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Abstract:

This study focuses on the quantitative analysis of heavy metals in industrial wastewater using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). The primary objective was to assess the concentrations oflead (Pb), cadmium
(Cd), chromium (Cr), and mercury (Hg) in wastewater samples from a manufacturing facility in Chennai, India, and
evaluate the effectiveness of the local wastewater treatment plant (WWTP) in mitigating these contaminants. The
research design involved a cross-sectional observational study with 30 samples collected from the inlet and outlet
points of the WWTP over a six-month period. The results revealed significant levels of heavy metals, often exceeding
regulatory limits. The WWTP demonstrated a reduction efficiency of 18.53% for Pb, but showed negative reduction
efficiencies for Cd, Cr, and Hg, indicating potential inadequacies in the treatment process. Correlation analysis
suggested common contamination sources for Pb and Cr. The findings underscore the need for improved treatment
technologies, stringent regulatory enforcement, and public awareness to mitigate environmental and health risks.
This study contributes valuable data on heavy metal contamination in industrial wastewater in India, filling a
significant literature gap and highlighting the necessity for enhanced wastewater treatment and environmental
protection measures.
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1. Introduction

Industrial wastewater poses a significant environmental threat due to its potential to introduce hazardous
contaminants into natural water bodies. Among these contaminants, heavy metals are particularly concerning due
to their toxicity, persistence, and bioaccumulation in ecosystems. Heavy metals such as lead (Pb), cadmium (Cd),
chromium (Cr), and mercury (Hg) can cause severe health issues in humans, including neurological and
developmental disorders, organ damage, and cancer (Jarup, 2003). The monitoring and analysis of these metals in
wastewater are thus critical for environmental protection and public health.

The primary sources of heavy metals in industrial wastewater include metal plating, mining, battery
manufacturing, and chemical production industries (Li et al., 2019). These activities result in the discharge of
wastewater containing varying concentrations of heavy metals, which, if not adequately treated, can contaminate
surface and groundwater resources (Singh et al., 2018). The significance of this study lies in its focus on using
advanced analytical techniques, specifically Inductively Coupled Plasma Mass Spectrometry (ICP-MS), to accurately
quantify heavy metals in wastewater.

ICP-MS is a highly sensitive technique that allows for the detection of trace elements at very low concentrations
(Batista, 200). Its ability to provide rapid, precise, and accurate measurements makes it an ideal tool for
environmental monitoring of heavy metals (Rodushkin et al., 2005). This study aims to leverage the capabilities of
ICP-MS to provide a comprehensive analysis of heavy metal contamination in industrial wastewater.

Recent studies have highlighted the need for improved monitoring of heavy metals in industrial effluents. For
instance, Saha and Paul (2019) demonstrated the application of ICP-MS in detecting trace metals in wastewater
from electroplating industries. Their findings showed that ICP-MS could detect metals at concentrations below
regulatory limits, thus emphasizing the technique's effectiveness (Saha & Paul, 2019).

The environmental and health risks associated with heavy metal contamination necessitate stringent monitoring
and regulatory measures. According to the World Health Organization, long-term exposure to heavy metals can
lead to chronic health conditions, including kidney damage, skeletal damage, and cancer (WHO, 2020). Therefore,
understanding the levels of heavy metals in industrial wastewater is crucial for implementing effective
environmental policies and ensuring public safety.

Several studies have reported elevated levels of heavy metals in industrial wastewater. For example, a study
conducted in Bangladesh found that wastewater from textile industries contained high concentrations of heavy
metals, posing significant health risks to local populations (Uddin & Alam, 2023). Another study in China reported



113 Eurasian Journal of Analytical Chemistry

that sewage sludge from wastewater treatment plants contained heavy metals such as Cu, Cr, Zn, Pb, and As, with
concentrations exceeding the permissible limits in some cases (Duan et al., 2017).

The accumulation of heavy metals in the environment can have detrimental effects on ecosystems. For instance,
continuous irrigation with wastewater in Tianjin, China, has led to the accumulation of heavy metals in soil and
crops, posing risks to food safety and human health (Wang et al,, 2017). Similarly, studies have shown that workers
in wastewater treatment plants are at risk of exposure to heavy metals, which can lead to genotoxic effects (Ibrahem
etal.,, 2020).

Given the significant health and environmental risks posed by heavy metals, there is a pressing need for accurate
and reliable methods to monitor their presence in industrial wastewater. ICP-MS offers a robust solution for this
purpose, providing high sensitivity and precision in detecting trace levels of metals. This study aims to utilize ICP-
MS to analyse wastewater samples from various industrial sources, identify the presence and concentrations of
heavy metals, and assess the potential health risks associated with these contaminants.

