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ABSTRACT

The main focus of this project was to investigate transport and adsorption of
contaminants (radionuclide) on loamy desert soil through modeling the system by the
Finite Element Method (FEM) and verification using experimentation. The Advective
dispersion reaction (ADR) mechanism and pore diffusion model were employed to
describe the contaminant transport and adsorption in soil medium. Partial Differential
Equations (PDE) obtained from unsteady state mass balance consisted of convective
diffusion, solute adsorption, and dispersion terms for the ADR equation. In pore diffusion
models, the shape of the soil particles were assumed to be spherical and mass balances
were performed on the soil phase as well as on the liquid phase. Equilibrium and kinetic
experiments were conducted using lead as a surrogate radionuclide. Initial batch
equilibrium adsorption experiments revealed that the system follows Langmuir
adsorption isotherm. The diffusion coefficient was evaluated by nonlinear regression
analysis on kinetic experimental data, which was used as a parameter in the ADRE. The
other required parameters for the model such as Langmuir constant and maximum
adsorption capacity of the adsorbent were evaluated from batch experiments. Darcy’s law
was coupled with the continuity equation to calculate the pressure drop along the length
of the column and the velocity. Adsorption isotherm equation and Darcy’s law was
internally coupled with “Advective Dispersion Reaction” Equation and the resulting set
of unsteady non linear Partial Difference Equation (PDE) were solved using “COMSOL

MULTIPHYSICS - 3.2”.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Background

The Nevada Test Site was considered a unique national resource; it was a massive
outdoor laboratory and national experimental center for nuclear weapon testing.
Thousands of acres surrounding the site are abandoned from public domain for use as a
protected wildlife range and for a military gunnery range, creating an unpopulated land
area comprising some 5,470 square miles [1]. The Nevada test site is four times larger

than the State of Rhode Island, approximately 1,375 square miles.

Established as the Atomic Energy Commission's on-continent proving ground, the
Nevada Test Site has seen more than four decades of nuclear weapons testing. Since the
nuclear weapons testing moratorium in 1992 and under the direction of the Department of
Energy (DOE), the test site use has diversified into many other programs such as
hazardous chemical spill testing, emergency response training, conventional weapons

testing, and waste management and environmental technology studies [1].

Larger than many small countries, the Nevada Test Site offers an enormous amount of
space, including more than a 1,000 miles of completely undisturbed land available for
new projects. The vast site also offers security, as boundary and security areas are

guarded, and the area is far from population centers [1].



The first underground nuclear test at the NTS was conducted on September 19, 1957
(DOE, 1994). Underground nuclear testing conducted at the Nevada test site included a
total of 908 tests in the shaft and tunnels at the depths ranging from 27 to 1452 meters (89
to 4764 feet) below ground level. The underground nuclear tests were conducted at 878
locations, some of which contained multiple tests. Of those,717 were conducted in the
Yucca Flat, ten in Frenchmen Flat, 18 in the Western Phaute Mesa, 64 in Central Phaute
Mesa,66 in the Rainier Mesa/Shoshone mountain area, and three were conducted near or
below the water table and have introduced contaminants into the NTS ground water

(IT,1996g).

This legacy of nuclear testing has resulted in the contamination of groundwater in some
areas. The Underground Test Area (UGTA) subproject addresses groundwater
contamination resulting from historic underground nuclear testing conducted by the U.S.

Department of Energy at the Nevada Test Site.

The total mass of radioactive elements that are present following an underground nuclear
detonation is called the radiologic source term. The minor portion of the radiologic
source term that is not tightly contained within the melted rock and metal residue, and
which can be dissolved or transported with ground water, is called the hydrologic source
term. Only limited information based upon actual field data is available regarding the
actual composition of the hydrologic source term. The three predominant types of the
potential contaminants associated with the source term are in-situ material or those
contained within the device which have not undergone fission or thermonuclear reaction;

direct product of the nuclear reaction, such as fission products and radionuclides



produced by activation of the fuel, material used within the test, and those injected into
the surrounding geologic layer during the nuclear test. Larger quantities of materials used
to support the test were introduced into the shaft or tunnels ( Bryant and Fabrika
Martin,1991).These materials include steel used to support the device, lead and magnetite
used as shielding material, and cement gravel to back fill the opening. In addition,
nuclear devices commonly contained fissionable radioactive elements in the critical mass
for detonation. These elements included uranium, plutonium, tritium, and lithium. Small
amounts of radiochemical detectors were also used. Incomplete consumption of these
radioactive materials during detonation from testing would leave them within the surface

for potential leaching to ground.

Currently, there is no technology available that would allow for the cleanup of deep,
extensive groundwater contamination. Knowing that cleanup is not feasible, the Nevada
Site Office's strategy is to identify contaminant boundaries and implement an effective,

long-term monitoring system.

The first phase of the strategy (already complete) consisted of a regional evaluation,
which explored the groundwater pathways over the entire Nevada Test Site. The second
phase (currently in progress) will help scientists determine contaminant movement and
the boundaries that are unique to each of the underground test areas. Both of these phases
incorporate various components, such as sampling, contaminant characterization,

computer modeling, and process validation. [1]



Figure-1: Area of potential ground water contamination in Nevada Test Site [2]



1.2 Impact on Ground water:

During detonation of tests conducted at or below the water table, ground water is
evacuated from the shot cavity and then seeps back into the cavity after the denotation.
As the water seeps back into the cavity and rubber chimney, leaching of radio nuclides to
the ground water begins. Radio nuclides are also introduced into the ground water
through the prompt injection that occurs during the detonation. Ground water might also
impact from the tests conducted in the vadose zone through leaching of radio nuclides by
downward percolating precipitation and surface runoff through the chimney. Another
mode of ground water contamination is through rain water mobilization of radio nuclides
which is commonly found in the rainfall region of the Nevada test site. Figure-2
represents the migration of radionuclides through rain water. Loosely attached
radionuclide to soil can easily be ionized by the rainwater which percolates through the
porous structure of the desert soil; as a result, soil layers away from the tested location

will be contaminated because of the strong retention capacity of the soil. [1]

1.3 Radionuclide contaminates in the Nevada Test Site:

The ground water is monitored by DOE for common radioactive nuclides such as tritium
[*H], gross alpha radioactivity ,gross beta activity gamma — emitting radio nuclides,
plutonium-228[***Pu] , plutonium-239+240[*****°Pu] Carbon-14 ["'C], Strontium-90
[9OSr], Technetium-99 | 99Tc]. Most of these are generated by the subsurface tests and
they are short lived, having greater potential to sorb onto the soil surface. Some of these
species like tritium, plutonium -228, plutonium-[239+240], isotopes of uranium are

created in the greatest quantities found to be highly mobile. These represent the
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Figure — 2: Graphical Representation of Contaminate flow through rain water

greatest concerns for the ground water users on and around the Nevada test sites for at

least the next 100 years due to high mobility and concentration.

Radionuclides are generally classified as man-made and natural both contribute to the
gross alpha and beta radioactivity in the NTS. The alpha radiation is basically form

isotopes of uranium and radium -226 [226Ra] and beta radiation is from radium-228



[***Ra] and potassium - 40[*K].  Water sample were collected and analyzed for
manmade and natural radionuclides from DOE. Man made radionuclides includes
americium —241[241Am], cesium—137[137Cs], cobalt—60[60Co], and europium—lSZ[mEu
and 154Eu]. Species like actinium—228[228Ac], lead—212[212Pb], 4OK, Uranium—235[235U],

and thorium—234[23 4Th] are classified as natural radio nuclides. [5]

1.4 Precipitation in Nevada test site:

Rain fall in the Nevada Test site is driven by two fundamental physical processes
resulting from the cool season, mid troposphere cyclones and those from summertime
convection. Cool season precipitation consists of rain or snow where as summer
precipitation is associated with of heavy rain fall and, flash flood, intense cloud to ground
lightning. Mean annual precipitation totals on the NTS range from nearly 13 inches in
Frenchmen flat. However, inter-annual variations can be great. For example, 9.67 inches
fell in 1998 only 1.14 fell in 1989.0n, average, annually, only 4.8 inches of precipitation
are measured at well 5B in area 5, elevation 3080ft, while an annual average of 12.82
inches occurs on Rainier Mesa, elevation 7490ft. Annual totals of less than 1.0 inch have
occurred over the lower elevation of the Nevada Test Site. Daily precipitation totals can
also be large and can range from 2.0 to over 3.5 inches. The highest daily precipitation
event on the NTS was 3.77 inches which was measured at the Rock Valley on September
21, 2007. A storm-total precipitation amount of 3.5 inches is a 100 years, 24 hr, extreme
precipitation event. Two to three inch daily totals have been measured at the several sites

on the NTS. Figure -1 represent the potential rainfall area in the NTS region.



Snow can fall on the NTS between October and May. In Yucca Flat, the highest daily
snow depth measured was 10inchs in January 1974. The greatest daily depth measured at
the Desert Rock is 6 inches in the February 1987.Maximum daily totals of 15 to 20

inches or more can occur on Pahute and rainier Mesas.

