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EXECUTIVE SUMMARY
Naturally occurring mobile colloids are ubiquitous and are involved in many important
processes in the subsurface zone. For example, colloid generation and subsequent
mobilization represent a possible mechanism for the transport of contaminants including
radionuclides in the subsurface environments. For colloid-facilitated transport to be
significant, three criteria must be met: (1) colloids must be generated; (2) contaminants
must associate with the colloids preferentially to the immobile solid phase (aquifer); and
(3) colloids must be transported through the groundwater or in subsurface environments –
once these colloids start moving they become “mobile colloids”. Although some
experimental investigations of particle release in natural porous media have been
conducted, the detailed mechanisms of release and re-deposition of colloidal particles
within natural porous media are poorly understood. Even though this vector of transport
is known, the extent of its importance is not known yet. Colloid-facilitated transport of
trace radionuclides has been observed in the field, thus demonstrating a possible
radiological risk associated with the colloids.
Previous laboratory studies showed that SRS sediments might have the potential to form
mobile colloid suspensions over an environmentally credible range of aqueous-phase
chemistries, especially at elevated pH levels. Underground concrete vaults and structures,
which generate high pH leachates, have been widely built for nuclear waste containment at
the SRS and throughout the DOE complex. Therefore, it is important to evaluate the impacts
of colloid mobilization as a potential vector for facilitated radionuclide transport. The
objective of this study was to determine whether cementitious leachates would promote the
in situ mobilization of natural colloidal particles from a SRS sandy sediment. The intent was
to determine if a cementitious surface or subsurface structure would create plumes that could
produce conditions conducive to sediment dispersion and mobile colloid generation, either by
1) mineral precipitation of the cement leachate interacting with SRS groundwater, or 2) the
release of colloidal particles from a SRS sandy sediment.
Titration of cement leachate solution with SRS groundwater showed a slight increase of
turbidity (<5 NTU; a proxy for colloid concentration) with increase in pH, suggesting that
some in situ precipitation was occurring at the higher pH values. SEM images of the greater
than 1 kDa (~ 1 nm) ultrafiltered titrated solutions also showed a very sparse population of
material that were very large particulates (>5 μm) that would not be mobile through porous
media. SEM images indicated that the material collected on the 1 kDa filter was on the order
of a micron putting this material in the particulate and not colloidal size range. These results
indicated that the cement leachate solution interacting with groundwater alone is unlikely a
sufficient source of colloid generation as a vector for transporting contaminants.
Column studies were conducted with cement leachate simulant (CLS) and genuine
cement leachate (GCL) in contact with SRS sandy sediment. The cation chemistries of
influents and effluents in column studies with SRS sediment were analyzed by ICP-OES,
while the mobilized colloids were characterized using XRD, SEM, EDX, PSD and Zeta
potential. The mobilization mechanisms of colloids in SRS sandy sediment by cement
leachates were briefly discussed. An initial sharp colloid plume front formed, and then
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stopped, even though the aqueous chemistry conditions (pH and ionic strength) remained
unchanged. Approximately half of the clay-size fraction in the sediment was released in
the single sharply defined plume. The mobilized colloids were mainly goethite and
kaolinite with their fraction ratios from 2:1 to 1:1. The released colloids had negative
surface charges and their mean particle sizes were primarily in a range of 200-470 nm,
and the particles were less than 1000 nm (or <1 μm).
Although colloid mobilizations in subsurface zones can be very complex and affected by
many factors, electrostatic forces inherent to the different minerals appears to be the
controlling mechanism in this system. It was shown in this work that at pH 5.5, goethite
has a positive surface charge, whereas quartz and kaolinite have negative surface charges.
Nano-goethite acts as a cementing agent, holding the kaolinite on the sand surfaces due
to electrostatic attraction. However, at the high pH plume front, the SRS sand grains,
kaolinite and goethite all have negative surface charges, and the nano-size goethite and
kaolinite are mobilized due to their electrostatic repulsion. With dilution of the undiluted
leachate solution, more pore volumes of leachate were required to promote colloid
release (simulating distance from the cementitious source term), and once the colloids
were released they formed a broad, less well-defined peak, with fewer colloids;
essentially no colloids were mobilized at the 1:1000 dilution. With pH adjustment for the
1:10 diluted CLS solutions (again, simulating distance from the cementitious source
term), even more pore volumes of leachate were required to promote colloid release, and
progressively fewer colloids were mobilized, until no colloids were detected at pH ≤
9.87. In both cases, the possibility of colloid mobilization was dependent on the surface
charge of goethite in the corresponding solutions.
Together this data demonstrates that in situ homogeneous precipitation, which is simply
the mixing of cement leachate with SRS groundwater (without a solid present), is not
likely to result in the formation of a large amount of precipitated solid phases.
Additionally, it was shown that a SRS subsurface system is not spontaneously dispersive,
meaning that the subsurface clays tend to remain immobile due to natural electrostatic
forces. However, when a cementitious leachate (pH 12.80 to pH ~8) comes in contact
with the sediment, dispersion will occur as a sharp peak, containing a relatively high
percentage of the clay-size particles in the sediment (~13%). Subsequently, few colloids
enter the mobile phase, although the aqueous chemical conditions of the system remain
unchanged. Finally, within the cementitious plume we collected in situ precipitates,
specifically a Na-CO3 phase. Once the cement leachate was diluted 1000 times with a
groundwater or if the pH dropped below ~8, colloid release was undetectable.
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1. Introduction
Colloids are finely divided particles of approximately 1 to 1,000 nanometers in size that
are dispersed within a continuous medium in a manner that prevents them from being
filtered easily or settling rapidly. Naturally occurring colloids (e.g., silicate clays, Fe and
Al oxides and hydroxides, mineral precipitates, humic materials, microorganisms) are
ubiquitously present in subsurface formations. They are formed in situ through
geochemical alteration of primary minerals (McCarthy and Zachara, 1989) or the
mobilization of colloids, nano-size particles from the solid matrix in subsurface systems
(Grolimund and Borkovec, 2006). It is important to distinguish between immobile and
mobile colloids, the latter is a potential vector for transporting contaminants in the
subsurface and refers to the particle sizes of <1µm, and frequently <0.3µm (McCarthy
and Degueldre, 1993). Colloids in an aquifer may contain contaminants, and they may be
the correct size, but remain immobile due to other restrictions, such as coatings,
cementing agents, pore size distribution, etc.
Natural colloids are involved in many important processes in the subsurface zone. For
example, their generation, mobilization and subsequent transport represent a possible
mechanism for structure formation, clogging and structural changes of subsurface porous
media, or colloid-enhanced transport of contaminants. Due to their importance,
mobilization and transport of colloidal particles in the subsurface environments have
been studied to some extent (Bates et al., 1992; Bradford and Torkzaban, 2008; Bunn et
al., 2002; Contardi et al., 2001; Crist et al., 2005; DeNovio et al., 2004; Grolimund et al,
1998; 2001; Kaplan et al., 1993; 1996; Kretzschmar et al., 1999; McCarthy and
Degueldre, 1993; McCarthy and McKay, 2004; Moridis, et al., 2003; Petosa et al., 2010;
Roy and Dzombak, 1996; Ryan and Elimelech, 1996; Ryan and Gschwend, 1994a;
1994b; Seaman and Bertsch 2000; Seaman et al., 1995; 1997; 2007; Sen, 2011; Sen and
Khilar, 2006, Wan and Wilson, 1994a; 1994b; Zhuang et al., 2004; 2005). The
mobilization of colloids in porous media and subsurface environments is very complex.
However, the previous studies, largely based on model systems and relatively scarcely on
natural subsurface samples, can lead to several general conclusions (1) lowering the ion
strength usually enhances colloidal particle release; (2) the colloid release process
strongly depends on the solution chemistry; in particular, monovalent counter ions (e.g.,
Na+) promote this process more effectively; (3) in systems with pH dependent surface
charge (e.g., the SRS sediments), colloid release is influenced by pH; and, (4) higher flow
rates lead to increase the colloid releases (Kaplan et al., 1993; Ryan and Elimelech,
1996).
Recent studies have also shown that toxic and radioactive trace metals in soils,
groundwater, rivers and lakes can be carried and transported by mobile colloidal particles
(Grolimund and Borkovec, 2005; Kaplan et al., 1994a; 1995; Kretzschmar, et al., 1999;
Kretzschmar and Schafer, 2005; Ouyang et al., 1996; Roy and Dzomback, 1997; Kersting
et al., 1999). For colloid-facilitated transport to be significant, three criteria must be met:
(1) colloids must be generated; (2) contaminants must associate with the colloids; and (3)
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colloids must be transported through the groundwater or in subsurface environments
(McCarthy and Zachara, 1989; Ryan and Elimelech, 1996).
It is well known that the adsorption, ion-exchange, redox and precipitation are major
immobilization mechanisms of radionuclides in the subsurface environments (Goldberg
et al., 2007; Zachara et al., 2007). The majority of the current Performance Assessment
(PA) modeling, including SRS PA modeling, is based on the concept that retardation of
contaminants is treated by partitioning of radionuclides or contaminants into a two-phase
system – a mobile aqueous phase and an immobile solid. Colloid-facilitated transport of
radionuclides has not been incorporated into PA modeling. However, although it is still
debatable, more laboratory and even field evidence increasingly indicates that natural
colloids (either intrinsic or associated colloids) are potentially playing a role in the
transport of radionuclides in the subsurface environments of the DOE sites (Buesseler et
al., 2009; Dai, et al., 2002; 2005; Flury et al., 2002; Kaplan et al., 1994b; Wan et al.,
2004; Zhuang et al., 2003; Kersting et al., 1999). Despite the potential importance of the
particle mobilization, experimental investigations of particle release in natural porous
media are relatively scarce, and the detailed mechanisms of release and re-deposition of
colloidal particles within natural porous media are poorly understood.
1.1 Colloid dispersion studies on the SRS
It is evident that under steady state, natural conditions, essentially no colloids are
mobilized. However, once these conditions are upset, such as in a contaminant plume, it
is possible that colloid dispersion may occur. Previous laboratory studies conducted with
SRS soils have shown the potential for the formation of colloids over an environmentally
credible range of aqueous-phase chemistries (Seaman et al., 1994, Newman, 1990). These
studies indicated that the stable colloids form at either low or high pH regimes. The
formation of colloids in a low pH regime was attributed to the displacement of Al from a
metal oxide surface by exchange with solution cations, especially divalent cations. In a
high pH regime, the observed high turbidity, resulting from a high concentration of stable
colloids, was related to high sodium ion concentration. Newman (2000) studied the
colloid formation of SRS soils over a range of pH in sodium-based solution chemistry.
He found that there was no stable colloid suspension present in the lower pH range, but a
stable colloid suspension formed and the concentration systematically increased with pH.
The colloids were mainly kaolinite and their formation was relatively unaffected by the
solution chemistry. Kaplan (1993) reported the association of contaminants with stable
colloids in a field study at the F-area seepage basins. Serkiz et al. (2000) also studied the
effects of solution chemistry (pH, cation composition and ionic strength), and SRS grout
structures on the colloid formation in SRS soils, including the leaching and transport of
nuclides from SRS wastes during grout emplacement. They found that the higher pH
solutions resulted in the generation of high concentrations of dispersed colloidal
materials. The study also found that the higher proportions of divalent cations (calcium
and magnesium) relative to sodium decreased the colloid concentrations, but would not
completely stop the generation of colloids. The presence of grout materials in subsurface
systems is expected to produce an initial high flux of colloids, which quickly return to
low levels indicative of background conditions.
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Concrete has been widely used in below grade vaults or structures constructed for the
radioactive waste containment at DOE sites including SRS. It is considered as an
inexpensive durable alternative wasteform to vitrified glasses (Chen et al., 2009; Li and
Wang, 2006; Milestone 2006). Because of its widespread use, DOE has been evaluating
the long term stability and impacts of concrete degradation and leaching on the
mobilization of colloids and the colloid-facilitated radionuclide transport.
1.2 Objectives and scope
The objective of this study was to determine if cementitious leachate would promote the
in situ mobilization of natural colloidal particles from a SRS sandy sediment. The intent
was to determine whether cementitious surface or subsurface structure would create
plumes that could produce conditions conducive to sediment dispersion and mobile
colloid generation. Column studies were conducted and the cation chemistries of
influents and effluents were analyzed by ICP-OES, while the mobilized colloids were
characterized using XRD, SEM, EDX, PSD and Zeta potential. The mobilization
mechanisms of colloids in a SRS sandy sediment by cement leachates were studied.

