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Sorption and Transport Behaviour of Hydrophobic Organic Compounds in Soils and
Sediments of Bangladesh and their Impact on Groundwater Pollution — Laboratory
Investigations and Model Simulations

Md. Mokhlesur Rahman'

Abstract: Groundwater can be contaminated by a variety of compounds, both of natural origin and man-made.
Anthropogenic contamination has occurred for centuries, but industrialization, agricultural activities,
urbanization and increased populations have greatly aggravated the problems in most of the countries of the
world. This thesis focuses on the elucidation of the processes (e.g., sorption and related transport processes)
controlling the fate and transport of hydrophobic organic compounds (HOCs) (contaminants and pesticide) in the
subsurface environment. For a variety of organic compounds (phenanthrene, 1,2-DCB, TCE and carbofuran)
batch and column experiments were carried out with different natural geosorbents (deltaic, floodplain and
residuum soils, aquifer sediments and peat) to simulate the effect in Bangladesh top soils and sediments and the
ultimate impact on groundwater.

Sorption of HOCs by natural sorbents is often dominated by partitioning processes. However, adsorption (pore-
filling) mechanisms may also be important for heterogeneous reactions where the overall sorption may well be
treated as the combination of the above mentioned processes resulting in combined sorption isotherms. This
dissertation explores both types of processes using experimental data.

Overall, the results reported here so far indicate that sorption in these samples for the chemicals investigated is
dominated by the partitioning processes. A nonlinear type sorption isotherm is described by the combination of
the partitioning and pore-filling mechanisms. Both, the partitioning and the pore-filling models indicate to plot
sorptive uptake vs. solubility (S) normalized aqueous concentrations, which yields "collapsing" sorption
isotherms for similar compounds. The solubility normalized Freundlich model predicts an inverse linear
relationship between the sorption coefficient measured at a given relative concentration vs. S, which is
demonstrated for three partitioning dominated samples from Bangladesh (deltaic soil, aquifer sediment, peat) and
4 compounds investigated.

While neither the partitioning nor the pore-filling models are novel, the combination of both is considered as a
new approach to explain the often observed nonlinear Freundlich-type sorption isotherms of hydrophobic
compounds in soils and sediments: the pore-filling mechanism dominates at low aqueous concentrations whereas
partitioning dominates close to S. S-normalized sorption isotherms facilitate the prediction of sorption of a
variety of pollutants based on measured data of one probe compound. The normalization procedure presented
here has to be considered as a first step, which certainly can be improved by including in addition to S other
normalization parameters such as molar volume, polarizability, etc. Thus a wide variety of compounds with one
representative sorption isotherm can be covered in a soil or sediment sample.

An effect of preferential solute transport coupled with diffusion into the surrounding matrix region has been
examined in a surface soil (silty loam) by conducting macropore flow column experiments. To model the
breakthrough curves an analytical solution was developed which accounts for advection in the macropore region,
diffusion into the matrix region and linear sorption in both regions. The model fitted very well with the
experimental data implying that the model covers all relevant processes acting in the macropore-matrix system.
From the experimental results and the model assumptions it was concluded that sorption equilibrium was not
achieved during matrix diffusion at the time scale of the macropore flow experiment.

In column experiments with continuous injection, both deltaic soil (silty loam) and aquifer sediment (sandy silt)
showed nonequilibrium transport behaviour especially with phenanthrene while almost equilibrium conditions
were achieved with 1,2-DCB, TCE and carbofuran. The combination of batch and column experimental results
together with materials (solids) and environmental properties and a use of the analytical models of Ogata and
Banks (1961) and Rosen (1954) for equilibrium and nonequilibrium sorption, respectively, can provide tools for
cost-effective soil and groundwater risk assessment.

'Dissertation at the faculty of Geosciences, University of Tiibingen, Germany

Author’s present address: Institute for Water Chemistry, Dresden University of Technology, 01062,
Germany



Sorption und Transport Verhalten von hydrophoben organischen Verbindungen im Boden und
in Sedimenten von Bangladesh und ihre Auswirkung auf die Verunreinigung des Grundwassers
- Laboruntersuchungen und Modellsimulationen

Kurzfassung: Grundwasser kann durch eine Vielzahl von Verbindungen, natiirlichen wie synthetischen
Ursprungs verunreinigt werden. Anthropogene Verunreinigung tritt seit Jahrhunderten auf, aber
Industrialisierung, landwirtschaftliche Nutzung, Versiegelung und Bevolkerungszunahme haben die Probleme in
den meisten Léndern der Welt verschlimmert. Diese Dissertation konzentriert sich auf die Aufkldrung der
Prozesse (wie z. B. Sorption und damit zusammenhéngende Transportprozesse),die den Riickhalt und den
Transport der hydrophoben organischen Verbindungen (HOCs) (Schadstoffe und Pestizide) unter der
Erdoberfliche steuern. Fiir eine Vielzahl der organischen Verbindungen (Phenanthren, 1-2DCB, TCE und
Karbofuran) wurden Batch- und S&ulenversuche mit unterschiedlichen natiirlichen Geosorbenten (Delta-,
Uberschwemmungs- und Restbdden, Aquifersedimente und Torf) durchgefiihrt, um den Effekt in Bangladeshs
Oberbdden und Sedimenten sowie die entscheidenden Auswirkungen auf das Grundwasser zu simulieren.

Die Sorption von HOCs durch natiirliche Sorbenten wird hdufig durch Partitionsierungsprozesse beherrscht.
Jedoch kdénnen Adsorptionsmechanismen (Porenfiillung) auch fiir heterogene Reaktionen von Bedeutung sein,
bei denen die gesamte Sorption als Kombination der oben erwidhnten Prozesse betrachtet werden kann, die in
kombinierten Sorptionsisothermen resultiert. Diese Dissertation erforscht beide Arten von Reaktionsprozessen
mit Hilfe experimenteller Daten.

Die Ergebnisse dieser Arbeit zeigen, dass die Sorption in den untersuchten Proben fiir die verwendeten
Chemikalien von Partitionierungsprozessen beherrscht wird. Eine nichtlineare Typ-Sorptionsisotherme wird
durch die Kombination der Partitionierungs- und Porenfiillungsmechanismen beschrieben. Beide, das
Partitionierungs- und das Porenfiillungsmodell zeigen, dass sich beim Auftragen der sorptiven Ladung gegen die
bzgl. der Wasserloslichkeit (S) normalisierte Konzentration fiir &hnliche Chemikalien zusammenfallende
Sorptionsisothermen ergeben. Wie fiir drei partitionierungsdominierte Proben aus Bangladesh (Deltaboden,
Aquifersediment, Torf) gezeigt wird, sagt das bzgl. der Loslichkeit normalisierte Freundlich-Modell ein
umgekehrt lineares Verhéltnis zwischen dem Sorptionskoeffizienten, der bei einer gegebenen relativen
Konzentraion (bzgl.S) gemessen wird, und vier untersuchten Verbindungen voraus.

Wihrend weder die Partitionierungs- noch die Porenfiillungsmodelle neuartig sind, ist die Kombination von
beiden als neuer Ansatz anzusehen, um die hiufig beobachteten nichtlinearen Freundlich-Sorptionsisothermen
hydrophober Verbindungen in Bdden und Sedimenten zu erkldren: Der Porenfiillungsmechanismus herrscht bei
niedrigen wéssrigen Konzentrationen vor, wéhrend die Partitionierung nahe der Loslichkeit S dominiert.
Léslichkeitsnormalisierte Sorptionsisothermen erleichtern die Vorhersage der Sorption einer Vielzahl von
Schadstoffen auf der Basis von Daten, die fiir eine einzige reprisentative Verbindung gemessen wurden. Die hier
dargestellte Normalisierung ist als erster Schritt zu betrachten, der durch die Einbezichung weiterer
Normalisierungparameter wie molare Volumen, Polarisierbarkeit usw. zweifellos verbessert werden kann. Auf
diese Weise kann eine breite Vielzahl von Verbindungen mit einer einzigen reprasentativen Sorptionsisotherme
fiir eine Boden- und Sedimentprobe abgedeckt werden.

Die Ausbildung von priaferentiellen FlieBwegen und die damit verbundene Diffusion in die umgebende Matrix
wurde anhand eines Oberbodens in Sdulenexperimenten untersucht. Um die Durchbruchskurve zu modellieren,
wurde eine analytische Losung entwickelt, die die Advektion in der Makropore, die Diffusion in der Matrix und
die lineare Sorption in beiden Regionen beriicksichtigt. Die Modellergebnisse stimmen sehr gut mit den
experimentell ermittelten Daten iiberein. Dies zeigt, dass das Modell alle relevanten Prozesse beinhaltet, die im
Makroporen-Matrix-System relevant sind,. Aus den experimentell ermittelten Daten und den abgeschétzten
Eingabeparametern fiir das Modell ist ersichtlich, dass wiahrend der Matrixdiffusion kein Sorptionsgleichgewicht
im Makroporen-Stromungsexperiment erzielt wurde.

Die Elutionskurven der Sdulenversuche mit kontinuierlicher Zugabe zeigten fiir den Deltaboden (schluffiger
Lehm) und die Aquifersedimente (sandiger Schluff) iiberwiegend Ungleichgewichtsbedingungen, v. a. fiir
Phenanthren; wihrend fiir die Substanzen 1,2-DCB, TCE und Karbofuran nahezu Gleichgewichtsbedingungen
erzielt wurden. Die Kombination aus den Ergebnissen von Batch- und Sdulenversuchen und die Anwendung von
analytischen Modellen von Ogata und Banks (1961) sowie von Rosen (1954) fiir Gleichgewichts- und
Ungleichgewichtssorption erweisen sich als kosteneffektive Hilfsmittel zur
Grundwassergefahrdungsabschétzung.
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Abbreviations and notations

The abbreviation shown in brackets represent the dimensionality of the variables used: M = mass; L =

BC
DhaRs A
DIN
EPA
ERFC
GC
GRACOS
HL
HPLC
HSACM
IC
IUPAC
Kh Aqgfr

length; L* = volume; T = time; K = temperature in Kelvin

Boundary condition

Residuum soil collected from A horizon from Dhaka region
Deutsche industrie norm

Environment protection agency

Complementary error function

Gas chromatography

Groundwater risk assessment at contaminated site
Half life

High performance liquid chromatography

High surface area carbonaceous material

Initial condition

International union of pure and applied chemistry
Aquifer sediment collected from Khulna region

Kh PeatPeat collected from Khulna region

KhDs A
KhDs B
KhDs C
KhDs ABC

MW
MWSE
NMR
NOM
oC
PESTAN
PF

PV

Raj Aqfr
RajFs A
SatDs A
SIM
SOC

VP

Es
(o2
Po
Ps
7/0”1
Pom

Vw
Pb
7

AG®
AH°®

Deltaic soil collected from A horizon from Khulna region
Deltaic soil collected from B horizon from Khulna region
Deltaic soil collected from C horizon from Khulna region
Deltaic soil collected from A, B and C horizon from Khulna region and mixed together
for sorption experiments

Molecular weight

Mean weighted square error

Nuclear magnetic resonance

Natural organic matter

Organic carbon

Pesticide analytical model

Preferential flow

Pore volume

Aquifer sediment collected from Rajshahi region

Floodplain soil collected from A horizon from Rajshahi region
Deltaic soil collected from A horizon from Satkhira region
System interface module

Soil/sediment organic carbon

Vapour pressure [mm Hg]

Adsorption potential [J mol™]

Standard deviation [-]

Density of organic compound [M L]

Solid density [M L]

Activity coefficient of a compound in an organic matter phase [-]
Density of organic matter [M L]

Affinity or similarity coefficient [-]; ratio of mass of solutes dissolved in the aqueous
phase to the mass in the solids [-]

Activity coefficient in aqueous phase [-]

Bulk density [ML™]

Tortuosity factor [-]

Intraparticle porosity [-]

Gibbs’ free energy [kJ mol™]

Changes in enthalpy [kJ mol™]



AS°
AS;
ap

o
Pa
pim

Het

v
Changes in entropy [kJ mol™ K]
Entropy of fusion [kJ mol”’ K™']
Mechanical longitudinal dispersivity [L]
First order decay coefficient [T™]
Dirac function [-]
Bulk density in the macropore region [M L]
Apparent particle density [M L]
Solid phase decay constant [T™']
Bulk density in the matrix region [M L]
First moment of reactive solute [T]
First moment of conservative tracer [T]

Freundlich exponent [-]

Area [L?]

Sphere radius or particle radius [L]
Empirical constant [-]

Average concentration in immobile region [M L]

Normalized concentration [-]

Initial concentration [M L]

Contaminant concentration in gas phase [M L]

Concentration in the immobile/matrix region [M L]

Concentration in the macropore/mobile region [M L]

Solute concentration in the organic matter [M M™']

Concentration in reference vials [M L]

Sorbed phase concentration [M M™']

Adsorbed concentration [M M™']

Concentration of solute in aqueous phase [M L]

Concentration of extracted phenanthrene from solid plus phenanthrene solution
remained in soil [M L]

Apparent diffusion coefficient [L? T']

Diffusion rate constant [T™']

Aqueous diffusion coefficient [L2 T™']

Effective diffusion coefficient [L2 T™']

Hydrodynamic dispersion coefficient [L? T"']

Pore diffusion coefficient [L2 T™']

Characteristic free energy of adsorption other than a reference compound [J mol™']
Characteristic free energy of adsorption for a reference vapour/compound [J mol']
Mass flux [M L2 T"]

Mass fraction of organic carbon [-]

Mass fraction of organic matter [-]

Henry constant [-]

Prloportionality constant either as equilibrium constant [-] or hydraulic conductivity [L
]

Distribution coefficient between soil and water [L> M™']

Distribution coefficient determined from R, sin a column system [L? M'l]
Apparent distribution coefficient [L> M™']

Distribution coefficient in equilibrium [L> M™]

Distribution coefficient in the matrix region [L> M™]

Distribution coefficient in the macropore region [L* M™']

Freundlich coefficient [L> M™]

Unit-equivalent Freundlich coefficient [-]

Distribution coefficient between dissolved phase and soil organic carbon [L> M™']
Distribution coefficient between dissolved phase and soil organic matter [L> M™']



Va

Ve

Vm
Vmethan ol
Vmw
Vo
Vom
VWf
Vs

Vi
Vw,sui 1
X
X
Xs
Xy

z

Unit equivalent organic matter and aqueous solubility based partition coefficient [-]
Octanol water partition coefficient [-]

Partition coefficient [L* M™']

Distribution coefficient between soil and gas phase [L> M™']
System loss [L?]

Straight line macroscopic distance [L]

Microscopic or effective distance [L]

Mass of solid [M]

Mass of solutes at equilibrium [M]

Mass of solute in the matrix per unit volume [M L73]

Mass of solutes at time 7 [M]

Volumetric water content or porosity of saturated media [-]
Effective porosity [-]

Immobile/matrix region porosity [-]

Macropore/mobile region porosity [-]

Normalized vapour pressure [-]

Flow rate [L? T™]

Specific discharge (Darcy’s velocity) [L T™']

Ideal gas constant [J mol™ K]

Radial distance [L]

Retardation factor determined from the ¢, ;s ratio of the conservative tracer and reactive
solutes [-]

Retardation factor [-]

Retardation factor in the matrix region [-]

Retardation factor in the macropore region [-]

Water solubility [M L™ or mol L]

Subcooled liquid solubility [M L]

Temperature [K]

Time [T]

Pulse duration [T]

Time required for the effluent concentration to reach C/Cy = 0.5[T]
Time lapse between application and recharge [T]

Average linear velocity [L T"']

Volume of gas phase [L?]

Mobile region velocity [L T™']

Volume of methanol [L?]

Molar volume of aqueous phase [L’ mol™]

Maximum sorption capacity [L*> M™]

Molar volume of organic matter [L* mol]

Volume of water in reference vial [L?]

Adsorbed gas volume [L* M™]

Volume of water [L3]

Volume of water retained in soil [L?]

Distance/Spatial co-ordinate perpendicular to flow direction [L]
Mass of contaminant in the gas phase [M]

Mass of contaminant in solid phase [M]

Mass of contaminant in liquid phase [M]

Spatial co-ordinate along flow direction [L]



1. Motivations and goals

1. MOTIVATIONS AND GOALS
1.1 Problem approach

Contamination of soil, sediments and
groundwater by  anthropogenic  organic
chemicals has become a matter of increasing
public and regulatory concern because of their
toxicity and long-term source of contamination.
The most severe contamination problems are due
to point sources (local spills), which frequently
involve organic solvents (e.g., chlorinated
hydrocarbons, aromatic hydrocarbons etc.),
gasoline, lubricants in general as well as coal
tars (from manufactured gas plants and
cookeries), wood preservatives (e.g., creosote
which may contain  pentachlorophenol),
transformer fluids (polychlorinated biphenyls)
and plasticizers (phthalates). Non point sources,
which cause usually much lower contaminant
concentrations than point sources, result from
the application of pesticides (e.g. lindane, DDT
etc.) in agriculture or the atmospheric deposition
of a wide variety of anthropogenic chemicals.
Occurrence  of shallow groundwater in
industrialized and irrigated regions can thus be
especially vulnerable to this contamination
problem. Moreover, since groundwater is the
major source of drinking water and remediations
of contaminated sites are not feasible for most of
the countries in the world, “scenario-based”
integrated risk assessment models/guidelines are
needed which will allow to predict the risk of
groundwater pollution, to categorize the sites for
further use and remedial actions and to support
decision making in a scientifically rational and
cost effective way.

Fate, transport and finally the groundwater risk
assessment of hydrophobic organic compounds
(HOCs) strongly depend on the physico-
chemical properties of the compounds (e.g.
water solubility and vapour pressure) and the
sorption capacity of the soil and sediment solids

(e.g. Schwarzenbach and Westall, 1981).
Increased sorption leads to a reduced
bioavailability and higher persistence of

compounds in the environment. Pollutants may
thus become a long term source of groundwater
contamination. Fig. 1.1 shows pollution
pathways, that include the physical movement of
the contaminants and the chemical and
biological processes that occur en route.

Research during the last 2 decades showed that
organic matter is the key sorbent at least for the
non-ionic hydrophobic compounds and that
adsorption to clay minerals is of minor
importance with the exception of specific
interactions, e.g. of nitrogen containing
compounds and clay mineral surfaces (Haderlein
et al., 1996) and intermolecular polar bonds
between functional groups of organic matter and
pollutants (Graber and Borisover, 1998). The
fact, that organic matter (and organic carbon)
normalized sorption coefficients correlate well
with other compound properties such as the
octanol/water partitioning coefficient (K,,),
leads to the conclusion that sorptive uptake of
hydrophobic compounds in organic matter can
also be described by a partitioning mechanism
with essentially linear sorption isotherms (Chiou
et al., 1979; 1983; 1989; Karickhoff et al., 1979;
Kenaga and Goring, 1980). Recently, however,
more and more studies were published which
proved that sorption is nonlinear especially if
concentrations range over many orders of
magnitude and that sorption capacities are much
higher than expected from a partitioning process
(e.g.: Grathwohl, 1990; Allen-King et al., 1996;
Borisover and Graber, 1997; Chiou and Kile,
1998; Kleineidam et al., 1999; Karapanagioti et
al., 2000; Bucheli and Gustaffson, 2001; Wefer-
Roehl et al., 2001). This is generally explained
by adsorption mechanisms in specific regions of
the organic matter (glassy or hard carbon; e.g.:
Weber et al., 1992; LeBeouf and Weber, 1997,
1999; Xing and Pignatello, 1997) or more
specifically by a pore-filling process (Xia and
Ball, 1999; Kleineidam et al., 2002; Allen-King
et al., 2002) analogous to adsorption in micro-
and mesoporous activated carbon  or
(hydrophobic)  zeolites  (Manes, 1998;
Kleineidam et al., 2002).

Prediction of the fate of hydrophobic organic
compounds (HOCs) often relies on the constants
derived from sorption isotherm models. The
Freundlich model is the most commonly used
model to describe the retention of HOCs by
heterogeneous sorbents showing a
linear/nonlinear type of sorption isotherm. But
because of inconsistent units of constants



1. Motivations and goals

Point source: e.g., solvent spill Non-point sources:
e.g., rainfall, infiltration

Volatilization to S/
atmosphere oy

s Target

Concentration

.

Fig. 1.1 Pollution pathways showing the physical movement of contaminants and the processes
affecting the fate of contaminants in the subsurface environment. Persistent organic chemicals (e.g.,
phenanthrene) can reach groundwater with seepage water. If the contaminants are persistent and
volatile (e.g., TCE) they can travel relatively quickly over large distances by vapour phase diffusion
(vertical and lateral) and are finally transported across the capillary fringe by diffusion and dispersion
into the groundwater. Biodegradable compounds may reach the groundwater in very low
concentrations. If there is a facilitated transport (e.g., preferential flow), some contaminants will travel
too quickly to be significantly affected by sorption and biodegradation.

calculated from Freundlich models, it is difficult
to compare the sorption of organic compounds
by different geosorbents. Normalization of
equilibrium aqueous concentrations to the water
solubility of compounds leads to unit equivalent
Freundlich coefficients that remove the
ambiguities  regarding the  concentration
dependent nature of the Freundlich coefficients.
These methods have been used both in soils and
sediments (Carmo, 2000) and in activated carbon
filtration (Manes, 1998; Crittenden et al., 1999;
Paulsen and Cannon, 1999; Wood, 2001).
Nonlinear Freundlich type sorption isotherms are
well described by the combination of
partitioning and pore-filling (Xia and Ball,
1999), suggesting the solubility normalized
concentration as well.

Assessment of the groundwater contamination
risk by HOCs also focuses our interest on
transport processes that take place in both, the
unsaturated and the saturated zone. Especially
the low conductivity regions like clay and silt
layers and lenses, low permeable bed rock
formations, mineral layers at landfills or slurry
walls used as containments at contaminated
sites, are of major importance as they primarily

control the overall fate of a contaminant applied
at the surface. In this low conductivity region,
advection is negligible and diffusion becomes
the dominant mass transfer —mechanism.
Moreover, the presence of preferential flow
paths serves to greatly increase the risk of
groundwater  contamination  through  soil
fractures, shrink-swell cracks, worm holes etc.,
that exist under field conditions. On the other
hand, attenuation of the contaminants can take
place both in the unsaturated and in the saturated
zone. The unsaturated zone and especially the
capillary fringe can be a region of very active
aerobic biodegradation, that would result in low
contaminant concentrations at the groundwater
table. In the aquifer, attenuation of the
contaminants may take place through dilution,
volatilization, buffering, neutralization and ion
exchange. Diffusion and dispersion again will
bring contaminants into contact with material
that may retard their propagation progress; thus
attenuation may vary with time and travel
distance.

Bangladesh is a highly populated and agriculture
based country where a rapid increase in the use
of pesticides and chemical fertilisers is necessary



1. Motivations and goals

for the growth of rice to feed its boosting
population. Very little is known about the effect
of highly toxic pesticides and fertilisers that are
run-off to nearby water body and finally enter
the groundwater. Industrial pollution in
Bangladesh is still limited to small pocket areas.
But as almost all the industries do not use any
treatments for effluents, pollution in these areas
is highly concentrated. Most of the industries are
indiscriminately discharging industrial
wastewaters that can easily reach the
groundwater by bank filtration from rivers or
from soil to groundwater through seepage water.
Apart from agricultural and industrial based soil
or groundwater contamination problems,
urbanization and population pressure are also
adding problems as they represent the combined
results of industrial, commercial and domestic
activities. Especially urban pollution is present
in all common forms as wastewater and polluted
surface water, air emissions from vehicles and
urban point sources and solid wastes. Recently,
the natural contamination of groundwater by
arsenic has become a crucial water quality
problem throughout Bangladesh which is
described by Smith et al. (2000) as the largest
poisoning of a population in history with
millions of people exposed.

1.1 Objectives of the study

The main objective of the dissertation is to
assess the risk of groundwater pollution by
environmental organic compounds by using
uncontaminated soils and sediments collected
from Bangladesh. In order to predict the risk, the
necessary parameters were obtained by:

a) characterizing the samples in terms of grain
size distribution, organic carbon content and
particle density,

b) carrying out batch sorption experiment using
pulverised samples for the determination of
the sorption behaviour of the solids and for
the chemicals tested and identifying the
parameters to be used in a solute transport
model,

¢) investigating the impact of preferential flow
(PF) coupled with matrix diffusion on solute
transport in the unsaturated zone and

d) performing column experiments to obtain
the transport parameters that are needed to

predict the percolation/leaching rate of
contaminants from the top soil and their
transport in the subsoil to the groundwater
table.

The results to be obtained from batch and
column experiments together with hydrological
(e.g. groundwater recharge rate) and chemical
properties and a simple analytical model of
contaminant transport under equilibrium (e.g.,
Ogata and Banks, 1961) and nonequilibrium
conditions (e.g., Rosen, 1954) can be used for
the risk assessment. The risk assessment
procedure in this way will take the form of a
scenario approach as it may be intended to be
applied to different situations in terms of
classes/combination of pollutants and site-
specific  conditions, such as hydrologic
conditions, permeability and distance between
contamination and groundwater table. Such a
scenario approach will allow to determine a
priori whether under given site conditions

(subsurface permeability, distance to
groundwater table, type of material) and
contaminant properties (volatile/non-

volatile/water soluble/hydrophobic etc.) a minor,
medium or high risk of groundwater pollution
exists.

The research presented in this dissertation has
been organized into six major chapters including
this overview and references.

Chapter 2 (THEORETICAL
BACKGROUND) describes the theoretical
basis for the prediction of sorption of HOCs in
soils and sediments. Partitioning and pore-filling
processes are described individually and are
combined for the description of sorption in
heterogeneous sorbents. As both partitioning and
pore-filling  processes  suggest  solubility
normalized concentrations, the most frequently
used Freundlich model is also normalized by
water solubility of compounds, which leads to
unit equivalent Freundlich sorption isotherms.
The advantage of this normalization approach is
that a generalized sorption isotherm can be
obtained, which is based on the water solubility
of compounds. The theoretical basis of some
analytical solutions of 1D solute transport
models is reviewed in this chapter as well.
Furthermore, this chapter provides an analytical
solution for modelling preferential flow



1. Motivations and goals

(macropore) transport coupled with matrix
diffusion which, together with an experimental
set-up, allows for the determination of the pore
diffusion coefficient of conservative tracers and
the retardation of the pore diffusion for reactive
solutes.

