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Abstract

To examine colloid transport in geochemically heterogeneous porous media at a scale
comparable to field experiments, we monitored the migration of silica-coated zirconia colloids in a
two-dimensional layered porous media containing sand coated to three different extents by ferric
oxyhydroxides. Transport of the colloids was measured over 1.65 m and 95 days. Colloid transport
was modeled by an advection—dispersion—deposition equation incorporating geochemical
heterogeneity and colloid deposition dynamics (blocking). Geochemical heterogeneity was
represented as favorable (ferric oxyhydroxide-coated) and unfavorable (uncoated sand) deposition
surface areas. Blocking was modeled as random sequential adsorption (RSA). Release of deposited
colloids was negligible. The time to colloid breakthrough after the onset of blocking increased with
increasing ferric oxyhydroxide-coated surface area. As the ferric oxyhydroxide surface area
increased, the concentration of colloids in the breakthrough decreased. Model-fits to the
experimental data were made by inverse solutions to determine the fraction of surface area
favorable for deposition and the deposition rate coefficients for the favorable (ferric oxyhydroxide-
coated) and unfavorable sites. The favorable deposition rate coefficient was also calculated by
colloid filtration theory. The model described the time to colloid breakthrough and the blocking
effect reasonably well and estimated the favorable surface area fraction very well for the two layers
with more than 1% ferric oxyhydroxide coating. If mica edges in the uncoated sand were
considered as favorable surface area in addition to the ferric oxyhydroxide coatings, the model
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predicted the favorable surface area fraction accurately for the layer with less than 1% ferric
oxyhydroxide coating.
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1. Introduction

The transport of colloids, pathogenic microbes, and colloid-associated contaminants
has spurred the development of models of colloid transport in subsurface environments.
Initially, these models portrayed the attachment of colloids (and ““biocolloids’’) to aquifer
grain surfaces as equilibrium sorption (Yates et al., 1987; Mills et al., 1991). Later, colloid
filtration (irreversible first-order attachment) was introduced in conjunction with equili-
brium sorption in two-site models (Harvey and Garabedian, 1991; Bales et al., 1991). In
most cases, colloid transport in homogeneous porous media was adequately characterized
by first-order attachment and release (Hornberger et al., 1992; Corapcioglu and Jiang,
1993). Further advances have focused on three factors affecting colloid deposition
kinetics: (1) the dynamics of particle deposition (blocking and ripening), (2) the geo-
chemical heterogeneity of aquifer grain surfaces, and (3) the physical heterogeneity of the
porous medium (Ryan and Elimelech, 1996). The blocking effect was included in colloid
transport models as linear Langmuirian attachment (Privman et al., 1991; Song and
Elimelech, 1993; Saiers et al., 1994a) and nonlinear random sequential adsorption
(Johnson and Elimelech, 1995). The geochemical heterogeneity effect was included as
random or patchwise distributions of different surface charge (Song and Elimelech, 1994;
Johnson et al., 1996). The physical heterogeneity effect was included as structured and
random distributions of hydraulic conductivity (Saiers et al., 1994b; Rehmann et al., 1999;
Sun et al., 2001a) fractures (Grindrod, 1993; Abdel-Salam and Chrysikopoulos, 1995), and
the correlation of colloid transport parameters with hydraulic conductivity (Ren et al.,
2000; Sun et al., 2001a).

Experimental studies of the effects of geochemical and physical heterogeneity and
deposition dynamics on colloid transport have been conducted primarily in laboratory
columns of less than 10 cm length. Several field tests of colloid and “biocolloid™ transport
have been conducted (e.g., Harvey and Garabedian, 1991; Higgo et al., 1993; Schijven and
Hassanizadeh, 2000), but most of these did not directly investigate either heterogeneity,
because adequate aquifer sediment characterization was lacking, or deposition dynamics,
because injections of colloids were made as relatively short-term pulses. Ryan et al. (1999)
showed that geochemical heterogeneity in the form of ferric oxyhydroxide-coated sands
controlled the transport of silica colloids and the virus, but transport was tracked only over
a 1-m distance. Schijven et al. (2000) determined that spatially varying distributions of
ferric oxyhydroxides limited the transport of microbes in a bank filtration setting.

To better investigate heterogeneity and deposition dynamics at a scale representative of
natural conditions, we conducted colloid transport experiments in a geochemically
heterogeneous porous medium comprised of layers of ferric oxyhydroxide-coated sand
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assembled in a two-dimensional aquifer tank (a slice of an aquifer). In the aquifer tank,
geochemical and physical heterogeneities can be created, and colloid transport experi-
ments can be readily replicated. Silica-coated zirconia colloids were employed as a readily
traced model of negatively charged natural colloids. We modeled the results with a
recently developed two-dimensional colloid transport model that incorporates heteroge-
neity and deposition dynamics (Sun et al., 2001a,b).

2. Materials and methods

A continuous step injection of silica-coated zirconia colloids was made into a
geochemically heterogeneous porous medium contained in a two-dimensional aquifer
tank. The porous medium consisted of three layers of sand coated by different amounts of
iron oxyhydroxides. The transport of the colloids was measured over 95 days in 144
sampling ports.

2.1. Silica-coated zirconia colloids

Silica-coated zirconia (ZrO,) colloids were used in this experiment for ease and
sensitivity of detection (Ryan et al., 2000). Spherical zirconia colloids (20% ZrO, colloidal
dispersion, pH 3 nitric acid solution, Alfa ZSAR) of about 110 nm in diameter were
coated with silica by hydrolysis of tetramethyl orthosilicate (99+%, Aldrich) in an ethanol/
ammonium hydroxide solution. A stock suspension of the silica-coated colloids was
created by resuspending the colloids in a 10~ > M NaCl solution (pH ~ 5.7) prepared with
high-purity water (Millipore Milli-Q). The stock suspension was refrigerated at 4 °C until
use.

