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Preface

For much of human history, people believed that disease was primarily a matter of fate, genetics, or aging. Modern science has revealed a different reality. Human health is inseparable from the environment in which we live. Every breath we take, every drop of water we drink, and every piece of food we consume is influenced by the quality of our environment.

Today, environmental pollution has become one of the greatest challenges facing humanity. Air pollution, microplastics, contaminated water, heavy metals,  industrial chemicals, radioactive materials, and countless emerging pollutants have spread across the planet. These contaminants are no longer confined to factories, landfills, rivers, or oceans. They are now found in our homes, our food supply, our bodies, and even the tissues of unborn children.

This book was written out of a growing concern that humanity may be approaching an environmental turning point. The consequences of pollution are no longer limited to damaged ecosystems. Increasing scientific evidence suggests that environmental contaminants contribute to cancer, cardiovascular disease, reproductive disorders, developmental abnormalities, immune dysfunction, and many other chronic health conditions.

My perspective is shaped not only by years of study, but also by firsthand experience in biomedical research. I received medical training and had the privilege of working in research laboratories associated with some of the most respected medical institutions in the United States, including the Texas Medical Center in Houston and the University of California San Diego Medical Center. Through participation in modern biomedical research projects, I witnessed how environmental factors can profoundly influence human health and disease.

The purpose of this book is not to spread fear, but to encourage awareness. Environmental pollution is not an abstract issue reserved for scientists, governments, or environmental organizations. It affects every individual, every family, and every generation yet to come.

If this book can help readers better understand the environmental challenges facing our world, inspire meaningful discussion, and encourage practical action to protect our shared planet, then its purpose will have been fulfilled.

Saving the Earth's environment means ensuring the survival of humanity and future generations.

—Author: Cong Hu
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Chapter 1  The Origins of Environmental Pollution
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1.1 The Beginning of Environmental Pollution
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The Earth was not absolutely pristine before the emergence of human activities. Hundreds of millions of years ago, natural forms of pollution already existed in the atmosphere, water bodies, and terrestrial environments.

Volcanic eruptions released large quantities of sulfur dioxide (SO₂), nitrogen oxides (NOₓ), carbon dioxide (CO₂), and volcanic ash, which could locally produce acid rain and short-term climatic cooling. Forest fires, triggered by lightning strikes or prolonged drought, generated smoke, particulate matter, and carbon dioxide. The metabolism and decomposition of biological remains released methane (CH₄) and hydrogen sulfide (H₂S) through anaerobic microbial activity, contributing to changes in atmospheric composition during different periods of Earth's history. Methane seepage from the ocean floor also occurred naturally when submarine natural gas deposits released methane plumes into surrounding waters, thereby influencing local greenhouse conditions.

Therefore, even before the appearance of humans, the Earth experienced a continuous cycle of “self-purification–pollution–self-purification–pollution.” Such pollution was entirely natural and generally recoverable. Ecosystems were capable of restoring equilibrium over periods ranging from hundreds to thousands of years.

Tracing back to the late Neolithic Age (approximately 8000 BCE), when humans began to establish permanent settlements and practice agriculture, large-scale land clearing and slash-and-burn cultivation led to extensive deforestation, releasing carbon dioxide while reducing the carbon-sequestration capacity of vegetation. The rise of metal smelting also contributed to environmental contamination. Archaeological evidence from ancient copper and bronze smelting regions, including Cyprus, northwestern China, and Anatolia, has revealed atmospheric deposits of lead and copper particles dating back to approximately 5000 BCE. Urban waste generated by ancient civilizations also affected environmental quality. In cities such as Ancient Rome and Babylon, sewage and animal waste contaminated rivers. Similarly, archaeological sediment layers from the ancient Chinese capitals of Luoyang and Chang'an contain elevated concentrations of mercury, lead, and organic wastes. In densely populated areas, contamination of water supplies by human and animal excreta contributed to the spread of infectious diseases, including cholera and dysentery. Although these forms of pollution were relatively localized, they marked the first persistent, non-natural disturbances introduced by human activities into ecosystems. Nevertheless, the Earth was generally able to recover through natural environmental cycles over relatively short timescales.
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(1) The Beginning of Global Environmental Pollution
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The author believes that the true beginning of global environmental pollution occurred during the Industrial Revolution in Britain in the mid-eighteenth century (approximately 1750). This period represented a fundamental turning point in the history of environmental pollution.

