45 pg/kg) or baking (6.45 +
1.95 pg/kg). Grilling, prevalent in kebab preparation, involves
high temperatures and direct heat exposure, which accelerate
the formation of nitrosamines through the generation of
nitrogen oxides and the degradation of amines. These results
are consistent with studies demonstrating that high-
temperature cooking methods enhance nitrosamine formation
in meat products. In Tehran’s fast-food culture, where grilled
foods are popular, adopting lower-temperature cooking
methods or incorporating inhibitors like ascorbic acid could
reduce nitrosamine levels (Seo et al., 2022; Zhu et al., 2024).

The strong correlation between cooking temperature and
nitrosamine concentrations (r = 0.615, p < 0.001)
highlights temperature as a critical determinant of
nitrosamine formation. High temperatures, particularly
above 150°C, promote the thermal decomposition of
nitrites and amines, facilitating nitrosamine synthesis.
This finding is particularly relevant in Tehran, where
grilling and frying are common, often exceeding these
temperature thresholds. Previous studies have similarly
identified cooking temperature as a key factor in
nitrosamine formation, suggesting that optimizing
cooking conditions could significantly reduce
contamination levels in fast foods (Ferysiuk & Wojciak,
2020; Nabizadeh et al., 2023).
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3.1.3 Distribution of Sodium Nitrite Use

Table 4 details the prevalence of sodium nitrite use across fast
food types, based on questionnaire responses from outlet
managers. Sodium nitrite was most frequently used in sausages
(80% of samples), followed by burgers (60%) and kebabs
(25%). This variation corresponds to the higher nitrosamine
levels observed in sausages, as sodium nitrite is a key
precursor to nitrosamine formation.

Table 4 Sodium nitrite use across fast food types

Food Type  Samples with Sodium Mean Nitrite Con tent

Nitrite (%) (mg/kg)
Burger 60% (24/40) 120 £ 35
Sausage 80% (32/40) 150+ 45
Kebab 25% (10/40) 80 £25

Sodium nitrite use emerged as a significant predictor of
nitrosamine concentrations (p = 0.387, p = 0.002), with
sausages containing the highest nitrite levels (150 + 45 mg/kg).
The widespread use of sodium nitrite in processed meats,
particularly sausages, is a well-documented risk factor for
nitrosamine formation, as it reacts with secondary amines
under acidic or heated conditions. These findings suggest that
reducing or replacing sodium nitrite with natural preservatives,
such as plant-based antioxidants, could mitigate nitrosamine
formation in Tehran’s fast-food industry. Such interventions
have been explored in other contexts, demonstrating
reductions in nitrosamine levels without compromising food
safety (Abedi et al., 2023; Okafor & Nwogbo, 2005).
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3.2 Analytical Results
3.2.1 Statistical Analysis of Nitrosamine Concentrations

One-way analysis of variance (ANOVA) was conducted to
compare total nitrosamine concentrations across food types,
cooking methods, and outlet types. For food types, significant
differences were observed (F (2,117) = 18.64, p <0.001). Post-
hoc Tukey tests confirmed that sausages had significantly
higher nitrosamine levels than burgers (p = 0.012) and kebabs

Environmental Health and Pollution Research, 2026, 1(1)

(p <0.001), with no significant difference between burgers and
kebabs (p = 0.089). For cooking methods, ANOVA revealed
significant differences (F (2,117) = 14.22, p < 0.001), with
grilling producing higher nitrosamine levels than frying (p =
0.028) and baking (p < 0.001). A t-test comparing outlet types
showed significantly higher concentrations in local vendor
samples compared to international chains (t (118) =4.27, p <
0.001) (Table 5).

Table 5 ANOVA results for total nitrosamine concentrations by food type and cooking method

Variable Source df F p-value

Food Type Between Groups 2 18.64 <0.001
Within Groups 117

Cooking Method Between Groups 2 14.22 <0.001
Within Groups 117

The moderate correlation between meat percentage and
nitrosamine levels (r = 0.321, p = 0.008) indicates that higher
meat content, particularly in sausages, contributes to increased
nitrosamine formation. Processed meats often contain higher
levels of amines, which serve as substrates for nitrosamine
synthesis in the presence of nitrites. This finding is consistent
with studies showing that meat-rich products are more prone
to nitrosamine contamination, emphasizing the need for
reformulating fast food recipes to reduce meat content or
incorporate alternative protein sources in Tehran’s fast food
market (Cintya et al., 2019; Yurchenko & Mélder, 2007).

3.2.2 Regression Analysis of Influencing Factors

Multiple linear regression was performed to assess the impact
of cooking temperature, sodium nitrite use, meat percentage,
cooking method, and storage duration on total nitrosamine
concentrations. The model was significant (F (5,114) =22.47,
p < 0.001, R* = 0.496), explaining 49.6% of the variance.
Cooking temperature (f = 0.412, p <0.001) and sodium nitrite
use (B = 0.387, p = 0.002) were the strongest predictors,
followed by meat percentage (p = 0.245, p = 0.017). Grilling,
compared to frying and baking, significantly increased
nitrosamine levels (= 0.198, p = 0.034). Storage duration had
a weaker but significant effect (B = 0.167, p = 0.049).

Storage duration showed a weaker but significant effect on
nitrosamine levels (B = 0.167, p = 0.049), suggesting that
prolonged storage may facilitate nitrosamine formation
through gradual chemical reactions. While the correlation was
non-significant (r = 0.184, p = 0.067), this trend aligns with
research indicating that extended storage, particularly under
suboptimal  conditions, can  increase  nitrosamine
concentrations in processed foods. In Tehran, where 30% of
samples were stored for over 3 days, improving storage
practices, such as maintaining lower temperatures, could
further reduce nitrosamine levels (Moradi et al., 2021; Zhu et
al., 2024).

3.2.3 Correlation Analysis

Pearson correlation analysis revealed strong positive
correlations between total nitrosamine concentrations and
cooking temperature (r = 0.615, p <0.001) and sodium nitrite
use (r=0.492, p <0.001). Meat percentage showed a moderate
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correlation (r = 0.321, p = 0.008), while storage duration had a
non-significant correlation (r = 0.184, p = 0.067). These
findings highlight the critical role of high cooking
temperatures and nitrite additives in nitrosamine formation.

The health implications of these findings are significant, given
the carcinogenic potential of nitrosamines, particularly
NDMA, which is classified as a Group 2A carcinogen by the
International Agency for Research on Cancer (IARC). The
elevated nitrosamine levels in sausages and foods from local
vendors suggest a potential public health risk, especially for
frequent fast-food consumers in Tehran. These results align
with global studies linking dietary nitrosamine exposure to
increased risks of gastric and liver cancers, underscoring the
urgency of addressing nitrosamine contamination in Tehran’s
fast-food industry (Park et al., 2015; Tricker & Preussmann,
1991).

The regression model’s ability to explain 49.6% of the
variance in nitrosamine concentrations (R? = 0.496) indicates
that cooking temperature, sodium nitrite use, and meat
percentage are key drivers, but other unmeasured factors, such
as pH or microbial activity, may also contribute. This partial
explanatory power is consistent with the complexity of
nitrosamine formation, which involves multiple chemical and
environmental interactions. Future studies in Tehran should
explore additional variables, such as the presence of natural
inhibitors or the impact of specific meat processing techniques,
to enhance understanding of nitrosamine formation (Ferysiuk
& Wojciak, 2020; Seo et al., 2022).

These findings have practical implications for Tehran’s fast-
food industry, where regulatory oversight is still evolving.
Interventions such as reducing sodium nitrite use, promoting
low-temperature cooking methods, and enforcing standardized
preparation practices could significantly lower nitrosamine
levels. Additionally, incorporating natural antioxidants like
ascorbic acid or a-tocopherol, which have been shown to
inhibit nitrosamine formation, could be a viable strategy for
local vendors. Such measures would align with global efforts
to enhance food safety and reduce dietary exposure to
carcinogens (Abedi et al., 2023; Okafor & Nwogbo, 2005).
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4. Conclusion

This study revealed substantial variations in N-nitrosamine
concentrations among fast foods in Tehran, with sausages
showing the highest levels, followed by burgers and kebabs.
Cooking temperature, sodium nitrite use, and meat percentage
were identified as the strongest determinants, with grilling and
local vendor practices contributing to elevated nitrosamine
formation. These findings emphasize the need for regulatory
restrictions on nitrite additives, adoption of lower-temperature
cooking techniques, and standardized preparation practices
across fast food outlets to minimize public health risks. While
this study provides valuable insights, several limitations
should be noted. The sample size, though representative, was
limited to 120 fast food items from selected outlets, and
potential confounding factors—such as pH variations, storage
duration, or ingredient freshness—were not exhaustively
controlled. Moreover, the cross-sectional design restricts
causal inference. Future research should include longitudinal
assessments, larger and more diverse samples, and
experimental studies evaluating natural inhibitors and
processing modifications. Overall, these findings contribute to
a growing body of evidence linking dietary nitrosamines to
carcinogenic risk and underscore the importance of safer food
production and policy-driven interventions in Tehran’s
expanding fast-food market.

Statements and Declarations
Ethical considerations

Ethical issues (Including plagiarism, informed consent,
misconduct, data fabrication and/or falsification, double
publication and/or submission, redundancy, etc.) have been
completely observed by the author.

Data availability
Data will be made available on request.
Conflicts of interest

The author declares that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Author contribution

H. Amanollahi: Investigation, Funding Acquisition,
Conceptualization; Writing — Review & Editing.

Al Use Declaration

During the preparation of this manuscript, the authors used
ChatGPT for language translation. All content has been
carefully reviewed and revised by the authors, who take full
responsibility for the final version of the manuscript.

References

Abedi, E., Tavakoli, A., Zamanizadeh, S., Maleki, S., & Jassbi,
A. R. (2023). The correlation among residual nitrites,
biogenic amines, N-nitrosamine formation, and
degradation occurrence of punicalagin o/f, rosmarinic
acid, carnosol, and carnosic acid in extract-treated sausage
during storage. Food Science & Nutrition, 11(9), 5409-
5426. https://doi.org/10.1002/fsn3.3498

{REENS TRUST

Environmental Health and Pollution Research, 2026, 1(1)

Al-Kaseem, M., Al-Assaf, Z., & Karabeet, F. (2014).
Determination of seven volatile N-nitrosamines in fast
food. Pharmacology & Pharmacy, 2014.
DOI:10.4236/pp.2014.52026

Cintya, H., Silalahi, J., Putra, E. D. L., & Siburian, R. (2019).
Analysis of nitrosamines in processed meat products in
Medan city by liquid chromatography-mass spectrometry.
Open Access Macedonian Journal of Medical Sciences,
7(8), 1382. DOI: 10.3889/0amjms.2019.261

Ferysiuk, K., & Wojciak, K. M. (2020). Reduction of nitrite in
meat products through the application of various plant-
based ingredients. Antioxidants, 9(8), 711.
https://doi.org/10.3390/antiox9080711

Majabadi, H. A., Solhi, M., Montazeri, A., Shojaeizadeh, D.,
Nejat, S., Farahani, F. K., & Djazayeri, A. (2016). Factors
influencing fast-food consumption among adolescents in
Tehran: A qualitative study. [ranian Red Crescent Medical
Journal, 18(3), €23890. DOI: 10.5812/ircmj.23890

Moradi, S., Shariatifar, N., Akbari-Adergani, B., Molaee
Aghaee, E., & Arbameri, M. (2021). Analysis and health
risk assessment of nitrosamines in meat products collected
from markets, Iran: with the approach of chemometric.
Journal of Environmental Health Science and
Engineering, 19(2), 1361-1371. DOI: 10.1007/s40201-
021-00692-z

Nabizadeh, S., Barzegar, F., Babaei, M., Kamankesh, M., &
Mohammadi, A. (2023). New and efficient direct-SLM
two-phase hollow fiber electromembrane extraction
coupled to GC/MS for the analysis of nitrosamines in
different types of sausage: investigation of meat type, meat
percent and cooking methods. Food Chemistry, 416,
135759. DOLI: 10.1016/j.foodchem.2023.135759

Okafor, P., & Nwogbo, E. (2005). Determination of nitrate,
nitrite, N-nitrosamines, cyanide and ascorbic acid contents
of fruit juices marketed in Nigeria. African Journal of
Biotechnology, 4(10). DOI: 10.4314/AJB.V4110.71350

Park, J.-e., Seo, J.-e., Lee, J.-y., & Kwon, H. (2015).
Distribution of seven N-nitrosamines in food.
Toxicological Research, 31(3), 279-288.
DOI:10.5487/TR.2015.31.3.279

Seo, J. E., Park, J.E., Lee, Y., Do, B, Lee, J. Y., & Kwon, H.
(2022). Effect of cooking method on the concentrations of
volatile N-nitrosamines in various food products. Journal
of Food Processing and Preservation, 46(7), €16590.
https://doi.org/10.1111/jfpp.16590

Tricker, A. R., & Preussmann, R. (1991). Carcinogenic N-

nitrosamines in the diet: occurrence, formation,
mechanisms and carcinogenic potential. Mutation
Research/Genetic  Toxicology, 259(3-4), 277-289.

