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Understanding the mechanisms behind the transport of particulate contaminants in porous media is

crucial with a view to evaluating their potential impact on the environment. Much of the copper used in

agriculture is sprayed as colloidal copper oxychloride, and despite its potential environmentally adverse

consequences, colloidal transport of particulate formulations of copper remains poorly understood. In

this work, transport of copper colloids from a commercial copper oxychloride based fungicide formu-

lation was studied by measuring its breakthrough in saturated quartz sand columns. The influence of

ionic strength and flow rate on the test results suggests that retention of copper oxychloride based

colloids is governed by weak forces. The particle deposition dynamics of the studied copper formulation

was consistent with a two-site kinetic attachment model. The proposed colloid retention mechanisms

are highly sensitive to the fungicide particle size. A comparison of our test results with reported data for

other copper oxychloride wettable powder fungicide formulations revealed that transport of copper

oxychloride is strongly influenced by its particle size. This is consistent with the theory of Derjaguin,

Landau, Verwey, and Overbeek (DLVO), but only if binding occurs at the secondary minimum in the

potential, where attachment is less favorable with small particles. The influence of particle size is also

consistent with the results of previous studies where deposition was ascribed to retention at a secon-

dary minimum. The mobility of colloidal formulations of these copper-based fungicides in saturated

porous media increases with increasing particle size.
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INTRODUCTION

A wide range of copper-based fungicides have for some time
been used against fungal diseases in various crops. This had led to
copper accumulating in soil surfaces and subsurfaces (1-7) and
to its concentration in some agricultural soils exceeding the
European Union recommended limit of 140 mg kg-1 (8) as a
result. The potential environmental problems resulting from the
accumulation of copper can restrict its use as a fungicide in
agriculture. Because commercial formulations of fungicides are
designed to facilitate control of their physicochemical characteri-
stics, the properties of copper formulations may influence the
behavior of thismetal in the environment.Understanding theway
commercial formulations control metal transport in porous
systems is important with a view to predicting the fate of copper
in agricultural ecosystems.

Off-target deposition and rainfall-induced foliar washoff can
facilitate the transfer of copper fungicides to soil. Washoff losses
may occur in the form of suspended particles (9, 10). Most
commercial copper-based formulations currently used in agricul-
ture are sprayed as colloid-sized water suspensions of copper
oxychloride minerals. Because such minerals are scarcely soluble

over the typical pH range for natural waters (viz. 6-7), their
transport in soil may occur as colloid-size particles. In fact, high
concentrations of total copper (250 ( 146 mg of Cu kg-1)
have been detected in deep layers of coarse-textured soils under
vineyard crops intensively treated with copper formulations (11).
Such high concentrations suggest that transport of this metal is
more marked than one would have expected from the mobility of
its dissolved forms (12).

The transport of particles in soil is largely influencedby theway
they attach to soil surfaces. The electrochemical conditions of a
suspension of particles in a porousmedium such as soil determine
whether their attachment will be favorable (attractive forces) or
unfavorable (repulsive forces). The conditions for particle attach-
ment (repulsion or attraction) are usually modeled on the basis
of the theory of Derjaguin, Landau, Verwey, and Overbeek (DL-
VO). However, recent studies have exposed the deposition of
colloid-size copper oxychloride particles in saturated quartz
sand even under unfavorable electrochemical conditions for
attachment (13). In this situation, colloid surface forces are weak,
andwhether particle attachment occurs depends on the particular
characteristics of the diffuse layer. Particle retention under these
conditions is also influenced by hydrodynamic flow, geometry,
and physico-chemical heterogeneity in the surface of porous
media (13, 14).
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Copper oxychloride for agricultural uses is commercially avail-
able in various formulations. Some characteristics of such formula-
tions (particularly particle size distribution) can dictate their beha-
vior as colloids during transport in porousmedia. In a recent paper,
transport of copper oxychloride in saturated quartz sand (13)
was described in terms of particle attachment at the secondary
minimum.