In chapter 3 (MATERIALS AND METHODS)
methodological aspects of sample collection and
preparations, characterization of samples and
batch and column measurement of sorption and
transport  parameters are discussed and
evaluated. Modelling of sorption kinetics
experiments is done using the intraparticle pore
diffusion model for a finite bath (Crank, 1975).
The diffusion coefficient D, is used as a fitting
parameter in the model.

Chapter 4 (RESULTS AND DISCUSSIONS)
fully describes the sorption behaviour of four
HOCs onto soils and sediments of Bangladesh.
Data are interpreted using the combined
partitioning and pore-filling approach and the
solubility normalized unit-equivalent Freundlich
model. Some important findings include that the
solubility normalized Freundlich model predicts
an inverse linear relationship between the
sorption coefficient measured at a given relative
concentration vs. S, that will allow to predict the
sorption of compounds similar to those
investigated in the study. This simple
normalization (by water solubility/subcooled
liquid solubility of the compound) procedure
leads to similar sorption isotherms for various
compounds in a specific sorbent, as to be
expected from partitioning and the pore filling
mechanism as well, indicating that a given
sorbent has the same capacity to sorb solutes at a
given relative concentration. Column experiment
results with continuous injection reflect that
except for phenanthrene almost equilibrium was
achieved between chemicals and solids
investigated. In the macropore experiment with a
finite pulse injection, sorption equilibrium in the
matrix was not obtained during the time scale of
the experiment and this presumably also affects
contaminant transport in the field, i.e., faster
migration than expected from batch equilibrium
sorption isotherms.

In chapter 5 (APPLICATION OF RESULTS:
Groundwater Risk Assessment) simulations
for the assessment of groundwater risk are done
using analytical models of solute transport

having different initial and boundary conditions.
Simulations are done using batch and column
derived data together with hydrological and
contaminant properties and the analytical models
discussed. Three scenarios are considered for
such simulations being distinguished by the
boundary conditions: continuous input of
contaminants (e.g. effluents from an industry) in
the subsurface, Dirac pulse input (e.g.,
application of pesticides in the field) and finite
pulse input with the impact of preferential flow.
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2. THEORETICAL BACKGROUND

2.1 Distribution and migration of organic
chemicals in a three phase system (solid, air
and liquid) in the unsaturated zone

The subsurface zone Ilying above the
groundwater table, the unsaturated zone, is a
three phase system consisting of a solid, liquid
and gas phase. Mineral matrix, soil and organic
matter cover the solid phase, water is the liquid
phase and the gas phase contains the air-filled
pore space (soil air) (Fig. 2.1).

Solid phase [m,]
Rock fragments (+ porou
and (clay) minerals
Organic matters
Coating on surfaces
Plant remains
Kerogen (fossil)
Organic clay complexes

Suspended particles:
Clay-metal-humic,
Organic, inorganic colloids,
Associations of org.polymers,
Micelles

solute dissolved in water; 2) as a gas in the
vapour phase and 3) as a sorbed compound in
the solid phase. Some parts may move to the
atmosphere due to vapour phase diffusion. Fig.
2.2 schematically shows vadose zone
contaminant pathways.

Volatile contaminants will be distributed in all
the three phases and their distribution in each
phase can be determined only by measuring the
gas phase concentration. By applying Henry’s
law and mass balance consideration the

Liquid phase [Vy)]

obile water, adsorptive
intra-particle water
inter-particle or pendular
water (with dissolved
compounds, DOC)

Gas phase [Vl
; Soil air

Fig. 2.1: The unsaturated zone (Grathwohl, 1998)

The fate of chemicals in the subsurface
environment depends on their physico-chemical
properties such as vapour pressure and water
solubility or octanol water partition coefficient
which is especially important for hydrophobic
organic chemicals. After being introduced into
the environment organic chemicals are
distributed in the three different phases: 1) as a

to Atmosphere

o

to Groundwater

distribution in aqueous and solid phases can be
ascertained. Non-volatile contaminants will not
be transferred to the gas phase significantly and
thus their distribution can be determined only by
knowing the aqueous phase concentration and
mass balance consideration. Fig. 2.3 shows a
scheme of determining the concentration and
their distribution in the three phase system.

®
"
OOO
to Solid

Fig. 2.2: Schematic diagram illustrating the contaminant pathways in the environment
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Fig. 2.3 Distribution of contaminants in the soil/water/air — 3 phase system

The terms Xg, Xy and Xy denote the mass of
contaminants in the gas (V), water (V) and soil
phases (m,) [M], respectively; Cg, Cy and Cs
denote the contaminant concentration in gas [M
L?], water [M L?] and soil [M M'] phases,
respectively; Ky, Ko, Koc, for and H denote the
distribution coefficient between soil and water
[L?* M™], soil and gas phase [L* M™'], the organic
carbon normalized distribution coefficient [L.> M
'l mass fraction of organic carbon [-] and
Henry’s constant, respectively.

Once introduced into the  subsurface
environment, spreading of contaminants depends
upon the hydrodynamic dispersion and diffusion
in the vapour and aqueous phase. In the

layers, which allow only very limited advection
of groundwater, may be considered as immobile
phase. In fractured geologic material, matrix
diffusion controls the mass transfer into the
immobile phase (Grathwohl, 1998).

During the transport process in the vadose zone,
contaminants participate in the phase transfer
process (dissolution into soil moisture and
sorption to soil components). The transfer to the
soil water may lead to leaching of contaminants
through the unsaturated zone, potentially leading
to transport over the capillary fringe and finally
into the groundwater. The contaminants also
degrade aerobically in the vadose zone and
anaerobically if the oxygen content in the soil

Mobile Phase
Advection
Dispersion

A

Related transport ways:

I

Seepage Water,
Soil Air

Adsorbed and Pendular Water

Immobile Phase
Diffusion

Related transport pathways:

Soil solids: aggregates,
minerals, natural organic
matter

Low Permeability domains:
clay and silt layers, rock
matrix (fractured aquifers)

Fig. 2.4: Transport mechanism at the grain scale: mobile and immobile phases (Grathwohl, 1998)

unsaturated zone, seepage water and soil air may
represent a mobile phase as shown in Fig. 2.4.
The immobile phase consists of soil solids
including stagnant water (adsorbed and pendular
water as well as capillary water). At larger scale,
low permeability layers such as clay or silt

gas is depleted in regions close to or within the
source zone.

Diffusion is the most dominant transport
mechanism in the water unsaturated zone and in
low permeability zones such as clay or silt
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layers, porous aggregates or particles (grain
scale) as well as interface mass transfer between
soil air or groundwater. Fig. 2.5 shows the
diffusive mass transport within the solid phase
(intraparticle and intrasorbent diffusion) and the
mass transfer from the solid to the mobile phase.

Pores, Capillar Water
Sorbed Immobile phase
Contaminants (high concentration)

Retarded

A\

Tortuosity =
Pore | |
» Diffusion?

Diffusion

—>

(sorbent)

—>

and the soil/sediment particles or more precisely
soil/sediment organic carbon. In soils and
sediments two sorption phenomena may be
distinguished: adsorption and absorption. Due to
the heterogeneous nature of soils and sediments
both processes may occur simultaneously.

Seepage, - Groundwater

Mobile Phase
(Low Concentration)

Contaminants,
Dissolved in Water

Fig. 2.5: Diffusion in porous particles (Grathwohl, 1998)

Slow diffusion related sorption/desorption
affects or even controls the mass transfer
between mobile and immobile phases and that
results in nonequilibrium transport and hence
e.g., long-term sources of contamination for
groundwater. Fig. 2.6 shows a conceptual
scheme of diffusive mass transfer between
mobile and immobile phase for sorptive uptake
and release of solutes in natural porous media.
2.2 Sorption phenomena

The general term sorption is used to indicate the
process in which solutes (ions, molecules or
compounds) are distributed between the liquid

Equilibrium, t=0

The sorption processes can be enthalpy and
entropy driven, depending on the properties of
the solid sorbent and chemical solute (Hamaker
and Thomson, 1972). Enthalpy-related forces
include van der Walls interactions, electrostatic
interactions,  hydrogen  bonding, ligand
exchange, direct and induced dipole-dipole
interactions and chemisorption while
hydrophobic  bonding or partitioning is
considered the primary entropy driven force
(Bailey, 1972; Hamaker and Thompson, 1972;
Koskinen and Harper, 1990 and von Oepen et
al., 1991).

Equilibrium, t > 0

=
2
k= 5 ey
= = Non-equilibrium t > 0
é K= C sotia % Diffusion Controlled
= -
8 Cwater,immobile 2 .......... ¢
""" &3
Time

Fig. 2.6: Concentration profiles during equilibrium and non-equilibrium transport of contaminants in

the subsurface environment
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Sorption processes play a major role in
determining the environmental fate and impact
of mainly organic chemicals. Sorption affects a
variety of specific fate processes, including
volatilisation (Chiou and Shoup, 1985),
bioavailability (Alexander, 1999; Ditoro et al.,
1991), biodegradability (Scow and Johnson,
1997; Miller et al., 1987; Mihelcic and Luthy,
1991; Shelton and Parkin, 1991; Smith, 1991;
Webb et al., 1991; Falatko and Novak, 1992;
Scow and Alexander, 1992; Weissenfels et al.,
1992), photolysis (Tao et al., 1999; Miller et al.,
1989) and hydrolysis (Deeley et al., 1991).

Sorption of hydrophobic organic chemicals by
natural solids or aquatic sediments can be
predominated by partitioning of the dissolved
solutes between water and naturally occurring
organic matter (NOM) (Chiou et al., 1979;
Chiou et al.,, 1983; Karickhoff et al., 1979).
Nonetheless, many studies have found that
sorption isotherms for such systems can show
substantial deviations from a linear partition
model and extremely high sorption capacities.
Two basic concepts have been developed to
explain such sorption phenomena. While one
concept favours the analogy of NOM as a
polymer (e.g., Weber et al., 2001) others see the
explanation in the heterogeneity of the NOM and
the presence of high surface area carbonaceous
material (HSACM) with high sorption capacities
(e.g., Xia and Ball, 1999; Chiou et al., 2000;
Kleineidam et al., 1999).

A comprehensive review on the different
varieties of organic matter occurring in soils and
sediments (humins, coals, charcoals, soot etc.)
and a model to simulate HOCs sorption in
heterogeneous solids is provided by Allen-King
et al. (2002).

2.2.1 Partitioning

Sorption of organic compounds to natural
organic matter (NOM) can be described
analogous to Raoult’s law, which allows to
define directly an inverse empirical relationship
between the partition coefficient (K., [L* M'])
and the water solubility S [M L7] (e.g.
Schwarzenbach et al., 1993):

M

= 2.1
. Vnm p()m }/()m S ( )

where 1v,, is the activity coefficient of a
compound in the organic phase - in this case the
NOM - and M is the molecular weight of the
compound [M mol™']. y,,, equals 1 if partitioning
occurs into an ideal organic solvent. V,,, and p,,
denote the molar volume [L* mol™'] and density
of OM [M L7 If y,, is independent on
concentration, then K, represents the slope of a
linear sorption isotherm:

C :Kom w = M & = K:m CW
V()I’ﬂ pom }/om S S
2.2)

In the above equation, V,, and p,, are constants
for a given organic phase and therefore the
sorbed concentration C, [M M™] in the organic
phase is the same for all compounds with similar
values of v,, and similar molecular weights if
calculated based on the normalized aqueous
concentration (C,/S). With that a generalized
partitioning isotherm can be defined which is
based on the water solubility of solutes. Ko (=
K,, S) is then a unit-equivalent partitioning
coefficient [e.g. in mg kg'], which can be
considered as a constant for similar compounds
in a given partitioning medium. Although v,, in
some cases may depend slightly on the
concentration, the resulting sorption isotherms
are essentially linear as long as the concentration
of the compound does not change the organic
matter/phase  significantly (e.g.  Poms Voms
structure etc.).

2.2.2 Adsorption — pore filling

Adsorption of organic compounds in activated
carbon and other porous materials (e.g. charcoal,
bituminous coal, anthracite etc.; Kleineidam et
al., 2002) is very well described by a pore-filling
mechanism, where the maximum sorption
capacity is given by the micropore (and
mesopore) volume of the adsorbent. It is
generally described by the Dubinin-Polanyi (DP)
equations originally derived for vapour phase
adsorption (Dubinin, 1960; 1975). The DP-
equations are based on Polanyi’s potential theory
which defines the adsorption potential [J mol™]
as ¢ = R T In P,/P. Manes and coworkers
(Manes, 1998) extended the DP-equations to
aqueous systems and defined the adsorption
potential based on the solubility of the
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compound: &, = RT In (S/C,). The Polanyi-
Manes model describes adsorption as:

b

RTlni

N o) (2.3)

C,=V,p, exp|— E

where V, and p, denote the maximum adsorption
capacity [L* M'] and the density of the adsorbed
organic compound [M L7] (to calculate the
adsorbed concentration C; [M M']). R and T
denote the ideal gas constant [J mol’ K] and
the temperature [K]. E [J mol'] is the
characteristic free energy of adsorption and b is
an empirical exponent. In adsorption studies
with activated carbon often the free energy of a
reference compound (e.g. benzene) E, in a
specific adsorbent and an empirical coefficient S
are used to estimate £: £ = E,  (Choma et al.,
1993; Wood, 2001) According to Crittenden et
al. (1999) and Wood (2001), £ [-] is an ‘affinity’
or ‘similarity’ coefficient, which for example
can be estimated from the ratios of molar
volumes, molar polarizabilities or parachors
between a sorbate and the reference compound.
In extension to the original work (Dubinin,
1975), Condon (2000a/b) showed by quantum-
mechanical simulations, that the DP-equations
hold over a wide concentration range (> 5 orders
of magnitude) and that they also apply for open
surfaces. If the standard deviation o of log-
normal distributed adsorption energies equals
0.25 the Dubinin-Radushkevich equation (b = 2)
is obtained. o = 0.5 results in » = 1 and eq. (2.3)
corresponds to the Freundlich model (if
furthermore R T equals £ the linear "Henry"
sorption isotherm is obtained).

The advantage of this approach is that as in eq.
(2.2) a generalized adsorption isotherm can be
derived, which for compounds with similar £ in
eq. (2.3) (or B E,) predicts the same loading onto
a given porous adsorbent (e.g. activated carbon,
charcoal) at a given relative concentration of the
solute (C,/S). Solubility normalized sorption
isotherms are commonly used in activated
carbon filtration (Crittenden et al., 1999; Manes,
1998; Paulsen and Cannon, 1999; Wood, 2001).

2.2.3 Heterogeneous sorbents — partitioning
and pore-filling combined

Due to the heterogeneous nature of NOM,
sorption may be treated as a combination of
processes resulting in combined sorption
isotherms. Xia and Ball (1999) were first to
introduce the combination of partitioning
(linear isotherm) and pore-filling (non-linear
isotherm) to fit experimental data on
sorption of organic compounds in soils.
Combining egs. (2.2) and 2.3) results in:

RT [—ln €.

]b
S vr ke Co

C, =V exp| —| ————=
s o Po €XP 7 om Bom g

2.4

where f,,, denotes the fraction of the partitioning
medium [M M'l] in the sample. In this model, V,
and E are the only fitting parameters in the
above equation. K,,, (= K*om/S) can be predicted
from empirical relationships e.g. following
Schwarzenbach et al. (1993) or K, - K,,
relationships (Tab. 2.1) and the fraction of
organic carbon in the sample (f,.) (e.g.
Karickhoff et al., 1979; Chiou et al., 1983). K,
is the f,.-normalised sorption coefficient in soils
and sediments or organic matter. Assuming that
in average f,. = 0.58 f,,, yields K,. = 1.724 K,
(Lyman et al., 1982).



2. Theoretical background

10

Tab. 2.1: Representative example of regression models used to estimate log K, from log K,

Regression equation

Chemical class

References

Class specific

log Ko = 1.00 log Koy - 0.21
log K. = 0.99 log K, - 0.35
log K, = 0.36 log Koy, +1.15
log K,. = 0.81 log K, +0.07
log K, = 0.94 log K, - 0.54
log K, = 1.03 log K, - 0.18
log K,. = 0.402 log K, + 1.017
log K, = 0.433 log K, + 0.92

General

log K,. = 0.81 log Ky, + 0.10
log Ko = 0.52 log K,y + 1.02
log K, = 0.903 log K, + 0.094

PAHs, log Koy >2

PAHs, log Koy, <2

log K, from 1to 2.4

log Ko from 2.4 to 7.4
Chlori. hydroc., PAHs
Chlori. hydroc., pesticides

Karickhoff et al., 1979
Karickhoff et al., 1981
Sontheimer et al., 1983
Sontheimer et al.,1983
Chiou et al.,1983

Rao and Davidson,1980

Pesticides Kanazawa, 1989
Carbamates Gerstl, 1990
Hydrophobics Sabljic et al.,1995
Nonhydrophobics Sabljic et al.,1995
Wide variety Baker et al.,1997

Cs MM

Fig. 2.7 shows an example for a combined pore-
filling - partitioning sorption isotherm. Pore-
filling contributes most to the overall sorption at
relatively low concentrations (and partitioning
dominates at high concentration) and therefore
maybe considered as the main reason for the
often observed nonlinearity of sorption
isotherms. The combination of pore-filling and

1.E+00 5
1.E-01 -

1.E-02 4

LE03 | -

1.E-04 — T
1.E-03 1.E-02 1.E-01
C../8 11

1.E+00

Fig. 2.7 Example of a combined pore-filling -
partitioning sorption isotherm. Solid line:
partitioning + adsorption (pore-filling); dotted
line: only partitioning; dash line: only
adsorption  (pore-filling). K,  (partition
coefficient) = 3.7 , C, (adsorbed concentration)
=0.01

partitioning in a wide variety of geosorbents can
be fitted very well by the Freundlich model
(Allen-King et al., 2002; Kleineidam et al.,
2002).

2.2.4 Normalization of
(Freundlich) isotherms

sorption

Since both, the partitioning and the pore-filling
theory suggest solubility normalized con-
centrations it may be concluded that other
sorption models such as the most frequently used
Freundlich equation (Freundlich, 1909) should
be normalized by the compounds solubility. This
is already applied e.g. in activated carbon
adsorption (Manes, 1998) and was recently
suggested for soils by others (e.g. Carmo et al.,
2000; Allen-King et al., 2002; Kleineidam et al.,
2002). It has the big advantage, that a unit
equivalent-Freundlich coefficient can be used:

1/n
C =K, C/"=K,, (%j (2.5)

w

where Kr and K*F, denote the Freundlich
sorption coefficient and the unit-equivalent
Freundlich coefficient, respectively (K*p, = Kp,
S'™. I/n is the empirical Freundlich exponent.
K'y, has the advantage that ambiguities



2. Theoretical background

11

concerning the concentration dependent nature
of the Kpg are avoided. Again for similar
compounds K " should be more or less constant
for a given adsorbent. If this is the case, then
from eq. (2.5) an inverse linear relationship
between a distribution coefficient (K;) obtained
at a given relative concentration (C,/S) and S is
expected (Allen-King et al., 2002):

* 1/n-1
K, = g =K, C/"" = Kpe (ﬂj

S US

w

2.6)

Since the Freundlich model fits linear and non-
linear sorption data regardless of the sorbent
(and the sorption mechanism), this inverse linear
relationship between K, and S is expected to
hold in general in many soil and sediment
samples.

2.2.5 Sorption Kinetics

In the sorption model and in the K,. approach, it
is postulated that sorption is a rapid process and
equilibrium is reached fast between the sorbed
phase and the aqueous phase. In the recent past,
it has been observed from several studies that
sorption may not reach equilibrium within the
time period characteristics for column or even
batch experiments. Ball and Roberts (1991) and
Grathwohl and Reinhard (1993) observed an
increasing sorption of PCE and TCE in batch
experiments over several months. In column
experiments, asymmetrical breakthrough and
extended tailing as well as increasing sorption
with decreasing flow velocities were attributed
to nonequilibrium conditions (Nkedi-Kizza et
al., 1989; Brusseau, 1992; Kookana et al., 1993).

Generally two procedures govern the rate limited
or nonequilibrium sorption: transport of the
substance to the sorption site and the sorption
process itself (Brusseau et al., 1991a, b).
Transport related nonequilibrium typically
results from the existence of a heterogencous
flow domain. Sorption related nonequilibrium
caused by the rate limited interaction between
the sorbate and sorbent may be the result of
chemical nonequilibrium (chemisorption) or
diffusive mass transfer limitations, i.e., diffusion
of solutes within the pores of microporous
particles (intraparticle diffusion) or molecular
diffusion into macromolecular organic matter
(intrasorbent diffusion) (Ball and Roberts, 1991,
Grathwohl and Reinhard, 1993; Brusseau et al.,

1991a, b). According to Weber and Huang
(1996) and Leboeuf and Weber (1997),
condensed regions in the soil organic matter with
properties similar to microporous aggregates
may also be responsible for slow
sorption/desorption kinetics. However, since
every kind of sorption site is reached via
intraparticle pores, it is in most cases not
possible to distinguish between the different
processes.

Under steady state conditions, the diffusive
contaminant mass flux in the porous medium
depends on the concentration gradient and is
expressed by Fick’s 1* law:

oC
F=-D,— 2.7
ox
where F, D, and C refer to the mass flux [M L*
T}, effective diffusion coefficient [L? T™'] and
the solute concentration [M L7] in the pore
water. The diffusion coefficient D, can be
determined from the molecular diffusion
coefficient of the solute in the water and
accounts for the porosity and the tortuosity:
D,e
D, = (2.8)
T

where D,,, ¢ and 77 denote the aqueous diffusion
coefficient [L2 T™'], intraparticle porosity [-] and
the tortuosity factor of the intraparticle pores [-].
In case of transient boundary conditions, the
term D, [L? T™'] (apparent diffusion coefficient)
is used which incorporates the physical effects of
diffusive  restriction due to  tortuosity,
intraparticle porosity as well as retardation of
solutes due to sorption. For a linear sorption
isotherm (constant K,), D, can be defined as:

D, ¢ D
D, =— H e (2.9)
(8+deb)rf o

where the term (¢ + K; p,) is known as the
capacity factor () of the porous medium [-].

For non-linear sorption isotherms, K, and thus
D, become concentration dependent quantities.
As a first linear approximation for a Freundlich
type non-linear sorption isotherm, D, can be
estimated for a certain concentration range by
combining eqs. (2.6: K;= K; C,, ') and (2.9)
as:
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D,
D, = ‘

a 1

e+ K,Con 'n,

(2.10)

The tortuosity factor zyincluded in egs. (2.8) and
(2.9) is used to evaluate the effect of diffusion
paths at the intragrain scale compared to straight
distances. This factor cannot be measured
independently and therefore is often used as a
fitting parameter. The tortuosity factor can be
estimated on the basis of intraparticle porosity
analogous to the electrical conductivity in
porous media (Archie, 1942), e.g., 7= &" where
m is an empirical exponent that in sedimentary
rock is usually close to 2.

The long term sorptive uptake in batch
experiments can be modelled using Fick’s 2™
law in spherical co-ordinates:

2
L p[e, 2] @

5_ or’ r or

where C, ¢ and r denote concentration [M L],
time [T] and radial distance [L] from the centre
of the sphere, respectively.

For a constant D, (e.g. linear sorption isotherm)
and a variety of initial and boundary conditions
analytical solutions of eq. (2.11) are available
which allow the calculation of the solute mass in
the sphere after a time ¢ as well as sorption and
desorption rates (bath of limited volume).

2.2.6 Temperature dependence of sorption
equilibrium

The short-term sorption of organic chemicals in
soil/sediment is often described by either a linear
distribution coefficient, K; which describes the
concentration ratio between sediment and water
or a partition coefficient K,. when the sorption is
expressed per unit mass of organic carbon. The
variation of K, or K,. with temperature gives
information about the thermodynamic quantities
of equilibrium partitioning: Gibbs" free energy
(AG®), enthalpy (AH®) and entropy (AS®). These
thermodynamical quantities give insight in the
sorption processes involved. A net sorption
occurs when the free energy of the sorptive
exchange is negative (Hassett and Banwart,
1989). AG® is related to AH® and AS° through:

AG® = AH® — TAS® (2.12)

where AG°, AH®, T and AS° denote changes in
Gibbs" free energy [kJ mol'], changes in
enthalpy [kJ mol™'], temperature [K] and changes
in entropy [kJ mol™ K™'], respectively.

At equilibrium, the equilibrium constant K is
related to the standard free energy change by:

AG®°=—RT InK (2.13)

where R represents the universal gas constant
[8.3144x107 kJ K" mol].

Taking the derivatives of both sides, yields,

d(InK) _4G° AH°
dT RT*® RT’?

(2.14)

Assuming that for small changes in temperature
AS’ ~ 0, we can approximate AG® ~ AH®, the
standard enthalpy (Schnoor, 1996). Integrating
the equation yields:

K, n, AH®
jKI d(InK) = In Tl (2.15)

The result is the van’t Hoff equation, after
rearranging:

K o
In—L = agrp 11 (2.16)
K, R \T, T
which becomes,
lnII§l
AH®° =R 2 (2.17)
1.1
I, 1

where K;, K, AH° T, and T, denote the
equilibrium constant or distribution coefficient at
the new temperature [- or L* M™'], the
equilibrium constant at the reference temperature
(e.g. 20° C), the standard enthalpy (kJ mol™) at
20° C, the new temperature [K] and the
reference temperature [K].

The wunderstanding of the influence of
temperature variations on sorption equilibrium
and kinetics is also important for transferring
values obtained at room temperature (e.g., 20 -
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25 °C) to environmental temperature. In other
words, if the sorption enthalpy is known then K
or K, can be calculated following eq. (2.17) for a
temperature of interest. For temperature changes
more that = 30 °C, errors will increase and a
more rigorous analysis including entropy effects
on AG® (In K = - AG” / RT) is required.

The influence of temperature on the sorption
process could also be wused to reveal
thermodynamic information of the process
involved, e.g., the type of sorptive interaction
and the properties of organic matter. Hamaker
and Thompson (1972) state that the effect of
temperature on the sorption equilibrium is a
direct indication of the strength of sorption. For
weaker bonds, less influence of temperature is
expected because of the lower equilibrium
sorption enthalpy. For most compounds,
equilibrium sorption decreases with increasing
temperature. According to Chiou et al., (1979)
increased sorption at higher temperatures can be
expected for compounds for which solubility
decreases at higher temperature. This was
observed by Chiou et al., (1979) for 1,1,1-
trichloroethane.