The size and zeta potential of the influent colloid suspension were measured at the
beginning and during the experiment. The mean and standard deviation of the colloid
diameter was 150 = 30 nm as determined by dynamic light scattering (Particle Sizing
Systems, Nicomp 370). Most of the standard deviations represent polydispersity in the
colloid size. The zeta potential of the colloids (—33 £3 mV) was measured by laser
Doppler microelectrophoresis (Brookhaven, Zeta-Plus). No significant changes in colloid
size or zeta potential were detected in the influent colloid suspension during the experiment.

2.2. Ferric oxyhydroxide-coated sand

The porous medium was composed of mixtures of uncoated and ferric oxyhydroxide-
coated sand. The subangular to angular uncoated sand (Unimin, 4060 sand) has a mean
diameter (dso) of 0.50 mm, a d( value of 0.37 mm, and a uniformity coefficient (dgo/d;0)
of 1.4. The mineralogical composition, as determined by petrographic microscopy of a
thin section of the sand, is predominantly quartz (80%), feldspars (11%), muscovite/biotite
(8%), and trace heavy minerals (1%).

The coated sand was prepared by precipitating ferric oxyhydroxides on the sand
surface. Batches of the sand (20 kg) were suspended in 20 1 of 0.1 M ferric nitrate solution
in an acid-cleaned concrete mixer. While the mixer was rotating at about 30 rpm, the
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suspension was titrated with 0.1 M sodium hydroxide solution at a rate of 1 1 h™ ! until the
pH reached 7.0. After another hour of mixing, excess solution was decanted and the coated
sand was heated at 105 °C until dry. X-ray diffraction (Scintag, model XPH-105; Cu K,
radiation, 2°20 min~ ', 0-60°260) on a crushed sample of the coated sand revealed
goethite (a-FeOOH) as the only iron-containing mineral.

Thin sections (30 pm X 3 X 3 cm) of coated sand grains were prepared by setting the
grains in epoxy resin. Electron microprobe/backscatter electron imaging (JEOL, JXA-
8600, 15 kV accelerating voltage) and energy-dispersive X-ray analysis of carbon-coated
thin sections revealed thin (1—10 pm) iron-rich rinds coating an average of 75 & 5% of the
surface of virtually all of the grains (Fig. 1). These coatings did not significantly change
the average size or shape of the sand grains.

To create a geochemically heterogeneous porous medium in the aquifer tank, dry
portions of uncoated and coated sand were tumbled in the concrete mixer in proportions of
0.1, 5.0, and 10.0 wt.% coated sand for 2 h. The range of mixture proportions (Table 1)
was designed to bracket the 3—4% coverage of ferric oxyhydroxide coating found on sand
grains from the Cape Cod, MA, aquifer in which we have conducted colloid and virus
transport experiments (Pieper et al., 1997; Ryan et al., 1999). Fractional surface coverage
by the ferric oxyhydroxide coating was measured by electron microprobe/backscatter
electron detection. With backscatter electron detection, the ferric oxyhydroxide coatings
appeared as bright rims on dark gray grains (Fig. 1). The 3 X 3 cm thin section was divided
into 36 sections of 5 X 5 mm. In each section, the total and coated grains were counted,
and the fractional surface coverage of the coated grains was estimated. Grains smaller than
63 um and heavy mineral grains were not counted. A minimum of 4000 grains was
counted for each thin section. In addition, the reducible ferric oxyhydroxide fraction was
measured in triplicate samples for the coated and uncoated sand and each mixed layer by
Ti(IIT)—citrate—EDTA extraction (Ryan and Gschwend, 1991).

6081 15.@KY

Fig. 1. Electron microprobe/backscatter electron image of a quartz grain synthetically coated by ferric
oxyhydroxide (magnification, 230 times; 100 pum scale bar). Energy-dispersive X-ray analysis confirmed that the
bright rind revealed by backscatter electron imaging contains primarily iron, and that the dark grain contains
primarily silicon.
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Table 1
Mixing proportions, reducible Fe(Ill) content, and estimated, measured, and model-fit values of the favorable
surface area fraction A for the three layers of sand and the coated and uncoated sands used in the aquifer tank

Layer/grain Coated Fe(I1I) content® Estimated® Measured® Model-fit? favorable
sand/total (mmol kg™ " favorable favorable surface area fraction
sand (Wt.%) surfa.ce area surfa.ce area  \roodl Method 2
fraction fraction (%) (%)
2 (%) 4 (%)
Upper layer 0.1 2.9+0.6 0.075 0.14 1.2+0.8 1.7£0.7
Middle layer 10 6.6+25 7.5 8.3 9.1+0.5 92+1.0
Lower layer 5.0 46+1.0 3.8 4.2 3.8+09 4.0+0.8
Coated grains 100 195+15 - 75+5 - -
Uncoated grains 0 3.6+0.6 - 0 - —

# Measured by Ti(IIT)—citrate—EDTA extraction of reducible ferric oxyhydroxides.

® Estimated as the product of the coated sand/total sand ratio and an average of 75% ferric oxyhydroxide
coating on each coated grain.

¢ Measured by electron microprobe analysis of thin sections, 4000—4820 total grains.