DOI:10.1016/0165-1218(91)90123-4

Yurchenko, S., & Méolder, U. (2007). The occurrence of
volatile N-nitrosamines in Estonian meat products. Food

26


https://doi.org/10.1002/fsn3.3498
https://doi.org/10.4236/pp.2014.52026
https://doi.org/10.3889/oamjms.2019.261
https://doi.org/10.3390/antiox9080711
https://doi.org/10.5812/ircmj.23890
https://doi.org/10.1007/s40201-021-00692-z
https://doi.org/10.1007/s40201-021-00692-z
https://doi.org/10.1016/j.foodchem.2023.135759
https://doi.org/10.4314/AJB.V4I10.71350
https://doi.org/10.5487/TR.2015.31.3.279
https://doi.org/10.1111/jfpp.16590
https://doi.org/10.1016/0165-1218(91)90123-4
Admin
Typewritten text
26


Amanollahi Environmental Health and Pollution Research, 2026, 1(1)

Chemistry, 100(4), 1713-1721. role of natural bioactive compounds. Comprehensive
DOI:10.1016/j.foodchem.2005.10.017 Reviews in Food Science and Food Safety, 23(5), €70000.

Zhu, J., Lu, Y., & He, Q. (2024). From detection methods to https://doi.org/10.1111/1541-4337.70000
risk prevention: Control of N-nitrosamines in foods and the

a © Authors, Published by Environmental Health and Pollution Research. This is an open-access
@ ® | article distributed under the CC BY (license: http//creativecommons.org.licenses.by.4.0).
[\ .

27 {REENS TRUST


https://doi.org/10.1016/j.foodchem.2005.10.017
https://doi.org/10.1111/1541-4337.70000
http://creativecommons.org/licenses/by/4.0/
Admin
Typewritten text
27


Environ. Health Pollut. Res., 2026, 1(1), 28-34

Environmental Health and Pollution Research

ENVIRONMENTAL HEALTH AND

POLLUTION RESEARCH Homep age: Www.ehgr.ir

Investigating the number of chemical compounds remaining in
dishwashing liquid on kitchen utensils and assessing the exposure risk

124 1

Mehran Rezaee , and Kimia Eskandarnezhad

'Department of Microbiology, School of Sciences, Sanandaj Branch, Islamic Azad University, Sanandaj, Iran

ARTICLE INFO ABSTRACT

Paper Type: Research Paper  The widespread use of dishwashing liquids in households raises concerns about residual

chemical compounds on kitchen utensils and their potential health implications. This study
Received: 09 November 2025 aimed to quantify the residues of sodium lauryl sulfate (SLS) and methylisothiazolinone
Revised: 19 November 2025 (MIT) on ceramic plates, stainless steel cutlery, and glass tumblers, and to assess associated
Accepted: 10 December 2025 human exposure risks. A purposive sample of 100 households was selected, with 300 utensil
Published: 10 December 2025  samples analyzed using liquid chromatography—mass spectrometry (LC-MS) for residue
quantification and exposure modeling to assess ingestion and dermal risks. Rinsing practices

Keywords and water hardness were evaluated as influencing factors through multiple regression
Chemical Residues analysis. Results revealed significantly higher SLS (0.15 % 0.04 pg/cm?) and MIT (0.03 +
Dishwashing Liquid 0.01 pg/cm?) residues on ceramic plates compared to stainless steel (0.11 + 0.03 pg/cm?
Kitchen Utensils SLS; 0.02 £ 0.01 pg/cm? MIT) and glass (0.08 = 0.02 pg/cm? SLS; 0.01 £ 0.005 pg/cm?
Preservatives MIT) (p < 0.05), attributed to ceramic’s rougher surface (Ra = 0.85 um). Shorter rinsing
Surfactants durations (<10 seconds) and higher water hardness (>150 mg/L CaCO:s) increased residue

retention by 25% and 15%, respectively (p < 0.05). Ingestion exposure was highest for
ceramic plates (0.45 ng/kg/day SLS), with 2% of cases exceeding the acceptable daily intake
(ADI) under worst-case scenarios, based on guideline values established by the Joint
Corresponding author: FAO/WHO Expert Committee on Food Additives (JECFA). Dermal exposure remained
M. Rezaee negligible (hazard quotient <0.1). These findings indicate that while most exposures are
™ mehran.r72@gmail.com within safe limits, the use of ceramic utensils and suboptimal rinsing practices pose low but
notable risks. The study underscores the need for consumer education on effective rinsing
and the development of formulations with enhanced reusability to minimize exposure.

e Residues of sodium lauryl sulfate and methylisothiazolinone were quantified on common household

utensils.
Highlights

e Ceramic plates showed higher detergent residue levels due to greater surface roughness.

e Short rinsing duration and high water hardness significantly increased residue retention.

o Ingestion exposure was higher than dermal exposure but generally within acceptable limits.

e Improved rinsing practices can effectively reduce consumer exposure to detergent residues.
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1. Introduction incomplete rinsing may leave trace amounts of these
compounds on surfaces, potentially leading to human exposure
through ingestion or dermal contact. Understanding the
quantity and nature of these residues is critical, as prolonged
exposure to certain chemical constituents may pose health
risks, including skin irritation, allergic reactions, or even
systemic toxicity. This study aims to investigate the extent of
chemical residues on kitchen utensils post-washing and
evaluate the potential exposure levels to users, contributing to
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The widespread use of dishwashing liquids in households and
commercial settings has raised concerns about the residual
chemical compounds that may remain on kitchen utensils after
washing. Dishwashing liquids typically contain surfactants,
such as sodium lauryl sulfate, along with other additives like
fragrances, preservatives, and antimicrobial agents, which
facilitate the removal of grease and food residues. However,


http://www.ehpr.ir/
mailto:mehran.r72@gmail.com
mailto:mehran.r72@gmail.com
https://doi.org/10.22034/ehpr.2025.554481.1005
https://orcid.org/0000-0002-3720-4221
https://orcid.org/0009-0000-9162-5919
Admin
Typewritten text
28


Rezaee and Eskandarnezhad

a broader understanding of household chemical safety
(Badmus et al., 2021; Trantallidi et al., 2015).

The composition of dishwashing liquids is complex, with
surfactants being the primary active ingredients responsible for
emulsifying fats and oils. These compounds, while effective
for cleaning, are not entirely benign, as some may persist on
surfaces due to their chemical stability and affinity for
adsorption. Studies have shown that surfactants can form thin
films on materials like glass, ceramic, and stainless steel,
which are commonly used in kitchen utensils. The persistence
of these residues depends on factors such as the type of
surfactant, water hardness, rinsing duration, and utensil
material. Quantifying these residues requires sensitive
analytical techniques, such as liquid chromatography-mass
spectrometry (LC-MS), to detect low concentrations of
chemicals and assess their potential for transfer to food or skin
(Chang et al., 2018; Ivankovi¢ & Hrenovic, 2010).

Human exposure to chemical residues from dishwashing
liquids can occur through multiple pathways, including oral
ingestion from utensils, dermal absorption during handling,
and even inhalation of volatilized compounds during
dishwashing. The toxicological profiles of common
dishwashing liquid ingredients, such as anionic surfactants and
preservatives like methylisothiazolinone, indicate potential for
adverse health effects at high concentrations or with chronic
exposure. For instance, some surfactants have been associated
with skin irritation and disruption of the skin barrier, while
certain preservatives are known allergens. The extent of
exposure depends on the residual concentration of these
compounds and the frequency of utensil use, necessitating a
detailed assessment of exposure routes and their implications
for consumer safety (Albertini et al., 2006; Basketter et al.,
2015).

The persistence of chemical residues on kitchen utensils is
influenced by several practical factors, including rinsing
practices, water temperature, and the physical properties of the
utensil surface. Inadequate rinsing, a common practice in time-
constrained households, may exacerbate residue retention,
particularly for compounds with low water solubility.
Additionally, the interaction between dishwashing liquid
components and food residues could alter the chemical
behavior of residues, potentially forming complexes that are
harder to remove. Investigating these interactions requires a
multidisciplinary approach, combining analytical chemistry
with exposure assessment to provide a comprehensive
understanding of residue dynamics and their implications for
public health (DeLeo et al., 2018; Mohsenipour & Pal, 2015).

Regulatory frameworks, such as those established by the U.S.
Environmental Protection Agency (EPA) and the European
Chemicals Agency (ECHA), set limits on the use of certain
chemicals in household products, but gaps remain in
addressing low-level, chronic exposure to residues. Current
safety assessments often focus on acute toxicity rather than the
cumulative effects of repeated exposure to trace residues. This
gap highlights the need for studies that quantify residual
concentrations under realistic household conditions and
evaluate their long-term health impacts. Such research can
inform safer product formulations and guide consumer
practices to minimize exposure, aligning with the principles of
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precautionary risk management (ECHA, 2017; Weschler &
Nazaroff, 2014).

This study addresses these concerns by systematically
investigating the residual chemical compounds from
dishwashing liquids on various kitchen utensils and estimating
the associated human exposure levels. By employing advanced
analytical techniques and exposure modeling, this research
aims to quantify the concentrations of key chemical
constituents, including surfactants and preservatives, and
assess their potential health risks. The findings are expected to
contribute to the growing body of knowledge on household
chemical safety, providing evidence-based recommendations
for manufacturers, regulators, and consumers to reduce
exposure risks while maintaining effective cleaning practices
(Fryer et al., 2006; Glegg & Richards, 2007).

2. Materials and Methods

This study aimed to quantify the residual chemical compounds
from dishwashing liquids on kitchen utensils and evaluate the
associated human exposure levels under typical household
conditions. The methodology encompasses population and
sample selection, sampling techniques, data collection
methods, experimental procedures, and statistical analysis to
ensure robust and reproducible results. Each component is
designed to address the research objectives systematically,
employing validated analytical and statistical approaches to
investigate residue persistence and exposure risks.

2.1 Population and Sample

The population of interest consists of households in urban and
suburban settings in a developed country, where dishwashing
liquids are routinely used for manual dishwashing. A
purposive sampling strategy will be employed to select 100
households, ensuring diversity in demographic characteristics
(e.g., family size, income level) and dishwashing practices
(e.g., frequency, rinsing habits). Within each household, three
commonly used kitchen utensils ceramic plates, stainless steel
cutlery, and glass tumblers will be sampled, resulting in a total
of 300 utensil samples. These materials were chosen due to
their prevalence in households and varying surface properties,
which may influence residue retention. To ensure
representativeness, households will be recruited through
community centers and online platforms, with inclusion
criteria requiring regular use of commercial dishwashing
liquids and manual dishwashing practices (DeLeo et al., 2018;
Fryer et al., 2006).

2.2 Sampling Procedure

Sampling will involve collecting surface residues from kitchen
utensils immediately after dishwashing and rinsing under
standardized household conditions. Each utensil will be
washed using a commercially available dishwashing liquid
containing common surfactants (e.g., sodium lauryl sulfate)
and preservatives (e.g., methylisothiazolinone), selected based
on market prevalence. The washing protocol will mimic
typical household practices: 5 mL of dishwashing liquid
diluted in 1 L of tap water (hardness standardized at 150 mg/L
CaCO:s) at 40°C, followed by a 10-second rinse under running
tap water (flow rate: 2 L/min). Surface swabs will be collected
from a 10 cm? area on each utensil using sterile cotton swabs
pre-moistened with deionized water. Swabs will be stored in
sealed vials at 4°C and analyzed within 24 hours to minimize
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degradation. A total of 300 swab samples (100 households x 3
utensil types) will be collected, with duplicate swabs from
10% of samples to assess sampling consistency (Chang et al.,
2018; Ivankovi¢ & Hrenovic, 2010).

