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Leachate from municipal solid waste landfills poses a significant threat to aquatic ecosystems due to
poor management practices. This study evaluated thirty leachate samples from Iranian metropolises
using the Leachate Pollution Index (LPI). Various parameters, including BODs, COD, TDS, pH, EC,
heavy metals, turbidity, PAHs, phthalates, and humic acid, were analysed. The BOD; levels ranged
from 350 to 20,000 mg/L, and the COD levels ranged from 2,000 to 90,000 mg/L. The TDS content
varied between 14.7 and 67 g/L, while the turbidity ranged from 15 to 186 NTU. Heavy metals were
present but within standard limits. The phthalate concentrations ranged from 6 to 150.8 mg/L, and
the humic acid concentrations ranged from 135 to 2,200 mg/L. Naphthalene was the most frequent
hydrocarbon detected. The LPIs were less than 30 for all the samples, with the highest in Ahvaz and
the lowest in the treated samples from Tehran. This study highlights the presence of persistent organic
and hazardous contaminants in Iran’s municipal landfills, emphasizing the need for effective leachate
treatment and improved waste management practices. Enhanced final disposal methods, increased
waste recovery, and improved solid residue separation are crucial for preventing further leachate
production and environmental contamination.

Keywords Leachate management, Municipal solid waste (MSW) landfills, Leachate pollution index (LPI),
Heavy metals in leachate, Organic pollutants, Iranian metropolises

In urban areas, there has been a substantial surge in the volume of municipal solid waste (MSW), largely driven
by the expanding population and the rapid progression of urban development!. Leachate, a liquid produced
from waste, is a serious pollutant that impacts natural resources, including soil and water, thereby affecting
human health??. Leachate, which percolates through waste material in landfills and accumulates at the base,
contains a wide array of chemical compounds, both biodegradable and nonbiodegradable. These contaminants
include a wide range of organic compounds. Among them are heavy metals and aromatic hydrocarbons, such
as polycyclic aromatic hydrocarbons (PAHs) and phenolics®. Chlorinated aliphatic compounds and long-chain
alkanes are also present. Additionally, fatty acids, nonylphenol ethoxycarboxylate acids, pesticides, and emerging
contaminants of concern, such as per- and polyfluoroalkyl substances (PFASs), can be found*®. Persistent organic
pollutants such as PCBs and dioxins have also been detected. The presence of these compounds contributes to
the complex and polluting nature of leachate, posing significant risks to the environment and public health®.
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The characteristicsand amount of leachate are influenced by numerous factors, including the waste composition
and moisture content, geographical conditions, landfill age, landfill temperature, and chemical and biochemical
processes that drive the breakdown of waste materials®’. Numerous efforts have been made to characterize the
quality of leachate and assess its impact on the environment®. Typically, leachate characterization involves the
use of traditional parameters, such as pH, electrical conductivity (EC), total organic carbon (TOC), Zn, Cu, Cd,
Pb, Cr, Hg, and PAHs’. The primary environmental concern regarding leachate is its potential to degrade the
quality of surface water and groundwater, subsequently endangering aquatic ecosystems and human health’. The
majority of the reported compounds are recognized as part of the current list of 126 priority pollutants outlined
by the US EPA and are quite refractory to biodegradation®. Therefore, the correct and principled management
of leachate is a critical concern in landfill design and operation. Many nations worldwide are strengthening their
regulations on landfill leachate management and disposal, driven by the environmental concerns associated
with leachate”®. Nevertheless, instances of mismanagement in waste disposal facilities persist, particularly in
developing countries. Factors such as poverty, insufficient funding, and lack of expertise contribute to inadequate
leachate management in these regions’. The International Solid Waste Association (ISWA) has documented over
750 deaths worldwide that are directly linked to poor landfill operations and management. In some countries,
inadequate or nonexistent regulations for leachate disposal stem from a lack of sufficient information about
leachate characteristics'®. Hence, it is essential to accurately comprehend the quantity, quality, and pollution
risks associated with landfill leachate to make informed decisions regarding suitable management and treatment
methods’.