The U.S Department of Energy and Regulatory agencies are more concern about the
potential for the contamination migration from area of past underground tests due to
contaminate leach into the rain water which in turn flows to the ground water. Hence
more emphasize is given to understand the adsorption and migration of radionuclides in

Nevada test site soil. [3]

1.5 Scope and Importance:

One of the most difficult environmental problems facing scientists in this industrial world
is pertaining to the ground water contamination. A wide variety of contaminates ranging
from solvent, heavy metals and radio nuclides, can leak from tanks of underground
nuclear tests. This kind of problem has a common need to demonstrate the understanding
migration behavior in porous medium of the NTS soil where there are very limited
opportunity for experimentation and observation. Hence, solution to the ground water
contamination problems relies extensively on numerical models of flow and migration.
Great advances in both theoretical and applied areas of numerical modeling have been
made in recent years, driven in large part by advances in computer resources. This has
enabled sophisticated incorporation of equation and variable coupling, complex nonlinear
regression analysis in all time dependent analysis of adsorption and diffusion transport

models of radio nuclides through use of finite element modeling (FEM) technique. [4]



During the past two decades, hydrologists commonly used adsorption transport models to
predict the numerical contaminate migration. These studies made it clear that insufficient
data limits the model’s estimation of the system’s behavior without suitable assumptions.
Usually the modeling predictions are approximate results to the naturally occurring
phenomena. Uncertainty is always inherent in the model prediction and is the result of the
inability to fully characterize the migration behavior and the processes controlling the
system behavior. Complete characterization is restricted by access to the subsurface,
which requires extensive borehole drilling that can adversely affect the integrity of the

geologic structure of the site or be prohibitively expensive. [4]

The advances in numerical computational resources made in the past decade have
elevated the level of complexity of numerical and analytical solutions to contaminate
transport models to such a high level that a gap has been created between model results
and confident assessment of the accuracy (or at least relevance) of model simulations by
regulators and the public. The acceptance of the model results by the regulators and the
public is an essential prerequisite to close subsurface contaminated sites. Hence, new
models have to be developed and improvements over preexisting models need to be done
by overcoming the limitations and minimizing the assumptions results in the mimic of the

actually physical phenomena.
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1.6 Radionuclide Interaction with the Environment:

Most of the radio nuclides produced in the nuclear fuel cycle are short lived. The
actinides formed by the neutron capture reaction are long lived, and are of major concern
for the long term risk for human health. The light actinides (U, Np, Pu, Am, Cm) exhibit
complex chemistry with the hundreds of chemically active compounds and minerals in
the environmental systems. Some of the light actinides undergo reduction oxidation
reactions and exist in two or more oxidation states[6][7]. In each oxidation state, the
actinides have a characteristic chemical reactivity and form complex solids of different
stability and solubility. The interaction of actinides with the environment is a complex

phenomenon and various possible reactions are represented in the following Figure-3. [5]

Redox reaction
changes the oxidation
states and help to
establish equilibrium

Complexation with
different ligands can
K \ stabilize actinides in
Microbes can facilitate solution and enhance
actinides redox their transport through
processes, while sorption the environment
or uptake by the <——
microbes may be

potential transport

immobilization mode Actinides can migrate by
k / water transport or by
sorption onto mobile
particulate

At low actinide
concentration, sorption
onto particulates, clay
surfaces determines the

Figure-3: Schematic Over view of reactions of radionuclide in a natural environment. [5]
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There are many other ways in which the actinides can interact with the soil which are
much more difficult to understand. It is necessary to predict how fast these nuclides
might migrate in the specific environment and characterize the environmental
components, including natural minerals and soil and local conditions like temperature,
pressure profiles, pH, ion concentration for the purpose of cleaning up and safe disposal
of nuclides [7]. The present work is primarily focused on actinide migration by water

transport and sorption on to an immobile phase (soil phase).

1.7 Solution and Oxidation States of Radio nuclides:

Water is the major mode of transportation for the actinides in the environment. The pH of
the naturally available water is relatively mild around 6-9 but has wide range of reduction
oxidation potential and low salinity (ionic strength less then 1M). Solution containing
radionuclides are enriched with toxics chemicals. The natural water is either highly acidic
or basic depending upon the type of ions exist. When this kind of solution interacts with
soil it alters the surface functional group present on the soil that greatly controls the
migration characteristics of the actinides. Adsorption of contaminates by ion exchange
mechanism covers the soil and minerals and in turn changes the geochemistry of the

environment.

Most of the actinides, like U, Np, and Pu readily dissolve in water and can exist in
different oxidation states in the same solution. The behavior of multiple appearances is of
significant for the transport characteristics of reduction oxidation sensitive actinides, For

example plutonium can coexist in four different oxidation states under certain conditions
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like pH and temperature. The oxidation states of some of the commonly found actinides

are given in the table-1.

Th Pa Np Pu Am Cm
I I I I 111 111
10Y v v v v v
v \% v A%
VI I VI
VII

Note: The environmentally most important oxidation states are bolded
Actinides in each oxidation state have different behavior, as an example the actinides in
IIT and IV oxidation state form hydrated ions and in V and VI the actinides are highly
cationic, they hydrolyze instantly to form linear Trans — dioxo (actinly) cations.
Temperature and pH are the two important factors which control the speciation of the
actinides in the solution phase. Pourbaix (Eh-pH) diagrams explain the oxidation stability
of the actinides based on thermodynamic calculations. It acts as a tool to determine the
existence of the species at different pH. Usually, lower oxidation states are more stable in

the lower pH range and higher oxidations states are more stable in the pH range.
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1.8 Solubility of actinides:

Intensive knowledge on solubility of actinides in water is required to understand the
transport behavior of the radio nuclides. The maximum concentration of the actinide ions
are limited by the solubility of the actinide compound. In order to understand the
solubility of actinides in water or any solvent the following factors need to be studied.
The composition and solubility product of the solid phase, the complex compounds that
are formed in the solution and their stability constants, the concentration of the ligands
formed and cations that are competing for ligand coordination. Thermodynamic stability
of the species is intensively studied through well defined experimental procedures under
different relevant conditions. Speciation diagrams which are basically solid liquid phase
equilibrium diagrams explain the existence of various species at particular pH for

constant temperature [7].
1.9 Sorption at the soil solution Interface:

In the rainfall region of the Nevada Test Site, the infiltration of rain water can dissolve
most of the freely available actinides in the pore space of the soil medium. Water is a
solvent which has a maximum solubility for various salts. The actinide compounds
readily ionize in water and exhibit different oxidation states depending upon pH. These
ions and complex compounds formed move along water transport paths, eventually
comes in contact with the various chemical active surfaces and minerals. Sometimes this
interaction leads to favorable chemical reactions or physical sorption of the actinides ions
on the surface of the solids (soil, minerals) [8] [9]. More often the functional group,
properties are reorganized by the complex reactions on the mineral surface in turn greatly

affect the transport mechanism of the actinides.
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1.10 Back ground:

T. Tanaka, H.Ogawa, and group have studied migration behavior of Am (III) on sandy
soil and reddish soil through column and batch experiments [10]. Simple thermodynamic
linear equilibrium relations were employed with the solute migration model to describe
the retardation process of the actinides. They concluded that the adsorption of Am (III)
on the sandy soil was controlled by irreversible reactions, whereas on reddish soil it was
controlled by reversible ion-exchange reactions. L.Bergaoui, J.F Lamert and others have
investigated cesium adsorption on soil clay [11]. Macroscopic data from batch adsorption
experiments were combined with the microscopic data such as structure of the selectivity
sites on which cesium adsorbed. They reported that the clay and cesium solution follows
the Freundlich type of isotherm. Another group F. Ginannakopulou , C. Haidouit and
team have worked on cesium and sandy loam, clay loam, clay systems and concluded
that the linear adsorption isotherms governs the equilibrium relations between the
solution and the solid phases[12] . Again it is very uncertain to predict the adsorption
isotherm without experiments. Pb (II) adsorption on bentonite was well discussed by

R. Naseem and S.S Tahir, batch experiments were conducted and reported that the
systems follows Langmuir adsorption isotherm [13]. Temperature effect on adsorption
and thermodynamic of adsorption were studied and concluded that the process is
spontaneous as the calculated change in Gibb’s free energy is negative. Similar kind of
research was performed by M. Cruz-GuzMan, R.Ceils and J.Cornejo research group
conducted experiments on soil using lead (II) and mercury (II) [14] in which test were
focused on sorbent characterization, method of sorption and desorption batch

experiments, they also discussed the Langmuir fit to the batch adsorption data.
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Shih-Chin Tsai, Kai-Wei and group have done extensive studies on adsorption isotherms
for the cesium soil system [15]. They were focused on the heterogeneity based isotherm
models. Regression analysis was performed on three different models such as Langmuir,
Langmuir-Freudlich (LF) and Generalized — Freundlich. The model parameters were
evaluated. It was concluded that for cesium soil systems all these models agreed.
Adsorption behavior of heavy metals such as Zu, Cu was studied by another group Min-
Zhang, Wenquing, Yuechao Yang and research team [16].