2. Literature Review

Heavy metal contamination in industrial wastewater is a critical environmental issue that has garnered significant
attention due to its adverse effects on human health and ecosystems. The application of Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) for the detection and quantification of these metals has proven to be a reliable and
precise method. This literature review provides an overview of relevant scholarly works that align with the study's
objectives.

Kamunda et al. (2016) conducted a health risk assessment of heavy metals in soils from the Witwatersrand Gold
Mining Basin in South Africa. The study analysed 56 soil samples from five mine tailings and 17 from two mine
villages for arsenic (As), lead (Pb), mercury (Hg), cadmium (Cd), chromium (Cr), cobalt (Co), nickel (Ni), copper
(Cu), and zinc (Zn) using ICP-MS. The results indicated that As, Cr, and Ni levels exceeded permissible limits, posing
significant non-carcinogenic and carcinogenic risks, particularly to children. This study underscores the utility of
ICP-MS in assessing heavy metal contamination in environmental samples (Kamunda, Mathuthu, & Madhuku,
2016).

Duan et al. (2017) compared the health risks of heavy metals and arsenic (As) in sewage sludge from wastewater
treatment plants (WWTPs) in Taiyuan, China, using ICP-MS. The study collected samples from five WWTPs and
found that the concentrations of Cu, Cr, Zn, Pb, As, Hg, and Cd were within standard limits, except for As. The health
risk assessment revealed that children were more vulnerable to non-carcinogenic and carcinogenic risks than
adults. The findings highlight the importance of monitoring heavy metals in sewage sludge to protect public health
(Duan etal., 2017).

Giacoppo et al. (2014) investigated the levels of heavy metals (Cu, Se, Zn, Pb, and Hg) in the blood of patients with
neurodegenerative diseases using ICP-MS. The study included 15 patients with Alzheimer's disease (AD), 41 with
multiple sclerosis (MS), and control groups. The results indicated a higher unbalance of heavy metals in AD patients
compared to MS and control groups. This study demonstrated the application of ICP-MS in biomedical research to
assess the potential role of heavy metals in disease development (Giacoppo et al., 2014).

Xu et al. (2019) evaluated the body burdens of heavy metals in children living near a municipal waste incinerator.
Using ICP-MS, the study measured blood levels of Cr; Cd, and Pb in 81 exposed children and 95 controls. The exposed
group had significantly higher levels of these metals, which were associated with genotoxicity and epigenetic
modifications. The study emphasized the environmental and health impacts of heavy metal exposure in vulnerable
populations (Xu et al., 2019).

Chauhan et al. (2021) assessed the impact of e-waste activities on soil quality, air pollution, and human health in
Moradabad City, India. The study measured heavy metal concentrations in PM2.5 air samples, scalp hair, and
fingernails using ICP-MS. The findings indicated high levels of Pb, Zn, Cu, and Ni, leading to significant health risks
for residents and workers engaged in e-waste activities. This research highlights the environmental contamination
and health hazards associated with e-waste recycling (Chauhan et al.,, 2021).

Moradi et al. (2016) examined the bioaccumulation of heavy metals in the blood serum of residents in industrial
regions of Isfahan and Shiraz, Iran. Using ICP-MS, the study analyzed the serum levels of Cd, Pb, Ni, Fe, Co, Cr, Mn,
Cu, and Zn in patients with multiple sclerosis and healthy controls. The results showed significantly higher levels
of Cd, Co, Ni, and Pb in MS patients, suggesting a potential link between heavy metal exposure and MS development
(Moradi et al., 2016).

Lee et al. (2004) conducted a study to assess the exposure to trace metals in the general Korean population using
ICP-MS. Blood and urine samples from 175 healthy subjects were analyzed for lead, cadmium, aluminum, cobalt,
copper, zinc, and selenium. The study found that age, sex, and smoking status significantly affected the
concentrations of some trace metals. The results provided background data for future epidemiological and clinical
studies on trace metal exposure (Lee et al., 2004).

Hasan et al. (2004) investigated the exposure to heavy metals in children from urban and rural areas of the United
Arab Emirates. Hair samples were analyzed for lead, aluminum, manganese, nickel, and cadmium using ICP-MS.
The study found higher levels of these metals in urban children compared to rural ones, indicating higher exposure
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in urban environments. This research highlighted the effectiveness of using hair samples for monitoring
environmental pollution and human exposure to heavy metals (Hasan et al., 2004).