Previous research in Iran has mostly focused on localized and limited studies regarding the characteristics
of leachate in landfill sites. For example, studies conducted in cities like Mashhad, Tehran, and Isfahan revealed
that leachate contains high concentrations of heavy metals such as lead, cadmium, and chromium, and in
some cases, groundwater quality near these sites has been adversely affected”!!. Other research has examined
leachate quality before and after treatment in Tehran’s landfills, indicating a relative reduction in pollution
post-treatment. However, comprehensive studies that evaluate leachate characteristics across multiple major
cities in a standardized manner remain limited. This research aims to fill that gap by providing updated data
on leachate across various Iranian metropolises, including Tehran, Mashhad, Isfahan, Tabriz, and Ahvaz. The
motivation for this study lies in the need for a more thorough understanding of leachate composition across
these regions. Its originality is reflected in the simultaneous analysis of leachate from multiple landfill sites and
the use of the leachate pollution index (LPI) for a comprehensive evaluation, which can inform more effective
waste management policies.

The quantification of leachate contamination potential can be employed to assess the performance of
landfills, aiding in their optimal operation for efficiency'?. Additionally, this quantification serves as a crucial
step in landfill management, offering numerous benefits to the environment. To prevent environmental damage
and comprehend the risks associated with landfills, a precise understanding of leachate pollution is necessary'>.
Thus, it is very important to have sufficient information about leachate quality for its management and control.

The leachate pollution index (LPI) serves as a valuable tool for assessing the pollution potential of landfill
leachate. By analyzing various physical and chemical parameters, the LPI calculates a single value that indicates
the range of contamination risks associated with leachate!®. Essentially, it provides a rating that reflects the
likelihood and potential severity of leachate polluting groundwater sources. The detection and analytical
procedures for hazardous materials, as well as the analysis of the physicochemical properties of leachate, are
top priorities in environmental monitoring and post-closure care. It is essential to employ an appropriate
measurement system to assess the potential contamination of soils surrounding landfill sites and groundwater
aquifers caused by leachate from landfills'>.

To date, limited research has been conducted on the characteristics and quality of landfill leachate in Iran!!,
Thus, the objective of this study was to examine the physicochemical parameters, heavy metals, and leachate
pollution indices (LPIs) of leachates from landfills in Iranian metropolises (Mashhad, Sanandaj, Tehran (before
and after treatment plant), Hamedan, Isfahan, Ahwaz, Qazvin, Rasht, and Tabriz). This investigation is intended
to inform authorities and stakeholders, urging heightened attention to this critical issue.

Materials and methods

Selected landfill areas

Leachate samples were collected from landfills in various Iranian metropolises in coordination with responsible
waste management organizations. The selection of cities for this study involved three key criteria: their geographic
distribution across Iran, the presence of an active landfill within the city limits, and the existence of infrastructure
for leachate drainage. Additionally, the selected cities were required to have a significant population size and
be the capital of their respective provinces. Based on these criteria, ten cities in Iran were selected: Isfahan,
Hamedan, Tabriz, Tehran(before and after treatment plant), Qazvin, Rasht, Mashhad, Sanandaj, and Ahvaz
(Fig. 1).

The major landfills in Iran’s urban centers vary significantly in terms of capacity, operational history, and
environmental control measures. For instance, the Mashhad landfill, established in the 1980s with a capacity of
approximately 20 million cubic meters, spans an area of 600 hectares. It has partial leachate collection systems
but requires upgrades to fully comply with international standards. Similarly, Tehran’s Kahrizak landfill, one of
the oldest and largest, with a capacity of 50 million cubic meters, has undergone several expansions since its
inception in the 1970s. Despite improvements such as leachate collection systems and the use of synthetic liners
to prevent groundwater contamination, both sites face challenges in fully managing leachate and environmental
risks.

