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Abstract

Boron, one of the cornerstones of chemistry and materials science, offers a wide range of uses in the historical and modern
world. This element, which is found in nature as borate and boric acid salts, has traditionally been used in glass, ceramic and
antiseptic products. But in the modern era, boron is becoming a strategic material in many fields, from energy technologies to
nanotechnology. In addition, the role of boron in the energy sector, especially in renewable energy systems and battery technologies,
is very prominent. In solar energy systems, boron stands out as a component that increases the energy density and lifespan of
lithium-ion batteries, while increasing the efficiency of photovoltaic cells. While the importance of boron hydrides is increasing in
the field of hydrogen storage and release, boron carbide increases safety by providing neutron control in nuclear energy reactors.
In addition, boron is used in the production of lightweight and durable materials in the defense and aerospace industries. In the
field of nanotechnology, boron nanotubes and nanomaterials enable groundbreaking applications in energy storage, industrial
catalysts and sensor technologies. In addition, boron-based compounds attract attention in the biomedical field with their anti-
cancer properties and effects that support wound healing. The boron element also contributes to sustainable agricultural practices
as the main component of fertilizers that support plant growth and increase productivity in agriculture. The versatile use of boron
makes it an indispensable component in the energy, materials and biotechnology fields of the future.
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1. Introduction

The element boron has played an important role in various fields of science and technology in historical and modern
times. Boron is an element of both historical and modern importance in the chemical world. independently discovered
by Sir Humphry Davy, Joseph Louis Gay-Lussac and Louis Jacques Thénard in 1808, boron was first synthesized in
pure form by Ezekiel Weintraub in 1909 [1]. Boron has been used for many years in glass and ceramics making, and
its durability and shape retention ability make it an indispensable material for these sectors [2]. At the same time, its
antiseptic and preservative nature allows it to be used in various applications, including textile dyeing, agricultural
chemicals, etc. [3]. Thanks to energy technologies and advanced material sciences, boron is continuously gaining
importance today. In innovative applications such as hydrogen storage, lithium ion batteries and solar panels, boron
compounds are all obtained [4]. Similar research is being conducted to show how boron hydrides play an integral role
in hydrogen storage and how boron-grounded electrolytes also increase the energy density and lifetime of batteries.
Properties such as high hardness and low density provide weight-broken boron-based materials that can serve as a
lighter and more robust alternative to steel in the aerospace and defence industries [5]. For ballistic armour and metal
matrix composites, compounds such as boron carbide and boron nitride are generally preferred [6]. In addition, the
use of boron in the biomedical field also constitutes its remarkable properties. It has anticancer properties and promotes
healing similar to that of boron. In particular, Boron Neutron Capture Therapy (BNCT) is becoming an emerging
treatment modality that specifically targets diseased cells. BNCT is expected to damage the tumour, but not the
surrounding healthy tissues. Due to their antiseptic properties, boron compounds are also widely used in numerous
wound healing processes [7]. Boron plays a role in many new technologies in the field of nanotechnology, including
boron nanotubes and boron nanospheres. These nanomaterials have various applications, including energy storage
devices and industrial catalysts. Boron nanotubes can provide significant weight and cost reduction in aerospace and
automotive industries due to their low density as well as high mechanical strength and chemical stability[8].
Furthermore, boron-derived nanomaterials are equally applicable in green technologies, including the removal of
environmental pollutants and sustainable energy solutions. The role of boron in the energy field is becoming
increasingly important. It helps to strengthen composite materials used in wind turbines and makes solar panels more
efficient. From an energy point of view, the neutron-absorbing property of boron carbide is highly relevant to nuclear
energy, as it affects the safety and efficiency of reactors. Lithium-boron-based batteries have high energy density and
their stable nature makes them suitable energy sources for portable devices and electric vehicles. Boron also plays a
very important role in agriculture. Boron is an essential element for processes such as plant growth, photosynthesis
and cell wall formation. Boron is an essential micronutrient and its deficiency in soil can directly affect plant health
and lead to yield loss. Boron-based fertilisers improve crop quality and soil structure. Especially in crops of economic
importance, eliminating boron deficiency directly increases productivity. Furthermore, the use of boron in combination
with pesticides offers a solution that promotes sustainability in agricultural production. In conclusion, although boron
has historically been used in traditional industries such as glass, ceramics and textiles, in the modern era it continues
to play a vital role in many fields such as high-tech applications, the energy sector, biomedical innovations and
nanotechnology [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25]. [26], [27],
[28], [29]. With its wide range of applications and versatile properties, boron continues to be a shaping factor in the
future of energy, materials and biotechnology. Better understanding and utilizing the potential of boron is critical for
sustainable development and technological progress. This review comprehensively covers the characterization of
boron, its role in the historical and modern world, its versatile use in nanomaterials and its importance in the country's
reserves, and provides an important framework for possible future uses [30], [31], [2], [4], [32], [33]. [6], [34], [8].
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2. Characteristics of boron
2.1. Physical properties