Most of the research group employed “Advective Dispersion Reaction” (ADR) model in
associate with adsorption isotherm to explain the migration behavior of actinides and
heavy metals and validated with the column experimental results. Quantitative evaluation
of migration behavior of Am (III) in porous soil medium was well discussed by T.
Tanaka, [10]. They incorporated linear adsorption model with the ADR model and
resulting equation was solved using finite difference method. Adsorption coefficient kg
which was the predominant model parameter was determined by batch experiments.
Dispersion coefficient and velocity are determined using tracer experiments. Break
through curves were reported at constant temperature and pH. Similar experiments and
modeling were conducted by the L.Krauz, Z. Kilka for the cesium and sand bentonite
system [17]. Migration experiments were performed for different conditions such as
mass ratio of bentonite to sand, height of the column packing, input concentration of the
contaminate solution. The one dimension model was solved using Transport
Geochemical code PHREEQC. It is reported that the dispersion coefficient was
determined by the regression analysis over the 1-D transport model. An advective

Dispersion model was also adopted to model many other applications such as to heavy
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metal (Cs, Pb) removal from water in a water treatment process. J. Romero Gonzalez,
J.C.Walton and team have modeled adsorption dynamic behavior of cesium (II) on
biomass. The model equation was developed using a mass balance with the adsorption
isotherm [18]. Packed column experiments were conducted for different inlet
concentrations to validate the model. In this work axial dispersion coefficient, retardation
factor and adsorption coefficient were considered as characteristic parameters.
Regression analysis was performed on the model equation to evaluate the parameters.
Analytical solution to the Advective Dispersion Equation (ADE) was critically analyzed
and compared with the numerical solutions and experimental results. It is concluded that
the adsorption is only on the external surface. Similarly, B.V. Babu and Suresh Gupta has
modeled the fixed bed adsorption process [20]. Internal mass transfer resistance due to
pore diffusion mechanism was considered in the model. To explain the intra-particle
transport ficksion diffusion was employed. The model equations are solved using explicit
finite difference method. The Effect of velocity along the length of the column on the
adsorption process was well discussed and concluded that velocity variation has
significant effect on the breakthrough curves. Effect of flow rate, bed height,
concentration and particle radius were discussed and reported. Colloid properties and
their effect on the radio nuclides transport through the soil and ground water have been
studied by the James F.Ranville [21]. The standard retardation equation was modified
and coupled with the ADRE and compared with the standard equations. The limitation of
Advective dispersion model is that it cannot be applicable to unsaturated porous medium.
Basically, unsaturated medium was characterized by the stagnant and mobile liquid

phase.
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Suresh A. Kartha and Rajesh Srivastava have documented the concept of modeling the
immobile liquid phase [20] and effect of immobile water content on the contaminant
transport in the unsaturated zone. Contaminant transport in the stagnant liquid phase
cannot be explained by this model. A dual porosity model gives the best solution for
contaminate transport in the unsaturated medium. The system was represented by the two
equations one for mobile liquid and another for immobile liquid phases. The flow of
liquid is given by Darcy’s law, with the hydraulic head (or moisture content) being a
function of pressure head in unsaturated conditions. In the present literature one
dimensional numerical model was developed to predict the contaminant transport in the
unsaturated porous media. The PDE’s are solved using implicit finite difference method.

According to the numerous research investigations, the soil particles are highly porous
and the uptake of contaminant is a diffusion controlled phenomena. Many groups have
proposed pore diffusion model to describe the intra-particle diffusion followed by
adsorption. Most of the diffusion/adsorption models have been derived from the
advective dispersion adsorption equation. lan C. Bourg, Alain, C.M Bourg, Garrison
Sposito in their review article has critically analyzed the diffusive transport in the
compacted clay [21]. The diffusion coefficient was the adjustable parameter evaluated by
fitting to the batch adsorption data. Modified diffusion adsorption model suggests that
diffusion through highly compacted clay takes place through the inter-layers was
proposed. The model was developed by fusing Fick’s law of diffusion with the linear
adsorption isotherm. The term effective diffusion coefficient was evaluated by
considering the tortuosity. It is documented in the literature that the particles are made up

of smectite layers as a result interlayer space is available for porous volume hence
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porosity is divided into large pores and very thin interlayer pores. It was concluded in the
review article that the diffusion in the interlayer is difficult to predict. Neither can it be
neglected that it is not fast enough nor too slow that it limits the adsorption kinetics. The
shape of the soil is irregular and hence usually for the purpose of modeling the shape of
the particle is assumed as spherical. Chi-Wai Hui, Buning Chen and Gordon McKay
proposed pore surface diffusion model for batch adsorption process which is based on the
shrinking core model (SCM) and compared with two other models which are based on
the lumped effective diffusion coefficient [22]. The advantage of this model over the
others is that it can predict the time dependent surface and pore diffusion coefficient. An
assumption has been made that the ions diffuses form the surface to the core of the
particle. Langmuir adsorption isotherm was coupled with the diffusion equation to model
the batch adsorption process. Diffusion coefficient was evaluated by fitting the batch
adsorption data. It is concluded that the pore - surface diffusion model is a universal
model applicable for most batch adsorption processes. The model overcomes the
assumption of constant diffusivity with time. Hrissi K. Karspanagioti, Chris M.
Grossard, Keith A. Stervett article demonstrates the modeling of intra-particle,
diffusion/sorption coupled nonlinear sorption [23]. Fick’s second law of one dimensional
form in spherical coordinates was considered and solved using finite difference method
with crank-Nicholson time stepping. The model was incorporated with Freundlich
isotherm parameters. Unlike others this research group also considered a apparent
diffusion coefficient. It was assumed that the physical system consists of homogenous
mixture of porous spherical particles. To validate the model with experimental results the

mass balance equation in the bulk phase was coupled with the mass balance on the
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spherical adsorbate particle at the solid liquid inter-phase. Bulk phase concentration
change obtained from kinetic batch adsorption was compared with the model
concentration profiles. The uniqueness of the model is the incorporation of nonlinear
sorption. It is observed by the researchers that the 49% deviation was found between
linear and nonlinear prediction in the concentration profiles.

The literature clearly illustrates that interaction between radionuclides and heavy metals
and the soil is well explained by adsorption phenomena. As discussed in the literature
survey it is very difficult to generalize the mechanism of adsorption process without
experimental measurements for every system. Adsorption behavior of radioactive
nuclides on various soils and clays has been studied by various research groups [14] [12]
[10] [16]. Most of the researchers report using linear adsorption isotherm models [12]
[10] [17] but some employed nonlinear adsorption isotherm (Langmuir and Freundlich
isotherms) [14] [15]. Few have studied the specific radionuclide transport and adsorption
on Nevada test soil despite the need for information for the Nevada Test Site regulatory.
The aim of this study was to perform laboratory experiments using Nevada test site soil
and to incorporate an “Advective Dispersion Reactive model” [10] [24] [17] along with
Langmuir adsorption isotherm to model the behavior of migration and retention of
radionuclide species. Many researchers had incorporated nonlinear adsorption models to
gas solid phase systems [26] [27]. In the present work an attempt had been made to use
the same technique to soil liquid phase system Instead of uranium, which is hazardous
and not recommended to use in laboratories, lead was used as a surrogate ion for the
study. The ionic behavior of the uranium and lead are similar and lead is much safer for

use in the experiments to validate the model. In many reports the model equations are
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solved using finite difference numerical method [10] [17]; however in the present study
the finite Element method was employed and solved using “Comsol multiphysics — 3.2”.
The finite Element method offers greater flexibility in spatial discretization which is very
difficult to achieve in finite difference method. It also helps one to visualize the results in

more efficiently.
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CHAPTER 2

EXPERIMENTATION

2.1 Nevada Test Soil properties:

Soil samples collected from the Nevada Test Site were used to perform batch and column
experiments. Soils are complex mixtures of organic compounds, minerals and living
organisms that interact continuously in response to natural, and imposed biological,
chemical, and physical forces. The physical properties include soil texture, soil structure,
compaction, and organic matters. Clay, sand, silt constitute the Soil texture. The relative
proposition of these is very important to determine the water holding capacity of the soil.
Sand consists of larger particles which are typically in the range 2.0-0.06 mm; silt
consists of medium size particles. The particle size ranges from 0.06-0.02 mm, and clay
consists of fine particles less than 0.002mm. Clay is the important constituent of the soil.
Clay particles have very high surface area relative to their volume, and are highly porous
hence they can attract and hold ions [28]. The physical properties of the soil are given in
the Table-I. The physical properties are somewhat easier to determine. To determine
chemical properties, numerous laboratory test and analysis have to be carried out.
Analysis includes determination of elements such as sodium, calcium, potassium and
determination of pH, cation exchange capacity. Cation exchange is the ability of the soil
clay to adsorb and exchange the cations with those in the water in the pore space.
Dynamic equilibrium is established between ions in water and on the soil phase. The
quantity of cation exchange is measured per unit of soil weight and is termed as cations

exchange capacity. Cation exchange capacity is one of the more important phenomena.
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Exchangeable cations like calcium, sodium, magnesium are readily available for the
uptake of heavy metal ions such as lead, cesium. Soil pH is the most commonly
measured chemical property and is also one of the more informative. Soil pH represents
certain characteristic associated with a soil. The soil pH increases as the acidity increases,
pH decreases as the acidity decreases. The chemical composition of the Nevada test soil

is given in the Table-II.