Coal combustion transformed London into the “City of Smoke” during the nineteenth century. Atmospheric concentrations of sulfur dioxide and coal dust reached unprecedented levels, and respiratory diseases became widespread among urban residents. Mechanized agriculture introduced large-scale applications of pesticides, including arsenic-containing compounds, and chemical fertilizers, resulting in soil degradation and groundwater contamination. The rapid expansion of global transportation networks, including coal-powered ships, early petroleum fuels, and railway systems, facilitated the transition of pollution from a localized phenomenon to a global atmospheric problem. Simultaneously, the emergence of the chemical industry—including dye production, acid and alkali manufacturing, and metal smelting—caused severe pollution of rivers such as the Thames and the Rhine.

In geology, many scientists have proposed the concept of the Anthropocene, referring to a new epoch in which human activities have become the dominant force driving changes in the Earth's systems. Although the exact starting date remains debated, many researchers identify approximately 1950 as the beginning of this new era. Following the mid-twentieth century, the widespread production of plastics, radioactive materials, petrochemical products, and electronic waste introduced forms of pollution that were increasingly resistant to natural degradation. It was during this period that the floodgates of modern environmental pollution were truly opened.

Before industrialization, most pollution was part of the natural ecological cycle. Human populations were relatively small, and energy sources were limited primarily to solar energy, biomass fuels, wind, and water power. Consequently, environmental contamination generally involved temporary imbalances or localized accumulations of naturally occurring substances. Ecosystems were usually capable of restoring equilibrium through biological and geochemical processes. Agricultural residues, animal wastes, and decomposing organic matter could be broken down by microorganisms into carbon dioxide, water, and mineral nutrients, which were then reincorporated into ecological cycles. Likewise, although volcanic eruptions and forest fires released substantial quantities of smoke and gases, their products consisted largely of naturally occurring substances such as CO₂, SO₂, and ash. Through atmospheric circulation and biogeochemical cycling, the Earth was generally able to reestablish balance over periods ranging from decades to centuries.
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(2) Cycles of Natural Recovery
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In environmental science, pollution that can “naturally disappear” generally refers to contaminants whose concentrations decline to ecologically acceptable levels after emissions cease, through natural processes such as physical dilution, chemical transformation, and microbial degradation occurring within rivers, soils, and the atmosphere. This reduction typically occurs within a human timescale of several years to several decades and does not result in persistent accumulation within food chains.

Taking aquatic systems as an example, Koichi Fujie and Hongying Hu, in the UNESCO-EOLSS volume Water Quality and Standards, systematically described the mechanisms of water self-purification. These mechanisms include dilution and mixing, sedimentation and filtration, volatilization, oxidation-reduction reactions, microbial biodegradation of organic matter, nitrification, and denitrification. The authors emphasized that microbially driven removal processes constitute the core of true self-purification. However, they also stressed that the self-purification capacity of water bodies is limited. Once pollutant loads exceed environmental carrying capacity, contamination may accumulate over long periods.

The ability of an environment to recover naturally depends upon three essential conditions:

First, the pollutants themselves must be environmentally compatible and biodegradable, such as carbohydrates, proteins, and lipids.

Second, pollutant discharge levels must not substantially exceed natural degradation rates or environmental carrying capacity.

Third, contamination must remain primarily regional rather than becoming integrated into global circulation systems that continuously redistribute pollutants across the planet.
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(3) Self-Purification Mechanisms of Environmental Systems
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Natural systems possess multiple pathways for self-repair.

—Photosynthesis removes excess carbon dioxide from the atmosphere.

—Soil microorganisms decompose organic pollutants.

—Aquatic systems purify themselves through sedimentation, dilution, and biodegradation.

—Ecological food chains dilute or metabolize many toxic substances.

As a result, most pollution occurring before industrialization was reversible and cyclical. Even when temporary environmental damage occurred, natural processes were generally capable of restoring ecological balance over time. Early metal smelting and pottery production, for example, generated localized smoke and lead dust; however, because production scales were small and operating periods were short, pollutants rarely spread widely or accumulated over long periods.