2. Materials and Methods
2.1 Materials
2.1.1 SRS groundwater
Archived groundwater samples collected in F-area at SRS were used in titration
experiments. Groundwater was collected from well FAW05 on 1/8/2009 and from
FPZ6A on 11/4/2009. All groundwater samples were filtered through a 0.45µm filter
prior to use and stored at 40 °F. Field parameter measurements (pH, Conductivity, and
Turbidity) and laboratory chemical constituents measured by ICP-OES of SRS
groundwater samples are listed in Table 1.
2.1.2 Artificial groundwater (AGW)
The artificial concentrated groundwater stock solution was made based on groundwater
monitoring survey results described for uncontaminated background groundwater
samples at the SRS (Strom and Kaback (1992): 3.68 gram/L CaCl2 · 2H2O, 1.07 gram/L
Na2SO4, 0.40 gram/L KCl, 2.65 gram/L NaCl, and 5.51 gram/L MgCl2 · 6H2O dissolved
in one liter Deionized Water (DI). Then 1 mL of the concentrated stock solution was
diluted to 1 liter to make the AGW. The pH, conductivity, turbidity and ICP-OES results
(Na, K, Ca, Si, Al and Fe) of AGW used in the column experiments are given in Table 1.
2.1.3 Cement leachate simulant (CLS)
The CLS was made following Serne et al. (1987): CaCO3: 13.7 g, Ca(OH)2: 10.55 g,
KOH: 69.3 g, NaOH: 193.57 g and balance of DI water to make 50 liters. The leachate
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simulant was equilibrated on a shaker for four days. The resulting GCL was filtered using
a 0.45 µm membrane filter. The pH, conductivity and turbidity of the CLS were
measured and its chemical compositions were analyzed using ICP-OES. The results are
given in Table 1.
2.1.4. Genuine cement leachate (GCL)
Ordinary portland cement was mixed with DI water at the water to cement radio of 0.6:1
for hydration and cured for 30 days. The cured cement was crushed to pass a #12 sieve,
<1.68 mm. 200 gram of the crushed cement was mixed with 2000 ml DI water, which
was equilibrated on a shaker for 7 days. 0.45 µm filter (Type HA) and vacuum pump
were used for filtration to get GCL. The pH, conductivity and turbidity of GCL were
measured and its chemical compositions were analyzed using ICP-OES. The results are
given in Table 1.
Table 1. Characteristics of SRS groundwater (FAW05, FPZ6A), AGW, CLS and
GCL

pH
Conductivity
(mS/cm)
Turbidity
(NTU)
Na (mg/L)
K (mg/L)
Ca (mg/L)
Si (mg/L)
Al (mg/L)
Fe (mg/L)

FAW05

FPZ6A

AGW

3.77
0.683

3.8
1.19

n/a

1.3

116±11.83
0.76±0.11
4.55±0.45
32.8±3.28
19±1.9
0.93±0.09

CLS

GCL

6.29
0.0259

AGW after 25
PV in column
7.15
0.024

12.78
21.79

12.3
9.75

4.12

8.30

2.56

2.32

1.25±0.03
0.25±0.02
0.93±0.02
n/a
n/a
n/a

1.34±0.04
0.46±0.01
0.95±0.01
n/a
n/a
n/a

1830±141
760±5
81.2±4.3
n/a
n/a
n/a

150.8±6.3
247±7
765±10

2.1.5 SRS sandy sediment
Subsurface sandy sediment is a major formation in the lower vadose zone and aquifer at
the SRS area (Kaplan 2010). The uncontaminated SRS sandy sediment sample was
collected from the field, air-dried and passed through a #10 sieve, <2 mm. As shown in
Table 2, the major mineral of the SRS sandy sediment is quartz (~97%), with ~2% silt
and ~1% clay (e.g., kaolinite and hydroxyl-interlayered vermiculite (HIV; identified in
Figure 1A as muscovite)). A dispersion solution was prepared by adding 10 mL of 5%
sodium metaphosphate (NaPO3) and 10 mL of 1.0 M NaOH and the balance of DI to a 1
L volumetric flask. The air-dried sandy sediment was passed through a #10 sieve (<2
mm), and then the <2 mm fraction was further passed through a #270 sieve (<53 µm). A
5 g aliquot of <53 m fraction and 35 mL of dispersion solution were placed in 50 mL
centrifuge tubes, which was shaken overnight at a moderately high shaking speed. After
that, the centrifuge tube was placed in a secure place to settle for 1 hour 50 minutes. The
15
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top 2.5 mL of the suspension was collected by pipetting and centrifuged to separate
colloids from solution (Miller and Miller, 1987). The collected colloids (<2 µm) were airdried and identified by XRD as kaolinite and goethite (Figure 1B). The colloids were
further heated at 550 ºC for 1 hour, its XRD pattern is shown in Figure 1C. Hematite is
dominant in the heated colloid, with a small amount of anatase, because at this
temperature (550 ºC), goethite transforms to hematite (the transformation temperature is
~220 ºC (Ruan et al., 2001)) and kaolinite is stable until ~410 ºC (Ptáček et al., 2010).
Table 2. Sandy sediment characterization
pH

Organic
matter
(wt-%)
<0.01

5.10 ± 0.01

Fe

Sand/Silt/Clay

(wt-%)
0.72 ± 0.03

(wt-%)
97/2/1

A

Surface
Area
m2/g
1.27

Mineralogy
XRD (<2-µm)
Kaolinite > goethite >
HIV (no quartz)

C
[288343.raw] SRS sandy soil Li

[sample4heat.xrdml] Sample 4 heated for 1 hour @ 550C Kaplan

00-058-2028> Kaolinite-1A - Al 2Si2O5(OH)4
00-007-0042> Muscovite-3T - (K,Na)(Al,Mg,Fe) 2(Si3.1Al0.9)O10(OH)2
00-046-1045> Quartz - SiO 2

30.0

33-0664> Hematite, syn - Fe2O3
21-1272> Anatase, syn - TiO2
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Figure 1. XRD patterns of (A) SRS sandy sediment, (B) its associated <2 µm dispersible clay
fraction and (C) the <2 µm dispersible clay fraction after heating to 550 ºC for 1 hour.
These XRD patterns show that the <2 µm dispersible clay fraction are enriched in
kaolinite, goethite, and anatase, with respect to the sediments that contain primarily
quartz kaolinite, and HIV (shown as muscovite).

SEM and EDX of air-dried SRS sandy sediment are shown in Figure 2, in which the
minerals particles (mostly <1 µm) are observed to coat on the quartz surface. Steps on the
crystal faces of quartz are normally seen in the SEM images as seen here. Aside from Si
and O, Fe and Al are the dominant elements detected in the EDX, indicating the presence
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of Fe- and Al-containing minerals. These are likely nano-size minerals such as goethite,
kaolinite and muscovite on the quartz surface.
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Figure 2. SEM (A) and EDX (B) of air-dried SRS sandy sediment.

