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Abstract: Naturally occurring clay colloidal particles are heavily involved in sediment processes 

in the subsurface soil. Due to the importance of these processes in the subsurface 
environment, the transport of clay colloidal particles has been studied in several 
disciplines, including soil sciences, petrology, hydrology, etc. Specifically, in 
environmental engineering, clay colloid release and transport in the sediments have 
been extensively investigated, which are motivated by environmental concerns such as 
colloid-facilitated contaminant transport in groundwater and the subsurface soil. Clay 
colloid release is resulted from physical alteration of subsurface sediments. Despite the 
potential importance of clay colloid activities, the detailed mechanisms of release and 
transport of clay colloidal particles within natural sediments are poorly understood. 
Pore medium structure, properties and flow dynamics, etc. are factors that affect clay 
colloid generation, mobilization, and subsequent transport. Possible mechanisms of 
clay colloid generation in the sediments include precipitation, erosion and mobilization 
by changes in pore water chemistry and clay colloid release depends on a balance of 
applied hydrodynamic and resisting adhesive torques and forces. The coupled role of 
pore water chemistry and fluid hydrodynamics thus play key roles in controlling clay 
colloid release and transport in the sediments. This paper investigated clay colloidal 
particle release and transport, especially the colloidal particle release mechanisms as 
well as the process modeling in the sediments. In this research, colloidal particle release 
from intact sediment columns with variable length was examined and colloidal particle 
release curves were simulated using an implicit, finite-difference scheme. Colloidal 
particle release rate coefficient was found to be an exponential function of the sediment 
depth. The simulated results demonstrated that transport parameters were not consistent 
along the depth of the sediment profile. 
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INTRODUCTION 

Colloidal particles are defined as small discrete solid-
like particles indigenously present in natural porous 
media, which can be mobilized by means of 
hydrodynamic and other forces (Bergendahl and Grasso, 
2000; Shang et al., 2008). These small colloidal-size 
range particles are mostly composed of clay minerals 
(McCarthy and Shevenell, 1998). Several potential 
sources of mobile colloidal particles in the subsurface 
media have been identified, including in situ 
mobilization of particles that are naturally present, 
formation of colloidal particles by precipitation from 
super-saturated solutions, and direct introduction of 
colloidal particles into the subsurface (Thomas and 
Chrysikopoulos, 2010; Thompson and Scharf, 1994). 
The colloidal particles generally possess electric charge 
on their surfaces with dimensions of micrometers, 
which makes the colloidal particles play important roles 
in many natural and engineered systems. In natural 
systems, colloidal particles present a potential health 
risk due to their propensity to associate with 
contaminants (Molin and Cvetkovic, 2010; Molin et al., 
2010; Sen, 2011). If stable in solution, these colloidal 
particles and any co-adsorbed contaminants can be 
transported significant distances (Bolshov et al., 2011; 
Chen et al., 2005). Colloidal particle release and 
transport are controlled by their interactions with the 
surrounding environment. Although colloidal particle 
interactions have been studied for many years and much 
has been learned about the physical and chemical 
processes that determine colloidal particle interactions, 
there still remains significant uncertainty about the 
processes that govern colloidal particle release and 
transport in the subsurface environment.  

Under steady and uniform flow, colloidal particle 
release can be linked to hydrodynamic forces and 
Derjaguin and Landau, Verwey and Overbeek (DLVO) 
forces. The statics of the release process has been 
analyzed for fine particles adhering to a pore surface 
using balanced hydrodynamic forces and DLVO forces 
to satisfactorily describe the conditions necessary for 
colloidal particle release (Bin et al., 2011; Roy and 
Dzombak, 1996). It is believed that the torque due to the 
physical perturbation causes the colloidal particles 
attached to the matrix surface to roll along the surface 
and release (Shang et al., 2008). Subsequently, colloidal 
particle detachment and release under water unsaturated 
conditions can be described by the torque balance 
(Sharma et al., 1992) as shown in Eq. (1):  

