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Abstract

Pharmaceutical pollutants are emerging as a significant environmental concern, with various drugs and their
metabolites being detected in water bodies globally. Adsorption has been identified as a promising method for the
removal of pharmaceutical pollutants from aqueous environments. Molecular simulations have played an essential role
in improving our understanding of the mechanisms and efficiency of adsorption processes. This article reviews recent
advancements in molecular simulation techniques, including Molecular Dynamics (MD) and Quantum Mechanics
(QM), to study pharmaceutical pollutant adsorption onto various adsorbents. We also discuss how these simulations
are helping to design more efficient materials for pollutant removal, and their potential application in real-world water
treatment scenarios. The integration of molecular simulations with experimental data is emphasized, presenting a
multi-scale approach to addressing pharmaceutical contamination in aquatic environments.
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Introduction

Pharmaceutical pollutants, comprising both parent drugs and
their metabolites, are increasingly found in aquatic systems. Their
persistence and potential ecological impacts have raised global concerns
regarding water quality and the health of aquatic life. Conventional
water treatment processes, including coagulation, filtration, and
chemical treatment, often fail to completely remove pharmaceutical
compounds due to their chemical stability and low concentration in
water. Adsorption, a process where pollutants adhere to the surface of
adsorbent materials, has shown considerable promise in addressing
pharmaceutical pollution. The effectiveness of adsorption depends
on various factors such as the nature of the adsorbent, the interaction
between the pollutant and adsorbent and environmental conditions.
While experimental studies provide valuable insights, molecular
simulations are gaining prominence due to their ability to offer atomic-
level understanding and predict the behaviour of pharmaceutical
pollutants on different adsorbents [1,2].

Description

Molecular simulations, particularly Molecular Dynamics (MD)
and Quantum Mechanics (QM), are powerful tools used to investigate
the interactions between pharmaceutical pollutants and adsorbents
at a molecular level. These simulations provide valuable information
about the energy, geometry, and dynamics of adsorbate-adsorbent
interactions [3].

Molecular dynamics (MD) simulations

MD simulations have been widely used to study the adsorption
of pharmaceutical pollutants onto various materials such as activated
carbon, metal-organic frameworks (MOFs), and graphene oxide.
These simulations track the movement of atoms and molecules over
time, providing insights into the binding sites, adsorption energies,
and diffusion rates of pollutants. Recent studies have utilized MD
simulations to evaluate the adsorption of common pharmaceutical
pollutants such as antibiotics, non-steroidal anti-inflammatory drugs
(NSAIDs), and hormones on adsorbents under different environmental

conditions. For instance, MD simulations have shown how the polarity,
surface charge, and pore size of adsorbents influence the adsorption
efficiency and selectivity for various pharmaceutical pollutants [4,5].

Quantum mechanics (QM) simulations

QM simulations offer a deeper understanding of the electronic
interactions between pharmaceutical pollutants and adsorbents.
These simulations can provide detailed information about the bond
formation, energy levels, and charge distribution, which are crucial for
understanding the adsorption process at a molecular level. By applying
QM techniques such as Density Functional Theory (DFT), researchers
have investigated the adsorption of specific pharmaceutical compounds
on metal surfaces or functionalized surfaces, helping to identify the
most favourable binding sites and mechanisms. The combination of
QM with MD simulations has proven to be highly effective in providing
a comprehensive picture of the adsorption process [6,7].

Hybrid simulations

Recently, hybrid simulation techniques, which combine MD and
QM approaches, have been developed to bridge the gap between
classical and quantum models. These methods allow for the simulation
of large systems while maintaining the accuracy of electronic
interactions. Hybrid simulations have been used to optimize the design
of adsorbents, improving their adsorption capacity and selectivity for
pharmaceutical pollutants.
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Results

The results of molecular simulations have provided significant
insights into the adsorption process of pharmaceutical pollutants. Key
findings include:

Identification of effective adsorbents

Molecular simulations have highlighted the importance of surface
properties such as charge, hydrophobicity, and functionalization in
enhancing the adsorption efficiency of materials like activated carbon,
MOFs, and graphene-based adsorbents [7].

Adsorption mechanisms

MD and QM simulations have elucidated the different types
of interactions between pharmaceutical pollutants and adsorbents,
including van der Waals forces, hydrogen bonding, and electrostatic
interactions. These insights are crucial for optimizing adsorbent
materials and improving their performance.

Environmental conditions

Simulations have shown how factors such as temperature, pH, and
ionic strength influence the adsorption behaviour of pharmaceutical
pollutants. These simulations allow for the design of adsorbents that
can perform efficiently under a range of environmental conditions [8].

Discussion

The advancements in molecular simulation techniques have
significantly advanced our understanding of the adsorption of
pharmaceutical pollutants. By providing atomic-level insights, these
simulations allow for the rational design of more effective adsorbent
materials. However, there are still challenges to be addressed in terms
of the scalability and real-world application of these findings.

Integration with experimental data: Molecular simulations need
to be validated with experimental studies to ensure their accuracy
and relevance. Hybrid approaches that combine both simulation and
experimental results are essential for developing materials that can be
efficiently used in water treatment systems [9].

Real-world application: The transition from laboratory-scale
simulations to real-world applications remains a challenge. Factors
such as the complexity of environmental systems, the presence of
multiple pollutants, and the economic feasibility of adsorbent materials
need to be considered.

Future directions: Future research should focus on developing
new simulation techniques that can capture the dynamic behaviour
of pollutants in complex environments. Moreover, the development
of sustainable and cost-effective adsorbents through molecular

simulations could play a key role in addressing the growing issue of
pharmaceutical pollution [10].

Conclusion

Molecular simulations have proven invaluable in studying the
adsorption of pharmaceutical pollutants, aiding in the design of more
effective adsorbents for environmental remediation. By simulating
molecular interactions, researchers can better understand how
adsorbents interact with pharmaceutical compounds, optimizing
their design for enhanced performance. However, translating these
simulation-based insights into practical, large-scale solutions remains a
challenge. The integration of molecular simulations with experimental
data offers promising opportunities for overcoming these obstacles,
helping to refine adsorbent materials. Continued advancements in
computational methods and materials science are crucial for developing
innovative solutions to tackle the global issue of pharmaceutical
contamination in aquatic systems, ultimately advancing sustainable
environmental remediation technologies.
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