Sand 75 %
Silt 14.22 %
Clay 10.78 %

Table-I: Physical properties of the Nevada test soil

Chemical properties Composition
pH 6.97
Na 14.35mg/kg
Ca 12.69 mg/kg
Mg 4.11 mg/kg
SAR 0.91
K 10mg/kg
B 0.05 mg/kg
TSS 185.77 mohms/cm
ESP 0.18 %
EC 281.47 micro ohms/cm

Table — II: Chemical properties and composition of the Nevada test soil




23

The soil was washed and sized before used in the experiments. 2 to 3 kgs of loess soil
sample was cleaned and sieved to remove course particles larger then 0.5mm then it was

dries in the oven at 120°C for about 24hr to remove the moisture in the soil.

2.2 Selection of Contaminate for Experiments:

Preliminary batch sorption experiments were conducted at room temperature using lead
ions as adsorbate and treated Nevada test soil. Lead was selected for the initial
experiments to allow us to determine if the same experimental procedures could be used
for actinide ions, and to determine the accuracy of our analytical techniques. Eh-pH
diagrams of lead and Uranium in the figures-4&5 show the similarities. Adsorption
kinetics and adsorption equilibrium at various initial lead concentrations were studied.
Distribution coefficients for the lead soil system at pH=4.5 at equilibrium were

determined.
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Figure-5: Eh-pH Diagram for water Uranium system [28]

As discussed previously temperature and pH are the predominate parameters for the
adsorption of heavy metals and actinides, hence three sets of experiments were conducted
and listed below.

e Batch equilibrium experiments at different temperatures

¢ Batch kinetic experiments

e Batch experiments at various pH
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2.3 Batch equilibrium experiments at different temperatures:

Batch experiments were performed on prepared Nevada test soil to observe the
equilibrium adsorption behavior of the system. A stock solution of lead ions was prepared
by dissolving 320mg of lead nitrate in 2L of de-ionized water; the lead concentration in
the solution was approximately 100ppm and the pH was adjusted to 4 using 1N nitric
acid. The stock solution was diluted to prepare 80ppm, 60ppm, 40ppm, and 20ppm initial
concentration solutions. An aliquot of 50ml of each initial concentration solution was
pipetted out into the conical flasks each containing 10mg of dried soil sample in each
flask. These conical flasks were placed in a constant temperature water bath and
mechanically shaken for 24hr to equilibrate. The solution and soil slurry was then
centrifuged and filtered to obtain a clear supernatant for the analysis of lead ion
concentration using ICP-MS. The experiments were performed at 25°C, 35°C, 45°C and

the experiments were repeated results were reported [12] [10] [16].

2.4 Batch Kkinetics experiments:

Stock solutions of 100ppm lead ion concentration solution were prepared by dissolving
lead nitrate in deionized water. The pH of the solution was adjusted to 4.5 using 1M nitric
acid. An aliquot of 50 ml of the lead solution was transferred into number of different
conical flasks. To each flask, 10mg of treated Nevada test soil was added, and placed on
a mechanical shaker maintained at constant temperature using water bath. The conical
flasks were removed sequentially after lhr, 2hr, 6hr, 8hr, 12hr, 14hr, 18hr, 24hr, and
28hr. As the flasks were taken, the soil and solution were separated using centrifugation

and filtered to recover the supernatant. The supernatant liquid was collected and the
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resident Pb concentration was analyzed using ICP-MS. The experiments were conducted

at 25°C. The experiments were repeated and results were reported.

2.5 Batch experiments at different pH:

In order to determine the pH at which the adsorption process is maximum, batch
experiments were conducted at different pH. The stock solution 100ppm lead ions
concentration was diluted to 80, 60, 40, 20ppm. The pH of all the solution was adjusted
to 4 using 1M nitric acid. These solutions were mixed with 10mg of soil sample for 24 hr
in a mechanical shaker maintained at constant temperature. The soil solution was
centrifuged and filtered to get the supernatant and analyzed for the lead ion concentration

using ICP-MS. [12] [13]

2.6 Column Experiments:

Column experiments were performed to observe the migration behavior of the lead in the
Nevada test soil porous medium. A column experimental set up was designed. The lead
stock solution of know concentration was stored in tank. The lead solution was pumped
to the over head reservoir using a centrifugal pump and maintained at constant head
bypassing the excess solution back to the storage tank. The over head reservoir was
connected to the bottom of the column through Smm diameter flexible pipe. The column
was fed from the bottom to reduce the possibility of channeling. Top of the column was
connected to the effluent collector through the Smm flexible pipe. By trial and error the
pressure head was adjusted so the liquid easily flowed through the column against the

pressure drop. Effluent solution was collected from the top of the column.



28

Figure: 6: Photograph of the column experimental setup
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The apparatus for the migration experiments is schematically shown in Figure - 7. A
glass column 7.0cm in diameter and 8cm tall was used to support the soil samples
obtained from the Yucca Mountain. Filters of 10um were fitted on both the top and the
bottom of the column. The diameter of the column was chosen to avoid wall effect and to
maintain a constant flow rate velocity across the entire cross section of the column. The
column was charged with Nevada desert soil and the density and porosity of the medium

was determined to be 1.5 gm/cm3 and 45%, respectively [10][29][30].

The lead ion stock solution to be fed to the column was prepared by dissolving 103.99mg
of lead nitrite in 1L of de-ionized water to get 0.314 mol/m’ of initial concentration and
the pH was adjusted to 4.5 using nitric acid. All the required solution for the experiments
was prepared and stored in the reservoir as shown in the Figure - 7. Fresh solution was
added to maintain a constant level in the reservoir. A pinch valve was used to control the
rate at which solution was fed from the reservoir to the soil column. The solution was fed
through the soil column from the bottom at a volumetric flow rate of 6ml/min which the
maximum volumetric flow rate is obtained when reservoir is maintained at constant head
.Throughout the duration of the experiment, the lead concentration of the solution was
maintained constant at the inlet. The effluent samples that passed through the soil layer
were collected at regular interval in the sample bottles and analyzed for lead ion
concentration using ICP-MS. Experiments are conducted for three different bed
thicknesses 3cm, 4.5cm, and 7cm. The experiments were also conducted for different

input solution concentrations.
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2.7 Determination of porosity of the soil medium:

The column was packed with the prepared Nevada test soil. The solution was introduced
from the bottom until the entire bed was saturated. Then the water was drained and
collected in the measuring flask and the volume was noted this volume is called as pore
volume. The total volume of the soil packed bed was calculated by measuring the height
and the diameter of the column. The ratio of pore volume and the total volume gives the
porosity of the medium. The same procedure was repeated for different bed thickness and

the average value found to be 0.45 [38].

2.8 Determination of soil bed density:

The column was filled with soil and height of the bed was recorded. The soil was
removed from the column and weighed. The volume of the bed was calculated from the
height and diameter of the column. The ratio of the weight and the volume gives the
density of the column. The procedure was repeated for several times and average density

was evaluated. It was found to be 1500kg/m3 [38].
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CHAPTER 3

MODELING

MODELING

The present work was focused on two major aspects
e Bulk phase contaminate modeling
® Pore diffusion modeling

3.1 Bulk phase contaminate transport modeling:

Darcy’s law was employed to evaluate the velocity and the pressure drop in the porous
medium which is explained in the first section of this chapter. In the second section more
detail about Advective Dispersion Reaction Equation (ADR) and the implementation for
the contaminate transport in the porous media. The associated, adsorption equilibrium
terms can be evaluated by using adsorption isotherms and are discussed in the third
section. All three equations such as Darcy’s motion equation, ADR and Adsorption
isotherm are coupled to solve for the concentration distribution in the column was

explained in the fourth section 3.4.