In contrast, newer landfills like those in Tabriz and Isfahan have adopted stricter leachate management
protocols. The Tabriz site, operational since the early 2000s, processes around 1,200 tons of waste per day and
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Fig. 1. Map of study area showing sampling locations.

incorporates synthetic liners and leachate collection systems in some areas. However, further sealing is required.
Isfahan’s landfill, also established in the 1990s, has a well-developed system for leachate control, employing
synthetic liners and regular monitoring to minimize environmental impacts. Other sites, such as Rasht’s
Saravan landfill, face significant environmental risks due to inadequate sealing and leachate control, resulting in
contamination of local water bodies.

Sampling and physicochemical analysis

Samples were collected during the summer from landfills in the selected Iranian metropolises according to the
ISO 5667-10:1992 standard (including any subsequent amendments). To ensure accuracy, reliability, statistical
validity, and quality control, three samples were taken from each burial site, resulting in a total of 30 samples
prepared for analysis. The samples were transported to the laboratory of the Center for Occupational and
Environmental Hazardous Factors at Shahid Beheshti University of Medical Sciences, where they were kept at
4 °C. Sample kits were distributed to participating landfill sites, and on-site personnel collected grab samples
(1 L) in glass bottles, which were preserved with 1 g of sodium azide. These samples were transported to the
laboratory overnight in coolers containing ice blocks. Upon arrival, samples were filtered through 0.7 pm glass
fibre filters (Whatman, England) and stored at 4 °C until extraction. The physicochemical properties of the
leachate samples were analyzed using established methodologies'® and conducted in compliance with 1SO
standards. pH, electrical conductivity (EC), and total dissolved solids (TDS) were measured using a Multimeter
AZ-86,505. Biochemical oxygen demand over five days (BODS5) and chemical oxygen demand (COD) were
determined using the standard methods recommended by the American Public Health Association (APHA),
specifically methods 5210B and 5220 C. Heavy metals, including cadmium (Cd), mercury (Hg), lead (Pb),
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chromium (Cr), nickel (Ni), copper (Cu), and arsenic (As), were analyzed after digestion using EPA method
3050B, followed by inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7900). Polycyclic aromatic
hydrocarbons (PAHs) and phthalate esters were quantified using gas chromatography-mass spectrometry (GC-
MS) (Agilent 7890 A), adhering to EPA method 8270D. Finally, humic acids were measured using UV-Vis
spectrophotometry (PerkinElmer Lambda 35), based on the methodology outlined in ISO 5073.

Selection of the appropriate method to clean samples

The extraction and preparation of real leachate samples were evaluated using solid-phase extraction and clean-
up methods, as detailed below. The column used for solid-phase extraction was 3 ml of CHROMABOND'
C18 ec, which was acquired from MACHEREY-NAGEL in Germany. At this stage, the percentage of cartridge
recovery was also determined (Koplan, 2001). Before extraction, the leachate samples were centrifuged to ensure
uniformity and then passed through a Whatman 0.45 um filter.

The extraction of the samples proceeded as follows: First, the cartridge was washed twice with 2 ml of
methanol. Subsequently, the extraction column was washed with distilled water. Next, a specific amount of the
sample was passed through the filter. Next, the washing process was carried out using HPLC-grade distilled
water. To complete the drying process, the filter was vacuum-packed for 5 min. Finally, ethyl acetate was used
to wash the column. For analysis, 50 ul were extracted from the remaining sample under the extraction column
and injected into the relevant device.

The analysis of organic compounds and organometallic compounds was performed using HPLC and GC
coupled with mass spectrometry (MS) and a flame ionization detector (FID), according to the methods of
Ballesteros et al. (2000).

Statistical analysis

After obtaining the data, the relationships between the physical and chemical properties were analysed. Using
SPSS software version 16, the basic statistical information (mean, highest, lowest, and standard deviation) of
each variable was determined, as well as the Pearson correlation matrix between the main variables (EC, TDS,
pH, BOD, COD, heavy metals, PAHs, phthalate esters, acidity, and turbidity) at all landfill sites. Additionally, the
Pearson correlation was calculated using Microsoft Excel to further assess the linear relationships between the
measured parameters. The (CORREL) function was used to generate the correlation matrix, providing insights
into the strength and direction of these relationships, ranging from — 1 to + 1.

