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SORPTION AND ITS EFFECTS ON TRANSPORT OF
ORGANIC DYES AND CESIUM IN SOILS

Abstract
by Jarai Mon, Ph.D.

Washington State University

December 2004

Chair: Markus Flury

The mobility, fate, and transport of various solutes in the subsurface is influenced
by sorption, i.e., association of solutes to solid phases. The goals of this research
were to study the sorption of selected organic dyes and cesium and to provide further
information on the effects of sorption on the transport and mobility of these solutes

in soils. The specific objectives are as follows:

1. To provide a historical sketch and review on the application of dye tracers.

2. To evaluate the sorption of four triarylmethane dyes and test the suitability of

column experiments for measuring sorption isotherms.

3. To identify and recommend dyes that are potentially suitable as vadose zone

tracers.

v



4. To investigate the incorporation and desorption of cesium in secondary mineral

phases formed in Hanford tank waste simulants.

We conducted a literature review on dyes as hydrological tracers and studied the
sorption of four triarylmethane dyes, C.I. Food Blue 2, C.I. Food Green 3, C.I. Acid
Blue 7, and C.I. Acid Green 9, in a sandy soil. The results showed that dyes with
more SOz groups sorbed less than dyes contained fewer SO3 groups. C.I. Food Green 3
sorbed similarly to C.I. Food Blue 2, a well-known vadose zone tracer, and is likely
to be a useful tracer candidate. Sorption isotherms obtained by the column technique
were similar to those measured by batch studies. The quantitative structure activ-
ity relationship (QSAR) modeling revealed that a number of hypothetical dyes sorb
considerably less than currently known vadose zone dye tracers.

Studies on the amount, the exchangeability, and desorption kinetics of Cs associ-
ated to feldspathoids, LTA zeolite, and allophane showed that only a small fraction
of Cs (1-57%) in cancrinite and sodalite was exchangeable with Ca, K, or Na. K or
Na effectively replaced most Cs (94-99%) in LTA zeolite and allophane, but Ca could
replace a smaller percentage (65-85%) of Cs. The ability of ions to exchange with
Cs appears to be related to their hydrated diameters and hydration energies. Ce-
sium in LTA zeolite was quickly desorbed by Na. However, Cs desorbed slowly from
feldspathoids and allophane. Cesium may be trapped in the cages and channels of

these minerals.
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Chapter 1

Introduction

1.1 Background

Sorption generally describes the process of association of solutes to solid phases. So-
lutes may be attached to surfaces of the solid and/or may penetrate into the solid
matrix. The former is named adsorption, while the later is absorption. Usually, the
term sorption is used when we cannot distinguish between adsorption and absorption.
Concerning the fate and transport of solute in porous media, sorption refers to the
immobilization of solutes as a result of their interactions with solid surfaces.
Sorption is an important phenomenon that can dramatically affect the mobility,
fate, and transport behavior of various chemicals, including contaminants. Sorption
slows down the mobilities of chemicals in the subsurface environment. Therefore, sorp-
tion of chemicals to subsurface materials is of particular interest from the viewpoint to
retard the spreading of contaminants. On the other hand, retardation is not desirable

from the standpoint of tracer applications because retardation does not allow tracers



to move in the same speed as the substance being traced. Sorption and transport
behavior of contaminants in the subsurface should be investigated in order to under-
stand potential problems and risks of environmental pollution. Similarly, sorption
characteristics tracer of substances should be studied in order to accurately assess the
conditions being investigated.

Sorption occurs due to different types of interactions between the sorbate (solutes)
and sorbent (surfaces). A few examples are Coulombic electrostatic, London-van der
Waals, and hydrophobic interactions [Hassett and Banwart, 1989]. Sorption of a solute
in the subsurface environment is influenced by three major aspects: the properties of
solute, the composition of solid surfaces, and the chemistry of solution interacting with
the solid phase [Schwarzenbach et al., 2003].

Sorption characteristics are often determined by measuring adsorption isotherms.
Sorption parameters such as sorption coefficients and the maximum adsorption capac-
ity are quantified to compare the sorption of various chemicals in response to different
types solid properties and solution chemistry. Often, desorption characteristics are
also measured; especially, for investigations of potential redistributions of sorbed con-
taminants. Traditionally, batch studies are used to measure adsorption isotherms.
However, the batch technique has several shortcomings that may introduce errors in
measurement of sorption isotherms [Griffioen et al., 1992; Biirgisser et al., 1993]. Col-
umn transport experiments have been proposed as an alternative to batch studies.

The focus of this dissertation lies in the soil sorption and how it affects the trans-



port characteristics of selected organic dyes and cesium. The studies covered the
effects of sorption on the transport of organic and inorganic solutes in the vadose
zone. Dyes were studied for the purpose of tracer applications and cesium was viewed
as a contaminant.

The studies of dye sorption to subsurface materials such as soils and sediments are
important because sorption to those materials is a major limiting factor to the use-
fulness dyes as hydrological tracers. Dyes have been used in a variety of hydrological
investigations for more than a century and still remain as one of the most important
hydrological tracers [Flury and Wai, 2003]. Thousand of dyes are commercially avail-
able [Colour Index, 2001]; however, the "best’ hydrological dye tracer has not yet been
found. By understanding the sorption behavior of dyes, we may be able to select or
design the best possible dye tracers for specific uses.

The fate and mobility of radioactive cesium in the subsurface is a major envi-
ronmental concern at the Department Energy’s Hanford site. More than one million
gallons of cesium containing high level nuclear waste liquid have known to be leaked
into the sediments from underground storage tanks. Further knowledge and under-
standing of cesium sorption and potential redistribution in Hanford sediments can help
accelerate the remediation efforts to reduce the environmental damages at the Hanford

site.



1.2 Scope and Objectives

The ultimate goals of this dissertation are to provide recommendations on potential
new dye tracers and to provide further information on the fate of radioactive cesium
in contaminated Hanford sediments. To achieve the first objective, we conducted lit-
erature reviews and compiled the information on dyes commonly used as tracers and
limitations and problems in dye tracing. We evaluated the sorption characteristics of
four triarylmethane dyes using column techniques and the results were compared with
those obtained by traditional batch studies. We examined the quantitative structure
activity relationships (QSAR) approach as a tool for estimation of dye sorption param-
eters and for designing potential dyes, which possess the best tracer characteristics.
To reach our second objective, we measured cesium incorporation and desorption in
secondary alluminosilicate minerals, feldspathoids, zeolite, and allophane, formed in

Hanford tank waste simulants. The specific objectives of these studies are as follows:

1. To provide a brief review of literature on the use of dyes as hydrological tracers.
We compiled information on historical and present dye tracing applications in
hydrology, dyes commonly used as tracers, tracer characteristics, and limitations
of dyes as tracers. We also presented a case study on screening and selection of

dyes for specific uses.

2. To evaluate the sorption characteristics of four triarylmethane dyes and to test

the column technique as an alternative to traditional batch studies. We mea-



sured sorption isotherms of the dyes in a sandy soil and compared the sorption
isotherms determined by batch and column methods. We calculated sorption
parameters for the four dyes to determine their suitability as hydrological trac-

ers.

3. To identify the dyes that are potentially most suitable for tracing water flow.
We examined the sorption properties of dyes consisting of the same molecular
template as Brilliant Blue FCF, a common hydrological tracer, but with different
numbers and positions of sulfonic acid groups. We established QSAR models
that allowed the prediction of sorption characteristics of a sereies of hypothetical

dyes.

4. To investigate the sorption and desorption behavior of cesium in feldspathoids,
zeolite, and allophane. These minerals were found when simulated Hanford tank
wastes were contacted with silica rich solution, similar to the composition in
Hanford sediments. We synthesized the minerals and quantified the amount of
cesium sorbed or incorporated. We determined desorption kinetics and diffusion

coefficients of cesium in each type of the minerals.

1.3 Thesis Outline

This dissertation includes four major chapters that have been prepared as four tech-

nical papers to be submitted for publications. In Chapter 2, a literature review on



the use of dyes as hydrological tracers and a case study on the screening and selec-
tion of dye tracers are presented. Chapter 3 reports on the sorption characteristics of
four triarylmethane dyes and the application of column experiments for measurement
of adsorption isotherms. In Chapter 4, the establishment of Quantitative Structure-
Activity Relationship (QSAR) models for estimation of dye sorption parameters is
described and chemical structures of potential dye tracers are suggested. In Chapter
5, the incorporation and desorption of cesium in feldspathoids and zeolite formed in
Hanford tank-waste simulants were reported. Finally, Chapter 6 provides a summary
and conclusion of this dissertation. Tables and figures are included at the end of each
chapter in conformity with the manuscript format of a journal. Details on basic theory,
additional information on experimental procedures, and supportive data and figures,
which are not included in the papers, are presented as comments in the respective
chapters. For clarity, comments are placed between two horizontal lines. References

are listed together at the end of the dissertation.



Chapter 2

Dyes As Hydrological Tracers

2.1 Abstract

Dyes have been used in hydrological investigations for more than a century. Dye tracers
are versatile tools to study flow connections, residence times, hydrodynamic dispersion,
flow patterns, and chemical leaching. The major advantage of dyes compared with
other tracers is that dyes are readily detected at low concentrations, simple to quantify,
and inexpensive. The visualization of dyes is often a powerful tool to demonstrate flow
pathways. As most dyes are organic molecules, they tend to sorb to solid surfaces and
can be photo- and bio-chemically degraded. For water tracing, dyes should therefore

be tested under the specific conditions under which dye tracing is to be conducted.

This chapter has been accepted for publication: Jarai Mon and Markus Flury, Dyes as Hydrological

Tracers, The Encyclopedia of Water, John Wiley & Sons Inc., Hoboken, NJ.



We present a brief overview on the use of dyes as hydrological tracers, and propose a
cost-effective screening technique for selection of optimal dye tracers. This technique
is based upon quantitative structure-activity relationships (QSAR). We conducted a
case study on the application of QSAR for screening and selection of dye tracers.
The QSAR modeling revealed many hypothetical dyes that show potential to be good
tracers.

Keywords: dyes, tracers, hydrology, QSAR,

2.2 Introduction

Dye tracers have been used in hydrological investigations for more than a century. In
1877, Uranine (Fluorescein) was used as tracer to test the hydraulic connection between
the Danube River and the Ach Spring in southern Germany [Knop, 1878|. In 1883,
the French physician des Carriéres successfully proved the source of a typhus epidemic
in the city of Auxerre by conducting a tracer experiment with the dye aniline [des
Carrieres, 1883]. First systematic investigations on the suitability of dyes as tracers
were conducted even before the turn of the century [Trillat, 1899]. Subsequently, the
use of dyes as tracers became a common practice in hydrological investigations [Davis
et al., 1980; McLaughlin, 1982; Flury and Wai, 2003].

A classical example of the use of dyes in hydrology is the study of residence times
and pathway connectivities in Karst [Aley, 1997]. Further applications range from

studying dispersion in streams and lakes, to determine sources of water pollution,



and to evaluate sewage systems. In the vadose zone, dyes have been mainly used to
visualize flow patterns [Flury and Wai, 2003].

Thousands of different dyes are commercially available [Colour Index, 2001], but
only a few are suitable for hydrological investigations. Many dyes have been stud-
ied specifically for their suitability as hydrological tracers, and recommendations were
made on “best” dye tracers [Corey, 1968; Smart and Laidlaw, 1977; Smettem and
Trudgill, 1983; Flury and Fliihler, 1995]. Depending on the specific applications, dif-
ferent chemical characteristics of a dye may be desirable. For instance, for visualization
of water flow in soils, a dye should be clearly visible and trace the water movement
accurately. In this particular case, the dye will preferably be blue, red, green, or
fluorescent to contrast distinctly from the soil background. The accurate tracing of
the water movement demands that the dye does not sorb too strongly to subsurface
materials. This poses limitations on the chemical characteristics of a dye.

Here, we summarize tracer characteristics and the applications of dye tracers in sur-
face and subsurface hydrology. We then discuss the limitations and potential problems
in using dyes for tracing water flow and solute movement. Selection of an appropriate
dye is critical for the success of a tracing study. We present a case study on the appli-
cation of quantitative structure-activity relationships (QSAR) for screening, selecting,

and designing optimal dye tracers for a specific use.



2.3 Tracer Characteristics of Dyes

Dye tracers, particularly fluorescent dyes, are often preferred over several other types
of tracing materials because of their unique characteristics. Many dyes (a) can be
readily detected at concentration as low as a few micrograms per liter, (b) can be
quantified with simple and readily available analytical equipment, (c) are nontoxic
at low concentrations, and (d) are inexpensive and commercially available in large
quantity [Aley, 1997; Flury and Fliihler, 1995; Field, 2002b]. In addition, due to their
coloring properties, dyes allow to visualize flow pathways in the subsurface. Many dye
tracing studies conducted in the past ten years have clearly demonstrated that flow
patterns in the subsurface are often highly irregular; an example of a non-uniform
infiltration front in a sandy soil is shown in Figure 2.1.

Despite these desirable characteristics, there are important drawbacks in using
dye tracers. Dye tracers are not conservative tracers, i.e., they sorb to subsurface
media and do not necessarily move at the same speed as the water to be traced. The
sorption behavior of dyes is influenced by the properties of the subsurface materials and
the chemistry of the aqueous phase [Corey, 1968; Flury and Fliihler, 1995; Reynolds,
1966; Kasnavia et al., 1999; German-Heins and Flury, 2000]. Some dyes degrade when
they are exposed to sunlight, e.g., Uranine [Smart and Laidlaw, 1977; Feuerstein and
Selleck, 1963; Viriot and André, 1989], and some can be degraded by microorganisms.
Consequently, dye tracers may behave differently under different natural environments.

Thus, the suitability of dye tracers should be tested before they are used in hydrological

10



studies.