2.3 Data Collection

Data collection will combine chemical analysis of residues
with surveys to assess exposure-related behaviors. Chemical
residues will be extracted from swabs using a solvent mixture
(methanol:  water, 1:1) and analyzed via liquid
chromatography-mass spectrometry (LC-MS) to quantify
concentrations of target compounds, including anionic
surfactants and preservatives. Calibration curves will be
established using standards of known concentrations to ensure
accuracy. Additionally, a structured questionnaire will be
administered to household participants to collect data on
dishwashing frequency, rinsing duration, and utensil usage
patterns (e.g., meals per day). The questionnaire will be
validated for reliability using a pilot study with 20 households,
and responses will be cross-referenced with observed
dishwashing practices to ensure accuracy (Albertini et al.,
2006; Mohsenipour & Pal, 2015).

2.4 Experiments and Measurements

Experimental procedures will involve both laboratory-based
residue analysis and exposure modeling. In the laboratory, LC-
MS will be used to detect and quantify residual concentrations
of target compounds, with a limit of detection (LOD)
established for each analyte (estimated at 0.01 pg/cm? based
on prior studies). Surface characteristics of utensils (e.g.,
roughness, hydrophobicity) will be measured using scanning
electron microscopy (SEM) and contact angle analysis to
explore their influence on residue retention. Exposure
experiments will simulate real-world scenarios by estimating
ingestion and dermal contact risks. For ingestion, residues will
be transferred to food simulants (e.g., 3% acetic acid for acidic
foods) under controlled conditions (37°C, 30 minutes), and the
transferred amounts will be quantified. Dermal exposure will
be assessed by measuring residue transfer to skin simulants
(e.g., synthetic skin models) during utensil handling. All
experiments will be conducted in triplicate to ensure precision
(Badmus et al., 2021; Weschler & Nazaroff, 2014).
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2.5 Statistical Analysis

Statistical analysis will be conducted using SPSS (version 27)
to evaluate residue concentrations and exposure levels.
Descriptive statistics (mean, median, standard deviation) will
summarize residue concentrations across utensil types and
households. One-way ANOVA will compare residue levels
among ceramic, stainless steel, and glass utensils, with post-
hoc Tukey tests to identify significant differences (o = 0.05).
Multiple regression analysis will assess the influence of
independent variables (e.g., rinsing duration, water hardness,
utensil material) on residue concentrations. Exposure
estimates will be calculated using probabilistic modeling
(Monte Carlo simulation) to account for variability in usage
patterns and residue transfer rates. The relationship between
exposure levels and health risk thresholds (e.g., acceptable
daily intake) will be evaluated using risk assessment
frameworks. Statistical power analysis ensures that the sample
size (n=300) is sufficient to detect a 10% difference in residue
concentrations with 80% power (Pickup et al., 2016; Wang et
al., 2019).

3. Results and Discussion
3.1 Effective Parameters on Kitchen Utensils

This investigation quantified the residual chemical compounds
from dishwashing liquids on kitchen utensils and assessed the
associated human exposure levels across 100 households. The
study focused on measuring residues of sodium lauryl sulfate
(SLS) and methylisothiazolinone (MIT) on ceramic plates,
stainless steel cutlery, and glass tumblers, while estimating
ingestion and dermal exposure risks. A total of 300 utensil
samples were analyzed using liquid chromatography-mass
spectrometry (LC-MS) for chemical quantification and
exposure modeling for risk assessment. Statistical analyses
revealed significant variations in residue retention across
utensil materials and exposure pathways, influenced by rinsing
practices and surface properties. The findings are presented
below, supported by seven tables, each accompanied by a
comprehensive explanation to elucidate the data. In Table 1,
information related to the mean residue concentrations of SLS
and MIT on kitchen utensils is presented.

Table 1 Mean residue concentrations of SLS and MIT on kitchen utensils (ug/cm?)

Utensil Material SLS (Mean + SD) MIT (Mean + SD)
Ceramic Plate 0.15+0.04 0.03 £0.01
Stainless Steel 0.11 £0.03 0.02 +£0.01
Glass Tumbler 0.08 +0.02 0.01 £0.005

Table 1 reports the mean concentrations of sodium lauryl
sulfate (SLS) and methylisothiazolinone (MIT) detected on the
surfaces of ceramic plates, stainless steel cutlery, and glass
tumblers, expressed in micrograms per square centimeter
(pg/cm?). The data are derived from LC-MS analysis of 100
samples per utensil type, with standard deviations (SD)
indicating variability across samples. Ceramic plates exhibited
the highest residue levels for both compounds, likely due to
their rougher surface texture, followed by stainless steel and
glass. The lower MIT concentrations reflect its use as a
preservative in smaller quantities in dishwashing liquids
compared to SLS, a primary surfactant. The findings of this
study offer critical insights into the persistence of chemical
residues from dishwashing liquids on kitchen utensils and the
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associated risks to human exposure. The significantly higher
residue concentrations of sodium lauryl sulfate (SLS) and
methylisothiazolinone (MIT) on ceramic plates compared to
stainless steel cutlery and glass tumblers align with the
hypothesis that surface properties, particularly roughness,
influence residue retention. Ceramic plates, with a mean
surface roughness (Ra) of 0.85 um, exhibited higher SLS (0.15
+ 0.04 pg/cm?) and MIT (0.03 + 0.01 pg/cm?) residues, likely
due to the increased number of adsorption sites on their porous
surfaces. This observation is consistent with prior research
indicating that rougher surfaces enhance the retention of
surfactants due to increased surface area and physical
entrapment. These results underscore the importance of
material-specific considerations in assessing chemical residue
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risks in household settings (Chang et al., 2018; Goddard,
2002).

In Table 2, results related to the statistical comparison of
residue concentrations across utensil materials are presented.
This table summarizes the outcomes of one-way ANOVA tests
conducted to compare SLS and MIT residue concentrations
across the three types of utensils. The F-values and p-values
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indicate statistically significant differences in residue retention
among materials. Post-hoc Tukey tests further indicate that
ceramic plates retain significantly higher residues of both SLS
and MIT compared to glass tumblers (p < 0.01). Additionally,
for SLS, ceramic plates also show higher retention than
stainless steel cutlery (p < 0.05). These findings suggest that
material properties, such as surface roughness, play a critical
role in residue adsorption.

Table 2 ANOVA results for residue concentrations across utensil materials

Compound F-Value p-Value Significant Pairwise Comparisons (Tukey)
SLS 18.42 <0.001 Ceramic vs. Glass (p < 0.01), Ceramic vs. Stainless Steel (p < 0.05)
MIT 12.67 <0.001 Ceramic vs. Glass (p <0.01)

The significant influence of rinsing duration on residue
retention, as evidenced by the regression analysis (B = -0.32
for SLS, p = 0.002), highlights the role of consumer behavior
in mitigating exposure risks. Households with rinsing
durations less than 10 seconds retained 25% higher SLS
residues, suggesting that inadequate rinsing is a key factor in
residue persistence. This finding aligns with studies
demonstrating that rinsing efficacy is critical for removing
surfactant residues, particularly in manual dishwashing
scenarios where water flow and duration vary widely.
Encouraging thorough rinsing practices through consumer
education could substantially reduce residue levels and
associated exposure risks, particularly for households using
ceramic utensils (DeLeo et al., 2018; English et al., 2015).

3.2 Surface Roughness

Table 3 presents the mean surface roughness (Ra,
measured in micrometers) of ceramic plates, stainless
steel cutlery, and glass tumblers, determined using
scanning electron microscopy (SEM). The Ra values
reflect the average surface irregularities, with higher
values indicating rougher surfaces. Ceramic plates
exhibited the highest roughness (Ra = 0.85 um),
followed by stainless steel (Ra =0.42 um) and glass (Ra
= 0.15 um). The correlation between higher roughness
and increased residue retention, as observed in Table 1,
suggests that surface topography has a significant
influence on the adsorption of chemical residues.

Table 3 Surface roughness of utensil materials (Ra, pm)

Utensil Material  Mean Roughness (Ra)  Standard Deviation
Ceramic Plate 0.85 0.12
Stainless Steel 0.42 0.08
Glass Tumbler 0.15 0.03

Table 4 presents the results of a multiple regression analysis,
which identifies factors affecting SLS and MIT residue
concentrations. The standardized regression coefficients ()
and corresponding p-values indicate the strength and
significance of each factor. The rinsing duration has a negative
effect (B =-0.32 for SLS, B =-0.25 for MIT), suggesting that
longer rinsing durations reduce residue levels. Water hardness
and utensil material positively influence residue retention,
with harder water (f = 0.18 for SLS, = 0.21 for MIT) and
rougher materials (B = 0.28 for SLS, B = 0.19 for MIT)
increasing residue concentrations, likely due to reduced
solubility and enhanced adsorption, respectively.
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Water hardness emerged as another significant predictor of
residue retention (f = 0.21 for MIT, p = 0.01), with harder
water (above 150 mg/L CaCOs) increasing MIT residues by
15%. This effect is likely due to the reduced solubility of
certain preservatives in hard water, which may lead to
precipitation or enhanced adsorption onto utensil surfaces.
Previous research has noted that water chemistry, including
hardness, can alter the environmental fate of surfactants and
preservatives, affecting their removal during rinsing. These
findings suggest that regional variations in water quality
should be considered when assessing residue risks and
developing dishwashing liquid formulations (Ivankovi¢ and
Hrenovi¢., 2010; Cowan et al., 2014)

Table 4 Regression coefficients for factors influencing
residue retention

Factor SLS (B, p-Value) MIT (B, p-Value)
Rinsing Duration -0.32, 0.002 -0.25,0.01
Water Hardness 0.18, 0.03 0.21,0.01
Utensil Material 0.28, 0.004 0.19, 0.02

Table 5 reports the estimated ingestion exposure to SLS and
MIT, expressed as micrograms per kilogram of body weight
per day, based on residue transfer to food simulants under
simulated meal conditions. Ceramic plates contribute the
highest exposure levels for both compounds, reflecting their
higher residue concentrations (Table 1). The lower MIT
exposure values are consistent with its lower residue levels.
The standard deviations indicate variability driven by
differences in utensil usage frequency and rinsing practices
across households.

Table 5 Estimated ingestion exposure to SLS and MIT
(ng/kg body weight/day)

Utensil Material SLS (Mean + SD)  MIT (Mean + SD)
Ceramic Plate 0.45+0.10 0.04 £0.01
Stainless Steel 0.33 £0.08 0.03 +£0.01
Glass Tumbler 0.24 + 0.06 0.02 +0.005

The ingestion exposure estimates, particularly higher for
ceramic plates (0.45 = 0.10 ng/kg body weight/day for SLS),
reflect the transfer potential of residues to food during utensil
use. Although 95% of exposures remained below the
acceptable daily intake (ADI) of 1.5 pg/kg/day, the 2% of
ceramic plate users exceeding this threshold under worst-case
scenarios (short rinsing, frequent use) indicates a low but non-
negligible risk. This finding is consistent with exposure
assessment studies suggesting that chronic, low-level
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ingestion of surfactants may pose cumulative risks,
particularly for sensitive populations. The higher exposure
from ceramic utensils emphasizes the need for targeted risk
mitigation strategies for specific materials (Bil et al., 2022;
Wang et al., 2019).

Table 6 presents the estimated dermal exposure to SLS and
MIT, expressed as micrograms per square centimeter of skin
per day, based on residue transfer to skin simulants during
utensil handling. Ceramic plates again exhibit the highest
exposure levels, followed by stainless steel and glass,
consistent with trends in residue concentration. Dermal
exposure is notably lower than ingestion exposure, reflecting
limited residue transfer during brief handling. The low MIT
exposure aligns with its lower concentrations on utensil
surfaces.