Leachate pollution index

The potential environmental impact of the leachate was measured using the leachate pollution index (LPI). This
index presents the quantitative potential for leachate pollution, offering a suitable tool for comparison. Using
Eq. 1, the LPI can be calculated (Kumar and Alappat, 2005a):

LPI Z W, P; (1)
i=0

Where LPI =the weighted additive leachate pollution index, wi = the weight for the ith pollutant variable, pi =the
subindex value of the ith leachate pollutant variable, n=18 and X wi= 1. However, if data for all pollutants are
unavailable, the LPIs can still be calculated using the equation provided, considering only the available pollutant
data (Kumar and Alappat, 2005b).

Where

S WP,
2h Wi

The pollutant parameters for which data are available in this study are m <18 and X wi.

LPI 2

Results and discussion

pH, TDS, and EC

The findings derived from the physicochemical analysis of leachates at the ten sites are succinctly outlined in
Figs. 2, 3 and 4. The pH values of the ten examined leachate samples varied between 4.57 and 8.95, with a
mean value of 7.143 + 1.45 observed across all samples. As posited by Kulikowska and Klimiuk (2008), the pH
of leachate progressively increases over time, which is attributable to the decreasing concentration of partially
ionized free volatile fatty acids. During the methanogenic phase, the proliferation of methane-producing
bacteria leads to the overall consumption of intermediate products. In this phase, the transformation of volatile
fatty acids into methane and carbon dioxide is closely correlated with the alkalinity of the leachate. The pH of
leachate is a fundamental parameter that significantly influences solubility>.

Previous research has demonstrated that low pH levels in leachate may prompt an increase in the presence
of calcium, iron, and manganese, whereas high pH conditions during the methanogenic phase tend to lower the
concentration of these elements (Ehrig and Stegmann, 2018). The pH values observed in the ten landfills were
consistent for leachate discharge, in compliance with environmental standards and regulations'” (Table 1).

Previous research has demonstrated that low pH levels in leachate may prompt an increase in the presence
of calcium, iron, and manganese, whereas high pH conditions during the methanogenic phase tend to lower
the concentration of these elements'®. The pH values observed in the ten landfills were consistent for leachate
discharge, in compliance with environmental standards and regulations'”. There are no established limits for
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Fig. 2. The amount of EC, TDS and turbidity at landfill sites in Iranian metropolises.
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Fig. 3. BOD, COD and BOD/COD values at landfill sites in Iranian metropolises.

the leachate discharged into the environment (water or soil) with regard to the electrical conductivity (EC)
parameter. The regulations governing effluents from nonhazardous waste landfills have not specified the limit
values for this parameter. In this research, the EC values for the 10 leachate samples differed, with sample code 10
having the highest value of 133 + 30 uS/cm, while the lowest value of 14 + 1.5 uS/cm was recorded for the sample
code 1 leachate sample. The EC values obtained in this study align closely with those reported by Podlasek et al.,
who reported landfill leachate EC values ranging from 1.5 to 25 mS/cm®. Guérin et al. (2004) reported a broader
spectrum of EC, ranging from 9 to 50 mS/cm'®. In Germany, the leachate from MSW landfills had a maximum
EC level of 425 mS/cm and a median level of 10.9 mS/cm at all sites!®. Elevated electrical conductivity levels in
leachate could indicate a gradual process of mineralization?’. Additionally, it may also signify the presence of
sodium and potassium cations?""?2,

In the monitoring of leachate, EC is frequently combined with total dissolved solids (TDS). These two
parameters are influenced by the amount of dissolved organic and inorganic compounds and serve as indicators
of leachate salinity'”. The values of these two parameters are directly related to each other®. Elevated levels
of dissolved solids can significantly impede water transparency. This limitation in light penetration disrupts
photosynthetic processes, ultimately leading to a decrease in primary production and a corresponding increase
in water temperature. These alterations in the aquatic environment can have detrimental effects on the growth
and development of biological components, particularly those that rely on photosynthesis, such as bacteria and

algae. Furthermore, high concentrations of dissolved solids can hinder the growth of many aquatic organisms>.
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Fig. 4. The amount of phthalate and HA in landfill sites in Iranian metropolises.