4 Estimated by optimal model fit to colloid breakthrough curves, where method 1 was fit by a complete
inverse solution of &y, ky, Auppers Amiddie> a0d Ajower, and method 2 was fit by calculating k¢ according to colloid
filtration theory and inverse solution of &y, Auppers Amiddics aNd Ajower-

2.3. Aquifer tank setup

The colloid transport experiments were conducted in an acrylic (0.30 cm thick) tank of
5.0 m length, 1.0 m height, and 0.10 m width (Fig. 2). Lateral members buttress the tank to
prevent wall deflection. At each end of the tank, flow control reservoirs (0.25 m length)
were separated from the porous medium by nylon mesh laminated in a polyethylene frame.
In the influent reservoir, a fixed overflow outlet controlled water level. In the effluent
reservoir, water level was controlled by a constant head reservoir connected to the tank
outlet by Tygon® tubing. The influent colloid suspension was prepared in the mixing
barrel (200 1 polyethylene) and pumped into the influent barrel at the beginning of the
experiment and during each refill. The contents of the influent barrel were constantly
circulated through the influent reservoir at a flow rate of 8 I h™ '

Samples of pore water were obtained through stainless steel hypodermic needles (16
gauge, 10 cm length) fitted to the tank with a compression fitting, ferrules, and
polycarbonate three-way stopcock. The needle tips were inserted 5 cm into the 10-cm-
wide porous medium. Some sampling ports were also fitted with piezometers (vertical
Tygon® tubes attached to the stopcocks) to check the uniformity of the hydraulic gradient
over the length of the tank.

2.4. Aquifer tank packing

The tank was filled with three layers of partially coated sand mixtures using a wet
packing technique. Deionized water was pumped into the tank to a height of 10 cm, and a
layer of 5.0 wt.% ferric oxyhydroxide-coated sand was poured into the water to a height of 5
cm. The layer was gently consolidated with a 10 X 10 ¢m acrylic tamper. Additional 5 cm
layers of water followed by sand were placed in the tank until the 5.0 wt.% sand layer
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Fig. 2. Diagram of two-dimensional aquifer tank. Influent colloid suspensions were prepared in the mixing barrel and pumped into the influent barrel. Suspensions in the
influent barrel were circulated through the influent reservoir. The head gradient was controlled by setting the height of the constant head reservoir. Three layers of ferric
oxyhydroxide-coated sand filled the 10-cm-wide tank. Sample ports are shown as open and filled circles; data from the filled circles are shown in Fig. 3.
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reached a height of 30 cm. Layers of 10.0 and 0.1 wt.% sand were placed above the 5.0 wt.%
layer to heights of 30 cm each in the same manner. Finally, a 20-cm-height layer of uncoated
sand was placed above the partially coated layers (transport in this layer was not monitored).
After packing, the tank was flushed with a pH 11.0 NaOH solution at a high flow velocity
(about 2 m day ™~ ") until the turbidity in the tank effluent decreased to 1 NTU (Hach, model
Ratio X/R); then, a pH 5.0 solution was flushed through the tank until the effluent pH
decreased to below neutral. Finally, the experimental solution (10~ M NaCl solution in
deionized water, pH adjusted to 6.2 with NaOH) was flushed through the tank at 0.5 m
day~ " until the effluent pH and specific conductance matched those of the influent solution.

For the experiment, a constant drop in head of 0.55 cm across the length of the porous
medium (447 cm) produced a flow rate of 25.0 + 0.3 1 day~ '. With an average cross-
sectional area of the porous medium of 1020 cm?, the hydraulic conductivity was 200 +
2 m day” '. A porosity of 0.459 was measured by determining the volume of water
displaced by sand after duplicating the packing method in a 20-1 bucket. The resulting pore

velocity was 0.53 +0.01 m day .

2.5. Colloid transport experiment

The influent colloid suspension was prepared in the mixing barrel by adding the colloid
suspension and tritiated water CHHO, DuPont NeN, 1.0 mCi ml~ ' specific activity, diluted
to 10.0 uCi ml~ ' for additions) to the experimental solution (10~ > M NaCl, pH 6.2). The
initial colloid concentration in the influent suspension was 23.2 mg Zr 1~ '. The estimated
total mass concentration of the colloids is 52 mg 1~ ' (using particle Zr concentration, size,
Si0,/ZrO, ratio, and density; Ryan et al., 2000). The tritium activity in the influent
suspension was 320 pCi ml~' (710 disintegrations min~ ' ml~"). The suspension was
mixed by rapid recirculation of the suspension with a submersible pump until uniform
turbidity (Hach, Ratio X/R) and pH were achieved in the mixing barrel. After mixing, the
colloid suspension was pumped into the influent barrel and recirculated into the influent flow
control reservoir. Time zero was marked for the experiment when the turbidity in the influent
flow control reservoir matched the turbidity in the influent barrel. Filling the influent
reservoir with the injection suspension required 16 min.

Samples were collected twice daily from sampling ports in the center of the three layers
(upper, middle, and lower) at transport distances of 5, 45, 85, 125, and 165 cm (Fig. 2) and
during times when tracer and colloid breakthroughs were expected. The expected break-
through times were predicted by the colloid transport model with parameters estimated
from preliminary column experiments. Samples were also collected every other day from
ports near the layer boundaries at times when breakthroughs were expected. A volume of
20 ml of pore water was collected for each sample by opening the stopcock and allowing
water to drain into a polyethylene bottle.

2.6. Sample analyses
Each sample was analyzed for colloid concentration and tritium activity. Colloid

concentration was measured in 10 ml portions of each sample acidified with concentrated
nitric acid (1 ml), stored for at least 1 day, and analyzed for zirconium by inductively
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coupled plasma—atomic emission spectroscopy (Varian, Liberty Series II AX-150; detec-
tion limit, 1.5 pug 1~ "). Tritium concentration was measured by adding scintillation cocktail
(10 ml, Packard Gold XR) to 10 ml portions of each sample and analyzing tritium activity
by liquid scintillation counting (Packard, model Tri-Carb 2300TR). The size and zeta
potential of the colloids and the pH and specific conductance of the pore waters were tested
daily in the influent and effluent reservoirs and in selected samples. Less frequent sampling
was also done for total iron concentration (measured by ICP-AES) and turbidity in the
effluent reservoir.

3. Modeling and parameter estimation

In this section, we outline the mathematical model emulating the colloid transport
experiments and the method for identification of the colloid deposition parameters in the
geochemically heterogeneous porous medium used in the experiments. The modeling
approach and the inverse problem of parameter identification have been described in
considerable detail elsewhere (Sun et al., 2001a,b). This section delineates some of the key
features of the model and modifications in the parameter estimation technique pertinent to
the present work.