The increase in K; with a decrease in
temperature can be predicted assuming that the
aqueous phase activity coefficient is the driving
force for PAHs like phenanthrene as (Piatt et al.,
1996):

K, (Xs,zo] (ASf] ( 1 1 J
~ eXp - o T}n a4
K ;20 X4 R T, T,

(2.18)

where X, T, T,, AS; denote the mole fraction
solubility at temperatures 4 °C and 20 °C, for
example [-], experimental temperature [K], the
melting point of phenanthrene [K] and entropy
of fusion [J mol' K™, respectively. For planar
rigid molecules like phenanthrene AS; is nearly
constant at 50 - 62 J mol’' K' (Karickhoff,
1984). The increase in K; with decrease in
temperature is mainly related to water solubility
of phenanthrene at reduced temperature.
Solubility of PAHs decreases by 2-3 times with
a decrease in temperature of 20 °C (S of
phenanthrene at 20 °C = 6.1 mmol/m?) to 4 °C (S
of phenanthrene at 4 °C = 2.09 mmol/m?).

2.3 Solute transport

Two basic elements affecting the transport and
fate of contaminants in the subsurface are
properties of subsurface materials and physico-
chemical and biological properties of
contaminants. The natural processes affecting
the subsurface fate and transport are
hydrodynamic, abiotic (non-biological) and
biotic processes.

Hydrodynamic processes affect contaminant
transport by impacting the flow of groundwater
(in terms of quantity of flow and flow paths
followed) in the subsurface. Examples of
hydrodynamic processes are advection and
dispersion. Abiotic processes affect contaminant
transport by causing interactions between the
contaminant and the stationary subsurface
material (e.g., sorption) or by affecting the form
of the contaminant (e.g., hydrolysis, redox
reactions). Biotic  processes can  affect
contaminant transport by metabolising or
mineralising the contaminant (e.g., organic
contaminants) or possibly by utilising the
contaminant in the metabolic process (e.g.,
nutrients, nitrate under denitrifying conditions).
Examples of biotic processes are aerobic, anoxic
and anaerobic biodegradation. All the processes
may take place simultaneously and lead to
similar results (spreading of contaminants plume
and decrease of concentration). It is sometimes
difficult to assign the relevant process from the
observed transport behaviour. However, in order
to develop an understanding of the basic
mechanics of each of the processes some sort of
categorized approach is necessary. Abiotic
processes (e€.g., sorption) were already discussed
in chapter 2.2. Here hydrodynamic processes
will be discussed rather elaborately as this
processes also affect the transport of dissolved
constituents in the subsurface.



2. Theoretical background

14

2.3.1 Hydrodynamic processes

The combined hydrodynamic effects can be
subdivided into two basic processes: advection
and hydrodynamic dispersion.

2.3.1.1 Advection

The basic equation governing 1D fluid flow

through a saturated medium is known as Darcy’s
law and can be written as:

oh
q=—-K— (2.19)
ox
where g, K and Oh/Ox denote the specific
discharge (Darcy’s velocity) of the fluid [L T™'],
hydraulic conductivity [L T'] and hydraulic

gradient [-], respectively.

Advection is the portion of solute movement that
is solely attributed to the transport by the bulk
motion of flowing groundwater. The actual
velocity or average linear velocity (v,) in
advective transport can readily be obtained by
dividing Darcy’s velocity by the fractional
effective porosity under saturated conditions:

K oh

Vv, =——— 2.20

“ m,0x (2:20)
where v,, and n, denote the average linear
velocity [L T'] and the effective porosity [-],
respectively. The negative sign in Darcy’s
equation means water flows from areas of high
head to low head. To achieve a positive value for
v, a negative hydraulic gradient is required.
2.3.1.2  Hydrodynamic dispersion
Hydrodynamic  dispersion occurs as a
consequence of two different processes -
mechanical dispersion and diffusive dispersion.
Both of them lead to a spreading of a solute
during transport. The hydrodynamic dispersion
coefficient of a solute during transport can be
expressed mathematically as:

D, =ay,+nD, /7, (2.21)

where the first term on the right hand side of eq.
(2.21) corresponds to mechanical dispersion and
the second term represents the diffusive

dispersion. Dy, oy, D,, n and 7y denote the
hydrodynamic dispersion coefficient [L? T'],
mechanical  longitudinal  dispersivity  [L],
aqueous diffusion coefficient [L? T™'] porosity
and tortuosity factor [-], respectively. This
tortuosity factor now refers to the inter-particle
pore space in contrast to 7;in eq. (2.8).

The mechanical dispersion coefficient is a
function of the magnitude of v, and accounts for
the spreading of the solute during transport due
to the variations in the seepage velocity (Freeze
and Cherry, 1979). Dispersivity is closely related
to the scale under consideration. At larger scale
a; reflects aquifer heterogeneities, at the pore
scale diffusion and differential pore velocities.
Upscaling generally leads to increasing values of
Dy as more and more inhomogeneties are
encountered by the transported particles. Pore
scale diffusivity measured in the laboratory is on
the order of centimeters whereas macro
dispersivity measured in the field is on the order
of meters or more. Neuman (1990) made a study
of the relationship between the apparent
longitudinal mechanical dispersivity (¢, m) and
flow length (x, m). He found that for flow paths
less than 3500 m long these could be related by
the equation:

a, =0.0175x"* (2.22)

The tortuosity factor, 7 [-], is purely geometric
and accounts for the increased distance of
transport and can be expressed as:

(2.23)

where / is the straight line, macroscopic distance
between two points defining the flow path [L]
and /, is the actual, microscopic or effective
distance of flow through the soil between the
two same points. Since /> / for porous media, 7z
becomes more than 1. In some cases, the
tortuosity factor has been defined as the
reciprocal of eq. (2.23) and, therefore, will have
a value less than unity (Porter et al., 1960; Olsen
and Kemper, 1968; Bear, 1972). Values of z
using the reciprocal eq. of (2.23) are reported to
be in the range from 0.01 to 0.84 for saturated
soils and from 0.025 to 0.57 for unsaturated soils
(Shackelford and Daniel, 1991a, b). The
determination of dispersion and diffusion
coefficients is generally accomplished via
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laboratory testing (e.g., column method) or
through calculations using the inverse technique.

Although diffusive fluxes are generally small
and advective transport, if present, accounts for
the bulk shape of solute movement, diffusion
plays an important role in the mass transfer from
low permeability zones in the top soils, across
the interface between the water-saturated and
unsaturated zone - the capillary zone. If there is
only a concentration gradient, v, and therefore
mechanical dispersion (first term on the right —
hand side of eq. (2.21)) are zero. The one-
dimensional diffusive transport in saturated soil
can be expressed following Fick’s first law:

oC
F=-D— (2.24)
Ox
where D refers to the diffusion coefficient [L?
T"'] which provides a measure for the rate at

which the molecules spread.
2.4 Modelling of solute transport

Within the last several years a number of
mathematical models of  groundwater,
particularly  solute (contaminant) transport
models have been developed with a view: to
gain a better understanding of the fate and
transport of chemicals by quantifying their
movement, reactions etc.; to determine chemical
exposure concentrations to aquatic organisms
and /or human in the past, present or future and
to predict the future condition under various
loading scenarios (e.g., groundwater risk
assessment).

In this section some analytical solutions of 1D
solute transport models will be discussed which
will later be used for fitting the column data.
Based on fitting of experimental data these
analytical models can be used for the risk
assessment in groundwater. Moreover, an
analytical solution is developed to model the
breakthrough curves for the quantification of the
effect of matrix diffusion of contaminants in a
fine grained soil (low permeability regions)
coupled with the effect of preferential flow paths
(macropores).

2.4.1 Equilibrium model - continuous input

The vertical transport of a solute dissolved in
water through the soil can be described by the
partial differential transport equation:

ot Tox> “ox n

The first, second, third and fourth term on the
right hand side of eq. (2.25) correspond to
dispersion, advection, sorption and reaction,
respectively. C, ¢, x, n, S", 1 denote the liquid
phase concentration [M L], time [T], distance
along flow path [L], volumetric water content or
porosity of the saturated media [L* L*], solid
phase concentration [M M'] and first order
decay coefficient in the liquid phase [T"'].

Eq. (2.25) allows for analytical solutions for
simple initial (IC) and boundary conditions
(BCs). For a continuous input of contaminant at ¢

= 0, the following initial and boundary
conditions apply:

IC: C(x,0) =0 for x>0

BC: C01 =C, t>0

BC: C(t) =0, t>0

For the above IC and BCs, Ogata and Banks
(1961) obtained the following solution to the
advection - dispersion eq. of (2.25) for a non-
sorbed and non-reactive substance in saturated
homogeneous porous media (semi-infinite case
with "= 0 and 1= 0):

<. 0.5| erfc XVl +exp VX erf XVl
C, 2D, t D, 2Dt
(2.26)

where erfc represents the complementary error
function. When the dispersivity of the porous
medium is large or when x or ¢ is large, the
second term on the right hand side of the eq.
(2.26) is negligible. In situations where the
above boundary conditions are applicable and
where the groundwater velocity is so small that
mechanical dispersion is negligible relative to
molecular diffusion, eq. (2.26) reduces to a one
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dimensional solution (Crank, 1975) of Fick’s 2™
law:

C X
— =erfc
C, 2Dt

(2.27)

where D, refers to the effective diffusion
coefficient [L2 T'].

In case of retarded chemicals (linear
isotherm) involving first-order reaction
kinetics eq. (2.26) can be written as
(considering only dissolved phase decay),:

C 04 erf x-v,/R, t v, X/R, " x+v,/R, t CAIR )

—=05|er +ex er exp(— t

C, 2./D, /R, t D, /R, 2,[D, /R, ¢ /
(2.28)

where Ry is the retardation factor that can be
obtained from regression correlation or
determined experimentally.

In case of a linear sorption coefficient (K,), the
retardation factor R,can be determined as:

K,p,
n

R, =1+

, (2.29)

where p, [ML™] is bulk density and n [-] is the
porosity. Generally for different soilds or aquifer
materials p, and n do not vary to the extent that
K, varies; therefore R ; depends most strongly on
K, In case of non-linear sorption isotherm the
above expression takes the form:

Kfr Cwl/n—l pb

n

1+ (2.30)

R,

The impact of the above mentioned processes on
the fate of a solute can be visualised by
computing the breakthrough curves and
concentration profiles illustrated in Fig. 2.8.

The first breakthrough curve (1) in Fig. 2.8 is
slightly s-shaped due to dispersion, but the mean
travel time is equal to the mean residence time of
water molecules in the porous media (PV = 1).
The second curve is more s-shaped because
more time has elapsed for dispersion and the
retardation factor is 5. Curve 2 has 1 = 0, i.e. no
degradation reactions. The third curve illustrates
breakthrough for a contaminant that disperses,

sorbs and undergoes a first order decay reaction
as in eq. (2.25). The steady state concentration is
less than the initial contaminant concentration Cy
because of degradation.

g z
084 O
a
_ 064 "¢
Q u}
©) i
0.2
0 T T T
0 4 8 12 16 20

PV (dimensionless time)

Fig. 2.8: Normalised concentration versus time
breakthrough curves showing the effect of
dispersion, sorption and first order kinetic
reactions on contaminant fate and transport in
porous media. Symbols used: squares: advection
plus dispersion; diamonds: advection, dispersion
plus sorption; triangles: advection, dispersion,
sorption plus biodegradation. R, = 5, HL = 0.5
year, ;=2 cm

2.4.2
input

Equilibrium model — Dirac pulse

If the source of contamination is not continuous
or a step function but rather a pulse input (e.g.
pesticide application in the field) where mass is
injected into a unit area, the partial differential
eq. of (2.25) has to be solved for the following
initial and boundary conditions:

IC: C (x,0) = M/AS (x)
BC: C(+o0t) =0
BC: C(-06)=0

Where ¢ and M/A denote the Dirac function and
the injected mass per cross sectional area.

The solution for an infinite case and for non-
sorbing but reactive/degrading chemicals is
given as follows (Sun, 1996):
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C(x,t)

4Dt

M
=——&¢X
An,JAzD,t p{
(2.31)

where M, A and x denote the mass applied [M],
area [L?] and length [L], respectively.

In case of retarded chemicals the above equation
can be rearranged as:

_ , _
%
MR [X_Ra ZJ
Clx,1)=———L—exp —7/—it
DH 4D7H Rf
An |4 —"t t
Rf 1

(2.32)

where Ry stands for the retardation factor defined
before.

2.4.3 Nonequilibrium model

It is evident that the transport of solute in
soil/groundwater  frequently occurs under
nonequilibrium  conditions. The processes
responsible for nonequilibrium are the rate
limited mass transfer which can happen during
both the sorption (chemical nonequilibrium) and
transport processes (physical nonequilibrium) in
porous media consisting of a mobile and an
immobile region. The reasons for such
nonequilibrium were discussed in section 2.2.5.

Various models have been developed to describe
nonequilibrium solute transport in porous media.
The most common approaches include two site
models, which refer to the chemical
nonequilibrium or two region models, which
account for physical nonequilibrium (Coats and
Smith, 1964; Selim et al., 1976; van Genuchten
and Wierenga, 1976)

In one-dimensional form, a two region model
can be expressed as a partial differential
equation by considering mobile and immobile
phase mass balance:

oC oC. oC
n +pK,)—%+|n +pK T +vn z
(m pb d) at [lm ph d] 81‘ m'“m ax
o°C
-n,D, —"==0
m— H axz
(2.33)
where C,, C,, , nu N p, and v, denote the

mobile region concentration [M L7], average
concentration in immobile region [M L7,
mobile region porosity [-], immobile region
porosity [-], bulk density [M L] and mobile
region velocity [L T'], respectively. The term

0C,,, / Ot represents the diffusion limited uptake

by or release from the immobile zone.

The spherical intraparticle diffusion model can
be coupled to the two region model. Considering

a linear sorption isotherm, this spherical
diffusion model can be written as:
8Cim D a 8 2 a(jt‘m
=——|r —" (2.34)
ot re or or

where C;, and r denote the concentration of
solute in the pore space of the immobile region
[M L] and radial distance [L], respectively and
D, is given by eq. (2.9). The average immobile
concentration for use in eq. (2.33) is found by
integrating the concentration distribution with
respect to the radial co-ordinate:

C =

L

o I:47z7f2(nim +p,K, )Cimdr (2.35)

where a refers to the sphere radius [L]. The
initial and boundary conditions for the mobile
and immobile regions are:

Mobile region:

IC: C,, (x>0, t= 0) = 0 (initially uncontaminated
model domain)

BC: C,, (x=0, t) = Cy (continuous injection)
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Immobile region:

IC: Cin(x,r,t=0) = 0 (initially uncontaminated
model domain)

BC: G, (x,r=a,t) = C,(x,t) (interaction between
mobile and immobile phase)

BC: oC/or (x,r=0,t) =0 (no mass flux at the
centre of the spheres)

Using the above initial and boundary conditions,
the following approximate solution to eq. (2.33)
was adapted from an asymptotic solution also
given by Rosen (1954):

€ (et = 0.5erfec {1 + L[l _ Vﬂtﬂ%
G (l - n)paKd X a2nva

15D,p,K ,(1-n)x
(2.36)

where p, denotes the apparent particle density
[M L] which includes particle porosity.

The approximate solution is valid if the

following condition holds:

3D,p,(1=n)K,x

> > 40
nv,a

(2.37)

2.4.4 Pesticide analytical model (PESTAN)

The PESTAN (pesticide analytical) model is a
computer code developed by Enfield et al.,
(1982) for US EPA for estimating the vertical
transport of organic solutes through soil to
groundwater. The vertical transport is simulated
as a slug of contaminated water that migrates
into a homogeneous soil.

A granular pollutant is dissolved as a slug with a
concentration equal to the pollutant solubility.
The total available mass is defined as the mass
existing at the time of recharge (Fig. 2.9). When
the time of recharge is the same as the time of
application all the pollutants enter the soil. When
the time of recharge occurs after the time of
application pollutant mass will be lost due to
decay, hence the dissolved mass entering the soil
will be less than the original mass of the
pollutant (Fig. 2.10).

PES TAN Conce ptualization

Dissolved mass
of pollutant

]

Mass of granular
solid pollutant SIu{; concentration =
@ Dis solves Pollutant solubi lity

Pollutant slug enters
soil at arate equal
to the pore velocity

Fig. 2.9: PESTAN conceptualisation of pollutant
migration through the soil system

Application of slug
A) Time of recharge =Timeof application

Dissolved mass of polluant Dissolved mass entering soil

B)Time of recharge > Timeof applicatim

Dissolved mass of pd lutan t
Dissolved mass entering soil

WAk

Fig. 2.10: PESTAN
pollutant application

conceptualisation of

Mathematical Formulation:

The mathematical model is developed based on
the advective-dispersive-reactive transport eq.
(2.25). The solution of this partial differential
equation is obtained with the following initial
and boundary conditions (Enfield et al., 1982):

0, -00<x<-xy
(ICs)  C(x,t=0) =< Cy, -x9=x<0

0, 0xx<o0
(BC) C(x9) =0, |x| >

The solution is given as follows:
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vt v
c X+x,——— x—R“ t
C(x,)= —%exp(— At K erf| ———L | —erf /
g = =
R, R,
(2.38)

where x, denotes the slug thickness which can be
calculated as:

‘- M/Aexp(— ﬂstr)
’ S(ne+deb)

(2.39)

where M/A, A, t. and S denote the total mass
applied per unit area [M L], the solid phase
decay constant [T'], the time lapse between
application as well as groundwater recharge [T]
and solubility of chemicals [M L], respectively.

2.5 Modelling preferential flow (macropore)
transport coupled with matrix diffusion

Suppose that a column consists of a medium
grained quartz sand creating a central cylindrical
macropore region and the aquitard material
created the surrounding part of the central
macropore region, that is the matrix region (Fig.
2.11). Assume that:

e Mass transport along the macropore region
is much faster than transport within the
matrix region.

e Advection and hydrodynamic dispersion are
the transport mechanisms in the macropore

X

|

z
Fig. 2.11: Macropore-Matrix system
region.

Mass flux from the macro pore region to the
matrix region will be perpendicular to the
axis of the macropore region.

e Linear sorption occurs in both the macropore
and matrix region.

e Molecular diffusion will be the main
transport mechanism within the matrix
region.

These assumptions actually allow us to reduce
the two dimensional equation to two one-
dimensional equations that are much more
amenable to solution by analytical techniques.

The transport processes in the system of Fig.
2.11 can be described by two coupled one
dimensional equations, one for the macropore
region and one for the matrix region with the
coupling being provided by the continuity of
concentration at the interface. The differential
equation (mass balance) describing the
distribution of solute species along the
macropore and interface is:

O0.C. p.K,.C.vm )y, e
ot ’ 0z
2

nD, oc, =0

nn oz
where the first term on the left-hand side of eq.
(2.40) corresponds to the temporal changes of
total mass in the system and the second and third
term refer to the advection and dispersion
processes, respectively. n,, Cu On Kim Mim Vo
z, t and Dy denote the porosity in the macropore
region [-], the solute concentration in the
macropore (mobile) region [M L], the bulk
density in the macropore region [M L7], the
distribution coefficient in the macropore region
[L* M), the total mass of solute in the matrix
per unit volume [M L73], the average linear
velocity in the macropore region [L T'], the
spatial co-ordinate along flow direction [L], the
time [T] and the hydrodynamic dispersion
coefficient [L2T], respectively. The subscript m
stands for the mobile or macropore region and
im for the immobile or matrix region.

In case of certain instances of further
simplification, for example, when the advective
flux of solute in the macropore is dominant, it is
reasonable to neglect longitudinal dispersion
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along the macropore region. This is of interest
from a practical point of view because
dispersivity is a difficult parameter to determine
quantitatively. The mathematical consequence of
neglecting dispersion is also of interest because
eg. (2.40) is reduced to an equation of first order,
thus simplifying the analytical solution
(Rasmuson and Neretnieks, 1981). Ignoring the
dispersion term the above equation becomes:

g(nmCm +0,K, ,C, +m, )+ n,v, oC,y =0
Ot Oz

(2.41)

The mass of solute per unit volume in the matrix
(immobile region) is given by:

m, = %T(nimcim + Ky Co Hx  (242)
a

where n;,, Cin P, Kaim a and x denote the
porosity in the matrix region [-], the solute
concentration (mass of dissolved
chemical/volume of mobile water) in the fluid
phase of the matrix region [M L7], the bulk
density of the matrix region [M L7], the
distribution coefficient in the matrix region [L?
M™], the radius of the macropore region [L], and
the spatial co-ordinate perpendicular to the flow
direction [L], respectively. In eq. (2.42) a
Cartesian co-ordinate x is used instead of a radial
co-ordinate as it is reasonable to assume that the
solute does not migrate into the matrix far
enough such that the cylindrical shape of the
system would become relevant (see section
4421 with  regard to quantitative
considerations). 2/a denotes the surface-to-
volume ratio of the macro pore region [L™].

By combining eqs. (2.41) and (2.42),
advective mass transport in the macropore region
and exchange of mass in the matrix region can
be expressed as:

2 nRC +n R = jc dx|+n,v, Co _g
ot Oz

(2.43)
with

K, p.
R, =1+—tmPm (2.44)
nim
and
K
R, = 14 DdnPn (2.45)
n

m

R, [-] and R,, [-] are the retardation factors of
the matrix and the macropore region,
respectively.

Dividing eq. (2.43) by n,, R,, yields,

ot R o0z

m

ocC, L Ve oC, 2 n,R,, Iac,.m .
an,R, ot

(2.46)

This equation is to be solved by considering the
following initial and boundary conditions:

(I0) C, (z, 0) =0 no contaminant present
atr=20

(BC) C.(0t) = Cy for 0<t<t, (finite pulse)
(BC) C.(0t) =0 forr>t

The differential equation describing the diffusive
transport of the solute in the direction
perpendicular to the macropore is (Fick’s 2™
law):

82Cvim
2

0
—n, R C. )=n, D
at (nlm thtm) nlm p ax

(2.47)

where D, denotes the pore diffusion coefficient
in the [L2 T™'].

Dividing eq. (2.47) by n;, R, yields,

D ¢C ’C.
0Cu _ 20 0 sz =D, 0 sz (2.48)
ot R~ Ox ox

m

where D, denotes diffusion

coefficient [L2T™].

the apparent

The initial and boundary conditions for the
matrix region are:
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(IC)  Ciyn (zx,0) = 0 no contaminant present
initially

(BC) Ciu(z, too t) = 0 semi-infinite matrix
region is studied

BC) Cn (zat) Cu(z,t) continuous
concentration at the matrix-macropore interface

By replacing the integrand in eq. (2.46) by the
right-hand side of eq. (2.48) the transport
equation for the macropore region can be re-
written as:

oCc, wv,o0C, 2n,R, _ 0OC
+ =— D,

o R o (z.a.0)

an,R, Ox

(2.49)

Solutions of eqs. (2.48) and (2.49) for a finite
pulse of duration #) can be obtained for three
cases as described in the following:

The system of differential eqs. (2.48) and
(2.49) is mathematically equivalent to the
problem studied by Grisak and Pickens
(1981). However, a finite pulse of duration ¢,
is considered here, while Grisak and Pickens
(1981) studied a continuous injection of
solute (#p) — + o). Therefore, their solution
can be adapted only for time intervals 0 <¢ <
z R, /v, + ty, 1.e. until the termination of the
pulse is noticed at position “z” in the
column. Identifying coefficients occurring in
eqs. (2.48) and (2.49) with parameters used
by Grisak and Pickens (1981) it is found
that:

C,(z,1)=0 (2.50)
and
C, (z,x,t)=0 (2.51)

for the time interval 0 <t <z R,, /v,. During this
period the pulse has not arrived at “z”. If

zR /v, <t<zR /v, +t, concentrations in

the macropore and the matrix region are given
by:

g l’limRim \/Fa ZRm

C,(z,t)=C, erfc a n,R, !

“(2.52)
\/4[t _ ZRH‘I ]
va

and
x—a 2n,R,  —2zR
_+_ - m m D m
JD an,R V' v,
C, (z,x,t)=C, erfc ¥
R
4(r — ]
V(Z
(2.53)
respectively.

For later times ¢ > z R, / v, + ty it is helpful
to conceptualize the pulse as the
superposition of two continuous solute
injections with concentrations Cy and —Cj,
respectively. The influence of the injection
with ‘negative concentration’ can then be
directly obtained from egs. (2.52) and (2.53)
by replacing Cy by —Cp and ¢ by ¢ - ¢, as the
beginning of the ‘negative injection’ is
shifted by #) as compared to the beginning of
the pulse. For ¢t >z R,, / v, + ty both impacts
are active and can be added due to the
linearity of the problem, thus yielding:

2 R, R 2n,R R
2n,R,, D Ru 2n,R, R,
N R Ty R
Cm(z,t)=C0 erffc——2———“* —erfc——22——-<—
4([_&J aie R, —ZOJ
v{l
(2.54)

in the macropore region and

x—a 2m,R, R, x—a 2n,R, 2R,
2nele e #20e e 52
VD, an,R, Va D, an,R, Va

C, (z,x,1)=C,| erfc XY —¢ - z
R R
H= F)
vU Va

in the matrix region.



2. Theoretical background

22

It has been verified that the expressions
given by egs. (2.50) — (2.55) are solutions of
the partial differential egs. (2.48) and (2.49)
subject to the initial and boundary
conditions given above (Rahman et al,
2002; paper submitted to Water Resources
Research).



3. Materials and methods

23

3. MATERIALS AND METHODS
3.1 Materials

Natural geologic solids of different origin were
collected from Bangladesh in order to determine
their sorption capacity and transport properties

with some selected environmental organic
chemicals.

3.1.1 Site description - geology and
hydrogeology in brief

Across the tropic of cancer, Bangladesh lies in
the northeastern part of South Asia and extends
between 20°34" and 26°38" north latitudes and
88°01" and 92°41° east longitudes. The country
is surrounded by India on the west, the north and
northwest and Myanmar on the southeast and the
Bay of Bengal on the south. Physically
Bangladesh can be divided into two broad
distinct regions namely the high land area (hilly
region and terrace area) and low land area
(deltaic and floodplain area). The elevation in
the hilly region varies from 100 - 1000 m and
the average elevation of the terrace area, which
mostly occupies higher ground than the
floodplain, is likely to be more than 15 m above
sea level (range 15 — 60 m). High land area
occupies about 25 % of Bangladesh and the rest
is covered by the deltaic and flood plain area.
Fig. 3.1 shows a sketch of the map of
Bangladesh with sampling locations.