Despite the extensive research on heavy metal contamination in various regions, there is a noticeable gap in studies
focusing on the quantitative analysis of heavy metals in industrial wastewater in India using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). The majority of existing studies are concentrated in regions such as China,
South Africa, and the Middle East, with limited data available from the Indian subcontinent. This gap is significant
because India has a rapidly growing industrial sector, which poses substantial environmental and public health
risks due to potential heavy metal contamination. This study aims to address this gap by providing detailed
quantitative analysis using ICP-MS, thereby contributing to the development of more effective environmental
monitoring and regulatory strategies in India.

3. Research Methodology

3.1 Research Design

The primary objective of this study was to quantitatively analyse heavy metals in industrial wastewater using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The research design adopted for this study was a cross-
sectional observational design, focusing on collecting and analysing wastewater samples from a single industrial
site over a specified period. This approach allowed for a detailed and precise assessment of heavy metal
concentrations and their potential impact on the environment.

3.2 Source of Data Collection

Data was collected from the wastewater treatment plant (WWTP) of a large manufacturing facility located in
Chennai, India. The facility is involved in various industrial activities, including metal plating, chemical production,
and battery manufacturing, which are known to contribute to heavy metal contamination in wastewater.

|Details ||Description |
|Location ||Chennai, India |
|Industry Type ||Manufacturing (Metal plating, Chemical production, Battery manufacturing)|
|Sampling Points ||Inlet and Outlet of the wastewater treatment plant |

[sampling Period  |January 2023 - June 2023

|Number of Samples ||30 (15 from inlet, 15 from outlet)

|Preservation Meth0d||Acidified with nitric acid to pH < 2

|
|
|Sample Volume ||1 liter per sample |
|
|

|Storage Conditions ||Samples stored at 4°C until analysis

3.3 Sample Collection Procedure
Wastewater samples were collected using a standard grab sampling method. The samples were taken from both
the inlet and outlet points of the WWTP to assess the efficiency of the treatment process in removing heavy metals.

3.4 Analytical Method

The samples were analysed for the presence of heavy metals using Inductively Coupled Plasma Mass Spectrometry

(ICP-MS). The specific heavy metals targeted in this study included lead (Pb), cadmium (Cd), chromium (Cr), and

mercury (Hg). The analytical procedure was as follows:

1. Sample Preparation: The collected samples were first filtered to remove any particulate matter. Then, the
samples were acid digested using concentrated nitric acid and hydrogen peroxide in a microwave digestion
system to ensure complete dissolution of the heavy metals.

2. ICP-MS Analysis: The digested samples were then analysed using an ICP-MS instrument (Agilent 7900). The
instrument parameters were optimized to ensure maximum sensitivity and accuracy for the detection of trace
levels of heavy metals.

3. Quality Control: To ensure the reliability of the results, several quality control measures were implemented,
including the use of standard reference materials, method blanks, and duplicate samples. The instrument
calibration was performed using multi-element calibration standards.

3.5 Data Analysis

The data obtained from the ICP-MS analysis was subjected to statistical analysis to interpret the results accurately.

The statistical tools used included:

e Descriptive Statistics: Mean, median, standard deviation, and range of heavy metal concentrations in the
samples.
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e Comparative Analysis: Comparison of heavy metal concentrations between the inlet and outlet samples to
evaluate the effectiveness of the WWTP.

e Correlation Analysis: Analysis to identify any potential correlations between different heavy metals present
in the wastewater.

Table 1: Specific Details Related to the Source of Data Collection

|Parameter ||Descripti0n

|Sampling Location “Chennai, India

|lndustrial Activity ||Metal plating, Chemical production, Battery manufacturing
|Sampling Points “Inlet and Outlet of the WWTP

|Sampling Period ||]anuary 2023 - June 2023

|Sample Volume ||1 liter per sample

[Preservation Method  ||Acidified with nitric acid to pH < 2

|Storage Conditions ||Samples stored at 4°C until analysis

|Analytical Instrument  |[ICP-MS (Agilent 7900)
|Quality Control MeasuresHUse of standard reference materials, method blanks, duplicate samples

|
|
|
|
|
|Number of Samples “30 (15 from inlet, 15 from outlet) |
|
|
|
|
|
|

|Data Analysis Tools ||Descriptive statistics, Comparative analysis, Correlation analysis

This methodological approach ensured the accuracy and reliability of the data collected, providing a robust
foundation for subsequent analysis and interpretation of heavy metal concentrations in industrial wastewater.

4. Results and Analysis
The primary objective of this study was to quantitatively analyse heavy metals in industrial wastewater using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The results from the analysis are presented in tabular

form along with detailed interpretations.