3.2 Pore Diffusion Modeling:

Pore diffusion modeling was employed to observe the diffusion and contaminant
adsorption on a single soil particle. The shape of the particles was assumed to be
spherical. The mass balance on the spherical particle and the mass balance in the bulk

phase (liquid phase) are coupled at the inter-phase. The pore diffusion model equation is



33

also associated with the adsorption equilibrium term which was explained by laboratory
equilibrium isotherm experiments. The mass balance equation on soil particle, mass
balance equation in the bulk phase and the equilibrium isotherms were coupled and
solved for bulk phase concentration change with time to verify with the batch adsorption

kinetic experiments.
3.3 Darcy’s Law:

Darcy’s Law describes the flow through a porous medium [31][32]. Darcy’s equation is
the modified version of the Navier — stocks equation and is also called the equation of
motion. Darcy’s is based on the homogenization principle that is microscopic momentum
balance on the fluid element in the pore space was averaged and extended to macroscopic
porous media. The shear stress in the fluid is neglected but the friction between solid and
the fluid in the pore space was accounted in the Darcy’s equation. Darcy’s law is more
applicable to one dimensional and saturated flow of homogenous fluid in a homogenous
and an isotropic porous medium [33] [36][37].Darcy’s law is applicable where the
hydraulic gradient is the driving force for the flow of fluids. The Darcy’s velocity or the

specific discharge vector is given by [32] [34][35].
k
u=-—(4p) (D
y7i

Where k , is the permeability. #, is the viscosity of the fluid. p, is the fluid pressure. The

permeability represents the resistance to the flow over a considered volume consisting
solid grains pores.
Incorporating Darcy’s law to the continuity equation gives the generalized governing

equations.
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Equation (3) can be used to solve pressure distribution and Darcy’s velocity which is the

Adjectives dispersion reaction equation [36] [37].
3.4 Advective Dispersion Reaction Equation:

In the present work an attempt has been made to derive the advective dispersion reaction
equation. It involves three steps.
1. Obtain equation for solute transport called advective transport equation
2. Addition of dispersion term to the advective transport equation.
3. Addition of reaction term (sorption term) to the advective dispersion transport
equation.
3.4.1 Advective Transport equation:
Even though contaminates are fully miscible in the water they are considered to be tagged

with water. Movement of such tagged particles is called as solute transport or advective

transport. It is assumed that all particles move with an average seepage velocity [39].

Section 1

Section 2

Figure — 8: Solute mass transport in the porous medium
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As shown in the figure-8 Al is the distance between two cross sections. A is the cross
sectional are of the conduit. C;, C, represents the concentration at the upstream and
downstream cross sections respectively. Qmni, Qm are the volumetric flow rate entering
and leaving the system respectively. The rate of change of mass in the volume is given by
[39],

M
aa_t =0,C, -0,C, =qA(C, - C,) 4)

Where, ¢ is the Darcy’s velocity vector, under these conditions the volume of water
containing solute in the bulk volume is given by AAI@, where @ is the effective porosity.
Let C be the average concentration in the volume, then the mass of the solute between

two planes is given by (AAl@)C and Equation -4 becomes,

oM oC
M _AeAnE
ot O(AD ot )
oC
A€~ C) = A0S ©)
(€, ~C)= —(Al)—‘?f ™
t

Combining equation 6 and 7 we get the following equation.

0(Cq) oC
1 _ = 8
ol ot ®)

Extending the same to the three dimensions and replacing g by v we get the following

equation.
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Equation (6) can also be written as

—V-(vC)+%CS _ocC (10)

S

q,C, Represents the net rate at which solute mass is added to or removed from the

volume element by source and the sink.

3.4.2 Dispersive transport:

It is assumed that all fluid particles move with the average seepage velocity of the water
in the advective transport. But dispersion theory addresses the deviation of particle
velocity from the average seepage velocity [37] [40]. Diffusion of solute particles is
common in the porous structured solid phase and high concentration gradient. This is not
an issue at the higher velocities. But it is significant at the extremely low velocities. The

primary reason for this kind of behavior is the macroscopic heterogeneity.

Figure — 9: Dispersion of fluid around solid particles in the porous medium [41]
Hydrodynamic dispersion also describes the spreading of contaminates. It accounts for

the local velocity variation in the pore volume and molecular diffusion. The solute
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particles travel around the solids which causes dispersion. The dispersion normal to the
direction of flow is called longitudinal dispersion which is 3 to 10 times more than the
transverse dispersion which is along the direction of the flow as shown in the Figure - 9.
Molecular diffusion which is being driven by the concentration gradient is usually
neglected because of the mixing effect. It only predominates during low velocity flows.
The dispersive flux was added to the advective transport equation to get the combined
equation called as advective dispersive transport equation [43].

To obtain the equation for advective dispersion transport the following diagram was

considered.

Figure-10: Representation of the element in the porous medium
LetAl,Am ,An represent the dimension of the element considered in the porous medium.
Let g, C be the Darcy’s velocity and concentration of the solute. The net difference
between advective inflow and out flow is given at the upstream and downstream face of

the element is therefore.

—MAlAmAn (11)

The dispersive transport term for unidirectional flow is given by the following equation.

—DI&BAmAn (12)
dl
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The expression for the difference between mass inflow and mass out flow due to
longitudinal dispersion is given by

d aC
9 o0 °SAamanal (13
51 0D 5 ) AmAnAL - (13)

Dispersion occurs normal to the flow occurs in both n and m directions. There fore the
net difference between dispersive mass inflow and outflow in the m and n directions are
given by respectively [43].

~ 9 oD, 2 amanat , -2 0,2 ) Amanal (14)
on on om om

The general mass accumulation in the element is given by,

2(6C)
ot

AmAnAl (15)

Combining equations 9, 10, 11, 12 the following expression is obtained and q is replaced
by v.

B(Cﬁ) a(vC) aC a oC
9D — HD 6D

The equation in the three dimensional flow is represented by the following equation [43]

a(CO)

=V-(6D-VC)-V-(qC)+q.C

3.4.3 Sorption term in the advective dispersion transport equation:

The sorption and ion-exchange are classified under heterogeneous class of reactions or

surface reactions. Some chemicals and dissolved ions such heavy metal, actinides have a
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greater tendency to sorb on the soil surface. Hence, many researchers have aimed to
develop models incorporating the sorption term in the contaminate transport model. The

effect of sorption on the advective dispersion transport is represented by the source/sink

terms ?)_q(l—_é‘j p which are represented in the following equation [17].
t &

d2(CH)
ot

=V(myvco—vxmn+qgg+%%Gif}p a17)

This sorption mechanism slows the contaminate transport through porous medium. It is
assumed that the concentration of the solute in the liquid phase is in equilibrium with
solid phase. Let C be the concentration of the chemical in the liquid and g be the
concentration in the solid phase. If the solute concentration is changed to another
concentration it is expected that the solid phase concentration also changes. It is
reasonable to imagine, that the water concentration on the soil is changed continuously
due to the flow. After sufficient time it is observed both the phases will be in equilibrium.
The plot between equilibrium concentrations in both the phases at constant temperature is
termed as the adsorption isotherm.

The following are the commonly found adsorption isotherms that most of the researchers
have associated with the soil contaminate systems. The slope of the isotherm is of
particular interest in the solute transport analysis. The Langmuir adsorption is given by

the following equation [43].

— qmaxbc

1= L be

(18)

Slope of the (18) is given by [44],
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aq — qmaxb
dC (1+5bC)?

(19)

Equation (19) is referred to as Langmuir adsorption isotherm it consists ofgq, . ,

maximum sorption capacity and b, Langmuir constant. Expressed as maximum mass, that
can be sorbed per unit mass of the porous medium. At lower solute concentrations the
isotherm appears to be similar to linear adsorption isotherm and at higher solute

concentrations the g approaches maximum limiting value.

q=K,C" (20)
Equation (20) is referred as the Freundlich isotherm [45]. The Freundlich isotherm is
based on the concept that the solid matrix has infinite sorption capacity. g is expressed as
milligram/kilogram and K, is expressed as m?/kilogram. Similar to the Langmuir, at low
concentrations ‘a’ becomes unity and result in a linear relationship between ¢ andC.

Slope of the equation is given by [45],

0 a
% = K,aC"" 1)

In the present work we are interested to determine the contaminate transport in one
dimension and the same is validated using column experimental results. The three

dimensional form of advective dispersive adsorption transport is deduced to be as follows

[10].

2 a—
9 __,0C, p, o€ _pli=e)d (22)
ot ox d°x £ ot
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Where C is the bulk phase concentration, v is the Darcy velocity evaluated by coupling
with the transport equation. D, , is the longitudinal dispersion coefficient. p, is the
density of the particles. &, is the porosity of the porous medium. Initial batch
experiments revealed that the system follows Langmuir adsorption isotherm. Equilibrium

between the solid and the liquid phase is given by

a_q:a_q{a_C} (23)
Jdt  dC | ot

Replacing g—g by the slope of the Langmuir isotherm and in the equation -19 the

following final expression is obtained [10][26][27][30].

2
ot e (1+KC) ox L y2, (24)

3.4.4 Adsorption dynamic modeling using pore diffusion model:
The dynamic behavior of the batch adsorption process is explained by the following
steps [46]:

e Mass transfer from bulk fluid phase to adsorbent surface.

¢ Liquid diffusion within the adsorbent pores

e adsorption on to the surface

¢ Diffusion on the adsorbent surface
The film diffusion explains the mass transfer of solute from the bulk phase to the exterior
surface of the adsorbent. The flux is proportional to a mass transfer coefficient and the

concentration difference between the bulk phase and the surface.