Boron has been found as many allotopes with wide range of physicochemical properties. Boron is a black, brittle,
metallic lustre crystalline solid or a brown powder in amorphous forms. The metal has high melting (2.076 °C) and
boiling (3.927 °C) points, which demonstrate a thermal stability enabling positioning of boron as crucial in bodies
designed for high-temperature conditions. This low density combined with considerable hardness has made the
element a popular choice for lightweight, yet durable materials. Moreover, boron has a high neutron absorption power,
so it is useful in nuclear applications. Sulfur is also used during the design of innovative protective nuclear shielding
materials, to ensure the safety and efficiency of nuclear reactors. Boron has continuing research on its physical
properties in order to optimize an even wider array of applications for the technology of the future. Recent
developments in materials science are likely to create more uses for boron-based composites, particularly in the
aerospace and automotive industries [35], [36], [37].

2.2. Chemical properties

Boron is known for its strong tendency to form covalent bonds. Its compounds mainly show +3 oxidation state.
Boron-containing compounds like borates and borides are known for thermal resilience and chemical corrosion
resistance. These properties make boron well-suited for high temperature and chemically harsh environments.
Moreover, boron's coordination and the formation of stable complexes with organic or inorganic molecules have
moved boron into the spotlight for potential applications in catalysis, pharmaceuticals, and materials science. A cluster
compound is a type of complex formed by chemical bonds and new studies are now studying boron for its potential
to form available cluster compounds for nanotechnology and medical purposes. By harnessing the idiosyncratic
chemical properties native to boron, researchers hope to effect paradigm shifts in fields ranging from energy storage
to drug delivery. Its transformative potential highlights exploring the role of boron in developing catalysts for
renewable energy production [8], [38], [39], [40], [41].
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Fig 1. Boron in drug discovery and development [31] , reprinted with permission of MDPI.
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3. The role of boron in nanomaterials

Boron Is an Element with High Functionality for the Modern World Boron is a binary element located between
metals and nonmetals in the periodic table with a rich, multidimensional chemical structure that allows it to interact
with both metals and nonmetals. Boron is used in many industrial and scientific fields due to these properties, and it
is becoming an integral part of advanced technological applications such as nanotechnology. Nanomaterials are
individual materials which can be manipulated at nanoscale level. The combination of boron with nanomaterials is a
brand new chapter for materials science. "Because of its chemical properties, boron endows nanomaterials with
outstanding characteristics, such as chemical stability, hardness, thermal stability, and uniqueness in electronic
properties. In consequence, boron-doped nanomaterials are additionally incorporated efficiently in numerous jobs
including electrical power storage units as well as bio-technological applications. This review aims to cover the
mechanical, thermal, electrical and the chemical property enhancement that boron incorporation imparts to the
nanomaterials. It is also highlighted the significance and potential of boron nanomaterials in biotechnology. Boron
seems timely for advances in materials science and nanotechnology and this study aims to make this issue salient.

3.1. Mechanical properties and hardness

Boron offers extremely high hardness and durability, especially in compounds such as boron carbide (B4+C). Studies
in the literature reveal that B4C is effective in improving wear resistance and is often preferred in advanced industrial
applications. Incorporating these compounds into nanomaterials not only improves mechanical strength, but also
supports sustainability by leading to less material loss in manufacturing processes. Boron carbide-based
nanocomposites offer a wide range of applications from cutting tools to ballistic armour [42], [43].

