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SUBSURFACE COLLOIDS: STABILITY, SAMPLING,
AND TRANSPORT UNDER GRAVITATIONAL AND

CENTRIFUGAL ACCELERATION

Abstract

by Szabolcs Czigany, Ph.D.
Washington State University
August, 2004

Chair: Markus Flury

As a legacy of 40-year of Pu production, millions of liters of hazardous waste have
been leaking to the vadose zone for the past four decades at the US DOE’s Hanford
reservation in south-central Washington State. Radionuclides, previously believed
relatively immobile, are found deep in the subsurface. Submicron size underground
particles, so-called colloids may be responsible for the enhanced mobility of the con-

taminants. The main objectives of this dissertation were:

1. To assess the stability of reference clay minerals and colloids extracted from
Hanford sediments and to compare three experimental methods to determine

critical coagulation concentration (CCC).

2. To determine the suitability of fiberglass wicks for in situ colloid sampling, and

evaluate the effect of colloid type, flow rate, and pH on colloid recovery.



3. To examine the potential for geocentrifuges to study colloid transport.

Critical coagulation concentrations were sensitive to settling time, electrolyte type,
and initial colloid concentration. Colloids at low ionic strength (7 mM) can be stable
for the time frame of weeks. The lower the initial colloid concentration and shorter
the settling times were, the larger the CCC was. Our stability results suggest, that
colloids can form a stable suspension in the Hanford pore water for several weeks.
However their potential for facilitating the transport of colloids is limited as travel
time for the recharged water in the vadose zone is 40 to 100 years. Critical coagulation
concentration values obtained by dynamic light scattering were usually higher than
those obtained by batch turbidity experiments.

Fiberglass wicks are suitable for colloid sampling under certain conditions. We
observed decreasing colloid recovery with decreasing flow rate. Lower recovery rate
was observed at pH 7 than at pH 10, as the average surface charge shifted to less
negative values at the lower pH. Native colloids at both pH values and ferrihydrite at
pH 10 showed almost complete breakthrough. In two cases (kaolinite and ferrihydrite
at pH 7) no colloids moved through the wicks.

For natural subsurface colloids, filtration will be different in centrifuge experiments
as compared to normal gravity conditions. At typical subsurface flow rates, accelera-

tions as low as 4 g can change the filtration behavior.
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Chapter 1

Introduction

1.1 Background

The Department of Energy’s (DOE) Hanford reservation played an important role in
plutonium-based nuclear weapon production during World War II and in the subse-
quent Cold War era. Because of its arid climate and the proximity of an abundant
water source, the site was considered ideal for nuclear weapon and power production.
As a result of chemical extraction processes designed to extract 2Pu from irradiated
uranium fuel, plutonium production generated an enormous amount of highly haz-
ardous waste. Most of this waste was stored in short-lifespan single- or double-shell
underground tanks (Figure 1.1). The composition of the waste is only vaguely known,
and differs among the tanks, but generally the waste has high ionic strength, temper-
atures above 50 °C and extremely high alkalinity [Serne et al., 1998; Pruess et al.,

2002)].
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Figure 1.1: Geological cross section of the S-SX tankfarm. Figure redrawn after

McKinley et al. [2001]

Millions of liters of hazardous waste have leaked from 177 underground tanks during
the past four decades [Gephart and Lundgren, 1998]. Some of the waste was also
spilled either intentionally or accidentally into the subsurface during waste transfer
and moving processes [Marshall, 1987; Gephart and Lundgren, 1997].

After the cessation of the plutonium production and the shutdown of the N-reactor
in 1987 the mission of the Hanford site shifted to environmental remediation. Most
of the positively charged radionuclides are relatively immobile in the subsurface as

they electrostatically interact with the sediments, are bound to clay minerals (e.g.



a classical example is the preferential sorption of Cs™ to micaceous minerals) and
do not move far in the vadose zone [McKinley et al., 2001]. However, some of the
contaminants, such as Cs* have been found in the vadose zone 20.1 and 25.6 m below
leaking waste tanks at Hanford (Serne et al., 2002b; Serne et al., 2002c¢).

Annually, 6,000 curies of radioactive tritium are added to the Columbia river when
it flows through the Hanford reservation [Gephart and Lundgren, 1997]. The occur-
rence of contaminants, such as Pu and Cs, deep in the subsurface indicate unexpectedly
high contaminant mobility. There are several possibilities for the observed enhanced
mobility of the radionuclides, such as: (i) high ionic strength and competition of
cations for exchange sites (e.g. Nat and Cs™ competition) (ii) preferential flow, or
(iii) colloid-facilitated transport [Apps et al., 1982; Pruess et al., 2002; Zachara et al.,
2002; Flury et al., 2004].

This dissertation focuses on colloids and colloid-facilitated transport. Colloid-
facilitated radionuclide transport is a major concern at nuclear facilities, such as the
Hanford Reservation [National Research Council, 2001], the Yucca Mountain high-
level waste repository [Triay et al., 1995], and the Nevada Test Site [Kersting et al.,
1999]. Under the conditions in the Hanford vadose zone, soil and sediment colloids are
predominantly negatively charged. Thus, the positively charged radionuclides, such as
plutonium, americium, europium and cesium can be electrostatically attracted to the
surface of the colloids. Colloids can be flushed downward with the infiltrating pore

water, simultaneously mobilizing and enhancing the transport of the radionuclides.



However, for colloid-facilitated transport of low-solubility contaminants to occur, the
colloids must both exist and be stable [McCarthy and Zachara, 1989].

The lifespan of the mobile colloids will determine their ability to enhance the trans-
port of certain contaminants. According to the classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory the stability of colloidal systems is determined by the balance
between the attractive van der Waals forces, which promote aggregation, and the re-
pulsive electrostatic forces which keep the particle apart. Depending on surface charge
properties, colloid-surface contact, grain size, flow rate, solution chemical properties
and the thickness of the electric double layer, colloid mobility and stability in the dis-
persing solution can vary considerably [McCarthy and Zachara, 1989]. Colloids remain
dispersed in suspension when their net surface charge is considerably less or more than
zero and their double layers are sufficiently expanded, i.e., the sum of the repulsive
forces is considerably larger than the sum of the attractive forces.

Despite their temporary stability, ultimately all colloidal systems are unstable and
will settle out form the dispersing phase. In some cases, however, colloid suspensions
can be stable for years, decades, or even centuries. For instance, the English chemist
Michael Faraday (1791-1867) prepared a colloidal gold suspension in 1857, which is
still stable today and his experiment is still shown in the Royal Institution in London.
The example of the stability of the gold sol is quite unique and in most cases colloids
remain suspended for much shorter times. To determine whether colloids can function

as “vehicles” for the subsurface contaminants over larger scales, we need to quantify



under what conditions, if any, colloids are able to remain suspended in the vadose zone
pore water.

Further knowledge on colloid behavior can have site specific impact i.e., on the
remediation of the Hanford reservation) but can also have broader influence on colloid

science and various industrial applications.