An “ideal” water tracer is a substance that (a) has conservative behavior (i.e., does
not sorbed to solid media, is resistant to degradation, and stable in different chemical
environments), (b) does not occur naturally in high concentrations in the system to
be investigated, (c) is inexpensive, (d) is easy to apply, sample, and analyze, and (e) is
non-toxic to humans, animals, and plants [Flury and Wai, 2003]. These requirements
are difficult to meet for a single chemical. Different types of dyes have been proposed

as best suitable water tracers, and these dyes are discussed below.

2.4 Surface Water, Groundwater, and Vadose Zone

Tracers

Fluorescent dyes are frequently used in surface and groundwater applications, and to
some degree also in vadose zone hydrology. Certain dyes, such as Rhodamine WT and
Uranine, are used for surface water, groundwater, as well as vadose zone applications,
while others, such as Brilliant Blue FCF, are exclusively used as vadose zone tracers.
Many of the common dye tracers (Table 3.1) belong to the chemical class of the
xanthene dyes. Structures of commonly used dyes are shown in Figure 2.2.

Dye tracers have been used in measuring flow velocity, travel time, and dispersion
in rivers and streams [Church, 1974; Cox et al., 2003]. Among the dyes commonly

used as surface water tracers (Table 3.1), the most frequent one is Rhodamine WT
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[Cox et al., 2003; Kratzer and Biagtan, 1998; Imes and Fredrick, 2002; Gooseff et al.,
2003]. Uranine has been recognized as a good hydrological tracer, but its susceptibility
to photochemical decay [Feuerstein and Selleck, 1963] is of concern in tracing surface
water.

Dye tracers have also been used to study groundwater flow velocity, flow direc-
tion, hydraulic connections, and aquifer characteristics [Davis et al., 1980; McLaugh-
lin, 1982]. Uranine and Rhodamine WT are the two most commonly used tracers
in groundwater studies (Table 3.1). However, these two dyes should not be used
as co-tracers because Rhodamine WT degrades to carboxylic fluorescein, which may
confound tracer quantification [Field, 2002b]. Rhodamine WT is highly water solu-
ble, easily visible and detectable, photochemically more stable than Uranine, and has
moderate tendency for sorption [Field, 2002b]. Commercially available tracer-grade
Rhodamine WT contains two isomers (Figure 2.2) which have different sorption prop-
erties [Sutton et al., 2001]. The para isomer of Rhodamine WT sorbs less to different
aquifer materials than does the meta isomer [Sutton et al., 2001; Vasudevan et al.,
2001]. Consequently the two isomers travel with different velocities in subsurface me-
dia, leading to chromatographic separation [Sutton et al., 2001]. In groundwater tracer
studies, as in surface water tracing, dye tracers can be easily detected or quantified in
water samples using fluorometers or spectrophotometers. Methods and software for
designing and analyzing tracer tests are available [Field, 2002b; Field, 2002a; Field,

2003a; Field, 2003b).
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In the vadose zone, dyes are mainly used to delineate water flow patterns. Flow
pathways in soils, sediments, and fractured rock have been visualized using dye tracers
[Bouma et al., 1977; Germann et al., 1984; Flury et al., 1994; Hu et al., 2002; Nobles
et al., 2004]. Many dyes have been tested in search for an optimal vadose zone dye
tracer and different dyes have been recommended [Flury and Wai, 2003]. Most com-
monly used vadose zone tracers are listed in Table 3.1. Brilliant Blue FCF has gained
acceptance as a good dye tracer for visualization of flow patterns [Flury and Flihler,
1995; Nobles et al., 2004] and solute transport in the vadose zone [Vanderborght et al.,
2002; Ohrstrém et al., 2004; Zinn et al., 2004]. In the vadose zone, dye tracer analysis
is not as simple as in surface water or groundwater tracer studies, particularly if tracer
concentrations are to be determined. Image analysis or fiber-optic spectroscopy can
be used to measure tracer distributions in soil profiles [Forrer et al., 2000; Aeby et al.,

2001].

2.5 Limitations in Using Dyes as Tracers

Most dyes are organic molecules and their interactions with other materials in the sub-
surface are influenced by environmental conditions. Generally, dye tracers sorb to solid
surfaces and the degree of sorption depends on surface properties and solution chem-
istry. Solubility, photochemical decay, absorption spectra, and fluorescence of dyes are
often affected by environmental conditions, such as temperature, sunlight, acidity, and

alkalinity. Thus, not only properties of the dyes but also of the environment in which
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dyes are to be applied often limit the use of dyes as tracers.

Sorption of dyes to subsurface media is one of the major limitations for using dyes
to trace water flow pathways. Sorption causes dyes to move with a slower velocity than
water. Some dyes are used to mimic the movement of certain chemicals rather than
the flow of water. For instance, Rhodamine W'T was used to mimic the movement of
atrazine [Kanwar et al., 1997].

Dyes selected as hydrological tracers often contain functional groups, such as car-
boxylic and sulfonic acids, which contribute to high water solubility and decrease
sorption [Corey, 1968; Reife and Freeman, 1996]; however, the functional groups cause
dyes to have pH dependent properties. The properties of mineral surfaces may also
change with pH, i.e., negatively charged surfaces may become neutral or positively
charged as pH decreases, and sorption of anionic dyes may increase. Therefore, the
sorption of dyes should be tested before dyes are applied as tracers.

Fluorescence of dyes may change under different environmental conditions. For
instance, fluorescence intensity of Rhodamine B increases with decreasing temperature
[Feuerstein and Selleck, 1963]. The presence of electron donating ions, such as chlorine,
bromine and iodine, in water samples as well as changes in solution pH can cause

fluorescence quenching [Smart and Laidlaw, 1977; Church, 1974).
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2.6 Selection of Dye Tracers for Specific Uses

2.6.1 QSAR as an Alternative to Experimental Screening

Screening is a basic step for selection of the most suitable dye tracers for specific
uses, but experimental screening of thousands of commercially available dyes is not
practical. An efficient technique (accurate, simple, fast, and inexpensive) is necessary
to find the most suitable dye tracer for a specific investigation. A promising screening
technique is the use of Quantitative Structure-Activity Relationships (QSAR).

The QSAR relate the molecular structure of a chemical to its activity. While
this technique has been used extensively in pharmacology, it has also been applied
to estimate environmental fate and risk of organic chemicals [Sablji¢, 1989b; Nendza,
1998; Sabljié, 2001; Worrall, 2001]. The QSAR models are based on calculated molecu-
lar descriptors and selected measured data that describe the property to be predicted.
A statistical model then allows to predict the properties of structurally similar chem-

icals which have not yet been experimentally tested.

2.6.2 QSAR Case Study Using Triarylmethane Dyes

We illustrate the use of QSAR for dye tracer screening using the example of the
triarylmethane dyes. These dyes are often used as food dyes, and because they are
highly water soluble, they have preferable characteristics as dye tracers [Flury and

Wai, 2003]. Brilliant Blue FCF, one member of this dye class, is commonly used as
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vadose zone tracer. Other members, however, may be even better suited as dye tracers.
We developed a QSAR model with triarylmethane dyes to predict their soil sorption
characteristics. Four triarylmethane dyes were selected as training set: Brilliant Blue
FCF (C.I. Food Blue 2), FD&C Green No. 3 (C.I. Food Green 3), ORCOacid Blue A
150% (C.I. Acid Blue 7), and ORCOacid Fast Green B (C.I. Acid Green 9). These
four dyes share the same molecular kernel but differ in numbers, types, and positions
of functional groups (Figure 2.3a—d).

We experimentally measured soil sorption parameters of the four dyes and used
QSAR to relate these parameters to the structural properties of the dyes. Soil sorp-
tion was determined by batch sorption experiments similar to the ones described in
German-Heins and Flury [German-Heins and Flury, 2000]. A sandy soil (Vantage,
WA), pH 8, and 0.01 M CaCl, solution were used for the sorption experiments. A
Langmuir sorption isotherm was fitted to the experimental data to obtain the two
adsorption parameters, the Langmuir coefficient K; and the maximum adsorption
A, (Table 2.2), using a normal nonlinear least squares method [Schulthess and Dey,
1996]. The Langmuir isotherm describes the relation between sorbed (C,) and aqueous

concentrations (Cs) at equilibrium as [Schulthess and Dey, 1996]:

 ALK,C,

Co=——"7F7—+.
1+ K1.C;

(2.1)

Structural properties (molecular descriptors) of the dyes were calculated using the
MDL QSAR (version 2.1, 2002, MDL Information System, Inc., San Leandro, CA).
The MDL QSAR program converts molecular structures to structural properties, such
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as molecular connectivity indices (MCIs), molecular volume, and surface area. Step-
wise linear regression analyses were applied to select the descriptors that are well
correlated to the experimental parameters [Sekusak and Sabjli¢, 1992; Hall et al.,
2002]. The statistical significance was assumed at P < 0.05.

The cross validation technique was used to test the predictability of the models.
Randomization tests were performed to check the probability that correlation occurred
by chance. The models that achieved the best quality of statistics were selected for
estimation of each sorption parameter. The two QSAR models, one for estimation of
K, and another for estimation of A,,, were established as follows:

1. Langmuir coefficient (K1) model:
K;, = —54.47(%x,) + 183.75 (2.2)

where K, has units of L/mmol and %y, is the 9"-order simple path molecular connec-
tivity index.

2. Maximum adsorption (A,,) model:
An = —45.72(%x7) + 35.88 (2.3)

where A,, has units of mmol/kg and QX;; is the 9"-order valence path molecular con-

nectivity index.

2.6.3 Prediction of Soil Sorption Using QSAR Models

Approximately 70 hypothetical molecules were created based on the structure of Bril-
liant Blue FCF and their sorption parameters were estimated using the QSAR models
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(Equations 4.12 and 4.13). These molecules all shared the same molecular kernel as
Brilliant Blue FCF but were different in number and position of SO3 groups. The
effects of different numbers and positions of SO3 groups on soil sorption parameters,
i.e., K; and A,, values, of the new compounds were examined.

The QSAR modeling indicates that the more SO3 groups attached to the molecular
kernel, the smaller will be the soil sorption: both K; and A,, values decreased with
the increasing number of SO3 groups (Figure 2.4). Negative K and A,, values were
calculated by the models. Negative values are only possible in case of negative sorption,
i. e., ion exclusion. The predicted values should be considered as relative, rather than
absolute, measures for comparing the sorption of the chemicals.

The effects of the positions of the SO3 groups at the molecular kernel was examined
using QSAR modeling. Three sets of hypothetical molecules were created, which
contained one, two, or three SOz groups attached at different positions at the benzene
rings of the triarylmethane kernel. Set 1, which contained one SOz group, consisted
of six molecules; Set 2 (two SO3 groups) consisted of 22 molecules; and Set 3 (three
SOj3 groups) consisted of 31 molecules. The range of the predicted Ky, and A, values
is listed in Table 2.2. The large variation in K; and A,, values within each group
of chemicals showed that the sorption parameters were strongly influenced by the
positions of the functional groups.

Many of the dyes in Sets 2 and 3 had lower K and A,, values than the four test

dyes. The hypothetical dyes with four to six SO3 groups attached to the triarylmethane
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kernel (Figure 2.3e,f), had considerably smaller K and A,, values than the test dyes.
These hypothetical dyes are likely better conservative tracers than any of the test dyes.

The Ky, and A,, values of C.I. Food Green 3 were lower than those of C.I. Food Blue
2 (Brilliant Blue FCF). Between these two readily available dyes, C.I. Food Green 3
may be a better tracer than Brilliant Blue FCF for hydrological investigations in the

vadose zone.

2.7 Summary

Dye tracers are frequently used in hydrological investigations. Although dyes have
unique tracer characteristics, some limitations and problems are associated with using
dyes as hydrological tracers. Most dyes sorb to subsurface media, so that tracer
characteristics of dyes should be tested under the specific conditions under which dye
tracing is to be conducted.

An accurate and cost-effective screening technique is necessary for selection of opti-
mal dye tracers. Quantitative structure-activity relationships (QSAR) offer a powerful
tool for screening of a large number dyes in a short time. We conducted a QSAR case
study using triarylmethane dyes. The results of the QSAR modeling indicate that
many hypothetical triarylmethane dyes have considerably lower sorption characteris-
tics than the triarylmethane dyes currently used as tracers, and likely are good tracer

candidates.
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2.8 Tables and Figures
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Table 2.2: Comparison of Langmuir coefficient (K1) and maximum adsorption (A4,,)

for test and hypothetical triarylmethane dyes.

Triarylmethane dyes C.I. Nr. Number of Langmuir coefficient Maximum adsorption

SO3 groups Ky (L/mmol) A, (mmol/kg)
Test triarylmethane dyes Experimental

C. I. Food Blue 2 42053 3 5.29 0.42

C. L. Acid Blue 7 42080 2 10.1 2.99

C. I. Food Green 3 42090 3 3.94 0.30

C. I. Acid Green 9 42100 2 16.5 4.40
__ Hypothetical triarylmethane dyes Predicted

Dye set 1 none 1 20.9 to 37.8 5.8 to 11.2
Dye set 2 none 2 8.1 to 31.5 2.0 to 8.7
Dye set 3 none 3 —8.5 to 14.7 —29t04.1
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Figure 2.1: Visualization of flow patterns in soils using a dye tracer (Brilliant Blue

FCF). Grid size is 10 cm. (Note: This is a color figure)
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Figure 2.2: Structure of selected dye tracers.