Although environmental pollution did not originate in the modern era, modernization became the principal force responsible for its acceleration and expansion. During earlier periods of human history, pollution was generally localized and temporary. Examples included soil salinization associated with agriculture, waste accumulation in ancient cities, and smoke and heavy-metal emissions from metallurgical activities. Nevertheless, the geographical extent of these impacts remained limited, and ecosystems retained sufficient self-purification capacity to restore balance.
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(4) The Emergence of Modern Environmental Pollution
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The true era of modern environmental pollution began during the Industrial Revolution of the late eighteenth and early nineteenth centuries. With the rapid development of steam power, coal mining, steel production, chemical manufacturing, papermaking, textile industries, and metallurgy, enormous quantities of waste gases, wastewater, and solid wastes were discharged into the atmosphere and aquatic environments. Coal smoke became the dominant cause of deteriorating urban air quality. Cities such as London and Manchester were enveloped in dense smog and became known as “smoke cities.” Environmental degradation was accompanied by substantial increases in respiratory diseases among urban populations.

During the twentieth century, the petrochemical industry emerged as a major new source of environmental contamination. The combustion of gasoline generated carbon dioxide, carbon monoxide, and nitrogen oxides, while the large-scale production and use of plastics and synthetic materials introduced more complex and less visible forms of pollution. Following World War II, the widespread application of chemical products, pesticides, fertilizers, and nuclear technologies contributed to the creation of increasingly high-risk, human-dominated ecosystems. Microplastics, persistent organic pollutants (POPs), heavy metals, and radioactive substances gradually accumulated and began to spread across regional boundaries through global atmospheric circulation and ocean currents.

It is evident that the rapid technological development of the twentieth century, together with large-scale warfare and industrial expansion, propelled pollution into an era of acceleration. The Earth's natural capacity for absorption, cycling, and dispersion became increasingly insufficient to offset the consequences of environmental contamination. Around and after World War II, the explosive growth of the chemical industry introduced synthetic ammonia, pesticides such as DDT, plastics including polyvinyl chloride (PVC) and nylon, detergents, and chemical fertilizers. While these products greatly enhanced productivity and convenience, they also created persistent forms of chemical pollution.

Particularly important were organochlorine compounds, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), and dioxins. These substances possess strong persistence and bioaccumulative characteristics, enabling pollution to transcend both temporal and geographical boundaries. Dioxins, a major category of persistent organic pollutants, are highly lipophilic and resistant to degradation. They are commonly formed during incomplete combustion of chlorine-containing materials, such as PVC plastics. Major anthropogenic sources include chlorine bleaching, pesticide production, metal smelting, and various chemical manufacturing processes. Dioxins exert their toxic effects primarily through binding to the intracellular aryl hydrocarbon receptor (AhR), thereby altering gene expression. The World Health Organization (WHO) classifies dioxins as Group 1 human carcinogens.
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1.2 Pollution in the Modern Era Beyond Natural Self-Purification
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The term “modern era” here refers primarily to the period extending from the Industrial Revolution to the early twentieth century. During this period, although cities, commerce, and industry had already developed substantially, many forms of pollution still consisted mainly of biodegradable organic substances and short-range physical disturbances. Provided that environmental loading remained within certain limits, natural systems retained considerable self-purification capacity. The reason modern pollution can no longer be regarded as “self-eliminating” is not because natural purification processes have completely disappeared, but because humanity has simultaneously expanded the quantity, spatial scale, and temporal scale of pollution to levels at which self-purification mechanisms become ineffective.
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(1) The Beginning of Modern Environmental Pollution

[image: ]


Domestic sewage and organic pollution, primarily characterized by Biochemical Oxygen Demand (BOD), originated from municipal wastewater, livestock manure, and food-processing effluents. The principal pollutants in these waste streams were biodegradable organic substances, commonly measured using BOD. Scientists have developed global river-network models of organic pollution for the period 2000–2050 and have shown that, in many regions, even in the absence of wastewater treatment, rivers can still reduce downstream BOD concentrations through a combination of natural degradation and hydrological dilution. However, as urbanization and livestock production intensify and environmental carrying capacity is exceeded, the population exposed to waters with BOD concentrations exceeding 5 mg/L is projected to increase from 1.1 billion in 2000 to 2.5 billion by 2050. This example illustrates that when pollutant loads remain within certain limits, microbial communities in rivers can decompose most organic matter into carbon dioxide and inorganic salts within days to weeks, allowing dissolved oxygen levels and ecological functions to recover. Such organic pollution is not harmless in a strict sense, but under relatively low loading conditions it exhibits a tendency toward natural attenuation.