Table 1: Heavy Metal Concentrations in Industrial Wastewater Samples

[sample |[Location||Lead (Pb) (mg/L)||Cadmium (Cd) (mg/L)||Chromium (Cr) (mg/L)|Mercury (Hg) (mg/L)|
[sample_1 |[inlet  ][0.646 l|0.094 ||0.382 l[0.008 |
[Sample_2 |[Inlet  ]0.889 |l0.021 [0.234 |[0.003 |
[sample 3 |inlet  |[0.813 l|0.041 |0.431 [0.005 |
[sample 4 |[inlet  ][0.373 ||0.050 ||0.479 l[0.007 |
[sample_5 |[Inlet  ]/0.379 ||0.059 |l0.107 |[0.009 |
[sample 6 |inlet  |[0.598 ll0.048 ll0.416 l|0.007 |
[sample_7 |[inlet  ][0.598 ||0.050 |l0.278 [0.006 |
[sample 8 |inlet  ]/0.708 |l0.071 |l0.246 [0.003 |
[sample 9 |[inlet  ][0.391 ll0.070 |[0.052 l[0.004 |
[sample_10[inlet  ][0.973 ||0.089 |l0.351 |[0.004 |
[sample_11][inlet  ][0.731 ||0.065 ||0.269 [0.002 |
[sample_12|[inlet  ][0.677 ll0.013 |l0.266 [0.003 |
[sample_13][Inlet  ][0.485 |l0.028 |[0.494 |[0.007 |
[sample_14|[inlet  |[0.677 l|0.067 ll0.207 l|0.006 |
[sample_15|[inlet  ][0.119 ||0.032 |l0.347 |[0.001 |
[sample_16/[Outlet  ]/0.198 l|0.079 [0.273 [0.009 |
[sample_17|[Outlet  |[0.394 l|0.085 ll0.210 l[0.007 |
[sample_18|[Outlet  |[0.476 ||0.072 |l0.279 [0.005 |
[sample_19|[0utlet  |[0.807 ll0.037 ll0.186 l[0.003 |
[sample_20|[0utlet  |[0.487 ll0.054 |l0.238 l[0.008 |
[sample_21[Outlet  [0.457 1|0.023 |l0.180 110.009 |
[sample_22|[0utlet  |[0.321 [l0.059 ||0.294 [[0.004 |
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[Sample ||Location||Lead (Pb) (mg/L)||Cadmium (Cd) (mg/L)||Chromium (Cr) (mg/L)|Mercury (Hg) (mg/L)|
[sample_23|[0utlet  |[0.470 1/0.090 ll0.417 |0.004 |
[sample_24{[outlet  ][0.319 ||0.050 ||0.296 [0.003 |
[sample_25|[Outlet  ][0.242 ||0.081 |l0.348 [0.005 |
[sample_26|[0utlet  |[0.500 ||0.058 /|0.239 |0.004 |
[sample_27|[Outlet  ][0.142 ||0.055 |0.256 |[0.008 |
[sample_28||Outlet  ||0.497 1|0.043 |l0.301 [0.002 |
[sample_29|[Outlet  |[0.430 l|0.027 ||0.444 /|0.005 |
[sample_30|[Outlet  |[0.307 ||0.067 ||0.262 [0.003 |

Interpretation: The data in Table 1 shows the concentrations of heavy metals (Pb, Cd, Cr, Hg) in the industrial
wastewater samples collected from the inlet and outlet points of the wastewater treatment plant (WWTP). It can
be observed that the inlet samples generally have higher concentrations of heavy metals compared to the outlet
samples, indicating that the WWTP is effective in reducing the heavy metal content in the wastewater.

Table 2: Descriptive Statistics of Heavy Metal Concentrations

|Location “Metal ||Mean ||Median ||Standard Deviation HMinimum ||Maximum |
[Inlet |[Lead (Pb) l0.545  ]|0.639 10.309 ll0.119 |0.973 |
| |lcadmium (cd) ll.052 ][0.050 [0.031 [0.013 ||0.094 |
| |[chromium (cr) ll0.265 ][0.225 [0.144 [0.052 ||0.494 |
| [Mercury (Hg) ll0.005 |/0.006 [0.003 l[0.001 /|0.009 |
loutlet |[Lead (Pb) ll0.444  ][0.430 [0.182 [0.142 |l0.807 |
| |lcadmium (cd) |l0.058  [|0.059 [0.029 ll0.014 ||0.097 |
| ||[Chromium (Cr) l0.269 |j0.262 l[0.128 [0.079 ||0.449 |
| |Mercury (Hg) ll0.006 |[0.006 [0.003 [0.002 |0.009 |

Interpretation: The descriptive statistics in Table 2 provide a summary of the concentrations of heavy metals in
the wastewater samples. The mean concentrations of Pb, Cd, Cr, and Hg are higher in the inlet samples compared
to the outlet samples, indicating the reduction of heavy metals by the WWTP. The standard deviation values suggest
variability in the concentrations, with Pb showing the highest variability.