1.2 Scope and Objectives

The overall goal of this dissertation is to provide further evidence about the existence
of colloid-enhanced transport in general and site-specifically in the Hanford vadose
zone. To determine whether colloid facilitated radionuclide transport exists, we need to
demonstrate colloidal subsurface mobility and we need to know whether colloids remain
suspended in the infiltrating pore water for a time frame relevant to colloid transport
through several hundreds of feet of unsaturated porous media. If colloids are stable
in the suspension, how long can they function as “vehicles” for the contaminants? To
answer these questions, adequate sampling techniques are required, colloid lifespan in
suspension needs to be determined, and a better understanding of colloid transport
behavior in the vadose zone is needed. This study focuses on three topics associated
with colloids, and each aspect is organized in a chapter of this dissertation. The

objectives of each study can be summarized as follows:

1. To quantify how long and under what conditions colloids can remain stable

in aqueous suspensions, and to determine whether colloids are capable to fa-



cilitate the transport of the radionuclides leaking from the underground tanks
at Hanford. We compared three different analytical methods (batch turbidity
experiments, column experiments, and dynamic light scattering) to determine

critical coagulation concentrations (CCC) of colloidal suspensions.

2. To evaluate the performance of fiberglass wicks, as passive capillary samples, for
in situ colloid sampling. We studied the effect of colloid type, flow rate, and

solution pH on the recovery of the colloids passed through the wick material.

3. To evaluate the applicability of geocentrifuges to investigate colloid transport un-
der saturated and unsaturated conditions. Under low water contents and water
potentials transport experiments take prohibitively long times. Centrifuges can
be potentially applied to overcome this limitation and shorten transport times.
To asses the applicability of centrifuges for colloid transport studies, we carried
out theoretical calculations to study how altered force fields, particle density, and
flow velocity affect colloid transport and retention. We also performed column
transport experiments with polystyrene, silica, and ferrihydrite colloids to study

the effect of specific density and flow direction on colloid transport.

1.3 Thesis Outline

This dissertation is organized in three main chapters. The core of each chapter is a

paper that has been prepared for submission to a peer reviewed journal. In Chapter 2



we quantify solution chemical properties under which Hanford vadose zone colloid can
be stable and can facilitate transport of contaminants, and compare different methods
to determine colloidal stability in suspensions under various chemical conditions. In
Chapter 3 we test the suitability of fiberglass wicks for colloid sampling in the vadose
zone. In Chapter 4 we test the applicability of geocentrifuges for colloid transport ex-
periments, based on theoretical calculations. We present the theoretical calculations
and the results of bench top experiments, which were carried out under normal gravi-
tational acceleration. A summary and an overall conclusion are presented in Chapter
5. Tables and figures are presented at the end of each chapter following the format of
manuscripts submitted to a journal. Additional figures, which are not included in the
technical papers, are found in the Appendices A and B after Chapters 2 and 3. The
discussion of these figures are included in the main text as comments, separated from

the main text by solid horizontal lines.



Chapter 2

Colloid Stability in Vadose Zone Hanford
Sediments

2.1 Abstract

We experimentally determined colloid stability of natural colloids extracted from va-
dose zone sediments from the US Department of Energy’s (DOE) Hanford Reservation.
We also used reference minerals, kaolinite, montmorillonite, and silica for compara-
tive purposes. Colloid stability was assessed with three different methods: the batch
turbidity method, column mobilization experiments, and dynamic light scattering.
Critical coagulation concentrations (CCC) were determined for pure Na and pure
Ca electrolyte solutions, as well for mimicked Hanford vadose zone pore waters with

varying sodium adsorption ratio (SAR). Critical coagulation concentrations obtained

A modified version of this chapter has been submitted for publication: Czigény, S., M. Flury, J.

B. Harsh, Colloid Stability in Vadose Zone Hanford Sediments, Environ. Sci. Technol. (in review).
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from the batch turbidity method were sensitive to initial colloid mass concentrations,
settling time, and CCC criteria. The lower the initial colloid concentration and the
shorter the settling times were, the larger was the CCC. The CCC determined from
the dynamic light scattering, where diluted colloidal suspensions are used, were not
dependent on settling time and arbitrary CCC criteria and dynamic light scattering is
therefore the preferred method to determine colloid stability. The CCC values deter-
mined from dynamic light scattering ranged from 90 to 200 mmol/L for Na systems
and 1.7 to 3.8 mmol/L for Ca systems. The stability of natural colloids was between
that of pure kaolinite and montmorillonite. The results indicate that colloids in the
Hanford vadose zone form stable suspensions, i.e. are in the slow aggregation regime.
Nonetheless, due to the long travel times in the vadose zone, colloids are unlikely to

remain in suspension in significant amounts.

2.2 Introduction

Colloid-facilitated radionuclide transport is a major concern at nuclear facilities, such
as the Hanford Reservation [National Research Council, 2001], the Yucca Mountain
high-level waste repository [Triay et al., 1995, and the Nevada Test Site [Kersting
et al., 1999]. A prerequisite for colloid-facilitated transport is that colloids present in
the subsurface form stable colloid suspensions. Colloid suspensions are thermodynam-
ically unstable, and the term “stable suspension” therefore refers to a suspension that

is sustained over a specific time period of interest. For subsurface processes, this time



period of interest can range from hours to hundreds of years.

Colloid stability is affected by colloid surface properties, surface morphology, and
by the chemical properties of the aqueous phase. A formalized description of colloid
stability is given by the DLVO theory, which accounts for attractive and repulsive
interactions between individual particles [Hiemenz and Rajagopalan, 1997]. The crit-
ical coagulation concentration (CCC) is the electrolyte concentration at which the
repulsive interaction energy diminishes below the kinetic energy of an individual par-
ticle, and colloids aggregate. Critical coagulation concentrations for subsurface colloids
have been reported for various clay minerals, and the experimental data demonstrate
the dependence of CCC on pH and sodium adsorption ratio (SAR) [Keren et al.,
1988; Arora and Coleman, 1979; Miller et al., 1990; Neaman and Singer, 1995; Per-
mien and Lagaly, 1994; Goldberg and Glaubig, 1987; Swartzen-Allen and Matejevic,
1976; Goldberg et al., 1991].

The batch turbidity method is a common technique to study colloid stability. This
method consists of clay dispersions in a series of vials containing different concentra-
tions of electrolytes. After a predetermined time, the turbidity is measured and the
CCC is taken at the electrolyte concentration where the turbidity of the suspension
decreases considerably. The CCC value determined in such a way will depend on ini-
tial colloid concentration, the time allowed for coagulation, and the criteria used to
determine when coagulation has occurred [Keren et al., 1988]. In most batch turbidity

coagulation studies, high initial colloid concentrations were used, in the order of ~ 100
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to 1000 mg/L [Keren et al., 1988; Arora and Coleman, 1979; Miller et al., 1990; Nea-
man and Singer, 1995; Hesterberg and Page, 1990; Goldberg and Forster, 1990; Kaplan
et al., 1996]. Different authors have used different settling times which range from 3
hours [Goldberg and Forster, 1990; van Olphen H., 1977] to 7 days [Keren et al., 1988]
and even 15 months [Permien and Lagaly, 1994]. Coagulation criteria used in the
literature range from turbidity decreases of 95% [Miller et al., 1990], 80% [Goldberg
and Forster, 1990], and 50% [Arora and Coleman, 1979; Kretzschmar et al., 1993], and
to visual inspection of turbidity [Neaman and Singer, 1995].