3.2. Thermal properties

It provides nanomaterials with high thermal stability and conductivity, so that these materials can be used for a
variety of applications. The largest established application of boron is in the glass industry, and the properties of boron
are highly beneficial in modern electronic devices and in extreme temperature applications where heat management is
critical.

3.2.1. High thermal conductivity

Boron-based nanomaterials have very good thermal conductivity, which contributes to the design of high
temperature resistant materials. Boron nitride (BN) is a remarkable example in this field. BN, which can be stable at
high temperature, is widely used in heat dissipation of electronic devices. While various synthesis methods are reported
in the literature to increase the thermal conductivity potential of BN, nanometre-sized configurations provide
significant performance improvements. This makes BN an important paradigm for high power laser system and micro
light device temperature control [44].

3.2.2. Role in electronic applications

Furthermore, the use of semiconductor compounds such as boron nitride optimises electronics outside the
nanotechnology paradigm. Boron is important for piezoelectric applications as well as for conducted charge regulation.
Furthermore, the simultaneous electrical conductivity and thermal stability of boron-based materials support the
development of energy-saving electronic devices. For example, due to the reliable high temperature performance of
boron, BN-based transistors and capacitors can be incorporated into next generation electronic systems [45].
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3.3. Chemical resistance and corrosion resistance

Boron is an extremely chemically stable element and thanks to this character it greatly prevents corrosion when
applied to nanomaterials. Compounds such as boron carbide (B+«C) and boron nitride (BN) are important for making
durable materials with exceptional resistance to harsh environments. In the literature, they are shown to be resistant to
oxidation and other chemical degradation. These properties make boron-doped nanomaterials suitable for application
under extremely harsh conditions such as submarine structures, aircraft parts and nuclear reactor coatings. In addition,
the low weight and chemical resistance of boron-based nanomaterials are expected to provide a significant advantage
in the creation of energy efficient materials [41]. Boron nanomaterials with chemical stability can significantly
improve corrosion resistance. Boron-containing compounds such as boron carbide and boron nitride are best known
for their resistance to oxidation and extreme environmental conditions. These properties make it possible to design
long-lasting materials [46].

3.4. Optical properties

Boron-based nanomaterials are important for both optical and optoelectronic applications. The unique light
absorption properties of boron compounds enable their use in high performance devices such as lasers, photodetectors
and optical waveguides. Materials such as boron nitride (BN) are becoming popular in low-loss optical communication
systems due to their high purity in light transmission. In addition, it has been confirmed in the literature that boron is
suitable for ultraviolet light emitting diodes (UV-LED) and photonic crystal structures. Thanks to the precise atomic
level bonding of boron, the optical properties of the presented nanomaterials can be tuned, leading to a fundamental
advance towards a new generation of optical devices. Recent studies show that the optical properties of boron are also
used in energy storage applications. As mentioned, boron doped materials have been shown to improve the functioning
of photovoltaic systems and provide superior performance in solar energy applications [46], [47].

3.5. Biotechnology applications

Boron is becoming more and more important in biotechnological applications and is driving innovations in this
field. Including the integration of nanomaterials into biotechnology, especially with the use of boron-based
nanostructures, it offers the potential for a wide range of applications from drug delivery systems to biosensors [48].

3.5.1. Drug delivery and targeted therapy

Boron nanostructures are used in drug delivery systems that are particularly effective in cancer treatment. Boron
nitride nanotubes (BNNT) and boron nanoparticles help protect healthy cells by delivering drug molecules to targeted
sites [49].

3.5.2. Biosensors

Advertisementimproving the sensitivity and functionality of biosensors with boron-based nanomaterials.
Materials with particularly interesting chemistry and physical properties are boron carbide and boron nitride
nanotubes. Because of their perfect interaction with biomolecules, they can be used for the specific and high-
sensitivity detection of certain biomarkers. This makes them highly applicable in medical diagnostics, particularly
for early disease detection. Researchers will be able to develop efficient and reliable tools for detecting changes in

92



Halvaci et al/ International Journal of Boron Science and Nanotechnology

biomolecules and make significant contributions to the development of early diagnostic systems by utilizing boron-
based nanomaterials in biosensor design [50].

