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Abstract

The environmental risk management and remediation of soil heavy metal contamination require
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accurate quantification of the leaching and transport behavior of heavy metals in soils. Current re-
search still faces bottlenecks in the standardization of experimental methods, the construction of
multi-process coupled models, and the extrapolation from laboratory to field conditions. This paper
reviews experimental method systems including batch leaching, column leaching, and continuous-
flow leaching, analyzes the kinetic mechanisms of heavy metal leaching, the theoretical framework
of unsaturated soil water dynamics and transport equations and coupled hydrogeochemical mod-
els, and compares the applicability boundaries and performance limitations of different models. pH
and liquid-to-solid ratio are key environmental parameters regulating the leaching behavior of
heavy metals. The pseudo-second-order Kinetic model can effectively describe the leaching process
dominated by chemisorption. Coupled models such as HP1 and PHREEQC exhibit significant advantages
in multicomponent reactive transport simulation. The integration of machine learning with physi-
cal models provides a new technical pathway for leaching prediction under complex scenarios. The
findings can provide systematic theoretical support and methodological reference for the precise
simulation of soil heavy metal leaching behavior, contamination risk assessment, and optimization
of remediation strategies.
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Figure 1. Left: Laboratory batch leaching experiment; Right: Laboratory column leaching
experiment
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Figure 2. Schematic diagram of chemical speciation and leaching behavior of heavy metals
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Figure 3. Schematic diagram of leaching method and model applicability selection
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