It is expected that the higher the colloid concentration and the longer the settling
time, the lower will be the determined CCC [Hiemenz and Rajagopalan, 1997; Hes-
terberg and Page, 1990]. As the CCC determination with the batch turbidity method
is affected by the experimental parameters, it is useful to test the effects of these
parameters on the CCC. Hesterberg and Page [1990] proposed a settling time of 17
hours, after which the CCC determination for illite became time-invariant. No stan-
dard protocol exists on the optimal initial colloid concentration for the batch turbidity
method. To our knowledge, no batch turbidity measurements have been reported with
colloid concentrations in the range of ~10 mg/L, a concentration more typical for many
subsurface systems [McCarthy and Degueldre, 1993].

A second common method to determine the CCC is based on the dynamics of ag-
gregate formation in suspension | Virden and Berg, 1992; Holthoff et al., 1996; Behrens

et al., 2000; Grolimund et al., 2001]. Aggregate size is usually measured by light
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scattering and, consequently, low initial colloid concentrations are employed for these
measurements [Hiemenz and Rajagopalan, 1997]. The principle of colloid stability
determination based on light scattering, however, rests on the assumption of monodis-
perse, spherical particles, and should be applied with caution to polydisperse, non-
spherical particles [Kretzschmar et al., 1998].

To assess the role of colloids on the migration of radionuclides at nuclear waste sites,
one needs to determine the site-specific stability of subsurface colloids. In this study,
we focus on the subsurface chemical conditions affecting colloidal stability at the US
DOE’s Hanford Reservation, one of the most contaminated sites in the United States.
This site, located in southcentral Washington state, is characterized by an arid climate,
and sediments have a pH of 7 or higher [Serne et al., 2002]. Previous observations
on colloid stability using the batch turbidity method indicated that natural colloids
likely will not form stable suspensions in Hanford groundwaters [McGraw and Kaplan,
1997]. However, as CCC determinations with the batch turbidity method depend on
the specific experimental protocol, no firm conclusions can be made regarding the
colloid stability at the Hanford site from the data currently available.

The objectives of this study are to compare different experimental methods to de-
termine CCCs and to quantify colloid stability in Hanford vadose zone pore water.
Specifically, we determined CCCs of colloid suspensions from vadose zone Hanford
sediments as affected by ionic strength, electrolyte type, SAR, pH, suspended particle

concentration, and time. We also determined CCCs for reference clay minerals (kaoli-
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nite and montmorillonite) for comparative purposes. The CCCs were measured by

batch turbidity, column mobilization, and light scattering techniques.

Comment: Ionic strength has pronounced but opposite effects on colloid and ra-
dionuclide transport. High ionic strength enhances the mobility of radionuclides due
to competition for exchange sites between electrolyte cations and the radionuclide.
On the other hand, colloids are destabilized in solutions of high electrolyte concentra-
tion as their diffusive double layer is compressed and the particles are more prone to

aggregation (Figure 2.9). n

2.3 Materials and Methods

2.3.1 Colloid Material and Fractionation

We used three different types of colloids: colloids from sediments at the Hanford site,
aluminosilicate source clays (Clay Minerals Repository, Columbia, MO), and pure silica
beads (Bangs Laboratories, Fishers, IN). The source clays were used as standards to
compare our results with literature data. Silica was used only in the light scattering
studies to represent a monodisperse, spherical colloid system. All experiments were
carried out at 22+1°C.

Two types of Hanford sediments were obtained from the submarine pit (218-E-12B)
at the Hanford site in spring 2001, a coarse and a fine sand. These sediments are char-
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acteristic for the Hanford formation (personal communication, Bruce N. Bjornstad,
September 2001, Pacific Northwest National Laboratories, Richland, WA). Extensive
characterization of the sediments is given elsewhere [Serne et al., 2002]. Sediments were
collected in plastic buckets, air-dried, and sieved through a 2-mm square screen. Three
types of clay mineral standards, Ca-montmorillonite (STx-1), Na-montmorillonite
(SWy-2) and Na-kaolinite (KGa-1), were used as received from the Clay Minerals
Repository.

For the experiments in this study, we saturated the cation exchange sites of sedi-
ments and source clay minerals with either Na or Ca. The sediments were wet-packed
into 2.5-cm diameter acrylic columns and flushed with at least 40 pore volumes with
either 1 M NaCl or CaCl, buffered at pH 10 with 1.67 mM NayCO3/NaHCOj3. The sed-
iments were then dialyzed against deionized water using a 12,000 to 14,000 molecular
weight cutoff dialysis membrane (VWR Spectrapor) until the electrical conductivity
dropped to below 5 dS/m.

The clay mineral standards and silica beads were washed with either 1 M NaCl or 1
M CaCl, by shaking clay dispersions in 250 mL plastic centrifuge tubes in a reciprocal
shaker for 30 minutes. Samples were then centrifuged at 3100 x g for 5 minutes, and the
supernatant was decanted. This procedure was repeated three times. Finally, samples
were washed, centrifuged, and dialyzed against deionized water to remove excess Na
and Ca until the electrical conductivity dropped to below 5 dS/m.

Washed sediments and clay mineral standards were transferred as dilute suspen-
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sions to 1-L volumetric cylinders, which were filled with either 1.67 mM NayCO3/NaHCO3
buffer for the Na-saturated systems or deionized water for the Ca-saturated systems.
Suspensions were stirred, sonicated for 10 minutes, and briefly shaken end-over-end by
hand. Colloids, operationally defined as material with equivalent diameter of < 2 um,
were fractionated by gravity sedimentation based on Stokes’ law, assuming a specific
gravity of 2.65. Colloids were decanted from the cylinders and used for the colloid
stability experiments. Colloids were always kept in suspension and used within at
most seven days after fractionation. The total amount of colloids in the sediments
was quantified by static light scattering (MasterSizer S, Malvern Instruments Ltd.,
Malvern, UK).

Scanning electron images of the colloids were taken with a Hitachi S-570 SEM.
Hanford colloids were further characterized by X-ray diffraction with Cu-Ka radiation
(Philips XRG 3100, Philips Analytical Inc., Mahwah NJ) using standard techniques

[Whittig and Allardice, 1986).