3.1. Model formulation and boundary conditions

Colloid transport in a porous medium is modeled as a combination of three mecha-
nisms: (1) advection, (2) dispersion, and (3) attachment to the collector surfaces. In a
geochemically heterogeneous porous medium, the total available collector surface area for
colloid deposition will be composed of different types of surface area (or patches) that
exhibit different affinities for the colloids. For this experiment, we assume that surface area
of the collectors was comprised of two fractions: ferric oxyhydroxide coatings and the
uncoated surfaces of the sand. The two surfaces exhibit very different affinity for the
colloids owing to electrostatic attraction and repulsion. Under the experimental conditions
(pH 6.2), the silica-coated zirconia colloid surfaces are negatively charged, the ferric
oxyhydroxide surfaces are positively charged, and the sand (mainly quartz, feldspars, and
mica) surfaces are negatively charged; hence, colloids are electrostatically attracted to the
ferric oxyhydroxide coatings (the favorable surface area fraction 1) and repelled from the
uncoated sand surfaces (the unfavorable surface area fraction, 1 — A).

The generalized colloid transport equation accounting for patchwise geochemical
heterogeneity is (Johnson et al., 1996; Sun et al., 2001a):

E)n_
a

V(D V) = V- (Vi) == [ (1= ) (1)

where n is the number concentration of the colloids in suspension, D is the dispersion
tensor, V is the interstitial fluid velocity vector, fis the specific surface area of the collector
grains, ay, is the colloid particle radius, /A is the fraction of total surface area on which
attachment is favorable (the “heterogeneity parameter”), and 0 is the fractional surface
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coverage of colloids on the collector surfaces for the favorable (6;) and unfavorable (6,)
regions.

The initial and boundary conditions for the colloid transport equation were specified as
(1) the porous medium colloid concentrations were initially set to zero (n=0, 0;=0,=0),
(2) zero dispersive flux boundary conditions were specified at the domain boundaries, and
(3) a given concentration of colloids was line-injected at the up-gradient vertical boundary
at £~0 (Sun et al., 2001a). Following the procedure of colloid injection in the experiments,
a continuous line injection was set as a fixed concentration boundary condition at the inlet
of the rectangular domain for the two-dimensional model.

3.2. Blocking and release

The surface coverage rates in Eq. (1) are related to the rates of colloid deposition by
kinetic expressions of the form (Johnson et al., 1996)

00¢

ST n'af,kan(Hf) (2a)
d
80;' = nagkunB(Bu) (2b)

where k¢ and k, are the deposition rate constants on the favorable and unfavorable surfaces,
respectively. The term B(0) is a dynamic blocking function that relates the transient
reduction in colloid deposition rates to the reduced availability of sites for deposition.
Employing the random sequential adsorption (RSA) model, the blocking function was
expressed as a virial expansion in the fractional surface coverage

B(Q)=1+a10+a202+a393+... )

where a;, a,, and az are —4, 6\/3/71, and 1.404, respectively (Johnson et al., 1996; Ko et
al., 2000). For the background electrolyte concentration (1 mM) and flow velocity (about
0.5 m day ™ ') used in this experiment, we do not expect a significant deviation of the RSA
virial coefficients from these “hard-sphere” values.

Release of colloids from the porous media was also considered for colloids deposited
on the unfavorable quartz grain surfaces. Deposition of the negatively charged silica-
coated colloids to the ferric oxyhydroxide patches was considered to be irreversible
(Loveland et al., 1996). To portray release of colloids from the quartz surfaces, the
following term was incorporated as a modification of Eq. (2b):

00,
ot

where £, is the first-order release rate coefficient.

= nazkunB(0,) — k0, (4)

3.3. Numerical procedures

The colloid advection—dispersion—deposition equation (Eq.(1)) was solved in both
one- and two-dimensional forms. Because this experiment resulted in predominantly one-
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dimensional (horizontal) flow with negligible transverse dispersion, the one-dimensional
form of the equation was used for parameter identification in each layer. The two-
dimensional form was used to study the extent by which inclusion of transverse dispersion
could affect the estimated transport and deposition parameters.

The governing one-dimensional colloid transport equation was solved using the method
of lines (Zwillinger, 1989). The one-dimensional advection—dispersion equation was
discretized in the spatial domain using the finite difference method. This yields a series of
coupled ordinary differential equations (ODESs) in time at each spatial node, which can be
solved simultaneously employing a backward difference scheme (Petzold, 1982; Bhatta-
charjee et al., 1999). It should be noted that the sink term (in square brackets) in Eq. (1) is
a combination of two additional differential equations (Egs. (2a), (2b), and (3)) relating
colloid deposition on favorable and unfavorable surfaces to colloid removal from the
dispersed phase. Hence, at each spatial location, we solved three coupled ODEs, one
stemming from the discretized advection—dispersion equation and two stemming from the
deposition rate equations.

The two-dimensional form of Eq. (1) was solved for a steady horizontal flow field using
an upstream weighted multiple cell balance technique (Sun et al., 2001a). The rectangular
domain was discretized using linear triangular elements. The finite element mesh was
designed to match element boundaries with the layer boundaries. Because there was no
physical heterogeneity in the experiments, the flow was computed using a fixed set of
hydrologic parameters for the entire domain. The set of ordinary differential equations in
time derived from the spatially discretized equations were solved using a Crank—
Nicholson technique.

A modified Levenberg—Marquardt technique (More et al., 1980) was used to minimize
the sum-square errors between the experimental and predicted values of the colloid
concentration at different observation wells in the tank. The one-dimensional model for
colloid transport and deposition was used to solve the forward problem. The parameter
phase space was constrained such that the deposition rate constants were never allowed to
become negative. The heterogeneity parameter was limited by 0<1<50% to prevent
ambiguity in the model arising from the correlation between the deposition rate constants
and the heterogeneity parameter.