3.5.3. Cancer treatment

Boron neutron capture therapy (BNCT) is based on the principle that boron binds specifically to cancer cells and
kills them by neutron bombardment. This method is an important innovation in cancer treatment. The role of boron in
nanomaterials has groundbreaking potential for improving mechanical, thermal, electrical and chemical properties.
These properties increase the applicability of boron-doped nanomaterials, especially in various fields such as
electronics, optoelectronics, energy storage and biotechnology. The integration of boron into nanotechnology plays a
central role in future materials science designs, offering innovative solutions at both industrial and academic levels
[51], [52].

4. Use of boron in solar energy, battery technologies and hydrogen production

Boron is a versatile element with great potential, especially in the fields of hydrogen energy and energy storage.
With the developing nanotechnology, boron-based nanomaterials are making significant contributions to energy
systems and remarkable progress is being made, especially in areas such as hydrogen production, storage and
transportation. [53]. Due to these unique properties, boron-based nanomaterials have great prospect for energy-
saving, environmental protection and renewable energy utilization. The target is boron and the applications are in
solar energy, battery technologies and studies of hydrogen energy. Boron has particular relevance in agriculture
science and applications [34] and renewable energy [54]. For example, boron is applied in solar panels, specifically
in the boron doping the process of adding the elemental boron or boron-containing graphics to the target material to
improve it of silicon photovoltaic (PV) cells to increase the amount of current flowing through these cells and improve
the structural, mechanical, and electrical properties of solar cells for higher energy conversion. [55]. At the same time,
boron glass extends the lifetime of solar panels and improves their environmental durability. However, boron
compounds also play an important role in concentrated solar energy systems, improving the thermal efficiency of
these systems. Boron-based materials can also be used as electrolyte stabilizers in lithium ion and sodium ion batteries.
[56], [57]. These materials increase the energy density and lifetime of the battery, while providing better stability in
charge and discharge cycles [57]. Solid cell formats also enable next-generation energy storage platforms, such as
boron carbide composed of boron-containing materials [58]. Reportedly, boron ranks as one of the best additives when
it comes to hydrogen production, storage and the subsequent transport of the fuel [59]. We can create sodium borate
solid that can generate hydrogen gas efficiently and in a green way. Also, these compounds provide a variety of
advantages in fuel cells [60]. Hydrogen systems are generally accepted to play a significant role to achieve zero
emission targets especially in transportation and mobility sectors. On energy systems zero emission energy system
with a land crisid carbon impact energy systems [61]. Boron applies to energy storage as well as green fuels
technologies in every of those systems in addition to entire integration of renewable energy, since it's one of the few
materials can be used in those schemes The role of boron can be employed in methods of energy storage systems in
the continuous use of renewable energy resource [54]. In batteries, boron allows for improved energy storage from
intermittent sources like wind and solar. It can also serve as a catalyst, which can promote hydrogen production from
renewable resources of energy [62]. Hydrogen is also important for zero emission energy systems. “Boron is one of
the building blocks of this economy as compounds that allow the clean and low-cost production of hydrogen.” In
addition, this boron-based storage device is a lighter and safe storage method than conventional storage systems [59].
Produced with one of the most abundant elements on earth, the hydrogen economy significantly facilitates the
decarbonisation of generating electricity and heat, which contributes to reducing carbon emissions in power
generation and transport systems. In particular boron hydride nanomaterials (e.g., sodium borohydride, LiBHa4) is vital
for safe and efficient hydrogen storage and transportation [63], [54]. And these materials can store hydrogen in a way
that is more energy-dense and portable.
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4.1. Boron nanotubes and hydrogen storage

Another boron-based nanomaterial that is of interest in hydrogen storage is the boron nanotubes. The novel
structures of the nanotubes have the potential to improve effectively the hydrogen adsorption capacity. This will
increase the surface area and, consequently, allow hydrogen to be stored more efficiently in its boron form. The
mechanical strength of the boron nanotubes is outstanding, with high thermal conductivity, hence being extremely
useful for energy systems [34].