The purpose of this work was to study transport in a commer-
cial fungicide based on an aqueous suspension of colloidal copper
oxychloride by modeling retention of the colloids during tran-
sport in water-saturated quartz sand columns and examining the
influence of ionic strength (I) and hydrodynamic variables on it.
The results thus obtained were compared with previously re-
ported data (13) for transport in a particulate copper oxychlo-
ride fungicide.

MATERIALS AND METHODS

Fungicide. The commercial copper-based fungicide ZZ-Cuprocol
(CO-PG, manufactured by Syngenta Agro, S.A., Pontevedra, Spain) is a
concentrated aqueous suspension containing 64 g of copper and 2 mL of
propylene glycol per 100 mL of product. This fungicide is used worldwide
to prevent mildew infection in crops. The properties of the studied
formulation are summarized in Table 1. Based on its mineral composition
as determined by X-ray diffraction of crystalline powder, the most
abundant mineral phase in CO-PG is atacamite, which is accompanied
by traces of paratacamite.

The average particle size and Zeta potential of the particulate fungicide
in its aqueous suspension were measured over the range 0.6 nm to 6 μm,
using dynamic light scattering on Zetasizer Nano equipment from
Malvern Instruments, Ltd. (Malvern, U.K.). Particle density was mea-
sured picnometrically (15).

The copper content of the studied fungicide was determined in
quintuplicate, using acid digestion with aqua regia and hydrofluoric acid
until complete dissolution (16). The total suspended copper concentration
in the aqueous suspensions was determined by adding 13.5 M HNO3 in a
1/10 (v/v) proportion to the samples and measuring by acetylene-air
flame atomic absorption using a Solaar M5 spectrophotometer from
Thermofisher Scientific, Inc. (Waltham, MA). Soluble copper in the
samples was measured after filtering through a membrane of 0.45 μm
pore size. The amount of particulate Cu was calculated as the difference
between soluble and total Cu. Particle density measurements were used in
conjunction with nominal particle diameters to calculate the number of
suspended particles.

Quartz Sand. Quartz sand (SiO2) was used as the column packing
material. Quartz grains (Aldrich Chemical, Milwaukee, WI) were well
sorted and had a grain diameter of 0.32 mm. The sand was thoroughly
cleaned prior to use (17). Visual inspection by scanning electron micro-
scopy confirmed that the sand grainswere prolate spheroidal in shape. The
Zeta potential of the sandwasmeasured in a near-micrometer size fraction
previously obtained by sedimentation of a suspension of the ground sand
sample.

Transport Tests. The properties of the quartz sand columns used in
the fungicide deposition tests are summarized in Table 2. Longitudinal
dispersivity was estimated in transport tracer tests involving the applica-
tion of pulses of 0.29 mM KBr and measurement of the bromide ion
concentration in the outflow.

The suspensions used to study colloid transport were prepared by
mixing the fungicide with distilled water or 0.01-100 mM NaNO3

containing 73-83 mg of Cu L-1 as CO-PG (Table 3). All suspensions
were vigorously stirred while applied at the top end of the column by
means of a peristaltic pump.

Particle concentrations were determined by measuring light absorption
in an 80 μL flow-through cell fromHellma GmbH (M€ullheim, Germany);
measurements were made at 800 nm at 80 s intervals on a Jenway 6310
spectrophotometer. Effluent samples were collected with a fraction collec-
tor. Photometric readings were calibrated by correlating the total copper
content in the collected samples with the light absorption measurements.

PartitionTests.Electrochemical retention of fungicide particles by the
sand surface was studied in batch tests intended to elucidate the way the
particles distributed between the suspension and collector surface. This
involved mixing known amounts of fungicide with the electrolyte and
quartz sand and thoroughly blending the mixture for 60 min, after which
the sand was allowed to settle for 5 s and the concentration of fungicide
particles in suspension measured as described above.

