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Abstract

Introduction: Removing heavy metal ions from water is a major
environmental challenge. This study aimed to predict the adsorption free
energy of these ions onto a carbon nanotube/graphene oxide (CNT/GO)
nanocomposite.

Methods :A hybrid methodology integrating molecular dynamics (MD)
simulations with machine learning (ML) models was developed and
applied. The free energy of adsorption (AG.ds) was calculated using
umbrella sampling and weighted histogram analysis. Various ML
models, including Random Forest, Kernel Ridge Regression, and
Multilayer Perceptron, were developed and evaluated.

Findings: The findings revealed a clear difference in the ions'
thermodynamic affinity. Lead ions had the highest adsorption tendency,
while cadmium had the lowest. Microscopic analysis confirmed strong
chemical bonding for lead and copper with surface functional groups,
whereas cadmium only showed weak physical interaction. The Random
Forest model demonstrated the best predictive performance. Analysis of
feature importance identified ionic charge as the most critical parameter.
Conclusion:This research provides an effective hybrid framework for
predicting adsorption behavior. The developed model successfully
captured complex structure-property relationships, enabling the targeted
design of selective adsorbents. This approach can significantly reduce

the time and cost of developing new water purification materials.
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efficiently, three machine learning models—
Random Forest (RF), Kernel Ridge Regression
(KRR), and Multilayer Perceptron (MLP)—were
developed. The Random Forest model demonstrated
superior performance, achieving an Rz of 0.92 and
an RMSE of 0.45 kcal/mol, underscoring its
capability to capture the complex, non-linear
relationships between ion characteristics and
adsorption energy. Feature importance analysis,
utilizing both Gini importance and SHAP values,
identified ionic charge as the most critical predictor,
followed by ionic radius and Lennard-Jones
parameters (¢ and o). This highlights that adsorption
is primarily governed by the strength of electrostatic
interactions and the ion's ability to approach the
surface closely, which is consistent with the physical
chemistry of ion adsorption

Conclusion

This study establishes an effective MD-ML
framework for predicting and analyzing heavy metal
adsorption on CNT/GO nanocomposites. The results
demonstrate clear correlation between ion
characteristics and adsorption energy, with Pb?"
showing strongest affinity due to its high charge
density and coordination capability. The Random
Forest model proved particularly effective in
capturing complex structure-property relationships,
providing valuable insights for rational design of
selective adsorbents. This approach offers a
powerful tool for accelerating development of
advanced water purification materials while
reducing reliance on experimental trial-and-error
methods.
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Extended Abstract

Introduction

The removal of toxic heavy metal ions from aqueous
environments is a critical challenge in
environmental science. Carbon-based
nanocomposites, particularly carbon
nanotube/graphene oxide (CNT/GO) structures,
have emerged as promising adsorbents due to their
exceptional surface properties and functionalization
capabilities. However, understanding the atomic-
scale mechanisms and thermodynamics of ion
adsorption remains computationally challenging.
This study develops a hybrid molecular dynamics-
machine learning framework to quantitatively
predict adsorption behavior and identify key factors
governing ion selectivity on CNT/GO surfaces.

Findings and Discussion

In this study, a hybrid molecular dynamics (MD)
and machine learning (ML) approach was employed
to quantitatively investigate the adsorption behavior
of Pb?, Cu?, and Cd*>* ions on a carbon
nanotube/graphene oxide (CNT/GO)
nanocomposite. The adsorption free energy
(AG<sub>ads</sub>) was precisely calculated
using the umbrella sampling technique combined
with the Weighted Histogram Analysis Method
(WHAM). The results revealed a distinct
thermodynamic affinity trend: Pb?* (-12.5 kcal/mol)
> Cu?* (-9.8 kcal/mol) > Cd*" (-8.3 kcal/mol),
indicating spontaneous adsorption for all ions with a
strong preference for lead. This trend aligns
remarkably well with both experimental adsorption
capacity data and previous theoretical DFT
calculations, validating our simulation protocol.
Radial distribution function (RDF) analysis and
spatial density profiles provided profound insights
into the molecular-scale adsorption mechanisms. To
gain deeper mechanistic insights beyond this
validation, radial distribution function (RDF)
analysis and spatial density profiles were employed.
These analyses provided profound insights into the
molecular-scale adsorption mechanisms. RDF peaks
between 2.0-2.5 A for Pb* and Cu** ions and
oxygen atoms of surface functional groups (-OH, -
COOH) confirmed the formation of strong,
directional coordination bonds, characteristic of
chemisorption. In contrast, the RDF for Cd** showed
a broad, weak peak at a larger distance (~3.5 A),
signifying predominantly physical, electrostatic
interactions (physisorption) with a more diffuse
hydration shell. To predict AG<sub>ads</sub>
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