2.3.2 Colloid Stability Experiments

Electrolyte solutions and Hanford pore water composition

Colloid stability was investigated under different electrolyte compositions (Table 2.2).
Pure NaCl and CaCl; solutions were used to determine colloid stability for 1:1 and
2:1 electrolytes. The effect of the SAR was studied in solutions containing different

proportions of Na and Ca. Synthetic Hanford pore water solutions were used to mimic
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conditions in the Hanford vadose zone. Synthetic Hanford pore water compositions
were based on 1:1 w/w soil /water extracts from the sediments used in this study and
data presented in Serne et al. [Serne et al., 2002]. All solutions were buffered at
pH 10 with 1.67 mM NayCO3/NaHCOj3 for the Na systems and with CaOH for the
Ca systems to prevent dissolution of carbonates in the Hanford sediments. Chemical
composition and concentrations of the different solutions are summarized in Table 2.2.

To determine the pore water composition of the vadose zone sediments used in
this study, we extracted pore water from coarse Hanford sediments. Sediment and
water were mixed at a 1:1 (w/w) ratio, shaken for one hour in a reciprocal shaker, and
centrifuged to remove the solution phase [Rhoades, 1996]. Sodium, Ca, K, and Mg
concentrations were measured with ICP-AES (Thermo Jarrell Ash IRIS ICP-AES).
Experiments were performed in triplicate. Calculations of ideal pore water concen-
trations were performed with Visual MINTEQ 2.15 (Jon Peter Gustaffson, KTH,
Department of Land and Water Resources Engineering, Stockholm, Sweden, based
on MINTEQAZ2 version 4.0; Allison et al., 1991) for solutions in equilibrium with

different carbonaceaous solids at 0.00035 atm CO, partial pressure and 25°C.

Batch Turbidity Experiments

Critical coagulation concentrations were determined with the test tube method [van
Olphen H., 1977] using 30-mL glass vials and initial colloid concentrations of about

50 mg/L. Electrolyte solutions were either NaCl, CaCly, or a simulated Hanford pore
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water composition with various SARs (with the unit of \/m) Vials were capped,
shaken by hand end-over-end for about one minute, and then placed in a rack for
19+1 hours. We then took 3.8 mL suspension with a pipette from a depth of 5 ¢m
from each vial (the total suspension height was 12.5 cm), and measured turbidity by
spectrophotometry.

To study the effect of colloid concentration on CCC, we tested suspensions of
different initial colloid concentrations ranging from 10 to 400 mg/L using the same
procedure as described above. To study the effect of time on CCC, we measured
turbidity in the suspensions after 3, 6, 9, 18, and 36 hours following preparation. We
used initial colloid concentrations of about 10, 50, and 100 mg/L for these tests. For
these experiments (effect of time and colloid concentration) we used NaCl electrolyte
and Hanford sediments only.

We studied the effect of Hanford porewater composition on colloid stability using
solutions containing different electrolytes (Na®™, K, Ca?t, Mg?") in concentrations
typical for vadose zone Hanford sediments. We varied the SAR by changing the Ca?*
concentration.

A long-term stability experiment was conducted by using 1-L volumetric cylinders.
Colloids were suspended in 1 L of 1.67 mM NayCO3/NaHCOj buffer solutions (pH
10). Colloids were left to settle for three months, and samples were periodically taken
to determine colloid concentration in the supernatant. Each time, a 10-mL sample

was taken with a pipette at 15-cm depth.
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All batch colloid stability experiments were performed in triplicate, except for the
study of the effect of colloid concentration, which was done in duplicate. For the de-
termination of the colloid stability, we define the CCC operationally as the electrolyte
concentration at which the turbidity of the suspension fell below 20% of the mass
concentration of a non-coagulating suspension [Goldberg and Forster, 1990]. Colloid
concentrations were determined with turbidity measurements at a wavelength of 300
nm using a spectrophotometer (HP 8452A, Hewlett-Packard). Standard curves were
generated by diluting a suspension of known concentration (usually 100 mg/L), which
was quantified by gravimetry. Standard curves were constructed with mass concentra-
tions of 1, 5, 10, 20, 40, 60, 80, and 100 mg/L. Turbidity versus mass concentration

was linear in this range.

Column Experiments

Colloid mobilization experiments were carried out with coarse and fine Hanford sedi-
ments. Hanford sediments were packed into acrylic columns of 2.5-cm ID and 13-cm
length. Columns were filled with sediments in about 1-cm increments and saturated
from the bottom with the highest ionic strength electrolyte solution used for the CCC
determinations. Sediments were packed to a total height of 10 cm. A constant head of
2.7 to 3 cm-H2O was maintained at the top of the sediment surface. A steady-state,
gravity-driven flow through the column in downward direction was established. The

elevation of the outflow tube was set such that the flow rates were between 25 and 120
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mL/h. The range of the flow rates reflects the differences in the hydraulic conductivity
of the fine and coarse sediments. Ionic strength of the inflow solution was then lowered
incrementally. At least 40 pore volumes of electrolyte solution was passed through the
columns for each ionic strength. Columns were repacked with fresh sediment after each
ionic strength change. The ionic strength sequence was 327, 167, 87, 47, 27, 17, and
7 mmol./L Na' including the pH buffer, with an additional 37 mmol./L run for the
coarse sediments. Inflow solution pH was maintained between 9.5 and 10.5. Column
outflow was collected in 30 mL glass vials with a fraction collector, and flow rate, pH,
and colloid concentrations were measured. The saturated hydraulic conductivity was
calculated with Darcy’s law.

Column experiments were also conducted using 0.5 mol./L CaCl; as equilibrating
solution with a subsequent flushing with lower ionic strength solutions, but no colloid
mobilization was observed. Column experiments with the reference clay minerals were
attempted but were not successful due to the low hydraulic conductivity and clogging

of the clay-packed columns.

Comment: A schematic of the column setup is shown in Appendix A (Figure 2.10).
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Dynamic Light Scattering

We used dynamic light scattering to determine the rate of colloid aggregation. Hy-
drodynamic Z-averaged diameters were measured with a helium-neon laser of 633 nm
wavelength and fixed scattering angle of 90° (ZetaSizer 3000 HSA, Malvern Instru-
ments Ltd., Malvern, UK) at 20°C. The colloid suspension was adjusted to the desired
electrolyte concentration and immediately analyzed with light scattering. The cuvette
was thoroughly cleaned both inside and outside between individual measurements with
Nanopure water and isopropanol. The auto-correlation function was accumulated for
50 s, and was repeated up to a total duration of 70 min.