(Sources of the pK, values are given in ref. (Flury and Wai, 2003)).
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Chapter 3

Sorption of Four Triarylmethane Dyes
in a Sandy Soil determined by Batch and
Column Experiments

3.1 Abstract

Dye tracers are important hydrological tracers. Only a few commercially available
dyes have been systematically evaluated for their suitability as hydrological tracers.
Sorption is one of the limiting factors for the suitability of a dye tracer. In this study
we examined the sorption of four dyes to a sandy soil using batch and column tech-
niques. Adsorption isotherms were determined at pH ~ 8.0 in 10 mmol/L CaCl,

background solutions. Batch sorption experiments were conducted using dye concen-

A modified version of this chapter has been submitted for publication: Jarai Mon, Markus Flury,
and James. B. Harsh, Sorption of Four Triarylmethane Dyes in a Sandy Soil determined by Batch

and Column Experiments, Geoderma (in review).
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trations ranging from 0.0001 to 2.9 mmol/L. Sorption isotherms were analyzed with
the Langmuir equation. Column experiments were conducted under water saturated
conditions using four triarylmethane dyes—C.I. Food Blue 2 (Brilliant Blue FCF),
C.I. Food Green 3, C.I. Acid Blue 7, and C.I. Acid Green 9. Adsorption isotherms
calculated from column breakthrough data did not show good agreement with those
of batch studies. Compared with the batch data, column data tended to over-estimate
sorption of the dyes at small dye concentrations: however, batch and column exper-
iments revealed the same relative differences in sorption among the dyes. The four
dyes showed two different sorption behaviors: C.I. Food Green 3 and C.I. Food Blue 2
sorbed considerably less than C.I. Acid Green 9 and Acid Blue 7. The former two
dyes contain three sulfonic acid groups while the latter only contain two sulfonic acid
groups. C.I. Food Green 3 is likely be a good hydrological tracer, as is C.I. Food Blue
2, which is frequently used as a vadose zone tracer.

Key words: dye tracers, sorption, vadose zone, column isotherms, batch isotherms,

Langmuir.

3.2 Introduction

Dyes are popular hydrological tracers, both for the saturated as well as the unsatu-
rated zone [Davis et al., 1980; Flury and Wai, 2003]. Many different dyes were used or
tested as hydrological tracers, but there is little agreement on the most suitable dye

tracer [McLaughlin, 1982]. Some dyes recommended for soil water tracing are Erio
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Floxine 2G (C.I. 18050) [Corey, 1968], Pyranine (C.I. 59040) [Reynolds, 1966], Lis-
samine Yellow FF (C.I. 56205) [Smettem and Trudgill, 1983], and Brilliant Blue FCF
(C.1. 42090) [Steenhuis et al., 1990; Flury and Fliihler, 1995]. A dye tracer optimal
for a specific purpose may not be useful for another purpose. For instance, a tracer
useful to determine flow velocity in Karst may not be a good vadose zone tracer, or
vice versa.

Thousands of dyes are commercially available [Colour Index, 2001], and many may
be potentially useful as hydrological tracers: however, only a few of these have been
tested and used as hydrological tracers. Sorption to subsurface materials is one of
the major factors that limits the application of dyes as hydrological tracers [Shiau
et al., 1993; Flury and Fliihler, 1995; Ketelsen and Meyer-Windel, 1999]. To evaluate
the suitability of dye tracers, a major component is the determination of sorption
parameters.

Currently, one of the most commonly used dye tracers for studying water flow in
the vadose zone is Brilliant Blue FCF [Flury and Wai, 2003]. Brilliant Blue FCF is
a member of the class of triarylmethane dyes, and has been intensively investigated
as a hydrological tracer [Flury and Fliihler, 1995; Ketelsen and Meyer-Windel, 1999].
It is likely that other triarylmethane dyes are useful tracers as well. The class of the
triarylmethane dyes contains a series of dyes with similar structure as Brilliant Blue
FCF; however, no systematic investigations have been conducted on the suitability of

these dyes as tracers.
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Sorption of dyes to soil material is commonly determined with batch experiments;
however, the batch method has certain shortcomings: (1) soil particles may be broken
in smaller pieces during shaking, causing errors in the sorption measurements, (2)
batch experiments are usually conducted at much lower solid to solution ratios than
what would be representative under field conditions, and (3) batch experiments require
filtering or centrifugation to separate the liquid from the solids |[Griffioen et al., 1992;
Biirgisser et al., 1993].

Column experiments have been proposed as an alternative method for measuring
sorption isotherms [Griffioen et al., 1992; Biirgisser et al., 1993; Igler et al., 1998; Atkin-
son and Bukowiecki, 2000]. Column techniques have some advantages over batch tech-
niques: the experimental measurement can be automated, the solid to solution ratio
is more similar to natural field conditions, no shaking and centrifugation is required,
and the flow-through system represents natural flow conditions more closely [Grif-
fioen et al., 1992; Biirgisser et al., 1993]. Biirgisser et al. [1993] demonstrated that
the adsorption isotherms of cadmium and methylene blue determined with column
experiments showed good agreement with those obtained with batch experiments.

The column technique is promising to determine sorption characteristics of dyes,
because it would allow rapid screening of dye sorption behavior under a variety of
experimental conditions. If a transparent column were used, the column technique
also allows one to visualize the staining capability of a dye. The main objectives of

this study were to compare the sorption characteristics of four triarylmethane dyes
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and to investigate the suitability of column experiments for measuring the sorption
isotherms. Sorption isotherms determined with column experiments were compared

with those obtained from batch studies.

3.3 Materials and Methods

3.3.1 Dyes and Porous Medium

We selected four commercially available triarylmethane dyes. The commercial names,
Colour Index names (C.I. Name), Colour Index numbers (C.I. Nr), and selected prop-
erties of the dyes are listed in Table 3.1. These dyes were commercially available in
solid forms and obtained directly from the manufacturers. All four dyes share a com-
mon molecular template but contain different types and numbers of functional groups
attached at different positions on the molecular template (Figure 3.1). The purpose of
selecting these four dyes was to evaluate the effect of functional groups on dye sorption.

A sandy soil, collected from Vantage, Washington, was used as test material for
the sorption experiments. This soil was the same as the one used by German-Heins
and Flury [2000]. The pH of the soil was 7.1, the particle size dominated by sand
(about 96% by weight), and the mineralogy consisted mainly of quartz and feldspar.

More detailed soil characterization is presented in German-Heins and Flury [2000].
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3.3.2 Batch Experiments

Standard batch sorption experiments were conducted with the Vantage soil. We used
nine dye concentrations ranging from 0.0001 to 2.9 mmol/L (0.1, 1, 10, 50, 100, 200,
500, 1000, 2000 mg/L). This large range of concentration was chosen because tracer
dyes in the vadose zone are often applied at concentrations up to 2000 mg/L [Flury
and Fliihler, 1995]. The experimental protocol followed the one described in German-
Heins and Flury [2000]. Briefly, 10 g of soil were mixed with 60 mL of dye solution (1:6
wt/wt solid/solution ratio) or 20 g of soil were mixed with 20 mL of dye solution (1:1
wt/wt solid/solution ratio). Preliminary tests on the particle density effect showed
that the use of two different solid-solution ratios did not have a significant effect on
adsorption isotherms (Figure 3.2), which was also confirmed in earlier studies [German-
Heins and Flury, 2000]. The pH of the batch system was 8.0, adjusted with 0.1 mol/L
NaOH, and the background electrolyte concentration was 10 mmol/L CaCl,. The
samples were shaken using a reciprocal shaker for 24 hrs at 22°C. The samples were
then centrifuged at 48,000 g for 15 minutes, the supernatant decanted, and the dye
concentration measured with a spectrophotometer (Hewlett Packard 8425 A Diode
array) at the wavelength of maximum absorption of each dye. Experiments were
made in triplicates and included a blank system.

Sorption isotherms were constructed by plotting dye concentration in solution ver-
sus dye sorbed on the soil. The mass of dye sorbed on the soil was calculated based

on mass balance considerations. The experimental sorption isotherms were analyzed
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with the Langmuir model [Langmuir, 1918; Schulthess and Dey, 1996]:

o AmKLCs
1 + K1.C,

(3.1)
where C, (mmol/kg) is the sorbed concentration, Cs (mmol/L) is the solution concen-
tration, K, (L/mmol) is the Langmuir coefficient, and A,, (mmol/kg) is the maximum
adsorption. The Langmuir parameters, K and A,,, were determined by fitting the
data with three different regression methods, i.e., Langmuir linearization (LL), non-
linear least squares (NLLS), and normal non-linear least squares (NNLS) [Schulthess

and Dey, 1996], using the LANGMUIR_1 computer program written by Schulthess

and Dey [1996].

3.3.3 Column Experiments

Column sorption experiments were conducted under water saturated conditions with
the flow direction upward. We used a transparent glass chromatography column with
an inner diameter of 1.5 cm and length of 12.2 cm (Omnifit, Cambridge, UK). The
end plates of the column consisted of porous polypropylene disks. The column effluent
was collected using a fraction collector. The eluent solution consisted of 10 mmol/L
CaCly adjusted to pH 8. To determine the column Peclet number, the CaCly, was
displaced with equimolar Ca(NO3),. Nitrate concentration in the outflow samples was
measured with a spectrophotometer (Hewlett Packard 8425 A Diode array). Column
Peclet numbers, defined as Pe = VL/D, with V' being the pore water velocity, L the
length of the column, and D the dispersion coefficient, were obtained by fitting the
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standard advection-dispersion equation to the NOj breakthrough data [Fortin et al.,
1997].

For the dye experiments, dyes at a concentration of about 2.5 to 3 mmol/L were
dissolved in 10 mmol/I. CaCl, solution. Because of high degree of impurity in the
C.I. Acid Blue 7 dye sample, this dye solution was sequentially filtered using an 11 pm
filter paper (Grade 1, Whatman Ltd., UK) and a 0.4 gm membrane filter (Nuclepore
Corp., CA). Dyes were introduced into the column as a pulse of two to four pore
volumes and then eluted with the background electrolyte solution until dye concen-
trations in the outflow were close to the background. Eluent was collected with a
fraction collector and dye concentrations quantified with spectrophotometry. Selected
parameters of the column experiments are summarized in Table 3.2.

If hydrodynamic dispersion is negligible (column Peclet > 50), then one can use
column breakthrough data to determine the sorption isotherm of a chemical [Griffioen
et al., 1992; Biirgisser et al., 1993]. As shown by Biirgisser et al. [1993], the sorption

isotherm can be derived from the elution part of the breakthrough curve as:

1 Co () tputse '
ca(cs)_/o [to - —1] de (3.2)

where C, (mmol/kg) is the sorbed concentration, Cs (mmol/L) is the concentration
of the chemical in the column outflow, ¢ is the travel time from the beginning of
the experiment when the dyes are fed into the column, ¢,,;s is the time duration of
pulse input, ¢, is the average travel time (length of the column divided by pore water

ps(1-6)
6

velocity), and p is the mass of soil per unit pore volume, given as p = , Where
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ps is the particle density and 6 is the porosity of the soil in the column. To integrate
equation (3.2), we interpolated the experimental data with a cubic spline [Press et al.,
1992] as suggested by Biirgisser et al. [1993]. The splines were then integrated using

the Romberg integration [Press et al., 1992].

3.4 Results and Discussion

The results of the batch sorption experiments are depicted in Figure 3.3, and the Lang-
muir isotherm parameters estimated with the different regression methods are listed in
Table 3.3. Two of the non-linear least square procedures, the non-linear least square
and the normal non-linear least square, yielded the best curve fits, except for C.I. Food
Green 3, where all methods gave identical fitting results. The Langmuir linearization
method tended to underestimate the sorption affinity, K, and to overestimate the
maximum adsorption, A,,.

The experimental results of the column experiments are shown in Figure 3.4. The
Peclet numbers determined from the NO3 breakthrough curves were between 14540.7
and 151 £+ 0.8 (Figure 3.5), suggesting that it is reasonable to ignore the dispersion
term in the convection-dispersion equation as needed for calculation of adsorption
isotherms. The comparison of the dye breakthrough curves shows that the dye fronts of
the C.I. Food Blue 2 and C.I. Food Green 3 were very similar and the dye breakthrough
occurred at about 2.5 to 3 pore volumes (Figure 3.4a,b).

The breakthrough of C.I. Acid Blue 7 and C.I. Acid Green 9 occurred between

35



5 and 6 pore volumes (Figure 3.4c,d). Unlike the other three dyes, the maximum
concentration of the C.I. Acid Green 9 in the outflow was only about one half of the
input concentration (Figure 3.4d). Both, C.I. Acid Blue 7 and C.I. Acid Green 9 show a
pronounced tailing of the desorption front and up to 500 pore volumes had to be eluted
before the dye concentration fell below the analytical detection limit. After about 90
pore volumes of throughflow, the flow rate in the C.I. Acid Green 9 column decreased
from 0.9 to 0.44 mL/min, suggesting that the dye was clogging up the column. Dye
outflow concentrations at that time were near the analytical detection limit, so we do
not consider the errors caused by the clogging to have affected the sorption isotherm
determination.

The sorption isotherms obtained from the column experiments (Equation 3.2) and
those obtained from the batch experiments are compared in Figure 3.6. In general,
the adsorption isotherms calculated from column data show the same trends as those
from the batch data: greater sorption determined in columns corresponded to greater
sorption observed in batch experiments. However, the sorption isotherms obtained
from the column experiments do not agree well with those obtained from batch studies
(Figure 3.6b,c). The agreement between column and batch isotherms appears to be
better at high dye concentrations than at low concentrations (Figure 3.6¢). On a
logarithmic scale, the isotherms at high concentrations agree fairly well.

The results of both column and batch studies show that C.I. Food Blue 2 and

C.I. Food Green 3 were sorbed less than C.I. Acid Blue 7 and C.I. Acid Green 9.
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The main difference among these four dyes is the number of sulfonic acid groups in
their structures: C.I. Food Blue 2 and C.I. Food Green 3 contain three sulfonic acid
groups, while C.I. Acid Blue 7 and C.I. Acid Green 9 contain only two sulfonic acid
groups (Figure 3.1). It has been reported that dyes consisting of more sulfonic acid
groups tend to sorb less and have a better mobility in soils than dyes with fewer
sulfonic acid groups [Corey, 1968; Reife and Freeman, 1996]. Our results corroborate
this observation.

If a transparent column is used, the dye penetration into and elution from the
column can be visually observed, and this provides information on how well the dyes
can stain the porous material. All the four dyes used here strongly stained the sandy
soil and could be clearly visualized by eye. Although a very qualitative measure, these
visual observations are very helpful to determine the coloring ability of a dye when used
as vadose zone tracer. Such information cannot be obtained from batch experiments.