Although the combustion of biomass fuels and localized smoke pollution became increasingly common, traditional societies relied primarily upon firewood, crop residues, and limited quantities of coal for heating and cooking. The resulting emissions, including particulate matter, carbon monoxide, and small amounts of sulfur dioxide (SO₂), generally remained localized and were diluted, deposited, or oxidized within days to weeks through atmospheric transport and wet or dry deposition processes. This type of pollution possessed two characteristics. First, its spatial and temporal scales were relatively limited. Second, carbon-based particles were chemically similar to natural dust and local soils and therefore did not retain unique structures for extended periods as modern synthetic polymers do. The London smog episodes demonstrated that even such pollution could cause severe acute health consequences when concentrations became sufficiently high. Nevertheless, from the perspective of environmental self-purification, pollutant concentrations could decline substantially within days or weeks once emissions were sharply reduced.

Agricultural organic wastes and localized eutrophication also began to emerge during this period. In traditional agricultural systems, large quantities of organic residues, including crop straw and livestock manure, were returned to fields or composted locally, rarely producing large-scale eutrophication of water bodies. Even when algal blooms developed in local ponds, cessation of pollutant inputs was often followed by recovery within a few years through sedimentation, decomposition, and water renewal processes. Compared with the regional and watershed-scale excesses of nitrogen and phosphorus associated with modern synthetic fertilizers, this form of pollution more closely represented a disturbance of natural cycles that remained capable of recovery.
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(2) The Transition from Recoverable Pollution to Irreversible Damage
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From the perspective of environmental history, many forms of pollution during the modern era essentially increased the burden on natural cycles. The substances involved could still be recognized and degraded by natural processes, particularly microbial activity, and ecosystems retained opportunities for recovery when emissions remained limited. Modern persistent pollutants, including Persistent Organic Pollutants (POPs), Per- and Polyfluoroalkyl Substances (PFAS), plastics, and heavy metals, have fundamentally altered this situation. Their molecular structures are unfamiliar to natural systems and lack effective degradation pathways. Their emission volumes have greatly exceeded environmental carrying capacity. Through long-range transport, biomagnification, and climate–ecosystem interactions, these pollutants are repeatedly re-released and accumulated across generations. Unlike traditional pollutants such as smoke and foul odors that produce immediate discomfort, many modern persistent pollutants exert highly concealed health effects. Long-term, low-dose exposure frequently manifests through chronic damage to the kidneys, liver, endocrine system, and immune system, with increased risks of cancer, metabolic disorders, and reproductive dysfunction often becoming apparent only decades later. Increasing epidemiological and experimental toxicological evidence links cadmium exposure with osteoporosis and renal failure, PFAS exposure with elevated cholesterol levels and certain cancers, and microplastic exposure with oxidative stress and inflammatory responses. The resulting health effects are characterized by long latency periods, high concealment, and partial irreversibility.

It may therefore be stated that pollution before industrialization largely remained within the internal cycling processes of natural systems and could be repaired through ecological processes, whereas pollution after industrialization resulted from artificial substances disrupting those cycles and acquired transgenerational, global, and irreversible characteristics. This transformation marked the transition of humanity from a participant within ecosystems to a dominant source of ecological disturbance.

It can be stated with confidence that environmental pollution since industrialization has been characterized by external inputs, resistance to degradation, cumulative behavior, and irreversibility. With the large-scale use of fossil fuels, pollution exceeded ecological self-purification capacity for the first time and became a global phenomenon. This development represents the historical starting point for contemporary studies examining the relationship between environmental pollution and human disease.
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(3) Industrial By-Product Emissions Far Exceed Natural Self-Purification Capacity
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Even biodegradable organic pollutants can overwhelm environmental self-purification mechanisms when discharge volumes become sufficiently large. Global river studies have shown that, despite the significant self-purification capacity of river systems, natural processes alone will be unable to prevent billions of people from being exposed to rivers with elevated BOD levels by 2050, making wastewater treatment and other engineering interventions essential. For PFAS, plastics, and heavy metals, the situation is even more severe. Plastic production has increased from several million tons in 1950 to hundreds of millions of tons annually today, with cumulative production reaching billions of tons, a substantial proportion of which has already entered the environment and cannot be recovered. Heavy-metal emissions from mining, coal combustion, electroplating, and electronic-waste processing have likewise increased continuously and, in many regions, far exceed the natural dilution and sequestration capacities of soils and aquatic systems.

