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Abstract:
Sulfur dioxide (SO₂), which is mainly produced by the 
combustion of fossil fuels, is one of the main causes of 
air quality deterioration on a global scale. Although its 
emissions have been significantly reduced in developed 
countries through the implementation of advanced 
desulfurization technologies and stringent environmental 
regulations, SO₂ emissions are still a major challenge 
in many developing countries. In this study, the CAS 
methodology was used to comprehensively analyze the 
major sources of SO₂, its hazards to human health and the 
environment, and the current management technologies 
and policies. It was found that the main sources of SO₂ 
include fossil fuel combustion, ore smelting, and other 
industrial processes. The environmental impacts of SO₂ 
include the generation of acid rain and the formation 
of fine particulate matter (PM2.5), while the direct 
impacts on human health include respiratory diseases and 
cardiovascular problems. Existing treatment technologies 
such as flue gas desulphurization (FGD) are effective in 
reducing emissions, but costs and technology applicability 
vary widely between countries. This paper also explores 
future directions for SO₂ management, including the 
need for technological innovation and policy adjustments. 
The findings are important for the development of more 
targeted and cost-effective global SO₂ reduction strategies.
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1. Introduction
Sulfur dioxide (SO₂) in the atmosphere mainly orig-
inates from the combustion of fossil fuels, especially 
coal and oil. Since the industrial revolution, with 
the growth of energy demand, SO₂ emissions have 
increased significantly and become one of the major 
causes of global air pollution. Although SO₂ emis-
sions have been reduced in some developed countries 

in recent years with the promotion of renewable 
energy and the strengthening of environmental regu-
lations, SO₂ emissions are still a serious problem in 
many developing countries. The study of the hazards 
of SO₂ and its management is of great significance 
for improving global air quality and realizing the 
goal of sustainable development.SO₂, which mainly 
comes from the combustion of fossil fuels, smelting 
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of ores, and some industrial processes, is a major precur-
sor of acid rain, and is capable of forming fine particulate 
matter (PM2.5), which has far-reaching impacts on air 
quality and climate change. Globally, SO₂ emissions 
vary significantly between regions. For example, Euro-
pean and American countries have significantly reduced 
SO₂ emissions through the implementation of stringent 
emission standards and the application of advanced de-
sulfurization technologies. However, many developing 
countries continue to increase SO₂ emissions due to 
accelerated industrialization and a lack of environmental 
protection measures, which has led to serious air pollution 
problems in these countries.SO₂ is a potent irritant gas, 
and short-term exposures can lead to respiratory problems 
such as coughing, asthma, and bronchitis, while long-term 
exposures may cause chronic respiratory and cardiovascu-
lar diseases. In particular, the elderly, children and people 
with respiratory diseases are more sensitive to SO₂.SO₂ 
emissions not only have a direct impact on air quality, 
but also react with atmospheric moisture to form sulfuric 
acid, leading to acid rain. The effects of acid rain on eco-
systems are widespread and far-reaching, and can lead to 
soil acidification, acidification of lakes and rivers, which 
disrupts the ecological balance and affects the growth of 
plants and aquatic organisms [1].
Among the current technological solutions, flue gas de-
sulfurization (FGD) technology is the main means of 
controlling SO₂ emissions [2]. This technology reduces 
emissions by converting SO₂ in flue gas to harmless cal-
cium sulfate through the use of absorbents such as lime-
stone and gypsum. In addition, fuel desulfurization and 
pre-combustion desulfurization are also effective control 
measures. Many countries have developed and imple-
mented stringent SO₂ emission standards. For example, 
the Clean Air Act in the United States has significantly 
reduced SO₂ emissions, and the Air Pollutant Emissions 
Directive in Europe has been effective in controlling emis-
sions from industries and power plants. However, in some 
developing countries, policies are not sufficiently imple-
mented and regulated, and there are still major governance 
challenges. Although existing technologies and policies 
have controlled SO₂ emissions to a certain extent, there 
are still some challenges, such as high treatment costs, 
limited technology application, and inconsistent emission 
standards. Future research may need to focus more on 
the development of low-cost and efficient desulfurization 
technologies, as well as transnational cooperation to pro-
mote globally harmonized SO₂ emission standards [3].