2.1.6 Other minerals – kaolinite and goethite
In order to better understand better the surface behavior and mobilization mechanisms of
colloids from the SRS sandy sediment, the reference minerals – kaolinite
(Al2Si2O5(OH)4) and goethite (FeOOH) were included to comparatively study their
surface charge in CLS and GCL.
2.2 Methods
2.2.1 Titration experiment
For the titration experiments, 250 mL of SRS groundwater collected from F-Area
(FAW05 and FPZ6A) were titrated with cement leachate solution (CLS) using a Jensen
Systems Sensolab mini-titrator. Initial experiments measured the pH changes of the
solution to determine the inflection point. The colloids, if any, were expected to form
along the pH frontal boundary. pH and turbidity measurements were made on subsequent
titrations from which the high turbidity samples were selected for PSD measurements on
the ZetaPlus and/or ultrafiltered using a Millipore 1kDa regenerated cellulose ultrafilter
in a Amicon stirred cell ultrafiltration apparatus. In selected cases the ultrafilters
containing the >1kDa (~1nm) size fraction were air dried and submitted for SEM and
EDX analyses.
2.2.2. Column experiment
The polycarbonate columns used in this study were 15 cm long and 2.54 cm in inner
diameter, corresponding to a volume of 75.97 cm3. Both the ends of each column were
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sealed to retain the sandy sediment by caps with o-rings. The bottom end (input) had a
polypropylene membrane screen of 0.45 µm to filter any particles present in the incoming
solutions, while the top end had a nylon membrane screen of 250 µm to allow the passage
of mobilized colloids into the test tubes. A dry and homogenized sandy sediment (~119 ±
1.80 gram) was packed into the column with a bulk density of 1.57 ± 0.02 gram/cm3. The
porosity of the packed sandy sediment was estimated at 27.2 ± 0.6% by the amount of
water that soaked the whole sandy sediment column. The pore volume for the column
was 20.6 ± 0.5 mL. The incoming solutions were injected upward from the bottom of
vertically oriented columns by a peristaltic pump. The flow rate was set at ~1 mL/minute
for flushing with AGW. However, the flow rate was adjusted to 0.35 ± 0.01 mL/minute
for the incoming cement leachates, which corresponds to the Darcy velocity of ~1
meter/day and the column residence time of 59.0 ± 1.6 minutes. Effluents were collected
from the top of a column at room temperature into test tubes through a fraction collector.
The fraction collector was set to collect one sample for every one quarter of pore volume
(PV) (i.e., approximately one sample every 14.75 ± 1 minutes). The column experiments
were performed in two steps at room temperature. First, AGW was flushed into the
column at the flow rate of ~1 mL/min for 25 pore volumes before the AGW effluent was
collected and its pH, conductivity and turbidity were measured (Table 1). Second, cement
leachates were injected into the column at the flow rate of 0.35 ± 0.01 mL/minute for up
to 25 pore volumes. The pH, conductivity and turbidity of all samples collected during
this period were measured within 24 hour of their collection. For the collected samples
with a sharp spike in colloid concentrations, the particle size distribution (PSD) and Zeta
potential were measured before they were centrifuged at the speed of 10,000 rpm for 30
minutes. After centrifugation, the effluents were filtered through 0.1 µm membrane filters
and used for ICP-OES analysis to determine the chemical compositions (Na, K, Ca, Si,
Al, Fe), while the colloidal particles were air-dried and characterized by XRD, SEM and
EDX.
2.2.3 Turbidity
The turbidity (surrogate for relative concentration of suspended colloidal particles in
liquids) was measured using Hach model 2100AN turbidimeter. The turbidity of all
collected samples from column experiments was measured within 24 hours. The samples
were agitated for 30 seconds before the measurement of turbidity. A portion of colloidal
suspension was diluted with DI water in the Hach specified glass bottle and the measured
turbidity was converted based on the dilution ratio accordingly.
2.2.4 pH and conductivity
pH and conductivity were measured using Radiometer Copenhagen PHM 95 pH meter
and CDM 210 conductivity meter (CDM 241-9 probe) at room temperature, respectively.
The pH meter was calibrated daily and the conductivity meter was calibrated monthly.
2.2.5 Particle size distribution (PSD) and zeta potential
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The PSD and Zeta potential of the colloids and minerals were measured using ZetaPlus
(Brookhaven Instruments Corp) at SRNL if not otherwise specified. The ZetaPlus
required very low particle concentration in diluents and working solutions of conductance
<10 mS/cm. It did not work well for colloids in the undiluted CLS that had a conductance
of 21.79 mS/cm, and worked marginally for colloids in the undiluted GCL that had a
conductance of 9.75 mS/cm. The colloidal suspensions collected from the column
experiments were diluted with DI water in cuvettes. The particle size distribution (PSD)
measurement was set for 5 runs for a total of 5 minutes. The reported data are the average
of the 5 measurements. The zeta potential was set to have 10 measurements and the
reported data are the average of the 10 measurements. The pH of the working solution
with colloids in the cuvettes was measured, which is slightly lower than that of the
corresponding undiluted effluents. The Zeta potential of ground SRS sandy sediment,
kaolinite and goethite in the diluted CLS solution (1:10, 1:100, 1:1000 dilutions), 1:10
diluted CLS solutions with pH adjustment, AGW, and undiluted GCL (conductivity of
9.75 mS/cm) were measured using ZetaPlus. In addition, the Zeta potential of ground
SRS sandy sediment, kaolinite and goethite in contact with CLS (conductivity of 21.79
mS/cm) and GCL (conductivity of 9.75 mS/cm) were also measured with titration using
ZetaPals at Brookhaven Instrument Corp.
2.2.6 Inductively coupled plasma optical emission spectroscopy (ICP-OES)
The effluents from the sandy sediment columns in contact with undiluted CLS (pH 12.78)
were chosen to study the cation compositions of the effluents. The collected effluents
from column studies were kept at room temperature for 45 days before they were
centrifuged at 10,000 rpm for 30 minutes. The top clear liquid in the test tube was
extracted by a syringe and passed through a 0.1 µm membrane filter to obtain the liquid
portion of the effluents. The clear liquid effluents were acidified using a 2% nitric acid
solution. The major cation compositions (Na, K, Ca, Si, Al, Fe) in the effluents were
analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES)
(Optima 4300 DV; Perkin-Elmer Corp., Norwalk, CT) following the QA/QC protocols
outlined in EPA Method 6010C (Rev. 3; 2007) using Yttrium (Y) as an internal standard.
2.2.7 X-ray diffraction (XRD)
X-ray diffraction data of the air-dried colloids were collected on a Bruker D8 X-ray
Diffractometer by step scanning over the 2 ranges of 5-70 with a step size of 0.02
(SRNL, Analytical Development Directorate). Cu K X-ray was used as radiation source.
The source powder was 45 kV and 40 mA. The sandy sediment sample > 2 µm in particle
size were ground for five minutes in an agate mortar and pestle. Ethanol was added as a
lubricant to facilitate grinding and to minimize the alteration of heat-sensitive minerals.
This process reduced the average particle size to <2 m. A plate glass slide and a dwell
time of one second were used for XRD data collection of the sandy sediment sample. The
samples were just ground slightly and placed on the back of a zero background quartz
slide. The XRD data for all samples has a dwell time of ten seconds. Search-match
identification of all the mineral phases was performed with Jade software (Version 9.1.0)
from Materials Data Inc.
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2.2.8 Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX)
The SEM and EDX of the air-dried colloids were collected at SRNL Analytical
Development Directorate. The SEM used was the Carl Zeiss NTS model Sigma VP,
equipped with X-Max EDX detector (Oxford Instruments). The experimental parameters
are shown on the corresponding SEM images: Scale bar indicates distance, EHT is the
accelerating voltage of the electrons, WD is the working distance (i.e. distance from pole
piece to sample), Signal A is the detector used to take the image: SE2 and InLens are
secondary electron detectors, CZ BSD is a backscatter electron detector, Photo No. is a
number used to track photographs, and Mag is the magnification of the image.
3. Results and Discussion
3.1 Titration experiments
3.1.1. pH and turbidity
As expected, both the pH and turbidity of SRS groundwater titrated with CLS show an
increase with volume of titrant added (Figures 3 and 4). The chemical compositions of
the groundwater used in these experiments are presented in Table 1. FAW05 and FPZ6A
were collected from approximately 24 m and 0.1m below surface, respectively. FAW05
and FPZ6A had the same starting pH of 3.8 (Table 1). Very little titrant (<1mL to 250mL
groundwater) is needed to show an increase in pH of the titrated solution. An increase in
the turbidity, a proxy for colloidal concentration, is seen with the addition of titrant (2mL
of titrant in 250mL groundwater) corresponding to a pH>8. Though these trends are
evident, the magnitude of the turbidity is so low (<5NTU) that it indicates very little
colloidal material is generated through this pathway. To put this turbidity value in
perspective, in Section 3.2, turbidity values will be measured in column studies >10,000
NTU. FAW05 is a more buffered solution because it required more titrant (base) be
added to increase the pH.
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Figure 3. pH increase as a result of titrating CLS with three SRS groundwaters
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Figure 4. Turbidity (NTU) changes from titrating CLS with three SRS groundwaters.