From all four dyes investigated, C.I. Food Green 3 sorbed the least. Both C.I. Food
Green 3 and C.I. Food Blue 2 contain three sulfonic acid groups, but C.I. Food Green 3
contains, in addition, a hydroxyl group. This additional hydroxyl group likely causes
increased water solubility. From all four dyes tested, both C.I. Food Green 3 and
C.1. Food Blue 2 seem to be good hydrological tracers, and C.I. Food Green 3 seems
to be the best tracer. At high concentrations (~g/L), the hue of C.I. Food Green 3
is very similar to that of C.I. Food Blue 2, and the staining power of the two dyes is

very similar as well.
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3.5 Conclusions

The column technique is a useful method to screen dyes as hydrological tracers. Al-
though sorption isotherms obtained from the column technique did not agree well with
batch isotherms, the relative sorption of different dyes can be accurately assessed. The
column technique is faster, and thus allows a more efficient screening of dyes. In addi-
tion, the column technique allows assessment of the coloring ability of dyes in porous
media, and may also represent natural conditions more closely than the batch tech-
nique.

The triarylmethane dyes tested in this study showed that the more SOj3 groups
attached to the molecule template, the less was the sorption. Besides C.I. Food Blue
2, C.I. Food Green 3 was found to be a potentially useful tracer candidate. This dye
is a certified food due in the U.S. and therefore suitable as a hydrological tracer from

a toxicological point of view as well.
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3.6 Tables and Figures
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Table 3.2: Selected parameters for the column experiments.

Parameter Unit Value
Length of column, L cm 12.2
Bulk density g/em®  1.52-1.54
Water content cm®/em®  0.42-0.43
Column pore volume mL 9.1-9.3
Flow rate, @ mL/min  0.9-1.1
Water flux, J, cm/min  0.5-0.6
Pore water velocity, V cm/min  1.20-1.42
Hydrodynamic dispersion, D cm?/min  0.10-0.11
Column Peclet number, Pe = V.L/D - 145-151
Dye pulse length in pore volumes — 34
Duration of experiments in pore volumes - 137-461
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Brilliant Blue FCF (C.I. Food Blue 2, C.I. 42090) FD&C Green No. 3 (C.I. Food Green 3, C.I. 42053)
SO3Na
cl
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SO3
ORCOacid Blue A 150% (ClI. Aeid Blue 7, . 42080) ORCOacid Fast Green B (C.I. Acid Green 9, C.I. 42100)

Figure 3.1: Molecular structures of the four triarylmethane dyes used in this study.
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Figure 3.2: Effect of solid to solution ratio on the adsorption isotherm of Brillant Blue

FCF (C.I. Food Blue 2). The ratios are solid to solution in the units of g:ml.
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Figure 3.3: Adsorption isotherms of (a) C.I. Food Blue 2, (b) C.I. Food Green 3, (c)
C.I. Acid Blue 7, and (d) C.I. Acid Green 9 determined by batch experiments. Symbols
represent experimental batch data and error bars are 4+ one standard deviation. The
lines are Langmuir isotherms fitted to the data using different regression methods
(NLLS = Non-linear least squares, NNLS = Normal non-linear least squares, LL =

Langmuir linearization).
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Figure 3.4: Column breakthrough curves of (a) C.I. Food Blue 2, (b) C.I. Food Green 3,

(c) C.I. Acid Blue 7, and (d) C.I. Acid Green 9. Symbols represent experimental data

and the solid lines are spline interpolations. The insets show the breakthrough curves

for the entire duration of the experiment.
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Figure 3.6: Comparison of breakthrough curves and adsorption isotherms of the dyes
used in this study. (a) Column breakthrough curves (spline interpolations), (b) ad-

sorption isotherms (linear scale), and (c¢) adsorption isotherms (log-log scale). Symbols



Chapter 4

Quantitative Structure-Activity
Relationships (QSAR) for Screening of
Dye Tracers

4.1 Abstract

Dyes are important hydrological tracers. Many different dyes have been proposed as
optimal tracers, but none of these dyes can be considered an ideal water tracer. Some
dyes are toxic and most sorb to subsurface materials. The objective of this study was
to find the molecular structure of an optimal water tracer. We used QSAR to screen
a large number of hypothetical molecules, belonging to the class of triarylmethane

dyes, in regard to their sorption characteristics to a sandy soil. The QSAR model was

A modified version of this chapter has been submitted for publication: Jarai Mon, Markus Flury,
and James. B. Harsh, Quantitative Structure-Activity Relationships (QSAR) for Screening of Dye

Tracers, Journal of Hydrology (in review).
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based on experimental sorption data obtained from four triarylmethane dyes: Brilliant
Blue FCF (C.I. 42090), FD&C Green No. 3 (C.I. 42053), ORCOacid Blue A 150%
(C.I. 42080), and ORCOacid Fast Green B (C.I. 42100). Sorption characteristics of the
dyes were expressed with the Langmuir isotherm. Our premise was that dye sorption
can be minimized by attachment of sulfonic acid (SO3) groups to the triarylmethane
template. About 70 hypothetical dyes were created and QSAR were used to estimate
their sorption characteristics. The results indicated that both the position and the
number of SOz groups affected dye sorption. The more SO3 groups were attached to
the molecule template, the smaller was the sorption. An optimal hydrological water
tracer contains four to six SO3 groups.

Keywords: dyes, hydrological tracers, water tracing, QSAR, sorption

4.2 Introduction

Dye tracers are frequently used in hydrology to measure groundwater flow velocity,
identify flow directions, hydraulic connections, and the pattern of water movement
[Drew, 1968; Smart and Laidlaw, 1977; Davis et al., 1980; McLaughlin, 1982; Flury
and Wai, 2003]. An ideal dye to trace the movement of water should move conser-
vatively, i.e., without interacting with the solid phase and without decaying during
the time period of the tracer test. By and large, however, dyes react with subsurface
media, and the fate and behavior of dyes in the subsurface depend on the environmen-

tal conditions, i.e., property of the media and solution chemistry [Smart and Laidlaw,
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1977; Flury and Fliihler, 1995; German-Heins and Flury, 2000]. A good dye tracer
under one environmental condition may not perform as well under a different envi-
ronment. Therefore, dye tracers should be evaluated for their suitability in specific
applications.

Thousands of dyes are commercially available [Colour Index, 2001]. Because ex-
perimental screening of a large number dyes in searching for a good tracer for specific
environmental condition is not feasible, alternative methods for screening are needed.
Quantitative structure-activity relationships (QSAR) offer the possibility for screen-
ing a large number of chemicals in a short time and with low cost. QSAR establish
a statistical relationship between biological activity or environmental behavior of the
chemicals of interest and their structural properties [Sablji¢, 1989b; Hansch and Fu-
jita, 1995]. Using QSAR, we can obtain an approximation of the activity of a chemical

from its molecular structure only.

Comment: QSAR have been employed in several areas such as agrochemical,
pharmaceutical, and environmental studies. In environmental science, the application
of QSAR is mostly for describing the toxicity of a certain chemicals and for the assess-
ment of environmental contamination [Nendza, 1998]. Thereby, the objective of QSAR
is often to find a mathematical model that can be used for predictions of the activity of
chemicals of interest [Sablji¢, 1989b]. QSAR models are usually derived from a group
of compounds whose activities are known and whose structures are similar to those

of compounds to be investigated [Hall et al., 2002]. Such models often break down in
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attempting to predict the activities of a group of compounds that are not structurally
related or are from different chemical classes [Gerstl and Helling, 1987]. A successful
QSAR model will adequately predict the activity of compounds from their respective
chemical structures. The QSAR approach is a powerful tool for estimation of the ac-
tivity of a large number of similar compounds without time consuming experimental
measurements. However, it is not implied that experimental measurements could be
replaced by model estimations. In looking for the best dye tracers, QSAR model pre-
dictions should be used as basic information for finding preferred candidates that are
then to be tested experimentally. In addition, QSAR should be used for designing the

best possible chemicals, which possess the most desirable tracer characteristics. [ ]

QSAR have been successfully applied to predict soil sorption coefficients of non-
polar and non-ionizable organic compounds such as many pesticides [Gerstl and Helling,
1987; Pussemier et al., 1989]. Sorption of organic chemicals in soils or sediments is
usually measured by sorption coefficients. QSAR models with the first-order molecular
connectivity index have been used to estimate soil sorption coefficients of non-polar
organic chemicals [Sablji¢, 1989a; Sablji¢, 1989b; Meylan et al., 1992; Sablji¢, 2001].
However, the first-order molecular connectivity model was insufficient in predicting
sorption coefficients of polar organic compounds [Sablji¢, 1989b; Sekusak and Sabjlic,
1992]. Meylan et al. [1992] suggested that sorption coefficients of some polar organic

compounds could be successfully predicted with a model that includes molecular con-
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nectivity indices (MCIs) and polarity correction factors. Sekusak and Sabjli¢ [1992]
reported that a QSAR model consisting of the second-order MCI and a descriptor
representing the polar part of a molecule was able to describe the log K,. of amides,
while the first-order MCI alone failed. High-order MCIs are possible descriptors to
identify pesticides susceptible to leaching [Worrall, 2001].

Higher-order MCIs might have a better correlation with sorption of organic com-
pounds than lower-order MCIs. Sorption coefficients normalized by organic carbon
content (log K, or log K, ) have been used in several QSAR models [Pussemier et al.,
1989; Sablji¢, 1989a; Sablji¢, 1989b; Meylan et al., 1992; Sablji¢, 2001]. Soil sorption
of ionizable, hydrophobic organic chemicals could be estimated using a QSAR model
which included the octanol/water partition coefficient, organic carbon content, and
correction factors for acids and bases [Bintein and Devillers, 1994]. The K., however,
is not an appropriate parameter for describing sorption of ionizable, polar molecules,
such as organic dye tracers. Sorption of ionizable organic compounds in soils or sed-
iments depends on the concentration of chemicals, solution pH, ionic strength, and
medium properties [Schwarzenbach et al., 2003]. Obtaining a soil sorption QSAR
model that accounts for differences in solution chemistry and media properties may
be impossible. Moreover, sorption models derived from a specific chemical class under
specific environmental conditions would not be valid for general use. QSAR models
are specific to chemicals and their interactions with the targeted environment [Nendza,

1998].
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Dyes are grouped into classes based on their chemical structures or their methods
of application. A number of hydrological tracers are from the class of triarylmethane
dyes [Flury and Wai, 2003]. This class includes hundreds of dyes that are mostly
red, violet, blue, or green in colors and is one of the largest dye groups [Colour Index,
1971]. The class includes Brilliant Blue FCF (C.I. Food Blue 2), which is a well known
vadose zone tracer, but may also contain dyes that are better tracers than Brilliant
Blue FCF. In addition, new and better dye tracers could be designed by structural
modification of existing tracers.

Dyes that contain more sulfonic acid groups are generally less sorbed to soils than
those with fewer SO3 groups [Corey, 1968]. Testing the adsorption of dyes and selected
intermediates to activated carbon, Reife and Freeman (1996) found that chemicals
that contain more sulfonic acid groups in their molecular structures were less sorbed.
These results suggest that as more sulfonic acid groups are attached to the molecular
template, dyes become more water-soluble and more readily move with the water. Not
only the number but also the positions of SO3 groups in the structures may influence
the sorption of dyes. At neutral pH, orthanilic acid (one sulfonic acid group attached
at the ortho position on aniline) sorbed much more strongly to activated carbon than
that of metanilic acid (one sulfonic acid group attached at the meta position) [Reife and
Freeman, 1996]. Similarly, the para isomer of Rhodamine WT exhibits less sorption
to aquifer materials than does its meta isomer [Vasudevan et al., 2001].

The goal of this study was to identify the structure of a dye best suited for tracing
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water flow in porous media. We based our selection of dyes on the class of triaryl-
methane dyes. The specific objective was to examine the sorption properties of dyes
consisting of the same molecular template as Brilliant Blue FCF but with different
numbers and positions of sulfonic acid groups. Four commercially available triaryl-
methane dyes were used to develop a QSAR model that allowed us to predict the

sorption characteristics of hypothetical dyes with similar molecular structure.

4.3 Theory

QSAR development requires three basic elements: (1) an activity or property data
set, measured experimentally, (2) molecular descriptors, which are the quantitative
descriptions of structural properties, and (3) statistical techniques to establish the
relationship between molecular descriptors and activities. QSAR analysis consists of
statistical modeling, and consequently QSAR results are associated with some uncer-
tainty and the predictive power of a QSAR model is related not only to the quality of

the input data but also the power of the statistics [Hall et al., 2002].

Comment: The major assumption in QASR model development is that all the
activities of chemicals are influenced by electronic, hydrophobic, and steric effects
[Hansch and Fujita, 1995; Hansch and Leo, 1995; Kier and Hall, 1986]. Further,
QSAR formulation assumes that similar changes in structural properties have similar

effects on the activity of chemicals [Hansch and Leo, 1995]. Thereby, the effect of
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structural changes on the activity of a compound can be extrapolated from a similar
system [Hansch and Leo, 1995]. This important idea was developed and proved by L.
P. Hammett around 1935 [Hansch and Leo, 1995]. Based on these principles, QSAR
have been developed for describing properties/activity of hundreds of chemicals as
well as for prediction of toxic effects, fate and environmental behaviors of potentially
hazardous chemicals [Nendza, 1998]. For any applications, QSAR procedure includes

six basic steps (Figure 4.1). n

The first step in a QSAR study is the selection of a group of compounds for which
experimental data are available. This group of compounds, the training set, should
cover the whole range of compounds whose activities/properties are to be modeled
[Hall et al., 2002]. The QSAR analysis is further based on the calculation of appropriate
molecular descriptors. Many different descriptors are available, but only few of them
might be used as independent variables in a QSAR model. Appropriate descriptors are
selected from previous knowledge of interaction processes or by statistical techniques,
i.e., by choosing descriptors that are highly correlated to the experimental parameters
of interest.