Table 6 Estimated Dermal Exposure to SLS and MIT

(ug/cm?/day)
Utensil Material SLS (Mean+£SD)  MIT (Mean + SD)
Ceramic Plate 0.12 £0.03 0.01 +0.003
Stainless Steel 0.09 £0.02 0.008 = 0.002
Glass Tumbler 0.06 +0.01 0.005 +0.001
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Dermal exposure levels, while lower than ingestion exposure
(e.g.,0.12 £ 0.03 ng/cm?/day for SLS on ceramic plates), were
consistently minimal across all utensil types, with hazard
quotients (HQ) below 0.1. This suggests that dermal contact
with residues during utensil handling poses negligible health
risks, even in high-contact scenarios. Previous studies have
similarly reported low dermal absorption rates for surfactants
like SLS, attributing this to their limited penetration through
intact skin. However, repeated exposure in individuals with
compromised skin barriers could warrant further investigation
to ensure safety across diverse populations (Basketter et al.,
2015; Weschler & Nazaroff, 2014).

Table 7 reports the hazard quotients (HQ) for SLS ingestion
exposure under worst-case scenarios (short rinsing duration
and frequent utensil use), calculated as the ratio of exposure to
the acceptable daily intake (ADI) of 1.5 pg/kg/day. The mean
HQ values indicate low risk across all materials, but the 95th
percentile HQ for ceramic plates (0.30) suggests a potential
concern in extreme cases. The 2% of ceramic plate users
exceeding the ADI highlights a small subset of households
with elevated risk due to suboptimal rinsing practices.

Table 7 Hazard quotients for SLS ingestion exposure (worst-case scenario)

Utensil Material Mean HQ 95th Percentile HQ % Exceeding ADI
Ceramic Plate 0.15 0.30 2%
Stainless Steel 0.11 0.22 0%
Glass Tumbler 0.08 0.16 0%

The hazard quotient analysis for SLS ingestion, particularly
the 95th percentile HQ of 0.30 for ceramic plates, indicates
that while most exposures are safe, specific conditions (e.g.,
short rinsing durations and frequent utensil use) elevate risks
in a small subset of users. This aligns with risk assessment
frameworks emphasizing the importance of worst-case
scenarios in identifying vulnerable populations. The absence
of exceedances for stainless steel and glass utensils suggests
that material choice can significantly mitigate exposure risks,
offering practical implications for consumer guidance and
product design (ECHA, 2017; Navruzjon, 2025).

The lack of significant correlations between demographic
factors (e.g., family size, income) and exposure levels (p >
0.05) suggests that exposure risks are primarily driven by
behavioral and environmental factors rather than
socioeconomic variables. This finding contrasts with some
studies that link household size to increased chemical exposure
due to higher utensil usage but supports the notion that rinsing
practices are a universal determinant of residue retention.
Future research could explore additional demographic or
cultural factors influencing dishwashing habits to refine
exposure models (Franklin, 2008; Khalil et al., 2022).

The higher residue retention on ceramic plates raises questions
about the suitability of certain materials for frequent use in
households with suboptimal rinsing practices. Manufacturers
could consider developing dishwashing liquids with enhanced
rinsability or utensils with smoother surfaces to reduce residue
adsorption. Such innovations align with ongoing efforts to
formulate safer household cleaning products that minimize
environmental and health impacts while maintaining efficacy.
Regulatory bodies could also leverage these findings to
establish guidelines for residue limits on utensils, particularly
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for materials prone to higher retention (Rebello et al., 2014;
Rizvi, 2021).

The study’s findings have implications for public health
communication, particularly in promoting effective rinsing
practices to minimize residue exposure. Educational
campaigns could target households with high utensil usage or
those in regions with hard water, where residue retention is
elevated. Such interventions could draw on behavioral change
models to encourage longer rinsing durations, potentially
reducing exposure risks without requiring changes to product
formulations or utensil materials. This approach aligns with
preventive strategies aimed at reducing low-level chemical
exposures in everyday environments (Glanz & Bishop, 2010;
Zota et al., 2017).

Limitations of this study include the focus on only two
chemical compounds (SLS and MIT) and three utensil
materials, which may not fully represent the diversity of
dishwashing liquids and kitchen utensils in use. Future
research could expand to include other common surfactants
(e.g., alkyl ethoxylates) and materials (e.g., plastic, non-stick
coatings) to provide a more comprehensive exposure profile.
Additionally, the study’s reliance on simulated exposure
scenarios may not fully capture real-world variability in food
types or handling practices, suggesting a need for field-based
studies to validate these findings (Li & Suh, 2019; Vermeire et
al., 1993).

4. Conclusion

This study demonstrates that ceramic plates retain
significantly higher residues of sodium lauryl sulfate (SLS)
and methylisothiazolinone (MIT) compared to stainless steel
cutlery and glass tumblers, primarily due to their rougher
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surfaces. The rinsing duration and water hardness also further
influence residue persistence. While most ingestion and
dermal exposure levels remain below acceptable daily intake
thresholds, a small subset of households using ceramic plates
with inadequate rinsing practices face low but notable risks,
particularly from SLS. These findings highlight the
importance of utensil material selection and thorough rinsing
practices in minimizing chemical exposure from dishwashing
liquids. Targeted consumer education and the development of
formulations with enhanced reusability could further reduce
risks, contributing to safer household cleaning practices and
informing future regulatory guidelines.
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that is over 20 years old in northwest Iran, assessing its impacts on a 15-km segment
of a perennial river. Water and sediment samples were analyzed across upstream, near-
field, and far-field zones. Near-field water exhibited severe hypoxia (DO = 3.2 mg/L),
high organic loading (COD = 98.6 mg/L), and elevated ammonium (NH4"-N = 14.7
mg/L), exceeding Iranian standards by up to 73.5 times for ammonium. Heavy metals
such as Pb (68.4 pg/L) and Cd (5.9 ug/L) surpassed WHO limits, while sediments
showed moderate to heavy contamination (Ige, = 2.4-2.8). Organic micropollutants,
including DEHP and naphthalene, presented high ecological risks. Principal
component analysis confirmed leachate as the dominant pollution source, and
exponential decay models indicated 80-90% attenuation within 5 km downstream,
although sediments retained legacy contaminants. The results define a 3-km high-risk
buffer and underscore the need for urgent mitigation measures, including liner
installation, leachate collection, and riparian protection to safeguard water quality and
aquatic ecosystems in semi-arid regions.

Myesearcher.salii@gmail.com
e  Unlined landfill creates a 3-km high-risk pollution buffer downstream.
Highlights e Lead in water exceeds Iran's standard by nearly sevenfold near the landfill.
e  Phthalates, especially DEHP, pose a very high ecological risk (RQ >16).
]

Leachate causes severe hypoxia and ammonium toxicity within 2 km.
Sediments act as a long-term sink for heavy metals and organic pollutants.

Citing:

arid northwest Iran. Environmental
10.22034/ehpr.2025.558759.1007

Nazazi, S. (2025). Severe multi-contaminant river pollution from an unlined municipal landfill in semi-

Health  and  Pollution  Research, 1(1), 35-42.

1. Introduction

The escalating global population and rapid urbanization have
led to a significant increase in municipal solid waste
generation, posing substantial environmental challenges
worldwide (Bangani et al., 2023). Landfills, while a common
method for waste disposal, are a major source of
environmental contamination, particularly through the
generation of leachate (Noerfitriyani et al., 2018; Yang & Xu,
2020). This highly contaminated liquid forms as precipitation
infiltrates the waste mass, dissolving soluble components and
carrying various pollutants into the surrounding environment,
thereby threatening both surface and groundwater
resources (Khanal et al., 2021; Rahmi & Edison, 2019).

35

Landfill leachate is characterized by its complex and variable
composition, which depends on factors such as waste age,
composition, and landfill management practices (El-Fadel et
al., 2002). Typically, it contains high concentrations of organic
matter, often measured as biochemical oxygen demand (BOD)
and chemical oxygen demand (COD), as well as elevated
levels of nutrients like ammoniacal nitrogen, total nitrogen
(TN), and total phosphorus (TP) (Noerfitriyani et al., 2018;
Yang & Xu, 2020). Furthermore, leachate can be rich in heavy
metals such as lead (Pb), manganese (Mn), and cadmium (Cd),
along with various other organic and inorganic pollutants that
are detrimental to environmental health (Matin et al.; Yusof et
al., 2009).
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The discharge of untreated or inadequately treated landfill
leachate into rivers can severely degrade water quality,
impacting aquatic ecosystems and posing risks to human
health (Bangani et al., 2023; Wardhani & Alessandra, 2023).
Studies have shown that leachate can lead to a deterioration of
physicochemical parameters in river water, including changes
in temperature, pH, dissolved oxygen (DO), electrical
conductivity (EC), and turbidity (Ibrahim et al., 2017; Khanal
et al., 2021). Such alterations can reduce biodiversity, harm
aquatic organisms, and render water sources unsafe for
consumption or agricultural use, especially in areas where
water resources are already under pressure (Al-Mallah & Al-
Qurnawi, 2018; Alemayehu, 2001).

In arid and semi-arid regions, such as Northwest Iran, water
resources are inherently scarce and particularly vulnerable to
pollution (Panahi et al., 2021; Wheater et al., 2008). The
limited availability of water, coupled with the potential for
high evaporation rates, can exacerbate the concentration and
persistence of  pollutants from sources like
landfills (Kalankesh et al, 2022). While general
environmental pollution, including chemical and microbial
contamination, is a known concern in these zones, the specific
impact of landfill leachate on river systems in Northwest Iran
requires dedicated investigation to understand the localized
environmental consequences (Al-Mallah & Al-Qurnawi,
2018; Kalankesh et al., 2022).

Given the critical importance of maintaining water quality for
ecological balance and human well-being, particularly in
water-stressed regions, understanding the specific impacts of
waste disposal sites is paramount. This study is therefore
significant as it aims to provide crucial insights into the extent
and nature of river pollution stemming from a waste landfill in
Northwest Iran. Such localized research is essential for
developing effective waste management strategies,
implementing appropriate pollution control measures, and
safeguarding the region's precious water resources for current
and future generations.

2. Materials and Methods
2.1 Study Design and Location

This research adopted a cross-sectional environmental
monitoring design to assess downstream river pollution
attributable to leachate from a major municipal solid waste
landfill in Northwest Iran. The study site was selected based
on its operational history (>20 years), absence of engineered
liner systems, and direct hydraulic connectivity to a perennial
river via surface runoff and subsurface flow paths. The river
segment under investigation spanned 15 km downstream from
the landfill perimeter, encompassing both near-field (0-2 km)
and far-field (5—15 km) zones to capture spatial gradients in
pollutant attenuation. Field campaigns were conducted during
the low-flow season (late summer) to minimize dilution effects
and maximize detectable leachate signatures (Afroze et al.,
2025; Christensen et al., 2001).

2.2 Population and Sampling Strategy

The target population comprised all surface water and
sediment matrices along the river continuum downstream of
the landfill. To ensure representativeness, a stratified
systematic sampling approach was implemented, dividing the
river into three strata: (i) upstream reference (1 km above
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landfill influence), (ii) near-field impact zone (0-2 km), and
(iii) far-field dilution zone (5—15 km). Within each stratum,
sampling points were established at 500 m intervals along the
thalweg, with additional cross-sectional replicates (left bank,
mid-channel, right bank) at high-gradient locations to account
for lateral mixing heterogeneity. This design follows
established protocols for tracing point-source pollution in river
networks (Matike & Ngole-Jeme, 2024; Roy et al., 2025).

2.3 Sample Size and Power Calculation

A minimum of 36 sampling stations (12 per stratum) was
determined a priori using power analysis for detecting a 30%
difference in key contaminants (e.g., Pb, NH4*, COD) between
upstream and near-field zones, assuming a = 0.05, power =
0.90, and effect size derived from regional pilot data (Biglari
et al.). The final sampling grid included 42 stations (14
upstream, 16 near-field, 12 far-field) to accommodate
logistical constraints and allow for replicate loss. Triplicate
water and sediment samples were collected at each station,
yielding n = 126 per matrix type. This sample size exceeds
recommendations for gradient-based pollution studies in
medium-sized rivers (Al-Yaqout & Hamoda, 2020).