Long-Range Transport and Secondary Sources Create a Global Vicious Cycle.

Traditional pollutants subject to natural attenuation were generally confined to watershed or urban scales. Once emissions ceased, new external inputs became limited. Modern persistent pollutants, however, exhibit two major vicious-cycle mechanisms. The first involves long-range transport and re-emission. Persistent Organic Pollutants (POPs) and PFAS are transported through the atmosphere and ocean currents to polar and high-mountain regions, where they condense and accumulate. As climate warming accelerates the melting of ice and snow, these contaminants are released once again into aquatic ecosystems and the biosphere, forming concealed secondary sources. The second mechanism involves biomagnification and transgenerational accumulation. Heavy metals, POPs, and PFAS become progressively concentrated through food chains, resulting in concentrations within predatory fish, birds of prey, and humans that are far higher than environmental averages. Even when environmental concentrations decline slowly, body burdens may persist for decades or across generations, producing long-term health consequences. Following the rapid expansion of petrochemical industries, fluorochemical industries, and heavy industry during the twentieth century, particularly after the Second World War, large quantities of synthetic compounds and persistent elements unprecedented in environmental history were released into the biosphere. The Planetary Boundaries framework proposes that, particularly during the past fifty years, human activities have exceeded safe thresholds in several dimensions, including climate change, biodiversity loss, and disruption of the nitrogen cycle. The boundary relating to novel entities and chemical pollutants remains difficult to quantify precisely but has clearly approached or exceeded a safe operating space.
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(4) Heavy Metals and Long-Term Global Soil Contamination
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Unlike organic pollutants, heavy metals such as cadmium, lead, and arsenic are chemical elements and therefore cannot be degraded. They can only migrate among environmental reservoirs and undergo changes in chemical form. Ali and colleagues, in a 2019 review, systematically summarized the persistence and biological toxicity of heavy metals in water, soil, and living organisms and emphasized their capacity to affect human health through food-chain transfer. A recent global assessment published in Science estimated that approximately 14–17% of the world’s agricultural land, equivalent to about 242 million hectares, contains toxic-metal concentrations exceeding agricultural or health standards, affecting an estimated population of 0.9–1.4 billion people. Once introduced into soil, heavy-metal contamination may persist for decades or even centuries.

Recent reviews of cadmium toxicity indicate that even environmental-level exposure is significantly associated with renal impairment, osteoporosis, and increased risks of cancers of the prostate, bladder, and pancreas. Moreover, renal damage is often irreversible even after exposure ceases. The distinction between recoverable pollution of the modern era and persistent pollution of the contemporary era can therefore first be understood in terms of the profound differences in molecular structure and biodegradability. Many earlier pollutants, such as domestic organic wastewater, consisted of natural organic substances that Earth’s ecosystems had encountered throughout evolutionary history. Microorganisms developed complete metabolic pathways capable of converting these materials into carbon dioxide and inorganic salts within finite periods. By contrast, modern synthetic chemicals such as PFAS and Polychlorinated Biphenyls (PCBs) possess molecular structures for which natural degradation mechanisms are largely absent. The carbon–fluorine bond is among the strongest covalent bonds known in chemistry and can rarely be broken efficiently by natural enzymes. Highly chlorinated aromatic compounds likewise exhibit exceptional chemical stability. Consequently, the environmental half-lives of these substances may extend for decades or centuries, greatly exceeding normal human management timescales.
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(5) Modern Pollution That Cannot Naturally Disappear
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a. Persistent Organic Pollutants (POPs)

Persistent Organic Pollutants (POPs), including Polychlorinated Biphenyls (PCBs), polychlorinated dioxins, and the pesticide DDT, are among the substances regulated under the Stockholm Convention. These compounds share several characteristics: extreme resistance to degradation, strong lipophilicity, the ability to undergo long-range transport through gases and particles, and biomagnification within food chains. Studies have detected these compounds in polar regions, deep-ocean sediments, and organisms occupying high trophic levels thousands of kilometers from their original emission sources. Such findings demonstrate that once released into the environment, these substances continuously cycle among the atmosphere, oceans, and biosphere rather than simply degrading and disappearing. A characteristic vicious cycle is therefore established: emissions from source regions → long-range atmospheric transport → condensation and deposition in polar or mountainous regions → re-release through climate warming and glacial melting → re-entry into ecosystems and the human body.