One group of molecular descriptors, the MClIs, have been successfully used in QSAR
to describe sorption of some hydrophobic chemicals in soils [Sablji¢, 2001]. The in-
dices quantify the structure of a molecule by coding the electrons present in the whole

molecule [Kier and Hall, 1999] and carry much structural information including in-
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termolecular accessibility [Kier and Hall, 2000]. There are two basic types of MCls:
simple MCIs and valence MCIs, which can be calculated as [Kier and Hall, 1986; Hall

and Kier, 2001]:

=) (0:05)7 (4.1)
and

=D 0(0707) 7 (4.2)
where 'y is the first-order simple MCI; §;,d; are the counts of sigma electrons in
adjacent non-hydrogen atoms 4, j; !y is the first-order valence MCI; and 0705 are the
counts of all valence electrons in adjacent non-hydrogen atoms ¢, j. The lower MCIs
(zeroth- to second-order) encode global or bulk properties, such as molecular size, and

the higher-order MClIs (> second-order) encode local structural properties, e.g., para

substitutions [Hall and Kier, 2001; Sablji¢, 2001].

Comment: The selection of compounds for a training set is one of the major
processes in QSAR studies. A training set is a group of compounds from which ex-
perimental data to be used in model development will be obtained. The training
set should cover the whole range of compounds whose activities/properties are to be
modeled [Hall et al., 2002]. The training set could be a homologous, homogeneous,
or heterogeneous data set [Hall et al., 2002]. A homologous data set represents com-
pounds that are the same in chemical type but different in sizes; a homogeneous data

set is a group of compounds that are significantly related to one another or that share
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a major common core. A group of compounds that do not have any similarity in
structures or compounds of multiple chemical types is known as a heterogeneous data
set. In general, a training set should include compounds in which their structures are
similar to the compounds whose activities are of interest.

The second step in QSAR development is to obtain experimental data. The accu-
racy and precision in measuring the activity is a basic requirement in QSAR because
the quality of a model depends on the quality of the data set from which it is derived.
All the activity of the chemicals in a training set should be obtained by the same
experimental procedure [Hall et al., 2002]. Thereby, the variations due to different
experimental techniques can be avoided and the quality of the data set is improved.
In addition, activity should be quantified in molar terms [Kier and Hall, 1986; Hall
et al., 2002], so that compounds of different molecular weight can be compared on the
same scale.

The third step required in the QSAR analysis is to specify and calculate the appro-
priate molecular descriptors. Many descriptors have been defined for use in different
types of QSAR. In general, molecular descriptors can be organized as the following

[Katritzky, University of Florida, Gainesville, FL, 2002]:

1. Constitutional descriptors, e.g., molecular weight, numbers of atoms, bonds.

2. Topological descriptors, e.g., Kier and Hall indices or molecular connectivity

indices, Wiener indices.

3. Geometric descriptors, e.g., principal moments of inertia, molecular volume.
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4. FElectrostatic descriptors, e.g., partial charges, polarity indices

5. Quantum-chemical descriptors, e.g., dipole moment, thermodynamic properties.

Appropriate descriptors can be selected from previous knowledge of interaction
processes or by statistical technique, i.e., by choosing descriptors that are highly cor-
related to the experimental parameters of interest. Regardless of the selection method,
a set of descriptors included in a model should have its own physical meanings [Sabljic,
2001].

Molecular connectivity indices (MClIs), topological descriptors, are the most often
used descriptors in soil sorption coefficient QSARs [Sablji¢, 2001]. Molecular connec-
tivity indices were developed by L. B. Kier and L. H. Hall, using the principle of the
Randi¢ branching index [Kier and Hall, 1986; Randic, 1992; Hall and Kier, 2001].
The indices quantify the structure of a molecule by coding the electrons present in a
whole molecule [Kier and Hall, 1999] and carry rich structural information including
intermolecular accessibility [Kier and Hall, 2000]. The simple MCIs are based on the
number of sigma electrons in non-hydrogen atoms and the valence MICs are calcu-
lated from the number of total valence electrons in non-hydrogen atoms [Kier and
Hall, 1986; Hall and Kier, 2001]. The MCIs of different orders can be obtained based
on how a molecular structure is dissected. For instance, the first order MCIs can be
obtained if a molecular structure is dissected by each bond that connects two adjacent
atoms. The second order MClIs can be obtained if a molecular structure is dissected by

two consecutive bonds that connect three adjacent atoms. Depending on the degree
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of skeletal branching of a structure, different types of indices such as path, cluster, or
chain MCIs can be obtained in both simple and valence MClIs, e.g., simple path MCls,
valence path MClIs [Kier and Hall, 1986]. The following formulae [Kier and Hall, 1986]
describe the calculation of MCIs of different orders.

Simple molecular connectivity index

1. The zero-order simple MCI (%y):
X =2_(0)"" (4.3)
where 6 = count of sigma electrons in all non-hydrogen atoms.
2. The first-order simple MCI (!y):
=) (0:05)7 (4.4)
where 6;,0; = count of sigma electrons in adjacent non-hydrogen atoms ¢, j.
3. The second-order simple MCI (%y):
X = (6:6;0,)7%° (4.5)
where 0;, 0, 0 = count of sigma electrons in adjacent non-hydrogen atoms ¢, j, k.
4. The third-order simple MCT (3x):

S = (0:0;060,) 7" (4.6)

where 0;0;050; = count of sigma electrons of adjacent non-hydrogen atoms 7, j, k, [.
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Valence molecular connectivity index

1. The zero-order valence MCI (°x?):

OXU — Z(év)fo.t’) (47)

2¥ = count of all valence electrons in each non-hydrogen atom

h = count of hydrogen atoms
2. The first-order valence MCI ('x"):
=D 0(0767) 7 (4.8)
where 0707 = count of all valence electrons in adjacent non-hydrogen atoms 4, j.
3. The second-order valence MCT (*x°):

XU = Y6705 61) 0 (4.9)
where 67070y = count of all valence electrons in adjacent non-hydrogen atoms
1,7, k.

4. The third-order valence MCI (*x"):

XU =D (67656067) 707 (4.10)

where 67070,/ = count of all valence electrons in adjacent non-hydrogen atoms
i,7,k,L.
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Higher order MCls, i.e, 4 5% ... n'" can be calculated using the analogy of the
first, second, and third order MClIs. Usually, MCIs are highly correlated to one another
[Hall et al., 2002], and totally uncorrelated independent variables are uncommon in
QSAR studies [Kier and Hall, 1986]. Correlation matrices should be checked to see
if a variable is highly correlated to others and those highly inter-correlated variables
should not be included in modeling.

The maximum number of independent variables to be included in a model depends
on the number of experimental observations. To achieve a sufficient degree of freedom,
one should consider one variable per five experimental observations [Nendza, 1998].
Generally, the ratios of experimental observations to variables (descriptors) should be
5 to 10 [Kier and Hall, 1986]. One should not overfit a model just to gain a large 72
because it would include experimental errors in the regression [Sablji¢, 1989b]. Other
statistical parameters, i.e., correlation coefficients (r), standard errors of estimation
(s), F values, covariances, and residuals should be checked for the quality of statistics
[Sablji¢, 1989b]. However, good regression statistics might be obtained by chance, and
thus the probability of chance correlation should also be tested, i.e. by performing
randomization tests [Hall et al., 2002].

A QSAR model must be tested for its stability in predicting the activity of other
compounds that are not in the training set. Hall et al. [2002] explained that valida-
tion of a model can be done in two ways: internal or cross validation and external

validation. The cross validation technique is also known as leave-one-out (LOO) be-
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cause the procedure omits one of the observations from the original data set and then
regenerates a new regression. External validation requires activity data that have not
been included in building the model. The activities of the new set of compounds are
estimated using the model, and the predicted are compared with the measured values
to indicate predictive power the model. The external validation method is more rigor-
ous than the LOO but is not applicable for small data sets. The multiple correlation
coefficients in model validations are usually denoted as Q? to differentiate them from
correlation coefficients in model establishments (72).

A successful model is useful for prediction of activity of similar compounds that
have not been tested or synthesized. Analysis of descriptors of the model might provide
a structural property that influences the activity. Consequently, model interpretations
might lead us to identify the possible mechanism(s) involved in the activity being
investigated. However, QSAR are specific to the class of chemicals used in developing
the models and are valid only under specified conditions. In addition, QSARs are
derived from activity data, which are subject to experimental error. In some cases,
experimental data used in establishing a model might not cover the whole activity field
of the chemical class. As a result, errors can be introduced into QSARs. Therefore,
the correlation stated in a model might not represent the actual condition. Rules and
limitations of the approach with regard to the specific purpose of applications should

be carefully considered in employing QSAR. [ ]
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4.4 Materials and Methods

4.4.1 QSAR Model Development

The class of triarylmethanes includes a number of dyes that are often used as hydro-
logical tracers [Flury and Wai, 2003]. Four members of this class, Brilliant Blue FCF
(C.I. Food Blue 2, C.I. 42090), FD&C Green No. 3 (C.I. Food Green 3, C.I. 42053),
ORCOacid Blue A 150% (C.I. Acid Blue 7, C.I. 42080), and ORCOacid Fast Green
B (C.I. Acid Green 9, C.I. 42100), were selected as a training set for QSAR model
development. These dyes share the same molecular template but differ in the number
and position of functional groups (Figure 4.2).

Sorption properties of these dyes to a sandy soil were determined with laboratory
batch experiments. We followed an experimental protocol similar to the one described
in German-Heins and Flury [2000]. Briefly, dye solutions with concentrations ranging
from 0.0001 to 2.9 mM were equilibrated with a Vantage sand (95.7% sand, 2.5% silt,
and 1.8% clay by weight) at 20 to 22°C. Equilibrium dye concentrations in solution
were measured spectrophotometrically. The pH of the batch system was maintained
at 8.0 to 8.5 using 0.01 M NaOH or HCI, and the background ionic strength was 0.1 M

C&Clg.

Comment: The following frames include interactive cartoon clips of the three
dimensional structures of the test dyes: (a) C.I. Food Blue 2, (b) C.I. Food Green 3,

(c) C.I. Acid Blue 7, and (d)C.I. Acid Green 9. The frames can be activated by using
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QuickTime or Windows Media Player.

In black and white printout, the atoms in light gray color are the oxygen of SO;
groups and dark colors are the carbon. Sulfur and nigtrogen atoms in the molecules
are covered among oxygen and carbon atoms.

In activated fames, dark spheres are carbon atoms, reds are oxygen, sulfur atoms

are in orange and nitrogen atoms are in purple.

The experimental data were analyzed with the Langmuir sorption isotherm [Lang-
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muir, 1918; Schulthess and Dey, 1996]:

 ALKC,

Co=—7F7—+
1+ K1.C;

(4.11)

where C, is the sorbed dye concentration, A,, is maximum adsorption capacity of
the medium, K is the Langmuir coefficient, and Cy is aqueous dye concentration
at equilibrium. We used the normal nonlinear least squares regression method as
described in Schulthess and Dey [1996] to estimate the sorption parameters K and
A,,. This method considers that not only dependent variables but also independent
variables are subjected to errors. We chose the two sorption parameters, Ky and A,,,
as experimental data (activity) for the QSAR development.

Structural properties (molecular descriptors) to develop the QSAR model were
calculated using MDL QSAR (version 2.1, 2002, MDL Information System Inc., San
Leandro, CA). MDL QSAR provides nearly 200 molecular descriptors including simple
and valence MCIs up to the tenth order. The molecular structure data files were cre-
ated using the ISIS/Draw program (version 2.4, 2001, MDL Information System Inc.,
San Leandro, CA). Default bond length, bond angle, and functional groups provided
in the program template were used in creating the structure graphs. The training
set contained zwitterions—molecules in which both positive and negative charges are
present. As MDL QSAR does not recognize that structural type, a positive charge and
a negative charge were manually assigned to the respective atoms in each molecule.
This charge contributes to the electronegativity of the molecules.

The most appropriate descriptors to be included in the QSAR model were chosen
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by statistical considerations. Stepwise linear regression analyses were applied to de-
termine which descriptors were well correlated to the experimental parameters [Hall
et al., 2002]. Cross validation was used for validation of the model, and randomization
tests were performed to check the probability that the descriptors included in a model
were selected by chance [Hall et al., 2002]. The MDL QSAR program carried out 100
randomizations of the activity values for each compound and then calculated multiple
r? and the mean r? for all regressions. Only the model that achieved the best quality
of statistics was selected for estimation of each sorption parameter. Thus, two QSAR
models were established, one for estimation of the Langmuir coefficient and another

for estimation of the maximum adsorption.

4.4.2 Molecular Structures of Potential Dye Tracers

Our premise was that SOz groups are the key components in designing an optimal
water tracer. By attaching different numbers of SO3 groups at different positions on
the molecular template of the triarylmethane dyes used in the training set, we obtained
many hypothetical molecules. Specifically, one or two SO3 groups were attached to the
benzene rings and the SO3 group(s) attached on each ring were moved one position
at a time. We followed the rule for the substitution of meta-directing deactivators in
attaching the SO3 on each benzene ring [McMurry, 1996]. Different molecules were
identified by the position of the SO3 groups. These positions were numbered as shown

in Figure 4.3. Each SO3 group was identified by the number of the benzene ring and by
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the position (number in parenthesis) where the group is attached to that benzene ring.
For example, a molecule is named as 1(2) if the SO3 group is attached to ring number
1 and position number 2 on that ring. Similarly, a molecule named 1(2)2(3) indicates
that two SO3 groups are attached to the molecule; one group is at ring number 1 and
position number 2, and another is attached at ring 2 and position 3. If two SO3 groups
are attached to the same benzene ring, the notation is abbreviated, e.g., the molecule
named 1(24) contains two SOz groups at ring number 1 at positions 2 and 4.