/A Residuum soil

> Peat

Recent deltaic and alluvial sediments cover most
of low land of Bangladesh. The sedimentary
sequence varies in thickness from a few tens of
meters in the north to a few hundreds of meters
in the south (Alam et al., 1990; Khan, 1991).
The sediments are brought in by the Ganges-
Brahmaputra-Meghna river system and are
composed of sand, silt and clay sized particles
with a distinct fining upward sequence.

Recent sands are generally medium to dark grey
in colour and composed dominantly of quartz,
feldspar and mica. Unweathered black biotite
mica and amphiboles impart a characteristic
colour to the sediments. Older, Pleistocene sands
beneath the terrace areas are usually brown or
pale grey in colour and contain less mica and
amphiboles. Biotite, when present, is visibly
weathered. The brown colour is associated with
the formation of secondary clays and ferric
hydroxides. The permeability of sands beneath
the flood plains is typically double the
permeability of sands of the same medium grain
size beneath Pleistocene terraces. This difference
is attributed to the effect of weathering products
(clay and iron minerals) plugging the pores of
the sands (Ahmed et al., 1998).

With respect to geologic build-up, the overall
hydrogeological situation of Bangladesh is rather
complex. A fairly broad correlation between
lithology and depth has been established for the
sediments of  Bangladesh. @ From  the
hydrogeological point of view, sediments of

Fig. 3.1: Map of Bangladesh showing the sampling location
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Bangladesh can be divided in three units: an
upper surface layer of mainly clay and silt,
which in parts of the southern region (Khulna,
Barisal and Faridpur) contains peat layers; an
intermediate layer of mainly fine sand and clay
referred to as the composite aquifer and a deeper
layer, known as the deep aquifer, containing
mainly fine to coarse sand.

In general in the southwest and south central
area the upper clay layer (in other words the
distance to the groundwater table) is
comparatively thick and this is particularly true
in southern Barisal district where the thickness
may be up to 150 m (Halcrow, 1993).

Groundwater generally occurs within a depth of
10 m in most areas. The aquifer is unconfined to
semi-confined with locally confined conditions
in places. The recharge comes from rainfall and
annual flooding in low-lying areas. Water
quality is generally good with sporadic
occurrence of saline water (Hoque et al., 1997).
Arsenic poses a significant health hazard in
many areas of Bangladesh.

3.1.2 Sample collection and preparation
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Soils, aquifer sediments and peat samples were
collected from three typical physiographic
locations of Bangladesh (deltaic, floodplain and
terrace area) (Fig. 3.1). Soil samples were
collected on horizon basis from existing
excavated pits that were specially made for the
construction of ponds or manufacture of bricks.
The horizon was identified based on the visual
observation of colour and texture (Fig. 3.2). The
aquifer sample was either augured to the surface
from a depth range of 2 - 5 m with a 20 cm
hollow stem auger or by using the sludger
method (a cheap and simple indigenous method
of well construction in Bangladesh) from a depth
of range of about 5 - 25 m. After collection, the
samples were spread on aluminum sheets, air
dried, homogenised and stored in polyethylene
bags at room temperature until shipment to
Germany.

For batch sorption experiments, the samples
were pulverised for 30-40 minutes in a planet
ball mill (Fritsch, Laborette). All mill
components in contact with the samples (balls
and cups) were of zirconium oxide in order to
prevent contamination of samples with carbon
e.g., from steel which might affect the f,.

measurements.
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Fig. 3.2: Typical soil pedons in three-dimensional form (information in ID) from floodplain,

deltaic and terrace areas of Bangladesh
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3.1.3 Determination of grain size, particle
density and organic carbon content

The particle or grain size distribution of the
sample was determined by a combined sieving
(wet and dry) and sedimentation method. This
was done using a standard method (DIN 18123)
in the soil mechanics laboratory of the Institute
for Geology, University of Tuebingen, Germany.
Grain size distribution data were plotted on
semi-logarithmic paper in Excel to construct
cumulative  soil/sediment curves and to
determine the percentage of sand, silt and clay
fractions. Percentages of sand, silt and clay were
plotted in a triangular diagram (USDA, 1992) to
classify the soil/sediments.

The solid density was measured using capillary
pycnometry  (DIN  18124).  For this,
approximately 15 g oven dried (at 105 °C) and
pulverised samples were transferred to
pycnometer flasks (volumetric flasks with
ground glass stoppers and a capillary overflow)
and weighed. Deionised and degassed water was
added to the flasks which were then stored under
vacuum until no further degassing was observed.
This was repeated until the flasks were
completely filled with water. The solid density is
obtained from the known volume of each flask,
the sample weight and the volume of water
added as determined from the weight with a
temperature correction.

Prior to the measurement of organic carbon, the
carbonate content was determined by titration
using hydrochloric acid (IN) and back titration
of residual HCL with caustic soda (IN).
Phenolphthalein was used as the indicator. The
organic carbon (OC) content was measured
(after pre-treatment of the samples with HCl in
order to remove inorganic carbon) by dry
combustion method using a CHN analyser
(Vario EL, thermal conductivity detector,
temperature 960 °C). The OC content of some
samples was also measured using wet oxidation
method and the results are compared with the
dry combustion method (Tab. 4.1). But for better
accuracy, OC content data measured by the dry
combustion method were used for the evaluation
of sorption and column experimental results.

3.2 Selection of solutes

Fate and distribution of chemicals within the
soil-air-water 3-phase system strongly depends
on their physical and chemical properties. For
example, chemicals which are low viscous and
more dense relative to the water can move faster
than water and can easily sink down to the
groundwater table. Chemicals which have
extensive propensity to cause groundwater
contamination and are frequently used in
Bangladesh were chosen for the study. Theses
include pesticide related compounds e.g.,
carbofuran and 1,2- dichlorobenzene (1,2-DCD),
chlorinated solvents (e.g., trichloroethene, TCE)
and PAHs (e.g., phenanthrene).

Carbofuran is a Restricted Use Pesticide (RUP)
because it is highly toxic by inhalation and
ingestion and moderately toxic by dermal
adsorption to humans. It is also highly toxic to
birds and to many fishes. TCE is an extensively
used organic chemical in the industry for
degreasing purposes and it may easily reach the
groundwater table and cause extensive
groundwater contamination because of its higher
density, low viscosity and high dissolved phase
mobility. Phenanthrene is the most frequent
organic contaminant for soil and groundwater
and in many cases it is used as a representative
chemical for characterising the solute — sorbent
interaction. The physico-chemical properties
used for determining the distribution behaviour,
the sources in groundwater and potential health
effects of the selected chemicals are summerized
in Tab. 3.1. The ratio of solubility to drinking
water limit gives the hint how a minimum
quantity of such chemicals can cause an
extended groundwater contamination problem.

3.3 Laboratory experiments — conception
and objectives

To study the fate and transport of organic
chemicals two experimental techniques are
commonly applied in the laboratory: 1) batch
experiments and 2) column experiments. Batch
experiments are generally designed to study
equilibrium sorption of solids and apply to
sorbent suspensions where all the solids are
exposed to be available for the interaction with
the contaminants. On the other hand, column
tests are performed with intact solids, i.e.,
samples which have a definite matrix and
structure. The sorption characteristics obtained
from the experiments are the result of
contaminant interaction with a structured system
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Tab. 3.1 Physico-chemical properties of test chemicals (most data from Verschueren, 1996 except noted)

Chemicals MW VP Aqueous  Subcool. Log "D, Drinking Sources  of  Potential
[g mol™] [mm Hg]  Solu. Solu. Kow [em?s™] water lim. contam. in  health
[mgL"] [mgL"] [-] [mgL"] groundwater effects
Phenan- 178.2 6.8x10™ 1.29 6.2 457  6.6x10%  0.002 Gas manufac.  Cancer
threne plant risk
1,2-DCB 147.01 1 145 338  84x10" 0.6 Chem. Liver
factories problem
Carbofuran 221.25 4.8x10° 320 3100*° 232 6.8x10%  0.04 Agriculture Nervous
field system
difficul.
Trichloroe- 131.5 60 1100 242 89x10%  0.005 Petroleum Cancer
thene (TCE) refineries risk

* Estimated after Lane and Lochr, 1992, ° Estimated after Worch, 1993

where not all the particles are exposed to or
available for the interaction with the chemical,
thus often resulting in nonequilibrium
conditions. However, the main objectives of the
two aforementioned experiments are: to study
the sorption and attenuation of contaminants; to
determine (estimate) the number of pore
volumes required to achieve breakthrough of a
contaminant; to provide the information
necessary for the calculation of the retardation
parameter(s) required in the contaminant
transport equation and to determine (estimate)
the transport parameters (dispersion/diffusion
and diffusion coefficients) which control the
migration of contaminants through soils.

3.4 Batch sorption experiments

Batch experiments in an aqueous system are
performed to determine the sorption coefficients
(e.g., K;) by mass balance considerations.
Usually, water already containing a given
amount of solute (sorbate) is added to the sample
or the water is spiked with the solute. By
monitoring the decrease of the aqueous
concentration of the solute, the sorbed amount is
determined. The prerequisite is that the reduction
of the aqueous concentration is solely due to
sorption of the compound by the soil or sediment
samples. If volatilisation, degradation (biotic and
abiotic) or sorption of the solute onto glass
surfaces or liners occur, a correction term in the
mass balance equation is necessary. The
decrease of the aqueous concentration due to
sorption should be significantly higher than the
analytical errors of the measurement of the
aqueous concentration (which are typically

between 5 % and 15 %). For example, the water
to solid ratio (volume/mass) required in a batch
system to achieve a decrease of the initial
aqueous concentration of 50 % under
equilibrium conditions (50 % of the initial mass
of solute is sorbed and 50 % is in aqueous
solution) equals K:

v
K, =—"
m,

3.1)

where V,, and m, denote the volume of water [L?]
and the dry mass of the solids [M] in the batch
system, respectively. Fig. 3.3 shows a
conceptual set-up of conventional batch
experiments performed in the laboratory.

3.4.1 Preparation of test water and stock
solution

It has been observed from many studies that
there is an effect of using mineralised water
(salting out effect) on the sorption capacity.
Karickhoff (1984) found an increase of about 20
% of K, with highly mineralised water. In the
present study synthesised deionised water (Milli-
Q water) was used instead of deionised water
(EC <2 pS/cm).

At first the deionised water allows to enter the
Milli-Q system and is pumped through the Q-
guard cartridge for an initial purification step.
The water is then exposed to UV light at both
185 and 254 nm wavelength. This oxidises
organic compounds and Kkills bacteria. The
function of the quantum activated carbon
cartridge is to remove trace ions and oxidation
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by-products produced by the action of UV light.
Purified water then passes through an
ultrafiltration module that acts as a barrier to
colloids, particles and organic molecules. Finally
a manual 3-way valve directs ultrapure water
through a final filter made up of a 0.22 pum
membrane. Concentrated methanol stock
solutions were prepared for each chemical.
Methanol was used because it is completely
miscible in water. The concentration of each
chemical in methanol was determined according
to the 50 % of K,,, of the chemical concerned.

Degassed milli-pore wat er+
sorbates +C onam inants

(wn g hand or s haker)

Centrifugation

Air bubbles were removed by completely mixing
the solid-solute suspension and then allowed to
sit in the dessicator to pump out the bubbles for
phenanthrene and carbofuran experiments. Then
the caps were sealed and the vials were stored at
20 °C in the dark and shaken by hand routinely.
In order to investigate the influence of
temperature on sorption processes some
experiments were carried out at controlled 4 °C
and 40 °C. Reference vials containing no solids
were treated in the same way in order to check
and correct losses of the compound in the

Extracton with cyclchexane
or methanolor Pentane

' /7 — Filtration — —= Analysis
= Sh&k ing — i g\ (if neces sary)
i Y ~ U

Fig. 3.3: Conventional batch experiment set-up

3.4.2 Experimental set-up and procedure

All batch experiments were carried out in
triplicate in 10 ml to 100 ml crimp top reaction
glass vials (batch reactor) sealed with PTFE-
lined butyl rubber septa (Alltech). The reactors
were filled to have minimum headspace and to
have approximately constant solid/solution
ratios. Solid/solution ratios (M L) were in the
range of 1:600 to 1:2 depending on the solutes in
order to achieve 30 - 70 % reduction in the
initial solute concentration after equilibration.
The methanol stock solution containing the
contaminant was spiked into milli-Q water such
that the methanol was always less than 0.5 % in
aqueous solution, a level at which methanol has
no measurable effect on sorption (Nkedi-Kizza
et al.,, 1987). In addition to the organic solutes,
the background solution also contained 200 mg
L' sodium azide (NaN;). In the carbofuran batch
experiments the background solution was also
buffered at pH 6.0 and 7.0 in order to prevent
hydrolysis which is very rapid at high pHs
(Howard, 1991). [Initial aqueous phase
concentrations were selected to yield a set of
isotherms for each sorbent that was distributed
evenly on a log-log scale plot and spanned
approximately 2 - 4 orders of magnitude in
residual aqueous phase solute concentration.

system. The equilibration time was controlled by
doing the parallel kinetic experiments.

After equilibration (7 - 100 days: short
equilibration time for carbofuran and long
equilibration time for phenanthrene), the solids
were separated from the aqueous solution
(except TCE) through centrifugation (1800 rpm
for 30 min). For the phenanthrene, 1,2-DCB and
carbofuran, an aliquot of 0.5 ml — 10 ml of the
supernatant water was withdrawn, filtered using
a syringe filter unit with aluminumoxide filters
(Anodisk). The water samples were immediately
transferred to 2 - 4 ml amber hypo vials
containing already 1 — 2 ml cyclohexane and
internal standard. Internal standards were chosen
such that the physico-chemical properties were
comparable to (or similar to) the chemicals of
interest. In case of TCE, the headspace of the
vials was sampled and analyzed directly.
Detection and quantification of 1,2-DCB was
done by gas chromatography (GC) equipped
with MSD (mass selective detector, quadrupol),
TCE by GC-FID (flame ionization detector).
Phenanthrene and carbofuran were analyzed by
HPLC (high performance liquid
chromatography) equipped with UV (ultraviolet)
and fluorescence detectors.
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Sorption kinetics experiments were also carried
out in batch reactors with the same solids and
solutes. After distinct time intervals (1, 3, 7, 10,
30 and 100 days) the aqueous phase was
sampled by opening the vials and withdrawing a
small amount (0.25 — 2 ml) of the supernatant
water. Afterwards, the vials were recapped
immediately with new septa for subsequent
sampling.

For selected samples mass balances were
conducted by extracting phenanthrene in hot
methanol. At first, sample vials containing
phenanthrene  solution and solid were
centrifuged at 1800 rpm for about 20 min to
separate the solid and liquid phase. Supernatant
was collected with caution in order to avoid
solid particles and then weighed. 1 - 2 ml of
supernatants were transferred to amber hypovials
already containing 1 - 2 ml cyclohexane and a
known concentration of naphthalene as an
internal standard and measured aqueous phase
solute concentration in HPLC equipped with
UV/fluorescence detector. Vials containing the
rest of phenanthrene solution and solid were
reweighed to determine the amount of water and
solid. 2 - 6 ml of methanol was added in each
vial and mixed properly for about 10 minutes.
After sealing the vials with a teflon lined cap,
the vials were placed in a hot sand bath (70 °C)
for about a week to promote phenanthrene
migration towards methanol. As an extraction
material methanol was chosen over other
hydrophobic solvents because it is completely
miscible with water and therefore it can enhance
the rate of desorption for sorbed analyte (Ball et
al., 1997). Following extraction, the vials were
centrifuged again at 1800 rpm for about 30 min.
Extracted phenanthrene in the supernatant water
(supernatant methanol solution) were then
transferred to 1 — 2 ml of cyclohexane and sealed
and centrifuged once again at 1500 rpm for 10
min in order to facilitate separation of the
cyclohexane phase. Quantification was done as
described before. The recovery rate (%) was
calculated as follows:

Recovery rate (%) =

Cw+m (Vw,soil + Vmethanol ) B (Cwl/w,soil )
Cs md

*100 (3.2)

Where Cw+m 5 Vmethanol: Vw,suil: Cw: Cs and my
denote the concentration of extracted

phenanthrene from solid plus phenanthrene
solution remained in soil [M L], the volume of
methanol [L?], the volume of water retained in
soil [L?], the concentration of phenanthrene
solution separated before extraction [M L~], the
sorbed phase concentration obtained from batch
experiments [M M™'] and the mass of solid [M],
respectively.

3.4.3 Evaluation of batch data

For equilibrium conditions, the distribution
coefficient K., [L* M'l] i.e., the ratio of the
amount C of solute sorbed per unit mass of solid
[M M'] and the aqueous concentration C,, in
equilibrium with the solids [M L7], was
determined from the concentration in reference
vials G,y [M L'3], the volume of water in the
reference vials V., [L?], the volume of water V,,
[L?] in sample vials containing solids and the
mass of solid m, [M] as:

C c. v, ,-CV,
=Ky, = / (3.3)
C, C, m,

For sorption kinetics experiments, the
system loss due to partitioning of solutes to
the head space and onto the glass surface
were taken into account for calculating the
sorbed phase concentration by carefully
monitoring the reference vials (containing
solutes and water but no solids) on a routine
base:

c,v,-cV -CK_
¢ ()= Sl =5 = G4
m,
C,
N Ksys — Vre/( input ,measured _ 1] (34b)
Cref,t

where Ksys [L3]7 Cinput,measured [M L_3] and Cre_ﬁt [M
L7] denote the system loss, measured input
concentration and concentration in a reference
vial containing no solid at any time, respectively.

3.5 Modelling of
experiments

sorption kinetics

Sorption of hydrophobic organic chemicals by
natural particles can be limited by slow
diffusion. Some recent examples show that the
apparent sorption distribution coefficient (K qp)
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can increase by 30 % to as much as 10 fold
(Pignatello 1989; Rounds et al., 1993) between
short contact and long contact times and the
times required to reach true equilibrium can be
months to years (Ball and Roberts, 1991a,b;
Riigner et al., 1999). Most important limiting
processes are hypothesised to be retarded
diffusion in the intraparticle pore space (Wu and
Gschwend, 1986; Grathwohl and Reinhard,
1993) or diffusion into the soil organic matter
(Nkedi-Kizza et al., 1989; Brusseau et al., 1991).

It is quite likely that both organic matter
diffusion and retarded intraparticle diffusion
mechanisms often operate in the environment
simultaneously. Organic matter diffusion may
predominate in soils/sediments that are high in
organic matter/organic carbon and low in
aggregation while the retarded intraparticle
diffusion may predominate in the soils or
sediments when the opposite conditions exist.

Diffusion rate constants were estimated as fitting
parameters from batch experimental results using
the diffusion model which actually reflects the
processes active at the grain scale. The following
assumptions are made for the modelling of
kinetic experiments which are analogous to Wu
and Gschwend (1986, 1988) and Ball and
Roberts (1991b):

e Molecular diffusion controls the kinetics in
the intraparticle region.

e Particles are considered to be of spherical
shape with an average (effective) radius.

e The apparent diffusion coefficient is
considered to be constant, i.e., independent
of concentration.

e Physical characteristics of the spherical
particles are homogeneously distributed
throughout their volume.

e The concentration gradient exists only in the
radial direction towards or away from the
centre of the particle.

Under the above considerations sorptive uptake
in the spherical particles can be modelled based
on the analytical solution of Fick’s 2™ law in
spherical co-ordinates. For a constant D, (e.g.,
linear sorption isotherm) and a variety of initial
and boundary conditions analytical solutions of

Fick’s 2™ law in spherical co-ordinates, eq.
(2.11), are available which allow the calculation
of solute mass after a time ¢ as well as sorption
and desorption rates (bath of limited volume).

If the particles are free of solute initially, the
following initial and boundary conditions can be
applied:

(I0) c=0 t=10 0<r<a
(BO) C=0Cgy t=>0 r=a
(BO) oC/or=0 >0 r=20

The analytical solution in this case (Crank,
1975) is:

M, & 6B(B+1) {_ 2g}
M, ;9+9ﬂ+q2nﬁzexp e

eq

(3.5)

where M,/M.,, f and g, denote the ratio of mass
which has diffused into or out of the sphere
(sorbed or desorbed) after time ¢ to the mass at
equilibrium [-], the ratio of mass of solute
dissolved in the aqueous phase to the mass in the
solids [-] and the positive roots of:

3q,
3+ fq,’

respectively.

tan g, = (3.6)

In illustrating modelling fits of data from
samples having different solid/liquid ratios (and
thus different ultimate uptake) it is useful to plot
the uptake curves with K;,,,/Ks.,. In this case,
the sorptive uptake at different solid to water
ratios under nonequilibrium conditions (K gpp)
relative to equilibrium K., can be expressed as:

K
dowp _ p (3.7)
Kd,eq i —
M,/M,

In the two-site two-region model, sorption is
considered as the contribution of both rate
limited (e.g., diffusion controlled) and
instantaneous sorption. To fit the measured data,
again it is useful to include a fast sorbing
fraction X;, which is assumed to reach sorption
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equilibrium instantaneously. The analytical

solution in this case is:

M, & 6B(B+1) Dt
. =(1 X,)[J ;79+9[3+q2n62 exp|: 9" D+X,.
(3.8)

From the model, the diffusion rate constant D,a?
[T"] was estimated as a fitting parameter. The
best fit X; value was determined by trial and
error. Best fit values of D,ad’ and the
corresponding Mean Weighted Square Error
(MWSE) were determined for a range of X;
values until an X; value corresponding to the
minimum MWSE was found. The MWSE was
calculated based on a least square approximation
of model data and experimental results as:

MWSE =

2

Z Exp.data (K g 4, /K g 0q) —Mod. data (K 4, /K g o)
Experiment data (K ., /K g o)

(3.9)

3.6 Column experiments

The classical laboratory experiment for the
simulation of flow and transport of a
contaminant in the subsurface environment is the
column experiment. Generally a column is filled
with soil/sediments and water is allowed to flow
through the column from a water reservoir which
is connected by a pump. The packed columns are
equilibrated with unspiked deionised water /
electrolyte solution prior to experiment passing
some pore volumes slowly through the column.
The concentration, C, of a chemical species
appearing in the effluent reservoir is measured
over time and the results are plotted in the form
of solute breakthrough curves, or relative
concentration, C/C), versus time or pore volumes
of flow (Fig. 3.4). One pore volume is the cross-
sectional area of the column times the length
times the porosity.

C/Col-]

—@—retarded tracer

—o— Conservative tracer

0 1 2 3 4
PV (dimensionless time)

Fig. 3.4: Scheme of typical breakthrough curves
for a conservative (Ry= 1) and retarded tracer (R,
= 2.2) which can be obtained from laboratory
column experiments

3.6.1 Column apparatus,
experimental set-up

packing and

One dimensional column experiments under
water saturated conditions were performed using
a stainless steel column having an internal
diameter of 0.5 cm and a length of 9 cm.
Stainless steel capillaries were used with an
inner diameter of 0.5 mm (Alltech). Stainless
steel frits of 2-um pore size were used to prevent
migration of fine particles of the aquifer
materials and soils. The system was designed so
that the solute contacted only stainless steel or
glass. This was done to eliminate problems
associated with the use of Teflon® and other
such materials which have been shown to
interact with some organic chemicals (Lion et
al., 1990; Reynolds, 1990).

Deltaic aquifer sediments with a grain size
fraction of 0.01 - 0.3 mm and deltaic soils were
used for the column experiments. The solutes
used for the column experiments were the same
as used in the batch experiments. Additionally
fluorescein was used as a conservative tracer.
Each column was packed as uniformly as
possible by flooding from below and filling in
the solids from above at the same time. During
the procedure the column was slightly shaken. In
that way the column could be homogeneously
packed which minimised entrapped air bubbles
and grain size separation due to gravity in the
supernatant aqueous phase. The breakthrough of
the conservative tracer (fluorescein) and retarded
compounds (phenanthrene and carbofuran) were
measured using an on-line fluorescence
detection set-up (Fig. 3.5A) which consists of
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the inlet solution reservoir, the stainless steel
column containing the aquifer solids or soils, a
fluorescence detector (Merck-Hitachi, F-1080), the
peristaltic pump and the effluent reservoir in that
order. The fluorescence detector was coupled to a
personal computer through the system interface
module (SIM). Optimised excitation and emission
wavelengths were obtained by means of scanning the
reference solution. The maximum signal was
obtained at excitation/emission wavelengths (nm) of
487/512, 280/312 and 249/345 for fluorescein,
carbofuran and phenanthrene, respectively. The
chromatographic software Waters Maxima 820 was
used to record breakthrough curves in real time. The
system dead volume of the connecting tubing, fittings
etc. between the influent solution bottle and the
detector which was not filled by the porous medium
was kept minimum. The column experimental set-up
for 1,2-DCB and TCE is also shown in Fig. 3.7B-C.

3.6.2 Experimental procedure

After completing the packing, deionised water
containing 0.02 % NaN; used to prevent a
biotransformation was pumped through the
column. The columns were operated at room
temperature of about 22 °C corresponding
approximately to the Bangladesh groundwater
temperature.

During the on-line experiments, deionised water
was pumped until a stable baseline signal was
observed in the fluorescence detector. For TCE
and 1,2-DCB experiments deionised water was
pumped until steady-state water saturation
conditions were established, which required
about 1 day and confirmed by weighting the
column. The constancy of column weights was
monitored periodically throughout the miscible

A)

HP LC with Fluore scence/ UV de tector

High pecision stainles

steel cdumn ¢ onfaining
soils/aquifer sedimernt

Cdumn effluent

Sample collection

HP pump
Tdune
Column effluent

Inflows olution Measured inGC

(Waste) z;:fxﬁtg (TCH equipped wih ECD/FID
— Samplecollection
HPpump

Cyclohexane +
1,4DCB asint. Std.
Column effleent

Inflowsolution ng;zd‘;zg ]S[S

(12-DCB) detector

Fig. 3.5: Experimental set-up for the determination of breakthrough curves (BTCs) of A) fluorescein,
phenanthrene and carbofuran, B) TCE and C) 1,2-DCB
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displace studies. Solutions for each solute were
prepared in the concentration range of generally
10 - 25 % water solubility.

Deionised water spiked with specific organic
compounds was fed to the column inlets from
the reservoir either at flow rates of about 0.1
ml/min that mimic the recharge rate of seepage
water in the subsurface or at a flow rate of 0.5
ml/min. Constancy of flow was periodically
checked by collecting fractions. These measured
flow rates were occasionally checked against the
average flow rate determined by collecting and
measuring all effluent over the injection period
and they compared well in all cases. On-line
fluorescein, phenanthrene and carbofuran
experiments involved continuous injection of the
solution until C/Cy = 1 was reached or the
effluent concentration reached a constant signal
(C and C are the concentrations of solute in the
effluent and influent solutions, respectively).
Column effluents of TCE were collected in vials
containing toluene as extracting solvent, capped
immediately and removed for storage at 4 °C.
The samples were analyzed next day and
quantification was made by injecting a toluene
aliquot into a GC equipped with ECD/FID which
was calibrated by a known TCE standard
solution. Effluents of 1,2-DCB were trapped in
vials containing cyclohexane as extracting
solvent and 1,4-DCB as internal standard and
detection and quantification was done as
described before.

