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Abstract
Cigarette smoke, comprising over 4,000 chemicals, introduces numerous organic and inorganic carcinogens, posing severe risks to human health. These toxins, including heavy metals like nickel, cadmium, cobalt, chromium, arsenic, lead, iron, antimony, and barium, negatively impact human health. Human exposure to these metals, pervasive in air, water, and food, is exacerbated by industrial activities and cigarette smoking, a leading cause of mortality. This directly threatens SDG 3, as these metals disrupt the central nervous system, potentially causing mental disorders, and impairing the function of vital organs such as the liver, kidneys, and lungs. The identified concentrations in cigarette fillers reveal barium as the most prevalent, followed by iron and lead. Addressing these toxic threats aligns with SDG 13 (climate action). An integrated approach to reducing heavy metal exposure from smoking is crucial for achieving the Sustainable Development Goals related to health and well-being.
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1 Introduction
Cigarettes, composed of rolled paper containing tobacco, often include reconstituted tobacco, a blend of tobacco remnants, additives, and nicotine extract (Attalla et al. 2020). The detrimental impacts of smoking reach far beyond respiratory issues (Strzelak et al. 2018), affecting the systemic distribution of essential and toxic trace elements like cadmium, chromium, copper, mercury, lead, selenium, and zinc (Viroonudomphol et al. 2016). This altered distribution can lead to various health problems, with even secondhand smoke posing similar risks. Smoking introduces heavy metals, including lighter metals and metalloids, into the lungs (Chiba and Masironi, 1992; Duffus, 2002), contributing to atmospheric pollution through the release of metal-laden aerosols. More volatile metals like cadmium and mercury, as detailed in table 1, tend to concentrate in the smoke phase during combustion (Jung et al. 1998; Smith and Sneddon 1999; Csalari and Szantai 2002). These metals can enter the bloodstream, accumulate in organs (Shaham et al. 1996), and be emitted into the atmosphere, impacting air quality. Smoking is a major source of heavy metals in blood, organs, and the environment (Chiba and Masironi, 1992). Cadmium, a potent carcinogen in tobacco smoke (Hecht, 2003), is classified as carcinogenic to humans by the IARC, alongside nickel and arsenic (Laulicht, et al. 2015). Tobacco smoke's numerous harmful chemicals and gases, including heavy metals, elevate the risk of diseases like cardiovascular disease, cancer, and COPD (Pappas, 2011), as illustrated in table 1. 
This study examines the presence and effects of toxic heavy metals and trace elements in tobacco smoke on human biochemical processes and their contribution to atmospheric chemistry. Inhaled heavy metals, with their long biological half-life, can cause long-term health issues due to chronic exposure, with some acting as potent carcinogens (Rehman et al., 2018). Additionally, these metals are released into the atmosphere as aerosols, contributing to particulate matter pollution and environmental contamination. Smoking also significantly increases blood cadmium and lead levels, with smokers absorbing more cadmium than through other absorption routes (Galażyn-Sidorczuk et al. 2008).  Sustainable Development Goal 3 aims to guarantee comprehensive health coverage and equitable access to healthcare, encompassing a reduction in preventable deaths among newborns, infants, and children under five (United Nations: Sustainable Development Goals – Goal 3: Ensure healthy lives and promote well-being for all at all ages). Effective health is not only essential for sustainable development but also integral to achieving the 2030 Agenda. It tackles broader societal challenges, including economic and social inequalities, urbanization, climate change, existing infectious diseases, and emerging non-communicable diseases. Achieving the SDGs necessitates addressing health and well-being, sustainable consumption and production, climate action, and life on land. This study examines the detrimental presence of heavy metals in cigarette smoke, specifically how smoking alters the bodily distribution of elements like cadmium, chromium, lead, nickel, cobalt, arsenic, iron, antimony, and barium, and their release into the atmosphere. By exploring how these elements enter the body, accumulate in organs, potentially disrupt essential functions, and contribute to atmospheric pollution, we aim to highlight the often-overlooked dangers of smoking and its environmental impact. Understanding these risks is paramount for promoting health, achieving SDG 3, and addressing SDG 13 by reducing atmospheric pollution from cigarette smoke. Our research seeks to contribute to a future with significantly reduced human exposure to smoking and its associated heavy metals, while also mitigating their environmental impact. This can be accomplished by emphasizing smoking's harmful health and environmental effects and advocating for greater public awareness. Beyond the well-known pulmonary effects of smoking, this research delves deeper into the presence of heavy metals, their potential impact on various organs and biochemical processes, and their contribution to atmospheric chemistry, providing a more comprehensive understanding of smoking's overall health and environmental damage. By identifying specific health and environmental risks associated with the accumulation and emission of particular metals, this research can inform future studies focused on developing targeted treatments, prevention strategies, and policies to reduce atmospheric pollution. This work provides further compelling evidence of smoking's dangers, empowering public health and environmental campaigns to more effectively deter smoking and encourage cessation. Ultimately, this research supports initiatives aligned with SDG 3 and SDG 13, promoting healthier lives, well-being, and a cleaner environment by addressing smoking, a major preventable cause of death, illness, and atmospheric pollution.