4.2. Boron carbide nanotubes and solid cell energy storage systems

These boron carbide nanotubes offer B4C's next generation energy storage solution in solid cell technologies. Solid
electrolytes are known to enable good and safe energy storage compared to liquid ones. Boron carbide is thus basically
able to solve the problems of storage and transport of hydrogen simultaneously [64].

4.3. Sustainable boron utilization and environment impacts

Although the potential of boron in energy technologies is enormous, it also has sustainable use and environmental
impacts. This requires a careful analysis of the situation. If not done properly, the extraction and processing of boron
minerals causes serious environmental impacts. Problems such as contamination of groundwater resources, soil
contamination and habitat loss are among the potential environmental impacts of boron mining [65], [66], [67].
Therefore, it is important to adopt mining methods that comply with environmental standards. Furthermore, the use
of innovative technologies in the mining process can reduce environmental impacts [68]. Recycling of boron-
containing materials is emerging as part of sustainable energy technologies. The recovery of boron compounds
provides great advantages both economically and environmentally [69]. At this point, effective waste management,
long-term viability of boron-based technologies, waste management strategies, minimizing the harm of boron
compounds are aimed [69], [70].

5. Natural occurring and reserves
5.1. Abundance in earth crust

Boron is classified as a comparatively scarce element, comprising roughly 0.001% of the Earth's crust. It does not
occur in its elemental form but is found as borates or borosilicates. These compounds are mainly created through
geological processes such as volcanic activity and evaporation. Trace amounts of boron are soluble in seawater. The
role of elemental boron in sedimentary rocks and volcanic deposits has drawn attention to its geochemical significance
relative to how elements are distributed across Earth. The importance of geological conditions required for the
formation of boron further emphasizes on the rarity and commercial significance of boron as mineral resource.
Continue researching the distribution mechanisms of boron in nature to explore new reserves and improve extraction
methods. Expanding our understanding of boron occurrences in nature will be facilitated by advances in remote
sensing, and geochemical analyses, which are expected to develop in the coming years. To facilitate this, boron-rich

94



Halvaci et al/ International Journal of Boron Science and Nanotechnology

territories are being mapped in detail to assist in mining methods, optimizing the use of these limited resources [71],
[72].

5.2. Major boron deposits

Major boron deposits are found in Turkey, the United States, Argentina, Russia and China. Of these, Turkey is
estimated to hold around 72% of the world boron reserves, including colmanite and tincal. Taking proper advantage
of these reserves is important in order to supply the growing world demand. Researchers are working toward green
mining processes that allow for resource extraction without damaging the environment. Boron reserves are critical in
determining the trade dynamics and economic strategies on the global stage. Nations holding substantial boron
reserves hold a strategic position to export boron internationally, making their role indispensable in the global boron
market. But as demand for boron grows, exploration of previously untapped reserves and recycling initiatives will
help buttress natural deposits. A lot of work is being done to establish a fairer system for cooperation in the boron
trade [56],[73], [5]. [74].

6. Extraction and processing
6.1. Mining techniques

Boron is mined from borate minerals such as borax (sodium borate), colemanite and kernite. Depending on boron
deposits’ depth and concentration, the mining methods, which can be used, include open pit and underground mining.
They used these techniques to produce boron-bearing minerals efficiently. Innovative Sensor-Based sorting and
Automation technologies are being incorporated into mining processes to enhance efficiency and minimize
environmental damage. Humans are learning to use artificial intelligence and machine learning in its daily operations.
In addition, environmental consciousness is rising, with companies installing water recycling systems and land
rehabilitation programs. There are efforts to incorporate renewable energy sources and to reduce the carbon emissions
from boron extraction in mining [72], [38], [75], [60].

6.2. Refinement processes

A boron ore mineral with requirements for chemical processing and purification of boron that classify it as boron
ore and serve as a precursor for boric acid or boron oxide. Several further processes including dissolution,
crystallization and heat treatment are applied in order to obtain boron compounds with the desired high purity. For the
sustainability of boron production, some efforts have been made to develop advanced chemical processing methods,
like solvent extraction and membrane separation, to reduce energy input and waste output. This line field is because
of the more significant industrial options for the extraction of boron auxiliary sources, which require additional interest
in fewer environmental costs. This will, thus, greatly contribute to the economic feasibility and environmental
sustainability of boron production when coupled with novel catalysts and energy-conserving separation processes.
Research partnerships between academia and industry encourage innovation in plasmonic Technologies [4], [32],
[76].