3.4. Estimation of hydrologic parameters

The longitudinal dispersivity o; was determined by fitting the breakthrough of tritiated
water in six breakthrough curves (45 and 85 cm transport distances in the three layers) using
a one-dimensional form of the advection—dispersion equation (Eq. (1) without deposition).
Breakthroughs from the 45- and 85-cm transport distances were used exclusively because
tracer breakthrough measurements at the other transport distances were less complete (Fig.
3). For these fits, hydraulic conductivity was set at 200 m day ' as estimated by Darcy’s
Law with experimental data. From the six values of o determined by one-dimensional fits
of the breakthrough curves, a single mean value of o; was calculated (Table 2). Simulated
breakthrough curves produced using this mean value of oy in both one-dimensional and
two-dimensional transport models closed agreed with the breakthrough curves measured at
all transport distances. The effect of the transverse dispersivity o on tracer transport was
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Table 2
Parameters used in modeling the transport of the tritium tracer and silica-coated zirconia colloids in the aquifer
tank

Parameter Value
Hydraulic gradient VA 0.0012
Hydraulic conductivity K (m day ™) 200

Porosity ¢ 0.46
Interstitial velocity V' (m day ™ ") 0.53
Specific storage Sg 0.0001
Longitudinal dispersivity o (m) 85x107*
Ratio of dispersivities oy /ot 10

Grain diameter d. (mm) 0.50
Specific surface area® f(m? m~ %) 1.4 x 10*
Colloid diameter dj, (nm) 0.15
Colloid density (g cm™?) 5.1

Porous medium bulk density py, (g cm™?) 1.89
Influent colloid concentration Cy (mg 1™ ") 232+1.8
Influent colloid number concentration ng (1~ b} 2.57+0.20x% 10"
Maximum attainable surface coverage 0. 0.20

* Determined from 6(1 — ¢)/ed., where ¢ is the porosity of the porous medium and d, is the diameter of the
collector grains.
® Typical value based on colloid size and ionic strength (Johnson et al., 1996).

assessed in two-dimensional simulations in which o was varied from zero to o;/10. No
perceptible change in the simulated tracer breakthrough was observed; therefore, orr was set
to a value of /10 (Table 2). Garabedian et al. (1991) determined that o never exceeded
or/10 in the Cape Cod aquifer that this aquifer tank intended to represent.

This combined one- and two-dimensional approach to the estimation of the longitudinal
and transverse dispersivity was deemed appropriate given the sparseness of the tracer
breakthrough data. With the data available, a full two-dimensional fitting of o and or
would have resulted in very little confidence in the fitted value of or.

3.5. Estimation of colloid transport parameters

Simultaneous estimation of the colloid transport parameters by a two-dimensional
inverse analysis was attempted following the method presented by Sun et al. (2001b), but
confidence levels for the estimated parameters were unacceptable. As Sun et al. (2001b)
concluded, the three colloid transport parameters (kg k,, 4) cannot be uniquely identified
by a simultaneous inverse analysis because the three colloid transport parameters each
affect the overall rate of colloid removal by deposition. Furthermore, the limited amount of
breakthrough data adversely affected the two-dimensional inverse analysis. Limited
breakthrough data was the result of limited sampling frequency. Sampling frequency
was limited to avoid removing a significant fraction of the injected colloid mass.

The colloid transport parameters (k, ky, Auppers Amiddies aNd Aiower) Were determined by
fitting the nine colloid breakthroughs at the 45-, 85-, and 125-cm distances using a one-
dimensional form of Eq. (1). The parameter estimates were validated by two-dimensional
simulations of the colloid breakthroughs. A similar approach was used by Zhang et al.
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(1998) to model variable density flow and solute transport at the Cape Cod site. Colloid
breakthroughs at the 5 and 165 cm distances were not used owing to possible problems
with the development of uniform flow at 5 cm and incomplete colloid breakthrough data at
165 cm. First, a one-dimensional inverse analysis was performed on the nine colloid
breakthroughs to estimate ky, k,, and 1 for each sampling port. Average k¢ and k, values
were determined as the mean of the nine estimated values of k¢ and k,. These average
values of k¢ and k, were applied for each layer because each layer was composed of the
same favorable and unfavorable porous media. Estimates of 4 for each sampling port were
refined using the average k¢ and k, values in the inverse analysis with 1 as the only
adjustable parameter. Finally, average values of 4 were determined for each layer (Aupper
Amiddies and Ajower) as the mean of the three values of A estimated for each layer.

The deposition parameters were also estimated by assuming that the favorable
deposition rate coefficient k¢ could be calculated independently using colloid filtration
theory (Yao et al., 1971; Elimelech et al., 1995):

neV.ogngV
k=1 =21" 5
f 4¢ 4e ( )

where 7¢ is the single collector efficiency for the favorable attachment surface area, 7 is
the single collector efficiency in the absence of colloidal interactions, oy is the collision
efficiency for the favorable attachment surface area, V'is the approach velocity, and ¢ is the
porosity of the porous medium (Table 2). To calculate kg, we set or=1 (every collision with
favorable attachment surface area resulted in attachment) and calculated 7 for removal by
the convective diffusion mechanism. Calculation of k; rendered the inverse problem
considerably more facile because only k, and 4 were varied to fit each of the nine colloid
breakthrough curves. The calculated value of kr and a mean value of 4, (from nine values
of k, determined by fitting the colloid breakthrough curves) were used to estimate values
of 4 for each layer as described above.

With the release term (Eq. (4)) incorporated into the colloid transport equation,
parameter estimation was done by calculating k¢ with colloid filtration theory and
simultaneously optimizing k,, k;, and 1 for each experimental breakthrough curve. Release
rate coefficients estimated by this method were small, indicating that release was
negligible in the experiment. Incorporation of release did not yield better agreement
between the theoretical and experimental breakthrough data; therefore, we do not report
release rate coefficients in this work.