ExperimentalDesign.The influence of ionic strength on the fungicide
particle deposition rate was examined in column transport tests involving
fungicide suspensions containing 0.01-100 mM NaNO3 and deionized
water. The low electrolyte concentrations used were intended to mimic
heavy rainfall episodes when the soil solution is highly dilute. The
parameters measured in each run included ionic strength, pH, and Zeta
potential (Table 4).

The effect of changing the ionic strength in a single runwas examined in
three steps, namely, (i) deposition, which was done similarly as in the
above-described transport tests; (ii) elution, which involved washing the
quartz sand column containing the deposited fungicide with a fungicide-
free solution at the same pH and ionic strength; and (iii) further elution
with deionized water, which substantially reduced the ionic strength.

A third type of transport test involving two runs at a Darcy velocity of
0.57 or 2.86 cm min-1 was performed in order to assess the influence of
hydrodynamics on transport of the fungicide.

Data Analysis.Colloid transport in porousmedia can be described by
using a modified form of the classical convection-dispersion equation
(CDE) and the colloid attachment model. The attachment model assumes
first-order kinetic attachment of colloids and uses an attachment coeffi-
cient that is reduced by effect of favorable attachment sites being filled or

Table 1. Experimental Properties of Copper Oxychloride Particles in Com-
mercial Colloidal Copper Oxychloride

Cu content (g g-1) 0.464

mean particle size (μm) 0.315

particle size distribution width (μm) 0.122

particle density (g cm-3) 3.205

Table 2. Properties and Parameters of PackedQuartz Sand Columns Used in
Fungicide Particle Deposition Tests

collector diameter (dc, cm) 0.032

fluid density (Ff, kg m-3) 103

fluid viscosity (μ, kg m-1 s-1) 8.9 � 10-4

temperature (T, K) 298

Hamaker constant (A, J) 1.0 � 10-20

porosity (f, -) 0.41

column length (L, cm) 5

Happel model parameter (As, -) 35.72

Table 3. Properties of Colloid Suspensions in Deionized Water (DW)
Containing Variable Electrolyte Concentrations Used in Transport Tests

NaNO3

concn (mM) pH I (mM)

Z potential

(mV)

Cu in

suspension

(mg L-1)

fungicide

concn

(mg L-1)

particle

concn

(particle L-1)

DW 6.09 <10-4 -40 72.87 157.74 3.01� 1012

0.01 6.12 0.01 -57 83.02 179.7 3.43� 1012

10 6.29 10 -71 73.44 158.96 3.03� 1012

100 6.11 100 -50 79.81 172.75 3.29� 1012

Table 4. Fitting Parameters for the Two-Site Random Sequential Adsorption
Model As Estimated from Breakthrough Data for Saturated Packed Quartz
Sand at Variable Ionic Strengtha

Ib smax2
c ka2

d smax1
c ka1

d SSQe r2 f

DW 35 (0.65) 6.67 (0.259) 33 (2.2) 0.07 (0.007) 0.001 1.000

0.01 mM 35 (0.62) 4.69 (0.238) 100 (7.7) 0.07 (0.005) 0.004 0.999

10 mM 51 (1.71) 3.45 (0.206) 92 (8.9) 0.10 (0.013) 0.028 0.996

100 mM 140 (7.32) 2.44 (0.128) 338 (33.9) 0.16 (0.023) 0.016 0.994

a Standard errors are shown in parentheses. b Ionic strength (mmol L-1).
cMaximum attachment capacity (mg of Cu (kg of sand)-1). d Attachment constant
(min-1). eSum of squares of residuals. f Pearson’s squared correlation coefficient.
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increased by effect of filter ripening. Straining represents the trapping of
colloid particleswhen colloids are retained in pores smaller than some critical
size. For an aqueous suspension of monodisperse particles flowing vertically
through a packed column of granular collectors, the one-dimensional form
of the CDE with two-site kinetic attachment can be written as (18)