 

sin )RF(F
2

H
1.399F EL

caps             (1) 

 

where Fs is the shear force (N), H is the water film 
thickness (m), Fcap is the capillary force (N), ϕ is the 
critical filling angle (degree), and Rsinϕ is the radius of 
the contact area on which the capillary force acts (m). 
The shear force, Fs, is calculated using Eq. (2) (Sharma 
et al., 1992): 
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where μ is water dynamic viscosity (Ns/m2) and v is the 
fluid velocity measured at the distance H/2 from the 
surface of the pore wall. If the colloidal particle is 
completely covered with water, then H/2=R. It is 
usually approximated that the fluid velocity v is the 
same as the pore water velocity. 

Colloidal particle release and subsequent transport 
are usually described by the advection-dispersion 
equation (ADE) with colloidal particle release 
formulated as first-order kinetics (Gravelle et al., 2011; 
Ryan and Gschwend, 1994). Successful applications of 
these types of models have been observed in laboratory 
columns (Roy and Dzombak, 1996). Most of these 
models are based on the ADE under steady-state 
saturated flow conditions. In above models, colloidal 
particle release rate is usually considered to be constant 
along the depth of the sediments, which is true under 
high water saturation conditions (Roy and Dzombak, 
1996; Shen et al., 2007; Vendelboe et al., 2011). 
Consequently, colloidal particle concentration would 
display an exponential increase with the travel distance. 
However, a growing body of laboratory-scale column 
experiments suggested that the colloidal particle 
concentration profiles increased non-exponentially 
under low water saturation conditions (Bradford et al., 
2003; Bradford et al., 2002). Reported differences in 
colloid profile shape under low water saturation 
conditions indicate uneven water saturation as well as 
uneven colloidal particle release along the column 
length (Li et al., 2004; Bradford and Toride, 2007; 
Sharma et al., 2008; Tufenkji et al., 2003). Therefore, 
above models should be modified to reflect variations of 
colloidal particle release with respect to water 
saturation. 

The aim of this study was to investigate the release 
of in situ colloidal particles from sediments as a 
function of sediment depth. In this research, colloidal 
particle release from intact sediment columns with 
variable length was explored. It was hypothesized that 
water saturation varied along the length of the column, 
leading to variable colloidal particle release. Colloidal 
particle release and transport were simulated using an 
implicit, finite-difference scheme and the simulated 
results demonstrated that colloidal particle release was a 
function of water saturation in the column. 
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MATERIALS AND METHOD 

Colloidal particle release and mobilization were 
evaluated in intact sediment columns collected from 
agricultural soils in Gadsden County of Florida. Soil 
size and size distribution of the sediment samples were 
quantified by sieve analysis and the soil water retention 
properties and hydraulic conductivity were measured 
using a pressure plate. Sediment columns with different 
lengths (10.0-cm ID  10.0-cm length, 10.0-cm ID  
20.0-cm length and 10.0-cm ID  30-cm length) were 
used in this study. The sediment columns were obtained 
by gently hammering PVC columns with fitted circular 
metal cutting edges down into the soil while they were 
being held vertical by metal-banded hoops. In order to 
detect compaction, the vertical distance between the top 
edge of the columns and the inside soil surface was 
measured and compared to the vertical distance between 
the top edge of the columns and the outside soil surface 
prior to the extraction of each sediment column. No 
compaction was detected. Soil was then gently removed 
from around the columns for the column extraction. 
Once intact sediment columns were extracted, metal 
cutting edges were removed and end fittings were 
mounted. The column experiments were conducted 
under water unsaturated conditions with the columns 
vertically oriented. Along the length of the columns, 
tensiometers were evenly mounted. Depending on the 
length of the column, 1, 2 and 3 tensiometers were 
mounted to the 10, 20 and 30-cm length columns, 
respectively. For each run of the column experiments, 
nano-pure de-ionized water was applied using a 
sprinkler from the top by a peristaltic pump (Masterflex, 
Cole-Parmer, Vernon Hills, IL) at an irrigation rate of 
100 ml/min. The eluate was collected by a hanging 
water column in a fraction collector. The colloidal 
particle concentration was measured using a 
spectrophotometer against a calibration curve generated 
using the in situ colloidal particle concentration as the 
reference.  

