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Straining and Attachment of Colloids in Physically Heterogeneous Porous Media

Scott A. Bradford,* Mehdi Bettahar, Jirka Simunek, and Martinus Th. van Genuchten

ABSTRACT Many soil column and batch experiments have been
conducted to quantify fundamental properties and pro-Colloid transport studies were conducted in water-saturated physi-
cesses that control colloid transport and fate in the sub-cally heterogeneous systems to gain insight into the processes control-

ling transport in natural aquifer and vadose zone (variably saturated) surface, including sedimentation (Wan et al., 1995), hy-
systems. Stable monodispersed colloids (carboxyl latex microspheres) drodynamics (Wang et al., 1981; Tan et al., 1994), ionic
and porous media (Ottawa quartz sands) that are negatively charged strength (Abu-Sharar et al., 1987), pH (Suarez et al.,
were employed in these studies. The physically heterogeneous systems 1984), chemical heterogeneity (Song and Elimelech,
consisted of various combinations of a cylindrical sand lens embedded 1994; Song et al., 1994), hydrophobicity (Bales et al.,
in the center of a larger cylinder of matrix sand. Colloid migration was 1993), and surfactants (Ryan and Gschwend, 1994). The
found to strongly depend on colloid size and physical heterogeneity. A

primary mechanism of colloid mass removal by the soildecrease in the peak effluent concentration and an increase in the
is typically ascribed to colloid attachment. Attachmentcolloid mass removal in the sand near the column inlet occurred when
is the removal of colloids from solution via collisionthe median grain size of the matrix sand decreased or the size of the
with and fixation to the solid phase, and is dependentcolloid increased. These observations and numerical modeling of the

transport data indicated that straining was sometimes an important on colloid–colloid, colloid–solvent, and colloid–porous
mechanism of colloid retention. Experimental and simulation results media interactions. According to traditional clean-bed
suggest that attachment was more important when the colloid size attachment theory (first-order attachment), colloid re-
was small relative to the sand pore size. Transport differences between moval by a filter bed decreases exponentially with
conservative tracers and colloids were attributed to flow bypassing depth. Colloid attachment theory also predicts an opti-
of finer-textured sands, colloid retention at interfaces of soil textural mum particle size for transport for a given aqueous-
contrasts, and exclusion of colloids from smaller pore spaces. Colloid

porous medium system (Yao et al., 1971; Rajagopalanretention in the heterogeneous systems was also influenced by spatial
and Tien, 1976). Smaller particles are predicted to bevariations in the pore water velocity. Parameters in straining and
removed more efficiently by diffusive transport, andattachment models were successfully optimized to the colloid trans-
larger particles by sedimentation and interception.port data. The straining model typically provided a better description

of the effluent and retention data than the attachment model, espe- Experimental observations of colloid transport are
cially for larger colloids and finer-textured sands. Consistent with not always in agreement with colloid attachment theory
previously reported findings, straining occurred when the ratio of the (Tufenkji et al., 2003). For example, researchers have
colloid and median grain diameters was �0.5%. reported enhanced colloid retention at the soil surface

(Camesano and Logan, 1998) and that the spatial distri-
bution of retained colloids does not follow a simple

Inorganic, organic, and microbiological colloids exist exponential decrease with depth (Bolster et al., 1999;
in natural and contaminated aquifer and vadose zone Redman et al., 2001; Bradford et al., 2002). Some of

environments. These colloid particles can be released these discrepancies have been attributed to soil surface
into soil solution and groundwater through a variety of roughness (Kretzschmar et al., 1997; Redman et al.,
hydrologic, geochemical, and microbiological processes 2001), charge heterogeneity (Johnson and Elimelech,
(MacCarthy and Zachara, 1989; Ryan and Elimelech, 1995), and variability in colloid characteristics (Bolster
1996). Knowledge of the processes that control colloid et al., 1999). A time-dependent attachment rate has also
transport and fate is required to assess the contamina- been reported to occur as a result of differences in the
tion potential and to protect drinking water supplies attachment behavior of colloids on clean porous media
from pathogenic microorganisms (Bitton and Harvey, and on media already containing attached colloids
1992), to develop engineered bioaugmentation and bior- (Johnson and Elimelech, 1995). Blocking and ripening
emediation strategies (Wilson et al., 1986), and to devise refer to decreasing and increasing attachment with
microbially enhanced oil recovery systems (MacLeod et time, respectively.
al., 1988). Furthermore, the high surface area of colloids Some of the discrepancies between colloid transport
facilitates the sorption of many organic and inorganic data and attachment theory may also be due to the fact
contaminants. Colloids can then act as a mobile solid that attachment theory does not account for straining.
phase that accelerates the transport of sorbed contami- Straining is the trapping of colloid particles in down-
nants (Kretzschmar et al., 1999; Ouyang et al., 1996). gradient pore throats that are too small to allow particle

passage (McDowell-Boyer et al., 1986). The magnitude
of colloid retention by straining depends on both colloidS.A. Bradford, M. Bettahar, J. Simunek, and M.Th. van Genuchten,

