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Abstract: With the acceleration of industrialization and urbanization, heavy metal pollution has
become an important component of global environmental problems. Traditional treatment methods,
although effective to some extent, still have unsatisfactory economic and environmental benefits.
This article conducts in-depth research on the application of new bioactive materials in heavy metal
wastewater treatment, aiming to explore their potential value and application prospects. Bioactive
materials are a type of material that has specific functions and can interact with organisms. These
materials can be natural, such as biopolysaccharides and proteins, or synthetic, such as polymers
and nanoparticles. They have excellent adsorption, selectivity, and renewability, providing new
solutions for wastewater treatment. Compared with traditional methods, bioactive materials have
multiple advantages: higher adsorption capacity, good selectivity, fast adsorption rate, low
treatment cost, and environmental friendliness. However, in order to achieve its widespread
application, it is necessary to conduct in-depth research and innovation in materials science,
engineering technology, and economic strategies.

1. Introduction

With the acceleration of global industrialization, environmental problems have been paid more
and more attention, one of which is heavy metal pollution. Heavy metal pollution not only causes
long-term damage to the ecological environment, but also directly threatens human health.
Although the traditional heavy metal wastewater treatment methods, such as precipitation,
adsorption, electrodialysis, etc., have achieved remarkable results in some aspects, there are still
many problems, such as high treatment cost, low efficiency, and difficult treatment of sludge.
Therefore, finding a new, efficient, economical and environmentally friendly treatment method for
heavy metal wastewater has become a research hotspot in the field of environmental science and
engineering[1]. In recent years, bioactive materials have attracted extensive attention because of
their unique structure and functionality. These materials have not only high adsorption efficiency
and selectivity, but also good reproducibility and environmental friendliness[2]. At the same time,
the integration of cutting-edge technologies such as nanotechnology, bioengineering and materials
science has also brought new opportunities for the research and development of bioactive materials.
For example, bioactive materials with specific size and shape can be prepared by nanotechnology,
which have excellent performance in heavy metal adsorption. In addition, the research and
application of bioactive materials not only need the support of basic science, but also need to form
close cooperation with industry, government and all walks of life[3]. Bioactive materials refer to
materials that interact with biological tissues and can cause specific biological reactions or induce
tissue growth. These materials are widely used in medicine, dentistry and bioengineering, especially
in implants, bone repair and tissue engineering. In this paper, bioactive molecules, such as growth
factors, cell adhesion molecules and enzymes, can be integrated into materials to further enhance
their interaction with cells and tissues. Can interact with biological tissues, not just as an inert or
neutral existence. With the development of science and technology, new bioactive materials and
applications are continuously researched and developed. Only in this way can new technologies
really bring value to society and contribute to solving global environmental problems. Therefore,
this paper aims to deeply discuss the application research of new bioactive materials in heavy metal
wastewater treatment, and comprehensively analyze the basic properties, mechanism, application
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advantages, existing problems and future development trends. We hope that through this research,
we can provide a scientific, systematic and cutting-edge perspective for the application of bioactive
materials in the environmental field and promote the sustainable development of this field[4].
Before further research, we need to briefly review the sources, hazards and traditional treatment
methods of heavy metal pollution. This will provide a solid foundation for our research on new
bioactive materials. At the same time, we need to pay attention to relevant regulations, policies and
market demand to ensure that our research direction matches the actual needs of society[5]. In a
word, bioactive materials provide a promising way to solve the problem of heavy metal pollution,
but this field still faces many challenges and opportunities. We look forward to contributing to the
technological innovation and application in this field through the research in this paper.

2. Adsorption mechanism of new bioactive materials
2.1. Surface adsorption

Surface adsorption refers to the process of substance accumulation on solid surface, which is
usually related to the concentration and temperature of the substance. For bioactive materials, its
porous structure provides a large amount of surface area, thus enhancing the adsorption. Physical
adsorption is the dominant process, involving van der Waals force between molecules.

2.2. Chemical reaction between bioactive materials and heavy metals

The adsorption mechanism of bioactive materials for heavy metals involves various physical and
chemical processes, including ion exchange, complexation, precipitation, and nanofiltration.
Specific surface functional groups, such as hydroxyl, carboxyl, and amino groups, provide effective
adsorption sites for metal ions. However, these materials also face some challenges in practical
applications, such as stability, recyclability, large-scale production, and economy. New bioactive
materials provide a promising solution for heavy metal wastewater treatment. Its efficient,
environmentally friendly, and economical characteristics have made significant contributions to
global environmental protection. This section describes the specific chemical reactions between
heavy metal ions and functional groups on bioactive materials. For example, some bioactive
materials may contain amine or thiol groups, which can form stable complexes or precipitates with
heavy metals[6]. This reaction is often irreversible and can effectively remove heavy metal ions
from water. Ion exchange refers to the process in which an ion on a bioactive material is replaced
by another ion in a solution. During this process, an unstable or less preferred ion on the material is
replaced by another ion in the solution, which is very evident in certain biomaterials, especially
those containing fixed loads that can exchange cations[7]. In many cases, heavy metal ions can
form stable chemical bonds with functional groups on bioactive materials. For example, functional
groups such as thiols, amines, and carboxylic acids have the ability to form stable complexes with
heavy metal ions. These complexes have high selectivity and affinity for heavy metal ions in
wastewater. In addition to direct chemical bonding, functional groups on bioactive materials may
also form complexes with multiple metal ions. This surface composite effect can further enhance
the adsorption capacity of materials for heavy metal ions. Some bioactive materials have high
selectivity, which means they have higher affinity for certain specific heavy metal ions[8]. This
selectivity comes from the microstructure, charge distribution, and functional group characteristics
of the material. The ion exchange capacity of bioactive materials refers to the maximum number of
ions that can be exchanged per unit mass or volume of material. This is an important indicator for
evaluating the effectiveness of materials.