N,=K,(C, —C,) (25)



42

Where N, is the mass flux, K, is the mass transfer coefficient,C,, , is the bulk phase
concentration. C, , is the concentration on the adsorbent surface. Usually, mass transfer

resistance is neglected for well stirred solutions. Fick’s second law describes the
diffusion of liquid due to concentration gradient between the exterior surfaces to the inner
surface in the porous structure of the soil particle [46].

ac,

N,=-D,, 5,

(26)

CA
r

Where D, » is the effective diffusion coefficient, is the concentration gradient. The

effective diffusivity is the liquid — phase molecular diffusivity D,,, adjusted for porosity
and tortuosity of the adsorbent.

e D
D, =——= (27)

The adsorption on the surface is given by the adsorption equilibrium isotherms. It was
concluded from batch adsorption experiments that the system follows Langmuir
adsorption isotherm. Some time it is observed that in some cases where the adsorbent has
high adsorption capacity and weak bond, the solute is adsorbed on to the surface and
migrates along the surface under the concentration gradient in the adsorbed phase. The
flux due to the surface diffusion by is give by [47],

0
N,=-D,.p, a—‘r’ (28)

Where, D, is the surface diffusion co-efficient. The surface diffusion is a function of

absorption bond and physical properties. In the present work the effect of surface

diffusion is neglected.
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The following partial differential equation represents the shell mass balance on the soil
spherical particle which was performed to investigate the unsteady state adsorption

process [46] [48].

aC, a:Cc, 29C g
=D ay 20%a |, %4
AT ( o’ 7 o j Prar P

Ca

Where, the first term represents the accumulation term, represents the flux term,

o) . . .
Y and represents the adsorption term. Incorporating the slope of the Langmuir

ot

adsorption isotherm the equation-19 reduced as follows.

aCA ppquax ach 2 aCA
9%a L LIS d 30
ot (gp " (1+ CAb)zj e'p( or? - r or (30)

The macroscopic mass balance in the bulk liquid is coupled with the above Equation-30
as a boundary condition. It is assumed that the concentration change in the bulk phase

with time is same with that of the exterior surface due to well stirring [46][48].

dC 0C
-V 4 = mSD A 31
dt " ”( or j 6D

Both the equations are solved simultaneously for the concentrationC, .
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CHAPTER 4

MODELING USING COMSOL

4.1 Comsol Multiphysic and Finite Element Method:

The transport phenomena due to mass momentum and species are well described
mathematically using Partial Differential Equations (PDE’s). Occasionally, problems
involve solving all transport equations simultaneously, merging with complex coupled
equations. These kinds of problems have no analytical solutions, but numerical
approximations can be obtained. Most of the PDE’s in transport phenomena are of second
order. Finite element methods are well suited to treat second order systems that have
wide applicability. The large domain is divided into small units called finite elements or
sub-domains. The corners of the elements are called nodes at which the solutions to the
dependent variables are computed. More the number of elements less will be; however,

more time is required to solve and need high configuration and powerful systems [49].

Comsol Multiphysic -3.2 is a graphical user inter-phases (GUI) and integrated modeling
application based on the finite element method. Comsol multiphysic follows semi
analytical techniques to solve the defined problems by assembling the FEM matrix.
Basically, Comsol multiphysics is a Partial differential equation engine like FLUENT,
CFX or any other commercially available PDE solvers. It has many advantages over the
other packages. Pre built module design provide a window to solve common and well
know problems. It is highly compatible with the MATLAB. Subroutines used during

modeling which can be exported from MATLAB and post solution analysis can be done
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in MATLAB environment. It also provides links between different application modes

(many modules can be coupled and solved simultaneously) [49].

Comsol multiphysics involve six steps to solve any given problem.

Selection of proper “application mode” based on the physics of the problem.
Geometry construction using environment of the Comsol multiphysic representing the
actually system.

Setting up the equation in the sub-domain region (Internal geometry). Specifying the
boundary conditions.

Meshing the generated geometry. It is provided with default mesh generating feature.
There are options to refine the mesh size and shape.

Solving the defined problem. Comsol is provided with the default solver selection
base on the application mode.

Post — processing: the results obtained can be interpreted in many different ways and
variety of plots can be generated to represent the results in a better way.

In the present case two problems are solved using the above steps and are discussed

in the following section.

4.2 Solution to Advective Dispersion Reaction Equation:

ADRE Equation derived in chapter — 3 was solved using convective diffusion application

mode in the chemical engineering module. Since it was unsteady state partial differential

equation transient analysis type was selected. Default Lagrange —quadratic element type



46

was adopted. ‘C’ (bulk phase concentration) is the default dependent variable in this
application mode.

4.2.1 Geometry of the system:

A 2 - Dimensional space geometry was created representing the actual dimension of the
column. Figure-11 shows the geometry generated using Comsol Multiphysics-3.2 in the
cad environment. Width and length of the column was taken as 7.5cm and 4.5 cm

respectively.

oozr
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Figure-11: Geometry of the column
The region enclosed in the rectangle is called the sub-domain region where the model

equation (ADRE) is solved for the concentration distribution inside the column. It
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represents the soil packing the porosity of the medium as specified which accounts for the

pore structure of the soil packed column.
4.2.2 Meshing:

The Mesh is a partition of geometry model into small units of simple shape. The default
meshing type can be either triangular or quadrilateral elements. Free mesh can also be
generated using a mesh generator which can be employed to any geometry. It creates
unstructured mesh which has no restrictions in terms of element distribution. In the
present case triangular mesh was employed for 2 dimension representation of the column

and is shown in the Figure — 12.
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Figure- 12: Triangular meshing of the geometry
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The sides of the triangle are called mesh edges and the corners are called mesh vertices.

Table —IV describes the mesh statistics employed to solve ADRE in a column.

Number of degrees of freedom 4449
Number of mesh points 1137
Number of elements 2176
Triangular 2176
Quadrilateral 0
Number of boundary elements 96
Number of vertex elements 4
Minimum element quality 0.757
Element area ratio 0.252

Table-IV: Meshing statistics for ADRE model

4.2.3 Solver settings:

A Linear system solver, time dependent transient analysis type was used. The time
parameter was set as 0-15000 seconds with an increment of 10sec. The relative and

absolute tolerance was set to 0.01 and 0.001, respectively.

4.2.4 Post processing:

The model equation was solved for the bulk phase concentration and the top boundary
was integrated to get the average concentration. The average concentration was plotted
with time to observe the break through point and to compare with the column
experimental results. The results are explained in detail in the results and discussion

chapter.
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4.3 Solution to pore diffusion model:

The six steps in section-4.1 were followed to solve the model equations. Detail model
equations are described in the Chapter -3. The PDE’s coefficient transient analysis
application mode was employed. Both the mass balance equations in the liquid phase and
solid phase are solved by incorporating two PDE’s modules and are coupled at the inter-

phase.

4.3.1 Geometry and meshing:

The particle shape is considered as spherical and shown in the Figure — 13. In the present
case the one dimension geometry represents the radius of the particle in the sub-domain
region. Only solid phase mass balance equations were solved in the sub-domain region.
The length of the radius is considered as 100 microns.

Table —V describes the mesh statistics employed to solve the pore diffusion model

equations.

Number of degrees of 242
freedom

Number of mesh points 61
Number of elements 60
Number of boundary 2
elements

Element length ratio 1

Table-V: Meshing statistics for Pore diffusion model
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Figure-13: Geometry represents the radius of the particle.
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Figure-14: Meshing the geometry of the pore diffusion model
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4.3.2 Solver settings:

The Linear system solver, time dependent transient analysis type was used. The time
parameter was set as 0-86400 seconds with an increment of 100sec. The relative and
absolute tolerance was set to 0.01 and 0.001 respectively.

4.3.3 Post processing:

The model equation was solved for the bulk phase liquid concentration with time at the
particle surface. The concentration was plotted with time to observe the kinetics of
adsorption and was compare with the batch adsorption kinetics experimental results. The

results are explained in detail in results and discussion Chapter - 5.
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CHAPTER 5

RESULTS AND DISCUSIONS

5.1 Effect of Temperature on the Adsorption Equilibrium:

Figure.15 shows the batch absorption experimental results fitted to Langmuir adsorption
isotherms at different temperatures (250C, 350C, 450C). As observed from the plot the
adsorption behavior of the Nevada test soil decreases with increase in temperature, as
would be excepted Various research groups, working with different clay and soil samples
have reported similar trends [12] [17] [16]. As it can be seen from the Figure-15
Langmuir adsorption isotherm model is in agreement with the experimental results and is
given by,

_ q,CK
1+ CK

The equation parameters g, , K are evaluated and by performing nonlinear regression on

the experimental data points at different temperature. The root mean square error

1
(RMSE) is given by RMSE = \/ (qexp =~ G langmuir )— where n, is the number of data
n

points. From the Table VI it can be concluded that equilibrium adsorption coefficient K

is a strong function of temperature, 44.5%, 77.5% decrease in K value is observed
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Figure 15: Equilibrium Isotherms for the batch adsorption experiments solid lines:

Langmuir Curve fit, points: experimental data

when temperature increases from 25°C- 35°C and 25°C-45°C respectively. Not much

variation in case of monolayer adsorption capacity, g, with temperature is noticed.
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Temperature q, -mol/kg K ,m’/mol RMSE
25°C 0.027 1.633 0.00060
35°C 0.023 0.906 0.00069
45°C 0.022 0.357 0.00069

