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ABSTRACT

Over recent decades, the widespread presence of pharmaceutical and personal care products
(PPCPs) in the environment has raised global concern due to their potential adverse effects on
ecological and human health. These emerging contaminants (ECs) pose significant risks to
ecosystems and human well-being, even at trace levels. Understanding the origin, interactions, and
transport behaviour of PPCPs is crucial for effective environmental management. Field monitoring
programs, supported by advanced analytical techniques like gas and liquid chromatography
coupled with mass spectrometry, have been pivotal in detecting and quantifying these
contaminants. The fate and transport of PPCPs in the subsurface involve complex interactions
shaped by physical, chemical, and biological processes. Numerical modeling emerges as a valuable
tool for investigating the mobility of PPCPs, offering advantages like cost efficiency, broader
spatial and temporal insights, and reduced manpower requirements. Developing such models
requires a comprehensive understanding of the fate and transport dynamics of PPCPs in the
subsurface. Thus, the thesis investigates the fate and transport dynamics of two PPCPs, metformin
(MTN) and erythromycin (ETM), in subsurface environments, i.e. sediments and underlying
compacted subsurface soil. These PPCPs, once discharged from wastewater treatment plants
(WWTPs) into adjacent rivers, partition into the underlying sediments and subsequently migrate
into the underlying saturated subsurface soil. This process is of significant concern due to the
potential risk these contaminants pose to drinking water sources. Notably, studies on the migration
of PPCPs at environmentally relevant concentrations within sediments and real subsurface

compacted soil cores remain limited.



The study commences by analysing the migration of these two PPCPs numerically in a saturated
sandy soil column using temporal moment analysis. Key flow and transport parameters, including
Darcy velocity, longitudinal dispersivity, adsorption, and degradation coefficients, were analyzed
to understand the plume dynamics of MTN and ETM in saturated porous media. Results reveal
that MTN, a highly mobile contaminant, is eliminated from the system in approximately 40 d,
whereas ETM exhibits substantial adsorption, attributed to its hydrophobicity and strong affinity
for the soil matrix. The study underscores the critical role of Darcy velocity and adsorption
coefficient in governing the transport of PPCPs within porous media, as evidenced by variations

in solute mass recovery at the column outlet.

Further, to comprehend the adsorption coefficients and the adsorption characteristics of MTN and
ETM in sediments and subsurface soils with different fractions of organic matter and soil particle
composition, the study investigates sorption kinetics (single and competitive), isotherms,
thermodynamic properties, and the effect of pH and soil moisture content at environmentally
relevant concentrations. Notably, the high adsorption coefficients observed for MTN (6.14 L.Kg'!
in sand and 245.70 L.Kg™! in silty loam) and ETM (8.28 L.Kg™! in sand and 488.13 L.Kg™! in silty
loam) underscore the significant sorption capacity of these compounds, unlike to as revealed in
previous studies. The thermodynamic analysis confirms the feasibility, exothermic nature, and
physical characteristics of ETM and MTN adsorption at 293K. A positive impact on adsorption
was observed with reduced soil moisture content in the sediments, leading to higher Kq or O values
for the studied contaminants. These findings improve our understanding of the fate and transport
of MTN and ETM in soil-water systems, thereby aiding the development of effective management

strategies to mitigate their environmental impacts.



Additionally, a sandy soil column representing sediments was utilised to understand the migration
of targeted PPCPs in sediments. The migration potential of the contaminants in sediments at
environmentally relevant concentrations has been studied, thereby prompting the accurate
migration potential of the contaminants in the sediments. MTN displayed higher mobility,
appearing earlier at sampling ports, while ETM appeared later due to its lower mobility. MTN had
a recovery rate exceeding 90%, with a recovery rate exceeding 90 %. In contrast, ETM showed a
delayed appearance due to its lower mobility, with a recovery rate of less than 15 %. Fate and
transport parameters were determined using experimental breakthrough curves and inverse
optimization in HYDRUS 1D, revealing a dispersivity of 0.4 cm and a saturated hydraulic
conductivity of 0.75 cm.h’l. MTN's adsorption coefficient was notably lower than ETM's,

highlighting concerns about groundwater contamination due to its higher mobility.

Additionally, the mobility of MTN and ETM in subsurface aquifers was examined using 2D soil
core samples sourced from the Micromodel Lab at IIT Delhi. Using a 2D tank setup with a constant
groundwater table, the study monitors the fate and mobility of PPCPs over a 365 d period. The
research offers insights into MTN and ETM transport behaviour, highlighting limited horizontal
and vertical migration. Results suggest that MTN travels approximately 40 cm horizontally and 10
cm vertically over one year, while ETM exhibits slow migration due to its strong sorption potential.
The study emphasizes the role of soil characteristics and attenuation processes in controlling

PPCPs’ fate, aiding risk assessment, and environmental management decisions.

Overall, this study provides valuable insights into the transport and fate of MTN and ETM in
sediments and subsurface soils. The results revealed that, unlike previous studies, MTN and ETM
exhibited higher adsorption potential in both sediments and compacted subsurface soils.

Furthermore, the reduced mobility of these polar contaminants within compacted soil matrices

Vi



indicates a lower potential for rapid groundwater contamination. These findings provide essential
insights for risk assessment, aiding policymakers and environmental professionals in addressing
contaminated sites by illuminating the behaviour and transport mechanisms of PPCPs in
subsurface environments. Future research should aim to validate numerical models with larger-
scale, field-based experiments to better capture PPCPs' transport behaviour under diverse
environmental conditions. Additionally, exploring flow and transport dynamics in the unsaturated
zone is essential for understanding PPCPs’ movement in subsurface environments. Extending the
study to include a wider variety of contaminants beyond MTN and ETM will contribute to a more
comprehensive understanding of PPCPs’ transport patterns and environmental risks. Incorporating
multidisciplinary methods, such as molecular biology and isotopic tracing, will further elucidate

the interactions among physical, chemical, hydrological, and biological processes.
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