Sample Code | Location pH

1 Isfahan 4/57
2 Hamedan 8/53
3 Tabriz 8/35
4 Tehran(before treatment Plant) | 6/85
5 Tehran(after treatment Plant) 8/59
6 Qazvin 4/63
7 Rasht 8/25
8 Mashhad 6/83
9 Sanandaj 6/85
10 Ahvaz 7162

Table 1. The pH at various landfill sites in Iranian metropolises.

BOD5, COD, and BOD/COD

The observed mean values for BOD and COD were 9875 mg/l and 44,700 mg/l, respectively, with standard
deviations of 7324 mg/l and 27094.47 mg/l, respectively. The highest and lowest recorded BOD and COD values
were 21,000 mg/l and 90,000 mg/l and 350 mg/l and 2000 mg/l, respectively. The BOD and COD values obtained
correlate with the reported ranges for acetogenic leachate from young landfills, which typically fall between 4000
and 40,000 mg/1 for BOD and between 6,000 and 60,000 mg/1 for COD?3. The BOD, COD, and BOD: COD ratio
in leachate serve as measures of microbial processes and the presence of organic pollutants in leachate. The BOD:
COD ratio is considered a reliable indicator of landfill conditions, as well as the age of the waste>.

The mean BOD/COD ratio is 0.2077. The highest and lowest recorded BOD/COD ratios were 0.5 and 0.097,
respectively. By employing the BOD5/COD ratio, one can delineate the anaerobic phase of waste breakdown.
Specifically, a BOD5/COD > 0.4 signifies the acetic phase, while a BOD5/COD ratio below 0.1 is indicative
of mature leachate in the methanogenic phase?. Furthermore, a BOD5/COD ratio below 0.1 is regarded as
evidence of stable conditions due to the substantial presence of biologically inert substances®. This ratio was less
than 0.1 for one of the samples.

When the BOD/COD ratio ranges between 0.1 and 0.4, a transitional phase emerges, and the results obtained
by the present research mirror this occurrence!®. Figure 3 shows the BOD, COD, and BOD: COD ratios for the
10 measured locations.

Humic acid and phthalates
The highest levels of humic acid (HA) were detected in landfill no. 1, reaching 2200 mg/L, and in landfill no. 2,
measuring 1674.4 mg/L. The lowest concentrations of HA were found in landfill no. 5 (135 mg/L). HA represents
a significant portion of humic matter, constituting approximately 90% of natural organic material?*. Table 2
displays the PAE concentrations at the landfill leachate sites.

Among the PAEs analysed, DEHP was the most common, often at concentrations significantly higher than
those of other PAEs. Landfill number 4 registered the highest DEHP concentration at 150 mg/L, followed
by landfill number 5 with a concentration of 44.5 mg/L. Similar findings have been documented by other
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Sample code

Parameter Unit | 1 2 3 4 5 6 7 8 9 10
Naphtalene |ppb |5 |10 |05 |5 |5 |5 |5 |2 |Nd |5
Phenanthrene | ppb |11.2 |N.d |N.d |N.d |Nd |[Nd |Nd |Nd |Nd |Nd
Anthracene ppb |N.d |16.6 |Nd |Nd |Nd |Nd |164 | Nd |Nd |Nd
Fluorantene |ppb |N.d |N.d |05 |Nd|Nd |Nd|Nd |Nd|Nd |Nd
Pyrene ppb |Nd |Nd |10 |Nd|Nd |Nd|Nd |Nd |Nd |50
Total PAH ppb |16.5 269 |11.0 |5 5 5 224 |2 Nd |52

Table 2. The amount of aromatic polycyclic hydrocarbons (PAHs) in landfill leachate samples. *"N.d” in
the table means “not detected”. The following parameters were analyzed but were not detected in any of the
10 sampling points: Acenaphtylene, Acenaphthene, Fluorene, Benzo(a)anthracene, Chrysene, Benzo(b)
fluoranthene, Benzo(k)fluoranthene, Benzo(a)pyrene, Dibenzo(a, h)anthracene, and Benzo(g, h,i)perylene.

researchers?. These results align with expectations, given that, historically, DEHP has been the most commonly
utilized plasticizer, accounting for approximately half of Iran’s total PAE consumption?®. DEHP concentrations
generally correlate with landfill size. This relationship can be understood by considering that larger landfill
sites release greater amounts of waste and plasticizers into leachate, likely due to higher levels of precipitation
compared to smaller landfill sites'”.