George E. Brown, Jr. Salinity Laboratory, USDA, ARS, 450 West Big and porous medium properties. Straining occurs when
Springs Road, Riverside CA 92507-4617. Received 1 May 2003. Special colloids are retained in dead-end pores that are smaller
Section: Colloids and Colloid-Facilitated Transport of Contaminants than some critical size. Colloid transport may still occurin Soils. *Corresponding author (sbradford@ussl.ars.usda.gov).

in pores that are larger than this critical size. Sakthivadi-
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vel (1966, 1969) and Herzig et al. (1970) developed geo- periments were conducted in physically heterogeneous
systems consisting of various combinations of a cylindri-metric relations between the effective diameter of col-

loids and soil grain-size distribution characteristics to cal soil lens embedded in the center of a larger cylinder
of matrix soil. These studies were performed under satu-predict mass removal by straining. Matthess and Pekde-

ger (1985) generalized this rule to porous media made rated conditions, but have implications for the variably
saturated vadose zone. Transport and retention was as-up of a distribution of grain sizes. Colloid transport data

from Harvey et al. (1993) and Bradford et al. (2002) sessed by measuring temporal changes in colloid efflu-
ent concentrations and studying the final spatial distri-indicate that straining was more pronounced than pre-

dictions based on the criteria given by Matthess and bution of colloids remaining in the soil columns. The
data were interpreted with the aid of conservative tracerPekdeger (1985). Harvey et al. (1993) observed a trend

of increasing colloid retention with increasing colloid (bromide) studies conducted simultaneously on the
same soil columns, and numerical modeling of the ex-size and hypothesized that this straining behavior was

due to migration of clay particles to one end of the perimental systems. Special attention will be given to
the role of colloid straining in physical heterogeneouscolumn (decreasing the pore size at this location). Brad-

ford et al. (2002) reported that effluent colloid con- systems.
centration curves and the final spatial distributions of
retained colloids by the porous media were highly de- MATERIALS AND METHODS
pendent on the colloid size and soil grain-size distribu- Many of the experimental materials, procedures, and proto-
tion. Relative peak effluent concentrations decreased cols employed in this study were used also for homogeneous
and mass removal of colloids near the column inlet soil column experiments described by Bradford et al. (2002).
increased when colloid size increased and soil median Yellow-green fluorescent latex microspheres (Interfacial Dy-

namics Company, Portland, OR) were used as model colloidgrain size decreased. These observations were attributed
particles in the experimental studies (excitation at 490 nm,to colloid straining since conventional attachment and
and emission at 515 nm). Two size diameters of colloid parti-blocking models could not describe this behavior. Brad-
cles (dp), 1.0 and 3.2 �m, were employed. These microspheresford et al. (2003) employed an irreversible depth-depen-
had carboxyl surface functional groups grafted onto latex par-dent straining coefficient to successfully model straining.
ticle surfaces by the manufacturer to create a negativelyLaboratory-scale studies that explore the role of sub- charged hydrophobic colloid surface with a particle density

surface heterogeneity on colloid transport are important of 1.055 g cm�3 (provided by the manufacturer) and an equilib-
to bridge the gap in knowledge between field-scale and rium contact angle (air–water–lawn of colloids) of 115.2� (mea-
homogeneous soil column studies. This is especially true sured with a Tantec Contact Angle Meter, Tantec Inc.,
for larger-sized colloids, which may undergo size exclu- Schaumburg, IL). Specific physical and chemical characteris-

tics for the 1.0-�m particles include: surface charge density ofsion in heterogeneous systems (Ryan and Elimelech,
27 �C cm�2 (provided by manufacturer) and zeta potential1996) as well as straining (Bradford et al., 2002). Rela-
of �83.5 mV (measured with a Zetasizer 3000, Malvern Instru-tively few laboratory-scale studies have been conducted
ments, Inc., Southborough, MA). In contrast, the 3.2-�m parti-to explore the influence of heterogeneity on colloid
cles had a surface charge density of 11.9 �C cm�2 and a zetamigration in porous media (Saiers et al., 1994; Silliman,
potential of �85.5 mV. The initial influent concentration (Ci)1995), although laboratory-scale studies have examined for the 1.0- and 3.2-�m colloids was equal to 3.86 � 1010 Ncthe influence of fractures on colloid migration (Reimus, L�1 (where Nc denotes number of colloids) and 1.18 � 109 Nc1995; Cumbie and McKay, 1999). Saiers et al. (1994) L�1, respectively.

measured the transport behavior of colloidal silica The aqueous phase chemistry (pH, ionic strength, and com-
(mean colloid diameter of 0.091 �m) in systems com- position) of the tracer, resident, and eluant solutions utilized in

the soil column experiments was chosen to create a stabilizedposed of a coarse (mean grain size of 870 �m) soil lens
monodispersed suspension with the selected colloids. The ini-embedded in a finer (mean grain size of 360 �m) soil
tial resident and eluant solutions consisted of 0.001 M NaClmatrix. These authors found that colloid transport and
with its pH buffered to 6.98 using NaHCO3 (5 � 10�5 M).attachment could be adequately described with an advec-
The colloid-conservative tracer solution consisted of 0.001 Mtion–dispersion transport model that accounted for first-
NaBr with its pH buffered to 6.73 using NaHCO3 (5 � 10�5 M)order kinetic attachment–detachment. Silliman (1995) and the previously indicated initial colloid concentration. The

measured the transport behavior of a distribution of aqueous solvent for all experimental solutions consisted of
latex microspheres (diameters ranging from 2 to 90 �m) deionized water.
in various configurations of three coarse-textured sands Aquifer material used for the soil column experiments con-
(mean grain diameters equal to 3400, 2030, and 925 �m). sisted of various sieve sizes of Ottawa (quartz) sand (U.S.