3.1.2. PSD
Due to the low turbidity measurements from the titration experiments, ultrafiltration was
employed as a means of concentrating colloidal matter to determine particle size.
Attempts to measure particle size were unsuccessful in that the fraction retained on the
1kDa filter had mean particle sizes greater than the 6µm limit of the instrument.
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3.1.3 SEM and EDX
Though the colloidal concentration of SRS groundwater was low, colloidal material was
collected on a 1kDa ultrafilter and SEM and EDX analyses was performed on the filters.
Figure 5 shows the EDX results from a blank spot on the filter for a baseline for the
groundwater sample FAW05. The baseline (SPOT-2) contains primarily C and O and is
attributed to the regenerated cellulose composition of the filter. SPOT-1 of the same filter
contains primarily Si, Al and O, but contains smaller amounts of Fe, Ca, Mn and K.
Figure 6 shows selected results from groundwater sample FPZ6A titrated with CLS. Si
and Al dominate in one particle but smaller amounts of K, Ca, Na, Mg, and Fe are
present. Another particle type shows Fe as dominant with small amounts of Cr. However,
the green scale bar in both figures represents 30µm and as such these “spots” are in fact
particles and not at all in the colloidal size range.
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Figure 5. SEM and EDX of SRS groundwater FAW05 titrated with CLS.
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Figure 6. SEM and EDX of SRS groundwater FPZ6A titrated with CLS. Green
scale bar in SEM image is 30 microns.
3.2 Column Experiment - CLS
3.2.1. Turbidity and pH of effluents
3.2.1.1. CLS and its diluted solutions
The CLS was diluted with DI water at the radios of 1:10, 1:100 and 1:1000. The turbidity
(A) and pH (B) breakthrough curves of the sandy sediment columns with CLS and its
diluted solutions are presented in Figure 7 and Table 3. The turbidity, pH and
conductivity measurements were performed as soon as effluent samples were collected
(within 24 hours). For the undiluted CLS (red curves), A7 (PV = 1.75), A8 (PV = 2.0),
A9 (PV = 2.25) and A10 (PV = 2.5) in the turbidity breakthrough curve are the sample
identifications and will be referred to in the following sections on chemical compositions
of effluents and the characterization of colloids. The colloids in effluents emerged from
the column after 1.75 PV, and then rapidly maximized at ~2.0 PV of the leachate
simulant injection. This was expected because the column was flushed by AGW for 25
PV and supposed to be saturated; in addition, the inner volume of tubes that connected
between the stock solution tank and the bottom end of column and between the top end of
column and fraction collector test tube was about 17.6 mL, almost equivalent to one PV
of the column (20.6 mL). Therefore, the first 1.75 PV effluent fraction contained
primarily the displaced AGW, which were characterized by its pH 7.15 and turbidity 8.30
NTU (Table 1), with some influence from mixing of the displaced AGW with CLS (e.g.,
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pH increase). The plume front location (~2 PV) can be determined by the emerging of
turbidity maximum and the inflection point of pH of the solution breakthrough, in good
agreement with the pore water displacement. No pH reduction prior to the plume front
was observed for the undiluted CLS. The colloids first emerged from the column at the
pH of 11.51 (at 1.75 PV) and maximized at pH 12.28 (at 2.00 PV). The maximum
turbidity was ~70571 NTU, and the collected suspension samples are very brownish in
appearance. After that, the mobilization of colloids reduced dramatically by 3.00 PV, but
a very minimal amount of colloids were mobilized, as indicated by the appearance of
collected samples and the very low turbidity until ~7 PV while the pH increased toward
that of undiluted CLS (pH 12.78). After 7 PV, the collected samples were colorless with
turbidity close to 2-3 NTU.
For 1:10 diluted CLS solution, the colloids first emerged from the column at the 2.25 PV
and pH 9.28, and maximized at the 2.5 PV and pH 10.16. The maximum turbidity was
55186 ± 12270 NTU, and the collected samples are very brownish in appearance.
However, the mobilization of colloids reduced slower compared to that of the undiluted
CLS, so that the plume front was shown to have a tail up to 8 PV; in fact, the colloids
continued being mobilized until 25 PV in our experiment, as indicated by the lightly
brownish suspension samples and the turbidity of 322 NTU. The pH breakthrough curve
indicated the pH reduction prior to the plume front, and the inflection point occurred at
~4.5 PV, and the pH at the end of our experiment (24.5 PV) was 11.27, slightly lower
than that of the 1:10 diluted CLS solution (pH 12.02).
In a similar trend, the colloids first emerged from the column at the 6.25 PV and pH 7.63
and maximized at the 7.25 PV and pH 8.66 for 1:100 diluted CLS solution. The
maximum turbidity was 15203 NTU, and the collected samples are very brownish in
appearance. However, the mobilization of colloids reduced even slower compared to that
of the 1:10 diluted CLS solution, so that the plume front had a very broad tail until the
end of our column experiment at 23 PV, at which the colloids continued being mobilized,
as indicated by the lightly brownish suspension effluents and the turbidity of 1227 NTU.
The pH breakthrough curve also indicated the pH reduction prior to the plume front, and
the inflection point might occur at ~9.5 PV. But even after that, pH kept increasing at a
slower pace and the pH at the end of our experiment (23 PV) was 10.38, slightly lower
than that of the 1:100 diluted CLS solution (pH 10.92).
For 1:1000 diluted CLS solution, no colloids were mobilized at the end of our experiment
(16.5 PV), the collected effluent samples were colorless and the turbidity were very low
(~2.5-6.5 NTU). The pH breakthrough curve showed the pattern that pH decreased, then
increased and then decreased. A possible reason is that the 1:1000 diluted CLS solution is
fairly weak base (pH 9.87) and was well buffered by the SRS sandy sediment. The
column experiment ended at 16.5 PV, because it was envisioned from the trend of our
data available, if any colloids would be mobilized by the 1:1000 diluted CLS solution, it
might occur at >60 PV and the amount of colloids mobilized would be very minimal.
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Table 3. Characteristics of effluent samples collected from CLS passing through the
SRS sandy sediment column
Sample
ID

Pore
volume

pH
of
effluents

Turbidity,
NTU

Mean size,
(a)
nm

11.51

Conductivity of
effluents,
mS/cm
0.889

A7

1.75

53078.81

A8

2.00

12.28

3.52

A9

2.25

12.54

A10

2.50

A11
A12
(a)

241.5±1.3

Zeta
potential,
(a)
meV
-29.06±1.50

pH
of
content in
Zeta cell
7.54

70571.25

251.6±3.0

-27.70±1.59

8.28

5.73

50354.20

280.1±2.3

-32.35±1.49

9.51

12.71

9.75

17148.53

316.3±1.6

-30.29±1.20

10.19

2.75

12.78

12.62

6486.03

333.4±2.9

-36.46±1.89

10.74

3.00

12.80

14.33

986.40

366.2±3.7

-35.96±1.16

11.65

Measured in DI water dilution by ZetaPlus.
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Figure 7. Turbidity (A) and pH (B) of the effluents from column experiments of
CLS (red) and its diluted solutions (green for 1:10; blue for 1:100; pink for
1:1000) vs the number of pore volumes. In Figure 7A, the solid lines represent
the baseline, the turbidity of the peak and the last data point was indicated, for
each column experiment.
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Figure 8 shows the relationship of the maximum turbidity of collected samples to the
dilution ratio, pH and conductivity of the influent CLS and its diluted solutions. It is clear
that with the dilution from undiluted leachate simulant, through 1:10 and 1:100 to 1:1000
diluted solutions, pH of the influent decreased from 12.78 to 9.87, the conductivity of the
influent decreased from 21.79 mS/cm to 0.0275 mS/cm, and the turbidity of the collected
samples (corresponding to the amount of colloids mobilized) decreased from 70571 NTU,
through 55186 and 15203 NTU, to almost the expected zero.
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Figure 8. The maximum turbidity of the collected effluent samples against the pH

and conductivity of CLS and its diluted solutions.
3.2.1.2. 1:10 diluted and pH adjusted CLS solutions
The reason that we were interested in investigating the behavior of colloids in a diluted
CLS was to simulate the colloid dispersion scenario downstream from the source where
some mixing may have occurred. Furthermore, 2M and 0.1M HNO3 solutions were used
to adjust the pH values of the 1:10 diluted CLS solution (pH 12.02) between 11.03 and
5.41 to prepare the 1:10 diluted and pH adjusted CLS solutions. The turbidity (A) and pH
(B) breakthrough curves of the sandy sediment columns by the 1:10 diluted and pH
adjusted CLS solutions are presented in Figure 9. Again, the turbidity and pH
measurements were initiated immediately and completed within 24 hours of collecting
the effluent samples. The turbidity and pH breakthrough curves for the 1:10 diluted CLS
solution (red curves) has been described in the previous section and will not be repeated.
For 1:10 diluted and pH 11.03 CLS solutions, the colloids first emerged from the column
at the 11.25 PV and pH 7.59 and maximized at the 13.5 PV and pH 8.53. The maximum
turbidity was 2647 NTU, and the collected samples were brownish in appearance.
However, the amount of mobilized colloids reduced slowly compared to that of 1:10
diluted CLS solution, so that the plume front had a very broad tail until the termination of
our column experiment at 23.25 PV. At the experiment’s termination, the colloids
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continued to be mobilized, as indicated by the lightly brownish suspension samples and
the turbidity of 485 NTU. The pH breakthrough curve also indicated the pH reduction
prior to the plume front, and the inflection point might occur at ~14.5 PV. But even after
that, the pH kept increasing at a slower pace and the pH at the end of our experiment
(23.25 PV) was 9.80, lower than that of the corresponding influent 1:10 diluted and pH
11.03 CLS solution. For 1:10 diluted and pH ≤ 9.77 CLS solutions, no colloids were
mobilized at the end of our experiment (16.5 PV) and the collected samples were
colorless and had low turbidity (~5 NTU). The pH breakthrough curve showed the
pattern that pH decreased slightly, then increased dramatically and then increased in a
slower pace. A possible reason is that the 1:10 diluted and pH ≤ 9.77 CLS solutions were
fairly weak base (pH 9.77) or weak acid (pH 5.41) and were well buffered by the SRS
sandy sediment. The column experiment ended at 16.5 PV, because it was again
envisioned that if any colloids would be mobilized by these 1:10 diluted and pH ≤ 9.77
CLS solution, it might occur at >60 PV and the amount of colloids mobilized would be
very minimal, or the colloids are simply not mobilized by these influents.
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Figure 9. Turbidity (A) and pH (B) of the effluents from column experiments of 1:10
diluted and pH adjusted CLS solutions versus the number of pore volume. In
Figure 9A, the solid lines represent the baseline, the turbidity of the peak and
last data point were indicated, for each column experiment.
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Figure 10 showed the relationship of the maximum turbidity of collected effluent samples
to the pH and conductivity of the influent 1:10 diluted and pH adjusted CLS solutions. It
is clear that with pH adjustment from 12.02 through 11.03 to ≤ 9.77, the conductivity of
the influent decreased from 2.274 mS/cm to ~1.191 mS/cm, and the turbidity of the
collected effluent samples (corresponding to the amount of colloids mobilized) decreased
dramatically from 55186 NTU, through 2647 NTU to almost the expected zero.
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Figure 10. The maximum turbidity of the collected samples against the pH and
conductivity of 1:10 diluted and pH adjusted CLS solutions.
3.2.2 Chemical compositions of effluents
Information on the chemical compositions of effluents can help in understanding the
plume front processes, colloid mobilization mechanisms, other water-minerals interfacial
processes such as ion exchange, adsorption and dissolution, and provide more perspective
on how much transport and colloid mobilization are localized at the front. Major cation
(Na, K, Ca, Si, Al and Fe) compositions of the undiluted CLS effluents of the sandy
sediment column are presented in Figure 11. The cation compositions of AGW and CLS
were marked as base lines in Figure 11A (Na), 11B (K) and 11C (Ca). The Si, Al and Fe
in the AGW and undiluted CLS were near zero, as expected for an uncontaminated water.
The labels A7 through A11 in Figure 11D refer to the effluent suspension sample
identifications corresponding to pore volumes (see Figure 7A). The Na and K profiles
were similar: at ≤ 2 PV, Na and K lay on the corresponding base lines of AGW; at ≥ ~3
PV, the Na and K were close to the corresponding base lines of undiluted CLS; the
content of Na and K increased between 2 PV and 3 PV due to the influence from mixing
of displaced AGW with the incoming undiluted CLS. In contrast, the concentrations of
Ca in all effluents were undetected across the profile. It is important to understand where
Ca was after the CLS (81.2 ppm) passed through the sandy sediment column: (1) to form
calcite of ≥ 0.1 µm that was mobilized with the colloids; (2) to form calcite that was
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immobilized in the sandy sediment, (3) to be immobilized in sandy sediment through
surface adsorption or ion exchange mechanisms. The Si, Al and Fe profiles were similar
to the turbidity breakthrough curve, although Si and Al curves slightly shifted toward
higher PV and had very broad tails. These results might be partially explained by the
presence of nano-size kaolinite and goethite of < 0.1 µm which may have passed through
the filter used prior to the ICP-OES. There were other mechanisms to explain why the
contents of Si and Al were higher at ≥ 3.5 PV at which the collected effluents became
colorless and had no visible sign of mobilized colloids, and why the content of Al was 24 fold as that of Si, rather than the 1:1 ratio as seen in kaolinite. These mechanisms might
include the dissolution or leaching of minerals (e.g., quartz, kaolinite, hydroxyl interlayer
vermiculite, or even Al hydroxide) in sandy sediments.
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Figure 11. Breakthrough curves of major cations in the effluents of sandy sediment
column by CLS (pH 12.78).