The majority of DEHP concentration results fall within the range of those obtained in studies from Finland
(1-89 pg/L) China (n.d.-46 pg/L), Japan (9.6-49 pg/L) and Sweden (< 1-9 pg/L)*?78, The concentrations of
DEHP measured in this study surpassed those recorded in Germany (up to 240 ug/L), Sweden (97-346 ug/L),
and Italy (88-460 ug/L)*.This could be attributed to variations in waste composition, particularly in terms of the
quantity and types of plasticizers historically employed in Iran. Another factor could be the timing of the studies;
all of them were conducted several years ago, during a period when the use of DEHP was more prevalent than it
is today. A separate investigation by Asakura et al. (2004) assessed DEHP levels at two municipal landfill sites in
Japan, reporting concentrations of 25 ug/L and 19 pg/L%.

The study revealed that even after remediation in 1996 and ceasing operations in 2011, landfill number 1
continued to contain a substantial concentration of DEHP in its leachate. This phenomenon may be explained by
the anticipated sluggish mineralization of DEHP under anaerobic conditions commonly found within landfills*.
Due to its lipophilic nature and log Kow of approximately 7.5, DEHP is anticipated to readily adsorb to organic
matter, as well as soil or rock substrates, which are typically found in municipal landfills*®. DEHP is expected to
be persistently released from waste over an extended period>!. Our findings confirm these observations: DEHP
emissions continue to accumulate many years after landfill closure.

Polycyclic aromatic hydrocarbons (PAHs)

The levels of PAHs in each sample were comparatively minimal. The highest concentration of total PAHs was
detected in landfill no. 2 (26.9 ppb), and the lowest concentration of total PAHs was detected in landfill nos.
8 and 9 (below the limit of quantification, LOQ). Naphthalene was detected in nearly all the samples, likely
because of its high volatility and solubility in the leachate®?. Among the 16 hydrocarbons analysed, naphthalene
had the highest frequency and was present in all the samples. The high amount of naphthalene can be attributed
to the presence of industrial waste.

The analysis of the aforementioned results in comparison with data from other countries revealed noteworthy
distinctions. Based on the prescribed threshold for PAHs in wastewater intended for discharge into treatment
facilities, set below 200 ppb®, our analysis revealed unimpeded compliance across all samples with regard to
conveyance into the collection network for treatment. In the investigation conducted by Tan and et al. (2020),
the concentration range of PAHs observed in landfill leachate fell within the range of 1.4 to 22 ppb®. In an
analogous investigation, the quantified levels of PAHs within landfill leachate exhibited low concentrations
ranging from 21 to 0.09 ppb°.

The presence of PAHs in landfill leachate may be attributed to incomplete pyrolysis or combustion processes
of organic or solid waste within the landfill environment (Van Caneghem & Vandecasteele, 2014). Elevated
levels of PAHs within leachate can induce significant environmental harm due to their extended persistence and
inherent toxicity in environmental matrices®.

Heavy metal (HM)

Heavy metals were observed in all the samples. Table 3 details the concentrations of heavy metals found in
landfill leachate from the sites studied. The mean Chromium (Cr) level at all locations was relatively low (below
1 mg/L) and fell within the ranges reported in the literature!®. Similarly, the average concentrations of lead (Pb),
cadmium (Cd), arsenic (As), mercury (Hg), and nickel (Ni) were also low (less than 1 mg/L). This could be due
to the alkalinity of the leachate, which likely reduces the solubility of metals, thereby immobilizing them!.