During the experiments, matric potential inside the 
columns was monitored and recorded using a Campbell 
Scientific CR-7X datalogger (Campbell Scientific, Inc., 
Logan, Utah). Water content within the columns was 
predicted by fitting the van Genuchten equation (Toride 
et al., 1995) described by Eq. (3): 
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where Se is the effective saturation, α is the inverse of 
the air-entry potential (cm-1), h is the water potential 
(cm-H2O), and n is the parameter related to pore size 
distribution. Using pressure-plate measurements, α and 
n were determined to be 0.136 cm-1 and 4.776. The 
effective saturation, Se, is based on the water volumetric 

content (Toride et al., 1995) and can be calculated using 
Eq. (4): 
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where θ is the volumetric water content (cm3/cm3), θr is 
the residual water content (cm3/cm3), and θs is the 
saturated water content (cm3/cm3). Using pressure-plate 
measurements, θs and θr were found to be 0.389 and 
0.058 respectively. 

Colloidal particle release was controlled by kinetic 
desorption and colloidal particle transport was subject to 
deposition (Bradford et al., 2003; Bradford et al., 2002; 
Lenhart and Saiers, 2002). This process can be 
described by Eqs (5) and (6): 
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where C is the colloidal particle concentration in the 
liquid phase (g/m3), Cs is the colloidal particle 
concentration on the sediments (g/g), t is time (sec), Dz 
is the apparent dispersion coefficient (m2/s), q is the 
specific flow rate, i.e., Darcian fluid flux (m/sec), ρb is 
the bulk density (g/m3), z is the coordinate parallel to 
the flow (m), S0 is the air-water interfacial area (m2/m3), 
k1 is the first order colloidal particle deposition rate 
coefficient (min-1), and β is the first-order colloidal 
particle release rate coefficient (min-1). 

For colloidal particle release, a constant flux was 
used for the upper boundary, i.e., JwC(0,t)=0, and a zero 
gradient was assumed for the lower boundary, i.e., 

0z/CDz  . The initial conditions for colloidal 

particle release were C( x ,0)=0 and Cs( x ,0)=
0sC . For 

matric potential, Jw was used for the upper boundary and 
a constant potential of -10 cm-H2O was set for all times 
as the bottom boundary condition. For each series of the 
column experiments, a fresh column was used. For 
colloidal particle release simulations, the initial colloid 
source 

0sC for each breakthrough curve was obtained by 

integrating the experimental breakthrough curves to 
obtain the total amount of colloidal particles eluted. 
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RESULTS AND DISCUSSION 

The infiltration event was followed by a steady state flow 
phase, where matric potential remained constant for the 
sensors along the length of the columns as shown in 
Fig. 1. In Fig. 1, the x -axis represents pore volume in 
units of 330, 660 and 990 cm3 for the sediment column 
length of 10, 20, and 30 cm respectively. That is, 1 pore 
volume in Fig. 1 (a, b, c) is equal to 330, 660, and 990 
cm3, respectively. In this research, one tensiometer was 
built in the middle of every 10-cm length of the sediment 
columns. Based on the steady-state matric potentials 
readings, the corresponding effective water saturation 
was calculated according to the van Genuchten equation, 
which was 0.89 for the 10-cm column, 0.92 and 0.77 for 
the 20-cm column, and 0.86, 0.70 and 0.54 for the 30-cm 
column along the length of the columns from the top to 
the bottom, respectively. These data demonstrated that 
water content was not uniform in the columns and the 
columns had greater effective water saturation at the top 
and less effective water saturation at the bottom (Fig. 2). 