b. PFAS and Other “Forever Chemicals”

Perfluorooctanoic Acid (PFOA), Perfluorooctane Sulfonate (PFOS), and other PFAS compounds are widely used in water-resistant coatings, non-stick cookware, firefighting foams, and numerous industrial applications because of the extraordinary stability of carbon–fluorine bonds. Brunn and colleagues, in a 2023 review published in Environmental Sciences Europe, described PFAS as “forever chemicals” because of their extreme persistence, mobility, and bioaccumulative properties. The review emphasized that effective degradation pathways are virtually absent under natural conditions and that destruction generally requires intensive engineering technologies such as high-energy plasma treatment or advanced oxidation capable of breaking carbon–fluorine bonds [1]. Reviews published in the International Journal of Molecular Sciences indicate that PFAS may persist in animals and humans for years, accumulating in blood and liver tissues through drinking water, food, and inhalation exposure and contributing to hepatotoxicity, immunosuppression, endocrine disruption, and reproductive and developmental abnormalities.

c. Plastics and Micro/Nanoplastics

Plastics represent another typical category of pollutants that do not naturally disappear. Napper and Thompson, in a review published in the Annual Review of Environment and Resources, reported that plastic debris has been detected from deep-ocean trenches and polar seabeds to the summit of Mount Everest, demonstrating both the spatial ubiquity and long-term persistence of plastic contamination. Through weathering, photodegradation, and mechanical fragmentation, larger plastic materials gradually break down into microplastics measuring less than 5 mm and eventually into nanoplastics. A 2023 study published in the International Journal of Environmental Science and Technology reported that approximately 70% of microplastics accumulate in marine and estuarine sediments, while the remainder persists in surface waters and coastal environments, making physical removal extremely difficult [2]. Recent studies indicate that microplastics are not only ingested directly by aquatic and soil organisms but also interfere with soil aggregate structure and nutrient cycling, reducing soil fertility and agricultural productivity. In marine ecosystems, microplastics may alter plankton communities and carbon-pump efficiency and may interact synergistically with climate warming, creating a new climate–plastic–ecology feedback cycle.
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1.3 Irreversible Environmental Pollution Following Industrialization
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Environmental pollution did not originate in modern times, but the process of modernization became the critical force driving its acceleration and expansion. During the early stages of human history, pollution was generally localized and temporary, including phenomena such as soil salinization during the agricultural era, waste accumulation in ancient cities, and emissions of smoke and heavy metals from smelting activities. However, the impacts of these forms of pollution were limited in scope, and ecosystems were generally capable of restoring equilibrium through their natural self-purification processes. Truly modern environmental pollution began during the Industrial Revolution of the late eighteenth and early nineteenth centuries. With the rapid development of industries such as steam power, coal mining, steel production, chemical manufacturing, papermaking, textiles, and metallurgy, large quantities of waste gases, wastewater, and solid wastes were discharged into the atmosphere and water bodies. Coal-smoke pollution became the principal cause of declining urban air quality, and cities such as London and Manchester were enveloped in dense smoke and soot, earning the reputation of “smoke cities.” This pollution not only degraded the environment but also directly contributed to a substantial increase in respiratory diseases among urban residents. During the twentieth century, the petrochemical industry emerged as a new source of pollution. Carbon dioxide, carbon monoxide, and nitrogen oxides generated by gasoline combustion, together with the large-scale use of plastics and synthetic materials, introduced pollution into a more complex and less visible stage. Particularly after the Second World War, the widespread application of chemical industries, pesticides, fertilizers, and nuclear energy created a high-risk ecosystem centered on human activities. Microplastics, Persistent Organic Pollutants (POPs), heavy metals, radioactive substances, and other contaminants gradually accumulated and began to spread across regions through global atmospheric circulation and ocean currents. The social forces driving modern pollution can be summarized in three major aspects. First, the demand for rapid economic growth and industrial-capital expansion greatly increased energy consumption and resource extraction. Second, urbanization promoted excessive consumption and waste generation beyond the carrying capacity of the natural environment. Third, scientific and technological progress generated material prosperity and intensified exploitation of energy and resources while simultaneously producing enormous quantities of by-products. Before industrialization, pollution largely remained within the self-circulating processes of natural systems, and human activities altered the environment only on a local scale.
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（1）The Beginning of Environmental Pollution Accompanying Industrialization