The stability ratio W is defined as the ratio of fast to slow aggregation rates

[Holthoff et al., 1996]

ka,fast

W = ke

(2.1)

where kg, s and k, are the fast and slow aggregation rates, respectively. It is con-
venient to use the inverse of the stability ratio, as W~ is equivalent to the collision
efficiency in colloid deposition [Grolimund et al., 2001]. The W' can be calculated

as [Holthoff et al., 1996; Behrens et al., 2000]

dln Ry,
1 o Nfast dt

W n (dlnRh)
fast

(2.2)

dt

where ngy and n are the initial particle number concentration in the fast and slow
aggregation regimes, respectively, and R} is the hydrodynamic radius measured by

light scattering.
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The CCC is obtained when fast and slow aggregation rates are equal, i.e., when the
stability ratio W = 1 [Hiemenz and Rajagopalan, 1997]. Grolimund et al. [Grolimund
et al., 2001] proposed an empirical equation to determine the CCC from stability ratio
data

L (2.3)

()
where Cj is the molar electrolyte concentration, and [ is the slope d1In(1/W)/dIn(Cs)
for slow aggregation.

A linear (for slow aggregation) and a third-order polynomial (for fast aggregation)
were fitted to the experimental data to obtain the slope dln Ry, /dt needed in equa-
tion 2.2. The slope for fast aggregation was obtained when the aggregation rate kg tast
was independent of the electrolyte concentration [Holthoff et al., 1996]. The initial
particle concentrations n and ng were calculated from the colloid mass concentra-
tion and the initial average hydrodynamic diameter. The inverse stability ratio W~}

was then plotted as a function of electrolyte concentration Cy in a double logarithmic

fashion, and these data were used to fit equation 2.3 to obtain the CCC and the slope

3.
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2.4 Results and Discussion

2.4.1 Colloid Characterization and Hanford Pore Water Com-
position

Scanning electron micrographs of the Hanford colloids show predominantly a platy
structure, characteristic of 1:1 and 2:1 layered aluminosilicate clays. According to
the XRD analysis, the Hanford colloids consist dominantly of quartz, illite, smectite,
chlorite, kaolinite, and albite. The colloids from the coarse sediments were richer
in mafic minerals than those from the fine sediments. Coarse Hanford colloids also
contained the mafic minerals ilmenite, magnetite, and Ca-plagioclase. The coarse
sediments contained 1.5% colloids by weight, and the fine sediments contained 3%.
All colloids used in this study had a net negative charge in the pH range of 6.6 to 10,
indicated by the negative electrophoretic mobility (Figure 2.1). The electrophoretic

mobility did not change much between pH 6.5 and 10.

Comment: The sediments of the Hanford site were deposited by several cata-
clysmic floods during the late Pleistocene period [Busacca, 1991]. The site has an
arid, desert climate (Figure 2.11) and is dominated by calcareous sandy—gravelly sed-
iments (Figure 2.12). We performed mineralogical (thin section, and X-ray diffraction
(XRD)), and elemental (with X-ray fluorescent mass spectrophotometer (XRF-MS))

composition analysis on both the bulk fine and the coarse Hanford sand. X-ray diffrac-
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tion and SEM-EDAX analyses were performed on the colloidal fraction of the sedi-
ments. Scanning electron microscope (Hitachi S570 SEM) and transmission electron
microscope (JEOL 1200 EX TEM) photographs were also taken of the colloidal frac-
tion of the two sands.

Based on the XRD and thin section analyses the bulk coarse Hanford sand is
somewhat richer than the fine sand in mafic minerals including nesosilicates (olivine),
inosilicates (pyroxene and amphibole), biotite mica, plagioclase feldspars and iron-
oxides such as magnetite, hematite, and ilmenite. On the other hand, the fine Hanford
sand has a higher content of felsic minerals such as, muscovite mica, and orthoclase
feldspars. The fine Hanford sand also has considerably higher chlorite and calcite con-
tent, somewhat higher quartz content, and much less albite than the coarse sand. The
XRF-MS results also supported these finding as the fine sand has higher Si an Al, but
lower Fe and Mg contents than the coarse Hanford sand. Native colloids mainly consist
of chlorite, smectite, vermiculite, kaolinite, illite and quartz (Figure 2.13, 2.14, 2.15).

The scanning electron microscope images revealed the dominantly platy structure
of the Hanford colloids (Figure 2.16). The results of the SEM-EDAX elemental analysis
indicate considerable fraction of Fe-oxides (hematite, magnetite and ilmenite), and
calcite in the coarse Hanford colloids (Figure 2.17).

The transmission electron micrographs indicated the presence of calcite, micas, and

halloysite in the colloid fraction of the Hanford sediments (Figure 2.18, 2.19). n
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Cation composition of the pore water in the Hanford sediments determined with
different methods are shown in Table 2.3. Our measured cation concentrations gener-
ally agree with data from Serne et al. [2002], except for the Na concentrations, which
were much higher for our samples. Consequently, the SAR values for our samples were
larger than those calculated from Serne at al. [Serne et al., 2002]. With respect to
the equilibrium concentrations of the bivalent cations, calculated with MINTEQ), the
experimentally measured Ca is oversaturated with respect to calcite and the experi-

mentally measured Mg is undersaturated with respect to calcite and magnesite.

2.4.2 Colloid Stability
Batch Turbidity Experiments

The stability of the colloid suspensions differed among the minerals and sediments
used. For Na systems (SAR = oc0), the montmorillonite suspension was the least stable
and the kaolinite suspension was the most stable system (Figure 2.2a). The colloids
from coarse Hanford sediments appear to be somewhat more stable than those from
fine Hanford sediments (Figure 2.2) and the CCC values were higher for coarse than
for fine Hanford sediments (Table 2.4). The Hanford colloids were more stable than
the pure montmorillonite, for both Na (SAR = oo) and Ca (SAR = 0) systems. We did
not determine the stability of kaolinite in pure Ca-systems (SAR = 0), because without
the presence of Na, no stable kaolinite suspensions could be obtained. According to

the Schulze-Hardy rule for symmetric electrolytes [Hsu and Kuo, 1995; Hsu and Kuo,
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1997] the CCC ratio for NaCl to CaCly is 42. The observed deviations of the CCC
ratio from the theoretical value (Table 2.4) can be explained by particle polydispersity,
surface charge heterogeneity, and surface morphology [Grolimund et al., 2001].

Colloid stability as a function of SAR is depicted in Figure 2.3. As the SAR
increased, the colloid concentration versus cation concentration curves became less
steep, which makes the CCC determination less accurate. The CCC values show that
for SAR = 0 to 60 mmol./L, coarse and fine Hanford colloids have the same CCCs,
but at SAR > 60 mmol../L, the coarse Hanford colloids were more stable than the fine
Hanford colloids.

Initial colloid concentration affected the colloid stability, with the colloid suspen-
sions becoming more stable as the initial colloid concentrations decreased (Figure 2.4).
The CCC clearly increased as colloid concentration decreased. A sharp concentration
decline is observed for initial concentrations of 100 to 270 mg/L, and the correspond-
ing CCCs are well defined. At colloid concentration less than 50 mg/L, the relative
colloid concentrations decrease gradually over a large range of electrolyte concentra-
tions. For 10 and 25 mg/L initial colloid concentrations, the CCC was not reached in
our experiments (Figure 2.4).