7. Applications of boron
7.1. Agricultural uses
Boron is considered an essential micronutrient for plants. Its function in cell wall formation, carbohydrate

metabolism and nutrient transport is critical for plant growth and development. Soil boron deficiency adversely affects
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the yield and quality of various crops as a result boron is added as a fertilizer. Newer forms of boron fertilizers, such
as slow-release and nano fertilizers, are being formulated to overcome these limitations as they offer higher
bioavailability with enhanced nutrient use efficiency and lower environmental effects. In addition, studies on boron
involvement in the augmentation of abiotic stress response and drought response in plants are being extensively
studied. Precision Agriculture: Researchers are working on boron integrated systems to enable precision agriculture
and minimize excess nutrient usage. Analysis of such data through IoT improves boron use and contributes to
sustainable agricultural production. Smallholders are also now receiving better information about the agricultural
advantages of boron using public-private partnerships for information dissemination and boron adoption on a global
level. The Figure 2, below is an example of this information [3], [77], [78], [4], [8].
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Fig 2. Chemistry of boron [79] reprinted with permission of MDPI.
7.2. Industrial applications
7.2.1. Glass and ceramics

Specialized boron compounds are ideal as a source of boron for borosilicate glass with high thermal resistance and
successful durability. Boron serves a similar purpose in ceramic glazes where it contributes to appearance and
performance enhancements. Borosilicate is voluminous in nature, being used in photovoltaic panels and laboratory
utensils, assisting in renewable energy and scientific technologies, respectively. New borosilicate formulations are
under development for high-performance optics and for space exploration applications [80], [81].

7.2.2. Detergents and cleaning products
Detergents contain borax and other boron compounds for their role as emulsifying and water softening agents.
These characteristics are used for increasing cleaning success and product stability to enhance cleaning efficacy and

product stability. To adhere to worldwide sustainability objectives, studies are being carried out to produce eco
friendly detergents from boron that are not only biodegradable but also non-toxic. Researchers are exploring the
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potential of adding boron nanoparticles to cleaning products and substances to enhance their cleaning power against
resilient stains and disease-causing organisms [82].

7.2.3. Metallurgy

Boron is used as an alloy to enhance steel and aluminum to increase hardness, wear resistance and corrosion
resistance. These strengthened properties make boron-containing alloys popular with the automotive and construction
sectors. Their strategic importance is evident in the fact that boron is being investigated for use in superalloys that go
into aerospace and defense applications. These ongoing studies will help assess the long-term performance of boron-
reinforced materials under harsh conditions, as well as their reliability for critical applications [83], [84].

7.3. Technological applications
7.3.1. Electronics

Semiconductors are materials essential to the functioning of electronic devices, and boron works as a dopant, which
are substances that change the electronic properties of a material. For example, Boron-doped silicon is used in
transistor and photovoltaic cell production which have helped with larger scale advances like electronics. The
significance of boron in the progressive domains, inclusive of quantum computers, bendable electronics and
subsequent degree sensor technologies is an energetic subject of examination. After finding that boron can be used to
make these next-generation electronics more powerful and energy-efficient, collaborative research projects now look
into specific applications of boron [36], [85], [86].

7.3.2. Energy

Research is being carried out on boron-based energy storage materials for next-generation batteries and hydrogen
storage systems to address the energy needs of the world. Energy storage systems are based on these boron based
compounds including boron hydrides and borophene which are believed to have better energy densities and
efficiencies. Expected to accelerate the transition towards a sustainable energy future boron-based energy technology
commercialisation [85], [87], [88], [89].

8. Challenges in the boron industry
8.1. Environmental concerns

Boron extractions and processing have included habitat destruction and water pollution. Sustainable practices,
along with technological innovation, are necessary to mitigate these negative impacts. To that end, environmental
regulations and cleaner production technologies have been developed to mitigate these problems. Collaboration with
stakeholders throughout the boron value chain is recognised as vital to embedding the promotion of environmental
sustainability in everything they do [72].