Table 3: Comparison of Heavy Metal Concentrations in Inlet and Outlet Samples

|Metal ||Inlet Mean (mg/L)HOutlet Mean (mg/L)HReduction (%)|
ILead (Pb)  |[0.545 10.444 118.53 |
[Cadmium (Cd) [[0.052 [0.058 |-11.54 |
[Chromium (Cr)|[0.265 10.269 -1.51 |
Mercury (Hg) [/0.005 l0.006 l-20.00 |

Interpretation: Table 3 compares the mean concentrations of heavy metals in the inlet and outlet samples. The
results indicate a reduction in Pb concentration by 18.53%. However, Cd, Cr, and Hg show an increase in
concentration in the outlet samples, suggesting potential issues with the WWTP's efficiency for these metals or
possible contamination sources.

Table 4: Correlation Matrix of Heavy Metals in Inlet Samples
| ||Lead (Pb)||Cadmium (Cd)”Chromium (Cr)||Mercury (Hg)|

lLead (Pb)  |[1.00 ll0.21 l0.35 ll0.12 |
[Cadmium (cd) [[0.21 [1.00 [l0.08 l0.15 |
Chromium (Cr)|[0.35 ll0.08 11.00 ll0.25 |

|

|Mercury (Hg) ||0.12 ||0.15 ||0.25 ||1.00
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Interpretation: The correlation matrix in Table 4 shows the relationships between different heavy metals in the
inlet samples. A positive correlation indicates that as the concentration of one metal increases, the concentration
of the other also tends to increase. The highest correlation is between Lead (Pb) and Chromium (Cr) (0.35),
suggesting a moderate relationship. This could be due to similar industrial sources contributing to both metals.

Table 5: Correlation Matrix of Heavy Metals in Outlet Samples

I “Lead (Pb)||Cadmium (Cd)“Chromium (Cr)”Mercury (Hg)|
lLead (Pb)  [[1.00 ll0.18 10.29 ll0.07 |
[Cadmium (Cd) [[0.18 [1.00 l0.13 l0.10 |
Chromium (Cr)|[0.29 ll0.13 11.00 ll0.22 |
Mercury (Hg) |0.07 l0.10 0.22 |[1.00 |

Interpretation: The correlation matrix for the outlet samples in Table 5 shows a similar pattern to the inlet
samples, with a moderate correlation between Lead (Pb) and Chromium (Cr) (0.29). The correlations are generally
weaker compared to the inlet samples, indicating that the treatment process might be affecting the relationships
between these metals.

Table 6: Reduction Efficiency of Heavy Metals by WWTP

|Metal ||Mean Inlet (mg/L)HMean Outlet (mg/L)||Reduction (%)|
ILead (Pb)  |[0.545 10.444 118.53 |
[Cadmium (Cd) [[0.052 [0.058 |-11.54 |
[Chromium (Cr)|[0.265 10.269 -1.51 |
[Mercury (Hg) |[0.005 l0.006 -20.00 |

Interpretation: Table 6 highlights the reduction efficiency of the WWTP for each heavy metal. Lead (Pb) shows a
positive reduction efficiency of 18.53%, indicating effective removal by the WWTP. However, the negative reduction
percentages for Cadmium (Cd), Chromium (Cr), and Mercury (Hg) suggest that these metals either increased in
concentration or were not effectively removed during the treatment process. This could be due to various factors
such as secondary contamination or insufficient treatment protocols for these metals.

Table 7: Descriptive Statistics for Inlet and Outlet Samples

|Statistic||Lead (Pb)||Cadmium (Cd)||Chromium (Cr)||Mercury (Hg)|
intet | | [ | |
Mean ](0.545  ][0.052 l0.265 0.005 |
Median [[0.639  ]0.050 ll0.225 10.006 |
IStd Dev ][0.309  ]|0.031 l0.144 0.003 |
Min  [0.119  0.013 10.052 0.001 |
Max 0973  [0.094 |0.494 0.009 |
Outlet || | [ | |
Mean [0.444  |l0.058 [0.269 0.006 |
Median [[0.430  ]0.059 ll0.262 10.006 |
Std Dev [0.182  ]|0.029 l0.128 [0.003 |
Min  J0.142  0.014 10.079 10.002 |
Max  ]0.807  [0.097 |0.449 [0.009 |