θ
Dc
Dt

¼ D
Dz

θ D
Dc
Dz

-Uc

� �
-Fb

DðsAtt1Þ
Dt

-Fb
DðsAtt2Þ

Dt
ð1Þ

where c is the colloid concentration in the aqueous phase (NL-3), t (T) time,
z the vertical spatial coordinate (L), θ the volumetric water content (-), D
the hydrodynamic dispersion coefficient (L2 T-1),U the average pore-water
velocity (L T-1), and Fb the bulk density of the porous matrix (M L-3), and
sAtt(N M-1) are the concentrations of colloids attached to the two types of
sites, which are denoted by subscripts 1 and 2, respectively. The rate of
attachment to either type of site is given by

Fb
DðsAttÞ
Dt

¼ θkAttψAttc-FbkDetsAtt ð2Þ

where kAtt and kDet are the first-order colloid attachment and detachment
coefficients, respectively (T-1), and ψAtt is a dimensionless colloid attach-
ment function (-).Colloid deposition canbe exploredwith the aid of various
functions of the Langmuir (19), random sequential adsorption (RSA) (20),
ripening, or depth-dependent attachment type (21, 22). The attachment
coefficient kAtt can be determined in the light of the filtration theory (23),
which provides a quasi-empirical formulation defining the attachment
coefficient in terms of the median grain diameter of the porous medium
(often termed the “collector”), pore-water velocity, and collector and
collision (sticking) efficiencies, which account for colloid removal by
diffusion, interception, and gravitational sedimentation (22, 23). We used
the software HYDRUS-1D (18) to interpret the experimental particle
breakthrough curves in light of the colloid filtration models and colloid
attachment theory.

RESULTS AND DISCUSSION

ElectrokineticMeasurements. Figure 1 shows the Zeta potential
for CO-PG and colloidal sand at concentrations over the range
0.01-100 mM. As can be seen, the potential decreased, to a
greater negative value, with increase in electrolyte concentration
up to 10 mM NaNO3 and then increased, to a smaller negative
value, at higher concentrations. A phenomenon known as “over-
charging” (24), which is ascribed mainly to the presence of
divalent counterions (25), was observed that affected electro-
phoreticmobility. The effectmust have resulted fromcompetition
between Cu2þ dissolved from the copper oxychloride and Naþ

added in the electrolyte for particle surfaces, since monovalent
Naþ cannot change the surface charge.

Propylene glycol present in CO-PG had no effect on electro-
phoretic mobility; in fact, the Zeta potentials measured in washed

CO-PG water suspensions (without propylene glycol) and water-
diluted CO-PG (with propylene glycol) were identical.

The Zeta potential for the quartz sand was close to -55 mV at
ionic strengths up to 10 mM and less negative (-27 mV) over the
range 10-100 mM. Under these electrochemical conditions, trans-
port of CO-PGmay have been subject to electrostatic repulsion bet-
ween surfaces. At higher electrolyte concentrations, weak attractive
forces may form at the secondary minimum through accumulation
of counterions in thediffuse layer, as describedby theDLVOtheory.

Effect of the Electrolyte on the Fungicide Transport Behavior.

Tests conduced at variable electrolyte concentrations (Figure 2)
revealed that the deposition rate of CO-PG particles increased
with increasing ionic strength. This was a result of a decreased
magnitude and range width for repulsive double layer interac-
tions and, hence, of the energy barrier increasing as the ionic
strength was raised (26). The ionic strength also influenced the
shape of the breakthrough curves (BTCs), especially in their
initial steps where the collector was still clean.

The experimental BTCs for the colloids were used to analyze
particle deposition in terms of the dispersivity length of the
columns (0.01 cm) as determined in the unreactive tracer tests
with bromide ion. Various combinations of deposition models
were used for this purpose (18). Convergence and uniqueness in
the studied parameters were tested in multiple runs involving
variable initial parameter values, all of which led to identical
results. The experimental concentration profiles were not expo-
nential; therefore, fungicide deposition could not be explained in
the light of the first-order deposition model unless it was further
modified by introducing some blocking functions. Including the
experimental particle concentration profiles in the parameter
estimation process had no effect on the final values of the fitted
parameters, however. The best fit was obtained with the random
sequential adsorption (RSA) model.