Table VI: Langmuir isotherm parameters evaluated at different temperatures
5.1.1 Effect of pH on the Adsorption Equilibrium:

The batch experimental results for different pH conditions are provided in the Figure- 16.
The results were fitted to a Langmuir model and the parameters were evaluated and
provided in the Table- VIL It is observed that, at higher pH (6) the lead ion uptake is
lower because the lead exists in hydroxide or oxide states depending on Eh (shown in the
Eh-pH diagram of the lead water system from Figure-4 ). As a result the availability of
lead ions was reduced in the solutions which reduce the concentration gradient which is
the driving force for the adsorption process. It is also observed that, at very low pH the
uptake of lead ions was significantly reduced because of the competition between H' and
Pb** for available adsorption sites. According to the mechanism proposed by other
researchers the H" ions are capable of replacing Cs* that are adsorbed to the soil surface.
Along with this competition at a lower pH (0.2) there is a possibility of solubilizing of
soil minerals resulting in the destruction of available sites which in turn lowers the Pb**
adsorption. The adsorption coefficient is low for the very high pH at 6 and for very low
pH. It can be easily concluded from the results that under extreme pH levels. migration of

the lead ions will be increased as they cannot be adsorbed on the soil surface [13].
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Figure-16: Langmuir fit to batch adsorption data for the different pH conditions

pH q, -mol/kg K ,m’/mol RMSE
0.2 0.011 0.044 0.0002
4.0 0.05 0.369 0.00021
6.0 0.045 0.306 0.00045

Table VII: Langmuir isotherm parameters evaluated at different pH conditions
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5.1.2 Thermodynamics of adsorption:

15
10~ —
<
=
5 -
0 | | | |
0.003 0.0031 0.0032 0.0033 0.0034

1/TK
Figure-17: Van’t Hoff plot for lead adsorption on Nevada test soil clay

It is evident from the experiments that Langmuir parameter adsorption coefficient (k,)

was a strong function of temperature. In order to analyze the temperature dependency of the

system a few thermodynamic parameters were evaluated. The Gibbs free energy (AG’)
change for different temperatures was evaluated to check the criterion of spontaneity. The
relation between free energy changes for sorption reaction and temperature was given by the

following equation [13][50].

AG’ =—RTIn(k,) (a)

Where, k,is the sorption equilibrium constant, Ris the gas constant and 7 is the
temperature. The calculated values of the Gibbs free change in the Table-VIII confirm the

spontaneity of the sorption reaction. The enthalpy changes (AH "), entropy change AS°
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are evaluated by the slope and the intercept of the straight line equation given below and
are tabulated.

AG’ =AH’ —-TAS®  (b)
Combining the equation a and b we the following expression is obtained which is called

Van Hoff’s Equation.

AH®  AS°
Ink,)=——————
(k) T R

The linear regression of experimental results with Van’t Hoff equation is shown in the
figure-17. If AH" is positive, the sorption reaction is considered to be endothermic. AH"
is found to be 59.7kJ / mol for the plot (Figure-17). It is reported that the value AH® for
chemisorptions is between 40—-120KJ/mol [51] [50] hence chemisorptions is
predominate. It can therefore be concluded that the adsorption of lead ions on Nevada test

soil is dominated by chemisorptions.

Temperature ( K) Gibbs free energy (KJ /mol)
298 -22.22
308 -21.47
318 -19.7

Table-VIII: Change in Gibbs free energy at different temperature
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5.2 Kinetics of Adsorption process:

Batch experiments are often used to quantify the dynamics of sorptive uptake of
contaminates on the soil and sediments. The results of the batch adsorption kinetics data
are shown in the Figure — 18. The lead ion concentration in the bulk liquid phase
decreases with time due to the adsorption of lead ions onto the surface. During the first

few minutes the concentration drops steeply as shown in the Figure — 18 due to the high
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Figure-18: Kinetic batch experimental results
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gradient. Since the lead solutions are properly mixed with soil samples the mass transfer
resistant at the inter-phase are negligible which results in fast uptake of the lead on the

soil. It is observed that during the first hour the concentration decreases from
0.314mol /m* to 0.035mol/m> dropping nearly 1/10™ the initial concentration. Later it

decreases gradually and drops to the equilibrium concentration of 0.012mol/m’ after
24hr. It appears that, the adsorption process is controlled by the diffusion phenomena as
time elapses in the present case also. The lead ions have to diffuse through the liquid
phase, then through the soil particle and adsorb on to the soil surface. As a result the
system takes considerably longer time to reach equilibrium. The liquid phase diffusion is
completely neglected as the system was under optimum mixing conditions at all the time.
The diffusion process is explained by Fick’s second law. The entire system was modeled
using the pore diffusion model explained in the Chapter - 3 to evaluate the diffusion

coefficient by the curve fitting routine procedure.

5.2.2 Simulation using Comsol Multiphysics:

The PDE coefficient module was employed to solve the unsteady state liquid phase and
solid phase mass balance equations which are coupled with a Langmuir adsorption. The
expression obtained by taking the derivative of the equilibrium isotherm with respect to
liquid phase concentration is fitted with the time scaling coefficient expression in the sub-
domain setting in the option menu. The distribution coefficient and the monolayer

capacity in the expression were evaluated from the equilibrium batch experiments.
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The parameters and the constants are listed in the Table IX. The model equations were
solved for the liquid phase concentration with time and concentration distribution in a
single spherical soil particle. Initially the solution concentration C,, (f = 0) in the
sub-domain region (inside the particle) is zero and the required parameters to be specified
in the sub-domain setting option are taken for the Table IX. The system was simulated for

the different initial concentrations and K values to validate the model from the

experimental results which in turn gives the effect of temperature.

C 40 0.314 mol / m*
K 1.633, 0.906, 0.357 m*> / mol
E 0.7
1500 kg / m”’

g4 0.027, 0.023, 0.022 mol / kg
D, O9x10 P m?* /s
ot q,K

E+pPp——0

P 1+ kC)

Table IX: Parameters and constants for the pore diffusion model

5.2.3 Initial and boundary conditions:

The geometry of the soil particle was assumed to be spherical. Figure — 19 represents the
one dimensional geometry of the soil particle. The average particle radius is considered to
be around 100microns and is shown in Figure-19 and discretized with the 60 elements.

Initial and boundary conditions are given in the Table — X.
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Figure-19: Representation of particle radius in one dimension

Boundaries Boundary conditions
1
Insulation (Flux = O,%—C =0)r=20
t

2 dc
KWy 1z
or dt \mS

Initial bulk phase mol
concentration Cy=0314 e at £=0

Table X: Initial and Boundary conditions

%0



62

5.2.4 Simulation results:

The partial differential equations obtained from the mass balance on the spherical soil
particle represented as sub-domain region in the Comsol- Multiphysics-3.2 coupled with
liquid phase mass balance equation are solved for the concentration distribution in the

soil particle.
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Figure — 20: Concentration distribution inside a particle at different temperature
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Figure — 20 represents the simulated liquid phase concentration profile in a spherical soil

particle after 10 hr of adsorption dynamics for different values of adsorption coefficient
K, of 1.633, 0.906, and 0.357 m”> / mol obtained from equilibrium adsorption batch

experiments at different temperatures such as 25°C, 35°C, 45°C respectively. All other
parameters such as density, porosity and particle size, are kept constant as given in the
Table - X. As it was observed from the Figure-14 that the outer surface of the particle (at
100microns) the concentration is maximum as far as first case is concern (25°C) as it is
moved away from the surface, towards the center of the particle the concentration
decreases. In the second case (35°C) the trend is similar but the curve is approaching the
uniform concentration along the length of the radius. In the third case (45°C) the profile is
almost horizontal to the x- axis indicates the concentration is the same at any point inside
the particle. It shows that as the temperature increases the concentration profile inside the

particle flattens. At 100 microns radius inside the particle the concentrations at

temperatures25°C, 35°C, 45°C are 5.983x 10 mol /m”>,8.84x10 mol /m’ ,0.011mol / m’
respectively after same simulation time of 10hr . Lead ions diffuse more quickly at
higher temperature because of high mass transfer rate and increasing behavior of

diffusion coefficient (D, ) with temperature. Hence the diffusion coefficient is an

important parameter needs to be determined.
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5.2.5 Parametric study of Adsorption dynamic:

The mass balance equations in the liquid phase and the solid phase are coupled with a
Langmuir isotherm were solved simultaneously for bulk phase concentration and are
shown in the Figure — 21. Effective diffusion coefficient was varied as the fitting

parameter in the model equations.
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Figure-21: Adsorption dynamic data fitted to pore diffusion model equations and
modeling results for different K , values
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using non linear regression analysis on the kinetic batch experimental data the diffusion

coefficient was found to be9x10™?m?* /s . The experimental data agrees with the model

predictions based on diffusion limited intra-particle sorption. The simulation was carried
out for different K, values such as 1.633, 0.906, and 0.357 m 3/ mol evaluated from the
batch equilibrium experiments at different temperatures. All other parameters like

porosity and density are kept constant. Since K, is a function of temperature. The

simulation at different K, values can be considered as

0.4

Bulk phase concentration, mol/m”3

—— model - 25C
----- model - 35C
model - 45C

Figure -22: simulation results after 3 hr for different K, values
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the temperature dependency of the system. Figure — 22 represents the model predicted

results after 3 hr. It is observed from Figure — 14 that the concentration drops from

0.314 mol / m*>100.032 mol / m>, 0.024 mol /m> and to 0.017 mol / m”in
case of 25°C, 35°C, 45°C respectively. This indicates that the diffusion is high at higher
temperatures. The only parameter in the model equation that depends on temperatures is

the diffusion coefficient and it increases with the increase in temperature.