29

SRNL-STI-2011-00498
Rev. 0

3.2.3. Characterization of colloids
3.2.3.1 X-ray diffraction (XRD)
The powder XRD patterns of the air-dried colloids from the column study by undiluted
CLS were presented in Figure 12. The sample labeling identifications were referred to as
in Figure 7. The XRD patterns of A7, A8 and A9 were almost identical, indicating the
presence of kaolinite (marked as K) and goethite (marked as G), and the kaolinite and
goethite ratio was qualitatively 1:2, or roughly 70% goethite and 30% kaolinite. In
sample A10, goethite and kaolinite were still dominant with a goethite to kaolinite ratio
of ~1:2; however, hydroxyl-interlayered vermiculite (identified as muscovite by the XRD
computer library) and trona (Na3H(CO3)2 · 2H2O) were identified. Although
identification of trona was questionable, no other alternative phases were identified. The
trona is most likely a precipitate from the CLS interacting with CO2(g) in air, and unlike
the other mobile colloids, did not originate from the sediment. However, no calcite was
identified in the collected colloids at all, although phase diagram of this Na-K-Ca-C-O
system indicates that calcite precipitate is dominant at pH ≥ 7 and room temperature.
XRD of colloids (sandy soil, cement leachate simulant)
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M - muscovite
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Figure 12. XRD patterns of air-dried colloids from the column study by CLS.
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3.2.3.2 SEM and EDX
The SEM images and EDX spectra of air-dried colloids collected in the SRS sandy
sediment column by undiluted CLS are shown in Figure 13. The sample identification
labels (A7, A8, A9, and A10) are identical to those in Figure 7. In general, The SEM
images of samples A7, A8 and A9 are similar, the needle or rod-like particles are likely
goethite and may be the aggregates of many nano goethite particles. The average particle
sizes of the goethite are in the range of 150-350 nm, in good agreement with PSD
measurement. The larger plate-like particles are likely kaolinite. The goethite and
kaolinite particles in the corresponding effluent samples were fairly stable and well
dispersed; but after air-drying, the goethite particles tended to be aggregates and to stick
onto larger kaolinite particles. The EDX spectra of the samples A7, A8 and A9 were also
similar, the major elements present in the samples are O, Si, Al and Fe, indicating that the
major particles are Fe oxide or hydroxide like goethite (FeOOH) and aluminum silicates
like kaolinite ((Al2Si2O5(OH)4), and maybe a small amount of hydroxyl-interlayered
vermiculite (labeled as muscovite (KAl2(AlSi3O10)(F,OH)2), qualitatively in good
agreement the previous XRD identification of the same samples. Based on the relative
intensities of Si, Al and Fe, it appeared that kaolinite is about equal to or slightly more
than goethite in abundance, slightly in contrast to the XRD intensity. Unfortunately, we
were not able to quantitatively analyze the chemical compositions of individual nano
particles, because the electron beam during EDX analysis penetrates into the sample by 3
µm with a detection spot of > 2 µm. Carbon is likely from the carbon tape in SEM
sample preparation. In addition, small amount of Na, P, K and Ti were detected, the
corresponding mineral phases can not be firmly identified. It is simply speculated that Na
may be from the solution precipitation, K may be related to hydroxyl-interlayered
vermiculite (KAl2(AlSi3O10)(F,OH)2), Ti may be in titanium oxide (e.g., like anatase as
identified in XRD of 550 ºC dried SRS sandy sediment), P may be from the surface
coating of natural organic matters on the nano particles. No calcium was detected,
indicating that there was no significant amount of calcite precipitation.
In sample A10, it appeared that goethite particles tended to form larger sphere-like, rather
than needle-like, aggregates. The EDX spectrum is qualitatively similar to those of the
other samples, but it showed much higher Na and K, indicating the presence of Naand/or K-containing phases. These results are in fact coincident with the XRD pattern of
this sample (A10), confirming that trona (Na3H(CO3)2 · 2H2O) and hydroxyl-interlayered
vermiculite (KAl2(AlSi3O10)(F,OH)2) might be truly present in this sample. Again, no Ca
was detected in this sample.
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Figure 13. SEM and EDX of air-dried colloids from the SRS sandy sediment column

by CLS. The sample identification labels, A7, A8, A9 and A10, are the same as
shown in Figure 7.
3.2.3.3 PSD and Zeta potential
The collected colloid effluents from the column study using undiluted CLS at pH 12.78
were kept in the laboratory for ~45 days before they were sampled for PSD and Zeta
potential measurement. The colloid suspension samples A7, A8 and A9 were very stable
and concentrated, and just settled a little after 45 days; but the colloid suspension samples
A10, A11, and A12 were not very stable and settled to the bottom of the sample container.
The mean particle size and Zeta potential of the collected colloids in the effluents are
shown in Figure 14 and Table 3. The PSD and Zeta measurement samples were prepared
by diluting the colloid effluents with DI water in the sample cell. The pH of the diluted
suspensions was lower than the corresponding undiluted suspensions.
Before discussing the measured Zeta potentials it is necessary to mention the zero point
of charge (ZPC) of these materials. At a pH below the ZPC the Zeta potential would be
expected to measure a net positive charge, whereas above the ZPC, the Zeta potential
would be expected to measure a net negative charge. The ZPC for the sandy sediment
has been measured to be 4.2 ± 0.2, for kaolinite it is reported to be about pH 4.6 (Mayer
and Schick, 1981), and for goethite a pH of 7.5 (Cristiano et al., 2011).
All collected colloids have negative Zeta potentials, ranging from -27.7 to -36.5 meV.
This is expected given the extremely high pH of the system and the mineral assemblage
(kaolinite, goethite, hydroxyl-interlayered vermiculite, and trace amounts of trona and
anatase). The Zeta potential remained largely the same or may have slightly decreased as
the pore volumes increased. The mean particle sizes of the mobilized colloids increased
from 241.8 nm to 366.6 nm across the PV range from 1.75 to 3, indicating that the
smaller size colloids tended to be mobilized first. Our observation appeared to be fairly
well explained by electrostatic and filtration theory in saturated porous media (Elimelech
and O’Melia, 1990; Elimelech 1994; Huber et al., 2000; Tufenkij and Elimelech 2004,
Zhuang et al., 2005). Zhuang et al. (2005) studied the effects of particle size and surface
property on the retention and transport of amphiphilic colloids in saturated and
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unsaturated flow conditions. They found that as particle size decreased within the range
of 20 nm to 420 nm, colloid attachment efficiency first decreased to reach a minimum
value at the size range of 100 nm to 350 nm, and then increased, which indicated that the
particles at the range of 100-350 nm are more mobile than other particles. In a previous
study reported, Huber et al. (2000) conducted short-pulse experiments using fluorescence
labeled latex colloids and studied the removal efficiency of colloids in natural porous
media, in relation to the ion strength of the solution and the counterion valence. They
found that the removal efficiency of a filter bed is influenced by the type of electrolyte,
its concentration, and the porous media. An attachment parameter, , describes the
dependence of the removal efficiency on the electrolyte concentration qualitatively.
Normalization of by the valence of the dominant counterion describes the removal
efficiency of the kind of electrolyte. Their results also indicated that the removal
efficiency (%) of colloid particles decreased from 100 nm to 1000 nm, and then increased
from 1000 nm to 10000 nm, which meant that the 100 nm to 1000 nm colloids are more
mobiles and the mobility decreased with the particle size in the size range of 100 to 1000
nm. Our observations from the SRS sandy sediment column by undiluted CLS indicated
that the particle sizes of mobilized colloids are 240-370 nm, and the smaller colloids
tended to be mobilized first, which is in good agreement with previous studies on the
transport of colloids in porous media.
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Figure 14. Mean particle size (green squares) and Zeta potential (red circles) of collected
colloid suspensions. A7 to A12 are the sample labels as in Figure 1.