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Beginning with the use of coal to power steam engines in Britain during the late eighteenth century, the First Industrial Revolution marked the first large-scale combustion of fossil fuels in human history. Although industrial centers were still limited in number and pollution was concentrated primarily in urban areas, such as the coal-smoke pollution of London, atmospheric contamination by sulfur dioxide, coal dust, and heavy-metal deposition had already emerged. The defining characteristic of this stage was localized pollution concentrated in industrial districts, mining regions, and port cities. Since the onset of industrialization, modern pollution has exhibited a trend approaching exponential growth. This trend has not been linear but has accelerated sharply in parallel with increases in energy consumption, population growth, industrial expansion, and urbanization. The Industrial Revolution that began in Britain during the late eighteenth century is widely regarded as the starting point of modern environmental pollution. Prior to that period, pollution certainly existed in forms such as metallurgical smoke, wood combustion, and agricultural waste, but its scale remained limited and ecosystems generally retained sufficient self-purification capacity. Following the Industrial Revolution, coal became the dominant energy source, machinery replaced human labor, and the massive combustion of fossil fuels produced sulfur dioxide, particulate matter, heavy metals, and acidic deposition that began to cause persistent damage to air, water, and soil. By the mid-nineteenth century, cities such as London and Manchester had already recorded frequent occurrences of “black fog” conditions and high rates of respiratory diseases. With the rise of textile manufacturing, metallurgy, and chemical industries during the nineteenth century, large volumes of untreated wastewater were discharged directly into rivers. The River Thames at one point became a “black and foul-smelling sewer,” fish populations disappeared, and cholera epidemics became widespread. These developments marked the first systematic alteration by human activities of the physical and chemical balance of the natural environment.
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（2）Industrialization Initiated Modern Pollution
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Modern pollution refers to the chemical, physical, and biological contamination of the atmosphere, water bodies, soil, and ecosystems caused by human activities associated with modernization, including industrial production, energy consumption, transportation, chemical synthesis, information and electronic industries, and the discharge of domestic waste. Such pollution is characterized by persistence, complexity, global distribution, and concealment. From a scientific perspective, modern pollution possesses several key features. First, it is primarily anthropogenic in origin, arising from industry, transportation, agriculture, energy production, urban activities, and military operations. Second, it exhibits compound characteristics, whereby multiple pollutants interact synergistically, as exemplified by PM₂.₅ containing both heavy metals and organic contaminants. Third, it is persistent and capable of long-range transport, with many modern pollutants possessing long half-lives and the ability to migrate globally, such as microplastics and Persistent Organic Pollutants (POPs). Fourth, it produces widespread health effects involving the respiratory, neurological, immune, reproductive, genetic, and psychological systems. Environmental scientists generally agree that “pollution before industrialization was part of the self-circulating processes of natural systems, whereas pollution after industrialization became irreversible,” a statement that fundamentally reflects the contrast between the self-purification capacity of ecosystems and the externally generated contamination produced by industrial civilization.

Irreversible Pollutants Produced by Industrial Civilization.Since the Industrial Revolution, humanity has increasingly utilized fossil fuels, synthetic chemicals, and heavy metals to manufacture substances that either did not previously exist or were extremely rare within the Earth’s natural systems. These substances disrupted the closed-loop structure of ecological cycles. Beginning in the 1920s, the rise of petroleum and automobile civilization, together with the widespread adoption of gasoline and diesel engines, generated large-scale urban air pollution. Lead additives in fuel and emissions of carbon monoxide and nitrogen oxides from vehicle exhaust transformed photochemical smog into a common feature of urban environments. In 1943, Los Angeles experienced the world’s first documented photochemical smog episode. In 1952, the Great London Smog caused approximately 12,000 deaths and became a landmark warning in environmental history.
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（3）Environmental Pollution During the Middle Stage of Industrialization
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From the late nineteenth century through the first half of the twentieth century, coal remained the principal foundation of the global industrial energy system. Historical energy statistics indicate that coal reached a peak share of the global energy structure around the period of the First World War, implying that high-energy-consuming sectors such as metallurgy, steam-powered industries, and railway transportation became heavily dependent upon the combustion of high-sulfur, high-ash coal. At the same time, the emergence of internal combustion engines, petroleum refining, and chemical industries accelerated the penetration of petroleum into transportation and military sectors during the first half of the twentieth century and transformed urban emission patterns toward a gasoline-centered structure. Long-term global fossil-energy records demonstrate that the rapid growth of coal consumption during the late nineteenth century established the energetic foundation for industrial expansion, while petroleum and natural gas rose progressively throughout the twentieth century, driving a transition from coal-dominated industrial smoke pollution to combined pollution associated with transportation and petrochemical industries.