We systematically varied number and positions of SO3 groups. Four different sets of
molecules were generated. The first set contained six molecules with different numbers
of SO3 groups: 1, 2, 3, ... , 6 SO3 groups on each molecule, respectively. The second
set of molecules contained only one SO3 group attached to the molecular template at
six different positions. First, the SO3 group was attached on benzene ring number
1 at position 2, and then the SO3 group was moved to position 3, and position 4 in
clockwise directions (Figure 4.3). In doing so, three different molecules, 1(2), 1(3),
and 1(4), were created. The same procedure was repeated for benzene ring 3, and
thus another three molecules, 3(2), 3(3), 3(4), were obtained (Figrue 4.5). Functional
groups were not attached at the positions where atom overlap was indicated by the
ISIS/Draw program. The same rules were applied in creating the third and the fourth
set of molecules. The third set contained two SO3 groups attached to the template
in all 22 possible combinations (Figure 4.6). The fourth set included molecules with

three SO3 groups attached to the molecular templates. A maximum of two SOz groups
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were attached to a benzene ring in meta-positions. By attaching three SO3 groups in

all the possible combinations, 31 molecules were obtained (Figure 4.7).

4.5 Results and Discussion

4.5.1 Experimental Data and Molecular Descriptors

The adsorption of the selected dyes could be well described by a Langmuir isotherm
(Figure 4.8). The sorption parameters estimated by the normal nonlinear least squares
are shown in Table 4.1. Selected structural descriptors of the four dyes, calculated with
MDL QSAR, are listed in Table 4.2. We only list the zeroth- to the tenth-order MClIs,
because these MCIs are some of the most important descriptors for modeling soil

sorption coefficients and are relevant to this study.

4.5.2 QSAR Models

The regression analysis produced a number of QSAR models based on the input data
and molecular descriptors. However, the results of the stepwise regression suggested
that K and A,, parameters of the four tested dyes were best correlated to the ninth-
order simple path MCI (%x,) and the ninth-order valence path MCI ("x}), respec-
tively. These two molecular descriptors yielded the best statistical indicators, such as
correlation coefficient (r?), standard error of estimation (s), F-statistic (F), level of

significance (P), predictive correlation coefficient (Q?), residual sum of squared error
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in validation (RSS), and mean correlation coefficients in randomization tests (r?).

The optimal model obtained for the Langmuir coeffcient was:
Kj = —54.47 (°x,) + 183.75 (4.12)

where K7, is given in L/mmol, %, is the ninth-order simple path MCI, and the statis-
tical parameters are r? = 0.999,s = 0.114, F' = 7384, P = 0.0001, Q? = 0.998, RSS =

0.105,7%2 = 0.311. For the maximum adsorption, the optimal model was:
A = —45.72 (X)) + 35.88 (4.13)

where A,, is given in mmol /kg, 9)(; is the ninth-order valence path MCI, and the sta-
tistical parameters are 72 = 0.996, s = 0.125, F = 779, P = 0.001, Q* = 0.991, RSS =
0.114,72 = 0.357.

The QSAR models showed excellent agreement between estimated and experimen-
tally measured sorption parameters for the four test dyes. The estimated and the
experimental values closely followed a 1:1 line (Figure 4.9). The Q? values resulting
from the cross-validations were similar to the r?, which suggests that the models are
relatively stable [Sablji¢, 2001; Hall et al., 2002]. The Q? is usually considered as the
estimate predictability of the models [Sablji¢, 2001]. The mean 77 from the randomiza-
tion tests were relatively small, so that the probability of having a chance correlation
between dependent and independent variables is small [Hall et al., 2002]. The models
were derived from a small set of compounds but they are specific to a chemical group.
Such specific models tend to have a high predictive power in the specific chemical
domain [Sablji¢ et al., 1995].
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Soil sorption QSAR reported in the literature were mostly constructed with lower-
order MClIs [Sabljié¢, 1989a; Sekusak and Sabjli¢, 1992; Sablji¢ et al., 1995; Hong et al.,
1997]. Most of those reported models were based on relatively small, non-polar organic
molecules. The sixth-order chain MCIs (°y,;,) were included in a QSAR that described
the log K,. of some polar and non-polar organic compounds [Tao and Lu, 2000].
Worrall [2001] suggested the sixth-order valence path MCI (°x?) as a discriminator
between herbicides that leach and those that do not leach to groundwater. Higher-
order (> second-order) MCIs presumably carry more detailed structural information
than the lower-order MCIs [Hall et al., 2002].

Our QSAR model suggests that the sorption coefficient K, is negatively correlated
with ?y,. Higher-order simple MCIs, such as %y,, contain information about size,
branching patterns, and positions of substituents [Hall et al., 2002]; however, the simple
MCIs do not account for types of elements or types of bonds included in a molecule.
According to these considerations, the QSAR model offers a generic interpretation
that K, values of the training set were dominated by the molecular size, branching
pattern, and positions of substituents. Among the molecules with the same number
of SO3 groups, there seems to be a correlation between the molar volume of the
molecules and their K, values (Table 4.1), but among all the molecules there were no
relationships between molar volume or surface area and K, values (Table 4.1). The
number of SO3 groups, which also represents the amount of negative charge present

in the molecules seems to have a major influence on the K, of the dyes tested.
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In our QSAR model, the maximum adsorption A,, was negatively correlated with
9)(;. Valence MClIs, such as QX;, account for all valence electrons in o, 7, and lone pair
orbitals of non-hydrogen atoms. The 7 and lone pair electrons are more active or have
a higher potential for intermolecular interactions than o electrons. Hence, A,, values
might be more related to the interactions between the molecules and the soil medium

surfaces than to the size or the shape of the molecules.

4.5.3 Estimation of the Activity of Potential Dye Tracers

The QSAR models developed were used to estimate the sorption parameters (K and
A,,) of the hypothetical dyes. We first discuss the effect of the number of SO3 groups
on the sorption parameters and then the effect of position.

The more SO3 groups attached to the molecule, the smaller were both the K and
A,, values (Figure 4.10). The figure shows a selection of dyes with a certain position
of the SO3 groups. If the position of the groups is changed, the K and A,, values will
change as well, but the general trend observed in Figure 4.10 still remains. For both
K and A,,, the model estimated negative values for some cases. Those negative K,
and A,, suggest negative sorption, i.e., ion exclusion. The estimated parameters should
be considered as relative, rather than absolute, measures for comparing the sorption
of the chemicals. The trend observed in our study agrees with previous results that
showed that dyes containing more SO3 groups are less sorbed to solid media than dyes

containing less SO3 groups [Corey, 1968; Reife and Freeman, 1996].
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The position of the SO3 groups affected the predicted sorption parameters. Fig-
ure 4.11 shows molecules containing one SOj3 group attached at different positions
at the benzene rings. The smallest K and A,, were obtained for the molecule that
contains the SO3 group attached at the ortho position of the benzene ring 1, namely
molecule 1(2). The K and A,, values vary not only with the position of the SO3 group
on each ring, but also with the ring to which the SO3 group is attached. Molecules
with the SO3 group attached to ring 1 appear to have smaller K and A,, than those
with the SO3 group attached to ring 3 (Figure 4.11). The relative change of the sorp-
tion parameters as function of position of the SO3 group was less than the change due
to the number of SO3 groups. This suggests, not surprisingly, that the number of SO3
groups is the more dominant factor in determining the sorption characteristics.

The sorption parameters of the 22 molecules containing two SOz groups at different
positions are shown in Figure 4.12. The K and A,, values of the molecules again
showed differences with the position of the SO3 groups on each ring as well as with
their distribution on different rings in the molecules. Attaching the two SO3 groups
on ring 1 produced smaller K and A, values than attaching them on ring 3, e.g.,
molecules such as 1(24) or 1(35) showed generally smaller K, and A,, values than 3(24)
or 3(35). Among the molecules whose SO3 groups were distributed on two different
rings, those that contain SO3 groups on ring 1 and ring 3, e.g., 1(2)3(2) showed smaller
Ky and A,, values than those with SO3 groups on ring 2 and ring 3, e.g., 2(3)3(2).

Interestingly, the measured K, and A, values of Acid Blue 7, denoted as 1(24) were
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among the smallest. In general, K and A,, values of molecules with two SO3 groups
attached on ring 1 tend to be smaller, while K; and A,, values of molecules with two
SO3 groups attached on ring 3 tend to be larger.

By attaching three SO3 groups to the molecular template, 31 possible molecules
were created. QSAR modeling showed that the range of K and A,, of the molecules
that contain two SO3 groups attached on ring 1 and one SO3 group attached on 2 or
3 were not significantly different than K and A,, of molecules that contain one SOj
group attached on each ring (Figure 4.13). The molecules that had the smallest K7,
and A,, values contained one SOj3 group attached on ring 1 at an arbitrary position
and contained the other two SO3 groups attached at position 4 (para position) of rings
2 and 3 (e.g., molecules 1(2)2(4)3(4) and 1(3)2(4)3(4), Figure 4.13). There seem to be
many hypothetical chemicals whose K and A,, values are much smaller than that of
C.1. Food Blue 2 and C.I. Food Green 3. C.I. Food Green 3 showed somewhat smaller

K7 and A,, values than C.I. Food Blue 2.

Comment: One can visualize structural differences among the molecules that
contain the same number of SO3 groups attached at different positions on the molecular
template. The differences in shape may be the reason for the variation of K and
A,, values among the molecules that contain the same number of SO3 groups (steric
effects). The following are examples of molecules that contain the same numbers of
SOj3 groups but have different K; and A,, values. Each molecule contains three SO;

groups attached at different positions on a common molecular template.
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The frames can be activated by using QuickTime or Windows Media Player.

(a) 1(24)3(4) has much smaller K and A,, than (b) 1(3)3(35).

In all cases investigated, we observed that the changes in K were correlated with
the changes in A,,, i.e., molecules having large K, values tend to have large A,, values
(Figures 4.10 to 4.13). When comparing the effect of position of SOz groups, the
molecules with three SO3 groups showed the largest variation among their K and
A,, values. The results indicate that the effect of the position of SO3 groups on the

sorption parameters was more significant when the molecules contained more than one
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SO3 group.

4.5.4 Recommendation for the Design of an Optimal Dye

Tracer

We tested the K and A, values of nearly 70 hypothetical triarylmethane compounds
using QSAR. Among those 70 compounds, there were many compounds that are pos-
sibly better tracers, in terms of their sorption under our test conditions, than the four
test dyes. Their K and A,, values were considerably smaller than those of Brilliant
Blue FCF (C.I. Food Blue 2), which is often used as vadose zone tracer.

The number of the SO3 groups had a dominant effect on the sorption parameters.
The more SO3 groups attached to the triarylmethane template, the smaller were the
sorption parameters. The currently available triarylmethane dyes have a maximum of
three SO3 groups, but hypothetical molecules with more than three SO3 groups appear
to be promising tracer candidates. As more and more SO3 groups are attached, the
molecule becomes larger and the increasing molecular size may lead to increased sorp-
tion, counteracting to some degree, the beneficial effect of the addition of SO3 groups.
The hypothetical molecules containing 4, 5, or 6 SO3 groups, shown in Figure 4.10,
are likely promising hydrological tracers.

C.I. Food Green 3, which is a commercially available food dye, sorbed less to
Vantage sand than C.I. Food Blue 2. Between these two readily available dyes, Food

Green 3 may be a useful alternative tracer for hydrological investigations in the vadose
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zone.

4.6 Conclusions

QSAR modeling was used to screen hypothetical dyes for optimal hydrological tracer
characteristics. For this study, we considered minimal sorption to soil materials as
an optimal tracer characteristic. The QSAR analysis provided relative measures of
soil sorption. The results showed that dyes containing more SOj3 groups are less
sorbed to soil than dyes containing fewer SO3 groups. The sorption parameters of the
hypothetical compounds vary not only with the position of the SO3 groups on each
benzene ring, but also depend on which benzene rings the SO3 groups are attached
to. Many hypothetical compounds seem to sorb less to soil than the currently known

tracer dyes.
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4.7 Tables and Figures
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Table 4.2: Molecular connectivity indices (MCIs) for the four test dyes.

MCIs C.I. Acid Blue 7 C.I Acid Green 9 C.I. Food Blue 7 C.I. Food Green 3

Simple Path Molecular Connectivity Indices

Oy 33.61 34.48 36.98 37.85
Iy 22.47 22.87 24.08 24.47
2y 21.26 21.85 23.85 24.48
3xp 16.56 17.06 17.82 18.16
o 13.61 13.83 14.61 14.77
>Xp 11.44 11.65 12.25 12.73
X5 8.03 7.46 8.13 8.31
Xp 5.98 6.01 6.51 6.78
8Xp 4.60 4.37 4.52 4.62
9Xp 3.19 3.07 3.28 3.30
0y, 2.22 2.09 2.39 2.45

Valence Path Molecular Connectivity Indices

Ox? 27.75 28.80 30.12 30.49
Iyv 18.01 18.49 20.03 20.17
2xY 13.76 14.35 15.76 15.94
35 9.73 10.06 10.91 10.97
X5 6.89 6.94 7.62 7.68
X5 5.17 4.91 5.39 5.48
oxp 3.16 2.78 3.16 3.19
% 1.95 1.91 2.12 2.15
X5 1.24 1.16 1.25 1.25
Xy 0.72 0.69 0.78 0.78

10y 0.4 040 g 0.49 0.49




Selection of training set

A A

Activity/property data Molecular descriptors
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Statistical analysis

l

QSAR

l

Validation of QSAR

Figure 4.1: Major steps required in development of Quantitative Structure-Activity

Relationships. Figure adapted from Nendza (1998).
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C. . Acid Blue 7 (C. I. 42080) C. 1. Acid Green 9 (C. I. 42100) C. |. Food Blue 2 (C. I. 42090) C. |. Food Green 3 (C. I. 42053)

