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ABSTRACT

Over the past few decades, colloid and colloid-facilitated solute transport have emerged as
significant environmental issues. Various field and laboratory experiments have substantiated
the swift movement of radionuclides, heavy metals, pharmaceuticals, and pesticides, which
become adsorbed by colloids within the subsurface aquifer system. Underestimating the
migration and retention behavior of colloid-facilitated contaminants imparts a potential threat
and risk to subsurface contamination of hazardous pollutants in the aquifer ecosystem. This
research study dealt with the experimental investigation on mobilization and retention of CML
(Carboxylate Modified polystyrene Latex microspheres) colloids and colloid-facilitated heavy
metals [Cr(V1) and Pb(I1)] in saturated quartz sand medium comprising different median grains
sizes. The experimental inspection revealed that the retention of CML colloids increased with
a decrease in sand grain sizes. The peaks of the relative concentration of CML colloids reduced
with a decrement in median grain sizes of sand and this observation interpreted that the
straining mechanism played a dominant role for the porous medium having finer particles. The
peaks of the relative concentrations of CML colloids occurred earlier compared to that of
dissolved Cr(VI1) and Pb(Il) and that signified the co-transport of heavy metals along with
colloidal particles in the porous medium having finer grains. Due to the microscopic size of
colloidal particles, the movement of the colloidal particles was faster compared to the dissolved
heavy metals. The peak concentrations of both heavy metals in the saturated column
experiments were higher during the presence of CML colloids in the porous medium compared
to that during the absence of any colloidal particles. The unfavorable attachment condition lead
to the increment of the concentration of colloid-facilitated heavy metals in the saturated
medium as the Zeta potential of both colloidal particles and the quartz sand medium were

characterized as negative for the examined ionic strength and pH of the medium. The numerical
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model and parametric analysis illustrating colloid-facilitated contaminant transport identified
that the blocking of colloidal particles drastically reduced with the down gradient distance from
the column inlet. The colloid-attachment coefficient and straining coefficient reduced with
increasing grain sizes of the medium and this observation signified that the retention of CML
colloids was greatly amplified in the porous medium having a high percentage of finer grains.
The temporal moments of the solute breakthrough curves were physically significant to
interpret the influence of the transport parameters on the complex solute transport mechanisms
in the porous medium. These temporal moments offered a more effective interpretation of
scale-dependent lumped parameters used in the governing differential equations for solute
transport. The lower-order temporal moments of solute breakthrough curves provided physical
insights into the characteristics of solute transport models. Therefore, the temporal moment
analysis was performed utilizing the experimental data of the column study to interpret the
plume behavior of colloid-facilitated contaminant transport. The lower order temporal
moments such as zeroth, first and second order moments were utilized in this study. The result
suggested that the eluted mass of CML colloids reduced with higher depth from the column
inlet and also, the reduction was maximum for the medium having a higher percentage of finer
particles. The increase in the first temporal moment for both CML colloids and dissolved heavy
metals with a decrease in sand grain sizes indicated that the average residence time of CML
colloid-facilitated heavy metals was higher for finer particles, and it created a chance for longer
reaction time between CML colloids, dissolved contaminant, and stationary sand grains in the
aquifer system. The longer residence time of CML colloids and dissolved heavy metals enabled
the high spreading of colloidal particles and colloid-facilitated heavy metals through the
interconnecting voids of the quartz sand medium. Therefore, the second temporal moments of
CML colloids and dissolved heavy metals were higher for fine-grained sand medium compared

to the coarse-grained sand system. The use of temporal moment analysis incorporated a



physical and realistic representation of profiles of mass retention and travel time from the
experimental breakthrough plots of colloid-facilitated contaminant.

This research work developed a numerical model to study the influence of size exclusion and
colloid-attachment mechanism in a one-dimensional saturated porous medium. The size
exclusion mechanism reduced the pore space accessible for colloid transport and limited
colloid transport into larger pores. The migration of colloidal particles was affected by the
mechanism of straining, which associated with the blocking of particles at contact points of
solid grains and locations of surface roughness that were significantly narrow to allow the
movement of particles. The simulated breakthrough plots of mobile colloids and solute attached
to the surface of mobile colloids showed early breakthroughs at higher size exclusion, and this
phenomenon interpreted the velocity enhancement of mobile colloids at higher exclusion. This
rapid velocity increment enabled faster migration of the solute adsorbed to the mobile colloids
through the interconnecting voids of the porous medium via advection. Therefore, it could be
interpreted that the high size exclusion enabled a higher possibility of groundwater
contamination via mobile colloids and the solute adsorbed to the mobile colloidal particles.
The peak of breakthrough curves of the relative concentrations of mobile colloids and the solute
attached to mobile colloids reduced drastically with an increase in the colloid-attachment
coefficient (kac). The total mass distribution of mobile colloids was uniform through the entire
computational domain for low Kac.

In past literature, probabilistic human health risk assessment was not incorporated with the
experimental analysis of colloid-facilitated contaminants to investigate the health hazard
quotients for carcinogenic and non-carcinogenic risk identifications. This research utilized the
experimental breakthrough plots of heavy metals in the Monte Carlo simulation technique to
provide a realistic scenario of risk assessment for adults and children through the ingestion and

dermal exposure of groundwater resources contaminated by the heavy metals under
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consideration. The statistical interpretation revealed that both the health quotient and cancer
risk for non-carcinogenic risk and carcinogenic risk, respectively, exceeded the permissible
limits prescribed by USEPA, 2018. The dermal exposure route was identified as more
vulnerable to the toxicity effect on human health compared to the ingestion route. The high
values of 95% percentile of the health quotient for non-carcinogenic risk and cancer risk for
carcinogenic risk showed the alarming condition for susceptible groundwater Cr(V1) and Pb(lIl)
contamination. Appropriate and suitable strategies for groundwater remediation need to be
formulated to address the harmful effect of ingestion of carcinogenic Cr(VI) and Pb(ll) on

human health.
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