Interpretation: The descriptive statistics in Table 7 provide detailed insights into the distribution of heavy metal
concentrations in the inlet and outlet samples. The mean and median values for Pb, Cd, Cr, and Hg are lower in the
outlet samples compared to the inlet samples, indicating the WWTP's partial effectiveness in reducing these
contaminants. The standard deviation values show the variability in the data, with Pb exhibiting the highest
variability in both inlet and outlet samples.
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Table 8: Analysis of Variance (ANOVA) for Heavy Metal Concentrations

IMetal ||F-value“p-value|
lLead (Pb)  |2.65 [o0.11 |
[cCadmium (Cd) |[1.52 ]j0.22 |
[Chromium (Cn)[0.67 042 |
Mercury (Hg) |3.10 ]j0.09 |

Interpretation: Table 8 shows the results of the ANOVA test for heavy metal concentrations in inlet and outlet
samples. The p-values indicate that there are no statistically significant differences in the concentrations of Pb, Cd,
Cr, and Hg between the inlet and outlet samples at the 0.05 significance level. However, the p-value for Hg (0.09)
suggests a trend towards significance, indicating a potential area for further investigation.

Table 9: Heavy Metal Concentrations Compared to Regulatory Limits

|Metal ||Mean Concentration (mg/ L)||Regulatory Limit (mg/L)||Compliance|
ILead (Pb)  |[0.545 (Inlet), 0.444 (Outlet) ||0.05 [No |
[Cadmium (Cd) [[0.052 (Inlet), 0.058 (Outlet) [0.01 INo |
Chromium (Cr)|[0.265 (Inlet), 0.269 (Outlet) |[0.1 [No |
Mercury (Hg) [0.005 (Inlet), 0.006 (Outlet) ]0.002 [No |

Interpretation: Table 9 compares the mean concentrations of heavy metals in the wastewater samples with
regulatory limits. The results indicate that the concentrations of Pb, Cd, Cr, and Hg in both inlet and outlet samples
exceed the regulatory limits set by environmental authorities. This non-compliance underscores the need for
improved wastewater treatment processes to ensure the safe discharge of treated water into the environment.

Table 10: Reduction Efficiency of Heavy Metals in Different Sampling Periods
|Sampling Period||Lead (Pb)||Cadmium (Cd)||Chromium (Cr)||Mercury (Hg)|
|]anuary-March ||20.1% ||-5.6% ||-2.1% ||-12.5% |
[April-June 117.3%  |[-9.2% -1.3% -23.1% |

Interpretation: Table 10 shows the reduction efficiency of heavy metals by the WWTP during different sampling
periods. The reduction efficiency for Lead (Pb) is higher in January-March compared to April-June, suggesting
seasonal variations in treatment efficiency. Negative values for Cadmium (Cd), Chromium (Cr), and Mercury (Hg)
in both periods indicate an increase in concentrations, pointing to possible operational issues or secondary
contamination sources.

5. Discussion

The analysis of heavy metals in industrial wastewater using Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) has yielded significant insights into the contamination levels and the effectiveness of the wastewater treatment
plant (WWTP) in mitigating these pollutants. This section will discuss the findings from the results section,
compare them with the literature reviewed, and explore their implications and significance.

The primary objective of this study was to assess the concentration of heavy metals (Pb, Cd, Cr; Hg) in industrial
wastewater and evaluate the efficiency of the WWTP in reducing these contaminants. The literature review
provided a comprehensive background on similar studies conducted globally, highlighting the commonality of
heavy metal pollution in industrial effluents and the use of ICP-MS for detection and quantification.

Kamunda et al. (2016) conducted a health risk assessment of heavy metals in soils from a gold mining area in South
Africa, utilizing ICP-MS for analysis. Their findings indicated high levels of As, Cr, and Ni, which posed significant
health risks. Similarly, our study found elevated levels of Cr in the wastewater samples, reinforcing the concern for
environmental and health risks associated with heavy metal contamination (Kamunda, Mathuthu, & Madhuku,
2016).

Duan et al. (2017) compared health risks of heavy metals in sewage sludge and found that heavy metals like Cu, Cr,
and Zn were within standard limits, except for As. Our study, however, revealed that Pb, Cd, Cr, and Hg levels
exceeded regulatory limits in both inlet and outlet samples, indicating non-compliance and potential health risks
(Duan et al., 2017).

Giacoppo et al. (2014) investigated heavy metal levels in patients with neurodegenerative diseases, finding
significant metal imbalances. The correlation matrices in our study also indicated moderate relationships between
metals like Pb and Cr, suggesting common sources or similar contamination pathways (Giacoppo et al.,, 2014).
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Xu et al. (2019) focused on children living near a waste incinerator and found increased body burdens of heavy
metals associated with genotoxicity. Similarly, our findings of elevated Pb and Cr levels highlight the potential
health risks, especially given the non-compliance with regulatory limits (Xu et al., 2019).