Silica, Ottawa, IL). The porous media were selected to encom-Results from this study showed significant colloid reten-
pass a range in grain sizes and were designated by their mediantion at media contacts where water moved from larger
grain size (d50) as 710, 360, 240, and 150 �m. Specific propertiesto smaller diameter sands. Silliman (1995) attributed this
of the 710-, 360-, 240-, and 150-�m sands, include: uniformityobservation to attachment leading to increased straining
index (d60/d10; here x% of the mass is finer than dx) of 1.21,since colloid attachment decreases the effective pore size
1.88, 3.06, and 2.25; and intrinsic permeability of 4.08 � 10�10,at a particular location and reversing the direction of 6.37 � 10�11, 1.12 � 10�11, and 4.68 � 10�12 m2, respectively.

water flow liberated large numbers of colloids. The pore size distribution for these Ottawa sands can be esti-
The objective of this work was to investigate processes mated from capillary pressure–saturation curves presented by

controlling the transport and fate of colloids in physical Bradford and Abriola (2001). Ottawa sands typically consisted
of 99.8% SiO2 (quartz) and trace amounts of metal oxides,heterogeneous subsurface systems. Colloid transport ex-
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were spheroidal in shape, and had rough surfaces. The vast tracer or eluant solution upward through the vertically ori-
ented columns at a steady rate. The average Darcy velocitymajority of the sands possessed a net negative charge at a

neutral pH. (q) for the various soil column experiments is given in Table 1.
The colloid and bromide tracer solutions were pumpedAluminum soil columns, 10 cm long and with a 5-cm inside

diameter, were used in the transport studies. The columns through the columns for about 81 min, after which a three-
way valve was used to switch the pumped solution to thewere equipped with standard fittings at both of their ends. A

stainless-steel wire screen (105-�m mesh spacing) was placed eluant for a total experimental time of 250 min. A total of 50
effluent samples were collected and analyzed for colloid andat the soil surfaces to avoid sand displacement. Tubing to and

from the columns, fittings, and column o-rings were composed bromide concentration using a Turner Quantech Fluorometer
(Barnstead/Thermolyne, Dubuque, IA) and an Orion 720aof chemically resistant materials such as teflon, viton, and

stainless steel. pH/ISE meter (Orion Research Inc., Beverly, MA), respec-
tively. The analytic protocol was sensitive to concentrationsThe heterogeneous systems consisted of two soil types, a

soil cylinder (2.3-cm diameter, 6 cm long) lens embedded in over approximately two orders of magnitude below the initial
colloid and bromide concentrations. Concentrations of thethe center of a second soil referred to as the matrix. The soil

columns were wet packed with the various porous media, with 3.2-�m colloids were slightly influenced by background inter-
ference from natural colloids (�3% of C/Ci).the water level kept above the soil surface. Care was taken

to ensure uniform packing by thoroughly mixing small quanti- Following completion of the colloid transport experiments,
the spatial distribution of colloids in a soil column was deter-ties of the appropriate sieve size before addition to the col-

umns. After each incremental addition of soil, the added soil mined. The end fitting was removed and the saturated sand
was carefully excavated into 20-mL scintillation vials from thewas gently mixed with the lower surface layer of soil and then
column outlet to inlet. Excess eluant solution was added tovibrated to minimize settling and layering, and to liberate any
the vials. The vials were slowly shaken for 4 h using a Eberbachentrapped air. After filling the soil column to a height of 2 cm
shaker (Eberbach Corporation, Ann Arbor, MI) to liberate re-with the matrix soil, a stainless-steel cylinder of 2.3-cm internal
tained colloids. The concentration of the colloids in the ex-diameter was gently placed in the middle of the soil column.
cess aqueous solution was measured with a Turner QuantechThe sand forming the heterogeneity (lens) was filled inside
Fluorometer using the same experimental protocol as followedthe cylinder while matrix soil was added to the space separat-
for the effluent samples. These concentrations were correcteding the outer column and interior cylinder to the same height as
for colloid release efficiency (determined from batch experi-the soil lens. When the interior cylinder was filled to a height
ments) and natural background colloids (determined fromof 6 cm (8 cm above the base of the column), the interior
replicate “blank” soil columns). Additional details on the ex-cylinder was gently removed from the column and the re-
perimental protocols and procedures that were used to deter-maining column space was filled with matrix soil. Table 1
mine the spatial distribution of retained colloids are given byprovides porosity (ε) values for each experimental soil column.
Bradford et al. (2002).The porosity was determined according to the method of Dan-