4. Results
4.1. Colloid and porous medium characterization

The size and zeta potential of the silica-coated zirconia colloids in the influent and
effluent reservoirs and selected samples were consistent during the experiment. Con-

sistent size indicates that the silica-coated colloids did not aggregate during the experi-
ment, neither in the influent reservoir nor in the porous medium. Consistent zeta
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potential indicates that the silica coatings did not deteriorate during the experiment.
Deterioration of the silica coating would have led to a reduction in zeta potential as the
underlying zirconia (pH,,.=6.7; Parks, 1965) contributed to surface charge and,
ultimately, to aggregation.

Specific conductance of the influent and effluent reservoirs and selected samples was
consistent during the experiment, indicating no significant ion exchange, precipitation, or
dissolution reactions. Solution pH was constant in the influent reservoir (pH 6.2), but
ranged from 5.7 to 6.2 in the effluent reservoir and samples. Total iron concentration in the
effluent remained below or near the detection limit of 1.0 pg 1~ ', indicating that the ferric
oxyhydroxide coating on the porous media was stable during the experiment.

Measurements of the ferric oxyhydroxide surface coating fraction were similar to the
estimates based on the mixing proportions and surface coverage of the coated grains (Table
1). The surface coating fractions are based on counts of a minimum of 4000 grains for each
layer. Both before and after mixing of the coated and uncoated grains, the average surface
coating of an individual coated grain was 75 & 5%. For the upper layer, only nine coated
grains at about 75% surface coating each were detected among 4820 grains counted. The
reducible Fe(III) content of the mixed sands followed the trend of the ferric oxyhydroxide
surface coating fraction, with the exception of the upper layer (Table 1). The mixed sand of
upper layer contained slightly less reducible Fe(Ill) than the uncoated sand, but the
difference was not significant. X-ray diffraction analysis detected only goethite (a-FeOOH)
on the coated grains, but other amorphous ferric oxyhydroxides may have been present.

4.2. Tracer breakthrough data

Tritiated water travel times were similar in the three layers (Fig. 3). Only those data
points necessary to define the tracer breakthrough curves are shown; more data for C Cj '
near zero or one are not shown. Over the first 5 cm of transport in each layer, the velocity
of the tritium tracer was slightly accelerated relative to the transport over the 45—125-cm
transport distances, perhaps because of improper mixing in the influent reservoir. The
mean value of the longitudinal dispersivity oy determined from nine breakthrough curves
was 8.5 + 0.3 x 10~ * m, where the error is the standard error of the fitted value. Because
tritiated water breakthrough was similar in the three layers, this estimate of o; was used
throughout the tank for determination of the colloid deposition parameters.

4.3. Colloid breakthrough data

The experimental colloid breakthrough curves (Fig. 3) show the features expected for
colloid transport controlled initially by clean-bed filtration and later by blocking. The
details of a single colloid breakthrough curve (middle layer, 45 cm transport distance) are
shown in Fig. 4 for clearer description. Prior to tracer breakthrough, the measured colloid
concentration is near the background C C; ' for zirconium. Because the background
zirconium concentration is relatively high, the “initial breakthrough” of the colloids
coincident with the tracer is not observed. The model shows this initial breakthrough
beginning at C Cy ' =10~ °. At about 16 days, the measured colloid concentration begins a
rapid increase to a plateau (the “blocking breakthrough™) at about C Cy '=0.6—0.7. The
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Fig. 4. Tritium tracer and silica-coated zirconia colloid breakthrough at the 45-cm transport distance in the middle
layer of the aquifer tank. The tracer breakthrough data are presented on a combined linear and logarithmic C Cy '
axis to show the concentration below detection limit in the first sample. The colloid breakthrough data are shown
with the colloid detection limit in terms of C Cy .

rapid increase represents the onset of blocking effects—an increasing number of colloids
are avoiding deposition as attachment sites are rapidly filled. In these experiments, the
time to the blocking breakthrough increased as the favorable surface area fraction of the
layers increased (Fig. 3). Finally, at the plateau for which C Cy ' appears constant, colloid
concentration is actually increasing very slowly toward complete breakthrough (C
Cy '=1) as the final available deposition sites over the first 45 cm are slowly filled.
Usually, this final trend is not demonstrated well by the data, but it is shown by the model-
predicted breakthrough curves (more apparent in Fig. 3). The plateau in colloid concen-
tration decreased with distance.

Colloid concentrations measured in sampling ports near the interfaces between layers (5
cm above and below the interface) showed concentrations similar to those measured in the
center of each layer, indicating that transverse dispersion was not significant over the 1.65
m transport distance.

4.4. Colloid breakthrough modeling

Fig. 3 shows the theoretical colloid breakthrough curves generated by the colloid
transport model employing the deposition parameters (kg Ky, Auppers Amiddie> aNd Zigwer;
Table 1, Table 3) estimated with k¢ calculated by colloid filtration theory. Theoretical
colloid breakthrough curves generated with the parameters optimized by the complete
inverse solution were essentially indistinguishable from those shown in Fig. 3. The
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reasonably good agreement between the model-predicted and experimental breakthrough
curves suggest that the one-dimensional model was adequate in emulating the colloid
transport behavior in the aquifer tank. In addition, the one-dimensional model is adequate
because no transverse dispersion of colloids and tracer was measured for the sample port
spacings used in the aquifer tank.

The time to the blocking breakthrough was adequately portrayed by the model at many,
but not all, of the sampling locations (Fig. 3). At the 5-cm transport distance, the model
predicted colloid breakthrough that was substantially faster than the observed break-
throughs in all three layers. At the 45-, 85-, and 125-cm transport distances (the distances
at which the model parameters were fit), the model predicted the time to blocking
breakthrough fairly well with the single values of k¢ and k,, and the mean value of /4 for
each layer, although with insufficient data, was collected at some sampling locations to
fully verify the model predictions. At the 165-cm transport distance, the time to blocking
breakthrough was predicted fairly well for all layers. In the middle layer, where the
favorable surface area fraction was greatest, the model correctly predicted that colloid
concentrations up to 95 days were close to zero.