Figure 4.2: Molecular structures of the four triarylmethane dyes used as the training

set.
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Figure 4.3: Common molecular template shared by the training set and by all hypo-
thetical molecules. Numbers identify the benzene rings and the positions (in paren-
theses) on each ring. These numbers are used in identifying the molecules with respect

to specific positions of their functional groups.
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s2 s 3 (C.l. Food Blue 2) s4 sb5 s6

si

Figure 4.4: Six molecules with different numbers of sulfonic acid groups. Molecules
s1,s2, 84,s5, and s 6 are hypothetical chemicals. Sorption parameters of these
chemicals were predicted and compared with that of s 3 (C.I. Food Blue 2) to examine

the effect of the number of sulfonic acid groups on sorption of the chemicals.
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Figure 4.5: Hypothetical molecules containing one sulfonic acid group attached at
different positions. The numbers outside the parentheses are designated to benzene
rings and the numbers in the parentheses indicate the positions of sulfonic acid groups
on each ring, e.g., if a molecule contained one SO3 group attached to benzene ring 1 at
position 2, the molecule is identified as 1(2). (Note: Methods of numbering the rings

and the positions are described in Figure 4.3).
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Figure 4.7: Molecules with three SOz groups: (a) two SO3 groups on ring 1 and one
SOj3 group on ring 3, (b) one SO3 group on ring 1 and two SO3 groups on ring 3, (c)
one SOz group on rings 1, 2, and 3, each. A total of 31 possible different molecules
were obtained by moving each sulfonic acid group one position at a time in clockwise

direction as indicated by arrows.
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Chapter 5

Cesium Incorporation and Desorption in
Feldspathoids, Zeolite, and Allophane
Formed in Hanford Tank Waste Simulants

5.1 Abstract

At the US Department of Energy’s Hanford site, more than one million gallons of high
level nuclear waste has leaked from underground storage tanks. The waste consisted
of hyperalkaline solutions, which upon contact with the sediments, caused dissolution
of silicate minerals and precipitation of secondary aluminosilicate minerals. Cesium,
present in the waste solutions, may be incorporated into the structural framework
of the precipitates. The objectives of this study were to determine how much Cs is
incorporated into the secondary phases, and how much Cs is subsequently released by
desorption. A tank leak was mimicked using pure solutions containing Si, Al, Na, Cs,
OH, and NOj3. Secondary minerals, identified as feldspathoids (cancrinite, sodalite),

zeolite, and allophane, precipitated from these solutions. The minerals were washed
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with deionized water, and two sets of ion exchange experiments were conducted. In the
first set, Cs was exchanged by Na, K, or Ca using 0.5 M electrolyte solutions for each
cation respectively. After 72 hours, the Cs remaining in the minerals was quantified by
acid digestion. In the second set, we studied the Cs-Na ion exchange kinetics by using
0.1 M NaNOg solutions. Cesium concentration in the solution phase was measured
as a function of time for a total of 23 days. In zeolite and allophane, most of the
incorporated Cs (94-99%) was readily exchangeable with Na or K, whereas Ca was
less effective in replacing Cs: only 65-85% of the Cs could be replaced. In cancrinite
and sodalite, a large fraction of the incorporated Cs was not easily exchangeable with
Na, K, or Ca: only 1-57% of the Cs could be exchanged. The results of the desorption
kinetics experiments showed that Cs desorbs quickly from zeolite. Cesium desorption
from cancinite, sodalite, and allophane, however, was slow, suggesting that Cs was
trapped in cages and channels of these minerals.

Key words: Cesium, ion exchange, desorption, feldspathoids, zeolite, allophane, intra-

particle diffusion

5.2 Introduction

At the Hanford site, a former plutonium production complex located in southeastern
Washington State, USA, millions of gallons of high-level nuclear waste (HLW) solutions
have leaked into the vadose zone. The waste solution are highly alkaline (pH ~ 14),

have high ionic strength, high aluminate content, and contain radioactive cesium
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(!37Cs) in concentrations up to 2x10'° Bq/L (0.5 Ci/L = 0.04 mmol/L) [Serne et al.,
1998; McKinley et al., 2001]. When the alkaline waste contacts subsurface sediments,
minerals such as quartz and phyllosilicates are dissolved and new, secondary minerals
precipitate [Bickmore et al., 2001; Chorover et al., 2003; Liu et al., 2003b; Qafoku
et al., 2003]. These secondary minerals have been identified as feldspathoids (cancri-
nite and sodalite), LTA zeolite, and possibly allophane [Bickmore et al., 2001; Qafoku
et al., 2003; Mashal et al., 2004; Zhao et al., 2004]. The precipitation of secondary
alluminosilicate minerals may affect the mobility of ¥"Cs in the vadose zone because
these minerals are known to have high specific area and cation ion exchange capacity
[Qafoku et al., 2003].

Cancrinite, sodalite, and zeolite are porous alluminosilicates that contain cages and
channels in their structure frameworks, and the cages and channels contain cations
that balance the charge to stablize the mineral structure. Cancrinite contains small
e-cages, which are six-membered rings, and wide channels, consisting of 12-membered
rings (Figure 5.1). The wide channels in cancrinite can host both cations and anions,
but the e-cages can only accommodate cations and/or water molecules [Buhl et al.,
2000]. Sodalite contains only [-cages, which are made up of six-membered rings, and
the shape of (B-cages is a truncated octahedron that is often called the sodalite cage
[Bernasconi et al., 1999]. The [-cages of natural sodalite contain four sodium ions
tetrahedrally associated with a chloride ion at the center of the cages and the sodium

ions can be readily exchanged with cations such as Ag and Cu [Bernasconi et al., 1999].
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The LTA zeolite structure contains two types of cages, a- and [-cages (Figure 5.1),
which can host different cations [Lee et al., 1994].

During precipitation of the secondary minerals, Cs present in the waste solutions,
may not only sorb to mineral surfaces but also be incorporated into the mineral struc-
ture. Chorover et al. [2003] suggested that Cs substitutes for Na and serves as charge-
balancing ion during the formation of feldspathoids and zeolite in simulated waste
solutions. Cesium and Li can be incorporated into the cages and channels of cancri-
nite [Fechtelkord et al., 2001] and nitrate has been incorporated in sodalite cages [Buhl
and Léns, 1996]. If Cs is incorporated into the mineral framework, Cs may not desorb
or may desorb only very slowly from the minerals. If the secondary minerals are large
and immobile, this may favor Cs immobilization; however, if the minerals are small
and mobile, it may lead to enhanced migration of Cs in the subsurface.

In this study, we hypothesized that a fraction of the Cs present in the solutions of
Hanford tank waste is incorporated into and sorbed to the secondary feldspathoids,
zeolite, and allophane. Upon contact with uncontaminated sediments or pure water,
we further hypothesize that the incorporated and sorbed Cs will desorb and diffuse
out of the porous mineral structures. Our objectives were (1) to quantify the amount
of Cs incorporated into feldspathoids, zeolite, and allophane, (2) to determine the
desorption kinetics of Cs from the minerals, and (3) to estimate the effective diffusion

coefficients of Cs inside the porous mineral structures.
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5.3 Materials and Methods

5.3.1 Mineral Synthesis and Cs Incorporation

We synthesized four minerals in the presence of Cs—Cs-Cancrinite, Cs-sodalite, Cs-
LTA zeolite, and Cs-allophane—by mixing 0.175 M NaySiO3, 0.5 M NaAlO,, and
0.05 M CsNOj3 or CsOH with different concentrations of NaOH (1, 4, or 8 M). The
molar Na to Cs ratios for the different minerals was 277 for cancrinite, 97 for sodalite,
1.9 for LTA zeolite and 2.4 for allophane. Cesium-Cancrinite, Cs-sodalite, and Cs-
LTA zeolite were synthesized at 80°C and Cs-allophane at room temperature. The
precipitates were washed free of salts and residual Cs using deionized water and cen-
trifugation.

Mineral phases were characterized by X-ray diffraction and electron microscopy.
We denote these washed minerals as “water-washed”. To quantify the amount of Cs
associated with the water-washed minerals, 25 mg of air-dry minerals was digested in
1 M HCI and Cs concentrations were determined with atomic emission spectrometry
(AES) (SpectrAA 220, Varian Co., Victoria, Australia). All minerals readily dissolved

in1 M HCL

5.3.2 Ion Exchange Experiments

We conducted ion exchange experiments with water-washed minerals to determine the

fraction of Cs that is exchangeable with Ca, K, or Na. Specifically, 0.4 g of minerals
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were equilibrated with 20 mL of 0.5 M Ca, K, or Na electrolyte solution in a 80°C
oven for 24 hours. For the first eight hours, the samples were taken out of the oven
every two hours and shaken on a reciprocal shaker for 20 minutes. At the end of the
24 hours, the samples were centrifuged and the supernatant was decanted. Fresh 20
mL of electrolyte solution was added, and the same procedure as described above was
repeated two additional times. At the end, the minerals were freeze-dried. We denoted
these samples as “Ca-, K-, or Na-washed”. To determine the amount of Cs remaining
in the minerals after ion exchange with Ca, K, or Na, we digested the minerals and
determined Cs concentrations as described above. All experiments were replicated

three times.

Comment: Mineral synthesis, characterization, and washing the samples with
Ca, K, and Na electrolytes were done by Youjun Deng, a postdoctoral scientist in our

laboratory. [ ]

5.3.3 Determination of Cesium Desorption Kinetics

We determined the cesium desorption kinetics from “water-washed” minerals using
a batch reactor technique. The kinetic ion exchange experiments were conducted
with Na electrolyte solutions only. The experimental setup consisted of a well-stirred
reactor containing Cs-bearing minerals and Na electrolyte solutions, where Cs release
into the solution phase was monitored as a function of time. Specifically, minerals
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(100 mg) were mixed with 200 mL of 0.1 mol/L NaNOj in polypropylene bottles. The
bottles were shaken on a reciprocal shaker at ~150 rpm. We took an aliquot of 2
to 4 mL of well-stirred suspension at selected time intervals. The sampling started
at 2 minutes after the beginning of the experiment and the sampling intervals were
doubled thereafter (2, 4, 6, ... , 32786 minutes). The aliquots were filtered with
a 0.2 pm Acrodic Syringe filters (Pall Co., Ann Arbor, MI) and were subsequently
centrifuged at 12,000 x g for 30 min. Cesium concentration in the supernatant of the
aliquots was determined by AES.

These batch reactor experiments were conducted at room temperature (23+2°C)
and 50+6°C to examine the effect of temperature on Cs desorption. The high exper-
imental temperature (50°C) was chosen because the temperature of sediments 40 m
beneath the Hanford tanks was reported to be 50°C and higher [Pruess et al., 2002; Liu
et al., 2003a; Qafoku et al., 2003], and diffusion-limited desorption would occur much
faster at 50°C than at 23°C. The 50°C temperature was controlled by a water bath.

All experiments were replicated three times.

5.3.4 Determination of Cesium Diffusion Coefficient

The effective diffusion coefficient of Cs in the minerals was estimated from the experi-
mental parameters and measurements using a solution of the radial diffusion equation

for diffusion within porous particles. The radial diffusion problem is given as [Crank,
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1975):

o _nad ot
where C' (mmol/L) is the concentration of the chemical in the solution, ¢ is the time,
D.g is the effective diffusion coefficient, R is the retardation factor, which is given as
R=1+ p%, where pg is the particle density, K, is the distribution coefficient, and 6
is the porosity of the particles.

Assuming spherical particles of uniform intraparticle porosity, which are initially

spiked with Cs and then immersed in a Cs free solution, we can formulate the initial

and boundary conditions as follows [Flury and Gimmi, 2002]:

Cy forr <b
Clr,t=0) = (5.2)
C; forr =5
oC(r,t > 0) 47’k OC(r,t > 0)
— D0 5.3
ot ‘ =b ! ( ‘/7" ) ot r=b ( )
9C(r,t>0) =) forr =0 (5.4)

or

where C is initial Cs concentration inside the particles, C; is the initial Cs concentra-
tion in solution, V' is the volume of the reservoir, k is the number of particles, 6 is the
porosity and b is the radius of the particles.

The analytical solution of the diffusion problem for the Cs concentration outside

the particles is given as [Crank, 1975; Flury and Gimmi, 2002]:

C(T, t) — Oz o 1 . 6ab i eXp<_Defo721bl2) Sin(Qn%)
Co—Ci  a+l r 9+ 9a + ¢2a? sin(g,)

n=1
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where « is:

3Vr

T ArVkOR (5:6)

where V' is the volume of the reservoir, k is the number of particles, and 6 is the

porosity; and the ¢, are the nonzero roots of

3qn
3+ ag?

(5.7)

tan g, =

The D.g of Cs inside the particles was then estimated from experimental parame-
ters using Equation 5.5. The effect of temperature on the diffusion coefficient was

theoretically estimated using the Stokes-Einstein relation [Flury and Gimmi, 2002]:

_ Tu(Tp)
Top(T)

D(T) D(Ty) (5.8)

where D(T') and D(Tj) are diffusion coefficients at temperatures 7" and Ty (in Kelvin),
respectively, and u(7y) and u(7') are dynamic viscosities at temperatures 1" and Ty,
respectively. The value of dynamic viscosity at 50°C was obtained from Lide [1994],
and for 23°C from the Andrade equation using tabulated viscosity values [Reid et al.,

1987, p. 493].

5.4 Results and Discussion

5.4.1 Mineral Synthesis and Cs Incorporation

The X-ray diffraction patterns of the Cs-cancrinite, Cs-sodalite, and Cs-LTA zeolite
synthesized in the presence of Cs are very similar to the ones published by others

102



[Wyckoff, 1968; Sieger et al., 1991; Buhl et al., 2000]. The SEM images of the minerals
are shown in Figure 5.2. The cancrinite particles are clustered in form of spherical
balls, sodalite appears as lepispherical particles, zeolite shows cube- to sphere-like
structures, and the allophane did not show a distinct particle shape (Figure 5.2).
The amount of Cs associated with each type of mineral after water washing is
shown in Figure 5.3. The figures show that there were considerable differences in the
amount of Cs associated with the minerals after water washing. These differences are
related to the Na:Cs ratio used in the mineral synthesis, rather than the ability of the
minerals to sorb Cs. At a higher Na:Cs ratio (used for cancrinite and sodalite), less Cs

was incorporated in the minerals than at a lower Na:Cs ratio (zeolite and allophane).

5.4.2 Ion Exchange

The results of the ion exchange experiments are shown in Figures 5.3. Figure 5.3a
depicts the absolute concentrations, whereas Figure 5.3b shows the concentrations
relative to the initial concentrations.