A colloid mass balance was conducted at the end of eachielson and Sutherland (1986) using the measured soil bulk
soil column experiment using effluent concentration data anddensity and assuming a specific solid density of 2.65 g cm�3.
the final spatial distribution of retained colloids in the sands.Before initiating a carboxyl colloid tracer experiment the
The calculated number of effluent and soil colloids was nor-soil columns containing Ottawa sand were flushed with several
malized by the total number of injected particles into a column.cycles of deionized water and 0.026 M NaCl to remove most
Table 1 presents the calculated effluent (Me), soil (Ms), andof the natural colloids particles from the porous media. The
the total (Mt � Me � Ms) colloid mass fractions recovered forsoil columns were flushed as follows: initial resident solution
the experimental systems. To account for mass balance errorswas 0.026 M NaCl, 2 pore volume (PV) flush with deionized
in the experimental data, the concentration of colloids retainedwater, 2 PV flush with 0.026 M NaCl solution, 2 PV flush with
in the sand was multiplied by (1 � Me)/Ms. This approachdeionized water, and finally a 4 PV flush with eluant solution.
assumes that the colloid mass balance error occurs primarilyHere the 0.026 M NaCl solution promotes clay aggregation
on the solid phase.and the deionized water promotes clay mobilization (Bettahar

et al., 1998). This treatment produced persistently low effluent
concentrations of natural colloids in the column effluent. THEORY AND MODEL

A Masterflex L/S multihead drive pump (Barnant Com-
Clean-bed colloid attachment–detachment theory has fre-pany, Barrington, IL) was used to pump colloid and bromide

quently been used to describe colloid interactions with porous
media as (e.g., Bolster et al., 1999; Tufenkji et al., 2003):

Table 1. Soil column properties (porosity, ε; and Darcy water
velocity, qw) and the recovered effluent (Me), soil (Ms), and �(	bSatt)

�t
� 
w kattC � 	b kdet Satt [1]total colloid mass fraction (Mt).

Soil Soil
Here t is time (T), 	b (M L�3) is the soil bulk density, Sattmatrix lens dp ε qw Me Ms Mt

(Nc M�1—Nc denotes number of colloids) is the solid phase
�m cm min�1

concentration of attached colloids, 
w is the volumetric water
710 360 1.0 0.323 0.121 0.613 0.218 0.831

content, katt (T�1) is the first-order colloid attachment coeffi-710 240 1.0 0.328 0.109 0.614 0.198 0.812
cient, kdet (T�1) is the first-order colloid detachment coeffi-710 150 1.0 0.329 0.127 0.636 0.198 0.834

710 360 3.2 0.320 0.126 0.607 0.491 1.098 cient, and C (Nc L�3) is the liquid phase colloid concentration.
710 240 3.2 0.320 0.102 0.505 0.583 1.088 Colloid filtration theory is incorporated into the katt term as
710 150 3.2 0.339 0.129 0.536 0.499 1.035

(e.g., Logan et al., 1995):360 710 1.0 0.309 0.095 0.585 0.242 0.827
240 710 1.0 0.307 0.117 0.532 0.315 0.847
150 710 1.0 0.329 0.106 0.435 0.431 0.866 katt �

3(1 � 
w)
2d50

��v [2]360 710 3.2 0.318 0.120 0.297 0.594 0.891
240 710 3.2 0.321 0.108 0.221 0.831 1.052
150 710 3.2 0.328 0.115 0.148 1.109 1.257 where � is the collector (porous medium) efficiency, � is the
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colloid sticking efficiency, d50 (L) is the median porous medium tems. The incomplete characterization of the velocity depen-
dence of colloid retention parameters (especially straininggrain diameter, and v (L T�1) is the pore water velocity. In

this work the value of � is calculated using the following parameters) also hindered the simultaneous description of
attachment and straining.correlation written in terms of dimensionless variables (Logan

et al., 1995; Rajagopalan and Tien, 1976): Bradford et al. (2003) presented a method to predict the
influence of size and anion exclusion on colloid transport. The

� � 4 A1/3
s N�2/3

Pe � As N1/8
Lo N 15/8

R � influence of exclusion becomes more apparent with increasing
transport distances. Because of the relatively small transport0.00338 As N 1.2

G N�0.4
R [3]

distances considered in this work (10 cm), exclusion was not
Here As is the Happel correction factor, NPe is the Peclet simulated. Bromide and colloids are therefore both assumed
number, NLo is London-van der Waals attractive forces num- to be transported at the same pore water velocity.
ber, NR is the interception number, and NG is the gravitional To minimize the number of parameters that were fitted to
number. The first, second, and third terms on the right-hand the heterogeneous systems, the detachment coefficient and the
side of Eq. [3] denote contributions due to diffusion, intercep- bromide and colloids hydrodynamic longitudinal dispersivities
tion, and sedimentation, respectively (Logan et al., 1995). The (BR

