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Abstract

Soil contamination with heavy metals is one of the most critical environmental challenges of the modern era, as
their persistence, bioaccumulation potential, and high toxicity severely threaten soil ecosystem health and
biological functions. Among the various remediation approaches, carbon-based nanomaterials—particularly
carbon quantum dots (CQDs)—have attracted considerable attention as novel and efficient nanoscale adsorbents
for the direct removal of metal ions from contaminated soils. Owing to their high specific surface area, tunable
surface chemistry, chemical stability, and biocompatibility, these nanoparticles not only enhance heavy metal
adsorption capacity but also contribute to improving soil chemical properties and stimulating the growth of
beneficial microorganisms. The primary role of CQDs in reducing the mobility and bioavailability of heavy
metals, through mechanisms such as surface adsorption and complexation, significantly enhances the efficiency
of bioremediation processes. However, despite these advantages, the application of such nanomaterials should
not proceed without careful consideration of their potential long-term impacts on soil health and microbial
communities. Through adsorption, translocation, and interactions with microbial populations, these
nanoparticles can alter key biological processes such as carbon and nitrogen cycling, thereby affecting soil
fertility and productivity. Consequently, identifying and understanding the mechanisms by which nanomaterials
influence soil microbial structure and function is essential for evaluating environmental outcomes and managing
the risks associated with the use of nanotechnology in bioremediation strategies.
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