In each experiment at first fluorescein tracer
experiments were conducted in all columns to
control the packing of the sediments and to
determine the hydrodynamic parameters.
Following the tracer experiments, a solution of
specific chemicals was displaced through the
column at each of the aforementioned two
velocities. Columns were cleaned, repacked with
fresh materials, conditioned and investigated
following the same procedure for each
experiment. Some details of the experimental
conditions for the breakthrough curves of
phenanthrene, as an example, are given in Tab.
3.2.

Tab. 3.2: Experimental conditions during the
column studies of tracer and sorbed solutes

Column Length [cm] 9

Radius [cm] 0.495
Pore volume [ml] 2.5
Porosity [-] 0.30 - 0.40
Flow rate [ml min™] 0.1-0.5
Pore water velocity [cm min™'] 04-1.5

3.6.3 Evaluation of experimental data

The column experimental data were
evaluated for determining the hydrodynamic
properties such as porosity, average linear
velocity and dispersivity from tracer
experiments. By using the available
information it is possible to determine the
distribution coefficient and retardation factor
from the breakthrough curve of a sorbing
solute which are important parameters in
solute transport models.

3.6.3.1 Conservative tracer

To compute the shape of tracer breakthrough
curves and concentration profiles, an
analytical solution of the differential
equation for advective and dispersive
transport with the respective initial and
boundary conditions can be used (Chapter 2,
Section 2.4.1, eq. (2.26)). For the sake of
explanation the analytical solution is again
mentioned here:

<. 0.5| erfc XVl + exp Yo erfe XV
c, 2Dt D, 2/D,t

(3.10)

The terms in the above equation are described
before.

C/Cy was calculated from fluorescence signals,
which represent the effluent concentration
normalised to influent concentration according
to:

L P T Pimin (3.11)
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where S;,, Si i, and S; .. denote the fluorescence
signal at any time ¢, background or minimum
fluorescence signal and maximum fluorescence
signal, respectively.

The average linear velocity of the water in the
column was determined from the quantity of
water discharging per unit time, O [L® T],
divided by the cross-sectional area, A [L?] and
the flow effective porosity, n, [-] as:

Q

v, =—
a
n,A

(3.12)

For the determination of porosity it is assumed
that a pore volume is exchanged, if the effluent
concentration achieves 50 % of the input
/influent concentration. On this assumption
applies:

Qtos
n,=————— 3.13
e Ir ( )

where V [L?] is the volume of the column, 7, is
the time required for the effluent concentration
to reach C/Cy = 0.5. The time ¢, 5 was determined
according to the following linear assumption:

fo= (0-5_(C/Co)n—1 )(tn _tn—l)
(e, -(CIC,)

+1,.,(3.14)

n-1

where ¢, is the corresponding time to the first
measured data point of C/Cy > 0.5.

The longitudinal dispersion coefficient (Dy in
eq. 2.26) can be calculated either from the
temporal delay, in that the relative effluent
concentration rises from 0.159 to 0.841
(assuming an integrated Gauss or normal
distribution with in each case considering a
standard deviation from the average value):

D, = Va(to.sm _t0.159)

3.15
8t0.5 ( )

where #y541, to5s and ty ;50 are the actual time at
effluent relative concentration of 84.1 %, 50 %
and 15.9 %, respectively. Alternatively, Dy can
be obtained as a fitting parameter from the
comparison of model results with measured data.

3.6.3.2 Reactive solutes

With the help of a tracer breakthrough curve, it
is also possible to assess the breakthrough curve
of a reactive/sorbing compound. The two most
important parameters which can be determined
from a breakthrough curve of a reactive solute
are the retardation factor (Ry) and the
distribution/partition coefficient (K;). Two
methods were used to quantify the retardation
factor of a reactive solute (Nkedi-Kizza et al.,
1987). In method 1, R, was obtained from
moment analysis according to:

= Hn (3.16)

He

R,

where g, and ., denote the first moment of
reactive solute [T] and conservative tracer [T],
respectively.

The first moment of a breakthrough curve can be
calculated as (conservative tracer, for example):

0

Hey = J.(I_C/Coyt

0

(3.17)

By numerical integration, the above equation
yields

S [ )

2
(3.18)

Based on the principle of mass conservation the
retardation factor can be visualised as the total
mass of reactive solute in the system compared
to the mass in the mobile phase. For
conservative tracers these masses are equal
resulting in R,= 1.

According to method 2, the retardation
factor is given by a ratio of arrival times,
i.e.,

(3.19)

The indices rs and ct correspond to reactive
solute and conservative tracer, respectively.
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For practical purposes, the arrival of a
contaminant, e.g., given by R, may be more
important. For theoretical considerations, R
derived from the mass balance is more important
for the comparison of nonequilibrium column
results to equilibrium batch systems. Both
retardation factors are afflicted with an
uncertainty due to the experimental and
parameter identification methods. Ry is very
sensitive to uncertainties in the influent
concentration and may  generally be
overestimated by numerical integration of the
area left of the breakthrough curve since it is
difficult to distinguish between 99 % and 100 %
breakthrough. R, is more reliable to determine
but it is more sensitive to the flow velocity and
generally underestimates the mass of solute
absorbed in the column. Due to this fact, it is
recommended to determine the retardation factor
by both ways. The equilibrium transport of a
sorbing compound through a column yields a
fairly symmetrical breakthrough curve. A high
degree of asymmetry or skewness of the
breakthrough curve may indicate sorption
nonequilibrium (Nkedi-Kizza et al., 1987). A
measure for the skewness can be obtained by the
ratio R,s/R; which compares the retardation
factor on the first moment analysis (Ry) and the
retardation factor at 50 % breakthrough (Ry5).
For ideal equilibrium breakthrough curves this
becomes 1 indicating sorption equilibrium
within the column transport experiment.

The apparent (non-equilibrium) distribution
coefficients K,(¢)* and Kys (#)* in the column
systems can be calculated from the retardation
factors according to:

and

(3.20)

3.7 Macropore column experiments

Soluble contaminants are often transported from
the soil surface to the groundwater much faster
than predicted by the advection-dispersion
equation and the mean annual recharge rate (Rao
et al., 1974; Jury et al., 1986; Roth et al., 1991).
There are several reasons for this. One
explanation is that only a “preferred” fraction of

the water filled pore space contributes to the
advective transport volume.

Soil as well as unweathered subsoil is structured
to various degrees and exhibits an uneven or
multimodal pore size distribution. Aggregation
and continuous macropores are limiting cases of
such structures with a distinct bimodal pore size
distribution. Only the water filled macropores
are considered to contribute to the advective
transport, whereas in most cases transport into
and out of the micropores is assumed to occur by
diffusion only. Solute transport in aggregated
porous media is therefore characterised by an
early arrival of solutes displaced through the
macropores and a slow approach to the final
concentration caused by the slow diffusion
within aggregates.

In this section a column experiment is presented
which has been performed to estimate the
diffusion coefficient in an aquitard material by
conducting miscible solute transport experiments
through a specially constructed column having
both the macropore and micropore region. Initial
and boundary conditions were set in such a way
that analytical solutions of the corresponding
model equations are available.

3.71 Column construction and
determination of parameter values

The packing and construction procedure of the
column followed the scheme of Young and Ball
(1998). A stainless steel HPLC column with a
length of 12.1 cm and an internal diameter of
2.94 cm (Alltech) with mirror finished walls and
very minimal dead volume in the end fittings
was used (Fig. 3.6). Prior to the column packing,
the dry aquitard material (silty loam soil) was
moistened with about 20 % (by weight) of
solution (0.005 M CaCl,) and 0.02 % NaNj in
Milli-Q water. The moistened material was
divided into 5 g units of moist material.

The column was then packed in lofts. Each loft
was pressed into place using a flat-tipped rod,
which was of nearly the same diameter as the
interior of the column. Following complete
packing of the column in this manner, a
cylindrical section was removed by slowly
pushing a brass tube (0.422 cm outer diameter)
entirely through the centre of the column.
Another previously prepared solid rod was
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pressed through the brass tube to remove the
aquitard material from the brass tube.

and after packing the column. Since the aquitard
material was packed wet, the total mass of solids

F% End cap

 E——
I m—

2um frit
Aluminium foil with hole

Cross-sectional view

a = radius of the central macropore region
b = thickness of the matrix region

Quartz sand core

Deltaic soil
L— (aquitard material)
Annulas

[t ]

Fig. 3.6: Macropore column construction (following Young and Ball, 1998)

After being thoroughly cleaned, the brass tube
was slowly withdrawn by about 1 ¢cm and quartz
sand (grain size 0.1 — 0.4 mm, heated at 550 °C
for 24 h to remove organic carbon residues and
thus to minimize the sorption of organic
chemicals) was poured down the tube so that the
1 cm evacuated space was filled. The quartz
sand was lightly tamped by inserting a glass rod
through the brass tube. The tube was then
withdrawn another 1 cm and the procedure was
repeated until the brass tube was completely
removed and the inner core completely filled
with quartz sand. A piece of aluminum foil (cut
to match the shape of the annulus) was placed at
each end of the column. This piece of foil was
intended to direct flow into the quartz sand
filling the core of the column. A 2-pm frit was
placed over the foil on each end and the column
was capped. The resulting column thus
contained the central macropore region
consisting of quartz sand, surrounded by the soil
material forming the matrix region (Fig. 3.6).
The column was then saturated by flowing a
degassed electrolyte solution (0.005 M CacCl,)
until a constant weight of the column was
achieved that needed about 5 days. Some
important properties of the column are given in
Tab. 3.3.

The mass of quartz sand put into the column was
determined by the difference in weight before

Tab. 3.3: Experimental conditions of the
macropore column studies

Length of column [cm] 12.1
Inner radius [cm] 0.422
Outer radius [cm] 1.05
Mobile (macropore) solid mass [g] 11.4
Immobile (matrix) solid mass [g] 62.0
Mobile region porosity [-] 0.37
Immobile region porosity [-] 0.45

Mobile region solid density [g cm™] 2.65
Immobile region solid density [g cm™]  2.69
Immobile region bulk density [g cm™]  1.47

Total pore volume [cm?] 21.65

was determined after completion of the
experiments by removing the solids from the
column, drying the solids over night at 105 °C,
and then weighing the solids. The total water
content of the packed column (V) was found by
the difference between saturated column weights
and the weight of dried materials. Dimension “b”
was taken from a vernier-caliper measurement of
the inside diameter of the column and “a” was
measured for the outside diameter of the coring

tube (Fig. 3.6).
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All other column properties were either easily
measured or easily calculated given the above
measurements and a solid density of 2.69 g cm™
for the aquitard material and 2.65 g cm™ for the
quartz sand. The hydrodynamic dispersion
coefficient (Dy) for the macropore region was
estimated from packing a column with just the
quartz sand and fitting the advection-dispersion
model of Ogata and Banks (1961). The Peclet
number was found to be sufficiently high (>
400) for the macropore region such that
dispersion was relatively small.

3.7.2 Experimental design, procedure and
analysis

After packing, deionised water containing 0.02
% NaN; was pumped through the column to
minimize biotransformation of the organic
compounds. The column was operated at room
temperature of about 22 °C. The mean water
velocities in the central quartz sand core ranged
from 0.2 - 0.3 cm min"' and were checked
continuously in the effluent gravimetrically. The
pumps were connected to the column with a 3-
port control valve (Valco, Switzerland) in order
to switch between solute solution and degassed
water without flow interruption. An HPLC pump
was used to control the finite pulse injection of
solute solution and a peristaltic pump was used
to feed the column continuously with degassed
and deionised water until the end of the
experiment. Before the finite pulse injection was
made, the corresponding valve and tubings were
purged in order to equilibrate it with the
solution. The breakthrough of fluorescein,
phenanthrene and carbofuran, was measured
using the on-line fluorescence detection set-up
shown in Fig. 3.7.

In the case of TCE and 1,2-DCB, the size of the
collected effluent samples was varied over the
course of the experiment so that maximum
information could be achieved. During
breakthrough ~ when  concentrations  were
changing rapidly, samples as small as 60 pl were
taken. For the very low concentrations in the
tailing, samples as large as 600 pl were taken.
Detection and quantification of fluorescence,
phenanthrene, carbofuran, TCE and 1,2-DCB
was done in the same way mentioned previously.

3.7.3 Mass balance

In the pulse experiment, the solute recovery rates
determine whether the breakthrough curves were
measured for a period long enough to allow for
the application of the methods of temporal
moments which is sensitive to incomplete
breakthrough curves. Mass balance is carried out
by evaluating the ratio of eluted mass at time ¢
and total mass injected. The ratio is computed
via the trapezoidal rule yielding:

M 1
W _1[cw,
Mtotal tO 0 CO
C C
ek n + n+l
i CO CO (tn+l - tn) (321)
t, S 2

where the first term of eq. (3.21) refers to the
ratio of mass at time ¢ to the total mass [-]. &,
C,/Cy, t and t, denote the number of observed
data points, the effluent concentration
normalized to the influent concentration [-], the
time [T] and the pulse duration [T].
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Fig. 3.7: On-line experimental set-up for the detection of breakthrough curves of fluorescein,

carbofuran and phenanthrene.
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4. RESULTS AND DISCUSSIONS
4.1 Sample Characterization

In order to evaluate the batch sorption and
column experimental data and finally draw
conclusions for groundwater risk assessment
soil/sediments samples were characterized in
terms of grain size distribution, particle density
and organic carbon content. The effect of
particle size on non-ionic organic solutes
(NOS) sorption has been reported by
Karickhoff et al. (1979) and Schwarzenbach
and Westall (1981), who observed that
soil/sediment organic carbon (SOC) and
sorption increased with decreasing particle
size. In contrast, Ball and Roberts (1991),
observed that sorption, SOC and surface area
increased with increasing particle size. Studies
of sorption of non-ionic organic solutes from
water to natural soil/sediments have proved
that organic carbon is the major
soil/sedimentary property controlling sorption.
The value of particle density, which can be
assumed to be almost constant in space is
required when calculating the retardation factor
of a sorbate-sorbent system.

4.1.1 Grain size distribution, particle
density and organic carbon content

The grain size distribution of studied
soil/sediments is shown in Fig. 4.1a-c. Tab. 4.1
summarizes the characterization results for
sediment and soil materials collected from
different horizons. The aquifer sediments
consist of well sorted (uniformity coefficient <
4) 40 — 56 % sand (70 - 250 pm) to 40 — 60
% silt (2 - 70 pm) whereas soils consist of
poorly sorted (uniformity coefficient > 4) 0.35
-12.5 % sand (70 — 150 um), 45 - 76 % silt (2
—70 um) and 2.7 — 49 % clay (<2 pm). Grain
size distribution does not show significant
variation over depth from the A-horizon to the
C-horizon.

Particle densities measured for soils and
aquifer sediments were in the range of 2.66 to
2.69 g cm?3. Soil/sediment organic carbon
(SOC) decreases with increasing depth (A - C
horizon). The organic carbon (OC) content
within the soil horizons in the deltaic area
(SatDs A-C horizons) varied from 0.46 to 1.58

% while the OC content of the floodplain soil
horizons varied from 0.15 - 0.61 % and that of
the residuum soil horizons varied from 0.12 -
0.67 % (Tab. 4.1). OC content of the deltaic
soils (KhDs A-C horizons) does not show
variation with depth. The deltaic aquifer
sediment (Kh Aqfr) contains a higher
percentage of OC (0.18 %) than that of the
floodplain aquifer sediment (Raj Aqfr) (0.09
%). The deltaic soil has higher percentage of
organic carbon than that of the residuum and
floodplain soils both spatially and with depth
(Fig. 4.1d). Peat (collected from the Bildakatia
regio, Khulna district, from a depth range of
0.5 - 1.1 m) seems to have formed from reeds
growing in fresh water swamps and shows the
highest percentage of OC content (31.66 %)
within the samples studied. Fig. 4.1e shows the
plot of OC content measured using dry
combustion and wet oxidation methods. OC
content measured using the dry combustion
method is ca. 50 % higher than measured using
wet oxidation method.

4.1.2 Summary and discussion

From field observations it is concluded that the
depth from the ground surface to the soil C-
horizon varies from 1.2 m to 1.5 m, then
followed by the substratum of very fine sandy
and clayey loam and the aquitard material (Fig.
3.2). Grain size distribution data of soil and
sediments reflect that soils/sediments are
composed of fine grained sand, silt and clay
sized particles. Soils are poorly sorted and are
mainly composed of silty loam to silty clay in
texture. Aquifer sediments are well sorted and
mainly composed of fine grained sand and silty
materials. Soil horizons do not show significant
variation in particle size over depth but upon
comparison to aquifer sediments a fining
upward sequence is observed. The results of
organic carbon analysis show that the soil
horizons are lower in OC content with depth.
The deltaic soils contain a higher percentage of
organic carbon compared to floodplain and
terrace soils both spatially and with depth.
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Fig. 4.1: Physico-chemical properties of soil/sediments. a) grain size distribution of deltaic soil (KhDs
A, KhDs B and KhDs C-horizon), aquifer sediment (Kh Aqfr) and peat, b) floodplain soil and (RajFs
A, RajFs B and RajFs C-horizon) and aquifer sediment (Raj Aqfr); ¢) residuum soil (DhaRs A, Dha Rs
B and DhaRs C-horizon); d) soil/ sediment organic carbon as a function of soil/sediment type; e)
difference of OC content measured using dry combustion and wet oxidation method. For sample
notations also see Tab. 4.1.
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Tab. 4.1: Summary of data of sample characterization: soils and sediments

Sample Depth % of Soil Uniform. % OC % Par.
idegtiﬁ- (m) Sand Silt Clay teylgture Coifﬁ. Dry Wet CaCO;, den.»3
cation class (DsoD10)  comb.  oxidati. [g cm®]
KhDs A 0.00-.20 5.00 740 21.0 SiL 30 0.71 0.56 4.30 2.69
KhDsB  0.20-.65 730  67.7 25.1 SiL 26 0.67 0.32 2.92 2.67
KhDsC  0.65-1.5 330 760 20.6 SiL 28 0.71 0.44 1.95 2.69
Kh Aqfr  2.90-20 40.0 59.6 0.32 SaSi 2.5 0.18 0.10 2.82 2.68
Peat 0.50-1.1 330 650 2.0 Peat 4 31.66 10.38 0.77 ND
SatDs A 0.00-.30 094 495 495 CISi >100 1.58 0.57 2.30 ND
SatDsB  0.30-.75 0.78  52.1 47.0 CISi >100 0.62 0.34 5.00 ND
SatDs C 0.75-1.2 0.35 609 38.7 CISi >100 0.46 0.23 8.13 ND
DhaRs A 0.00-.15 8.00 520 40.0 CISi >100 0.72 ND 0.67 2.68
DhaRs B 0.15-.80 11.5 527 359 CISi >100 0.38 ND 0.32 ND
DhaRs C  0.80-1.5 128 451 420 CISi >100 0.29 ND 0.12 ND
RajFs A 0.00-.18 125 682 193 SiCL 46 0.61 ND 2.35 ND
RajFs B 0.18-.70 114 69.6 19 SiCL 38 0.36 ND 9.33 ND
RajFs C 0.70-1.2 27.1 70.2  2.70 SiCL 3.40 0.15 ND 11.16 ND
Raj Aqfr 1.2-2.0 56.7 41.5 1.8 SalL 1.8 0.09 ND 6.30 2.66

Notes: In the sample identification prefix stands for location, middle unit for physiographic location and the suffix for soil
horizon/aquifer sediments, if applicable. SiL: silt loam , SaSi: sandy silt, CISi: clayey silt, SiCL: silt clay loam, SaL: sandy
loam, ND: not determined. Kh: Khulna, Ds: Deltaic soil, Sat: Satkhira, Dha: Dhaka, Rs: Residuum soil, Raj: Rajshahi, Fs:
Floodplain soil, Aqfr: Aquifer sediment. A, B and C represent the A, B and C horizon, respectively.

4.2 Equilibrum sorption isotherms

Equilibrium sorption isotherm experiments
were carried out with all the collected
soils/sediments using phenanthrene as a
chemical probe for an initial screening
assessment. Following the result with
phenanthrene only deltaic soil (KhDsABC;
mixture of KhDa A, KhDs B and KhDs C-
horizon samples), aquifer sediment (KhAqfr)
and peat samples were selected for further
sorption experiments with 1,2-DCB, TCE and
carbofuran in order to cover a wide variety of
organic compounds with different water
solubility.

4.2.1 Sorption of phenanthrene with all
the collected samples

Sorption isotherm results of phenanthrene with
pulverized deltaic, floodplain and residuum
soils and aquifer sediments are shown in Fig.
4.2 a - d. Sorption experimental conditions are
summarized in Tab. 4.2. Fitted Freundlich
parameters, distribution coefficients (K))
obtained through linear regression and average
K, (obtained by arithmatic average of each data
point)by are given in Tab. 4.3. Isotherm data

cover almost three to four order of magnitude
range in solute concentration with equilibrium
aqueous concentration to aqueous solubility
ratios ranging from 0.001 to 0.28. Solid:water
ratios were in the range of 1:2 — 1:5000.

The isotherms of phenanthrene with all the
solids are approximately linear (I/n = 0.7 - 1).
A Freundlich exponent (//n) as low as 0.82
was obtained for the peat sample. The increase
in sorption is consistent with the increase in
organic carbon content. The sorption
distribution coefficient (K, or K;) is found to
decrease roughly 2 fold for the deltaic soils
(SatDs A, SatDs B and SatDs C), 2 - 9 fold for
the residuum soils (DhaRs A, DhaRs B and
DhaRs C) and 2 - 3 fold for floodplain soils
(RajFs A, RajFs B and Raj Fs C) down the soil
profile. Hydrophobic partitioning is believed to
be the dominant sorption mechanism as almost
linear isotherms were observed over a wide
range of solute concentration. The non-
linearity of the deltaic soil (SatDy A-C
horizons), although slight (I/n = 0.72 - 0.86),
may be related to the heterogeneity of NOM
and the presence of HSACM (e.g., charcoal).
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Fig. 4.2: Experimental equilibrium sorption isotherm data (symbols) and Freundlich isotherms models
(solid lines) for phenanthrene with a) deltaic soils (SatDs A, SatDs B and SatDs C), b) deltaic soil
(KhDs ABC), aquifer sediment (Kh Aqfr) and peat), ¢) residuum soils (DhaRs A, DhaRs B and DhaRs
C) and d) floodplain soils (RajFs A, RajFs B and Raj Fs C). Parameters for model fits are given in Tab.
4.3. For the notation of samples name see Tab. 4.1. The notation KhDsABC corresponds to the name of
the sample collected from three soil horizons A, B and C and mixed together subsequently for sorption
experiments as the individual samples donot show variation in OC content with depth.

Tab. 4.2: Summary of sorption experimental condition (chemical: phenanthrene)

Sorbent name Sorbent Equili. Time Solid: (OWA Comments
descrip. [day] Water [-]

SatDs A 30 1:2-500 0.001-0.16 3 ref. conc.

Deltaic soil SatDs B 30 1:5-500 0.001-0.20  Single conc.
SatDs C 30 1:5-500 0.001-0.20 do

Deltaic soil KhDs ABC 30 1:20-1000 0.02-0.20 2 ref. conc.
Aquifer sedi. Kh Aqfr 30 1:2-150 0.007-0.20 do
Peat Peat 30 1:100-5000  0.001-0.18 do
DhaRs A 30 1:5-500 0.003-0.18 do

Residuum soil DhaRs B 30 1:5-500 0.009-0.14 3 ref. conc.

DhaRs C 30 1:2-160 0.07-0.28 4 ref. conc.

RajFs A 25 1:2-500 0.002-0.20 3 ref. conc.
Floodplain soil RajFs B 25 1:2-500 0.005-0.20 do
RajFs C 25 1:17-50 0.01-0.18 4
Aquifer. sedi. Raj Agfr 25 1:2-8 0.009-0.18 4
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Tab. 4.3: Summary of sorption isotherm analysis of phenanthrene with deltaic, floodplain and

residuum soils, aquifer sediments and peat

Sorbent name Sorbent Joc Freundlich fit Linear regression  Aver. K,
description (%) K;[Lkg'l Im R>  Ky[Lkg'] R? [L kg']
SatDs A 1.581 582 086 099 298 0.97 387
Deltaic soil SatDs B 0.622 380 072 0.99 95 0.97 151
SatDs C 0.463 273 0.74 097 78 091 107
Deltaic soil KhDsABC  0.698 232 092 098 161 0.97 163
Aquifer sedi. Kh Aqfr 0.182 67 083  0.99 26 0.99 50
Peat Peat 31.66 33136 082 097 19696 0.96 24411
Residuum soil DhaRs A 0.727 166 092 099 125 0.97 127
DhaRs B 0.385 43.6 1.04  0.99 54 0.99 53
DhaRs C 0.290 11.3 1.05 098 49 0.96 39
Floodplain soil RajFs A 0.613 155 087 099 86 0.95 96
RajFs B 0.362 70 097 098 69 0.95 65
Aquifer sedi. RajFs C 0.156 19.2 096 098 15.2 0.90 16.7
Raj Aqfr 0.090 16.7 0.89  0.99 10.1 0.99 11.3

4.2.2 Sorption of 1,2-DCB with deltaic
soil, aquifer sediment and peat

Sorption isotherm results of 1,2-DCB with
deltaic soil, aquifer sediment and peat are
shown in Fig. 4.3 and sorption experimental
conditions are summarized in Tab. 4.4.
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Fig. 4.3: Experimental equilibrium sorption
isotherm data and Freundlich and linear
isotherm model fit for 1,2-DCB with deltaic
soil, aquifer sediment and peat. Circles: deltaic
soil; squares: aquifer sediment; diamonds: peat;
solid lines: Freundlich model; dotted lines:
linear model. Parameters for model fits are
given in Tab. 4.5.