H and H) that were used in the simulations were taken
value of � in Eq. [2] represents the fraction of particles collid- from homogeneous soil column studies that employed the
ing with the porous medium that remains attached and there- same sands and colloids (Bradford et al., 2002). Table 2 sum-
fore reflects the net effect of repulsive and attractive forces marizes these parameter values. The transverse dispersivity
between colloids and solid surfaces. The value of � is usually was set equal to one-tenth of the longitudinal dispersivity.
derived from experimental breakthrough curves (Pieper et al., Bradford et al. (2002) discussed differences in the bromide
1997; Ryan et al., 1999) or from fitted values of katt and calcu- and colloid dispersivity for a particular sand. The detachment
lated values of � (Bales et al., 1991; Redman et al., 1997). coefficients (Table 2) were quite low and had only a minor

Straining is modeled according to a slightly modified form influence on the homogeneous colloid transport experiments.
of the approach described in Bradford et al. (2003). The mass HYDRUS-2D is coupled to a nonlinear least squares opti-
balance equation for strained colloids is given as: mization routine based upon the Marquardt–Levenberg algo-

rithm (Marquardt, 1963) to facilitate the estimation of colloid
transport parameters from experimental data. Each model�(	bSstr)

�t
� 
wkstr�strC [4]

simulation was obtained by simultaneously fitting two param-
eters to effluent and retention data collected from a heteroge-where kstr (T�1) is the straining coefficient, �str is a dimen- neous colloid transport experiment. Sticking efficiencies (inde-sionless colloid straining function, and Sstr (Nc m�1) is the solid pendent of velocity) for the matrix and lens sands were fittedphase concentration of strained colloids. The value of �str is for the attachment model (Eq. [1]–[3]). Attachment coeffi-a function of distance and is described as cients were not directly fitted, so that the velocity dependence
of katt could be characterized (Eq. [2] and [3]). Straining coeffi-

�str � H(z � zo)�d50 � z � z0

d50
�
��

[5] cients for the matrix and lens sands were fitted for the straining
model (Eq. [4] and [5]).

where � is a parameter that controls the shape of the colloid
spatial distribution, H(z � zo) is the Heaviside function, z (L) RESULTS AND DISCUSSION
is depth, and zo (L) is the depth for the column inlet (matrix
sand) or textural interface (lens sand). Equation [5] assumes Transport in Heterogeneous Systems:
that colloid mass retention by straining occurs primarily at 710-�m Matrix
the column inlet or textural interface because colloids are

We first discuss the water flow and transport of bro-retained in dead-end pores that are smaller than some critical
mide and colloids through the physically heterogeneoussize. The number of dead-end pores is hypothesized to de-
systems consisting of a finer-textured sand (360, 240,crease with increasing distance because size exclusion and/or

limited transverse dispersivity tend to keep mobile colloids and 150 �m) lens embedded in the center of 710-�m
within the larger networks, thus bypassing smaller pores. Brad- matrix sand. In these systems the finer-textured lens has
ford et al. (2003) found that the value of � � 0.432 gave a a lower intrinsic permeability than the coarser-textured
good description of the spatial distribution of retained colloids 710-�m matrix. Figure 1 presents the simulated aqueous
when significant straining occurred. For the remainder of this phase velocity distribution in the 710-�m matrix–360-
manuscript � will be fixed to this value. In contrast to the

�m lens system. The higher permeability of the matrixattachment–detachment model given by Eq. [1] through [3],
the straining model does not include a dependence on velocity.

Table 2. Transport parameters (bromide dispersivity, �BR
H ; colloidAdditional studies are warranted to quantify the velocity de-

dispersivity, �H; and detachment coefficient, kdet) that werependence of the straining coefficient. obtained from homogeneous soil column data (Bradford etMathematical modeling of water flow and bromide and al., 2002).
colloid transport in the experimental systems was conducted

Soilusing a modified version of the HYDRUS-2D computer code
type dp �BR

H �H kdet � 104
(Simunek et al., 1999). To simulate the three-dimensional flow

�m cm min�1and transport process that occurred in the heterogeneous sys-
710 1.00 0.061 0.237 0.75tems considered in this work, the code was run in axisymmetric
710 3.20 0.076 0.239 4.10(r-z) mode. This code was modified to account for colloid
360 1.00 0.070 0.158 6.65attachment and detachment (Eq. [1]–[3]), and straining (Eq. 360 3.20 0.103 0.288 2.87

[4] and [5]). Although attachment and straining are likely to 240 1.00 0.074 0.179 10.0
240 3.20 0.053 0.361 3.75occur simultaneously in natural systems, these processes were
150 1.00 0.080 0.071 12.4considered separately in this work to facilitate the determina-
150 3.20 0.179 0.299 12.0tion of unique parameter estimates in the heterogeneous sys-
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Darcy velocity for the columns (Table 1). Figure 2 also
presents the simulated effluent concentration curve for
bromide in the 710-�m matrix–360-�m lens system. The
predicted bromide effluent concentration curve is very
similar to the observed data. This suggests that the bro-
mide transport parameters and the simulated aqueous
phase flow field (Fig. 1) accurately characterize the ex-
perimental conditions.