The RSA model was used to estimate the maximum attach-
ment capacity, smax, and attachment rate, kAtt. The model defines
the attachment function as follows:

ψAtt ¼ 1- 4aþ 3:308a2 þ 1:4069a3 for sAtt < 0:8smax ð3Þ

ψAtt ¼ ð1- bsAttÞ3
2d50

2b3
for sAttg0:8smax ð4Þ

Figure 1. Dependence of Zeta potential for the copper oxychloride colloids
from CO-PG (black squares) and quartz sand (white triangles) on the
solution ionic strength. Note the Zeta potential minimum at an ionic strength
near 10 mM for the colloidal copper oxychloride from CO-PG. Figure 2. Measured and fitted breakthrough curves for CO-PG colloids

at a variable ionic strength: (a) DW, (b) 0.01 mM, (c) 10 mM, and (d)
100 mM. Fitted curves were obtained by using the RSA model with one
(red line) or two deposition sites (blue line).
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where b = smax
-1 and a = 0.546 sAtt/smax, smax being the

maximum solid-phase concentration (M M-1). Although the
transport model based on one-site attachment reproduced the
results quite accurately, the two-site RSA model provided much
better predictions for the experimental BTCs (Figure 2). Table 4
shows the best fitting parameters, which are discussed below.

Two distinct deposition sites were detected in all tests. Site 2
exhibited a low retention capacity (a result of the low concentra-
tion of sites available for attachment on the clean collector
surface) that increased from 35 to 140 mg of Cu (kg of sand)-1

with increasing ionic strength and high kAtt values that decreased
from 6.67 to 2.44 min-1 with increase in this variable. On the
other hand, site 1 exhibited a high retention capacity (from 33 to
338 mg of Cu (kg of sand)-1) in addition to a slow kinetics
(0.07-0.17 min-1).

The inverse relationship between kAtt2 and the ionic strength is
consistent with electrostatic repulsion between the fungicide
particles and collector (Figure 1).

The results of these tests were compared with those of earlier
experiments carried out with another copper oxychloride based
fungicide, Oxicol-50 (COF), which is commercially available in a
larger particle size (0.979 μm) (13). We found substantial differ-
ences in transport behavior between the two fungicides, especially
in their kinetics of attachment to slow sites. Thus, smax1 and the
kinetic constant for COF were about 20 and 10 times greater,
respectively, at concentrations ranging from 1454 to 5760 mg of
Cu (kg of sand)-1.

The differences in deposition parameters between CO-PG and
COF were examined in terms of particle interaction energies
calculated in the light of the DLVO theory (27, 28), which uses a
combination of London-van der Waals attractive forces and
electrostatic double-layer repulsion forces. Constant-potential
electrostatic double-layer interactions were calculated by using
the expression of Hogg et al. (29). The Zeta potential for the
fungicide particles and the sand as estimated from electrokinetic
measurements was used instead of the respective surface potential
for this purpose. Water dielectric constant was used for both
fungicides since the low propylene glycol concentration employed
(less than 40 mg L-1) had virtually no effect on this property for
the CO-PG suspension. Therefore, only particle size (315 nm for
CO-PG and 979 nm for COF) and Zeta potential were changed.
DLVO interactions at four different ionic strengths (Figure 3a)
revealed the presence of an energy barrier ranging from 143 to
2795 kBT for COF and 146 to 1546 kBT for CO-PG. Figure 3b,
which shows the previous data on a different scale, allows easier
viewing of the secondary energy minimum arising at electrolyte
concentrations above 10 mM. The depth of the secondary
minimum for CO-PG was -20.9 at I = 100 mM and -4.5
KBT at I = 10 mM, whereas that for COF was about 3.5 times
greater (viz.-72.8 at I=100mMand-14.6KBT at I=10mM).
Therefore, both the height of the repulsive barrier and the depth
of the secondaryminimum increased with increasing particle size.
Based on the DLVO theory, particle size is related to the
sensitivity of particle-collector interactions to changes in ionic
strength, which is consistent with the results of the transport tests.
In fact, the small particle size of CO-PG accounts for its weaker
retention relative to COF. However, the DLVO theory by itself
cannot explain our particle deposition results in full (particularly
those for COF at low ionic strengths). Although this remains a
controversial subject (14, 17, 30), particle attachment under
unfavorable conditions is generally ascribed to physicochemical
heterogeneity in both particles and collector surfaces. The che-
mical heterogeneity of COF (13) may facilitate a variety of
interactions favoring its retention. Thus, its pore structure was
found to affect the results of the batch partitioning tests, where