2.4 Data Collection Procedures

Surface water samples were collected using a peristaltic pump
with acid-washed HDPE tubing at 0.3 m depth, filtered in situ
(0.45 um PES membranes) for dissolved fractions, and
preserved according to standard methods: HNOs (pH < 2) for
metals, H>SO (pH < 2) for nutrients, and amber glass vials
(4°C) for organics. Sediment samples (top 5 cm) were
retrieved using an Ekman grab, homogenized, and subsampled
into pre-cleaned containers. Leachate seeps at the landfill toe
were directly sampled using rhizon soil moisture samplers. All
samples were transported on ice and analyzed within 48 hours
for field parameters (pH, EC, DO, temperature) using a
multiparameter probe (YSI ProPlus). Laboratory analyses
included: ICP-MS for heavy metals (Pb, Cd, Cr, Zn), ion
chromatography for anions (Cl-, NOs, SO+, UV-Vis
spectrophotometry for NH4* and COD, and GC-MS for PAHs
and phthalates following EPA Methods 6020B, 300.1, 410.4,
and 8270E, respectively. Quality assurance involved field
blanks, duplicates (10%), and certified reference materials
(recovery 92-108%) (Farzin et al., 2025; Sahragard et al.,
2024).

2.5 Statistical Analysis

Statistical analyses were conducted using IBM SPSS v27 and
R v4.3.1. Data normality was assessed via Shapiro-Wilk tests;
non-normal variables were log-transformed. One-way
ANOVA followed by Tukey’s HSD was used to compare
means across strata, while Pearson/Spearman correlation
matrices evaluated co-transport patterns. Multivariate
techniques included principal component analysis (PCA) to
identify pollution sources and multiple linear regression to
model downstream decay (distance as predictor). Pollution
load indices (PLI) and geoaccumulation indices (Igeo) were
calculated for sediments per standardized formulas.
Significance was accepted at p < 0.05 (Baghanam et al., 2024;
Fathi et al., 2022). All concentrations were reported as
mean * standard deviation; significant differences (p <
0.05) were determined by one-way ANOVA with
Tukey’s post-hoc test.
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3. Results and Discussion
3.1 Physicochemical Parameters

Table 1 summarizes physicochemical parameters across the
three sampling strata, revealing systematic degradation in
water quality near the landfill. Based on Table 1, electrical
conductivity (EC) and chemical oxygen demand (COD)
peaked in the near-field zone, exceeding Iranian surface water

Environmental Health and Pollution Research, 2026, 1(1)

standards by 3.7x and 4.9%, respectively. Dissolved oxygen
(DO) dropped below 4 mg/L within 2 km, indicating severe
organic loading and hypoxic conditions. Ammonium-nitrogen
(NH4™-N) showed the strongest leachate signal, declining
exponentially with distance (r = —0.91, p < 0.001). Different
superscript letters denote significant differences between strata
(Tukey HSD, p <0.05).

Table 1 Physicochemical Parameters of Surface Water Across Sampling Strata

Parameter Upstream (n=14) Near-field (0-2 km, n=16) Far-field (515 km, n=12) F-value p-value
pH 7.8+0.32 6.9 +0.5° 7.4+04° 18.42 <0.001
EC (uS/cm) 412 + 682 1,856 £312° 928 + 154° 86.71 <0.001
DO (mg/L) 8.1+0.6* 3.2+009° 5.8+0.7° 112.3 <0.001
COD (mg/L) 124 +3.12 08.6 + 18.4° 34.7+9.2¢ 145.6 <0.001
NH4"-N (mg/L) 0.18 = 0.06* 14.7 £3.8° 39+1.1¢ 198.4 <0.001
NOs™-N (mg/L) 2.1+0.5° 8.6+2.3° 4.3+1.0° 42.17 <0.001

n = 42 stations; triplicate measurements).  Upstream,  Near-field, and © Far-field
p p

In Table 1, the lowercase superscript letters a, b, and ¢ adjacent
to the mean + standard deviation values (e.g., 7.8 £ 0.3a)
denote the results of a statistical multiple comparison test
(post-hoc analysis). Precise Meaning of These Letters:
Denoting Statistically Homogeneous Groups: These letters are
assigned based on the results of the Tukey HSD test, as
referenced in the text (Tukey HSD, p < 0.05). Rule of
Comparison: Iftwo mean values (for a specific parameter)
share the same letter, they are not statistically significantly
different from each other. If two mean values have different
letters, they are statistically significantly different (at a
significance level of p < 0.05). Interpretation: The mean pH at
the Upstream (a) site is significantly different from the mean
pH at the Near-field (b) site (because they have different
letters). The mean pH at the Upstream (a)site is also
significantly different from the mean pH at the Far-field
(c) site. The mean pH at the Near-field (b) site is significantly
different from the mean pH at the Far-field (c) site. Final
Conclusion: For the pH parameter, all three sampling strata are
statistically significantly different from one another.

The observed systematic degradation in water quality near the
landfill, followed by partial attenuation in the far-field, is
consistent with numerous studies on the environmental effects
of municipal solid waste landfills on surface waters
(Chounlamany et al., 2017; Khanal et al., 2021; Tan Pei Jian
et al., 2020). The near-field zone exhibited marked decreases
in pH and dissolved oxygen (DO), alongside substantial
increases in electrical conductivity (EC), chemical oxygen

demand (COD), ammoniacal nitrogen (NH+"-N), and nitrate-
nitrogen (NOs™-N). These changes are characteristic indicators
of leachate contamination, reflecting high organic loads,
elevated dissolved solids, and nutrient enrichment from
decomposing waste (Nagarajan et al., 2012; Przydatek &
Kanownik, 2021; Yang & Xu, 2020). The drop in DO below 4
mg/L in the near-field signifies severe organic loading and
hypoxic conditions, posing a direct threat to aquatic life, a
common consequence of untreated leachate discharge
(Chounlamany et al., 2019; Riana et al, 2024). The
exceedance of Iranian surface water standards for EC and
COD by 3.7 and 4.9 times, respectively, underscores the
severity of the pollution and its potential ecological and public
health implications (Zafar & Alappat, 2004). The strong
leachate signal from NH4™-N, declining exponentially with
distance, further confirms the landfill as the primary source
and highlights natural attenuation processes such as dilution,
nitrification, and biological uptake occurring downstream
(Kjeldsen et al., 2002; Rahmi & Edison, 2019).

3.2 Heavy Metals

Based on Table 2, Lead (Pb) in near-field water exceeded the
Iranian standard (10 pg/L) by nearly 7-fold and correlated
strongly with leachate Cl/Na* ratios (r = 0.88). Sediment Pb
and Cd accumulated to levels triggering high ecological risk
(Igeo > 2). Downstream dilution followed a log-decay model:
C = Co x e¥ where k = 0.42 km™ for Pb. All metals showed
significant stratum differences (p < 0.001).

Table 2 Heavy metal concentrations in Water (ug/L) and sediments (mg/kg dry weight)

Metal Water Sediment Igeo (near-field)
Upstream Near-field Far-field Upstream Near-field Far-field

Pb 32+£1.12 68.4 £14.3° 18.7+5.6° 22.1+43 148.6 +32.1 61.4+£12.8 2.4 (Fairly polluted)

Cd <LOQ 5.9+1.8° 1.1+0.4° 04+0.1 3.8+09 1.6+0.5 2.8 (Fairly to heavily polluted)

Cr 8.1+23°  423+97° 196+44° 312+65 89.7+184  523+10.1 1.2 (Fairly polluted)

Zn 245+6.8° 156.8+£28.6° 67.3+152° 784+123 3125+£56.7 154.2+293 1.6 (Fairly polluted)

(n = 126 samples per matrix; LOQ: Pb=0.5, Cd=0.1, Cr=1.0, Zn=2.0 pg/L)

Beyond conventional physicochemical parameters, the study
revealed significant heavy metal contamination in both water
and sediments. Elevated concentrations of lead (Pb), cadmium
(Cd), chromium (Cr), and zinc (Zn) were observed in the near-
field, with Pb in water exceeding the Iranian standard by nearly
7-fold. This finding aligns with global observations that
landfill leachates are significant sources of heavy metals,
which can originate from various waste components (Essien et
al., 2022; Teta & Hikwa, 2017). The accumulation of Pb and
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Cd in sediments to levels triggering high ecological risk (Igeo
> 2) is particularly concerning. Sediments often act as a sink
for heavy metals, concentrating them and posing a long-term
threat to benthic organisms and the wider food web through
remobilization and bioaccumulation (Ismail et al., 2015;
Setyono et al., 2024; Sulistyowati et al., 2023). The observed
log-decay model for Pb concentrations in water, with a decay
constant of approximately 0.42 km™, suggests that while
dilution and natural processes reduce concentrations with
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distance, the initial impact is substantial and persistent in the
immediate vicinity of the landfill (Mohammadi et al., 2014;
Wahyoto, 2019).

3.3 Organic Micropollutants

Based on Table 3, Di(2-ethylhexyl) phthalate (DEHP)
dominated the organic load, originating from plastic liners and
consumer waste in the landfill. Risk quotients (RQ > 1)

Environmental Health and Pollution Research, 2026, 1(1)

indicate high to very high ecological risk within 2 km, with
partial attenuation by 5 km (RQ < 1 for phenanthrene).
Sediment acted as a sink, with PAH concentrations 200-500x
higher than water (Koc > 10°). Hotspot analysis (Getis-Ord
Gi*) confirmed significant clustering (z > 3.1, p < 0.01) near
leachate discharge points.

Table 3 Organic micropollutants: detection frequency, mean concentrations, and ecological risk quotients (RQ)

Compound Detection Frequency (%) Mean Water (ng/L) Max (ng/L) Mean Sediment (ug/kg) RQ (near-field)
Naphthalene 100 842 +312 2,180 156 + 48 8.4 (high risk)
Phenanthrene 98 376 £ 145 1,050 89 +31 3.8 (high risk)
DEHP (phthalate) 100 1,680 + 580 4,320 428 + 112 16.8 (very high risk)
DBP (phthalate) 95 920 + 340 2,670 214+ 76 9.2 (high risk)
16 PAHs — 2,840 + 890 7,210 612+ 178 -

¥6 Phthalates - 3,950+ 1,210 9,880 1,050 +290 -

(£16 PAHs and 6 phthalates; n = 126; RQ = MEC/PNEC; PNEC from EU EQS)

The Getis-Ord Gi* statistic is a spatial pattern analysis method
used to identify locations of non-random concentration of very
high values (hotspots) or very low values (coldspots) within a
geographical dataset (Abid, 2024; Tola et al., 2021).

In this study, this tool was employed to analyze the spatial
distribution of organic micropollutant concentrations (e.g.,
total PAHs or phthalates) across sampling points surrounding
the landfill site. (z > 3.1, p < 0.01): This result indicates that
the calculated Z-score for the analyzed points is significantly
higher than the critical value (typically 2.58 for a 99%
confidence level). The p-value of less than 0.01 further
confirms that the probability of this pattern occurring by
chance is less than 1%. A cluster of points with very high
concentrations of organic micropollutants is significantly
concentrated near the leachate discharge points. This pattern
identifies a strong and statistically significant "pollution
hotspot," clearly confirming the landfill as the pollution

The presence and high ecological risk associated with organic
micropollutants, specifically polycyclic aromatic
hydrocarbons (PAHs) like naphthalene and phenanthrene, and
phthalates such as di(2-ethylhexyl) phthalate (DEHP) and
dibutyl phthalate (DBP), further highlight the complex nature
of landfill leachate contamination. These compounds are
frequently detected in landfill leachates, originating from

diverse waste streams, including plastics and industrial
byproducts (Moustafa et al., 2022; Przydatek & Kanownik,
2019; Singa et al., 2020). The dominance of DEHP, likely
from plastic liners and consumer waste, and the high to very
high ecological risk quotients (RQ > 1) within 2 km of the
landfill, indicate a significant threat to aquatic ecosystems
(Kalmykova et al., 2013; Vondracek et al., 2001). The finding
that sediment acts as a substantial sink for PAHs, with
concentrations 200-500x higher than in water, is consistent
with their hydrophobic nature and high octanol-water partition
coefficients (Koc > 10°), leading to their strong adsorption to
organic matter in sediments (Smol et al, 2016;
Wojciechowska, 2013). The hotspot analysis confirming
significant clustering near leachate discharge points reinforces
the direct link between the landfill and the observed
micropollutant contamination.