For the selected samples from column studies with 1:10 diluted CLS solutions at pH
12.02, pH 11.03, and with 1:100 diluted CLS solution at pH 10.92, the PSD and Zeta
potential of colloids in the direct effluents were measured using ZetaPlus at SRNL. The
sample preparation for these PSD and Zeta measurements were described as follows: the
effluents with mobilized colloids were kept in the laboratory for ~3 months, the top clear
liquid from each effluent was collected by pipetting and the remaining effluent with
particles were shaken and re-dispersed, a certain amount of colloids was transferred to the
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corresponding clear effluent solution to make the suspension of right colloid
concentration for PSD and Zeta measurement. However, for samples SS12.02-10-A10,
A12 and A16, the colloids in the effluents were dispersed so well that they were not
completely settled down after ~3 months. As a result, DI water was used as a diluent in
preparation of diluted suspension samples for PSD and Zeta measurement, although the
dilution would reduce the pH and shift the ZPC toward the positive direction. As shown
in Table 4, the results indicated that the mobilized colloids in the direct effluents were all
negatively charged. The mean particle sizes of the mobilized colloids in the direct
effluents were < 1000 nm, mostly in the range of 200-470 nm, in good agreement with
the undiluted CLS study. The two samples (SS10.92-100-25 and SS10.92-100-26) had a
mean particle size of 800-1000 nm, probably due to slight agglomeration during the
storage.
Table 4. Mean particle size and Zeta potential of colloids in the direct effluents of
CLS column experiments
Sample ID
1:10 diluted CLS (b)
SS12.02-10-A9
SS12.02-10-A10
SS12.02-10-A12
SS12.02-10-A16
SS12.02-10-A24
SS12.02-10-A40
SS12.02-10-A48
SS12.02-10-A52
1:10 diluted CLS (b)
SS11.03-10-A48
SS11.03-10-A52
SS11.03-10-A56
SS11.03-10-A64
SS11.03-10-A74
SS11.03-10-A90
1:100 diluted CLS (b)
SS10.92-100-25
SS10.92-100-26
SS10.92-100-30
SS10.92-100-36
SS10.92-100-42
SS10.92-100-68
(a)
(b)

No. of
PV
2.25
2.50
3.00
4.00
6.00
10.00
12.00
13.00
12.00
13.00
14.00
16.00
18.50
22.50
6.25
6.50
7.25
9.00
10.50
17.00

pH of
effluent
12.02
9.28
10.16
10.80
11.17
11.35
11.13
11.26
11.28
11.03
7.58
8.03
8.70
9.21
9.47
9.70
10.92
7.63
7.90
8.66
9.47
9.82
10.13

C of
effluent,
mS/cm
2.274
0.124
0.344
0.332
0.405
1.188
1.026
1.078
1.168
1.339
0.970
0.967
0.989
0.982
0.982
0.992
0.249
0.060
0.055
0.061
0.069
0.077
0.087

Diluent

Mean size,
nm

Zeta
potential,
mV

Effluent
DI (a)
DI (a)
DI (a)
Effluent
Effluent
Effluent
Effluent

334.8±2.7
236.8±2.0
251.4±2.8
269.9±3.0
254.8±1.9
204.2±1.5
203.7±2.5
387.3±3.9

-39.1±2.89
-25.24±1.23
-21.11±0.83
-28.79±1.02
-43.79±1.29
-43.44±1.88
-42.49±2.19
-48.85±4.20

Effluent
Effluent
Effluent
Effluent
Effluent
Effluent

430.1±3.7
383.3±5.0
378.5±2.1
374.9±5.2
469.1±3.5

-36.66±3.18
-39.01±2.53
-46.49±3.01
-36.59±2.73
-38.78±1.80

Effluent
Effluent
Effluent
Effluent
Effluent
Effluent

895.8±59.2
992.3±65.1
416.9 ± 4.1
311.1 ± 5.6
314.8 ± 5.2
265.3 ± 2.5

-22.79±0.93
-24.95±0.46
-26.19±1.21
-30.66±1.36
-33.53±1.26
-36.39±1.80

PSD and Zeta potentials of these samples were measured in DI diluent due to good dispersion
after ~3 months. The pHs of the DI suspensions were 7.96 (A10), 8.41 (A12), 8.29 (A16).

pH and conductivity are those of influent leachate solutions.
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Zeta potentials of ground SRS sandy sediment, model minerals – kaolinite and goethite
were measured in undiluted CLS and its 1:10, 1:100 and 1:1000 diluted solutions and in
1:10 diluted CLS solution (pH 12.02) and its pH adjusted solutions (pH 11.03, 9.87 and
8.77). Most of the Zeta potential data were measured using ZetaPlus at SRNL; however,
the Zeta potentials of SRS sandy sediment, kaolinite and goethite in undiluted CLS were
measured using ZetaPals at Brookhaven Instrument Corporation, because its conductance
was too high to be measured by ZetaPlus. The measured Zeta potentials of sandy
sediment (red circles), kaolinite (green squares) and goethite (pink diamonds) in the
corresponding diluents were present in Figure 15, where the Zeta potentials of sandy
sediment, kaolinite and goethite in AGW were included in Figure 15A for comparison. It
was noted that the Zeta potentials of sandy sediment, kaolinite and goethite in the
undiluted CLS by ZetaPals were less negative than the data of the corresponding particles
in the 1:10 diluted CLS solution measured by ZetaPlus. The discrepancies may be true,
but also these might be caused simply by two different instruments.
1:10 diluted cement leachate simulant with pH adjustment

In cement leachate simulant of different dillution
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Figure 15. Zeta potentials of SRS sandy sediment (red circles), kaolinite (green
squares) and goethite (pink diamonds) in (A) CLS and its diluted solutions and
(B) 1:10 diluted and pH adjusted CLS solutions. Zeta potentials of the minerals
in undiluted CLS were measured using ZetaPals at Brookhaven Instruments,
Inc. All other were measured on ZetaPlus at SRNL.
As shown in Figure 15A, for CLS and its diluted solutions, goethite had positive surface
charge in AGW and 1:1000 diluted CLS solution, and SRS sandy sediment (quartz with
very small amount of goethite and kaolinite) and kaolinite have negative surface charge
in AGW and 1:1000 diluted CLS solution, which are expected for low electrolyte
solutions. However, in undiluted, 1:10 and 1:100 diluted CLS solutions, sandy sediment,
kaolinite and goethite all have negative surface charges. From 1:100 to 1:10 diluted
solution, the surface charges of these minerals tended to become even more negative,
being repulsive toward each other.
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As shown in Figure 15B, for the 1:10 diluted and pH adjusted CLS solutions, sandy
sediment and kaolinite remained negative with the pH titration from 12.03 to 8.77 in the
1:10 diluted CLS solutions. However, goethite had a very negative surface charge at 1:10
diluted CLS solution (pH 12.02); it had a less negative surface charge at pH 11.03. With
the pH of the 1:10 diluted CLS solution further reduced, goethite had a positive surface
charge pH 9.87 and 8.85.
The Zeta potential data can well explain the turbidity breakthrough curves of the SRS
sandy sediment in CLS and its diluted solutions or 1:10 diluted and pH adjusted CLS
solutions. Furthermore, although the mobilization processes of colloids in the column
studies are very complex, the available data indicated that the mobilization mechanism of
goethite and kaolinite colloids from the SRS sandy sediment is primarily due to the
surface electrostatic behavior of particles in the influent leachate solutions. As seen in
Figure 16, with the influent of AGW (pH 7.15 and conductivity 24.0 µS/cm), kaolinite
and sandy sediment grain (quartz) in the column have negative surface charge, but
goethite has positive surface charge. Nano size goethite and kaolinite are cemented
together and coat the surface sand grains due to the strong electrostatic attraction. As a
result, minimum amount of kaolinite and goethite colloids were mobilized (Figure 16A).
However, with the influent of CLS (pH 12.78 and conductivity 21.79 mS/cm), kaolinite
and sand grains remained negative in surface charges, and goethite’s surface charge
became negative. Therefore, the kaolinite and goethite colloids are dispersed and released
from sand grain surface due to the electrostatic repulsion, and these colloids are
mobilized to form a plume front of high turbidity in the breakthrough curve (Figure 16A).
This mechanism also explains why the kaolinite and goethite colloids are mobilized from
the SRS sandy sediments in the 1:10 and 1:100 diluted CLS solution, and 1:10 diluted
and pH adjusted to 11.03 CLS solutions, because goethite and kaolinite are all have
negative surface charge in these solutions. In contrast, in 1:1000 diluted CLS solution and
1:10 diluted but pH adjusted to ≤ 9.77 CLS solution, very minimum amount of goethite
and kaolinite colloids were mobilized and released, because like in AGW, goethite has
positive surface charge, but kaolinite and sand grains have negative surface charged, so
that kaolinite and goethite were cemented together and coat the sand grain surfaces.
Although our observations appeared to be in contrast to the conventional concept that to
lower ion strength usually enhances colloid particle release, in the systems with pH
dependent surface charge like goethite, kaolinite and sand grain, colloid release is more
influenced by pH rather than by ion strength.