Isotherm data with the solids cover three orders
of magnitude in solute concentration with
equilibrium aqueous concentrations between
0.2 mg L' to 48 mg L. A Freundlich model
fits these sorption data better than the linear

model over the concentration range.
Furthermore, the higher correlation coefficients
(R?) for the Freundlich fit (Tab. 4.5, for
example) confirms that the Freundlich type
model provides a better fit to the data than the
linear model. The fitted Freundlich exponents
(1/n) for deltaic soil, aquifer sediment and peat
are roughly the same that is 0.8 - 0.9.
Freundlich and linear model fit parameters are
summarized in Tab. 4.5. Again the solids with
the lowest organic carbon (aquifer sediment)
exhibit the lowest sorption capacities while
peat (highest organic carbon content) has the
highest capacity.

Tab. 4.4: Summary of experimental conditions
for sorption of 1,2-DCB on deltaic soil, aquifer
sediment and peat

Sorbent Deltaic soil Aqui. Sedi. Peat
name
Sorbent KhDs Kh Aqfr Peat
description ABC
Equili. time 15 15 15
[days]
Solid: 1:4-17 1:2-3 1:9-750
Water
C,/S 0.003-0.26  0.003-0.21  0.001-
[-] 0.34
Comments Mul. ref. do do

conc.
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Tab. 4.5: Summary of sorption isotherm analysis of 1,2-DCB with deltaic soil, aquifer sediment and

peat
Sorbent Sorbent Joc Freundlich fit Linear regression 'Aver. K,
name descrip. (%) K;[Lkg R*>  K,;[Lkg'l! R? [Lkg']
0
]
Deltaic soil KhDs ABC  0.698 8.23 0.76 099 3.80 090 572+25
Aqui. Sedi. Kh Aqfr 0.182 2.38 081 098 1.35 097 1.89+0.6
Peat Peat 31.66 364 089 098 328 097 333+101

'K, = C,/C,, for each data point

4.2.3 Sorption of TCE with deltaic soil,
aquifer sediment and peat

Sorption isotherm results of TCE with deltaic
soil, aquifer sediment and peat are shown in
Fig. 4.4 and experimental conditions are
summarized in Tab. 4.6.
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Fig. 4.4: Experimental equilibrium sorption
isotherm data and Freundlich and linear
isotherm model for TCE with deltaic soil,
aquifer sediment and peat. Circles: deltaic soil;
squares: aquifer sediment; diamonds: peat;
solid lines: Freundlich model; dotted lines:
linear model. Parameters for model fits are
given in Tab. 4.7.

Isotherm data with the solids covered almost
three orders of magnitude in solute
concentration  with  equilibrium aqueous
concentrations between 3 mg L™ to 300 mgL ™.

Over this full range of equilibrium aqueous
concentrations, both the Freundlich and the
linear model show the same quality of fit with
the data points. Solid to water ratios ranged
from 1:2 - 5 for deltaic soil, 1:2 for aquifer
sediment and 1:10 - 50 for peat. Because of the
comparatively low K,, and the low organic
carbon content, a solid water ratio as low as 1:2
was used for the aquifer sediment. Sorption
isotherms are almost linear (I/n = 0.96 - 0.99)
with all the solids. The fitted Freundlich
isotherm parameters together with the fraction
of organic carbon (f,.) are summarized in Tab.
4.7. The increase in sorption is consistent with
the increase in organic carbon content.

Tab. 4.6: Summary of sorption experimental
conditions of TCE with deltaic soil, aquifer
sediment and peat

Sorbent Deltaic soil ~ Aqui.Sedi. Peat
name
Sorbent KhDs Kh Aqfr Peat
description ABC
Equili. time 20 20 20
[days]
Solid: 1:2-5 1:2 1:10-50
Water
C./S 0.003-0.22  0.003-0.26  0.007-
[-] 0.26
Comments Mul. ref. do do

conc.

Tab. 4.7: Summary of sorption isotherm analysis of TCE with deltaic soil, aquifer sediment and peat

N . . 1
Sorbent Sorbent L — LFreundhch fit Linear regression Aver. K,
name descrip. (%) kfé _[1] 1/n R*>  K,;[Lkg'l R? [L kg]
Deltaic soil 1;1]131? 0.698 246 098  0.96 2.67 089 235406
Aqui. Sedi. Kh Aqfr 0.182 0.37 0.93 0.99 0.28 099 0.29+0.05
Peat Peat 31.66 56.4 0.96 0.99 49.3 0.98 49+ 6

'K, = C,/C,, for each data point
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4.2.4 Sorption of carbofuran with deltaic
soil, aquifer sediment and peat

Sorption isotherm results of carbofuran with
deltaic soil, aquifer sediment and peat are
shown in Fig. 4.5 and experimental conditions
are summarized in Tab. 4.8.
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Fig. 4.5: Experimental equilibrium sorption
isotherm data and Freundlich and linear
isotherm model fit for carbofuran with deltaic
soil, aquifer sediment and peat. Circles: deltaic
soil; squares: aquifer sediment; diamonds: peat;
solid line: Freundlich model; dotted line: linear
model. Parameters for model fits are given in
Tab. 4.9.

Isotherm data with the solids cover almost four
orders of magnitude in solute concentration

1000

with equilibrium aqueous concentrations
between 0.3 mg L' to 136 mg L. Soil and
aquifer sediments exhibit linear sorption

isotherms while peat has a Freundlich exponent
of 0.8. Solid to water ratios used for this
system ranged roughly from 1:2 for soil and
aquifer sediment and 1:10 — 1:20 for peat.
Freundlich and linear model fit parameters as
well as average K, values are shown in Tab.
4.9.

Tab. 4.8: Summary of experimental conditions
for sorption of carbofuran on deltaic soil,
aquifer sediment and peat

Sorbent Deltaic soil ~ Aqui.Sedi. Peat
name
Sorbent KhDs Kh Aqfr Peat
description ABC
Equili. time 7 7 7
[days]
Solid: 1:2 1:2 1:10-20
Water
C./S 0.002-0.40  0.003-0.43  0.001-
[-] 0.25
Comments Mul. ref. do do

conc.

Tab. 4.9: Summary of sorption isotherm analysis of carbofuran with deltaic soil, aquifer sediment and

peat
Sorbent Sorbent Joc Freundlich fit Linear regression 'Aver. K,
name descrip. (%) K,[Lkg'l Im R* Ky[Lkg'l R? [L kg']
L KhDs 1.0 09 0.9
Deltaic soil ABC 0.698 0.37 1 3 0.38 4 0.40 £0.08
Aqui. Sedi. KhAqfr 0.182 0.16 lio Oég 0.15 059 0.17 £0.04
Peat Peat 31.66 353 O(')S 0§9 13.25 059 26.40+ 10

'K, = C/C,, for each data point
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425 K,-f,. and K, - S correlation

If all observed sorption is attributable to
organic partitioning, good correlation between
K, and f,. might be expected (Karickhoff, 1984
and Voice and Weber, 1983). In general, the
sorption coefficients (e.g., K;) increase with
increasing organic carbon content. Added to
that, for a given organic chemical, K, can vary
considerably from soil to soil or sediment to
sediment, depending upon the properties of
sorbent such as type and maturity of organic
matter. Therefore, it is not always useful to use
a regression equation cited in the literature for
the accurate estimation of the K, value.

In Fig. 4.6 the distribution coefficient K, for
phenanthrene  with all the collected
soils/sediments calculated from the fitted
Freundlich parameter (K;) at an aqueous
concentration of 1 pg L is plotted against the
measured organic carbon content (f,.). Values
are compared with the results from the
regression equation of Karickhoff et al. (1979)
(line 1). It is apparent from the diagram that for
the sorbents such as floodplain aquifer
sediments, K; can be perfectly predicted by the
correlation from Karickhoff et al. (1979),
which was established for soils (e.g., humic
substances, humic and fulvic acid). For other
sorbents like deltaic aquifer sediment and soils
and peat, the use of Karickhoff’s regression
equation may lead to an underestimation of the
K, value.
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Fig. 4.6: K; values vs. f,. for the studied
sorbents in comparison with regression
correlation from Karickhoff et al. (1979)

(lines): (1) for phenanthrene, (2) for 1,2-DCB,
(3) for TCE and (4) for carbofuran. Open
circles: deltaic soil (KhDs ABC); open squares:
aquifer sediment (Kh Aqfr); diamonds: peat;
filled circles: deltaic soils (Sat DsA, SatDs B
and SatDs C); filled squares: aquifer sediment
(Raj Aqfr); open triangles: floodplain soils
(RajFs A, RajFs B and RajFs C); filled
triangles: residuum soils (DhaRs A, DhaRs B
and DhaRs C). K, was calculated at C,, = 1 pg
L for phenanthrene and at C,, = 1 mg L™ for
1,2-DCB, TCE and carbofuran.

K; (calculated from the fitted Freundlich
parameter, Kj; at an aqueous concentration of 1
mg L") was also determined with the selected
deltaic soil, aquifer sediment and peat (as these
solids show deviation of K, values from
Karickhoff) and using the solutes 1,2-DCB
(line 2), TCE (line 3) and carbofuran (line 4).
As shown in Fig. 4.6 Karickhoff’s regression
equation can better fit the data points for these
chemicals than for phenanthrene.

Experimentally obtained K, values and the
observed and predicted K,  values of
phenanthrene, 1,2-DCB, TCE and carbofuran
with deltaic soil, aquifer sediment and peat are
summarized in the upper part of Tab. 4.10. The
variations of K; or K,. for phenanthrene with
soil depth are summarized in the lower part of
the Tab. 4.10. K, values of phenanthrene with
deltaic soil, aquifer sediment and peat are
found to be 1.4, 1.6 and 4.5-fold higher than
the predicted K, values based on Karickhoft’s
regression equation. A similar trend is
observed for carbofuran with the highest K,
variation in peat (4.4-fold) and lowest in
deltaic soil and aquifer sediment (2.2 and 3.6-
fold, respectively). 1,2-DCB and TCE do not
show significant variations in K,. for most
experiments except for the TCE with deltaic
soil where the observed K, is ca. 2-fold higher
than the predicted value.

It 1s also evident from Tab. 4.10 that K, as well
as K,. values decrease monotonically with
depth in all soil horizons especially in
residuum (DhRs A-C) and floodplain soils
(RajFs A-C). K,. of phenanthrene for the
residuum soil A-horizon is half an order of
magnitude higher than in the C-horizon. K. of
the C-horizon of residuum soil (DhRsC) is also
half an order of magnitude lower than the
predicted K,. value. Variations in K,. of
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Tab. 4.10: Observed and estimated K, values

Chemicals Soil/Sediment Joc Ky Observed K, ® Estimated
K,
Deltaic soil 0.00698 232.46 33303
Phenanthrene Aqui. sediment 0.00182 67.51 37073 23035
Peat 0.3166 33136 104662
Deltaic soil 0.00698 8.23 1179
1,2-DCB Aqui. sediment 0.00182 2.38 1306 1487
Peat 0.3166 364.46 1151
Deltaic soil 0.00698 2.46 352
TCE Aqui. sediment 0.00182 0.36 197 163
Peat 0.3166 56.47 178
Deltaic soil 0.00698 0.38 54
Carbofuran Aqui. sediment 0.00182 0.163 89 25
Peat 0.3166 35.31 111
foc-K, variation with depth
SatDs —A horizon 0.0158 582.03 36837
(0-0.2)°
SatDs —B horizon 0.00622 380.68 61113
(0.2-0.65)°
SatDs —C horizon 0.00463 273.75 59099
(0.65-1.5)°
DhaRs-A horizon 0.00727 166.85 22947
(0-0.15)°
DhaRs-B horizon 0.00385 43.6 11318
Phenanthrene (0.15-0.80)° 23035
DhaRs-C horizon 0.00290 11.35 3907
(0.8-1.5)°
RajFs-A horizon 0.00613 155.3 25330
(0-0.20)°
RajFs-B horizon 0.00362 70.87 19557
(0.2-0.7)°
RajFs-C horizon 0.00157 19.22 12265
(0.7-1.2)°

K, was calculated using C,, = 1 pg L' for phenanthrene and for the rest of the chemicals using 1 mg L. ° K,,. was estimated
based on the regression equation given by Karickhoff et al., (1979) and using the K, values given in Tab. 3.1. The unit of K,

is the same as for K. ° thickness of soil horizon in meter.
phenanthrene for deltaic soil (SatDs A-C) and
floodplain soil (RajFs A-C) are also observed
but are not as significant as in residuum soil.
Changes in K,. with soil depth are believed to
occur due to structural variations, maturity and
chemical composition of natural organic matter
(NOM) in soils and sediments which are in
coincidence to findings from others (e.g.,
Njoroge et al., 1998).

Sorption or distribution coefficients of non-
polar and hydrophobic organic compounds
tend to decrease with increasing water
solubility. K, was therefore calculated at 10 %
of the compounds water solubility from
experimental data as the data are available in
this concentration range which is not so much
affected by adsorption. K, values calculated at

10 % water solubility are summarized in Tab.
4.11.

Fig. 4.7a shows an inverse linear relationship
(slope: -1) between measured K, (calculated at
10 % S) and water solubility S [mg L']. In
such a case (log linear relationship), the
product of K; and S is then a constant for a
given sorbent. Consequently, the sorption
coefficients (K,;) at a given concentration
relative to the solubility of various compounds
are also expected to be inversely linear to the
water solubility and this allows the prediction
of sorption of compounds similar to
compounds investigated in this study. If K, is
normalized to the organic carbon fraction
(Kdfoe = K,.) then all compounds and all
samples yield similar inverse linear
relationships to S, as expected from egs. (2.1).
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Fig. 4.7: Relationship of a) measured K, vs. S in mg L, b) K, vs. Sin mg L™, ¢) K. vs. S in mol L™,
d) K, vs. K,,, and comparison with literature regression correlations. K,. was calculated as the ratio of
K, (at 10 % of S) to f,.. Circles: deltaic soil; squares: aquifer sediment and diamonds: peat.

Tab. 4.11: Distribution coefficient (K,) at 10 % water solubility (C,/S = 0.1)

Chemicals Water K at 10 % water solubility [L kg™']
solubility S Deltaic soil Aquifer sediment Peat
(mg L]

Carbofuran 3100° 0.41 0.17 11

TCE 1198 1.93 0.31 47
1,2-DCB 145 4.35 1.46 276

Phenanthrene 6.2° 241 73 31754
 subcooled liquid solubility
4.2.6 Solubility normalized sorption

and (2.6) (Fig. 4.7b). The K, vs. S relationship
(Fig. 4.7¢c) fits better if S is expressed in the
units mol L' compared to S in mg L as
expected from eq. (2.2) (partitioning).
Interestingly the slope of the relationship
determined here is close to -1, which is in
contrast to earlier literature relationships where
slopes of typically -0.6 to - 0.7 are reported.
Fig. 4.7d shows in addition the correlation
between K,. and K,,, which is slightly worse
than K, - S.

isotherms

Figs. 4.8 a-c show the sorptive uptake vs. the
solubility normalized aqueous concentration of
phenanthrene, 1,2-DCB, TCE and carbofuran
with deltaic soil, aquifer sediment and peat.
These data were also fitted (fitting is not
shown) using the linear model (C, = K, C,,) and
the Freundlich equation (C; = Kj C,'’™.
Freundlich coefficients K and exponents //n
were determined by a linear least square fit of
the log transformed concentrations. Solubility
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Fig. 4.8: Solubility normalized equilibrium sorptive uptake of phenanthrene, 1,2-DCB, TCE and
carbofuran with a) deltaic soil, b) aquifer sediment and c) peat. Circles: phenanthrene; triangles: 1,2-

DCB; diamonds: TCE and squares: carbofuran. In case of solid chemicals the subcooled liquid

solubility (S;) is used.

Tab. 4.12: Freundlich, linear, normalized and overall sorption isotherm parameters. For phenanthrene

and carbofuran subcooled liquid solubility (S;.;) was used instead of solid solubility.

Freundlich parameters Deltaic soil Aquifer sediment Peat
(f,. = 0.007) (f,. = 0.0018) (f,. = 0.317)
Phenanthrene
log K;[L kg ] 2.23+0.04 1.31£0.02 4.06 £ 0.09
1/n[-] 0.92 +0.03 0.83+0.01 0.82 £ 0.04
Kyat 10 % of S[L kg '] 241 73 31754
log Kfr* [-] 2.87 £0.06 1.96 £ 0.03 4.63+0.11
Carbofuran
log K;[L kg ™ -0.42 +£0.04 -0.46 £ 0.04 1.54 £ 0.02
I/n-] 1.01 £0.03 1.01 £0.02 0.80 £ 0.01
Kyat 10 % of S[L kg '] 0.41 0.17 11
log K;"[-] 3.12+£0.08 2.75 +£0.08 4.33 +£0.05
1,2-DCB
log K;[L kg ™ 0.91+£0.02 0.38 £ 0.03 2.56 £ 0.03
I/n-] 0.76 £ 0.02 0.82 £ 0.03 0.89 £ 0.03
Kyat 10 % of S[L kg '] 4.35 1.46 276
log K;"[-] 2.56 £0.03 2.14+£0.05 4.50 £ 0.06
TCE
log K [L kg '] 0.39+0.09 -0.43 £ 0.04 1.75 £ 0.05
1/n[-] 0.97 £ 0.05 0.93 £ 0.02 0.96 £ 0.02
K, at 10 % of S [L kg '] 1.93 0.31 47
log Kfr* [-] 3.40+0.07 2.41+0.04 4.71 £ 0.04
Overall S-normalized sorption isotherm including all compounds
log Kﬁ*[-] 2.98 £0.04 2.40+0.10 4.47+0.10
1/n[-] 0.97 £ 0.02 0.93 £0.03 0.80 £ 0.03
R?[-] 0.98 0.95 0.95
'log (K4 S) 3.03+£0.35 2.51+£0.27 5.38+0.26

K, was calculated at 10 % of S: K;= K (5*0.1)"1
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normalized Freundlich coefficients K; (K, =
K; S were calculated based on the
Freundlich parameters. The fitted Freundlich
parameters together with Kfr* are summarized
in Tab. 4.12

Compared to the traditional Freundlich
sorption isotherms (Figs. 4.3, 4.4 and 4.5), the
solubility normalized data (Fig. 4.8a-c)
demonstrate how the simple normalization
procedure yields a “collapsing” sorption
isotherms. Sorption of all compounds generally
increases with increasing f,. (from the aquifer
sediment, to the soil, and to the peat sample).
Kr and K, increase with decreasing water
solubility of the compounds. Kj of all
compounds is reasonably constant in each
sample. For a given sample the error of the
average log Kﬁ* is just 0.04 - 0.1. As expected
from the solubility normalized Freundlich
isotherms (eq. 2.5) the product K; S is also
reasonably constant (Table 4.12)

4.2.7 Composite adsorption partitioning
with the Polanyi-Manes approach

As with other partitioning models (Freundlich
or linear model), the Polanyi-Manes based
composite adsorption-partitioning model(eq.
2.4) can also be used to fit observed sorption
isotherms. This model has both the partitioning
and adsorption component which allows to
separate the contribution of each component
individually. Sorption experimental results and
the model fits are shown for all chemicals
studied with the deltaic soil (Fig. 4.9), deltaic
aquifer sediment (Fig. 4.10) and peat (Fig.
4.11). Also shown are the calculated adsorption
component after subtraction of the partitioning
contribution as well as the fitted lines from the
adsorption partitioning model. The fitted
parameters K, (L kg') which is equal to (f,
K, ) in eq. (2.4), V, (cm® kg soil) and E (kJ
mol™) along with the calculated mean weighted
square errors (MWSE) for all chemicals with
deltaic soil, peat and aquifer sediment are
summarized in Tab. 4.13. In general, the fitted
lines are in good agreement with the overall
observed sorption data and adsorption
component. In other words, the total sorption
data and the adsorption component can be
modelled by the Polanyi-Manes based
adsorption-partitioning model for all the
geosorbents with the investigated chemicals.

For  highly sorbing chemicals (e.g.,
phenanthrene) adsorption can contribute
significantly to the overall sorption isotherms
especially in the low concentration range with
all the geosorbents investigated, while for less
sorbing chemicals (e.g. TCE, carbofuran)
partitioning is the dominant mechanism in the
concentration range covered. An adsorption
plateau is observed at very high relative
concentrations. The fitted values of V; for the
individual sorbents were similar within the
compounds (0.01 cm?® kg' for deltaic soil;
0.001 — 0.003 cm?® kg for aquifer sediment
and 0.12 - 0.2 cm? kg'1 for peat; see also Tab.
4.13). Values of E are in the order of 8-14 kJ
mol” which is reasonable for sorptive uptake
of hydrophobic compounds from water. Choma
et al. (1993) reported 10-13 kJ mol” for
adsorption of benzene from water on activated
carbons.

Figs. 4.12a-c show the correlation of K,
obtained by dividing K, by the fraction of
organic carbon (f,.) with K,, for all the
chemicals investigated. Regression coefficients
of deltaic soil and aquifer sediment show
similar values to those obtained from the
regression equation of Karickhoff (Tab. 2.1).
Slope and intercept of the regression line for
peat are higher than for deltaic soil and aquifer
sediment suggesting that the peat may contain
an organic matter phase for partitioning which
is less polar than that of the deltaic soil and the
aquifer sediment.

Tabs. 4.14 - 4.16 compare the distribution
coefficient values obtained from Freundlich
(K4), linear (K,), average (K,) model and
partition coefficient values (K,) from the
composite Polanyi-Manes based adsorption-
partitioning model. For low sorbing chemicals
like TCE and carbofuran, different models
result in almost the same sorption coefficients
(K4, Kj or K,) observed for deltaic soil and
aquifer sediment. On the contrary, for highly
sorbing chemicals e.g., phenanthrene, the
sorption coefficients vary by a factor of 1.5 -2
between the Freundlich model and the linear
model/average  K,;  approach.  Sorption
coefficients K, obtained from the combined
adsorption-partitioning model are always lower
than Kj; and K; as K, was used as a fitting
parameter which is covering only the
partitioning process.
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Tab. 4.13: Fitted parameters of the observed sorption isotherms with deltaic soil, aquifer sediment and
peat in the composite adsorption-partitioning model. iKp, Vo and E were used as fitting parameters in
the model. The exponent b in eq. (2.4) was set to 2

Composite parameters Deltaic soil Aquifer sediment Peat
Phenanthrene ("p, = 1.063 g cm™)
K, [Lkg '] 138 26 11000
Vy[em® kg 0.01 0.001 0.16
E [kJ mol™] 6.5 9.9 12.9
"MWSE [-] 0.16 0.15 0.16
Carbofuran ('p, = 1.18 g cm™)
K, [Lkg '] 0.36 0.13 14
Vo [em® kg 0.015 0.003 0.2
E [kJ mol™] 7.5 8.5 11.8
"MWSE [-] 0.15 0.78 0.17
1,2-DCB (*p, = 1.063 g cm™)
K, [Lkg '] 3.6 1.29 287
Vo [em® kg 0.013 0.002 0.12
E [kJ mol™] 10.8 12.1 14.0
"MWSE [-] 0.08 0.2 0.04
TCE (‘p, = 1.465 g cm™)

K, [Lkg '] 2.2 0.24 46
Vo [em® kg 0.013 0.001 0.2
E [kJ mol™] 9.3 13.7 10.6
"MWSE [-] 0.52 0.11 0.006

er = (fom Kom) in eq. (2.4),” Mean weighted square error; *p, density of organic compound
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Fig. 4.9: Composite adsorption-partitioning isotherm with Polanyi-Manes based model fit for deltaic
soil: a) phenanthrene, b) 1,2-DCB, c¢) TCE and d) carbofuran. For legends see Fig. 4.11.
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Fig. 4.10: Composite adsorption-partitioning isotherm with Polanyi-Manes based model fit for aquifer
sediment: a) phenanthrene, b) 1,2-DCB, ¢) TCE and d) carbofuran. For legends see Fig. 4.11.
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Fig. 4.11: Composite adsorption-partitioning isotherm with Polanyi-Manes based model fit for peat: a)

phenanthrene, b) 1,2-DCB, ¢) TCE and d) carbofuran. Circles: partitioning plus adsorption (measured);

squares: adsorption (calculated); solid lines: partitioning plus adsorption (fitted); dashed lines:
adsorption (fitted); dotted lines: partitioning only (fitted)
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Fig. 4.12: Relationship between log K, and log K, (K, = K,/ f,.) for the chemicals investigated with
a) deltaic soil; b) aquifer sediment and c) peat, respectively. K,(f,» K,n) values were obtained as a
fitting parameter from the composite adsorption-partitioning model (Tab. 4.14-4.16).

Tab. 4.14: Comparison of K, from different models (deltaic soil: KhDs ABC)

Freundlich model Linear model Average K, Composite model
Chemicals
Ky[Lkg'l  Im R? K,[Lkg'l] R? [Lkg'] K,[Lkg'l] MWSE
Phenanthrene 232 092 098 161 0.97 163 138 0.08
1,2-DCB 8.23 0.76  0.99 3.8 0.90 5.72 3.6 0.08
TCE 2.46 097  0.96 2.7 0.89 2.35 2.20 0.52
Carbofuran 0.37 1.01  0.98 0.38 0.94 0.40 0.36 0.15

Tab. 4.15: Comparison of K, from different models (aquifer sediment: Kh Aqfr)

Freundlich model Linear model Average K, Composite model
Chemicals
K;[Lkg'l  I/m R? K;[Lkg'l R? [Lkg'] K,[Lkg'] MWSE
Phenanthrene 67 0.83 0.99 25.9 0.99 50 26 0.15
1,2-DCB 2.38 0.82 0.98 1.35 0.97 1.9 1.29 0.20
TCE 0.37 0.93 0.99 0.28 0.99 0.28 0.24 0.11
Carbofuran 0.16 1.01 0.98 0.15 0.95 0.17 0.13 0.78

Tab. 4.16: Comparison of K, from different models (peat)

Freundlich model Linear model Average K, Composite model
Chemicals
K;[Lkg'l  I/n R? K,[Lkg'l R? [L kg'] K,[Lkg'] MWSE

Phenanthrene 33136 0.82 0.97 19696 0.94 24411 11000 0.16

1,2-DCB 364 0.90 0.98 328 0.97 333 287 0.08

TCE 56 0.96 0.99 49 0.98 49 46 0.006

Carbofuran 35 0.79 0.99 13.2 0.95 26 14 0.17
4.2.8 Effect of temperature on the experimental results by thermodynamic
distribution coefficient analysis and gaining insight onto the sorption

mechanism. Fig. 4.13 shows the plot of the
sorption coefficients (Kj) versus I/RT and Tab.
4.17 presents the phenanthrene isotherm data at
three different temperatures for the solids
investigated.