The prevalence of smoking refers to the percentage of individuals aged 15 and older currently using any tobacco product, excluding smokeless tobacco. In India, smoking rates have declined recently. Data reveals a 27.20% smoking rate in 2020, a slight decrease from 28.10% in both 2019 and 2018. This decrease represents a more substantial 4.1% drop from the 32.20% rate in 2015. A significant decline of 5.9% occurred between 2010 and 2015. Globally, adult smoking prevalence in 2020 was estimated at 32.6%, with 32.2% among men and 6.5% among women. Approximately 1.18 billion people smoked regularly, resulting in an estimated 7.0 million deaths in 2020 as indicated in table 2. The combustion of tobacco releases heavy metals into the atmosphere, contributing to particulate matter (PM2.5 and PM10) and affecting air quality, which is a critical concern for atmospheric chemistry. Cigarette smoke releases heavy metals such as cadmium, lead, and arsenic into the atmosphere, where they can form aerosols or deposit onto surfaces, contributing to environmental contamination. These metals, particularly volatile ones like cadmium and mercury, are emitted in the gas phase or as fine particulate matter during combustion (Csalari and Szantai 2002). Once released, they can undergo atmospheric transport, react with other atmospheric components, or deposit onto soils and water bodies, affecting ecosystems and human health. 
2 Materials and Methods
2.1 Experimental Sampling and Cigarette Pretreatment
Five commercially available cigarette brands were randomly selected for this study. Samples were procured from various retail locations and at different times to account for manufacturing variations. Three samples of each brand, in their original packaging, were weighed using an electronic scale (0.5 g precision) to determine the average weight. The tobacco was then transferred to clean, dry, and labeled plastic bags.
2.2 Reagents and Glassware
All reagents used were of analytical grade and highest purity. Concentrated HNO3 and HCl were sourced from a chemistry laboratory in Agra, Uttar Pradesh, India. To prevent contamination, all PTFE flasks and glassware were cleaned with detergent, soaked in 5 M HNO3 for 24 hours, rinsed thoroughly with detergent, distilled water, and deionized water, and finally oven-dried.
2.3 Sample Collection, Preparation, and Digestion for Heavy Metal Analysis in Tobacco Cigarettes
Cigarette samples from five different brands, both local and imported, were randomly purchased from retail stores in Agra, Uttar Pradesh, India. The cigarette paper and filters were removed to create composite samples for each brand. The tobacco from each sample cigarette was weighed (0.5 g) in triplicate after filter and paper removal to determine the average tobacco weight. Samples were oven-dried at 80°C and cooled in a desiccator. The dried tobacco was then finely ground using a mortar and pestle to ensure homogeneity, facilitate weighing, and aid in organic matter digestion as shown in fig. 1. The tobacco extraction followed a modified Campbell and Plank and Ashraf method. 0.50 g of dried, ground, and homogenized tobacco was placed in a 100 mL flat-bottom flask with 2.0 mL of concentrated HNO3 and 8 mL of concentrated HCl, covered with a watch glass, and left to stand overnight. The mixture was then heated on a hot plate at 80°C for four hours using a temperature controller. This heating and cooling cycle was repeated twice to ensure complete digestion. The digest was reduced to 1-2 mL at 80°C. The residue was then diluted with 5.0 mL of 1% HNO3, filtered through Whatman filter paper into a 25 mL volumetric flask, and brought to a final volume of 20 mL with deionized water. The resulting solution was analyzed for Co, Cd, Cr, Pb, Ni, As, Fe, Sb, and Ba using inductively coupled plasma optical emission spectroscopy. Triplicate measurements were averaged, and digestion blanks were prepared as shown in fig. 1.