2. Main Sources of Sulfur Dioxide
Sulfur dioxide (SO₂) emission sources are categorized 

into natural and anthropogenic sources. Anthropogenic 
sources predominate, especially in countries and regions 
that are highly industrialized and urbanized. A major 
source of SO₂ is industry, especially heavy industry and 
metallurgy. For example, during metal smelting and ore 
processing, large amounts of SO₂ are emitted into the at-
mosphere through the combustion of sulfide ores. Accord-
ing to the analysis in “The atmosphere of io: abundances 
and sources of sulfur dioxide and atomic hydrogen”, the 
metal processing industry, especially the smelting of cop-
per, lead and zinc, is one of the significant contributors to 
global SO₂ emissions. The metalworking industry, par-
ticularly copper, lead and zinc smelting, is one of the sig-
nificant contributors to global SO In addition, petroleum 
refineries and chemical plants are major industrial sources 
of SO₂. Globally, the combustion of coal and petroleum 
products is the largest source of SO₂ emissions. The fuels 
used in electricity production and home heating systems 
contain a high percentage of sulfur, which is oxidized to 
SO₂ and released into the atmosphere during combustion 
[4]. It is noted that SO₂ emissions are particularly severe 
in urban areas due to the concentration of transportation 
and power plants, especially in countries where coal is 
used as an energy source. especially in countries that use 
coal as an energy source [5]. Although human activities 
are the main source of SO₂ emissions, natural sourc-
es also contribute to global SO₂ concentrations. Large 
amounts of SO₂ released during volcanic eruptions can 
affect air quality locally or even globally. “Integration of 
satellite monitoring and mathematical modeling in ana-
lyzing the nature of elevated sulfur dioxide concentrations 
in the surface air of northern Finland” emphasizes that 
although the contribution of natural sources is relatively 
small, in some regions, such as volcanically active areas 
like Iceland, their impact cannot be ignored [6].
In many developing countries, rapid industrialization has 
led to a significant increase in SO₂ emissions. “Emission 
factors of black carbon and co-pollutants from diesel ve-
hicles in Mexico City” states that, although global SO₂ 
emissions have decreased in some regions, the lack of 
effective management technologies and policies, SO₂ 
emissions are still growing in many developing countries 
[7]. This phenomenon is particularly prominent in parts of 
Africa and Asia

3. Major hazards of sulfur dioxide
Sulfur dioxide (SO₂) is a highly reactive gas produced 
primarily through the combustion of sulfur-containing 
fossil fuels. It has significant negative impacts on both 
the environment and human health and has caused several 
problems worldwide.
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3.1 Hazards to human health
The effects of SO₂ on human health are particularly sig-
nificant, especially on the respiratory system. Short-term 
exposure to high concentrations of SO₂ can cause acute 
respiratory illnesses, including symptoms such as cough-
ing, asthma and bronchitis. Long-term exposure can lead 
to chronic lung and cardiovascular diseases, especially 
in children, the elderly and people with respiratory prob-
lems. According to the analysis in “Hurt-term exposure 
to sulfur dioxide and daily mortality in 17 Chinese cities: 
the China air pollution and health effects study (capes)”, 
Sulfur dioxide (SOD) is a major cause of chronic lung and 
cardiovascular diseases. “SO₂ exposure can significantly 
increase the incidence of respiratory diseases, especially 
in high-risk groups [8]. The World Health Organization 
(WHO) has also classified SO₂ as one of the major air 
pollutants and it poses a serious threat to global public 
health.

3.2 Hazards to plants and ecosystems
SO₂ not only affects human health, but also causes great 
damage to plants and ecosystems. SO₂ in the atmosphere 
can react with water molecules to form sulfuric acid 
(H₂SO₄), which leads to the formation of acid rain. Acid 
rain causes acidification of soil and water bodies, disrupt-
ing the balance of ecosystems and affecting the normal 
growth process of plants, especially on crops and forest 
plants. “The impact of trading on the costs and benefits 
of the acid rain program” states that acid rain has had 
the most significant impact on forests and lakes in North 
America and Europe, and that the habitats of many aquat-
ic organisms have been acidified [9]. Long-term effects of 
acid rain also include the loss of nutrients from the soil, 
leading to reduced crop yields and forest degradation.