The average Cu concentration in the leachate from these landfills was approximately 420 pg/L, which exceeds
the environmental release threshold reported in the literature of 200 pug/L*%. This suggests the possible presence
of items such as incandescent bulbs, batteries, motor oil, paints, or pharmaceuticals in landfill waste that are not
properly segregated®?.
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Parameter | Units | N | Min | Max | Mean | Median | S.D
pH - 10 | 4.57 | 8.95 7.14 7.23 1.59
Turbidity NTU |10 |15 520 139.5 |103.25 |142.87
TDS g/l 10 | 7.14 | 67 20.6 13.64 17.86
EC uS/cm | 10 | 14 133 41 27.5 35.41
Humicacid | ppm |10 | 135 | 2200 | 798.24 | 595 640.14
BOD5 ppm |10 | 350 | 22,000 | 9758 | 7500 7.720
COD ppm | 10 | 2000 | 90,000 | 44,700 | 44,500 | 21,919
Phthalate ppm |10 |6 150.8 |27.94 |9.35 44.93
Total PAHs | ppb 10 |51 |26.86 |9.05 5.4 7.64
Pb ppb 10 | 240 | 251 2474 |2483 3.47
Cd ppb 10 | 245 | 256 250.97 | 251.5 3.1

As ppb 10 | 250 | 523 278.96 | 250 85.91
Cr ppb 10 | 250 | 782 3304 | 266.5 164.88
Hg ppb 10 | 50 132 64.45 |50 30.72
Ni ppb 10 | 250 | 676 358.4 | 250 155.68
Cu ppb 10 | 250 | 716 419.6 | 396 184.06

Table 3. Statistical analysis of parameter measurements in landfill leachate samples.

The concentrations of heavy metals such as Pb, Cd, Hg, Ni, and Cu in leachate samples were lower than those
at landfill sites in India, Turkey, Egypt, Malaysia, Germany and China*~3. Heavy metals are regulated pollutants
in wastewater discharged into water or soil®. During the research period, the average concentrations of Hg, Ni,
and Cd were below the permissible limits (0.5 mg/L). However, some landfill samples contained leachate with
excessive amounts of Cu (over 500 pg/L) and Cr (over 100 pg/L). Consequently, untreated leachate with such
high levels of Cu and Cr should not be released into the environment. Additionally, discharging this leachate to
municipal wastewater treatment plants can be problematic, as the presence of substances that are particularly
harmful to the aquatic environment, such as Cr and Cu, necessitates obtaining a water permit in accordance
with regulations®.

Statistical analysis

Statistical analysis was performed for 16 measured parameters, and the minimum, maximum, mean, median,
and standard deviation of each parameter were calculated using SPSS software, as shown in Table 3. The statistical
analysis of landfill leachate revealed significant variability across both organic and inorganic parameters.
Parameters such as pH, Pb, and Cd displayed low variability, suggesting relatively consistent conditions or
sources within the landfill. Conversely, high variability in turbidity, BOD5, COD, and heavy metals (Cr and Cu)
indicated heterogeneous waste composition and decomposition processes. This observed variability underscores
the inherent complexity of landfill leachate, highlighting the need for comprehensive monitoring and
management strategies to mitigate environmental impacts. Regular and detailed leachate analysis, as evidenced
by the high standard deviations in several parameters, is crucial for ensuring effective landfill management and
environmental protection.

Additionally, a Pearson correlation analysis was conducted to further explore the relationships between
the various measured parameters. Using both SPSS and Microsoft Excel, the correlation matrix between key
parameters such as pH, EC, TDS, BOD, COD, heavy metals (Cr, Ni, Pb, Hg, Cu), and organic compounds (PAHs,
phthalates, humic acid) was generated. This analysis provided deeper insights into the strength and direction of
linear relationships between the variables, helping to identify key interactions and potential areas for targeted
interventions in leachate management. The Pearson correlation results are summarized in Table 4.