a. Coal Smoke, Sulfur Dioxide, and Early Industrial Air Pollution

Coal used during this period generally contained higher sulfur content and was burned with less effective emission control, directly resulting in high concentrations of particulate matter (PM), black carbon (soot), sulfur dioxide (SO₂), and acidic aerosols. Several classic pollution episodes during the first half of the twentieth century provided compelling evidence of the resulting public-health consequences. For example, the 1930 Meuse Valley smog disaster in Belgium is regarded by the medical community as one of the earliest demonstrations that air pollution can cause mortality. Reports published in The Lancet documented dozens of deaths and numerous cases of acute respiratory illness associated with the event [1]. Similarly, the 1948 Donora smog disaster in Pennsylvania, United States, which was linked to emissions from metal smelting and steel production, further demonstrated the severe health consequences of industrial air pollution. These incidents collectively revealed the triple-risk structure characteristic of industrial cities during this era: high emission intensity, poor atmospheric dispersion conditions, and widespread domestic coal burning for heating. Pollution was not evenly distributed but instead produced short-term extreme peaks under meteorological conditions such as temperature inversions, resulting in excess mortality and large numbers of acute respiratory and cardiovascular events.

b. The Petroleum Transportation Chain, Leaded Gasoline, and the Institutional Expansion of Neurotoxic Exposure

Beginning in the 1920s, tetraethyl lead (TEL) was introduced into gasoline as an anti-knock additive and was rapidly adopted on a large scale, creating a widespread source of environmental lead emissions. The environmental significance of this technological decision was that lead exposure expanded from occupational settings into the general urban atmosphere and roadside dust, creating particularly serious risks for childhood neurodevelopment. Although the eventual global phaseout of leaded gasoline became a major environmental-health achievement, the widespread dissemination of leaded fuel occurred during the first half of the twentieth century and represented a classic example of the externalization of health risks arising from energy and technological pathways. Leaded gasoline became one of the most significant environmental and public-health disasters of the twentieth century. Large quantities of inorganic lead released through motor-vehicle combustion entered soils and dust through atmospheric deposition, directly increasing population blood lead levels (BPb) and contributing to neurodevelopmental damage in children as well as cardiovascular and renal diseases in adults. Following the elimination of leaded gasoline, blood lead concentrations declined substantially in many countries, producing major public-health and economic benefits.

The petroleum industry and its transportation chain—from upstream extraction and midstream transport to downstream refining and final combustion—have generated long-term, localized, and long-range pollution affecting soil, water, air, and ecosystems through oil spills, Volatile Organic Compounds (VOCs), fine particulate matter, petroleum hydrocarbons, and persistent contaminants. These pollutants have consequently affected cancer risk, liver and kidney function, respiratory diseases, and neurological health among exposed populations. Drilling wastewater, drilling muds, extraction-related spills, Naturally Occurring Radioactive Materials (NORMs), volatile hydrocarbons, and heavy metals contribute to local soil and groundwater contamination as well as near-field atmospheric exposure. Petroleum refining releases VOCs, Polycyclic Aromatic Hydrocarbons (PAHs), sulfur compounds, and other pollutants, while leakage from underground storage tanks at fuel stations and vehicle exhaust emissions containing fine particulates, heavy metals, and oxides generate widespread atmospheric and sediment contamination. Oil spills, accidental releases, evaporation losses, and combustion-related accidents further damage soils, water bodies, and ecosystems along transportation routes.
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