Principal Component 1 (PC1) accounted for 42.3% of variance
and aligned strongly with leachate tracers, confirming landfill
dominance. Regression models accurately predicted
exponential decay, with half-distances of 1.6 km (Pb), 1.8 km
(COD), and power-law attenuation for sediment-bound DEHP.
Spatial interpolation via IDW revealed a 3.2 km plume for RQ
> 1, informing buffer zone recommendations (Table 4).

Table 4 Multivariate statistical analysis: PCA loadings and downstream decay regression

PCA Component % Variance Key Loadings (>0.7) Interpretation

PCl1 42.3% EC, COD, NH4*, Pb, DEHP Leachate signature
PC2 19.8% NOs-, Zn, distance Nitrification & dilution
PC3 13.1% pH, DO (negative) Redox shift

PC4 9.5% Cr, PAHs Industrial co-source
Regression Model Equation R? p-value

Pb (water) decay log[Pb] = 1.92 — 0.42xdistance 0.89 <0.001

COD decay COD =102.3 x g3 0.91 <0.001

DEHP (sediment) [DEHP] = 445 x distance™.%” 0.86 <0.001

(PCA: 4 components explain 84.7% variance; n = 42 stations)

Multivariate statistical analyses, particularly Principal
Component Analysis (PCA), provided robust evidence for the
landfill's dominant role as a pollution source. PC1, explaining
42.3% of the total variance, showed strong loadings for key
leachate indicators (EC, COD, NH4*, Pb, DEHP), effectively
capturing the "leachate signature" and confirming the landfill's
overwhelming influence on river water quality (Chounlamany
et al.,, 2017; Nguyen et al., 2025; Odia-Oseghale & Odia-
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Oseghale, 2025). The regression models accurately quantified
the downstream attenuation patterns, demonstrating
exponential decay for water-borne pollutants like Pb and COD,
and a power-law attenuation for sediment-bound DEHP. These
models provide critical insights into the self-purification
capacity of the river and the spatial extent of the pollution
plume (He et al., 2014; Mohobane, 2008). The calculated half-
distances (1.6 km for Pb, 1.8 km for COD) and the 3.2 km
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plume for RQ > 1, derived from spatial interpolation, are vital
for informing buffer zone recommendations and targeted
remediation efforts, especially in water-stressed regions where
such impacts are amplified (Truex et al., 2015).

4. Conclusion

This study demonstrates that leachate from an unlined
municipal landfill in Northwest Iran generates a severe, multi-
contaminant pollution plume extending at least 5 km
downstream, with acute impacts concentrated within the first
2 km. Near-field hypoxia (DO < 4 mg/L), ammonium toxicity
(NH+*-N > 14 mg/L), heavy-metal enrichment (Pb = 68.4
png/L, Cd = 5.9 pg/L), and phthalate loading (DEHP RQ =
16.8) collectively exceed national and international water-
quality thresholds, posing immediate risks to aquatic biota and
downstream human uses. Although 80-90 % of peak
concentrations attenuate within 5 km through dilution,
sorption, and redox transformation, sediments retain legacy
contamination, creating a long-term reservoir for benthic
exposure and potential food-web transfer. The study provides
the first quantitative evidence that unlined landfills in Iran’s
semi-arid watersheds can generate multi-kilometer ecological
dead zones and underscores the urgent need for retrofitting
legacy sites before irreversible sediment contamination
occurs. The results define a 3-km high-risk buffer and
underscore the need for urgent mitigation measures, including
liner installation, leachate collection, and riparian protection to
safeguard water quality and aquatic ecosystems in semi-arid
regions.
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This study was conducted to investigate the concentration of hazardous chemical
compounds in children's toys available in Iran, addressing a significant data gap in regional
market surveillance and the associated health risks for a vulnerable population. Using a
stratified random sampling approach, 120 toys categorized as plastic, painted wood,
rubber, and plush were collected from retail and online sources. Samples were analyzed
via inductively coupled plasma mass spectrometry (ICP-MS) for heavy metals and gas
chromatography—mass spectrometry (GC-MS) for organic compounds, including
phthalates and flame retardants. The results identified clear material-specific
contamination patterns. Rubber toys presented the highest concentrations of phthalates,
with di(2-ethylhexyl) phthalate (DEHP) exceeding the European Union safety limit in
66.7% of samples. Painted wood toys showed elevated levels of lead and chromium,
exceeding limits in 23.3% and 30.0% of samples, respectively. In contrast, plush toys
demonstrated negligible chemical burdens. Statistical analysis confirmed significant
differences between material categories, and a quantitative risk assessment indicated a
potential health hazard (Hazard Quotient > 1) from exposure to lead in painted wood and
DEHP in rubber toys. The conclusion underscores an urgent need for enhanced regulatory

M. Seifi enforcement, focusing on high-risk material categories, alongside policies promoting
®nehran.seifi72@gmail.com supply chain transparency and the adoption of safer alternative materials in toy
manufacturing to protect children's health.
e  Rubber toys show the highest phthalate levels
Highlights e Painted wood toys contain elevated lead, chromium
e  Plush toys safest; comply with all limits
e Regulatory gaps found in high-risk categories

Material type dictates chemical exposure risk
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1. Introduction

e-waste plastics into consumer products intended for children
(Olisah et al., 2024).

The widespread use of synthetic polymers and chemical
additives in toy manufacturing has raised significant concerns
regarding children's exposure to potentially hazardous
substances. Toys, especially those made of plastic, often
contain compounds such as plasticizers, flame retardants, and
colorants, which may leach out during use and pose health
risks to vulnerable populations (Nicolo Aurisano et al., 2021).
Recent studies have identified polybrominated diphenyl ethers
(PBDEs) at alarming concentrations in toys sold across
European markets, suggesting the recycling of flame-retarded

43

Children are particularly susceptible to chemical exposure due
to their physiological characteristics, including higher surface-
area-to-body-weight ratios and rapid developmental processes.
The Denmark Technical University, in collaboration with
UNEP, found that 25% of tested toys contained harmful
chemicals, with 126 substances identified as potentially toxic,
including plasticizers and flame retardants (Becker et al.,
2010). These findings underscore the urgency of evaluating
chemical content in toys, especially as global toy consumption
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continues to rise and regulatory frameworks remain

inconsistent across regions (Alsaigh et al., 2024).

Despite regulatory efforts, the lack of standardized
international guidelines for chemical safety in toys has led to
significant disparities in permissible exposure levels. For
instance, while some jurisdictions enforce strict limits on
phthalates and heavy metals, others lack comprehensive
enforcement mechanisms, allowing non-compliant products to
enter the market (Hékkinen). This regulatory fragmentation
complicates risk assessment and hinders the development of
universally accepted safety benchmarks for toy materials
(Lulei, 2008).

Analytical techniques such as gas chromatography—mass
spectrometry (GC-MS) and X-ray fluorescence (XRF) have
proven effective in detecting and quantifying chemical
compounds in toy matrices. These methods enable precise
identification of contaminants, including brominated flame
retardants and organophosphates, which are often present in
recycled plastics used in toy production (Burgos et al.).
Moreover, advancements in exposure modeling have
facilitated more accurate estimations of health risks associated
with prolonged contact or mouthing behaviors in children
(Aurisano et al., 2022).

The implications of chemical exposure from toys extend
beyond individual health concerns to broader environmental
and economic dimensions. Improper disposal and recycling of
chemically laden toys contribute to environmental pollution
and undermine circular economy initiatives aimed at
sustainable plastic use (Halpaap & Dittkrist, 2018).
Furthermore, the presence of hazardous compounds in toys
may erode consumer trust and necessitate costly recalls,
emphasizing the need for proactive chemical screening and
transparent labeling practices (Thierse & Luch, 2019).

Given these multifaceted challenges, this study aims to
systematically investigate the concentration of chemical
compounds in toys available in the consumer market. By
employing robust analytical methodologies and cross-
referencing regulatory thresholds, the research seeks to
identify patterns of non-compliance and assess potential health
risks associated with chemical exposure in children (Al-
Natsheh et al., 2015). Ultimately, the findings are intended to
inform policy recommendations and support the development
of safer, more sustainable toy manufacturing practices
(Landrigan & Miodovnik, 2011).

Therefore, this study aims to investigate the concentration of
key chemical contaminants in children's toys by quantifying
and comparing the levels of selected heavy metals, phthalates,
bisphenol A, and brominated flame retardants across different
material types, assessing their compliance with international
safety standards, identifying material-specific contamination
patterns, and discussing the potential health implications to
inform  stronger regulatory frameworks and safer
manufacturing practices.

2. Materials and Methods
2.1 Population and Sampling Strategy

The target population for this study comprised commercially
available children’s toys intended for children aged 0—12 years
in Iran. To ensure a representative sample that reflects market
diversity, a stratified random sampling approach was adopted,
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with stratification based on the toy’s primary material, a key
determinant of chemical additive profiles and migration
potential. Four material categories were defined: plastic,
painted wood, plush, and rubber. To capture the variety of
consumer access points, toys were collected from multiple
sources between January 2024 and June 2024, including major
retail chains and toy stores in three geographically dispersed
urban centers (Tehran, Shiraz, and Tabriz), popular online
marketplaces such as Digikala and Bamilo, and informal
vendors and bazaars in each city to encompass lower-cost and
potentially less-regulated products. From the overall collected
pool, a final sample of 120 toys was randomly selected, with
30 toys allocated to each material category. This sample size
was determined to provide adequate statistical power for inter-
category comparisons, consistent with similar precedent
studies. Inclusion criteria required toys to be newly purchased,
explicitly marketed for children under 12 years of age, and to
prioritize items designed for mouthing or prolonged skin
contact, such as teethers, dolls, squeeze toys, and building
blocks. Toys were excluded if they were clearly labeled as
“phthalate-free” or “BPA-free,” or were educational/scientific
kits not intended for routine play (Christova-Bagdassarian et
al., 2017).

2.2 Data Collection

Each toy was cataloged with metadata including manufacturer,
country of origin, material type, age recommendation, and
purchase source. Surface area and weight were recorded to
normalize chemical concentrations. Samples were then
transported to a certified analytical chemistry laboratory under
controlled conditions to prevent contamination. Before
chemical analysis, toys were visually inspected for wear,
coatings, and embedded components. Items were then
disassembled, and representative portions (e.g., painted
surfaces, polymer matrices) were isolated for testing.

2.3 Sample Preparation and Chemical Analysis

Two validated preparation protocols were used: a) Acid
extraction (EN-71 Standard): Samples were immersed in 0.07
mol/L HCI for 2 hr at 37°C to simulate gastric conditions and
assess migratable elements; and b) Microwave-assisted
digestion: A mixture of HNO; and H20: was applied to 0.5 g
of toy material using a closed-vessel microwave system for
total elemental analysis. For chemical quantification of heavy
metals (Pb, Cd, Hg, Cr, As, Sb, Zn, Ni, Cu, Mn), ICP-MS
(Inductively Coupled Plasma Mass Spectrometry) was used.
In contrast, chromium speciation (Cr(III) vs. Cr(VI)) was
assessed using HPLC-ICP-MS. For organic compounds,
including phthalates (DEHP, DBP, BBP), bisphenol A, and
brominated flame retardants, GC-MS (Gas Chromatography—
Mass Spectrometry) was used.

2.4 Statistical Analysis

Data were analyzed using SPSS v26. Descriptive statistics
(mean, standard deviation, range) were calculated for each
compound across toy types. Normality was assessed using the
Kolmogorov—Smirnov test. For non-normally distributed data,
the Mann—Whitney U test and Kruskal-Wallis test were used
to compare compound concentrations across toy categories.
Multivariate analysis (Principal Component Analysis, PCA)
was employed to identify clustering patterns and potential
sources of contamination. Significance was set at p < 0.05.
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3. Results and Discussion

A total of 120 toy samples were analyzed across four distinct
material categories: plastic, painted wood, rubber, and plush.
Each sample was rigorously tested for concentrations of
selected heavy metals (Pb, Cd, Cr, Hg, As), phthalate esters
(DEHP, DBP, BBP), bisphenol A (BPA), and brominated
flame retardants (PBDEs). The findings are systematically
presented to delineate concentration profiles, regulatory
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compliance status, and statistically significant differences
across material types.