The Pearson correlation analysis revealed significant relationships between several key parameters. A strong
positive correlation was observed between EC and TDS (0.99), as well as between BOD and COD (0.71),
indicating that these pairs of parameters are closely related. Moreover, the correlation between certain heavy
metals such as Nickel and Mercury (0.91) and Nickel and Copper (0.87) suggests that these metals tend to
co-occur in the leachate, potentially originating from similar sources or processes. In contrast, Lead showed
weaker correlations with other variables, indicating a more isolated behavior. The correlation between pH and
BOD (-0.66) highlights the influence of acidity on organic degradation processes. These findings emphasize
the importance of monitoring multiple interacting parameters to better manage leachate treatment and reduce
environmental risks. The results of our study are consistent with those of Naveen and et al..

Leachate pollution index
The LPI is an effective means of gauging the contamination risk associated with various landfill sites at specific
times®. The LPIs were computed using the available data, even though not all parameters incorporated in the
LPIs were accessible. It is important to emphasize that every characteristic of the leachate properties notably
influences the computations of the LPIs®,

The attributes of MSW leachate analysed in this study, in conjunction with the parameters employed for
computing the LPIs, such as the pollutant weight factor (wi) and subindex value (pi), are outlined in Table 2. This
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Fig. 5. The LPIs at landfill sites in Iranian metropolises.

research utilized LPIs to evaluate the pollution potential of leachate on a theoretical scale ranging from 5 to 100
40, The samples from Ahvaz had the highest LPI value, approximately 27.5, while the samples from Tehran, post
treatment, exhibited the lowest value at 13.2. The elevated LPIs can be attributed to high concentrations of COD,
BOD, and specific metal elements such as Cr, As and Fe!. The geographical location of Ahvaz, characterized by
its humid climate, undoubtedly exerts a notable influence in this context®.

According to Somani et al. (2019), environmental degradation is less likely to occur if the LPI remains below
the threshold of 35*!. Based on the data depicted in Fig. 5, the LPIs obtained from all the samples remain below
the critical threshold of 35, suggesting that there is currently no imminent environmental threat. Nevertheless,
according to Maiti et al. (2016), who stated that an LPI exceeding the standard threshold of 7.38 is highly
hazardous and illegal for discharge into surface water, all the samples in this study surpassed this critical value*?.
This indicates a significant need for more stringent regulatory measures and remediation efforts. Additionally,
leachate treatment exerts a substantial effect on mitigating leachate pollution?’. Figure 5 displays the calculated
Landfill Pollution Index (LPI) for 10 landfills sampled from Iranian metropolises.

Additionally, 60% of the samples exhibited a higher LPI than that observed in Malaysia and Portugal®?*. High
LPIs from landfills, numerically greater than 7.5, indicate inappropriate environmental conditions and indicate
an urgent need for attention®.

Conclusions

In conclusion, this study highlights the substantial variability in the physicochemical properties and pollution
potential of leachate from major municipal solid waste landfills in Iranian cities. The results indicated that older
landfills, such as the one in Ahvaz, exhibited higher contamination levels compared to newer or more controlled
sites, such as those in Tehran after treatment. This discrepancy is likely due to differences in operational practices
and waste management efficiency. Climatic conditions in different regions, including both semiarid and humid
climates, also influenced the degradation rates of waste and, consequently, the leachate composition. Notably,
landfills in wetter regions, like Rasht, displayed distinct leachate characteristics, including higher levels of
organic matter degradation.

The findings revealed a wide range of contaminants, including significant levels of BODs, COD, TDS, heavy
metals, phthalates, and humic acids. Despite the relatively low concentrations of heavy metals such as lead,
cadmium, and mercury, the presence of hazardous organic compounds, such as phthalates and PAHs, poses a
serious environmental threat, particularly to groundwater quality. The primary contribution of this study lies in
its comprehensive evaluation of leachate characteristics across multiple cities using the Leachate Pollution Index
(LPI), offering critical insights for policymakers and environmental managers to improve waste management
strategies and mitigate the environmental impact of landfill leachates. Greater emphasis on adopting effective
leachate treatment systems and reinforcing regulatory frameworks is necessary to safeguard public health and
natural resources.

Data availability
All of the data analyzed and used during the current study will be available from the corresponding author
onreasonable request.
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