37

SRNL-STI-2011-00498
Rev. 0

-

+

-

-

+

+ - +
- +
+
+ - +
++
+ - + -+
+- + +
- +- - +
+ + -+
- + - -+ + + -+ - - + +
+ +
+
+
+
- + + - + +
+
- + +
-+ - - -+
+ +
+
+ -+ - - +
+

-

-

-

-

- -

-

-

-

- - - - - - - - - - - - -

Soil grain

Kaolinite

A. Artificial groundwater

-

Goethite

B. Cement leachate simulant

100

14

14

Sandy soil, AGW, pH 7.15, conductivity 24.0 S/cm

Turbidity (NTU)

80

80000
12

60
10

pH

Turbidity (NTU)

-

-

-

-

40
8

20
0
0

2

4

6

8

10

12

14

16

6
18

12
60000
10
40000

Sandy soil,
CLS: pH 12.78, conductivity 21.79 S/cm
8

20000

0
0

Pore volumes

2

4

6

8

10

12

14

16

6
18

Pore volumes

C. Turbidity vs PV of AGW

D. Turbidity vs PV of CLS

Figure 16. Schematic diagram showing mobilization mechanism of nano goethite
and kaolinite in SRS sandy sediment column by cement leachate stimulant (B),
in comparison with artificial groundwater (A). Experimental turbidity vs. pore
volume of AGW (C) and cement leachate stimulant (CLS) (D). (Note difference
between y-axis scales in (C) and (D)).
3.3 Column Experiment - GCL
3.3.1 Column experiment
The turbidity (red circles) and pH (green squares) breakthrough curves of the sandy
sediment columns by undiluted GCL (A) and its 1:10 diluted solution (B) are presented in
Figure 17. The turbidity, pH and conductivity measurements were performed as soon as
effluent samples were collected (within 24 hours). The relevant data for the GCL were
summarized in Table 5. Sample identifications 1-9 and 1-10 in the turbidity breakthrough
curve (Figure 17A) correspond to PV 2.25 and 2.50, respectively, and will be referred to
in the following sections on chemical compositions of effluents and the characterization
of colloids. The colloids in effluents emerged and maximized from the column at 2.25 PV
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of the genuine leachate injection. This was expected because the column was flushed by
AGW for 25 PV and supposed to be saturated. Additionally, the dead-volume accounting
for tubing connection among the stock solution tank, the column and the fraction
collector was about 17.6 mL, which was almost one PV of the column (20.6 mL). The
plume front location emerged at 2.25 PV and the maximum turbidity was ~37473.5 NTU
at 2.25 PV and pH 10.08. The collected suspension effluent was very brownish in
appearance. After that, the mobilization of colloids reduced sharply, a very minimal
amount of colloids were mobilized after 2.5 PV, as indicated by the appearance of
collected samples and the very low turbidity. pH reduction prior to the plume front was
observed, pH of the effluents then increased toward the pH (12.3) of the influent GCL,
the inflection point occurred at ~3.5 PV.
As shown in Figure 17B for 1:10 diluted GCL solution, the colloids first emerged from
the column at the 3.75 PV and pH 8.0 and maximized at the 4.25 PV and pH 8.69. The
maximum turbidity was 8217.38 NTU, and the collected samples were brownish in
appearance. However, the mobilization of colloids reduced slower compared to that of
the undiluted GCL so that the plume front was shown to be a broader peak with a tail of
lower turbidity. In fact, the colloids continued being mobilized until 25 PV in our
experiment, as indicated by the lightly brownish suspension samples and the turbidity of
20.65 NTU. The pH breakthrough curve indicated the pH reduction prior to the plume
front, the inflection point was insignificant, and pH steadily increased to 11.18 the end of
the experiment (24.25 PV), slightly lower than that of the 1:10 diluted GCL solution (pH
11.74).
Comparing the turbidity breakthrough curves for undiluted GCL and its 1:10 diluted
solution shows that the former had a sharper plume, that broke through earlier, and it had
a much higher maximum turbidity than the latter. The turbidity breakthrough peak from
the 1:10 diluted solution had a longer tail and contained much less mobile colloids than
the full strength GCL influent solution suspension.
Table 5. Characteristics of collected samples in SRS sandy sediment column by
undiluted GCL
Sample
(a)
ID
1-7
1-9

Pore
volume

pH of
effluents

Conductivity of
effluents, mS/cm

Turbidity,
NTU

1.75
2.25

1-10

7.25
10.08

0.217
0.393

3.843
37473.5

310.5

-23.28

2.50

10.55

0.609

5709.91

756.6

-25.25

1-11

2.75

11.69

1.749

164.879

1-12

3.00

12.15

3.64

38.408

1-14

3.50

12.33

5.17

17.453

(a)
(b)

Sample ID corresponds to pore volume (See Figure 17A).
Measured in DI water dilution by ZetaPlus.
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1:10 diluted genuine leachate: pH 11.74, C 1.185 mS/cm

Genuine cement leachate: pH 12.3, C 9.75 mS/cm
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Figure 17. Turbidity (red circles) and pH (green squares) breakthrough curves in
the SRS sandy sediment columns by undiluted GCL (A) and 1:10 diluted GCL
solution (B).
3.3.2. Chemical compositions of effluents
Major cation (Na, K, Ca, Si, Al and Fe) compositions of the effluents (<0.1-µm filtered
and preserved in 0.2 N nitric acid) from the sandy sediment column by undiluted GCL
(pH 12.30) are presented in Figure 18. The cation compositions of AGW and the
undiluted GCL were marked as base lines. The labels 1-9 and 1-10 were the sample
identifications (see Figure 17A). The Na and K profiles were similar: at ≤ 1.75 PV, Na
and K lay on the corresponding base lines of AGW; at ≥ ~3 PV, the Na and K were close
to the corresponding base lines of GCL. The content of Na and K increased between 1.75
PV and 3 PV due to the influence from mixing of displaced AGW with the incoming
GCL. In contrast, the contents of Ca in the collected effluents at PV ≤ 2.50 were on the
baseline of AGW, then steadily increased up to 3.5 PV. However, the content of Ca in the
effluent at 3.5 PV (402.8 ppm) was still far below the Ca content (765 ppm) of the
influent GCL, which meant that a portion of Ca was removed by the column sandy
sediment or left as mobile colloids. It is important to track the fate of Ca as the GCL
passed through the sandy sediment column. It is possible that it was associated with: (1) ≥
0.1 µm calcite fraction that was mobilized with the colloids; (2) a calcite fraction that was
immobilized in the sandy sediment, (3) a surface adsorption or ion exchange sorbed
fraction on the sandy sediment. The Si, Al and Fe profiles were similar to the turbidity
breakthrough curves, although Si and Al curves slightly shifted toward higher PV and
had very broad tails. These results might be partially explained by the presence of nanosize kaolinite and goethite of < 0.1 µm which were passed through the filter. There were
other mechanisms (e.g., dissolution of Al oxide or hydroxide) to explain why the contents
of Al was 15 fold higher than Si at 2.5 and 2.75 PV, rather than the 1:1 ratio as seen in
kaolinite. The general conclusions from the groundwater chemistry of the GCL and the
CLS column studies were essentially identical, providing added validity to these results.
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Figure 18. Breakthrough curves of major cations in the effluents of sandy sediment
column by undiluted GCL (pH 12.30).

3.3.3. Characterization of colloids
3.3.3.1 XRD
The powder XRD patterns of the air-dried colloids from the column study by undiluted
GCL were presented in Figure 19. Only two collected effluents had significant amount of
colloids, the sample labeling identification were 1-9 and 1-10 (see Figure 17A). The
effluent suspension of sample 1-9 was well dispersed and fairly stable even after ~45
days. The XRD pattern indicated the presence of kaolinite (marked as K) and goethite
(marked as G), and the kaolinite and goethite ratio was qualitatively 1:2, or roughly 70%
goethite and 30% kaolinite. The effluent suspension of sample 1-10 was not stable and
settled fast, only a very small amount of colloids were collected for sample A10. Its XRD
pattern indicated that goethite and kaolinite were still dominant, but kaolinite is more
abundant than goethite. No calcite or any other mineral phase was firmly identified in the
collected colloid, although phase diagram of this Na-K-Ca-C-O system indicates that
calcite precipitate is dominant at pH ≥ 7 and room temperature.
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XRD of colloids (sandy soil, genuine cement leachate)
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Figure 19. XRD patterns of mobile colloids from sandy sediment column by
undiluted GCL.