3.3 Impacts on air and environmental quality
The impact of SO₂ on air quality is mainly reflected in its 
role as a precursor substance for acid rain and its reaction 
with other chemicals in the atmosphere to form particulate 
matter (PM2.5). This particulate matter not only affects air 
quality, but also further affects human health. According 
to “Environmental monitoring and analysis on air pollu-
tion issue in China”, long-term accumulation of SO₂ in 
urban air may lead to an increase in the concentration of 
particulate matter, which may exacerbate air pollution [10]. 
Especially during the winter heating season, the increase 
in SO₂ emissions leads to a surge in particulate matter 
concentrations, which seriously affects atmospheric visi-
bility and air quality.

4. Sulfur dioxide control measures
Emissions of sulfur dioxide (SO₂) pose a serious threat 
to global air quality and health, and as a result, countries 
have adopted a variety of technologies and policy mea-
sures to control and reduce SO₂ emissions. The following 
section describes the major control technologies, existing 
policy measures, and possible directions for future im-
provements.
Currently, the main SO₂ control technology widely used 
around the world is flue gas desulphurization (FGD) tech-
nology reduces SO₂ emissions by reacting SO₂ in the 
flue gas with an absorbent (e.g., limestone or gypsum), 
which is converted into a harmless by-product. This tech-
nology is widely used in power plants, industrial boilers, 
and refineries, and is considered one of the most mature 
means of SO₂ control. “Amine functionalized metal-or-
ganic frameworks for carbon dioxide capture states that 
wet FGD technology has become the technology of choice 
in many developed countries due to its high desulfuriza-
tion efficiency [11]. However, dry and semi-dry FGD 
technologies have been more widely used in developing 
countries in recent years due to their lower cost and wide 
applicability. In addition to traditional FGD technologies, 
some emerging technologies are gradually being devel-
oped and applied in recent years. These technologies have 
the potential to improve the efficiency of desulphurization 
and reduce costs. Adsorption desulfurization (AD) is a 
technology that removes SO₂ from flue gas by adsorp-
tion materials (e.g., activated carbon or molecular sieves), 
which not only captures SO₂ efficiently, but also reduces 
the operating cost by regenerating the adsorption mate-
rials. The application of nanotechnology increases the 
surface area of the adsorbent material and significantly 
improves its performance. The application of nanotech-
nology increases the surface area of the adsorbent materi-
al, which significantly improves the adsorption efficiency 
[12]. In addition, biological desulfurization (BDS) tech-
nology has been gradually developed. This technology 
utilizes microorganisms to convert SO₂ in flue gas into 
harmless sulfates and sulfides, which is green and par-
ticularly suitable for small-scale industries and special 
environments. This type of technology is currently in the 
experimental stage, but preliminary studies have been 
conducted to show that it has great potential to improve 
the efficiency of desulfurization and reduce the secondary 
pollution of the environment.
In addition to technical means, policies and regulations 
are also important ways to control SO₂ emissions. Many 
developed countries have effectively controlled SO₂ 
emissions through the implementation of strict emission 
standards, laws and regulations. For example, the Clean 
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Air Act (CAA) in the United States has achieved signifi-
cant emission reductions by limiting SO₂ emissions from 
power plants and industries [13]. In Europe, the European 
Union (EU), through the Industrial Emissions Directive 
(IED), requires member states’ industrial and power gen-
eration sectors to adopt best available techniques (BAT) 
to reduce SO₂ emissions [14]. However, in many de-
veloping countries, SO₂ management still faces great 
challenges due to technological and financial constraints. 
Although some developing countries have begun to adopt 
internationally proven technologies, the scope and effec-
tiveness of their application are still limited, and that fu-
ture policies should place greater emphasis on internation-
al cooperation and technology transfer in order to promote 
the environmental protection and governance capacity of 
these countries [15].
Although existing technologies have significantly reduced 
SO₂ emissions, future research should focus more on 
how to further reduce costs and improve efficiency.