The model predicts a decline in the colloid concentration of the plateau with distance in
each layer. This trend is confirmed by some of the data, although some contradictions
occurred, and in some cases, the data was not sufficiently complete to verify the model
predictions. At the 5-cm distance, the model slightly overestimates the colloid concentration
at the plateau in all layers. In the upper layer, the decrease in the colloid concentration
plateau is overestimated by the model at the longer distances. In the middle layer, the model
does not match the data particularly well for the 45- and 85-cm distances because the plateau
at 45 cm occurs at a colloid concentration less than that occurring at 85 cm.

4.5. Colloid transport parameter identification

The two inverse solution techniques provided similar estimates of 4, the fraction of
surface area favorable for colloid deposition for the middle and the lower layers (Table 1).
The errors reported for 4 are the standard deviations of the three values determined for the
45-, 85-, and 125-cm transport distances for each layer. The estimated A values are also in

Table 3
Identification of attachment rate coefficients, single collector efficiencies, and collision efficiencies for favorable
and unfavorable surface areas by two methods

Parameter estimation Favorable surface area Unfavorable surface area
rocedure _ —
P ke (mday™ ) %k (mday ") T %

k¢ determined by complete 0.1 + 0.04 083 34 32+05x10°° 24x107* 98x10°*
inverse solution

k¢ determined by colloid 0.033 0.246 1 34+08x10°5 27x107% 1.1x1073
filtration theory

Entries in bold represent the model-fit values. Entries in italics represent the values assumed for and calculated by
colloid filtration theory. Conversions between k; and #;, where i represents favorable (f) or unfavorable (u)
surface area, were made with Eq. (4). Calculations of collision efficiencies (s, o,) were made for a single
collector efficiency 17o=0.246 calculated with Eq. (5).
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close agreement with the experimentally determined values of A for the middle and lower
layers. Agreement between the inverse solution techniques and the experimentally
determined value of Zypper Was not particularly good.

The two inverse solution provided similar estimates of k,, the unfavorable deposition
rate coefficient (Table 3). The value of k¢ estimated by the complete inverse solution did
not agree well with the value of 4 calculated by colloid filtration theory, but identification
of 1 and k, was relatively insensitive to k;. Errors reported for k¢ (fit by the complete
inverse solution) and k, (fit by both inverse solutions) are the standard deviations of the
nine values determined for the three layers at the 45-, 85-, and 125-cm transport distances.
There is a very little deviation in the values of k¢ and k, estimated at the various sampling
ports.

5. Discussion
5.1. Dispersion

The longitudinal dispersivity determined for trititum was used to portray dispersion of
the colloids. The suitability of solute dispersivities for colloids has been experimentally
established (Morley et al., 1996) and accepted in the formulation of colloid and biocolloid
transport models (Hornberger et al., 1992; Rehmann et al., 1999). This assumption should
be valid only if the velocity of the groundwater flow is sufficient for mechanical
dispersion, and not diffusion, to be the dominant contributor to the overall dispersion of
the tritium and colloids.

The similarity between colloid concentrations measured in the center of each layer and
those measured near the layer interfaces indicated that transverse dispersion of colloids
was negligible over the length scale of the experiment. To reflect the negligible effect of
transverse dispersion, the ratio of longitudinal to transverse dispersitivity was set at o/
oar=10 in the two-dimensional model. This ratio is in the range (6—20) commonly
reported in previous studies (Gelhar et al., 1992). The model was found to be quite
insensitive to transverse dispersion as long as oy /o> 10. The value of this tank experi-
ment, with the three-layer heterogeneity as the two-dimensional feature, was diminished
by the lack of observance of transverse dispersion by the sampling array (with sampling
ports 5 cm away from adjacent layers). Sampling ports should have been placed closer to
the interfaces to monitor for the relatively small amount of transverse dispersion that
would have occurred over the 165-cm transport distance. However, there is a two-
dimensional value in the confirmation that transverse dispersion would be negligible (o /
o = 10) for transport distances of up to 165 cm.

5.2. Effect of geochemical heterogeneity on colloid transport

This experiment shows that the transport of colloids in porous media is strongly
influenced by geochemical heterogeneity in the form of ferric oxyhydroxide coatings
favorable to colloid deposition. As the favorable surface area fraction A increases from
measured values of 0.14-8.3%, the time to the blocking breakthrough increases. In
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assessing the role of geochemical heterogeneity in colloid transport, it is important to
realize that most of the colloid attachment occurs on the favorable surface area. Because
the ratio of kg/k, (or a/o,) is on the order of 10* for a typical ferric oxyhydroxide-coated
quartz system (Table 3), colloid deposition is dominated by the favorable surface area if 4
is greater than 10~ * (0.1%). Thus, small changes in the amount of favorable surface area
can dramatically affect the time and colloid concentration for complete breakthrough
(Mills et al., 1994; Johnson et al., 1996; Ryan et al., 1999; Elimelech et al., 2000). In these
simulations and those of Sun et al. (2001a,b), colloid transport is most sensitive to
variation of the favorable surface area fraction.

The blocking breakthrough occurs when the available surface area for deposition is
rapidly decreasing (Ko et al., 2000). A rapid increase in the colloid surface concentration 6
is closely followed by a rapid increase in the colloid concentration (the blocking
breakthrough). When colloid deposition is dominated by favorable surface area, the time
to blocking breakthrough should be related to the favorable surface area fraction. Compare
the transport to 85 cm in middle and lower layers—an approximate doubling of the
favorable surface area fraction from A, =4.2—8.3% resulted in an approximate doubling
of the time to blocking breakthrough from 28 to 65 days (Fig. 3; blocking breakthrough
defined as colloid concentration at 90% of the plateau in C Cy ).