A large portion of Cs sorbed to cancrinite and sodalite remained in the minerals
after ion exchange with Na, K, and Ca electrolytes (Figures 5.3). Cesium in sodalite
appears to be particulary nonexchangeable with Na, K, or Ca. These results suggest
that a fraction of the incorporated cesium is located in the internal cages and channels
of the minerals. Cesium sorbed onto external surfaces of the particles should be readily

removed by ion exchange with Na, K, or Ca. In both cancrinite and sodalite, Cs
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seems to be more exchangeable with K and Ca than with Na. Overall, K was the
most effective ion for ion exchange. We attribute this to the low hydration energy of
K compared to Na and Ca, so that K can more readily dehydrate and move into the
e- or [3-cages of cancrinite and sodalite. The diameters of the hydrated ions are all
larger than the apertures of the e- or (-cages (Table 5.1, figure 5.1); therefore, the
ions cannot enter the cages in their hydrated forms, the ions have to be dehydrated in
order to exchange with Cs in cages and channels. K has the lowest hydration energy
and is therefore the most effective ion in ion exchange for our minerals. Compared to
Na, Ca is a more effective for Cs ion exchange in cancrinite (Figure 5.3). This result is
difficult to explain because Na should be favored over the Ca based on their hydration
energies [Liu et al., 2003b]. It possible that it is more favorable to place a dehydrated,
or partially dehydrated, Ca in a cage than two hydrated Na ions.

In contrast to cancrinite and sodalite, most of the Cs in LTA zeolite and allophane
was readily exchanged by the three cations (Figure 5.3). It appears that Cs is sorbed
at surfaces that are easily accessible to ion exchange. Na and K were more effective
than Ca at replacing Cs in both allophane and LTA zeolite. To move into the cages
of zeolite, Na, K, and Ca all have to be dehydrated; the hydrated ions have a larger
diameter than the aperture of the mineral cages (Table 5.1). The ability of Ca to move
into the cages of zeolite is restricted by its large hydrated radii and hydration energy
[Woods and Gunter, 2001]. Ca has a much larger hydration energy than Na and K

(Table 5.1), and can therefore not as readily dehydrate and diffuse into the mineral
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cages. Na and K were more competitive than Ca at replacing the Cs in allophane

because they have lower hydration energies than Ca (Table 5.1) [Liu et al., 2003b].

5.4.3 Determination of Cesium Desorption Kinetics

The relative amount of Cs desorbed by Na exchange in ion exchange kinetics experi-
ments varied with the minerals. Cancrinite and sodalite released much smaller amounts
of Cs than did LTA zeolite or allophane (Figure 5.4). Over the duration of the exper-
iments, less than 32% and 3% of incorporated Cs was desorbed from cancrinite and
sodalite, respectively, at 23°C; however, more than 80% of Cs was released from zeo-
lite and allophane (Figure 5.4, Table 5.1). These results were consistent with those of
ion exchange experiments, i.e., cesium sorbed to cancrinite and sodalite were resistant
to ion exchange, whereas most Cs in allophane and LTA zeolite were exchangeable.
The small desorption of Cs from cancrinite and sodalite further indicates that a large
portion of cesium is incorporated in the structural framework of the minerals and is
not easily accessible for exchanging ions.

The desorption of Cs from cancrinite and sodalite showed an initially fast release of
Cs, continued by a slow Cs release (Figure 5.4). The effect of temperature on Cs des-
orption from cancrinite and sodalite is shown in Figure 5.5. The amount of desorbed
Cs increased at a higher temperature. The percentage of Cs released from cancrinite
increased from 31% at 23°C to 40% at 50°C(Table 5.2). Similary, Cs released from

sodalite increased from 2.7% at 23°C to 6.4% at 50°C. The increase in Cs desorption
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with increasing temperature was reported in contaminated Hanford sediments (mica-
ceous minerals) [Liu et al., 2003a]. Nonetheless, the desorption data suggest that a
large portion of Cs sorbed to cancrinite or sodalite still remained in the minerals even
after desorption at 50°C.

Irreversible sorption of Cs in Hanford sediments has been reported in many studies
[Zachara et al., 2002; Liu et al., 2003b; Steefel et al., 2003]. Studies with uncontami-
nated Hanford sediments at 25°C showed that only 72% of Cs introduced to a sediment
column was desorbed by 1 M NaNOj solution [Steefel et al., 2003]. As suggested by
an intraparticle diffusion and two-site cation exchange model, ion exchange with 0.5
mol/L NaNOj solution at room temperature, resulted in exchange of about only about
40% of Cs sorbed to Hanford sediments [Liu et al., 2003b]. The percentage of des-
orbed Cs depends on the electrolyte concentration and the density of sorption [Zachara
et al., 2002]. Cesium sorption to selective frayed-edge sites and slow diffusion from
interlayer sites explain the irreversible behavior of Cs in Hanford sediments [Zachara
et al., 2002; Liu et al., 2003b; Steefel et al., 2003].

The LTA zeolite released most of the Cs almost immediately upon contact with Na
electrolyte solution and Cs concentration remained constant throughout the experi-
ment (Figure 5.4). It appears that all the exchangeable Cs was quickly released into
the solution and the remaining ~20% (Table 5.2) of sorbed Cs may be fixed inside
the mineral particles, at least within the time scale of the experiment. One possible

explanation for this behavior is that some of the Cs inside the [-cages is strongly
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associated with the framework atoms so that they may be trapped in the cages for a
longer time than those in a-cages [Lee et al., 1994].

In allophane, most of the Cs was released at the beginning of the experiment
and the concentration in solution reached a plateau within a short time (Figure 5.4).
Compared to zeolite, however, the Cs release was not instantaneous. The allophane
formed at a high pH is similar to feldspathoids (Youjun Deng, Washington State
University, personal communication, November 2004); thus, the Cs-allophane may
have a framework structure, and some of the Cs may not be quickly accessible to

exchanging cations.

5.4.4 Determination of Cesium Diffusion Coefficient

In solving the radial diffusion problem, we assumed that Cs is evenly distributed
inside the minerals. Elemental mapping images after washing of the minerals with Ca
revealed that Cs is indeed homogenously distributed inside the minerals. An example
of an elemental mapping image is shown in Figure 5.6.

The effective diffusion coefficients, Dqg, of Cs in the mineral particles were obtained
by fitting Equation 5.5 to experimental data. The parameters that experimentally
determined are listed in Table 5.3. The estimated D.g of Cs in cancrinite and sodalite
were ~ 1071* m?/s. The total Cs released during desorption experiments was estimated
from the experimental data (Table 5.2), and used as input for the modeling. The

modeling results indicate that the diffusion of Cs in cancrinite and sodalite is likely
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a solid state diffusion, because the estimated diffusion coefficient (107 m?/s) is five
orders of magnitude smaller than the Cs diffusion coefficient in solution (2.06 x 10~°
m?/s, Flury and Gimmi [2002]). Considering the apertures of e- or [(-cages, it is
possible that Cs diffuses out of the particles as it does through a solid matrix.

The Deg of Cs in cancrinite and sodalite increased with increasing temperature.
The D.g for cancrinite and sodalite at 23°C is ~ 50% smaller than that at 50°C. This
result matches well with theoretical approximations. The Stokes-Einstein relation
showed that the diffusion coefficient of Cs at 23°C (0.5 x 1071* m?/s) is approximately
53.7% of its diffusion coefficient at 50°C (0.93 x 10714 m?/s).

The estimated effective diffusion coefficient of Cs in zeolite was ~ 10~% m?/s (Fig-
ures 5.9). The value of D.g indicated that the diffusion of Cs in LTA zeolite is similar
to that of free Cs ion diffusion in solution (2.06 x 107 m?/s) [Flury and Gimmi, 2002].
This is also reasonable because dehydrated Cs and Na ions can easily move in and out
of the a-cages.

The value of Dg of Cs in allophane was estimated to be ~ 107! m?/s, which
is about two orders of magnitude smaller than solid state diffusion. The diffusion
equation under-estimated Cs release into solution. In order to reproduce the slope of
the experimental data, a D.g value greater than ~ 107 m?/s was not possible. We
suspect that the desorption of Cs from allophane may not be a diffusion process, but

we have not yet found a good explanation for such a small D.g-.

108



5.5 Conclusions

Cancrinite, sodalite, zeolite, and allophane synthesized in the presence of Cs incor-
porated Cs in their structure frameworks. Cesium incorporated in the cages of Cs
cancrinite and sodalite was not easily exchangeable with Na, K, or Ca. Only a small
fraction (1-57%) of Cs in cancrinite and sodalite was exchangeable with Na, K, or Ca,
while most Cs (94-99%) associated with LTA Zeolite and allophane was exchangeable
with Na or K. Compared to Na and K, Ca was less effective at exchanging with Cs
that Cs could replace a smaller fraction of Cs (65-85%) in LTA zeolite and allophane.
However, Ca was more effective than Na at replacing Cs in cancrinite and sodalite.
Among the ions studied, K was the most effective at replacing Cs in all the four min-
erals. The results from desorption experiments showed that Cs desorbed quickly from
LTA zeolite; however, Cs releases from cancrinite, sodalite, and allophane were rela-
tively slow. Cesium may be located in the cages and channels of these minerals and

was not easily accessible for ion exchange.
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5.6 Tables and Figures
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Table 5.1: The ionic diameter, hydrated diameter, and hydration energies of exchang-

ing ions, the porosity of the minerals and the aperture of mineral cages.

Ton ionic diameter® Hydrated diameter® Hydration energy®
(nm) (nm) (kcal/mol)
Na 0.19 0.72 -97
K 0.26 0.66 —79
Cs 0.33 0.66 —66
Ca 0.2 0.83 —-373
Mineral Cages or channels  Aperture diameter® (nm) Porosity®
Cacrinite e-cages and ~0.22 0.4
12-membered rings 0.59
Sodalite [-cages 0.22 0.35
Zeolite a-cages 0.42 0.47
Allophane na na 0.3

*Nightingale [1959]
®Woods and Gunter [2001]
“Mumpton [1981]

na = not applicable.
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Figure 5.1: The structural frameworks of cancrinite, LTA zeolite, and sodalite. The
measurements in nanometers are the aperture diameters of respective cages. You-
jun Deng generated these diagrams using Weblab ViewerLite software (Accelrys, San

Diego, CA) and structural data published by the International Zeolite Association.
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Figure 5.2: Scanning electron microscope images of the four minerals studied. The
inset in (a) shows the inside of a ball-shape cancrinite cluster. (These images were

taken by Youjun Deng.)
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Figure 5.3: Amount of total incorporated Cs in the four minerals (water-washed) and
Cs remaining in the minerals after ion exchange with Ca, K, or Na. (a) Cs expressed
in absolute concentraion, (b) Cs expressed in relative to water-washed samples. Error

bars are + one standard deviation.
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Figure 5.4: Desorption of Cs from the four Cs-incorporated minerals: Cs-cancrinite,

Cs-sodalite, Cs-LTA zeolite and Cs-allophane at 23°C.
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Figure 5.6: Elemental distribution of Cs in Ca-washed cancrinite. (a) Back scattering,
showing the position of the minerals, and (b) Location of Cs. (note: Ca-washed
cancrinite is a Cs-cancrinite sample that was washed with Ca electrolyte. Images were

taken by Youjun Deng. This is a color figure.)
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Figure 5.7: Desorption of Cs from Cs-cancrinite at 23°C and 50°C. Symbols represent

the experimental data. Vertical bars are 4+ one standard deviation. Solid lines repre-

sent solutions of the radial diffusion problem (Equation 5.5) that show the changes of

Cs concentration with time at the respective effective diffusion coefficients.
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experimental data. Vertical bars are 4+ one standard deviation. Solid lines represent
solutions of the radial diffusion problem (Equation 5.5) that show the changes of Cs

concentration with time at the respective effective diffusion coefficients.
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Chapter 6

Summary and Conclusions

This dissertation includes a brief literature review on dye tracer applications in hydrol-
ogy and reports the results from several laboratory studies that investigated sorption
properties of selected organic dyes and their suitability as water tracers, tested screen-
ing techniques for a fast and accurate estimation of dye sorption, and investigated the
potential redistribution of cesium in contaminated Hanford sediments. The studies
include column and batch experiments, breakthrough curve analysis, measurements of
sorption isotherms, determination of the amount of Cs incorporation and desorption
kinetics in secondary clay minerals—feldspathoids, zeolite, and allophane.

Different types of dyes have been used, studied, and recommended as water tracers.
Due to their unique properties, dye tracers are often favored over a variety of other
available tracing materials. However, all dye tracers sorb to subsurface materials, and
sorption is one of the major limiting factors in using dyes as water tracers.

We studied the sorption of four triarymethane dyes in a sandy soil using column

experiments. Among the dyes tested, C.I. Food Green 3 showed the least sorption. The
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results from the sorption studies showed that dyes containing three sulfonic acid groups
sorbed considerably less than those containing two sulfonic acid groups. Sorption
isotherms measured by column technique showed a similar trend with those obtained
by batch studies. We suggest that column experiments are valuable for measuring
sorption characteristics of dye tracers.

We established QSAR models for estimation of dye sorption parameters. Our
QSAR models suggested that sorption parameters are affected not only by the num-
ber of SO3 groups but also by the position of SO3 groups attached to the molecular
template of a dye. We generated hypothetical dyes, which showed much less sorp-
tion than C.I. Food Blue 2 (Brilliant Blue FCF), a commonly used vadose zone dye
tracer. We concluded that QSAR may offer a powerful tool for screening and designing
optimal dye tracers.

We determined the amount of Cs incorporated in cancrinite, sodalite, LTA zeolite
and allophane formed in Hanford tank waste simulants and the exchangeability of the
incorporated Cs. Our data suggest that a portion of Cs was irreversibly incorporated
in the structural frameworks of cancrinite, sodalite, and LTA zeolite. Cesium incorpo-
rated in cancrinite and sodalite was not as easily exchangeable as that in LTA zeolite
and allophane. Within the duration of our experiments, the irreversible sorbed frac-
tions in cancrinite and sodalite were considerably larger than those in LTA zeolite and

allophane.
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