Corresponding to the infiltration, colloidal particles 
were observed to be released and mobilized. When water 
front reached the bottom of the columns, in situ colloidal 
particles were observed in the effluent (Fig. 3). The 
colloidal particle breakthroughs coincided with the arrival 
of the infiltration front at the bottom of the columns. The 
in situ colloidal particle release and mobilization curves 
were characterized by a self-sharpening front, which 
became broader and diffuser at the elution limb. The 
long-lasting tails of the curves indicated kinetically 
controlled colloidal particle release from the sediments in 
the columns. By integrating the colloidal particle 
breakthrough curves, the amount of in situ colloidal 
particles released for the irrigation period of the 
experiment was obtained and used as the initial colloidal 
particle source to estimate the colloidal particle release 
rate coefficient.  

Mathematical models for colloidal particle release and 
retention are based on the assumption that colloidal 
particle release undergoes first order release kinetics and 
colloidal particle deposition in the porous sediments is 
described by the filtration theory (Lenhart and Saiers, 
2002; Lenhart and Saiers, 2003). In these models, 
colloidal particle release rate coefficient and deposition 
rate coefficient are usually assumed to be constant along 
the depth of the sediments, which is true under favorable 
release and attachment conditions (Lenhart and Saiers, 
2002; Lenhart and Saiers, 2003). Consequently, colloidal 
particle concentration would display an exponential 
function with the travel distance. Reported differences in 
colloid profile shape under unfavorable release and 
attachment conditions indicated variable colloid release 
and deposition along soil depth (Li et al., 2004; Bradford 
and Toride, 2007). 

 
Pore Volume (-) 

Fig 1. System Matric Potential 
 

 
Sensor Location (cm) 

Fig 2. Effective Saturation at Sensor Locations. 
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Fig 3. Colloidal Particle Release and Breakthrough Curves. 

 
In this research, colloidal particle release and 

mobilization curves were simulated against Eqs (5) and 
(6) using Hydrus-1D with variable colloidal particle 
release rate coefficient and deposition rate coefficient 
for each sensor section. Hydrus-1D is an implicit, finite-
difference scheme, which optimizes colloidal particle 
release rate coefficient and deposition rate coefficient 
by minimizing the sum of squared differences between 
observed and fitted data using the nonlinear least-
squares method (Toride et al., 1995). The simulation 
process was based on the assumption that colloidal 
particle release and deposition occurred simultaneously 
and kinetically with colloidal particle release rate 
coefficient and deposition rate coefficient being 
constant within the section of the sensor. Consequently, 
colloidal particle release rate coefficient and deposition 
rate coefficient varied for each 10-cm of the column 
depth. 

Along the length of the columns, released colloidal 
particles were subject to subsequent retention during 
transport. More colloidal particles were released at the 
top of the columns as compared with that of the bottom 
as demonstrated by greater colloidal particle release rate 
coefficients (Fig. 4). At the same time, less colloidal 
particles were retained at the top of the columns as 
compared with that of the bottom as demonstrated by 
smaller deposition rate coefficients (Fig. 5). Above 

observations directly resulted from the fact that the top 
section of the columns had greater water saturation than 
the bottom section of the columns. Owing to the overall 
greater water contents, the shorter-length columns had 
more colloidal particles released than the long-length 
columns. In addition, released colloidal particles 
suffered less retention in the shorter-length columns. 
Consequently, the shorter-length columns manifested 
higher peak concentrations (Fig. 3). By integrating the 
colloidal particle release and mobilization curves, the 
accumulative amount of colloidal particles released for 
each column was calculated. Accordingly, the 
accumulative amount of colloidal particles released 
decreased with the increase of the column length. 

Colloidal particle deposition was controlled by the 
air-water interface. From the top to the bottom of the 
columns, effective saturation decreased. Accordingly, 
along the depth of the sediment columns, the air-water 
interface increased owing to the decrease of water 
content. Colloidal particles thus suffered greater 
deposition.  
 

 
Sensor Location (cm) 

Fig 4. Colloid Release Rate Coefficient as a Function of Column 
Length. 