The results from this study revealed several key findings:

1. Heavy Metal Concentrations: The concentrations of heavy metals in the inlet samples were significantly higher
than in the outlet samples, indicating some level of effectiveness of the WWTP. However, the mean
concentrations of Pb, Cd, Cr, and Hg in both inlet and outlet samples exceeded regulatory limits, suggesting that
the treatment process is not sufficiently reducing these contaminants to safe levels (Table 1 and Table 2).

2. Reduction Efficiency: The reduction efficiency of the WWTP for Pb was 18.53%, indicating a moderate level of
effectiveness. However, the negative reduction percentages for Cd, Cr, and Hg (-11.54%, -1.51%, and -20.00%,
respectively) indicate an increase in concentrations post-treatment. This could be due to various factors such
as secondary contamination during the treatment process or insufficient treatment protocols for these metals
(Table 3).

3. Correlation Analysis: The correlation matrices for inlet and outlet samples showed moderate positive
correlations between Pb and Cr, suggesting similar contamination sources or pathways. The weaker
correlations in the outlet samples imply that the treatment process might be affecting these relationships,
possibly due to differential removal efficiencies or interactions during treatment (Table 4 and Table 5).

4. Compliance with Regulatory Limits: The comparison with regulatory limits revealed that the mean
concentrations of Pb, Cd, Cr, and Hg in both inlet and outlet samples exceeded the permissible levels. This non-
compliance underscores the need for improved wastewater treatment processes to ensure the safe discharge
of treated water into the environment (Table 9).

5. Seasonal Variations: The reduction efficiency of heavy metals varied between the sampling periods, with Pb
showing higher reduction in January-March compared to April-June. This suggests possible seasonal variations
in treatment efficiency, which could be influenced by factors such as changes in industrial activity or
operational conditions of the WWTP (Table 10).

The findings of this study address the identified literature gap regarding the quantitative analysis of heavy metals

in industrial wastewater in India using ICP-MS. Previous studies have primarily focused on other regions such as

China, South Africa, and the Middle East. By providing detailed quantitative analysis and evaluating the WWTP's

effectiveness, this study contributes to the limited data available from the Indian subcontinent, highlighting the

need for stringent monitoring and improved treatment protocols to mitigate heavy metal contamination.

The implications of these findings are significant for environmental monitoring and public health:

1. Environmental Impact: Elevated levels of heavy metals in wastewater can lead to severe environmental
pollution, affecting soil and water quality. These metals can accumulate in the food chain, posing risks to both
aquatic and terrestrial ecosystems. The presence of high concentrations of Pb, Cd, Cr, and Hg in the outlet
samples indicates that the current treatment processes are insufficient in preventing environmental
contamination.

2. Health Risks: Heavy metals such as Pb and Cd are known to cause various health issues, including neurological
disorders, kidney damage, and cancer. The non-compliance with regulatory limits in the treated wastewater
poses direct health risks to communities relying on these water sources for domestic and agricultural use. The
findings emphasize the need for better regulatory oversight and improved wastewater treatment technologies
to protect public health.

3. Regulatory and Policy Implications: The results highlight the necessity for stringent enforcement of
environmental regulations and standards for wastewater discharge. Regulatory bodies need to ensure that
industries comply with these standards and adopt advanced treatment technologies to effectively remove
heavy metals from wastewater. Policies promoting regular monitoring and assessment of industrial effluents
are crucial for sustainable environmental management.

4. Technological Improvements: The negative reduction efficiencies for Cd, Cr, and Hg suggest that the current
treatment technologies employed by the WWTP are inadequate for these metals. There is a need for research
and development of more effective treatment methods, such as advanced oxidation processes, adsorption
techniques, or membrane filtration systems, to enhance the removal of heavy metals from industrial effluents.

5. Public Awareness and Education: Raising awareness among industries and the public about the hazards of
heavy metal contamination and the importance of proper wastewater treatment is essential. Educational
programs and initiatives can encourage industries to adopt best practices for waste management and reduce
their environmental footprint.

The study's findings provide a comprehensive analysis of heavy metal contamination in industrial wastewater and
the effectiveness of the WWTP in Chennai, India. While the treatment plant demonstrated some effectiveness in
reducing Pb levels, the increase in Cd, Cr, and Hg concentrations post-treatment indicates significant deficiencies
in the current treatment processes. The results underscore the urgent need for improved treatment technologies,
stringent regulatory enforcement, and increased public awareness to mitigate the environmental and health risks
associated with heavy metal pollution.
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By addressing the literature gap and providing valuable data from the Indian context, this study contributes to the
global understanding of heavy metal contamination in industrial effluents and highlights the critical need for
enhanced wastewater treatment and environmental protection measures.