The results of the batch turbidity experiments highlight that, in case of poly-
disperse, natural colloids, colloid stability determination depends on initial colloid
concentrations and the duration of the experiment. The higher the initial colloid

concentrations and the longer the duration of the settling period, the smaller will be
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the experimentally determined CCC. Critical coagulation concentrations from batch
experiments therefore need to be evaluated based on the specific experimental con-
ditions used, e.g., initial colloid concentration and duration of experiment. Critical
coagulation concentrations reported in the literature are difficult to compare with our
measurements, because most investigators used much higher colloid concentrations.
Corroborating our observation of a lower CCC at higher colloid concentration, re-
ported kaolinite CCCs for Na (at pH 9 to 10 and 7? mg/L colloid concentrations) are
between 10 and 40 mmol./L [Swartzen-Allen and Matejevic, 1976; Goldberg et al.,
1991], as compared to >100 mmol../L in our experiments.

The stability of the colloids in synthetic Hanford pore water is illustrated in Fig-
ure 2.6. We plot colloid stability versus the sum of Ca and Mg concentrations for a
given concentration of Na in the system. The Na and Ca concentrations cover the
range of concentrations observed in the vadose zone Hanford sediments (Table 2.3).
The results illustrate that both SAR and the absolute values of Na and Ca concen-
trations determine the colloid stability. The higher the Na concentration, the higher
will be the SAR where colloids become unstable. In Figure 2.6, we also plot the ap-
proximate pore water composition of vadose zone Hanford sediments as determined
from boreholes at the Hanford site (Table 2.3, Serne et al. [Serne et al., 2002]). These
results suggest that conditions in Hanford sediments are likely such that colloids can
form stable suspensions, as most of the measured pore waters lie in the stable regime.

The long-term colloid stability experiment in low ionic strength Na systems (7
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mmol./L Na) indicates that a considerable amount of colloids can remain in suspension
for an extensive period of time (Figure 2.5). After 113 days, most of the colloids
had settled out from the suspension, but a measurable fraction remained suspended.
Although this suspended fraction was less than our experimental quantification limit,
we still could detect the presence of these colloids. The long-term experiment suggests
that the “shelf-life” of the colloids was in the order of several weeks (at pH 10 and 7
mmol./L Na, which represents an optimal solution chemistry for colloid stability).

We fitted the data with a 2nd-order aggregation model [Stumm and Morgan, 1981]

d
ag::—mf (2.4)

where n is the colloid number concentration, and k is the aggregation rate coefficient.

The model fit the data closely (Figure 2.5). For spherical, monodisperse particles, the

rate constant k is related to the collision efficiency a by [Stumm and Morgan, 1981]

4kpT
3n

k=« (2.5)

where kg is the Boltzmann constant, T is absolute temperature and 7 is dynamic
viscosity. The rate coefficient and collision efficiencies (Table 2.5) indicate that the
colloidal suspensions were stable, i.e., in the slow aggregation regime. Nonetheless,
after several weeks of aggregation, most of the colloids were aggregated and settled

out from the suspension.
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Column Experiments

Colloid mobilization experiments using packed columns provide an alternative means
to determine colloid stability. In contrast to the batch experiments, colloids are ini-
tially flocculated and become dispersed as the solution passes through the column. A
series of different electrolyte concentrations will allow the determination of the ionic
strength when colloids are mobilized. The coarse and fine Hanford sediments columns
differed considerably in saturated hydraulic conductivities: 150 to 400 cm/h for coarse
sediments and 4 to 8 cm/h for the fine sediments. Conductivities varied from pack-
ing to packing, but were fairly constant during most of the mobilization experiments.
The average porosities of the coarse and fine sediment columns were 0.44 and 0.42
cm?/em?; respectively.

Colloid concentrations in the effluent from the two sediment columns are shown
in Figure 2.7a,b, and the total eluted colloid mass (zeroth moment) as a function of
effluent electrolyte concentration is shown in Figure 2.7c. At low electrolyte concentra-
tions, colloids were mobilized and flushed out from the Hanford sediment columns. The
colloid elution curves show a sharp breakthrough front and a pronounced tailing. This
behavior is typical for colloid mobilization from undisturbed soils [Laegdsmand et al.,
1999; Schelde et al., 2002] and packed sediments [Roy and Dzombak, 1996; Grolimund
et al., 1996; Grolimund and Borkovec, 1999; Flury et al., 2002]. In our experiments,
colloid breakthrough curves for low Na electrolyte concentrations occurred at about

one pore volume (1 pore volume ~~ 21 mL cumulative effluent, the exact pore volume
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was not determined and varied between packings). The more variable initiation of
colloid breakthrough in the coarse Hanford sediments as compared to the fine Hanford
sediments (Figure 2.7a,b) was likely caused by experimental difficulties that occurred
in the coarse Hanford sediments during switching of the electrolyte solutions. We
sometimes lost some electrolyte solution in the inflow when trying to keep the hy-
draulic head constant, because the flow rates for the coarse Hanford sediments were
high: @ = 40-120 mL/h (corresponding to a flux density of J = 8.2-24.5 cm/h).
These difficulties did not occur in the fine Hanford sediments, as the flow rates were
lower (@ = 25-35 mL/h, J = 4.1-7.1 cm/h).

For coarse Hanford sediments, colloids were mobilized for Na concentrations from
7 to 87 mmol./L, but at 167 mmol./L considerably less colloids were eluted (Fig-
ure 2.7). This places the CCC between 87 and 167 mmol./L. This CCC determination
corroborates the results from the batch experiments (Table 2.4). For fine Hanford
sediments, the drop in colloid concentrations occurred between Na concentrations of
27 and 47 mmol./L, indicating that dispersion and mobilization are more likely for fine
than for coarse Hanford sediments. Colloid mobilization in fine sediments occurred at
lower Na concentrations than would be expected from the batch CCC determinations
(Table 2.4).

A greater mass of colloids was mobilized from the fine Hanford sediments as com-
pared to the coarse sediments (Figure 2.7c). In addition, the mass of colloids eluted

from the fine Hanford sediments was more sensitive to the electrolyte concentration as
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compared to the coarse sediments. Due to the smaller grain size of the fine sediments,
there was more colloid-fluid contact and smaller pore water velocity than in the coarse
sediments. This will likely cause colloid mobilization be more susceptible to pore water

chemistry.

Dynamic Light Scattering

The results of the dynamic light scattering experiments are summarized in Figure 2.8.
At small electrolyte concentrations, where the inverse stability ratio increases mono-
tonically, aggregation occurs slowly. At larger electrolyte concentrations, aggregation
is fast, and the stability ratio becomes independent of electrolyte concentration. The
stability plots indicate that the silica beads were the most stable colloidal system, and
the montmorillonite was the least stable in both the Na and Ca electrolytes. Silica
beads and kaolinite had the most negative electrophoretic mobility of all colloids used
(Figure 2.1). Less negative electrophoretic mobility, heterogeneous charge distribution,
and polydispersity are likely reasons for the lower stability of the montmorillonite. The
coarse and fine Hanford colloids had similar stability, and their stability was interme-
diate between the silica and the montmorillonite. This intermediate stability is likely
because the Hanford colloids are a mixture of quartz, aluminosilicates, and other min-
erals.