5.2.6 Effect of initial concentration on adsorption dynamics:
Simulations were repeated for changes in the initial concentration of the bulk phase. The

batch kinetics experiments conducted at 0.314 mol / m” agreed well with the model

predicted results. The Initial concentration of the solution was changed

t00.514 mol / m>, 0.714 mol / m*> and1mol / m* . The trend in all the cases was the
same as an upward shift with a measured initial concentration. At higher concentrations
the gradient is greater but the diffusion coefficient is low since the simulation was
performed at 25°C. The final equilibrium concentration is also dependent on the initial
concentration. Hence, it can be concluded that at higher temperatures the adsorption is

limited by the diffusion.
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Figure-23: Bulk phase concentration profile at different initial conditions
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5.3 Experimental and Simulation Results of column experiments

The convection diffusion model in the chemical engineering module was employed to
solve the unsteady state liquid phase mass balance which is coupled with Langmuir
adsorption. The expression obtained by taking the derivative of the equilibrium isotherm
with respect to liquid phase concentration is fitted with the time scaling coefficient
expression in the sub-domain setting in the option menu. The distribution coefficient and
the monolayer capacity in the expression were evaluated from the batch experiments.

Inlet velocity of the solution was evaluated by coupling ADRE with Darcy’s law.

The parameters and the constants are listed in Table XII. Initially the solution
concentration C, (¢# = 0) in the sub-domain region (5 in Figure 24) is zero and the

required parameters to be specified in the sub-domain setting option are taken from the
Table XII. The system simulated the different bed thicknesses and K values to validate
the model from the experimental results. The simulation time is 30minutes performed

using 1.8MHz - Pentium 4 processor.

5.3.1 Initial and boundary conditions:

Schematic 2-dimension geometry of the column packed with soil was created. The
dimensions were selected to exactly match the column used in the migration experiments.
The boundaries of the geometry are shown in the Figure 24. The boundary conditions for

the geometry are provided in Table XII.



C, 0.314 mol | m’
K 1.633, 0.906, 0.357 m* / mol
£ 0.45
1500 kg / m?

7, 0.027, 0.023, 0.022 mol [ kg
v 1.5%¥10 °m /s
D, 8.7+10 "m?*/s
ot 1+ (1-¢) g,k :

e (1+KC)

Table XII: values for parameters and constants
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Figure-24: Boundaries of the geometry representing the column



Boundaries Boundary conditions
1 C=Cy t=20
2
Insulation (Flux = O,aa—c =0)r=20
t
3
Insulation (Flux = O,aa—c =0)r=20
t
4 Convective Flux ¢t >0

Table XII: Initial and Boundary conditions
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5.3.2 Quantitative evaluation of migration behavior:

The model predicts the outlet concentration as a function of time and the concentration
distribution of lead in the column as shown in Figure 25. The bed thickness and inlet lead
concentrations were varied and the results were compared with experimental data.
Simulations were performed for different values of K obtained from batch experiments
and used to validate the model. The uniqueness of this model is that it readily couples a
nonlinear adsorption isotherm with the “Advective dispersion transport equation” which
is an improvement over the limitation constrained to linear adsorption [12][10][17].
Comsol Multiphysics gives much better visualization of results to better understand the

phenomena of contaminant transport in soil medium.

Time=40000 Max: 0.314
Surface: Concentration, c [mc:lﬁ'm3 1 0.3
0.06
OIOS 0.25
0.04
r10.2
0.03
0.02 r10.15
0.01
0.1
0
-0.01 0.05

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 Min: 0.0452

Figure-25: Simulated Lead Concentration Distribution in the column
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5.3.3 Effect of bed thickness:
The model equation was solved for different soil bed thicknesses. The effect on effluent
concentration was reported for a flow rate of 6ml/min at an inlet solution concentration of
0.314 mol/m’. Figure-25 shows the simulation of the considered bed thickness. Break

through curves from the column experiments for different thicknesses are shown in

Lead Concentration ( mol/cm”3)

0 1x10° 2x10° 3x10° 4x10°
Time,sec

—— Model-3cm

—— Model-4.5cm

----- Model-7cm

OOO Experimental-3cm
XXX Experimental - 4.5cm
OOO Experimental - 7cm

Figure - 26: Break through curve at various bed thicknesses
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in the Figure-26. It was observed that as the bed thickness increased from 3cm to 4.5cm,
and from 4.5 to 7cm, the break through saturation point time increases from 1.5%10° sec
to 2*10’sec and from 2*10° sec to 4.0%10%sec, respectively. This shows that in smaller
bed thicknesses the effluent concentration increases faster than deeper ones. In turn, the
bed gets saturated in less time for smaller bed thickness. Logically, it follows that for a
smaller bed thickness, less soil (adsorbent) is available which means smaller capacity,
and the uptake will be faster. The simulated results are in agreement with the migration

experimental data, as shown in Figure.26.

5.3.4 Effect of inlet concentration:

The resulting change in break-through curves by varying effluent concentration is
provided in Figure.7.The inlet adsorbate concentration considered was 0.314mol/m’,
0.414mol/m’ and 0.514mol/m’. The simulation was performed with a constant bed height
(4.5 cm) and flow rate (6bml/min). From Figure -27, we can see that as the inlet solution
concentration increases the time of break through decreases and the break through curve
becomes steeper for higher values of feed concentration, because the mass transfer rate
reduces from bulk solution to the particle surface due to the driving force. In addition, at
higher concentration, the concentration gradient increases while the isotherm gradient is
less, resulting in a higher driving force along the pores. Thus, the equilibrium is attained

faster for values of higher adsorbent concentration as represented in the Figure 27.
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000 Exp ( C0=0.314mol/m"3)

Figure - 27: Effect of inlet adsorbate concentration on break through curve
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5.3.5 Effect of adsorption Coefficient:

Batch experiments revealed that the adsorption coefficient is a strong function of
temperature. It can be concluded that the simulation for different values of K represents
the behavior of the system at different temperature. The values obtained for K at different

temperatures from curve fitting to batch experimental data are incorporated in the
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— - k=0.903 mol/m"3
— - = k=0.357 mol/m"3

Figure - 28: Break through curves for different values of adsorption Coefficient
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migration model. The effect of adsorption coefficient on effluent concentration at
different values of K is presented in Figure 28. Other parameters, such as flow rate, inlet
concentration and bed thickness, were held constant at 6ml/min, 0.31 4mol/m3, and 4.5¢cm
respectively. The specific K values considered are given in Table III. Figure 28 shows
the variation of break through curves for the various conditions. The soil bed attains
saturation in less time as the K decreases. When, K value was less, the quantity of solute
adsorbed on the solid phase to the quantity present in the liquid phase was smaller at
equilibrium. In other words, the effluent concentration of the adsorbate reaches the inlet
concentration in a short period of time. It is seen in the figure 28 that saturation time
decreases from 2*10° to 0.7%10° sec when K decreases from 1.66 to 0.35 m’/mol
Simulation results with respect to k=1.66m’/mol were in close agreement with the

migration experimental results.
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Conclusion:

The adsorption and migration behavior of contaminates in the Nevada test soil were
investigated. It is concluded from this work that the interaction between lead and soil
follows Langmuir adsorption isotherm. Batch experiments at different pH reveal that
the adsorption of lead (which is used as a surrogate contaminate) is maximum in the
range 4-5. Kinetic batch experimental results were used to validate the pore diffusion
model with considerable assumptions. Non linear regression analysis was performed

on the results to evaluate the diffusion coefficient which is found to be

9x10 " m? /s . Parameters such as initial bulk phase liquid concentrations,
temperature were varied and concluded that the adsorption kinetics increases with

increase in temperature.

The migration behavior of contaminates in the Nevada test soil were investigated
using column experiments and the results were use to validate the model proposed
“Advective Dispersion Reaction” model coupled with Langmuir isotherm. The model
equation was solved by employing Finite Element numerical method procedure using
Comsol Multiphysics — 3.2 instead of traditionally used finite difference method.

Dispersion coefficient which was considered as the model parameter was evaluated

by the regression analysis routine procedure and found to be8x10 " m?* /s . The
model was verified by varying the parameters like temperature and inlet
concentration and bed thicknesses. This model can be used to predict approximately,
the behavior of the system under various conditions without conducting the

experiments if the adsorption parameters are known.
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