 

 
 

Fig 5. Colloid Deposition Rate Coefficient as a Function of Column 
Length. 
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The deposition of the colloidal particles manifested 
an exponential increase with the decrease of system 
water saturation for the range of our experiments. The 
air-water interface, which plays a key role in 
controlling colloidal particle retention under water 
unsaturated conditions, can be estimated from the pore 
size radii using Eq. (7) (Cary, 1994): 
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where S0 is the air-water interfacial area (cm2/cm3), ρ 
is the water density (kg/m3), g is the gravitational 
constant (9.8 m/s2), γ is the water surface tension 
(72.69 mJ/m2 at 20oC), and θ0 is the porous medium’s 
volume fraction of pore space or porosity of the 
column. The variables α and n are defined previously.  

In this research, all the column experiments were 
conducted at water saturation ranging from 0.4 to 0.8, 
within which the air-water interfacial area displayed a 
linear relationship with water saturation. The increase 
of colloidal particle deposition with decreasing water 
saturation should show the same trend as with that of 
increasing air-water interfacial area. To reflect 
increased colloidal particle retention with decreasing 
water saturation, colloidal particle deposition rate 
coefficients were plotted against the air-water interface 
(Fig. 6). The linear relationship indicated that the 
increased colloidal particle retention was attributed to 
the increased air-water interface. Colloidal particle 
release was also found to be a function of effective 
water saturation. With the increase of water saturation, 
colloidal particle release increased exponentially 
(Fig. 7). 

Under water unsaturated conditions, the capillary 
force, Fcap, is the dominating force exerted on colloidal 
particles and can be calculated following Eq. (8): 

 

 
Fig 6. Colloid Release Rate Coefficient as a Function of Air-Water 

Interfacial Area 
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where ϕ is the filling angle (degree) between the center 
of the colloidal particle (assuming spherical shape) and 
the water-colloidal particle contact line, φ is the water 
contact angle (degree). In addition to the capillary 
force, colloidal particles also experienced electrostatic, 
Lifshitz-van der Waals, and Lewis acid-base 
interactions with the sediments and the air-water 
interface. Since colloidal particles, sediments and the 
air-water interface were all negatively charged, 
electrostatic interactions between colloidal particles 
and the sediments and between colloidal particles and 
the air-water interface were repulsive (Graciaa et al., 
1995). The repulsive electrostatic interactions operated 
in the range of several tens of nanometers. At the 
equilibrium distance where colloidal particles 
contacted the sediment surface, electrostatic 
interactions could be ignored owing to superimposition 
of the double layers, and Lifshitz-van der Waals and 
Lewis acid-base interactions overshadowed the 
electrostatic interactions.  

The capillary force was one order of magnitude 
greater than Lewis acid-base interactions, two orders 
of magnitude greater than Lifshitz-van der Waals 
interactions, and four orders of magnitude greater than 
electrostatic interactions when evaluated at the 
equilibrium distance. Thus, capillary force controlled 
colloidal particle release in unsaturated systems. With 
the increase of water saturation, capillary force 
decreased owing to the increase of the filling angle. 
Colloidal particle release rate coefficient increased 
with the decrease of capillary force (Fig. 8). 

 

 
Fig 7. Colloid Particle Release Rate Coefficient as a Function of 

Water Saturation 
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Fig 8. Colloidal Particle Release Rate Coefficient as a Function of 

Capillary Force 
 
 

CONCLUSIONS 

In this research, intact sediment column experiments 
were conducted to examine colloid release from 
different soil depth. It was found that more colloidal 
particles were found to be released at the top of the 
columns as compared with that of the bottom, which 
was closely linked to water saturation. Owing to the 
overall greater water contents, the shorter-length 
columns had more colloidal particles released than the 
long-length columns. It was concluded in this research 
that release of in situ colloidal particles from sediments 
was a function of sediment depth, resulted from water 
saturation variation along the length of the sediments. In 
addition, the capillary force was discovered to play an 
important role in controlling colloid release. With the 
increase of water saturation, capillary force decreased 
owing to the increase of the filling angle, colloidal 
particle release rate coefficient increased accordingly. 
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