Figures 3a and 3b present plots of the 1.0-�m colloid
effluent concentration curves and the spatial distribu-
tions of retained colloids in the indicated 710-�m matrix
systems. The relative effluent concentrations are plotted
as a function of pore volumes in Fig. 3a. In Fig. 3b the
normalized concentration (number, Nc, divided by the
total number added to the column, Ntc) per gram of dry
sand is plotted as a function of dimensionless depth from
the column inlet. The beginning and ending locations for

Fig. 1. Simulated aqueous phase velocity distribution in the 710-�m the lens sand are denoted with solid horizontal lines in
matrix–360-�m lens system. A cross-section view from the column figures of the colloid spatial distributions. The 1.0-�m
center (left) to the column boundary (right) is shown. colloid transport behavior is very similar for the differ-

ent heterogeneous systems. This observation is consis-leads to significant flow bypassing of the finer-textured
tent with the similar water flow and bromide transportlens material. An estimate of the volume fraction of
shown in Fig. 1 and 2, respectively. Similar to bromidewater that passes through the lens was calculated from
(Fig. 2), the earlier colloid breakthrough occurs as athe ratio of the transmissivity (product of the cross-
result of flow bypassing of the finer-textured lenses (Fig.sectional area and hydraulic conductivity) for the lens
1). Figure 3b indicates that the majority of the colloidmaterial and the total column to be 4.0, 0.7, and 0.3%
mass removal occurs near the inlet interface of the ma-for the 360-, 240-, and 150-�m lens systems, respectively.
trix and the fine-textured lens. This likely occurs as aHence, more than 96% of the water flows through the

710-�m matrix sand in these systems.
Figure 2 shows a plot of the effluent concentration

curves (relative concentration, C/Ci, as a function of
pore volume) for bromide in the indicated 710-�m ma-
trix systems. Observe that the initial breakthrough of
bromide occurs slightly before one pore volume (about
0.85–0.9 PV), due to flow bypassing of the lens. The
somewhat asymmetric shape (approach to peak effluent
concentration, and tailing) of the bromide breakthrough
curve is also controlled by the degree of water bypassing
(Fig. 1). In general, the transport behavior of bromide
in the various 710-�m matrix systems is quite similar
because comparable amounts of water bypass the vari-
ous soil lenses. Variations in the bromide (and colloid)
pulse volume occurred as a result of differences in the

Fig. 3. (a) The effluent concentration curves and (b) the final spatialFig. 2. Observed and simulated (710-�m matrix–360-�m lens) efflu-
ent concentration curves of bromide in the indicated 710-�m ma- distributions of 1.0-�m colloids in the indicated 710-�m matrix

systems.trix systems.
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(Eq. [4] and [5]) models, and statistical parameters (co-
efficient of linear regression, and standard error) for the
goodness of parameter fit. Uncertainty in the estimated
colloid transport parameters in the finer-textured lens
sand is quite large due to flow bypassing of this material.
Both the attachment and straining models provide a
reasonable description of the effluent concentration
curve and the spatial distribution of retained colloids.
Analysis of homogeneous transport data for 1.0-�m col-
loids in the 710-�m sand by Bradford et al. (2003),
however, indicates that attachment is likely the domi-
nant retention process.

Figures 5a and 5b present plots of the 3.2-�m colloid
effluent concentration curves and the spatial distribu-
tions of retained colloids in the indicated 710-�m matrix
systems. As for the 1.0-�m colloids (Fig. 3a) and bro-
mide (Fig. 2), the transport and retention behavior for
the 3.2-�m colloids is similar for the different soil hetero-
geneities. We again attribute this to the fact that most
of the water flows through the 710-�m matrix material
(�96%) and bypasses much of the finer-textured lens
(Fig. 1). Comparison of Fig. 3 and 5 reveals lower efflu-
ent concentrations and greater mass retention near the
column inlet for the 3.2-�m colloids than for the 1.0-�m
colloids. Figures 6a and 6b present plots of the observed
and simulated 3.2-�m colloid effluent concentration
curves and the spatial distributions of retained colloids
in the 710-�m matrix–360-�m lens system. Fitted pa-
rameters from the attachment and straining models are

Fig. 4. Observed and simulated (parameters for the attachment and summarized in Table 3. Considerable uncertainty in thestraining models are given in Table 3) (a) effluent concentration
estimated transport parameters for the finer-texturedcurves and (b) the final spatial distributions of 1.0-�m colloids in

the 710-�m matrix–360-�m lens system. lens sand occurred as a result of flow bypassing. The
attachment model provides an adequate description of
the effluent concentration curve, but does not satisfacto-result of variations in colloid retention with changes in
rily describe the spatial distribution of retained colloids.the aqueous flow field in this region (Fig. 1) or due to
The straining model provides a slightly improved char-enhanced retention in the finer-textured sand lens.
acterization of the spatial distribution. Data analysis byFigures 4a and 4b present plots of the observed and
Bradford et al. (2003) indicates that transport of 3.2-�msimulated (attachment and straining models) 1.0-�m
colloids in homogeneous 710-�m sand was controlled bycolloid effluent concentration curves and the spatial dis-
straining. This hypothesis was supported by the system-tributions of retained colloids in the 710-�m matrix–
atic trends of increasing colloid retention with increasing360-�m lens system. Table 3 shows fitted parameter

values for the attachment (Eq. [1]–[3]) and straining colloid size or decreasing median sand grain size, the

Table 3. Fitted parameters (sticking efficiency, �; and straining coefficient, kstr) from the attachment (Eq. [1]–[3]) and straining (Eq.
[4] and [5]) models.