Sorption isotherm experiments of phenanthrene
were carried out for deltaic soil, aquifer
sediment and peat at three different
temperatures such as 20 °C as reference
temperature and 4 °C and 40 °C. The study of
phenanthrene sorption at different temperatures
aimed at predicting the phenanthrene
partitioning ratio within a realistic range of
environmental temperatures, validating

The Freundlich coefficients were observed to
be dependent on temperature. A decreasing
temperature from 20 °C to 4 °C caused an
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Tab. 4.17: Influence of temperature on sorption equilibrium and the values of sorption enthalpy.

Type of AH°* AH°® K [L/kg] K 4/Kji20 Kj-a/Ki20©
sorbent [kJ mol ] [kJ mol™'] 4° C 40° C (batch) (predicted)
Deltaic soil  -16.59+ 10 -16.33 557 239 2.4
Aqui. -16.05+ 9.4 -16.91 149 66 2.22
. 1.96
sediment
Peat -5.93£5.9 -6.08 47811 33136 35301 1.44

* obtained as a slope from the plotting of In K} vs. 1/RT (Arrhenius plot), ® calculated using eq. (2.17), © calculated using eq.

(2.18).
increase in the distribution coefficient by a
factor of about 2 for deltaic soil and aquifer
sediment but less than a factor of 2 for peat.

Temperature (°C)
40 20
12 | | |
10
8 ,

K [Lkg']

038 039 04 041 042 043 044
LRT) [mol kI

Fig. 4.13: Plot of sorption coefficients (Kj) as a
function of temperature for phenanthrene
sorption on deltaic soil (circles), aquifer
sediment (squares) and peat (diamonds).

The predicted ratio (eq. 2.18) of Kj.4/ Ky 2 (at
4 and 20 °C temperature, respectively) is about
2 (Tab. 4.17) which compares favourably well
with the experimental ratios. The good
agreement between the predicted and
experimental ratios implies that the aqueous
phase activity coefficient is a major factor
controlling changes in the extent of sorption of
phenanthrene especially on low f;. solids with
varying temperature.

Sorption enthalpy or standard enthalpy (AH°)
was obtained as a slope from the plotting of In
K. versus 1/RT (Fig. 4.13). The plot of In Kj;
versus 1/RT will give a straight line provided
that AH° is constant over the range of
temperatures. Sorption enthalpy was also
calculated using an integrated form of the van’t
Hoff equation (eq. 2.17) which assumes that
the AH® is constant over the temperature range
of interest.

The AH° values of phenanthrene with deltaic
soil, aquifer sediment and peat at the
temperature of 4, 20 and 40 °C are -16.33, -
16.91 and —6.05 kJ mol™, respectively. These
values are comparable to other AH° for HOCs
sorbed to natural solids with medium to large
organic carbon contents in aqueous solution.
Piatt et al. (1996) reported AH° = -3.3, -11 and
—14 kJ mol” for phenanthrene, naphthalene and
pyrene, respectively on medium grained sandy
aquifer material (f,. = 0.02 %). Wauchope et al.
(1983) reported AH® = -6.2 to +3.1 kJ mol™ for
naphthalene sorbed to a silty loam (f,. = 0.01).
Mills and Biggar (1969) reported AH® = -12 kJ
mol™ for y-hexachlorocyclohexane sorbed to a
peat muck (f,. = 0.22). In contrast, Woodburn
et al. (1989) reported AH° = -19 kJ mol™ for
naphthalene and —38 kJ mol”' for pyrene sorbed
to a sandy clay loam (f,. = 0.023). Szecsody
and Bales (1991) reported AH°=+13 to +21 kJ
mol”' for sorption of chlorobenzenes on
surface-modified silicas (f,, = 0.016). The
authors suggest that the large positive values
are indicative of strong van der Waals forces
due to site-specific binding. The magnitude of
enthalpy values in this study are in the range of
small to medium van der Waals forces, which
are consistent with hydrophobic interactions
and partitioning of the PAHs to soil organic
matter (Chiou, 1989, Hassett and Banwart,
1989, Cancela et al., 1992).

4.2.9 Summary and discussion

The equilibrium sorption experiments were
carried out for a variety of organic chemicals
(PAH, Chlorinated solvents, Pesticides)
covering a wide range of water solubility with
different geosorbents of Bangladesh (soils,
aquifer sediments and peat). Equilibrium
sorption data were fitted by a linear and by a
combination of a linear and a nonlinear
sorption isotherm model (Freundlich model,
1909). Floodplain and residuum soils show
almost linear sorption isotherms (//n = 0.9 -
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1.05) with the chemicals investigated. In such
cases (linear sorption isotherms) partition
coefficients (K, or K,.) can well be predicted
from the relations between K,. and K,, or S
(e.g. Karickhoff et al., 1979; Chiou et al.,
1983). Although hydrophobic partitioning is
believed to dominate sorption for the solutes
and solids investigated, variability in the K.
content could not account for the variability of
K, in some cases. A 5-fold decrease of K,. with
soil depth (Tab. 4.10; residuum soil DhaRs A-
C) than predicted by the Karickhoff regression
correlation was observed and this may be
attributable to the depth related changes in the
composition, conformation and accessibility of
soil organic matter.

Nonlinear sorption isotherms can be described
by the combination of partitioning and pore-
filling mechanisms. Both, the partitioning and
the pore-filling models indicate to plot sorptive
uptake vs. solubility normalized aqueous
concentrations, which yields "collapsing"
sorption isotherms for similar compounds
(Grathwohl and Rahman, 2002). With that
sorption of a variety of similar compounds can
be predicted based on measured data of one
probe chemical. The solubility normalized
Freundlich model predicts an inverse linear
relationship between the sorption coefficient
measured at a given relative concentration vs. S
that will allow the prediction of sorption of
compounds similar to those investigated in the
study. This simple normalisation (by water
solubility/subcooled liquid solubility of the
compound) procedure leads to similar sorption
isotherms for various compounds in a specific
sorbent, as to be expected as well from the
partitioning and the pore filling mechanism,
indicating that a given sorbent has the same
capacity to sorb solutes at a given relative
concentration.

K, increases by a factor of ca. 2 when
temperature decreases from 20 to 4 °C. The
temperature dependence of K; may not be of
importance in comparison to subsurface
heterogeneities especially when predicting
solute transport.

4.3 Sorption Kkinetics

Generally, hydrophobic organic compounds
(HOCs) often exhibit a slow sorption stage
following an initial rapid sorption (Karickhoff,
1984). Both intraorganic matter diffusion
(Brusseau et al., 1989, 1991) and intraparticle
diffusion (McCall and Agin, 1985; Steinberg et
al., 1987, and Ball and Roberts, 1991) have
been proposed as the cause of the slow
sorption. This can often result in a slow or
incomplete  desorption (Pignatello, 1990;
Pignatello and Huang, 1991 and Pignatello et
al., 1993). Such rate limitations (slow sorption
process) can influence contaminant transport in
the subsurface and may potentially hinder
remediation efforts, where such remediation is
attempted through vapour extraction or
groundwater extraction and treatment (Mackay
and Cherry, 1989). For a better understanding
and prediction of the fate and transport of
organic chemicals, accurate models are
required not only for estimating the extent of
sorption at equilibrium, but also for estimating
the rate at which contaminants sorb to and
desorb from the solid matrix.

4.3.1 Experimental results

Sorption kinetics was monitored in batch
experiments both in reference vials and in
sample vials. Reference vials containing no
solids showed a higher percentage of mass loss
compared to the sample vials (Fig. 4.14). Since
the mass losses depend on the aqueous solute
concentration thus are lower in the sample vials
(triangle symbols) than in the reference vials
(square symbols). The higher mass loss in the
reference vials is attributed to sorption and
diffusion into the septum (Riigner et al., 1999).
Since losses in vials depend on the aqueous
concentration, a decrease of about 3 % for
phenanthrene and ca. 10 % for 1,2-DCB in the
aqueous concentration in the reference vials
will have minor effects in the sample vials.
This was confirmed by solvent extraction from
selected samples where ca. 100 % mass was
recovered.

Fig. 4.15a-d shows the result of the sorption
kinetics of phenanthrene, 1,2-DCB, carbofuran
and TCE with the sorbents deltaic soil, aquifer
sediment and peat, respectively. Sorptive
uptake is shown in terms of the “apparent
distribution coefficient” (K;,,) calculated from
mass balance considerations in relation to
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Fig. 4.14: Relative concentration in the reference vials and losses during the observation time. Left
figure for phenanthrene with deltaic aquifer sediment and right figure for 1,2-DCB with deltaic aquifer
sediment. Diamonds: relative concentration in reference vials; squares: average losses in reference and

triangles: average losses in sample vials.
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Fig. 4.15: Sorption kinetics of a) phenanthrene, b) 1,2-DCB, c¢) carbofuran and d) TCE with deltaic
soil, aquifer sediment and peat. There are three replicates for each data point. K ,,, was calculated from
mass balance considerations during sorption kinetics experiments. Sorption kinetics experiments were
conducted until K;.,, approaches to K;., obtained in batch experiments with pulverised samples.
Diamonds: deltaic soil; squares: aquifer sediment; triangles: peat. Lines represent the analytical

solution of Crank (1975).

the “equilibrium distribution coefficient” (K;,)
obtained in batch experiments with pulverised
samples.

The time required to reach equilibrium varies
from solute to solute. Deltaic soil with

phenanthrene, 1,2-DCB and TCE required ca.
30 - 100 days to reach equilibrium whereas
carbofuran reached equilibrium within a time
period of 7 - 10 days, respectively. The
equilibration time of deltaic aquifer sediment
and peat with the chemicals was also almost in
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Tab. 4.18: Diffusion rate constant (D,/a?) and some related sorption parameters.

Nature of Radius, a Sorbates D,/a? Equili. time Instan. *‘MWSE
sorbents  [geometric [s] [days] sorption
mean, cm]|
Phenan. 7.15E-09 100 0.44 0.44
Deltaic 0.0005 1,2-DCB 1.38E-07 15-30 0.00 0.12
Soil ’ Carbofuran  1.79E-07 7-10 0.55 0.06
TCE 1.07E-07 30 0.09 0.12
Phenan. 4.39E-08 30 0.44 0.20
Aquifer 0.003 1,2-DCB 7.02E-08 15-30 0.00 0.19
sediment ’ Carbofuran  2.19E-07 3-7 0.10 0.01
TCE 3.29E-07 30 0.04 0.39
Phenan. 5.34E-08 15-30 0.30 0.36
1,2-DCB 1.36E-07 15 0.26 0.005
Peat 00008 bofuran  1.27E-07 10 0.70 0.008
TCE 2.25E-07 3-7 0.00 0.10

?Mean weighted square error

the same order. An “apparent equilibrium” was
reached in about 3 - 10 days for phenanthrene,
1,2-DCB and TCE and 1 - 3 days for
carbofuran. This “apparent equilibrium” is
defined at the time at which ca. 75 % of the
compounds were sorbed. The rest of the
compounds were sorbed when the kinetics
experiments were carried out over an extended
period of time. The sorptive uptake agreed very
well with the analytical solution of the
intraparticle diffusion model for a finite bath
(Crank, 1975). Diffusion coefficients D, were
used as fitting parameters in the model. The
diffusion rate constant (D,/a?) and some related
parameters are listed in Tab. 4.18.

The diffusion rate constant increases with
increasing water solubility for all the sorbates
and sorbents except for TCE with deltaic soil.
No correlation is observed between the
diffusion rate coefficient and the grain size as
all the solids have almost the same grain size
(Fig. 4.16).
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Fig. 4.16: Relationship between diffusion rate
constants and water solubility.

4.3.2 Summary and discussion

The sorption kinetics of phenanthrene, 1,2-
DCB, carbofuran and TCE with deltaic soil,
aquifer sediment and peat were shown to be
fairly fast; relatively slower for a strongly
sorbing compound like phenanthrene and faster
for a weekly sorbing compound like
carbofuran. The slow sorption may be the
result of the heterogeneous composition of
soils and sediments. A rapid sorption (ca. 75
%) in this study could be sorption of up to 3 -
10 days for phenanthrene, 1,2-DCB and TCE
and 1 - 3 days for carbofuran. There was not a
clear correlation found between the diffusion
rate constant and the grain size. The diffusion
rate constant increases with increasing water
solubilities of the compound investigated as
can be expected from eq. (2.9). The slow
sorption processes can be important for
quantifying how much of the compounds
appeared to be available for desorprtion.

4.4 Column experiments
4.4.1 Continuous input

Breakthrough curves obtained for fluorescein,
a nonsorbing solute (tracer), were symmetrical
in shape and the dispersion coefficient (D)
determined by model fitting (Ogata and Banks,
1961) was independent of velocity. The
velocity invariance is demonstrated in Fig. 4.17
where breakthrough curves for transport of
fluorescein at two different velocities in deltaic
aquifer sediment are presented.
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Fig. 4.17: Measured and modelled
breakthrough curves of fluorescein for deltaic
aquifer sediment obtained by using two pore-
water velocities: the predicted breakthrough
curves obtained with the advective — dispersive
transport model of Ogata and Banks (1961)
wherein ~ the  hydrodynamic  dispersion
coefficient (Dy) was wused as a fitting
parameter. Circles: data (v, = 51 cm h');
squares: data (v, = 21 cm h™); solid line:
model. Mechanical longitudinal dispersivity o
=0.2 cm.

In Fig. 4.17 the simulated breakthrough curves
were obtained by using the advective —
dispersive solute transport model of Ogata and
Banks (1961). The simulated breakthrough
curves provide an excellent representation of
the measured data. Such data are a good
indication that transport is occurring under
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ideal hydrodynamic conditions, i.e., that
hydrodynamic dispersion is the sole significant
source of dispersion and the dispersion
coefficent determined by use of the tracer may
therefore be used to represent the dispersion
coefficent of other dissimilar-sized solutes like
phenanthrene.

Transport of reactive solutes is primarily
governed by sorption processes, which for
nonpolar organic compounds are controlled by
the hydrophobicity of the compound and the
sorbent characteristics. Therefore, retarded
breakthrough will be observed for such solutes.
The breakthrough curves for the reactive
solutes were also analyzed with the one-site
Ogata and Banks (1961) equilibrium model and
the two-site Rosen (1954) nonequilibrium
solute  transport model. Examples of
experimental results and the simulation data
produced by the models are presented in Fig.
4.18 a-b and Tab. 4.19. In the equilibrium
model, the dispersion coefficient (Dy) obtained
from the tracer data was then used to analyse
the reactive solute breakthrough curves. The
value of K; (or R) was used as a fitting
parameter (Kgapsied) 11 both models. In
addition to the single fitting parameter
(Kaapp,firea) used in the equilibrium model, the
tortuosity factor used to calculate the apparent
diffusion coefficient (D,) was introduced as
fitting parameter in the

b)

T

0 50 100 150 200 250 300
Pore volumes

Fig. 4.18: Measured and simulated breakthrough curves of phenanthrene for a) deltaic soil (silty loam)
and b) deltaic aquifer sediment (sandy silt). In each of the diagrams, the simulation consists of two sets
of curves. K; was used as fitting parameter (K, siea) for the curves on the left side and for the other
two curves equilibrium K, (K4.,) was taken from batch experiments. Circles: measured data; solid
lines: Ogata and Banks (1961); dotted lines: Rosen (1954).
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Tab. 4.19: Values of distribution coefficients (K4 sined) for deltaic soil and deltaic aquifer sediment
with phenanthrene, 1,2-DCB, carbofuran and TCE obtained by curve fitting of the breakthrough curves
to the Ogata and Banks (1961) equilibrium model and the Rosen (1954) nonequilibrium model.

Sorbents Sorbates Va Ko app fited bKd,eq % Ky Ry Ros Ry sIRy
(ecmh™) (Lkg™ (L kg™ obtained [-] [-] [-]
in col. expe.

Deltaic soil Phenan. 78.82 29 161 19 - - -

Aqui. Sedi. Phenan. 38.20 12.3 26 47 97 54 0.55

Aqui. Sedi. 1,2-DCB 16.56 0.81 1.35 60 3.56  3.05 0.85

Aqui. Sedi. TCE 15.53 0.21 0.28 75 1.56 1.42 0.91

Aqui. Sedi. Carbo. 18.55 0.11 0.15 73 1.36 1.29 0.94

* apparent K, from column experiment obtained as fitting the model curves (Ogata and Banks, 1961; Rosen, 1954) (at C/C, =
0.5) to the observed data, ® equilibrium K, (Ky.,) from batch experiment, © calculated using eq. (3.16), ¢ calculated using eq.

(3.19).

0 5 10 15
Pore volumes

2 3
Pore volumes

0 2 4 6 8
Pore volumes

Fig. 4.19: Measured and simulated breakthrough curves of a) 1,2-DCB b) carbofuran and ¢) TCE with
deltaic aquifer sediment (sandy silt). Circles: measured data; solid lines: Ogata and Banks, 1961
(Ka app,firea): dotted lines: Rosen, 1954 (K qpp sinea): dashed lines: Ogata and Banks, 1961 (K,.,): hatched

lines: Rosen, 1954 (K ,).

nonequilibrium model. Fig. 4.18a-b also shows
the predicted BTCs based on equilibrium K,
values (K;.,) derived from batch experiments.

For highly hydrophobic organic chemicals like
phenanthrene, which exhibit larger sorption
capacity with deltaic soil (silty loam soil) (Fig.
4.18a), the column experiment shows extensive
nonequilibrium effects on breakthrough. The
column experiment for phenanthrene with
deltaic aquifer sediment (Fig. 4.18b), which
exhibits lower sorption capacity, also shows
nonequilibrium effects on breakthrough. In all
cases, predictions based on an equilibrium
model (Ogata and Banks, 1961) with a single
fitting parameter yields steeper breakthrough
curves than the Rosen (1954) nonequilibrium
model with two fitting parameters. The latter
yields a better agreement with observation. The
nonsymmetrical experimental breakthrough
curves and the predicted breakthrough curves
based on batch derived equilibrium K, (Kgeq)
which remain far distant from the experimental

data points, are indicative of a sorption related
nonequilibrium process in the system with
highly hydrophobic organic chemicals.

Column experiments were also carried out
using aquifer sediment with phenanthrene, 1,2-
DCB, TCE and carbofuran as solutes. The
results are summarized in Figs. 4.19a-c and
Tab. 4.19.

For the less sorbing organic chemicals such as
1,2-DCB, carbofuran and TCE, the
breakthrough curves are almost symmetrical.
Both the equilibrium and the nonequilibrium
model give comparable results while the
nonequilibrium model (Rosen, 1954) was
superior to the equilibrium model (Ogata and
Banks, 1961) for the case of 1,2-DCB. As it is
shown in Fig. 4.19 equilibrium was almost
achieved for the carbofuran and TCE.

4.4.2 Finite pulse input (macropore
experiment)
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4.4.2.1 Evaluation of conservative tracer
breakthrough curve (BTC)

Fig. 4.20 shows the modelled BTC and
experimental data for fluorescein. All the
parameter values were determined
independently (egs. 2.50, 2.52 and 2.54) except
for the tortuosity factor which was used as a
fitting parameter in the simulation of tracer
breakthrough for the estimation of the pore
diffusion coefficient. Retardation factors were
equal to 1 for both regions (matrix and
macropore region, see Fig. 3.6).

100

—_
(e}
|

Outflow concentration [pug Ll]
IS

0.01

0 50 100 150 200 250
Time [min]

Fig. 4.20: Measured (symbols) and modelled
(line) breakthrough curves for the conservative
tracer (fluorescein). The pore diffusion
coefficient (D,) was obtained from the single
parameter fit (tortuosity factor, z;) diffusion
model (egs 2.50, 2.52 and 2.54) with ; =2. D,
=3.07x10° cm? 5™

The representation of the cylindrical shape of
the region surrounding the macropore by a
Cartesian co-ordinate according to eqgs. (2.42)
and (2.47) 1is justified by geometrical
considerations using the mean displacement

\D,t, as ameasure for the distance travelled

by the tracer in the matrix region during a
contact period of duration #,. In this case, the
area covered by the tracer in a cross section of
the annulus (Fig. 3.6) equals

ﬂ(a+ VDt )2 —ma’ = 7Dty +2ma,|D i, .

In the analytical model the corresponding area
is 27ra,/Dpt0 as the annulus is actually

replaced by a rectangle with a length equal to

the circumference of the cylindrical macropore.

The relative error in area can be computed as:
7D t, 1

7Dty +2ma,|D,t, 1+2alD,t,
For the above mentioned experiment this error
is less than 9 %. This value quantifies the error
introduced in model predictions due to the
neglect of the cylindrical shape of the
experimental set-up. From this and from the
measured breakthrough curve it may also be
concluded that the assumption of no dispersion
in the macropore is a reasonable approximation
in the model. For the tracer experiment, the
pore diffusion coefficient was found to be
3.07x10° cm? s which requires a reasonable
tortuosity factor of 2.0. Mass recovery
determined for both the experimental data as
well as for the model were 90 % for an
observation period of 200 min after solute
injection.

4.1)

4.4.2.2 Evaluation of retarded solutes
breakthrough curves (BTCs)

Figs. 4.21a-d show the modelled BTCs and
experimental data for carbofuran, TCE, 1,2-
DCB and phenanthrene, respectively. The
estimated apparent diffusion coefficient (D,)
and the fitted distribution coefficient (K)
obtained from the proposed model are
summarized in Tab. 4.20. A good agreement is
observed between model and experimental data
for all chemicals. For the less retarded solutes
like carbofuran and TCE, only upto 35 % of
the equilibrium K; was obtained in the column
experiment. On the other hand, the highly
sorbing  solutes  like 1,2-DCB  and
phenanthrene, showed only 20 % of the
equilibrium K.

During the sorption kinetics experiment, it was
observed that kinetics of phenanthrene, 1,2-
DCB and TCE with the soil was slower as
compared to the carbofuran. This means that
phenanthrene, 1,2-DCB and TCE need longer
time (ca. 30-100 days) to reach equilibrium
than carbofuran (equilibration time ca. 3-10
days).
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Fig. 4.21: Measured (symbols) and modeled (lines, egs. 2.50, 2.52 and 2.54) breakthrough curves for a)
carbofuran, b) TCE, c) 1,2-DCB and d) phenanthrene. For fitting and model parameters see Tab. 4.20.
Note that the scale of the vertical axis is logarithamic for diagrams a) -c) but linear for diagram d).

Tab. 4.20: Summary of estimated pore (D,) and apparent diffusion coefficients (D,) and fitted
distribution coefficient (K,) of selected chemicals.

Chemical Input Equi. K4, at K, model % K, R, D, D, % Mass balance
conc. input conc. fit obtained (from (em?s™h (em?s™h (by moments)

(mg LY (Lkg™") (Lkg" in column  column) Exp. Model
Carbofu. 20 0.37 0.13 35 1.4 34x10%  2.37x107% 84 79
TCE 260 2.23 0.45 20 2.5 4.5%10%  1.82x107 92 89
1,2-DCB 70 3.37 0.57 17 2.9 42%x10%  1.47x107 90 86

Phenan. 0.50 149 30 20 99 33%x10%  3.36x107°8 30 29
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Using similar arguments as above, the model
error due to the approximation of the cylindrical
geometry by a rectangular one can also be

determined for reactive tracers. For that, /D ¢,

in eq. (4.1) has to be replaced by /D R, ¢, ,
thus accounting for the apparently reduced
diffusion coefficient and the increased contact
time. Errors of ca. 2 % for phenanthrene, 6 % for
1,2-DCB and ca. 9 % for TCE and carbofuran
are obtained. Therefore, the geometrical
approximation inherent to the model also
appears to be justified for reactive transport
simulations. The mass recoveries for
experimental data and model simulations are
also observed for the reactive solutes. Values
obtained from experiments and model
simulations are 30 % and 29 %, 90 % and 86 %,
92 % and 89 % and 84 % and 79 % for
phenanthrene, 1,2-DCB, TCE and carbofuran,
respectively for the corresponding observation
time.

4.4.3 Summary and discussion

Column experiments were carried out with
deltaic soil (silty loam) and deltaic aquifer
sediment (sandy silt) using fluorescein as a
conservative tracer, phenanthrene as highly
sorbing solute and 1,2-DCB, TCE and
carbofuran as rather weekly sorbing solutes for
continuous input as well as finite pulse injection
(macropore column experiment) with specified
initial and boundary conditions.

In the case of continuous input injection, the
experimental  breakthrough  curves  were
simulated using the one-site advective—
dispersive equilibrium transport model of Ogata
and Banks (1961) and the two-site Rosen (1954)
nonequilibrium transport model. For deltaic soil
which showed much higher sorption (K; of the
order of 161 L kg') with phenanthrene and
extensive nonequilibrium effects on
breakthrough, neither of the models could
represent the experimental breakthrough curves
based on the batch derived sorption parameters.
Similarly, for deltaic aquifer sediment which
also showed fairly high sorption (K, of the order
of 26 L kg') with phenanthrene, neither model
could represent the experimental breakthrough
curves based on the batch derived parameters.
The nonequilibrium model, however, could

capture the experimental data points better while
considering K, as fitting parameter instead of
batch derived K; values. For the deltaic aquifer
sediment which showed very modest sorption
(K, of the order of in between 0.15 to 1.35 L kg
1) with 1,2-DCB, TCE and carbofuran, both
equilibrium and nonequilibrium based solute
transport models yielded predictions in
accordance with the batch derived column
breakthrough observations.

In the finite pulse experiment, the effect of
matrix diffusion on macropore flow is quantified
by comparing breakthrough data from column
experiments with the results of an analytical
model. The analytical solution involves
advection in the macropore, diffusion in the
matrix region and linear sorption in both regions.
These idealizations can be shown appropriate for
simulating breakthrough of an inert tracer and
several  organic  contaminants in  the
macropore/matrix region system. The excellent
agreement of model results with measured
breakthrough curves implies that the model
covers all relevant transport processes. Fitted K,
for all the chemicals investigated were within the
similar range of 20 — 35 % of the equilibrium K.
The reason for this may be due to the fact that
less soluble and slowly sorbing compounds, e.g.
phenanthrene, have higher mean residence times
in the column compared to shorter residence
times of highly soluble, faster sorbing
compounds, e.g. TCE. In particular, matrix
diffusion is found to have a major impact on
solute breakthrough. Sorption equilibrium in the
matrix was not obtained during the time scale of
the experiment and this presumably also affects
contaminant transport in the field, i.e., faster
migration than expected from batch equilibrium
sorption isotherms.
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5. APPLICATION OF
(Groundwater Risk Assessment)

RESULTS

5.1 Estimation of transport of organic
compounds through soil to groundwater

Contamination of soils, sediments and water
resources by anthropogenic organic chemicals
has become a matter of increasing public and
regulatory concern because of their toxicity and
long-term sources of contamination. Since many
of the environmental organic chemicals are
suspected to have mutagenic, teratogenic and
carcinogenic impact, the processes that affect the
transport and fate of these contaminants must be
understood in order to assess exposure risks to
humans and the environment. According to
German soil protection regulations, the sites
where a risk for groundwater is suspected must
be evaluated with respect to the contaminant
concentrations to be expected in the seepage
water and shallow groundwater and not on the
contaminant level in soils or sediments.