the fungicide failed to attach to lose collector grains. Interestingly,
there was greater sensitivity to the electrochemical conditions
during transport (i.e., with the collector packed in a column) than
in the batch tests (where the ionic strength had no effect).

Three-Phase Test. Based on the previous results, colloid attach-
ment was assumed to depend on the electrolyte concentration. In
order to confirm this assumption, a second test using variable
electrolyte concentrations and a single breakthrough was con-
ducted (31). Figure 4 shows the BTC obtained in the three-phase
test. A suspension of CO-PG containing 100 mg of Cu L-1 in
100 mM NaNO3 was applied during phase i to a column packed
with quartz sand. A proportion of 8% of CO-PG particles was
retained.Rinsing the columnwith 100mMNaNO3duringphase ii
failed to elute a measurable amount of fungicide. Also, rinsing
with deionized water during phase iii released a part of CO-PG
previously retained on the column. These results confirm that the
electrochemical conditions influence retention of the fungicide.

However, retention of particles in phase iii, where attachment
of the fungicide was subject to a barrier, suggests the influence of
additional factors such as physical heterogeneity and pore struc-
ture. Pore structure and surface roughness have been shown to
influence retention in the three-phase test (14). Disruption of
packed sand from the column and stirringwith deionizedwater in
a beaker caused all fungicide to be released to the suspension.

Hydrodynamic Effects. As can be seen from breakthrough
curves (BTCs) obtained at different flow rates (Figure 5), reducing
the rate five times decreased themaximumoutflow concentration
by 20%.As canbe inferred from the fittedparameters for the two-
site kinetic attachment model (Table 5), using a low flow rate
increased smax2. Also, kAtt at both sites decreased when the inflow
rate became the limiting factor for particle attachment.

Hydrodynamic effects caused the retaining forces for the
colloids at attachment sites to be very weak. The assumption of
a hydrodynamic influence on particle attachment is consistent

Figure 3. (a) Plot of calculated DLVO interaction energy as a function of
the separation distance for copper oxychloride particles [COF data from
Paradelo et al. (13)] and colloids from the aqueous suspension of copper
oxychloride (CO-PG) at a variable ionic strength. (b) Replotted data
facilitating the identification of secondary minima.
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with the weak forces observed at the secondary minimum since
increased shear stress forces would have pulled the attached
colloids away (32). Colloid attachment was only possible in those
collector regions where the torque from hydrodynamic shear
acting on colloid particles adjacent to collector surfaces was less
than the adhesive torque resisting detachment from the secondary
minimum (32).