8.2. Economic factors

Various factors influence the boron market; these include but are not limited to: demand, which changes over time;
trade policies; and the competition between the main producers. This also deemed as one of the factors that is vital of
the growth of boron sector which is stable supply chain. To mitigate the impact, strategic partnerships and investments
in R&D are being explored to promote market resilience system wide. To correct the disparities inherent in this
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resource, it is suggested that international frameworks be established for fair trade and equitable resource distribution
[75].

9. Future perspectives and research
9.1. Advanced materials

Studies are being conducted on boron-based nanomaterials, such as boron nitride nanotubes and borophene. These
materials possess extraordinary mechanical, thermal and electronic properties. Sought potential uses in aerospace,
medicine and quantum computing. Production of boron nanomaterials on a scale is recognized to be one of the
important research. Encouragement of international collaborations to sculpt the progress and deployment of the
advanced boron-based materials [59], [54], [59].

9.2. Sustainable agriculture

Mitigating the adverse effect of boron on plant physiology requires the development and implementation of boron
fertilisers that impart acceptable amounts of the element into biological systems whilst limiting its discharge into non-
target environments. At the same time, precision agriculture is used to improve boron application efficiency. Other
micronutrients are integrated with boron in smart delivery models for improved agricultural productivity too. The seed
trials for the boron-rich fertilizers are being conducted in various agro-climatic regions in the country to validate its
effectiveness [90], [58], [90], [91].

9.3. Renewable energy

However, compounds of boron have been of much interest due to their possible application in the field of renewable
energy technologies such as fuel cells, polymer solar cells, and thermoelectric material. These developments are
expected to significantly contribute to the aspiration of a sustainable energy future. Efficient waste heat recovery
utilizing boron-based thermoelectric materials through the innovation of processes. Collaborative work between
academia and industry is driving the use of boron in renewable energy solutions [63], [92], [54], [93].

9.4. Boron in medicine

Research on boron-based compounds explores their bioactivity, as well as their application in cancer treatment and
drug delivery. Boron Neutron Capture Therapy (BNCT) may be an ideal targeting method for cancer treatment. Boron
clusters are also potentially applicable in drug design and molecular imaging which is an emerging area of research.
Clinical trials currently evaluate boron treatments' safety and efficacy, whereby they enter mainstream medicine [78],
[401, [33], [94], [39].

10. Conclusion

The superior physical and chemical properties of the element boron have made it an indispensable material in
strategic areas such as energy, electronics, healthcare and agriculture. Especially its innovative applications in
nanotechnology carry the versatile structure of boron further. The high durability, thermal stability and electrical
properties of boron nanotubes and boron nitride-based materials have positioned them as an important component in
new generation technologies. In addition, boron-based neutron capture therapies (BNC Oct) for the treatment of cancer
are breaking new ground in the field of medicine and demonstrate the biomedical potential of boron. The importance
of boron in renewable energy and sustainable technologies is increasing gradually. The use of boron compounds in
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energy systems such as solar panels, lithium ion batteries and hydrogen production contributes to reducing
environmental impacts while increasing energy efficiency. In particular, boron nanotubes and boron hydride
compounds play a critical role in hydrogen storage and transportation, providing an important solution for achieving
zero emission targets. However, it is necessary to adopt careful management strategies regarding the sustainable use
of boron and its environmental impacts. Reducing the environmental impacts of boron mining and innovative
approaches to the recycling of boron compounds support long-term sustainability in this field. In addition, its
contributions to sustainable energy production and storage show that boron will play a critical role for a future
independent of fossil fuels. Boron-based materials, especially in hydrogen storage and solar energy technologies, are
revolutionizing the energy sector. In the future, the discovery of new application areas of boron and its integration
with existing technologies indicate that it is a candidate to become the focal point of scientific research. With the
development of innovative methods, it is expected that the full potential of boron in high-performance materials and
green technologies will be revealed. In this context, investments and research made on boron element are of great
importance both in terms of economic and environmental sustainability.
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