3. Advantages and limitations of new bioactive materials in practical application
3.1. Comparison with traditional methods

When considering the role of new bioactive materials in heavy metal wastewater treatment, we
should first understand the traditional wastewater treatment methods, including precipitation,
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adsorption, electrodialysis, ion exchange and reverse osmosis. These methods have been proved to
be effective in many applications, but they also have their shortcomings[9]. Traditional methods
often involve high equipment and operating costs, and some methods, such as precipitation, may
make the treated sludge difficult to treat. However, bioactive materials often have higher adsorption
efficiency and lower operating cost. The main advantages in application can be roughly divided into
four aspects, as shown in Figure 1.
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Figure 1 Application advantages

Because of the special structure and functional groups of bioactive materials, their adsorption
efficiency for heavy metal ions is often much higher than that of traditional adsorption materials.
Some bioactive materials have high selectivity for specific heavy metal ions, which enables them to
effectively remove target pollutants in complex sewage. Many bioactive materials have good
reproducibility, that is, they can be reused after proper treatment, which greatly reduces the material
cost.

Compared with some traditional methods, such as chemical precipitation, the use of bioactive
materials is more environmentally friendly because they produce less waste and are easy to
handle[10].

3.2. Existing challenges and limitations

Although the adsorption efficiency of bioactive materials is high, their adsorption capacity may
reach saturation after long-term use, requiring regeneration or replacement. Under certain extreme
pH or temperature conditions, bioactive materials may lose their structural stability and
functionality. Although selectivity is one of its advantages, it also means that in certain mixed
pollution situations, bioactive materials may only be able to remove some pollutants. Although
bioactive materials have advantages in operating costs, their initial research and production costs
may be higher. Overall, new bioactive materials provide a promising solution for heavy metal
wastewater treatment, but they still need to face and solve some challenges in practical applications.

4. Future development trends and suggestions
4.1. Technological Innovation Direction of Bioactive Materials

With the continuous progress of science and technology, the research and development of
bioactive materials is also constantly breaking through new fields, with higher requirements for
their functions, performance, and applications. This chapter innovates the technology of bioactive
materials and adopts the following solutions, as shown in Figure 2.
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Figure 2 Technological Innovation of Bioactive Materials
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Future bioactive materials should be more targeted and multifunctional. This means that not only
should its adsorption capacity be considered in design, but also how to provide optimal performance
in specific environments.

(2 Application of Nanotechnology

Nanotechnology plays an important role in the development of bioactive materials. Nanoscale
materials have a larger specific surface area, which is beneficial for improving adsorption efficiency.

(3 Biodegradability of materials

Considering environmental sustainability, developing biodegradable bioactive materials is an
important direction for the future.

To achieve the widespread application of bioactive materials in practice, cooperation between
industry, academia, and research is crucial. Only when there is close cooperation among academic
research, industry, and government can real breakthroughs be achieved in this field. On a global
scale, environmental issues are receiving unprecedented attention. Therefore, the research and
application of bioactive materials must keep up with the times, closely monitor the development
trends of environmental regulations and policies, and ensure that technology is synchronized with
market demand.

4.2. Improving the Economic Benefits of Bioactive Materials in Heavy Metal Wastewater
Treatment

Compared with the rapid development of new technologies, there is relatively little research on
the practical application and effectiveness of new bioactive materials in heavy metal wastewater
treatment. How to push these new materials from the laboratory to practical applications, how to
solve the problems they may encounter in practical applications, and how to further optimize their
performance are all urgent issues that current researchers need to solve. Reducing the production
cost of bioactive materials is the key to improving their economic benefits. This may involve
optimizing synthesis methods, selecting raw materials, or improving production efficiency. Through
large-scale production, unit costs can be further reduced, making the price of bioactive materials
more affordable. In addition to heavy metal wastewater treatment, bioactive materials also have
other application fields, such as other types of wastewater treatment and environmental remediation.
Expanding its application scope can increase its market share and further improve economic
benefits. The application of bioactive materials in heavy metal wastewater treatment is a promising
field, but still faces many challenges. With the continuous progress of technology and the
continuous expansion of the market, we believe that this field will have greater development
potential.
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5. Conclusions

After in-depth study on the application of new bioactive materials in heavy metal wastewater
treatment, we can draw the following key conclusions: bioactive materials have brought
unprecedented technological innovation to heavy metal wastewater treatment, especially showing
obvious advantages in improving adsorption efficiency, selectivity and reproducibility. Compared
with traditional sewage treatment methods, bioactive materials not only have higher efficiency, but
also provide more advantages in economy and environment. Especially in the long-term application,
its environmental protection and low operating cost gradually appear. Although new bioactive
materials have obvious advantages, they still face some technical and economic challenges in
practical application, such as saturated adsorption capacity, structural stability and initial research
and development and production costs. Only when academic research, industry and government can
form close cooperation can we make a real breakthrough in this field. On a global scale,
environmental problems are receiving unprecedented attention. Therefore, the research and
application of bioactive materials must keep pace with the times, pay close attention to the
development trend of environmental regulations and policies, and ensure that technology keeps
pace with market demand. New bioactive materials provide a promising solution for heavy metal
wastewater treatment, but its wide application still needs to be combined with various efforts and
cooperation.
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