The model clearly predicts that colloid concentration at the plateau following the
blocking breakthrough steadily decreases with distance in each layer. This decrease
represents the loss of mobile colloids, or the attenuation (irreversible deposition) of colloids,
over distance. The data collected during this experiment generally support this model
prediction, but some inconsistencies and missing data preclude definitive confirmation. The
data collected in the lower layer provide the best confirmation of the model-predicted
decrease in the plateau with distance. In the upper layer, data following the blocking
breakthrough are sparse, but for the data collected, the colloid concentration of the plateaus
decreases with distance. In the middle layer, the plateau at 45 cm is lower than the plateau at
85 cm. At 125 and 165 cm, the postblocking breakthrough plateau was never reached.

5.3. Parameter identification: favorable surface area fraction

The model-fits for the favorable surface area fraction compare well with the values
measured by electron microprobe for middle and lower layers, but not for the upper layer.
For the upper layer, the model-fit values are substantially larger than the measured value
(Aupper=1.2 2 0.8% or 1.8% Versus /meas =0.14%), even when the large error on Ayppe; is
considered (Table 1).

The discrepancy between the measured and model-fit values of the favorable surface
area fraction indicates that the uncoated sand contains favorable attachment surface area
that was not detected by the electron microprobe analysis. Recall that the electron
microprobe analysis detected no bright iron-rich coatings on any of the uncoated sand
grains. The Fe(III) extraction procedure did remove 3.6 mmol kg~ ' of Fe(III), an amount
comparable to the amount of ferric iron removed from Cape Cod glacial outwash sands
(Coston et al., 1995; Pieper et al., 1997), but the uncoated sand has none of the reddish-
orange tinge of the Cape Cod sand (it is possible that the extraction removed some
structural Fe(IIl) from the mica mineral grains).
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Instead, we suspect that the uncoated sand contained favorable attachment surface area
in the form of mica (muscovite and biotite) edges. Phyllosilicates, like muscovite and
biotite, possess faces characterized by ‘“permanent” negative charge arising from
isomorphic substitution and edges characterized by amphoteric silica and alumina surface
functional groups. The edges of mica minerals are positively charged below neutral pH
(e.g., Anderson and Sposito, 1992; Ilton and Veblen, 1994), presumably as a result of
protonation of the alumina surface hydroxyls. If edges comprise 10% of the muscovite and
biotite surface area, then the 8% mica fraction (by number for grains of roughly equal size)
could contribute a 0.8% favorable surface area fraction.

In the upper layer sand mixture, the favorable surface area attributed to mica edges
would be much greater than the A..s=0.14% attributed to ferric oxyhydroxide coatings
by electron microprobe analysis resulting in favorable surface area fractions much closer
to the model-fit A pper Value determined by complete inverse solution, but still consid-
erably smaller than the A,,per value determined by initiating the inverse solution with a
calculated k¢ value. Adding the same amount of favorable surface area attributed to mica
edges to the sand mixtures in the middle and lower layers still allows good agreement
between the measured and model-fit values of the favorable surface area fraction for those
layers.

5.4. Parameter identification: deposition rate coefficients

The k¢ value determined by the complete inverse solution corresponds to a collision
efficiency of o;=3.4, whereas ay=1 is assumed for the inverse solution initiated by
calculation of k¢ (Table 3). Collision efficiencies greater than one occur under favorable
deposition conditions (Elimelech, 1991; Ko and Chen, 2000); however, collision efficien-
cies as high as 3.4 have not been measured, even at very low ionic strength where attractive
electrostatic interactions promote collision efficiencies greater than one. The high values of
kyand o predicted by the complete inverse solution are probably the result of nonuniformity
of the aquifer grains. For the calculation of ), filtration theory assumes spherical grains of
uniform size. Nonsphericity of grains results in greater grain surface area, and hence,
greater colloid deposition. Nonuniform grain size distributions, particularly those skewed
toward smaller grain sizes, also result in greater surface area and deposition.

The values of k&, estimated by the two inverse solutions are nearly the same despite the
difference in k¢ values determined by the inverse solution or calculated for the inverse
solution. The o, values corresponding to these &, values are quite similar to collision
efficiencies measured for silica colloids in pure quartz sand at millimolar ionic strength
and slightly acidic to near-neutral pH (Saiers et al., 1994a; Johnson et al., 1996; Elimelech
et al., 2000).

6. Summary
The transport of colloids at distances up to 165 cm in a geochemically heterogeneous

porous medium, consisting of three layers of sand coated to different extents by ferric
oxyhydroxide, depended strongly on the fraction of coated surface area. The colloid and
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tritium tracer transport parameters were estimated with acceptably low uncertainty by a
series of one-dimensional inverse analyses of well-defined tracer and colloid break-
throughs. In contrast, a simultaneous two-dimensional inverse analysis of all breakthrough
data produced transport parameter estimates with unacceptably high uncertainties. One-
dimensional inverse analyses successfully predicted the favorable surface area fraction for
the two layers with favorable surface area fractions of 4.2% and 8.3%. For the layer with a
favorable surface fraction of only 0.14%, the model predicted much higher favorable
surface area fractions (1.2 = 0.8% by complete inverse analyses and 1.7 & 0.7% by inverse
analyses initiated by calculation of the deposition rate coefficient for the favorable surface
area). This discrepancy may be caused by the presence of mica in the sand—the mica
edges may act as favorable deposition sites. The favorable deposition rate coefficient
estimated by the model may be overestimated owing to nonsphericity and nonuniform size
of the porous media grains. Both of these deviations from the assumptions of colloid
filtration theory increase grain surface area and hence deposition. The unfavorable
deposition rate coefficient estimated by the model agrees well with deposition rate
coefficients for deposition of silica colloids on quartz sand under similar chemical
conditions. Overall, the model captured the essential features of the colloid breakthroughs
in this layered geochemically heterogeneous porous medium.
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