5. Research prospect for Sulfur Diox-
ide
Despite the global success of existing governance technol-
ogies and policies, the problem of sulfur dioxide (SO₂) 
emissions still has many challenges, especially in devel-
oping countries. In the future, SO₂ governance will enter 
a new phase with technological progress and deepening 
global cooperation. Below are a few prospects for SO₂ 
emission reduction:
Future SO₂ management will rely on more efficient and 
cost-effective technological innovations. For example, 
while current flue gas desulfurization (FGD) technologies 
are effective in treating large volumes of industrial emis-
sions, their high operating costs and resource consump-
tion limit their widespread use in some regions. Emerging 
nanotechnology and biotechnology are expected to solve 
this problem. The surface area and reactivity of nanomate-
rials can greatly improve adsorption efficiency and reduce 
treatment costs. In addition, bio desulfurization technolo-
gy shows great potential in reducing secondary pollution 
of the environment, and it provides a green solution by 
using microorganisms to convert SO₂ into harmless com-
pounds [16].
The future control of SO₂ emissions will not only rely 
on technology alone but will also involve the widespread 
application of intelligent monitoring and automated man-
agement systems. Through big data analytics and IoT 
technologies, the industrial sector can monitor SO₂ emis-
sions in real time and automatically adjust the operating 
parameters of emission control equipment. Such an intel-

ligent system will not only improve the efficiency of gov-
ernance, but also provide early warning when problems 
occur, reducing delays in human intervention.
In terms of policy, future SO₂ reduction will rely more on 
international cooperation and global policy coordination. 
Although developed countries have achieved remarkable 
results in SO₂ emission reduction, many developing 
countries still face great challenges due to limitations in 
technology, finance, and management experience. Interna-
tional cooperation, especially through technology transfer 
and financial support, will play a key role in the future 
global governance of SO₂. For example, Ma et al. [18] 
states that developing countries should improve the effec-
tiveness of governance by introducing advanced desulfur-
ization technologies and formulating policies accordingly 
to their specific economic and environmental conditions. 
International environmental organizations, intergovern-
mental cooperation, and the participation of multinational 
corporations will be key to the success of future SO₂ 
governance. Globally, laws and regulations will continue 
to play an important role. For example, environmental 
regulations in many countries and regions continue to 
strengthen, forcing companies to adopt stricter emission 
standards. Future policy trends will not only continue to 
strengthen emissions standards but may also incentivize 
the development of low-carbon, green energy technolo-
gies and projects. Carbon markets and emissions trading 
mechanisms are also likely to play an important role in fu-
ture SO₂ reductions, especially for developing countries, 
and could be an effective way to promote the adoption of 
cleaner technologies.
Future SO₂ management needs to rely not only on tech-
nologies and policies, but also on active public partic-
ipation. Increasing public awareness of environmental 
protection, especially of the dangers of air pollution, can 
promote more effective policy implementation and public 
monitoring. At the same time, data collection with public 
participation (e.g., use of air quality monitoring equip-
ment) will help policy makers understand and respond to 
air quality issues more precisely.

6. Conclusion
This paper has explored in detail the sources of sulfur 
dioxide (SO₂), its environmental and health hazards, 
and the existing and future technologies to combat it. The 
analysis reveals that industrial processes and combustion 
of fossil fuels are still the major sources of SO₂ emis-
sions globally, especially in developing countries, where 
the problem is more prominent.SO₂ not only has serious 
impacts on air quality, but also triggers acid rain, which 
poses a long-term hazard to ecosystems and human health.
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Although existing technologies such as flue gas desul-
phurization (FGD) have achieved some success in con-
trolling SO₂ emissions, there is still much room for 
improvement in terms of technology cost, efficiency and 
application scope. Future governance will rely more on 
emerging technological innovations such as nanomaterials 
and biotechnology, while global cooperation, policy sup-
port and public participation will also play an important 
role in SO₂ emission reduction.
To achieve greater control of SO₂ emissions, future 
research and policies should focus on improving the eco-
nomics and efficiency of treatment technologies, espe-
cially in resource-limited developing countries. Through 
multiple efforts, the world is expected to achieve more 
effective and sustainable SO₂ emission control in the fu-
ture.
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