3.1 Heavy Metals

Painted wood toys exhibited the highest mean concentrations
for lead and chromium, with values exceeding the EU
migration limits. Plush toys consistently demonstrated the
lowest concentrations across all tested metals (Table 1).

Table 1 Heavy metal concentrations (mg/kg, Mean + SD) by toy type

Element Plastic (n=30) P a”}fg‘(’)‘;“d Rubber (n=30) Plush 1=30)  EU Limit (EN-71-3)
Lead (Pb) 1452 %336 21242451 987223 125:54 160
Chromium (Cr) 85.6 = 20.4 1023257 762+ 18.9 87+3.2 60
Mercury (Hg) 32411 45414 21409 03+02 2

Arsenic (As) 5.6+1.8 6.9+23 42+1.5 0.7+0.3 13
Cadmium (Cd) 83425 9.143.0 78421 12205 17

The results indicate that painted wooden toys exhibited the
highest mean concentrations of lead (212.4 £+ 45.1 mg/kg) and
chromium (102.3 + 25.7 mg/kg), both exceeding the EU
migration limits (160 mg/kg for lead and 60 mg/kg for
chromium). Mercury also surpassed its limit (2 mg/kg) in some
painted wooden samples. Specifically, 23.3% of painted
wooden samples showed non-compliance for lead, and 30.0%
for chromium. In contrast, plastic toys also contained
significant amounts of lead (145.2 + 38.6 mg/kg) and
chromium (85.6 = 20.4 mg/kg), but their average lead content
remained within the EU limit. Plush toys consistently
demonstrated the lowest concentrations across all tested heavy
metals.

These findings are consistent with other studies investigating
heavy metal contamination in toys. Several studies have
confirmed the presence of lead, cadmium, and chromium in
plastic toys, often at concentrations exceeding regulatory
limits (Al-Qutob et al., 2014; Omolaoye et al., 2010; Osibanjo
& Sindiku, 2011; Sindiku & Osibanjo, 2011; Szollosi-Mota et
al., 2025). For instance, a study in Palestine found that 40% of
imported plastic toy samples had high lead concentrations that
exceeded international limits (Al-Qutob et al., 2014). Another
study in Nigeria indicated that 17% of toy samples,
particularly PVC toys, contained high concentrations of lead,

in the paint coatings of children's toys, noting that toys with
black paint had higher concentrations of heavy metals (Al
Kindi & Ali, 2020). The statistical confirmation of significant
differences in lead concentrations across toy types, with the
highest values in painted wood, reinforces these concerns.

The findings of this study reveal a clear correlation between
toy material type and chemical burden. Plastic and rubber toys
exhibited significantly higher concentrations of phthalates
(particularly DEHP and DBP) and brominated flame retardants
(PBDESs), whereas painted wood toys showed elevated levels
of heavy metals, including lead and chromium. These results
align with previous research indicating that soft plastic toys
often contain plasticizers and flame retardants to enhance
flexibility and fire resistance, whereas pigments and coatings
in wooden toys are common sources of metal contamination
(Nicold Aurisano et al., 2021).

3.2 Organic Compounds

DEHP: Di(2-ethylhexyl) phthalate, DBP: Dibutyl phthalate,
BBP: Benzyl butyl phthalate, BPA: Bisphenol A, PBDEs:
Polybrominated diphenyl ethers. Rubber toys contained the
highest mean levels of all measured organic compounds,
particularly DEHP. Similar to the trend for metals, plush toys

presented the lowest chemical burden for organic
cadmium, and chromium, posing a risk to children. Kindi  ¢contaminants.
(2020) also reported the presence of lead, nickel, and cadmium
Table 2 Organic compound concentrations (mg/kg, Mean £ SD) by toy type

Compound Plastic (n=30) Pa‘?ff;g;"(’d Rubber (n=30) Plush (n=30) EU Limit (TSD)

DEHP 1,240 £310 890 + 275 1,560 £ 420 210+95 1,000

DBP 320+ 85 270+ 70 410+ 110 60 +25 1,000

BBP 180 + 60 140 £ 45 220+ 75 35+15 1,000

BPA 452 +12.6 38.7+10.3 52.1+14.8 9.4+3.1 50 (proposed)

PBDEs 32+£1.1 24+09 46+1.5 0.6£0.3 Screening

Regarding organic compounds, rubber toys exhibited the
highest mean levels of all measured organic compounds,
particularly DEHP (1,560 + 420 mg/kg), which significantly
exceeds the EU limit (1,000 mg/kg). Rubber toys also had the
highest levels of BPA (52.1 £+ 14.8 mg/kg) and PBDEs (4.6 +
1.5 mg/kg). Plastic toys also showed significant non-
compliance for DEHP (46.7%). Similar to metals, plush toys
presented the lowest chemical burden for organic
contaminants (Table 2).

45

Direct comparison of these findings with other studies
concerning the same organic compounds (DEHP, DBP, BBP,
BPA, PBDEs) in painted wood, rubber, and plush toys is
limited in the search results. However, a study by Halsband
(2020) investigated organic compounds (including bisphenols
and PAHs) in shredded rubber granules from worn tires,
showing that a cocktail of organic additives and metals readily
leaches from these rubber materials into seawater, and
bisphenols are toxic (Halsband et al., 2020). While this study
does not directly pertain to rubber toys, it highlights the
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potential for organic contaminant leaching from rubber-based
materials. The statistically significant differences in
concentrations of DEHP, BPA, and PBDEs across toy types,
with the highest values in rubber toys, definitively indicate the
need for more stringent monitoring of this product category.

A substantial proportion of the analyzed toys exceeded
established safety thresholds, particularly for DEHP and lead.
This raises concerns about the effectiveness of regulatory
enforcement and current screening protocols. Although
frameworks such as REACH and the EU Toy Safety Directive
provide clear limits, the presence of non-compliant products,
especially in informal markets and online platforms, suggests
gaps in cross-border regulation and supply chain transparency.
These findings echo broader concerns about the infiltration of
recycled materials containing legacy contaminants into
consumer products (Olisah et al., 2024).

Children’s  unique  behavioral and  physiological
characteristics, such as frequent mouthing, dermal contact, and
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immature detoxification systems, amplify their vulnerability to
chemical exposure. The elevated levels of DEHP and PBDEs
found in rubber and plastic toys are particularly concerning,
given their known endocrine-disrupting and neurotoxic effects
(Mazur, 2003). These exposure pathways are well-
documented in pediatric environmental health literature,
emphasizing the need for stricter controls on materials used in
products intended for young children (Vuong et al., 2018).

Compliance with EU safety standards, serving as key
international benchmarks, was assessed systematically. As
detailed in Table 3, the most significant compliance failures
were observed for DEHP in rubber toys (66.7% non-
compliance) and for lead and chromium in painted wood toys
(23.3% and 30.0% non-compliance, respectively). All tested
plush toys complied with the established limits for all target
compounds.

Table 3 Regulatory compliance overview: samples exceeding EU safety limits

Material Category Chemical Limit (mg/kg) Samples Exceeding Limit (n) Non-compliance Rate (%)
Painted Wood Lead (Pb) 160 7 out of 30 23.3%
Painted Wood Chromium (Cr) 60 9 out of 30 30.0%
Painted Wood Mercury (Hg) 2 2 out of 30 6.7%
Plastic DEHP 1000 14 out of 30 46.7%
Rubber DEHP 1000 20 out of 30 66.7%
All Other Combos Relevant Limit - 0 out of 30 0.0%

The use of validated analytical techniques such as ICP-MS,
GC-MS, and HPLC-ICP-MS provided high-resolution data on
both elemental and organic compound concentrations
(Mbughuni et al., 2016). The combination of acid extraction
and microwave-assisted digestion protocols ensured
comprehensive detection of both surface-bound and matrix-
embedded contaminants, consistent with best practices in
environmental toxicology (Pan et al., 2022).

The results underscore the urgent need for harmonized
international standards and improved traceability in toy
manufacturing.  Policymakers  should prioritize  the
development of chemical inventories and mandatory
disclosure requirements for toy components (Olisah et al.,
2024). Industry stakeholders must invest in safer alternatives
and green chemistry innovations to reduce reliance on

hazardous additives. These measures are essential not only for
protecting child health but also for advancing a non-toxic
circular economy in the toy sector (Bérjeson & Agerstrand,
2025).

The non-parametric Kruskal-Wallis test confirmed statistically
significant differences in chemical concentrations across the
four toy material categories for Pb, DEHP, BPA, and PBDEs.
Subsequent post-hoc analysis using Dunn's test with
Bonferroni correction identified the specific pairwise
differences detailed in Table 4. This analysis definitively
shows that rubber toys harbored significantly higher levels of
organic contaminants compared to all other categories, while
painted wood toys were the predominant source of heavy metal
contamination, specifically lead. Cadmium levels did not
differ significantly across the material groups.

Table 4 Statistical comparison of compound concentrations across toy types (Kruskal-Wallis Test with Post-Hoc analysis)

Compound Kruskal-Wallis p-value Significant Post-Hoc Comparisons (Dunn's test, p < 0.05)
Lead (Pb) 0.003 Painted Wood > Plastic, Rubber, Plush; Plastic > Plush
DEHP <0.001 Rubber > Plastic, Painted Wood, Plush; Plastic > Plush
BPA 0.012 Rubber > Painted Wood, Plush; Plastic > Plush
PBDEs 0.008 Rubber > Plastic, Painted Wood, Plush
Cadmium (Cd) 0.057 No significant pairwise differences
Statistical analysis confirmed significant differences in  Statistical analysis using the Kruskal-Wallis test confirmed

chemical concentrations across toy categories, with Kruskal—
Wallis and Mann—Whitney U tests identifying material-
specific risks. Rubber toys were statistically more likely to
exceed phthalate thresholds, while painted wood toys showed
higher heavy metal content (Bekki et al., 2024). These findings
support the hypothesis that material composition is a key
determinant of chemical exposure risk and should inform
future regulatory and manufacturing decisions (Ivanovic et al.,
2024).
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statistically significant differences in chemical concentrations
across the four toy material categories for Pb, DEHP, BPA,
and PBDEs. Post-hoc analyses (Dunn's test) affirmed that
rubber toys harbored significantly higher levels of organic
contaminants compared to all other categories, while painted
wooden toys were the predominant source of heavy metal
contamination, specifically lead. Cadmium levels did not
differ significantly across the material groups. Plush toys were
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consistently the in terms of chemical

contamination.

safest option

Overall, this study underscores the critical importance of raw
materials and manufacturing processes in determining toy
safety. The presence of hazardous heavy metals and organic
compounds in toys, particularly those made from painted wood
and rubber, can pose serious health risks to children, including
developmental delays and neurological damage (Szollosi-
Mota et al., 2025). The observed non-compliance with
regulatory standards, especially for lead and chromium in
painted wood and DEHP in rubber and plastic, raises
significant public health concerns and highlights the necessity
for more rigorous monitoring and enforcement of regulations.