Equation 2.3 fitted the experimental data well (Figure 2.8), and the fitted CCC and

[ values are listed in Table 2.5. The ratios of the Na- to Ca-CCC were between 50 and
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54, which is somewhat higher than theoretical value of 42 [Hsu and Kuo, 1995; Hsu
and Kuo, 1997]. Grolimund et al. [Grolimund et al., 2001] determined a ratio of 40
for colloids from a non-calcareous forest soil, but large deviations from the theoretical
values are not uncommon [Elimelech et al., 1995].

The CCCs of the non-calcareous colloids reported by Grolimund et al. [Grolimund
et al., 2001] were similar but slightly higher for both Na and Ca (i.e., 155 and 3.2
mmol/L, respectively) than our values for the calcareous Hanford colloids (Table 2.5).
Dynamic light scattering studies with pure minerals have been reported by others
[Novich and Ring, 1984; Kretzschmar et al., 1998|, but different electrolytes than
NaCl and CaCly were used, so that direct comparisions with our data are difficult.
Kretzschmar et al. [Kretzschmar et al., 1998] demonstrated the strong dependence of
kaolinite stability on pH and organic coatings.

The slopes (3 of the stability curves (Table 2.5) were considerably steeper than the
slopes reported by Grolimund et al. [Grolimund et al., 2001}, who reported slopes of
3.8 for NaCl and 2.3 for CaCly. In our experiments, the ratio of the NaCl to CaCl,
slopes was about 0.5, which is much less than the ratio of 1.6 reported by Grolimund et
al. [Grolimund et al., 2001]. Tt is theoretically expected that the slopes for Na systems
are steeper than for Ca systems [Grolimund et al., 2001; Elimelech et al., 1995], but
our measurements showed the opposite result.

The theory of light scattering assumes that colloids and aggregates are spherical and

monodisperse. These assumptions are not met in experiments with natural colloids.
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Consequently, light scattering data will not yield accurate coagulation rates and have to
be interpreted with caution. Aggregation further increases polydispersity and makes
light scattering data less reliable. This can be a reason for the difference in slopes
observed in our experiments. The observed deviation of the CCC ratio for NaCl and
CaCl, from the theoretical value, however, cannot solely be attributed to polydispersity
and non-sphericity. The monodisperse, spherical silica in our experiments did not show

a CCC ratio closer to the expected value than the clay mineral colloids (Table 2.5).

2.4.3 Comparison of Methods to Determine Critical Coagu-
lation Concentrations

The comparison of the CCCs determined by batch turbidity and light scattering meth-
ods indicates the arbitrariness of the batch turbidity method (Tables 2.4 and 2.5). The
CCC determined with the batch turbidity method very much depended on the CCC
criteria used. The dynamic light scattering CCCs were considerably greater than the
batch turbidity CCCs for the 80% removal criteria. The light scattering measurements
yielded more consistent CCCnac1/CCCraq, ratios than the batch turbidity method,
and the ratios were closer to the theoretically expected value of 42 [Hsu and Kuo, 1995].
As the light scattering method does not depend on specific experimental conditions,
this method is the preferred technique to determine CCCs.

According to both the batch turbidity and the dynamic light scattering results, the

CCC of natural Hanford colloids was intermediate between that of the kaolinite and
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montmorillonite clay mineral standards. This suggests that the clay mineral standards
can be used to bracket the behavior of natural Hanford colloids. In contrast to the
batch studies, the light scattering studies did not reveal differences in colloidal stability

between coarse and fine Hanford colloids.

Comment: Selected plots, illustrating the changes of the hydrodynamic diameter
of the particles and aggregates versus time at different ionic strengths are shown in
Appendix A (Figure 2.21). Polydispersity in these tests shows a positive correlation
with increasing aggregate size, and suddenly increase around the critical coagulation
concentration of the the colloids. However, at pronounced aggregation, it can limit
the suitability of light scattering for determination of colloidal stability (Figure 2.22).

2.5 Implications

Many of the radioactive contaminants sorb strongly to subsurface minerals and are
therefore considered fairly immobile. Colloids can potentially facilitate the movement
of such contaminants, provided colloids are present, sorb contaminants strongly, form
stable suspensions, and are mobile in the subsurface. All of these conditions must be
met if colloid-facilitated transport is a relevant transport mechanism.

The results of our colloid stability experiments and the measured pore water com-
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positions in vadose zone Hanford sediments indicate that colloids likely form stable
suspensions in vadose zone Hanford sediments. The CCCs, which separate the slow
from the fast aggregation regime, were consistently higher than the electrolyte concen-
trations of vadose zone pore water, so colloid stability is favored at Hanford. However,
the colloidal stability as defined by the CCC does not necessarily imply that colloids
stay suspended for sufficiently long times to play a relevant role for contaminant trans-
port. Long-term stability experiments indeed indicated that colloids from the Hanford
sediments will form stable suspensions for several weeks, but over longer time periods,
colloids will settle out from suspension. After about 16 weeks, on average 90% of the
colloidal mass settled out from suspension.

Measured recharge rates at Hanford range from near 0 to more than 100 mm/year,
depending on variation in precipitation, soil type, and vegetation cover [Gee et al.,
1992]. One of the most contaminated locations at Hanford, the waste tank area, has
some of the highest recharge rates, because of the coarse-textured sediment used for
backfill and the absence of vegetation. In addition, the “umbrella effect”; i.e., the runoff
and redirection of water due to the presence of the tanks, enhances the local recharge
rates. The thickness of the Hanford vadose zone, where the waste tanks are located,
varies from 40 to 100 m [Gee and Heller, 1985; McKinley et al., 2001]. Assuming the
worst-case scenario of a shallow vadose zone (40-m thickness), a high recharge rate
(100 mm/year), and an average volumetric water content of 10%, the travel time of

the recharge water is 40 years. Over this time period, colloidal suspensions at the
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Hanford site will not be stable. Estimations based on measured aggregation rates
show that after 40 years only 0.05 to 0.08% of the initially suspended colloids remain
in suspension.

Under natural conditions, the potential for colloid mobilization and stable colloid
suspensions is greatest during infiltration events, when low ionic strength rainwater
increases soil moisture. As the water drains to deeper depths, the changes in moisture
dampen and the ionic strength increases due to equilibration with soil mineral phases.
Our experiments and conclusions regarding colloidal stability were based on these
equilibrium ionic strengths, and are therefore representative for the deeper vadose
zone at Hanford. In addition to colloid aggregation and sedimentation in suspension,
colloids will also be removed from the solution phase by filtration mechanisms in
the sediments. As we have shown in previous experiments [Cherrey et al., 2003],
colloids will be retained considerably during transport in water-unsaturated Hanford
sediments. Colloid aggregation and filtration seem to be favored.