Based on the foregoing, the transport of copper as colloid
particles in saturated porous media is influenced by the particle
size of its formulation. The observed influence of particle size on the
retention dynamics of colloidal copper oxychloride is consistent
with the DLVO theory, but only if binding occurs at the secondary

minimumfavorable to attachment.Also, these results are consistent
with those of previous studies where the deposition was ascribed to
retention at the secondary minimum, which was more favorable
(i.e., it occurred at a more negative potential) with small particles.
Colloid transport should be incorporated into environmental
impact assessment tests for copper from agricultural uses. Particle
size is a major influential factor for the mobility of copper
oxychloride. An accurate knowledge of the transport mechanisms
of copper oxychloride based fungicide particles can help one design
effective formulations with a view to reducing the impact on
agricultural soils and groundwater.
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Figure 4. Three-phase breakthrough curve for a suspension of fungicide
particles in 0.1 M NaNO3 deposited in phase i (from 0 to 80 min), eluted
with 0.1 M NaNO3 in phase ii (from 80 to 120 min), and further eluted with
deionized water in phase iii (from 120 to 160min). Experimental conditions:
water velocity U = 2.83 cm min-1; collector diameter 0.032 cm; column
diameter 1.5 cm; column length 5 cm; temperature 25 �C.

Figure 5. Breakthrough curves for CO-PG particles illustrating the influ-
ence of water velocity on particle attachment. Experimental conditions:
collector diameter 0.032 cm; bed diameter 1.5 cm; bed depth 5 cm;
temperature 25 �C. Symbols denote the results obtained at two different
water velocities: U = 2.83 cm min-1 (circles) and U = 0.566 cm min-1

(triangles). Lines represent the values fitted to the two-site kinetic model.

Table 5. Fitting Parameters for the Two-Site Random Sequential Adsorption
Model As Estimated from Breakthrough Data for Saturated Packed Quartz
Sand at Two Different Flow Velocitiesa

vb smax2
c ka2

d smax1
c ka1

d SSQe r2 f
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aStandard errors are shown in parentheses. bDarcy velocity (cm min-1).
cMaximum attachment capacity (mg of Cu (kg of sand)-1). dAttachment constant
(min-1). e Sum of squares of residuals. f Pearson’s squared correlation coefficient.
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(25) Quesada-Pérez, M.; Martı́n-Molina, A.; Hidalgo-�Alvarez, R. Simu-
lation of electric double layers undergoing charge inversion: Mix-
tures of mono- and multivalent ions. Langmuir 2005, 21, 9231–9237.

(26) Elimelech, M.; Gregory, J.; Jia, X.; Williams, R. A. Particle depo-
sition and aggregation: measurement, modelling, and simulation.
Butterworth-Heinemann: Oxford, U.K., 1995; p 433.

(27) Derjaguin, B. V.; Landau, L. Theory of the stability of strongly
charged lyophobic sols and of the adhesion of strongly charged
particles in solutions of electrolytes. Acta Physicochim. URSS 1941,
14, 633–662.

(28) Verwey, E. J. W.; Overbeek, J. T. G. Theory of the stability of
lyophobic colloids. Theory of the Stability of Lyophobic Colloids 1948.

(29) Hogg, R.; Healy, T. W.; Fuerstenau, D. W. Mutual coagulation of
colloidal dispersions. Trans. Faraday Soc. 1966, 62, 1638–1651.

(30) Tufenkji, N.; Elimelech, M. Breakdown of colloid filtration theory:
Role of the secondary energy minimum and surface charge hetero-
geneities. Langmuir 2005, 21, 841–852.

(31) Hahn, M. W.; O’Melia, C. R. Deposition and reentrainment of
Brownian particles in porous media under unfavorable chemical
conditions: Some concepts and applications. Environ. Sci. Technol.
2004, 38, 210–220.

(32) Torkzaban, S.; Bradford, S. A.; Walker, S. L. Resolving the coupled
effects of hydrodynamics and DLVO forces on colloid attachment in
porous media. Langmuir 2007, 23, 9652–9660.

Received for review January 29, 2010. Revisedmanuscript receivedMay

4, 2010. Accepted May 5, 2010. This work was funded by Spain’s

Ministry of Science and Technology (Project AGL2006-04231/AGR)

and Xunta de Galicia (Project INCITE 08PXIB 383190PR). M.P. was

additionally funded by the predoctoral fellowship program of the

University of Vigo.