4. Conclusion

This study provides a systematic, multi-analyte investigation
into the chemical safety of children's toys available in the
Iranian market. The findings reveal a clear and concerning link
between toy material composition and chemical
contamination. Specifically, rubber toys were identified as the
primary source of phthalate exposure, with 66.7% of samples
exceeding the EU safety limit for DEHP, while painted wood
toys presented the highest risk for heavy metal exposure,
particularly lead (23.3% non-compliance) and chromium
(30.0% non-compliance). Quantitative health risk assessment
confirmed these concerns, calculating Hazard Quotients (HQ)
exceeding 1 for lead in painted wood toys and DEHP in rubber
toys, indicating a potential for adverse health effects under
reasonable exposure scenarios. In contrast, plush toys
consistently demonstrated negligible chemical burdens and
compliance with all standards. These results highlight critical
gaps in the current regulatory oversight and supply chain
management for toys in Iran. Iranian regulatory bodies,
notably the Institute of Standards and Industrial Research of
Iran (ISIRI), should issue urgent technical directives to
strengthen and enforce existing standards (ISIRI 6243 &
10166). This should include mandatory pre-market testing and
certification for rubber and painted wood toys, specifically
targeting DEHP and lead/chromium content, respectively. A
national surveillance program focusing on these high-risk
categories in both formal and informal markets should be
established.
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Considering the presence of high amounts of mercury in amalgam, the importance of
mercury, and the problems it creates for the environment, including humans and other
living organisms, this study was conducted to measure the amount of mercury in the
wastewater of two dental clinics. We collected 30 wastewater samples from two dental
clinics at the end of each day. Then the samples were digested by the USEPA 245.1
method. The samples were used for mercury determination by an atomic absorption
spectrometer (Spectra AA 220 FS, Varian). The results showed that the amount of
mercury in the wastewater resulting from the treatment of amalgam and others
(68.7170 pg/L) was higher than in non-amalgam treatments (0.7290 pg/L). The
amount of mercury in the wastewater samples was higher than the maximum allowed
(0.002 mg/L). The relationship between the type of dental treatment and the amount
of mercury was significant (P<0.0001). The amount of mercury in samples treated
with amalgam was higher than in others. Moreover, the output of mercury from the
clinic's wastewater was higher than the maximum amount recommended by the EPA.
Therefore, it is necessary to monitor the mercury output of the clinics' wastewater and
treat it.

e  Mercury in dental wastewater exceeds environmental safety limits.
Highlights . At?la%lgam p'rocedures significantly e}evgte F:lini(f efﬂuent mercury levels.
e  Clinic-specific mercury loads vary, indicating differing amalgam use or management.
e Non-amalgam treatments show minimal mercury, below detection limits.
e Study underscores urgent need for amalgam separators in Iranian clinics.
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1. Introduction

Amalgam has been the most commonly used dental filling
material for over 200 years (Tibau & Grube, 2022). One of its
main components, mercury, is of particular concern due to its
potential adverse effects on humans and the environment (Joy
& Qureshi, 2020). It is estimated that the annual consumption
of mercury for dental applications is 3-4% worldwide
(approximately 300 metric tons of mercury) (Chin et al., 2000;
Khwaja et al., 2014). Although the use of amalgam as a
restorative material has recently declined, amalgam
restorations and their release into the environment continue to
be a widely used dental restorative material. According to
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recent studies, dental clinics are responsible for a significant
amount (10-70%) of daily mercury entering the environment
through wastewater treatment plants (Jamil et al., 2016;
Molina et al., 2014).

Mercury may bioaccumulate in fish and other organisms and
therefore can impose an environmental mercury burden on the
entire food chain (Gupta & Yadav, 2024; Qu et al., 2022).
Among the groups directly exposed to mercury are dentists and
their patients, who have been reported to have significantly
increased plasma mercury concentrations compared with
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controls (Manyani et al., 2021; Warwick et al., 2019). On the
other hand, people and the environment are indirectly exposed
to this element through mercury emissions from waste
incinerators and mercury in wastewater from dental clinics and
households (Cheng & Hu, 2012). Several studies have shown
that mercury exposure may lead to several health
complications, such as disruption of the developing central
nervous system, pulmonary and nephritic damage, and
impaired osmoregulation functions (Fernandes Azevedo et al.,
2012). These complications are usually attributed to the strong
affinity of mercury for sulfur and sulthydryl groups within
living organisms (Houston, 2014).

Increased knowledge about the risk of toxic effects from
anthropogenic accumulation of mercury in ecosystems has led
to increased pressure to reduce the discharge of mercury waste
into the environment. As a result, the problem of mercury
waste in dental clinics has received increasing attention, and
restrictions on the transport and disposal of contaminated
waste have been imposed in several countries. Studies show
that mercury emissions from dental clinics can be reduced by
improved waste disposal system design, the use of high-
pressure water cleaning, and frequent replacement of amalgam
separators and filters (Eshrati et al., 2024; Musliu et al., 2021).
For example, it was reported that the use of mercury separators
reduced the mercury content in the wastewater of some dental
clinics from 270 mg mercury per dentist per day to only 35 mg
mercury per dentist per day. As a result, many countries such
as Switzerland, Germany, Sweden, and Denmark have
introduced mandatory installation of amalgam separators in
dental clinics (Arenholt-Bindslev and Larsen 1996; Arenholt-
Bindslev 1998). However, the use of these separators in dental
clinics in Iran is still uncommon. Furthermore, despite the fact
that a large part of the recycled wastewater is reused for
irrigation, it is necessary to investigate the amount of mercury
discharged into the wastewater collection system.

Therefore, this study aimed to quantitatively assess the
mercury load in wastewater from some dental clinics. The
results of this project will contribute to the Ministry of Health's
efforts to reduce mercury concentrations in wastewater by
providing new measures for the handling and disposal of
mercury-containing waste from dental clinics.

2. Materials and Methods

An atomic absorption spectrometer (Spectra AA 220 FS,
Varian) equipped with a vapor generation accessory (VGA-77,
Varian) and a T-shaped quartz absorption cell was used for
mercury determination.

2.1 Reagents and Solutions

All chemicals were of analytical grade. All water used was
obtained from a Milli-Q reagent system (EC= 18.2 MQ cm,
Millipore, Bedford, MA, USA). All plastic and glassware were
soaked in 4 M nitric acid for at least 12 h, washed with distilled
water, and finally rinsed with Milli-Q water before use.

Nitric acid (68.0-70.0%) and sodium chloride (99.5%),
sulfuric acid (GPR), hydrochloric acid (37.0%),
hydroxylamine hydrochloride (99.0%) and stannous chloride
(98.0%), potassium permanganate (99.5%), potassium
persulfate (98.0%), mercury (for calibration, solution of 1001
+ 1001 mg/L in 2 mol/L HNO3) were purchased from Merck
and Sigma.
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2.2 Sample Collection

The samples were collected in acid-washed glass containers
from two clinics (each clinic, 15 samples) in Tehran. The
samples were collected after a variety of treatments, including
amalgam restorations, composite fillings, root canal treatment,
cavity preparation plus temporary filling, glass ionomer
filling, pulpotomy, scaling plus polishing, fissure sealants, and
cementation. Each sample was collected directly from the
dental chair exits into collection containers at the end of each
treatment.

2.3 Sample Preparation and Testing

The collected samples were stored in HNO3 (concentrated acid
was added to each sample container to obtain a final acid
concentration of 1% and stored in a refrigerator at 4°C until
analysis). The samples were digested according to USEPA
Method 245.1. Briefly, the sample containers were shaken
vigorously before taking subsamples for analysis. 50.0 mL of
the filtered sample (gravity filtration using Schleicher &
Schuell 595 filter papers) was placed in a clean 150 mL plastic
bottle, and then 5.0 mL of H,SO4, 2.5 mL of HNO3, 5.0 mL of
K»S:05 (5%), and 5 mL of KMnO4 (5%) were added. Then,
each sample was kept in an oven at 95°C for 2 hr. After cooling
to room temperature, hydroxylamine hydrochloride (12% in
12% NaCl) was added dropwise to each bottle until the
KMNOy color disappeared. If the KMNO4 color reappeared
before 15 min after the first addition, more hydroxylamine
hydrochloride was added. Approximately 1 mL of
hydroxylamine hydrochloride was sufficient to completely
reduce the excess KMNO4. Finally, water was added to each
bottle to obtain a volume of 100.0 mL. Total mercury was
determined using cold vapor atomic absorption spectrometry
(CV-AAS).

3. Results and Discussion

The mercury concentration in the wastewater of two dental
clinics is given in Table 1. This table also includes the types of
treatments provided to each patient. The dental treatments
performed are classified into 3 different categories: one is
“amalgam restoration only”. The second is ‘“amalgam
restoration with other types of treatment”, and the third is “no
amalgam restoration”. From Tables 1 and 2, it is clear that the
wastewater samples of Clinic 1 have relatively higher mercury
than those of Clinic 2. This can be easily explained by the
release of mercury from the amalgam itself during the dental
treatment or afterwards from amalgam particles deposited
inside the drainage pipes. The highest mercury content
measured in the effluent was from Clinic 1 (Sample 2), where
there were 25 patients, nine of whom had undergone amalgam
restorations, and the mercury content was 125.67 pg/L. In
addition, in cases treated without amalgam, the mercury
content was very low, so that in many cases of treatment
without amalgam, the mercury content was below the
detectable level. The reason for the higher mercury content in
the samples of the second treatment mode compared to the
third treatment mode is the use of amalgam, which contains
high levels of mercury, while in the third treatment mode, the
possible mercury content was very low. Nevertheless, the
mercury content in the effluent was higher than the permissible
mercury content in the environment according to the EPA
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recommendation (0.002 mg/1) (Mirlean et al., 2003; Nevado et
al., 2003; Vandeven & Mcginnis, 2005). The mean, standard

Environmental Health and Pollution Research, 2026, 1(1)

deviation, and range of mercury concentration in the samples
versus treatment type are shown in Table 3.

Table 1 Mercury concentration in wastewater samples collected from dental clinics, along with the type of treatment performed

Sample  Type of Treatment Total No. of patients treated Treated with amalgam Hg (ng/L)
1 2 30 7 98.32
2 2 25 9 125.67
3 2 27 6 78.44
4 2 32 5 80.62
5 2 21 6 83.54
6 ¥ 26 0 3.25
7 2 28 8 114.67
8 2 21 3 31.92
9 2 23 2 19.87
10 2 27 4 4322
11 2 22 6 75.41
12 2 27 5 71.33
13 3 26 0 1.16
14 3 20 0 ND
15 3 37 0 ND
16 3 39 0 0.84
17 2 35 7 60.42
18 2 32 6 45.63
19 2 40 8 93.74
20 2 42 7 71.23
21 2 48 8 88.55
22 2 46 6 65.92
23 2 39 5 42.25
24 3 40 0 ND
25 3 42 0 0.54
26 3 44 0 n.d.
27 2 43 4 19.95
28 2 37 6 63.64
29 3 43 0 1.29
30 3 41 0 0.21

Table 2 Mean, (standard deviation), maximum, and minimum mercury levels by type of dental treatment

Type of Treatment n Min. Max. Mean SD
Clinic 1 2 11 19.87 125.67 74.82 32.74
3 4 0 3.25 1.11 1.53
Clinic 2 2 9 19.95 93.74 61.26 23.02
3 6 0 1.29 0.48 0.51

According to Table 3, the mercury content in treatment mode
2 was higher than in treatment mode 3, and the type of
treatment also had a significant relationship with the mercury
content. The reason is that most of the mercury in the

wastewater of dental clinics comes from amalgam, which is
used a lot in treatment mode 2, while amalgam is not used in
treatment mode 3 (Mukherjee et al., 2004; Vandeven &
Mcginnis, 2005).

Table 3 Relationship between treatment type and mercury content based on #-test

Type of Treatment n Hg (ng/L) SD F Sig df
2 20 68.72 28.9 28
3 10 0.73 1.02 1564 0.0001 19.09

4. Conclusion

This study confirms that wastewater effluent from
sampled dental clinics in Tehran contains mercury
concentrations substantially exceeding permissible
environmental limits, with levels directly correlated to
the use of dental amalgam. The findings demonstrate that
procedures involving amalgam restorations release
significant quantities of mercury into clinic wastewater,
whereas treatments that do not utilize amalgam result in
negligible, often undetectable, mercury levels. This stark
contrast underscores amalgam as the primary source of
mercury pollution within this setting. The environmental
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and public health implications are considerable, given
mercury's persistence, capacity for bioaccumulation, and
toxicity. The discharge of such contaminated wastewater
into municipal systems poses a risk of wider
environmental contamination, ultimately affecting
ecosystems and human health through indirect exposure
pathways. Consequently, these results underscore the
urgent need for the widespread adoption and strict
enforcement of mitigation measures in Iranian dental
practices. Mandatory installation and maintenance of
efficient amalgam separators are essential first steps,
alongside the implementation of best management
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practices for amalgam waste. Furthermore, the
development and enforcement of specific national
regulations for dental effluent are crucial to significantly
reduce this preventable source of mercury pollution.
Future research should expand the scale of monitoring to
quantify the total national mercury load from dental
clinics and rigorously evaluate the real-world efficacy of
available separator technologies in diverse -clinical
environments.
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