L Material investigation +
g laboratory column experiment
of uncontaminated soils
Transport of contaminants with
seepage water or due to vapor

phase diffusion to groundwater
after sorption, biodegradation.....

44

Point of compliance —|
HD:> Groundwater

Fig. 5.1: Procedure of groundwater risk
assessment from an uncontaminated soil using
material investigations, column percolation tests
and contaminant transport modelling.

Groundwater risk assessment can be based on
the laboratory investigation of soil / sediment

samples (percolation tests/leaching tests for
uncontaminated/contaminated soils) and
contaminant transport modelling and/or field
investigations  (Gracos, 1998). Here the
groundwater risk assessment is evaluated based
on the investigations of materials (using
uncontaminated soils and sediments of
Bangladesh) and column percolation tests.
Different analytical solutions with specific initial
and boundary conditions are used for the
simulation of transport from the surface (source
point of contamination) to the place of
compliance. The place of compliance is
considered to be the transition zone between the
unsaturated and the saturated flow regimes (Fig.
5.1).

5.1.1 Simulations for the case of continuous
input

Figs. 5.2a-c show the simulation results of
phenanthrene transport through the soil (surface)
to the groundwater table. The simulation was
done for the case of deltaic aquifer sediment
(sandy silt) having a porosity of ca. 35 % and a
K, of 45 L kg (calculated using Kz=67L kg,
I/n=0.83 and C, = 10 pg L") with a strongly
sorbing compound like phenanthrene. The point
of compliance is considered 2 m below ground
surface (typical depth to groundwater table in
many parts of Bangladesh). The other model
input parameters are given in appendix Al. Fig.
5.2a predicts solute transport according to
equilibrium retardation. As a persistent organic
contaminant, phenanthrene would occur at the
point of compliance after 1500 years with a
concentration equal to the input concentration.
Fig. 5.2b predicts the solute transport with
retardation and biodegradation. As shown in the
diagram, the biodegradable compound may
reach the groundwater in very low
concentrations. After 1000 years of application,
a contaminant with a half-life (HL) of 10 years
will only travel a distance of 20 cm from the
ground surface. Fig. 5.2c shows the same
prediction as of Fig. 5.2b with 20 % preferential
flow (PF), i.e. 20 % of the contaminant mass
travels so quickly that sorption and
biodegradation are not effective.
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Fig. 5.2: Simulation of equilibrium transport of organic solute through surface soil (seepage water) to
the groundwater table: a) solute transport with retardation, b) solute transport with retardation and
biodegradation (time 1000 years) c) same as of b) with 20 % preferential flow (PF). Chemical:
phenanthrene; Solid: sandy silt; Depth to groundwater table: 2.0 m; Pore water velocity: 35 cm year;
Ky 45 (L kg™, Porosity: 0.35. Legend used: solid line: Ogata and Banks (1961); rectangles: half-life 1
year; squares: half-life 5 years; triangles: half-life 10 years.
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Fig. 5.3: Simulation of equilibrium transport of an organic solute through surface soil (seepage water)
to the groundwater table: a) solute transport with retardation, b) solute transport with retardation and
biodegradation (time 50 years) c) same as of b) with 20 % preferential flow (PF). Chemical: 1,2-DCB;
Solids: sandy silt; Depth to groundwater table: 2.0 m; Seepage water velocity: 35 cm year™; K;: 1.35 L
kg'; Porosity: 0.35. Legend used: solid line: Ogata and Banks (1961); rectangle: half-life 1 year;

square: half-life 5 years; triangle: half-life 10 years.

Fig. 5.3a-c shows the simulation with a rather
weekly sorbing compound like 1,2-DCB. Here it
is obvious that the contaminant will reach the
groundwater table faster than a strongly sorbing
compound.

5.1.2 Simulations for the case of Dirac pulse
input

The simulation of pesticide transport was done
using the PESTAN (pesticide analytical model)
and compared with egs. (2.31) and (2.32).

PESTAN was developed for initial screening
assessments to evaluate the potential for
groundwater  contamination by  aldicarb
(trademark TEMIK) used for the control of
nematodes, aphidas and mites in citrus grove.

This model has also been tested under field and
laboratory conditions (Enfield et al., 1982; Jones
and Back, 1984; Melacon et al., 1986).

The present simulation was done for a carbamate
pesticide, carbofuran, a widely used insecticide
in irrigation in Bangladesh. The scenario deals
with a hypothetical irrigation field where
carbofuran is applied at a rate of 0.5 kg ha™. The
recharge rate of groundwater was considered
1.14 x 10° cm s which corresponds to the pore
water velocity of 3.83 x 10° cm s™. The area of
the irrigation field is assumed 1 hectare (10000
m?). The simulation was done for time periods of
50 days and 100 days. The other model input
parameters are given in  appendixA2.
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Fig. 5.4: Simulation of pesticide (carbofuran) transport and comparison of models between PESTAN
and eqs (2.31) and (2.32): a) tracer, b) with retardation, c) with decay and d) retardation plus decay.
Depth to groundwater table: 2 m; pore water velocity: 120 cm year; K, = 0.31 L kg™'; porosity: 0.3;
carbofuran application rate: 0.5 kg ha™; half-life: 50 days. Legend used: circle: PESTAN (50 days
scenario); triangle: eqs. (2.31) and (2.32) (50 days scenario). In Fig. 5.4d, square and cross symbols
correspond to the PESTAN and eqgs. (2.31) and (2.32) respectively, for 100 days simulation.

The simulated results in Fig. 5.4a-d reveal that
the egs. (2.31) and (2.32) can give exactly the
same result as PESTAN and may be useful in
making preliminary assessments for estimating
the transport of the pesticide through the soil to
the groundwater table. A simulation period of
100 days (Fig. 5.4d, cross and square symbols)
shows that a very low concentration of
carbofuran can be observed at a depth of ca. 200
cm.

5.1.3 Simulations for the case of finite pulse
input

In the soil unsaturated zone mechanisms like
bypassing, fingering, or funnelling induce
preferential flow (PF) by which contaminants are
transported much faster than expected from
average seepage water velocities and retardation.
Moreover, the transport of dissolved and reactive
organic chemicals through macropores is
retarded by the interaction with the adjacent soil
matrix (matrix diffusion). Consequently, the
quantification of the effect of matrix diffusion of
contaminants in fine grained soils (low
permeability regions) coupled with
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Fig. 5.5: Simulation of transport of a) phenanthrene and b) 1,2-DCB through deltaic soil (silty loam
soil) by using the diffusion based preferential flow (PF) model (egs. 2.50, 2.52 and 2.54). For input
parameters see appendices A3 for phenanthrene and A4 for 1,2-DCB. Legend used: solid line: 5 days;
dashed line: 50 days and hatched line: 200 days simulation period. Pulse duration (injection period) = 1

hour.

the effect of PF paths (macropores) is essential
in order to properly predict solute transport.
Groundwater risk assessment, therefore, is only
feasible if the prediction tool allows for
quantifying the coupled reactive processes
together with the impact of PF on solute
spreading in the unsaturated zone.

The above simulation was done using the
proposed diffusion based PF model (eqs. 2.50,
2.52 and 2.54) for the case of phenanthrene as
strongly sorbing compound and 1,2-DCB as
weakly sorbing compound with deltaic soil (silty
loam). The scenario deals with evaluating a site
where a finite pulse (1 hour) of phenanthrene
(for example) was assumed to come in contact
with the surface soil and then move through the
macropore coupled with the surrounding matrix
region. The simulation was done for the time
periods of 5 days, 50 days and 200 days. The
initial concentrations were 0.1 mg L™ and 100
mg L' for phenanthrene and 1,2-DCB,
respectively. The other model input parameters
are given in appendices A3 for phenanthrene and
in A4 for 1,2-DCB. The simulated results reveal
that contaminants will move rather quickly some
distances with higher concentration due to the
influence of a macropore (or PF) and then will
be retarded due to the matrix diffusion
mechanism (Fig. 5.5). For highly sorbing and
less soluble chemicals, e.g. phenanthrene, a very
low concentration of 0.001 pug L™ may be found
at a depth of about 80 cm after 200 days of

simulation time. On the other hand, less sorbing
but comparatively high soluble chemicals, e.g.
1,2-DCB, may reach the groundwater table (2 m)
with a concentration of about 0.1 mg L™ (for
comparison  with  drinking water limit
concentrations see Tab. 3.1)

5.1.4 Summary and discussion

Soil and groundwater pollution from historical
urban and industrial activities exists in all
countries of the world, and continues to occur.
The major concern at many contaminated sites is
the threat of groundwater quality through usage,
leakages and disposal of petroleum fuels,
chlorinated solvents, pesticides and nutrients.
Since groundwater is the major source of
drinking water and remediation of all
contaminated sites is not feasible for most of the
countries in the world, therefore integrated
groundwater risk assessment procedures are
needed for the ranking of sites, decision making
on further use and remedial actions.

In the above, a groundwater risk assessment
procedure using an uncontaminated
soil/sediment sample is evaluated based on
material investigations, column percolation tests
and a contaminant transport modelling approach.
Simple analytical solutions of solute transport
with specific initial and boundary conditions can
be used for the development of scenario-based
models which in turn take the form of a scenario
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approach as they may be applied to different
situations in terms of classes/combinations of
pollutants and site-specific conditions, such as
climatic conditions, permeability and distance
between the contamination and the groundwater

level.

Such a scenario approach allows to

determine a priori whether, under given site
conditions (subsurface permeability, distance to
groundwater table, type of material) and
contaminant properties (volatile/non-
volatile/water soluble etc.), a minor, medium or
high risk of groundwater pollution exists.
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Appendix Al

Model input parameters for the simulation for continuous input injection (Chapter 5, Section 5.1.1)

Chemical: phenanthrene

Solid: Deltaic aquifer sediment (sandy silt)

Field / Environmental parameters

Depth below ground surface [cm] = 200

Pore water velocity [cm s '] =1.15x10°

Flow effective porosity [n, -] = 0.35

Solid density [p, g cm™] = 2.69

Bulk density [py, g cm™]=1.71

Sorption / Dispersion / Diffusion parameters
Freundlich Coefficient [Kg, L kg'] = 67

Freundlich Exponent [1/n, -] = 0.83

Concentration in water [mg L] = 10

Distribution coefficient [Kq, L kg™'] =45

Retardation factor [Ry, -] =220

Aqueous diffusions coefficient [D,g, em’s']=6.71x10"
Pore diffusion coefficient [D,, cm’s']=1.89x10”
Dispersivity [a, cm] = 0.2

Hydro. dispersion coefficient [Dy, cm®s™'] = 5.57 x10°°
Decay constant (s') = 2.19x10™ (half life e.g., 1 year)



Appendix A2

Model input parameters for the simulation of pulse input injection using PESTAN and egs. (2.31) and

(2.32) (Chapter 5, Section 5.1.2)

Chemical: carbofuran (carbamate pesticide)

Solid: Deltaic aquifer sediment (sandy silt)

Water solubility [S, mg L] =320

Pore water velocity [v,, cm s'] = 3.83x10°
Distribution coefficient [Kqy, L kg™]=0.31

Decay constant (s') = 1.6x10™ (half life e.g., 50 days)
Flow effective porosity [n, -] = 0.30

Bulk density [py, g cm™] = 1.60

Saturated water content [-] = 0.4

Characteristic curve coefficient [-] = 7.75

Saturated hydraulic conductivity [cm hr'] =1

Hydro. dispersion coefficient [Dy, cm®s™] = 1.66 x107
Number of application of waste [-] =1

Waste application rate [kg ha']=0.5



Appendix A3

Model input parameters for the simulation of finite pulse input injection (Chapter 5. Section 5.1.3)

Chemical: phenanthrene

Solid: Deltaic soil (silty loam soil)

Pore water velocity [cm s'] = 5.02 x107

Macro pore porosity [#,,, -] =0.37

Matrix region porosity [#;,, -] = 0.45

Solid density [p, g cm™] = 2.69

Bulk density [p, g cm™] = 1.48

Aqueous diffusions coefficient [D,,, em’s']=6.7x10"°
Tortuosity factor [z -] = 2.0

Pore diffusion coefficient [D,, cm’s']=3.33 x10°
App. Diff. Coeff. [D,, cm’s™]=5.95x107
Freundlich Coefficient [Kj, L kg']1=232
Freundlich Exponent [//n, -] = 0.92

Distribution coefficient [K,, L kg'l] =170
Retardation factor [R,, -] = 559

Retardation factor [R;,, -] =1

Initial concentration [Cy, mg L']=0.1

Pulse duration [z, s] = 3600



Appendix A4

Model input parameters for the simulation of finite pulse input injection (Chapter 5. Section 5.1.3)

Chemical: 1,2 DCB
Solid: Deltaic soil (silty loam soil)

Pore water velocity [cm s™'] = 5.14 x107

Macro pore porosity [n,, -] = 0.37

Matrix region porosity [#;,, -] = 0.45

Solid density [p, g cm™] = 2.69

Bulk density [p;, g cm™] = 1.48

Aqueous diffusions coefficient [D,,, em’s']=8.45x10°
Tortuosity factor [z -] = 2.0

Pore diffusion coefficient [D,), cm’s']=4.23 x10°
App. Diff. Coeff. [D,, cm’s™] =3.68x10”
Freundlich Coefficient [Kj;, L kg'] = 8.16
Freundlich Exponent [//n, -] =0.76

Distribution coefficient [Ky, L kg']=3.19
Retardation factor [R,, -] =11.5

Retardation factor [R;,, -] =1

Initial concentration [Cy, mg L] = 100

Pulse duration [z, s] = 3600



In der Reihe C der Tiibinger Geowissenschaftlichen Arbeiten (TGA) sind bisher erschienen:

Nr.

Nr.

Nr.

Nr.

Nr.

1:

. 10:

.11

. 12:

. 13:

14:

. 15:

. 16:

17:

Grathwohl, Peter (1989): Verteilung unpolarer organischer Verbindungen in der wasserun-geséttigten
Bodenzone am Beispiel der leichtfliichtigen aliphatischen Chlorkohlenwasser-stoffe. 102 S.

Eisele, Gerhard (1989): Labor- und Felduntersuchungen zur Ausbreitung und Verteilung leichtfliichtiger
chlorierter Kohlenwasserstoffe (LCKW) im Ubergangsbereich wasserunge-séttigte/wassergesittigte Zone.
84 S.

: Ehmann, Michael (1989): Auswirkungen atmogener Stoffeintrige auf Boden- und Grund-wisser sowie

Stoffbilanzierungen in drei bewaldeten Einzugsgebieten im Oberen Buntsand-stein (Nordschwarzwald).
134 S.

Irouschek, Thomas (1990): Hydrogeologie und Stoffumsatz im Buntsandstein des Nord-schwarzwaldes.
144 S.

: Sanns, Matthias (1990): Experimentelle Untersuchungen zum Ausbreitungsverhalten von leichtfliichtigen

Chlorkohlenwasserstoffen (LCKW) in der wassergeséttigten Zone. 122 S. (Vergriffen!)

: Seeger, Thomas (1990): AbfluB- und Stofffrachtseparation im Buntsandstein des Nord-schwarzwaldes.

154 S.

Einsele, Gerhard & Pfeffer, Karl-Heinz (Hrsg.) (1990): Untersuchungen iiber die Auswir-kungen des
Reaktorunfalls von Tschernobyl auf Boden, Klarschlamm und Sickerwasser im Raum von Oberschwaben
und Tiibingen. 151 S.

Douveas, Nikon G. (1990): Verwitterungstiefe und Untergrundabdichtung beim Talsper-renbau in dem
verkarsteten Nord-Pindos-Flysch (Projekt Pigai-Aoos, NW-Griechenland). 165 S.

Schloser, Heike (1991): Quantifizierung der Silikatverwitterung in karbonatfreien Deck-schichten des
Mittleren Buntsandsteins im Nordschwarzwald. 93 S.

Kohler, Wulf-Rainer (1992): Beschaffenheit ausgewdéhlter, nicht direkt anthropogen beein-fluBlter
oberfldchennaher und tiefer Grundwasservorkommen in Baden-Wiirttemberg. 144 S.

Bundschuh, Jochen (1991): Der Aquifer als thermodynamisch offenes System. — Untersu-chungen zum
Wiérmetransport in oberflichennahen Grundwasserleitern unter besonderer Beriicksichtigung von
Quellwassertemperaturen (Modellversuche und Gelandebeispiele). 100 S. (Vergriffen!)

Herbert, Mike (1992): Sorptions- und Desorptionsverhalten von ausgewihlten polyzyklischen
aromatischen Kohlenwasserstoffen (PAK) im Grundwasserbereich. 111 S.

Sauter, Martin (1993): Quantification and forecasting of regional groundwater flow and transport in a karst
aquifer (Gallusquelle, Malm, SW-Germany. 150 S.

Bauer, Michael (1993): Wasserhaushalt, aktueller und holozéner Losungsabtrag im Wutachgebiet
(Siidschwarzwald). 130 S.

Einsele, Gerhard & Ricken, Werner (Hrsg.) (1993): FEintiefungsgeschichte und Stoffaustrag im
Wutachgebiet (SW-Deutschland). 215 S.

Jordan, Ulrich (1993): Die holozénen Massenverlagerungen des Wutachgebietes (Siid-schwarzwald). 132
S.

Krejci, Dieter (1994): Grundwasserchemismus im Umfeld der Sonderabfalldeponie Billigheim und
Strategie zur Erkennung eines Deponiesickerwassereinflusses. 121 S.



. 18:

. 19:

. 20:

. 21:

. 22:

. 23:

. 24:

... 25:

... 206:

.27

... 28:

...29:

... 30:

31

.. 328

. 33:

. 34

. 35:

. 36:

. 37:

Hekel, Uwe (1994): Hydrogeologische Erkundung toniger Festgesteine am Beispiel des Opalinustons
(Unteres Aalenium). 170 S. (Vergriffen!)

Schiith, Christoph (1994): Sorptionskinetik und Transportverhalten von polyzyklischen aromatischen
Kohlenwasserstoffen (PAK) im Grundwasser - Laborversuche. 80 S.

Schlgser, Helmut (1994): Losungsgleichgewichte im Mineralwasser des iiberdeckten Muschelkalks in
Mittel-Wiirttemberg. 76 S.

Pyka, Wilhelm (1994): Freisetzung von Teerinhaltsstoffen aus residualer Teerphase in das Grundwasser:
Laboruntersuchungen zur Losungsrate und Losungsvermittlung. 76 S.

Biehler, Daniel (1995): Kluftgrundwésser im kristallinen Grundgebirge des Schwarzwaldes — Ergebnisse
von Untersuchungen in Stollen. 103 S.

Schmid, Thomas (1995): Wasserhaushalt und Stoffumsatz in Griinlandgebieten im wiirttem-bergischen
Allgdu. 145+ 92 S.

Kretzschmar, Thomas (1995): Hydrochemische, petrographische und thermodynamische Untersuchungen
zur Genese tiefer Buntsandsteinwésser in Baden-Wiirttemberg. 142 S. (Vergriffen!)

Hebestreit, Christoph (1995): Zur jungpleistozénen und holozénen Entwicklung der Wutach (SW-
Deutschland). 88 S.

Hinderer, Matthias (1995): Simulation langfristiger Trends der Boden- und Grundwasser-versauerung im
Buntsandstein-Schwarzwald auf der Grundlage langjéhriger Stoffbilanzen. 175 S.

Korner, Johannes (1996): Abflulbildung, Interflow und Stoftbilanz im Schonbuch Waldgebiet. 206 S.

Gewald, Thomas (1996): Der Einflufl der Desorptionskinetik bei der Freisetzung von Tri-chlorethen (TCE)
aus verschiedenen Aquifersanden. 67 S.

Schanz, Ulrich (1996): Geophysikalische Untersuchungen im Nahbereich eines Karst-systems (westliche
Schwibische Alb). 114 S.

Renner, Sven (1996): Wirmetransport in Einzelkliiften und Kluftaquiferen — Untersuchungen und
Modellrechnungen am Beispiel eines Karstaquifers. 89 S.

Mohrlok, UIf (1996): Parameter-Identifikation in Doppel-Kontinuum-Modellen am Beispiel von
Karstaquiferen. 125 S.

Merkel, Peter (1996): Desorption and Release of Polycyclic Aromatic Hydrocarbons (PAHs) from
Contaminated Aquifer Materials. 76 S.

Schiedek, Thomas (1996): Auftreten und Verhalten von ausgewihlten Phthalaten in Wasser und Boden.
112 S.

Herbert, Mike & Teutsch, Georg (Hrsg.) (1997): Aquifersysteme Siidwestdeutschlands - FEine
Vorlesungsreihe an der Eberhard-Karls-Universitit Tiibingen. 162 S.

Schad, Hermann (1997): Variability of Hydraulic Parameters in Non-Uniform Porous Media: Experiments
and Stochastic Modelling at Different Scales. 233 S.

Herbert, Mike & Kovar, Karel (Eds.) (1998): GROUNDWATER QUALITY 1998: Remediation and
Protection - Posters -.- Proceedings of the GQ'98 conference, Tiibingen, Sept. 21-25, 1998, Poster Papers.
146 S.

Klein, Rainer (1998): Mechanische Bodenbearbeitungsverfahren zur Verbesserung der Sanierungseffizienz
bei In-situ-MaBnahmen. 106 S.



. 38:

. 39:

. 40:

. 41:

. 42:

. 43:

. 44

. 45:

. 46:

. 47:

. 48:

. 49:

. 50:

. 51

. 52:

. 53:

. 54

. 55:

. 56:

Schollenberger, Uli (1998): Beschaffenheit und Dynamik des Kiesgrundwassers im Neckartal bei
Tiibingen. 74 S.

Riigner, Hermann (1998): EinfluB der Aquiferlithologie des Neckartals auf die Sorption und
Sorptionskinetik organischer Schadstoffe. 78 S.

Fechner, Thomas (1998): Seismische Tomographie zur Beschreibung heterogener Grund-wasserleiter. 113
S.

Kleineidam, Sybille (1998): Der Einflufl von Sedimentologie und Sedimentpetrographie auf den Transport
geloster organischer Schadstoffe im Grundwasser. 82 S.

Hiickinghaus, Dirk (1998): Simulation der Aquifergenese und des Warmetransports in Karstaquiferen. 124
S.

Klingbeil, Ralf (1998): Outcrop Analogue Studies — Implications for Groundwater Flow and Contaminant
Transport in Heterogeneous Glaciofluvial Quaternary Deposits. 111 S.

Loyek, Diana (1998): Die Loslichkeit und Losungskinetik von polyzyklischen aromatischen
Kohlenwasserstoffen (PAK) aus der Teerphase. 81 S.

Weill, Hansjorg (1998): Séaulenversuche zur Gefahrenbeurteilung fiir das Grundwasser an PAK-
kontaminierten Standorten. 111 S.

Jianping Yan (1998): Numerical Modeling of Topographically-closed Lakes: Impact of Climate on Lake
Level, Hydrochemistry and Chemical Sedimentation. 144 S.

Finkel, Michael (1999): Quantitative Beschreibung des Transports von polyzyklischen aro-matischen
Kohlenwasserstoffen (PAK) und Tensiden in porésen Medien. 98 S.

Jaritz, Renate (1999): Quantifizierung der Heterogenitit einer Sandsteinmatrix (Mittlerer Keuper,
Wiirttemberg). 106 S.

Danzer, Jorg (1999): Surfactant Transport and Coupled Transport of Polycyclic Aromatic Hydrocarbons
(PAHs) and Surfactants in Natural Aquifer Material - Laboratory Experi-ments. 75 S.

Dietrich, Peter (1999): Konzeption und Auswertung gleichstromgeoelektrischer Tracer-versuche unter
Verwendung von Sensitivititskoeffizienten. 130 S.

Baraka-Lokmane, Salima (1999): Determination of Hydraulic Conductivities from Discrete Geometrical
Characterisation of Fractured Sandstone Cores. 119 S.

M‘Dermott, Christopher 1. (1999): New Experimental and Modelling Techniques to Investigate the
Fractured System. 170 S.

Zamfirescu, Daniela (2000): Release and Fate of Specific Organic Contaminants at a Former Gasworks
Site. 96 S.

Herfort, Martin (2000): Reactive Transport of Organic Compounds Within a Heterogeneous Porous
Aquifer. 76 S.

Klenk, Ingo (2000): Transport of Volatile Organic Compounds (VOC’s) From Soilgas to Groundwater. 70
S.

Martin, Holger (2000): Entwicklung von Passivsammlern zum zeitlich integrierenden Depositions- und
Grundwassermonitoring: Adsorberkartuschen und Keramikdosimeter. 84 S.



Nr.

. 5T:

. 58:

. 59:

. 60:

. 61:

62:

. 63:

Diallo, Mamadou Sanou (2000): Acoustic Waves Attenuation and Velocity Dispersion in Fluid-Filled
Porous Media: Theoretical and Experimental Investigations. 101 S.

Lorcher, Gerhard (2000): Verarbeitung und Auswertung hyperspektraler Fernerkundungsdaten fiir die
Charakterisierung hydrothermaler Systeme (Goldfield/Cuprite, Yellowstone National Park). 158 S.

Heinz, Jirgen (2001): Sedimentary Geology of Glacial and Periglacial Gravel Bodies (SW-Germany):
Dynamic Stratigraphy and Aquifer Sedimentology. 102 S.

Birk, Steffen (2002): Characterisation of Karst Systems by Simulating Aquifer Genesis and Spring
Responses: Model Development and Application to Gypsum Karst. 122 S.

Halm, Dietrich & Grathwohl, Peter (Eds.) (2002): Proceedings of the 1st International Workshop on
Groundwater Risk Assessment at Contaminated Sites (GRACOS). 280 S.

Bauer, Sebastian (2002): Simulation of the genesis of karst aquifers in carbonate rocks.
143 S.

Rahman, Md. Mokhlesur (2002): Sorption and Transport Behaviour of Hydrophobic Organic Compounds
in Soils and Sediments of Bangladesh and their Impact on Groundwater Pollution — Laboratory
Investigations and Model Simulations. 73 S.