2.4 Heavy Metal Analysis and Statistical Evaluation in Tobacco Cigarettes
Heavy metal analysis was performed using a Thermo Scientific iCAP 6300 Duo ICP-OES spectrometer, a technique offering high sensitivity and reproducibility for metal detection. The ICP-OES was programmed with a nebulization gas flow of 0.5 L/min, auxiliary gas flow of 0.5 L/min, approximate RF power of 1150 W, 0 s stabilization period, and a sample injection pump flow of 50 rpm for both stabilization and analysis. Statistical analysis of the results included ANOVA and correlation tests to identify significant outcomes, with a human health and environmental risk assessment conducted to evaluate carcinogenic and non-carcinogenic toxicity from heavy metal exposure through inhalation and ingestion pathways, as well as their atmospheric impacts. Metal concentrations in tobacco cigarettes were measured and analyzed using statistical tests, including ANOVA, in ORIGIN and EXCEL. Correlation analysis was performed to assess health and environmental risks associated with heavy metals, focusing on three key areas: the dispersion of metal concentrations across different cigarette brands; a two-way ANOVA test comparing metals and cigarette brands; and the statistical correlation between metal concentrations and cigarette types.


3 Result and Discussion
Analysis of five cigarette brands (C1-C5) revealed varying metal concentration trends. Brands C1, C2, and C3 exhibited a general trend of Ba > Fe > Pb, followed by other metals in differing orders. While C1 and C2 showed the highest concentrations of Ba, followed by Fe and Pb, C3 had elevated levels of Ba and Fe, followed by Ni. In contrast, C4 and C5 displayed a different pattern, with Pb being the most abundant, followed by Ba, Fe, and Cr, with As consistently the lowest across all brands shown in fig. 2. These findings highlight the presence of carcinogenic and non-carcinogenic metals (e.g., Pb and Ni) at concerning levels across all brands shown in fig 2, contributing to both health risks and atmospheric pollution through aerosol emissions.
Further a two-way ANOVA test was conducted to assess the impact of metal type and cigarette brand on metal concentrations. The results indicated a statistically significant effect of metal type (P < 0.05), but not cigarette brand (P > 0.05). This suggests that while the type of metal significantly influences concentration levels, the brand itself does not appear to play a substantial role. This observation points towards environmental factors, such as soil contamination in tobacco-growing regions, as the primary source of heavy metals in cigarettes, rather than brand-specific manufacturing processes (table 3). These findings also suggest that the atmospheric release of these metals is consistent across brands, emphasizing the need to address tobacco cultivation practices to reduce environmental contamination. Across the five cigarette brands, a consistent pattern emerged: barium, iron, and lead were found in the highest concentrations, followed by cadmium, nickel, and chromium, then antimony, cobalt, and lastly, arsenic. Despite slight variations in individual metal levels, the two-way ANOVA confirmed no statistically significant difference in overall heavy metal content between brands. This indicates that brand selection does not significantly impact a smoker's heavy metal exposure or the atmospheric emission of these metals. However, the type of metal itself did have a significant influence, underscoring the inherent carcinogenic potential of these metals and their contribution to atmospheric pollution. This reinforces the importance of addressing environmental contamination in tobacco cultivation to mitigate heavy metal exposure and emissions from smoking.