Figure Model dp Sand Symbol Units Fit SE r2

�m
4 Attach 1.0 710† � – 0.173 0.012 0.969

360‡ � – 0.491 0.218
4 Strain 1.0 710† kstr min�1 0.065 0.005 0.978

360‡ kstr min�1 2.000 1.053
6 Attach 3.2 710† � – 0.160 0.010 0.924

360‡ � – 0.043 0.052
6 Strain 3.2 710† kstr min�1 0.108 0.007 0.932

360‡ kstr min�1 0.441 0.244
10 Attach 1.0 710‡ � – 0.001 0.241 0.743

150† � – 0.266 0.041
10 Strain 1.0 710‡ kstr min�1 0.000 0.073 0.938

150† kstr min�1 0.323 0.023
12 Attach 3.2 710‡ � – 0.031 0.624 0.855

150† � – 0.867 0.123
12 Strain 3.2 710‡ kstr min�1 0.021 0.179 0.988

150† kstr min�1 1.160 0.054

† Denotes matrix sand.
‡ Denotes lens sand.
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Fig. 6. Observed and simulated (parameters for the attachment and
Fig. 5. (a) The effluent concentration curves and (b) the final spatial straining models are given in Table 3) (a) effluent concentration

distributions of 3.2-�m colloids in the indicated 710-�m matrix curves and (b) the final spatial distributions of 3.2-�m colloids in
systems. the 710-�m matrix–360-�m lens system.

inability of conventional attachment or blocking theory preferentially through the lens and tends to bypass ato accurately characterize the colloid spatial distribu- large volume of finer-textured matrix material adjacenttion, and the wide variability (a factor of 24) in fitted to the lens in the middle region of the column. Ansticking efficiencies for a given porous medium and for estimate of the volume fraction of water that passescolloids that had similar surface charges but different through the lens was calculated from the ratio of thesizes. transmissivity for the lens material and the total columnIt should also be mentioned that the 3.2-�m colloids to be 63.0, 90.7, and 95.7% for the 360-, 240-, and 150-�min the 710-�m matrix–360-�m lens system exhibited
slightly earlier colloid breakthrough (Fig. 5) compared
with bromide (Fig. 2). This observation is attributed to
size exclusion and/or the greater dispersivity of colloid
particles compared with bromide (Table 2). This behav-
ior, however, was not observed for the 710-�m matrix
systems containing 240- or 150-�m lens, presumably due
to greater flow bypassing of the finer-textured lens
sands.

Transport in Heterogeneous
Systems—710-�m Lens

This section discusses water flow, and the transport
of bromide and colloids, through the physical heteroge-
neous systems consisting of a 710-�m sand lens embed-
ded in the center of the finer-textured (360, 240, and
150-�m) matrix sand. In these systems the finer-textured
matrix sand has a lower water permeability than the
coarser-textured 710-�m lens. Figure 7 presents the sim- Fig. 7. Simulated aqueous phase velocity distribution in the 710-�m
ulated aqueous phase velocity distribution in the 710-�m lens–360-�m matrix system. A cross-section view from the column

center (left) to the column boundary (right) is shown.lens–360-�m matrix system. Notice that water flows
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matrix systems, respectively. Hence, the trend of de-
creasing water permeability with decreasing median
grain size of the matrix material promotes increased
bypassing of the matrix material near the lens in these
physically heterogeneous systems.

Figure 8 presents plots of the effluent concentration
curves for bromide in the indicated 710-�m lens systems.
Due to pronounced flow bypassing in these systems
(Fig. 7), the bromide breakthrough occurs considerably
earlier than one pore volume (between 0.6 and 0.85),
and the effluent curves are asymmetrically shaped (slow
approach to peak effluent concentration and tailing).
Differences in the bromide effluent curves occur primar-
ily as a result of the variations in the volume of water that
is transported in the 710-�m lens material. A simulated
effluent concentration curve for bromide in the 360-�m
matrix–710-�m lens system is also presented in Fig. 8.
The observed and predicted bromide effluent concen-
tration curves exhibit reasonable agreement, indicating
that the bromide transport parameters and simulated
aqueous phase flow field (Fig. 7) are accurately charac-
terized.