Nonetheless, aggregated colloids can be remobilized when the ionic strength de-
creases [Flury et al., 2002] or when flow rates increase. At certain locations at the
Hanford site, the natural recharge has been disturbed considerably. For instance,
at the tank farms, water leaks and fluids from the tanks themselves, in addition to
the “umbrella effect”, have increased infiltration rates and provided an enhanced wa-
ter flux [Lichtner et al., 2003] and possibly preferential flow. Under such conditions,

travel times in the vadose zone are considerably reduced, and the potential for colloid
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movement is enhanced.

Comment: Based on the specific conditions at the Hanford Site in terms of
recharge rates and Cs-137 contamination in the subsurface, we can estimate how much
(Cs-137 can be potentially transported with colloids. We calculated the colloid-assisted
cesium flux to the ground water table, assuming that Cs-137 is irreversibly sorbed to
colloids. Based on the Cs-137 flux, we can estimate the radiation dose that would
occur to an adult if the ground water was used for drinking water purposes. The
parameters and values used in this estimation are shown in Table 2.6. The calculations
are made for two cases, using two different factors to convert radioactivity (pCi) to
dose (mrem). The Environmental Protection Agency’s (EPA) drinking water standard
is 4 mrem/year [SRSHES,, 2004]. The estimated annual dose in both cases is less than
the EPA’s drinking water standard, which suggests, that under the assumptions made

for our calculations, no health risk is associated with colloid-facilitated transport of

Cs-137. |
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2.6 Tables and Figures
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Table 2.1: Properties of colloids used in this study.

Colloid type Fe® Electrophoretic Hydrodynamic Organic C¢
mobility? at pH~10 diameter?

(g/kg) (pm/s)(V/cm) (nm) (g/kg)
Montmorillonite (STx-1)  0.52+0.01 —3.15+0.02 579441 0.74+0.2
Montmorillonite (SWy-2) 0.884+0.05 —3.41£0.09 494426 1.34+0.1
Kaolinite (KGa-1) 0.134+0.01 —4.964+0.05 488+45 0.840.3
Coarse Hanford 42.02 —3.351+0.09 566+43 6.840.2
Fine Hanford 32.94 —3.60+0.07 592438 3.840.2

@ “Free” iron oxides determined by citrate-bicarbonate-dithionite method described by

Loeppert and Inskeep [Loeppert and Inskeep, 1996, p. 647-648]

b

Malvern, UK)

measured by dynamic light scattering in 0.01 M NaCl (Malvern Instruments Ltd.,

¢ measured by dry combustion with a LECO CHN Analyzer (Leco Corporation, St Joseph,

MI)
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Table 2.4: Critical coagulation concentrations (CCC) for the different colloids using

the batch turbidity method.

Colloid type __ CCC defined at 80% removal CCC defined at 95% removal
CCCnac1 CCCcacl,  CCCNac1/CCCract,  CCCNac CCCcacl,
(mmolo/L)  (mmol,/L) (mmol,/L)  (mmol./L)

Silica na“ na na na na

Kaolinite >100 na na >100 na

Montmorillonite 35 1.8 19 44 >2.2

Coarse Hanford 100 14 71 >100 >2.2

Fine Hanford 70 1.8 39 >100 >2.2

% pa: not available.
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Table 2.6: Annual radioactivity exposure doses for adults due to water consumption

and conditions assumed to calculate the dose. Cases 1 and 2 are based on different

radioactivity-to-dose conversion factors.

Condition Case 1 Case 2
Travel time in vadose zone (years): 40 40
Initial cesium loading on colloids (pCi/g): 1 x 107 1 x 107
Initial colloid conc. in pore water (mg/L): 50 50
Colloids remaining in pore water after 40 years (%): 0.05 0.05
Recharge rate (m/year): 0.1 0.1
Colloids remaining in pore water after 40 years (g/m?): 0.025 0.025
Radioactivity in pore water (pCi/m?): 2.5x 109 2.5% 10°
Half-life of 137Cs (years): 32 32
Radioactivity in pore water after 40 years of decay (pCi/m?-year): 10,513 10,513
Conversion factor for 37Cs (mrem/pCi): 4.81 x 107> 217 x 1077¢
Human water consumption (L/day): 3 3
Annual dose (mrem/year): 0.554 0.003

@ Value reported by McKinley et al. [2001]
b Value reported by US-DOE [2004]

¢ Value reported by Harrach and Surrano [2004]
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Figure 2.1: Electrophoretic mobility between pH 7 and 10 of the colloids used in this
study. Error bars denote + one standard deviation. Electrophoretic mobilities were
determined in 0.01 M NaCl with dynamic light scattering using a Zetasizer 3000HSA
with a helium-neon laser of 633 nm wavelength (Malvern Instruments Ltd., Malvern,

UK) with particle concentrations adjusted to be between 0.1 and 20 mg/L.
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Figure 2.2: Colloid stability at pH 10 as function of (a) Na concentrations (SAR = o0)

and (b) Ca concentrations (SAR = 0). Error bars denote + one standard deviation.
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(a) Coarse Hanford colloids, (b) fine Hanford colloids, and (c)

Figure 2.3: Effect of sodium adsorption ratio (SAR) on colloid stability of Hanford
critical coagulation concentrations (CCC) as function of SAR. Error bars denote +

one standard deviation.

colloids at pH 10.
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Figure 2.4: Effect of initial colloid concentration on colloid stability in Na electrolyte
solutions (SAR = oo) at pH 10 for (a) coarse and (b) fine Hanford colloids. Colloid
concentrations are normalized with the initial colloid concentration in each experiment.

Error bars denote 4 one standard deviation.
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Figure 2.5: Colloid suspension concentration as a function of time in the long-term
batch experiments in a pH 10 buffered 1.67 mM NayCO3/NaHCOj3 solution. Symbols
are experimental data and lines are fitted 2nd-order kinetic model. Error bars denote

+ one standard deviation.
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Figure 2.6: Colloid stability in mimicked Hanford pore waters for different Ca con-
centrations at three constant Na concentrations (a) 5.1 mmol./L, (b) 1 mmol./L, and
(¢) 0.5 mmol./L. Concentrations of K and Mg were kept constant at 0.2 mmol./L K
and 0.6 mmol,./L Mg. Dashed lines indicate Ca and Mg concentrations in vadose zone
Hanford sediments measured by Serne et al. (2002b), and represent in situ pore water

chemistry from several boreholes (Table 2.3).
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Figure 2.7: Colloid effluent concentrations for different eluent Na concentrations (SAR

ment) of colloids eluted as function of electrolyte concentration. Inflow solutions were

(a) Coarse Hanford

—— 327 mmol¢/L

—e— 7 mmol/L
—O— 17 mmol/L
—¥— 27 mmol¢/L
—&— 37 mmolg/L
—¥— 47 mmol/L
—&— 87 mmol/L