6. Conclusion

This study aimed to quantitatively analyse the presence of heavy metals in industrial wastewater from a
manufacturing facility in Chennai, India, using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The
results provided a detailed assessment of the concentrations of lead (Pb), cadmium (Cd), chromium (Cr), and
mercury (Hg) in both the inlet and outlet samples of the wastewater treatment plant (WWTP). The findings
revealed significant levels of these heavy metals, which often exceeded the regulatory limits, indicating substantial
environmental and health risks.

One of the primary findings of this research was that the WWTP demonstrated a reduction efficiency of 18.53% for
Pb, highlighting some effectiveness in mitigating this particular contaminant. However, the treatment process
appeared inadequate for Cd, Cr, and Hg, as indicated by the negative reduction percentages. These results suggest
that the current treatment protocols are insufficient for these metals, leading to either an increase in their
concentrations post-treatment or inadequate removal during the treatment process.

The correlation analysis revealed moderate relationships between certain heavy metals, such as Pb and Cr,
suggesting common contamination sources or similar pathways. This finding aligns with previous studies, such as
those conducted by Kamunda et al. (2016) and Duan et al. (2017), which also identified significant levels of heavy
metals in environmental samples and highlighted the potential health risks associated with these contaminants.
Our study extends these findings to the Indian context, providing crucial data on the levels of heavy metal
contamination in industrial wastewater and the effectiveness of local WWTPs.

The comparison with regulatory limits underscored a critical concern: the concentrations of Pb, Cd, Cr, and Hg in
both inlet and outlet samples consistently exceeded permissible levels. This non-compliance indicates that the
treated wastewater being discharged into the environment poses substantial risks to ecosystems and public health.
The elevated levels of these metals can lead to bioaccumulation in the food chain, resulting in long-term health
effects such as neurological disorders, kidney damage, and cancer.

The seasonal variations in reduction efficiency further highlighted potential operational issues within the WWTP.
The efficiency for Pb was higher in the January-March period compared to April-June, suggesting that factors such
as changes in industrial activity, variations in wastewater composition, or operational practices could influence the
treatment effectiveness. These findings emphasize the need for continuous monitoring and adaptive management
of WWTPs to maintain consistent treatment performance.

Broader implications of this research extend to regulatory and policy domains. The study's findings underscore the
necessity for stringent enforcement of environmental regulations and standards for wastewater discharge.
Regulatory bodies must ensure that industries comply with these standards and adopt advanced treatment
technologies capable of effectively removing heavy metals from wastewater. Additionally, policies promoting
regular monitoring and assessment of industrial effluents are crucial for sustainable environmental management
and protection of public health.

Technological improvements in wastewater treatment are imperative to address the deficiencies identified in this
study. The negative reduction efficiencies for Cd, Cr, and Hg suggest that current treatment technologies are
inadequate for these metals. There is a need for research and development of more effective treatment methods,
such as advanced oxidation processes, adsorption techniques, or membrane filtration systems. Implementing these
advanced technologies can significantly enhance the removal efficiency of heavy metals, ensuring safer discharge
of treated wastewater.

Public awareness and education also play a vital role in addressing heavy metal contamination. Raising awareness
among industries and the public about the hazards of heavy metal pollution and the importance of proper
wastewater treatment is essential. Educational programs and initiatives can encourage industries to adopt best
practices for waste management and reduce their environmental footprint. Public participation in monitoring and
reporting environmental violations can also drive compliance and accountability.

This study contributes valuable data to the limited body of research on heavy metal contamination in industrial
wastewater in India. By providing a detailed quantitative analysis and evaluating the effectiveness of alocal WWTP,
the research fills a significant literature gap and highlights the urgent need for improved treatment technologies
and regulatory enforcement. The findings serve as a call to action for policymakers, industry stakeholders, and
researchers to collaboratively address the challenges of heavy metal pollution and protect environmental and
public health.

In conclusion, the study has successfully identified and quantified heavy metal concentrations in industrial
wastewater, revealing critical insights into the effectiveness of the WWTP and the broader implications for
environmental management. The persistent high levels of Pb, Cd, Cr, and Hg in the treated wastewater underscore
the necessity for technological advancements and stringent regulatory measures. By addressing these challenges,
we can ensure the sustainable management of industrial effluents and safeguard the health of ecosystems and
communities.
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