3.3.3.2 SEM and EDX
The SEM images and EDX spectra of air-dried colloids collected in the SRS sandy
sediment column by undiluted GCL are shown in Figure 20. The sample identification
labels (1-9 and 1-10) are identical to those in Figure 17A. The SEM image of sample 1-9
indicated the presence of short rod-like and plate-like particles, the short rod-like
particles are likely aggregates of nano-size goethite and the plate-like crystals are likely
kaolinite. The average particles of the goethite are in the range of 250-350 nm, in good
agreement with the mean particle size in PSD measurement. The goethite and kaolinite
particles in the effluent samples were fairly stable and well dispersed; but after air-drying,
the goethite particles tended to be aggregates and the smaller goethite particles tended to
stick onto larger kaolinite particles. The EDX spectrum of sample 1-9 indicated the
presence of the major elements O, Si, Al and Fe, indicating that the major particles are Fe
oxide or hydroxide like goethite (FeOOH) and aluminum silicates like kaolinite
((Al2Si2O5(OH)4), and maybe a small amount of hydroxyl-interlayered vermiculate
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(identified by the XRD computer as muscovite (KAl2(AlSi3O10)(F,OH)2)), qualitatively
in good agreement its previous XRD identification. Based on the relative intensities of Si,
Al and Fe, it appeared that kaolinite is about equal to or slightly more than goethite in
abundance, slightly in contrast to the XRD intensity. Carbon is likely from the carbon
tape in SEM sample preparation. In addition, small amount of Ca, P, K, Ti, Mg and Cl
were detected, the corresponding mineral phases can not be firmly identified. It is simply
speculated that Na may be from the solution precipitation, K may be related to muscovite
(KAl2(AlSi3O10)(F,OH)2), Ti may be in titanium oxide (e.g., like anatase as identified in
XRD of 550 ºC dried SRS sandy sediment), P may be from the surface coating of natural
organic matters on the nano particles. The presence of Ca may indicate the formation of a
tiny amount of calcite or Ca ion-exchanged or adsorbed onto colloids, which needs to be
further studied.
In sample 1-10, it appeared that goethite particles tended to form larger sphere-like,
rather than needle-like, aggregates. The EDX spectrum is qualitatively similar to that of
sample 1-9: Si, Al, Fe and O are major element, indicating the presence of kaolinite and
goethite, with a small amount of K, Ca, P, and Ti. Again, the presence of Ca may indicate
the formation of a tiny amount of calcite precipitate or Ca ion-exchanged or adsorbed
onto colloids.
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Figure 20. SEM and EDX of air-dried colloids from the SRS sandy sediment column
by undiluted GCL. The sample identification labels, 1-9 and 1-10, are the same
as shown in Figure 17A.
3.3.3.3 PSD and Zeta potential
For the effluent samples from column studies with 1:10 diluted GCL solutions at pH
11.74, the PSD and Zeta potential of colloids in the direct effluents were measured using
ZetaPlus at SRNL. The sample preparation for these PSD and Zeta measurements were
described as follows: (1) the effluents with mobilized colloids were kept in laboratory for
~3 months, the top clear liquid from each effluent was collected by pipetting and the
remaining effluent with particles were shaken and re-dispersed; (2) a certain amount of
colloids was transferred to the corresponding clear effluent solution to make the
suspension of right colloid concentration for PSD and Zeta measurement. However, for
effluent samples from undiluted GCL column study, the colloids in the effluents were
diluted in GCL or DI water for PSD and Zeta potential measurements, because the top
clear liquid had been used for ICP-OES measurement.
The results were given in Table 6, in which the measured mean particle size and Zeta
potential of GCL, and the Zeta potentials of sandy sediment, kaolinite and goethite in
GCL, were included. The measured mean size of GCL was zero, and Zeta potential of
GCL jumped in a broad range, from -115.8 to +28.1 mV, indicating that the concentration
of particles in GCL was so low that the ZetaPlus was not able to collect a meaningful
signal. Thus, the concentration of Ca(OH)2 in GCL, if present, was too low to be detected,
in good agreement with the solution chemistry of GCL in which the concentration of
Ca(OH)2 was 0.0192 molal, below the solubility (0.185 gram/100 gram or 0.0245 molal)
of Ca(OH)2 in pure water at 25 ºC.
For undiluted GCL, the mobilized colloids in DI diluent was negatively charged, with the
mean particle size from 241 (sample 1-9) to 745 nm (sample 1-10). The mobilized
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colloids in undiluted GCL diluent were positively charged with the mean particle size
from 1037 (sample 10) to 1434 nm (sample 1-9), indicating the colloids might slightly
agglomerated in the undiluted GCL diluent. The positive charge of colloids in undiluted
GCL could not be due to the presence of Ca(OH)2 in the GCL because Ca(OH)2
precipitate was not expected and detected in this GCL; in addition, the ZPC of Ca(OH)2
is ~ pH 12.0, even if Ca(OH)2 is present, its Zeta potential at pH 12.3 should be near zero.
For 1:10 diluted GCL solution, the colloids in the direct effluents were all negatively
charged. The mean particle sizes of the mobilized colloids in the direct effluents were in
the range of 700-1550 nm, which may indicated that the colloids might form slight
agglomeration. However, by comparing with previous results from CLS study, it is likely
that the colloids mobilized by GCL solutions have larger mean size than those mobilized
by CLS solution. These results also confirmed that the colloids were mobilized only as
both goethite and kaolinite have the same surface charge.
Table 6. Mean particle size and Zeta potential of colloids in the direct effluents of
GCL column experiments
Sample ID

No. of
PV

GCL

pH of
Conductivity Diluent
effluent of effluent,
mS/cm
12.3
9.75
GCL

Sandy sediment
Kaolinite
Goethite
Undiluted
GCL (b)
SS-CL-1-9
SS-CL-1-9 (a)
SS-CL-1-10
SS-CL-1-10 (a)
1:10 diluted
GCL (b)
SS-CL-10-19
SS-CL-10-20
SS-CL-10-21
SS-CL-10-22
SS-CL-10-23
SS-CL-10-24
(a)
(b)

Mean size,
nm
0.0

GCL
GCL
GCL

2.25
2.25
2.50
2.50

4.75
5.00
5.25
5.50
5.75
6.00

12.30

9.75

10.08

0.393

10.55

0.609

11.74

1.185

8.96
9.22
9.76
9.41
9.62
9.71

0.084
0.072
0.081
0.086
0.127
0.123

GCL
DI
GCL
DI

1434.2±23.1
241.5±1.3
1037.6±21.7
754.1±6.1

19.43±0.82
-23.28±0.55
26.70±2.54
-25.25±0.60

Effluent
Effluent
Effluent
Effluent
Effluent
Effluent

1480.1±96.6
1177.0±29.0
1551.8±50.9
811.1±18.0
701.8±19.3
864.3±17.0

-15.18±2.17
-18.61±0.65
-22.78±0.56
-23.77±1.66
-23.28±1.75
-26.16±1.38

The pH of the DI dilution was 7.51 for sample 1-9 and 8.35 for sample 1-10.
pH and conductivity are those of influent leachate solutions.
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4. Conclusions
The objective of this study was to determine whether cementitious leachates would promote
the in situ mobilization of natural colloidal particles from a SRS sandy sediment. The intent
was to determine if a cementitious surface or subsurface structure would create plumes that
could produce conditions conducive to sediment dispersion and mobile colloid generation,
either by 1) mineral precipitation of the cement leachate interacting with SRS groundwater,
or 2) the release of colloidal particles from a SRS sandy sediment. Several conclusions were
drawn from this study.
(1) Titration experiments of SRS groundwater with CLS indicated that very little
colloidal materials were generated through this pathway. What little that was precipitated,
was too large to move through porous media. Meanwhile, the column study of SRS sandy
sediment with AGW also demonstrated that colloidal particles only came out for a short
duration, even when the dispersive cementitious water chemistry did not change,
suggesting that not all the clay-size fraction will disperse into suspension.
(2) For both undiluted CLS and GCL, a sharp plume front formed, and mobile
colloids were intensely mobilized within the colloid plume and then stopped releasing
with further filtration of influents. The mobilized colloids were mainly goethite and
kaolinite with the fraction ratios of goethite to kaolinite from 2:1 to 1:1.
(3) Released colloids were highly negatively charged and their mean particle sizes
were primarily in a range of 200-470 nm, and <1000 nm. It appeared that the colloids of
smaller mean particle sizes were mobilized first, which is consistent with electrostatic
and filtration theories (Ryan and Elimelech 1996; Bunn et al., 2002). Colloids of 100-470
nm are believed to be the most mobile colloids (Elimelech 1994; Zhuang et al., 2005); the
mobilized colloids in porous media are normally not larger than 1 µm. The colloids of
smaller sizes are preferentially mobilized and released because they have higher removal
efficiencies.
(4) Although colloid mobilizations in subsurface zones are typically very complex
and related to many factors, electrostatic forces of colloidal particles appeared to be the
controlling mechanism in this case study. In normal subsurface environments, goethite
has a positive surface charge, but quartz and kaolinite have negative surface charges, the
nano-goethite and kaolinite are cemented together and stick to the sand surfaces due to
electrostatic attraction. However, within the leachate plume, the SRS sand particles,
kaolinite and goethite all have negative surface charges, and the nano-goethite and
kaolinite are dispersed and mobilized due to their electrostatic repulsion.
(5) With dilution of the undiluted leachates, the plume fronts diminished with higher
pore volumes showing broadening peaks and increasingly fewer colloids were mobilized,
until no colloids were mobilized at the 1:1000 dilution. Mobilization or release of
colloids is also related to their surface charge and thus the electrostatic behavior. While
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goethite has a negative surface charge in less diluted cement leachate solutions, all sandy
particles, nano-goethite and kaolinite have negative surface charges and the colloids are
released due to electrostatic repulsion. In contrast, in very diluted simulant solutions like
1:1000 diluted solution, its chemistries are fairly close to ordinary groundwater, goethite
has a positive surface charge, but sand particles and kaolinite have negative surface
charges, as a result, the goethite and kaolinite colloids are cemented together and not
released due to the electrostatic attraction.
(6) With pH adjustment for the 1:10 diluted CLS solutions, the plume front
diminished with higher pore volumes showing broadening peaks and increasingly fewer
colloids were mobilized, until no colloids were released at pH ≤9.87. Whether colloids
are mobilized or not also depend on the surface charge of goethite in the corresponding
solutions.
(7) The colloids are intensively mobilized near the source of cement leachates.
Progressively fewer colloids are released from the subsurface soils as the leachates
transport in porous media, due to the influence of mixing with groundwater, infiltration
of rainfall, and dissolution of soils minerals in the surrounding formations (e.g., to cause
pH reduction).
(8) Together this data demonstrated that in situ homogeneous precipitation, which is

simply the mixing of cement leachate with SRS groundwater (without a solid present), is
not likely to result in the formation of a large amount of precipitated solid phases.
Additionally, it was shown that a SRS subsurface system is not spontaneously dispersive,
meaning that the subsurface clays tend to remain immobile due to natural electrostatic
forces. However, when a cementitious leachate comes in contact (pH 12.80 to pH ~8)
with the sediment, colloid dispersion will occur as a sharp peak, containing a relatively
high percentage of the clay-size particles in the sediment (~13%), after which, few
colloids enter the mobile phase, although the aqueous chemical conditions of the system
remain unchanged. Finally, within the cementitious plume we collected in situ
precipitates, specifically a Na-CO3 phase. Once the cement leachate became dilute by a
factor of 1000 with a groundwater or if the pH dropped below ~8, depending on ion
strength, then the tendency for colloids to be released was essentially undetectable.
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