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disposal sites. Clay samples were collected from the Angouran mining area
(Zanjan Province, Iran), and tests including compaction, Atterberg limits,
permeability, and heavy metal adsorption (Cd, Pb, and Zn) were conducted. To
analyze the adsorption kinetics, experimental data were fitted to various kinetic
models, and the results showed that the pseudo-second-order model (Rz > 0.99)
provided the best fit, indicating that the adsorption process is controlled by
chemisorption. The addition of 0.8% nano-silica significantly enhanced the
adsorption capacity (up to 99 mg/g for Cd) and reduced the permeability to
1.8x107° cm/s, which provides a higher improvement efficiency compared to
lime. The formation of surface bonds Si-O-M (M = Cd, Pb, Zn) in the presence
of nano-silica was identified as the key factor responsible for the increased
removal efficiency of heavy metals. Overall, the 0.8% nano-silica amended clay
liner exhibited superior performance in controlling contaminant migration and
improving geotechnical stability, and it can be considered an effective option
for the design of engineered liners in industrial and mining waste disposal
systems.
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EXTENDED ABSTRACT

Introduction

Groundwater contamination caused by mining activities is a critical environmental issue in semi-arid
regions such as Iran, where groundwater is the main source of water for domestic, agricultural, and
industrial use. Lead—-zinc mining wastes typically contain elevated concentrations of heavy metals that
produce leachate capable of migrating through soil layers and contaminating aquifers. Due to their
persistence and mobility, heavy metals pose long-term ecological and health risks even at low
concentrations. Preventing leachate migration is therefore essential in  mining waste
management.Compacted clay liners are commonly used as hydraulic barriers in waste disposal systems
because of their low permeability and natural availability. However, native clay soils often fail to
simultaneously achieve sufficiently low hydraulic conductivity and high heavy-metal adsorption
capacity. Consequently, soil modification using stabilizing agents and nanomaterials has gained
attention as an effective method to improve liner performance. This study evaluates the effectiveness
of nano-silica compared with conventional lime stabilization in enhancing the geotechnical and
environmental performance of clay liners at the Angouran lead—zinc mine in Zanjan Province, Iran.

Materials and methods

Clay samples were collected from the Angouran mining waste landfill and amended with lime (2—6
wit%) and nano-silica (0.5-1 wt%). Geotechnical behavior was evaluated through Atterberg limits,
standard Proctor compaction, unconfined compressive strength (UCS), and falling-head permeability
tests in accordance with ASTM standards.To simulate realistic field conditions, actual mine leachate
was used in column experiments. Compacted untreated and treated clay samples were subjected to
controlled leachate flow, and effluent concentrations of Cd, Pb, and Zn were measured over time.
Adsorption Kinetics were analyzed using pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models to determine the dominant retention mechanism

Results and discussion

Lime stabilization reduced the plasticity index and improved mechanical strength through pozzolanic
reactions. Nano-silica modification enhanced soil densification by filling micro-voids and improving
particle packing. The natural clay exhibited a hydraulic conductivity of approximately 10® cm/s. The
addition of 0.8 wt% nano-silica reduced this value to 1.8 x 10 cm/s, meeting typical liner design
requirements. Although lime also reduced permeability, its performance under leachate exposure was
less consistent.Nano-silica-treated clay demonstrated significantly higher heavy-metal removal
efficiency than untreated and lime-treated samples. The pseudo-second-order kinetic model provided
the best fit (R2 > 0.99), indicating that chemisorption governs metal uptake. Enhanced adsorption is
attributed to interactions between heavy-metal ions and silanol (Si—-OH) functional groups on nano-
silica surfaces. Among the investigated metals, cadmium showed the highest adsorption capacity (up to
99 mg/g), while zinc and lead were also effectively retained

Conclusion

The results confirm that incorporating 0.8 wt% nano-silica markedly improves the overall performance
of clay liners used in mining waste disposal systems. This modification reduces hydraulic conductivity
to acceptable levels while substantially increasing heavy-metal adsorption capacity. Compared to
conventional lime stabilization, nano-silica provides a more balanced enhancement by simultaneously
addressing mechanical stability and environmental protection requirements.Nano-silica—amended clay
liners therefore represent a practical, cost-effective, and environmentally sustainable solution for
mitigating groundwater contamination in mining regions. Future research should focus on field-scale
implementation and long-term durability assessment under varying climatic and chemical conditions to
further validate their practical applicability in real mining environments
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Pseudo-second-order kinetic model for Cd, Pb, and Zn
(0.82% nano-silica amended clay liner)
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