Smoking exposes individuals to a dangerous cocktail of heavy metals and releases these metals into the atmosphere, contributing to air quality degradation. This study investigated the presence and relationships between Ni, Cd, Co, Cr, As, Pb, Fe, Sb, and Ba in various cigarette samples. Correlation analysis, with a significance level of P < 0.05, revealed significant variations in metal concentrations and noteworthy correlations between specific metals. Mean metal concentrations from triplicate analyses were used to calculate correlation coefficients. These coefficients revealed both positive and negative correlations between metal pairs. A positive correlation signifies that the concentrations of two metals tend to increase or decrease together, while a negative correlation indicates an inverse relationship, where one metal's concentration increases as the other decreases. A key finding was the positive correlation between Cd and Pb. This is plausible, considering that the presence and interaction of multiple metals in cigarette tobacco can influence their absorption and distribution within the body and their emission into the atmosphere. This interconnectedness underscores the complex health and environmental risks associated with heavy metal exposure from smoking. A strong positive correlation (99%) was observed for Cd and Pb. Results showed a strong relationship between Cd and Pb (0.991). There was also a high positive correlation between Cd and Pb content in cigarettes, as well as in tobacco. Positive correlations (99%) were observed for Mn and Cd, Mn and Co, Ni and Cr, Cd and Pb, and Sr and Co. This correlation study indicates that increased Co and Cr concentrations lead to increased concentrations of toxic metals such as Pb and Cd. The overall correlation matrix stated that positive correlations exist between Cd and Pb (0.991), Cd and Cr (0.502), Cr and Ni (0.615), Cr and As (0.511), and Ni and As (0.632). One study found moderate correlations between As and Pb (r = 0.57, p = 0.004), Cd and Pb (r = 0.484, p = 0.016), Cr and Mn (r = -0.491, p = 0.015), Cr and Pb (r = -0.433, p = 0.034), Cu and Hg (r = 0.432, p = 0.035), Mn and Ni (r = -0.575, p = 0.003), Mn and Pb (r = 0.414, p = 0.044), and Ni and Pb (r = -0.579, p = 0.003). This study also found a high correlation between Cr and Ni (r = 0.845, p = 0.00). However, other heavy metal pairs were not significantly correlated. Additionally, Table 4's correlation analysis revealed substantial (p<0.05), strong positive relationships between each metal, further supporting the possibility of a common source. Positive connections were observed between cigarette metal content and the majority of the metals. Positive linear connections in table 4 between metals and the correlation revealed one contributing source of metals in cigarettes. As a result, we believe the filler in cigarettes is the primary source of accumulated heavy metals in the various cigarette types studied. Furthermore, the data in table 4 indicates that most metals exhibit inverse relationships with one another. Based on the study's findings, it is evident that most metals in cigarettes accumulate from multiple sources. Before sample analysis, the correlation coefficient was examined to ensure significant factors existed between the metals. According to significance values, results showed negative correlations for metals such as Cd and Ba (-0.024), Cd and Fe (-0.328), Cd and Co (-0.67), Cr and Fe (-0.36), Cr and Co (-0.41), Pb and Ba (-0.02), Pb and Fe (-0.32), Pb and Co (-0.65), Ni and Ba (-0.241), Ni and Fe (-0.321), Ni and Co (-0.247), As and Sb (-0.099), As and Fe (-0.1099), As and Co (-0.206), Co and Sb (-0.091), Co and Ba (-0.498), and Fe and Sb (-0.146). The overall correlation matrix stated that Pb showed a highly negative significant factor with Ba (-0.02), followed by Cd and Ba (-0.024). The release of heavy metals from cigarette smoke into the atmosphere has significant implications for atmospheric chemistry. Volatile metals like cadmium and mercury can form aerosols or remain in the gas phase, contributing to PM2.5 and PM10 pollution. These particles can undergo atmospheric reactions, such as oxidation or complexation with other atmospheric components, altering their chemical behavior and environmental fate. For instance, cadmium and lead can deposit onto soils and water bodies, affecting terrestrial and aquatic ecosystems. 
CONCLUSION
The pervasive presence of toxic metals in cigarette smoke compounds the already significant health risks posed by tobacco use, a recognized major risk factor for non-communicable diseases by the World Health Organization. These metals act synergistically, escalating the likelihood of severe health issues, including cardiovascular and respiratory diseases, and various cancers. This research underscores the urgent need for a multi-pronged approach to mitigate the far-reaching consequences of this toxic legacy. This study was conducted to illuminate the often-overlooked intersection of cigarette smoking and toxic metal exposure. By quantifying and analyzing the presence of these metals, we aim to provide concrete evidence for policymakers, health professionals, and the public, empowering them to make informed decisions and advocate for change. The findings highlight the critical need for immediate and decisive action. Stricter regulations on tobacco products, encompassing manufacturing are paramount. Equally crucial is raising public awareness about the often-invisible dangers of toxic metals in cigarette smoke, fostering a deeper understanding of the interconnectedness between individual choices and their health. This multifaceted challenge demands a collaborative and comprehensive response. Governments, industries, and individuals must work in concert to dismantle the toxic legacy of cigarette smoking. By embracing stricter regulations, promoting harm reduction strategies, investing in research, and fostering public awareness, we can pave the way for a healthier, more sustainable future, directly contributing to the achievement of several Sustainable Development Goals. These include SDG 3, SDG 6, SDG 11, SDG 12, SDG 13, and SDG 15. Addressing this complex issue it is an investment in a public health imperative and a more equitable future for all..
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