Figure 9a presents the effluent concentration curves
for 1.0-�m colloids in the indicated heterogeneous
710-�m lens systems. The peak effluent concentration
decreases with decreasing matrix grain size (360 � 240 �
150 �m). The spatial distributions of retained 1.0-�m
colloids in the various 710-�m lens systems are shown

Fig. 9. (a) The effluent concentration curves and (b) the final spatialin Fig. 9b. The 150-�m matrix system has the highest
distributions of 1.0-�m colloids in the indicated 710-�m lenscolloid concentrations at the column inlet and then de- systems.

creases rapidly to a low constant concentration with
increasing dimensionless depth. The spatial distribution

Figures 10a and 10b present plots of the observed andof colloids in the 360-�m matrix system has a much
simulated 1.0-�m colloid effluent concentration curvesmore gradual shape and higher colloid concentrations
and the spatial distributions of retained colloids in thedirectly below the inlet lens–matrix interface (at a di-
150-�m matrix–710-�m lens system. Table 3 summa-mensionless depth of 0.3) compared with the 150-�m
rizes the fitted parameters from the attachment andmatrix system. The 240-�m matrix systems exhibit inter-
straining models. The sticking efficiency for the 150-�mmediate behavior to the 360- and 150-�m matrix sys-
matrix sand was 266 times greater than that for thetems. Both effluent and spatial distribution data are
710-�m lens sand. This difference is physically unrealis-consistent with straining, which increases in magnitude
tic because � is theoretically the same for similar Ottawaand frequency with decreasing grain size of the sand.
sands and colloids. In comparison with the attachment
model, the straining model provides an improved char-
acterization of the effluent concentration curve and the
spatial distribution. This observation suggests that strain-
ing is an important mechanism of colloid retention for
the 1.0-�m colloids in this system. Straining also likely
influences the retention of 1.0-�m colloids in the other
710-�m lens systems (360- and 240-�m matrix sands),
but to a lesser extent due to the larger median grain
size of the matrix sand in these systems. Attachment is
anticipated to have a greater role in colloid retention
for coarser-textured sands and/or smaller colloids.

Figure 11a presents the effluent concentration curves
for the 3.2-�m colloids in the heterogeneous 710-�m
lens systems. As for the 1-�m colloids (Fig. 9a), the
3.2-�m colloids follow a trend of decreasing peak efflu-

Fig. 8. Observed and simulated (710-�m lens–360-�m matrix) efflu-
ent concentration with decreasing matrix grain sizeent concentration curves of bromide in the indicated 710-�m

lens systems. (360 � 240 � 150 �m). The corresponding 3.2-�m col-
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Fig. 10. Observed and simulated (parameters for the attachment and Fig. 11. (a) The effluent concentration curves and (b) the final spatial
straining models are given in Table 3) (a) effluent concentration distributions of 3.2-�m colloids in the indicated 710-�m lens
curves and (b) the final spatial distributions of 1.0-�m colloids in systems.
the 710-�m lens–150-�m matrix system.

concentration curve and the spatial distribution com-
pared with the attachment model. This observation sug-

loid spatial distribution plots are shown in Fig. 11b. The gests that straining is an important mechanism of colloid
heterogeneous 710-�m lens systems exhibits high con- retention for the 3.2-�m colloids in this system, as well
centrations in the sand near the inlet and then rapidly as the other 710-�m lens systems (360- and 240-�m
decreases to a constant low value with increasing dis- matrix sands).
tance until a dimensionless depth of around 0.6. A sec-
ond minor increase in colloid retention occurs near the SUMMARY
interface of the lens and matrix sands in the 240- and

Colloid transport studies were conducted in water-150-�m matrix systems (dimensionless depth of around
saturated physically heterogeneous systems to gain in-0.6). For a particular matrix sand and 710-�m lens sys-
sight into the processes controlling transport in naturaltem, comparison of Fig. 9 and 11 reveals lower effluent
aquifer and vadose zone (variably saturated) systems.concentrations and greater mass retention near the col-
Attachment is typically assumed to be the dominantumn inlet for the 3.2-�m colloids than for the 1.0-�m
mechanism of colloid retention in porous media. Thecolloids. This observation is consistent with straining
experimental results and analysis in this manuscript indi-behavior, which is more pronounced for larger colloids
cate that straining is also sometimes an important mech-(Bradford et al., 2002). anism of colloid retention, especially for decreasing me-

Figures 12a and 12b present plots of the observed and dian grain size and increasing colloid size. Straining was
simulated 3.2-�m colloid effluent concentration curves found to be greatest in sand adjacent to the column
and the spatial distributions of retained colloids in the inlet, whereas attachment likely occurred throughout
150-�m matrix–710-�m lens system. Table 3 summa- the system at a lower rate. Results from this study were
rizes the fitted parameters from the attachment and consistent with the finding reported in Bradford et al.
straining models. The difference in the fitted sticking (2003) that straining was a significant mechanism of
efficiencies for the 150-�m matrix (28 times greater) colloid retention for values of (dp /d50) � 0.005. This
and 710-�m lens sands was physically unrealistic since work also underlines the importance of aqueous phase
� is theoretically the same for similar Ottawa sands velocity distribution, retention at interfaces of textural
and colloids. Similar to Fig. 10b, the straining model contrast, and exclusion in heterogeneous systems. Addi-

tional research is warranted to better characterize theprovided an improved description of both the effluent
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