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Abstract Laboratory and field studies have demonstrated that dispersion coefficients evaluated by fit-
ting advection-dispersion transport models to nonreactive tracer breakthrough curves do not adequately
describe colloid transport under the same flow field conditions. Here an extensive laboratory study was
undertaken to assess whether the dispersivity, which traditionally has been considered to be a property of
the porous medium, is dependent on colloid particle size and interstitial velocity. A total of 48 colloid trans-
port experiments were performed in columns packed with glass beads under chemically unfavorable colloid
attachment conditions. Nine different colloid diameters and various flow velocities were examined. The
breakthrough curves were successfully simulated with a mathematical model describing colloid transport in
homogeneous, water-saturated porous media. The experimental data set collected in this study demon-
strated that the dispersivity is positively correlated with colloid particle size, and increases with increasing
velocity. The dispersivity values determined in this laboratory study were compared with 380 dispersivity
values from earlier laboratory and field-scale solute, colloid and biocolloid transport studies published in
the literature.

1. Introduction

Accurate prediction of contaminant and colloid transport in porous media relies heavily on usage of suitable
dispersion coefficients. The widespread procedure for dispersion coefficient determination consists of con-
ducting tracer experiments and subsequently fitting the collected breakthrough data with an advection-
dispersion transport model. The fitted dispersion coefficient is assumed to characterize the porous medium
and is often used thereafter to analyze experimental results obtained from the same porous medium with
other solutes and colloids. The above described procedure inherently assumes that the dispersive flux of all
solutes and colloids under the same flow field conditions is exactly the same. Consequently, this procedure
should be avoided.

Numerous laboratory and field-scale studies have focused on estimation of either the longitudinal disper-
sion coefficient [Harleman and Rumer, 1963; Pickens and Grisak, 1981; Koch and Brady, 1985; Han et al., 1985;
Chrysikopoulos et al., 1990; Delgado, 2006] or the transverse dispersion coefficient [Delgado and Guedes de
Carvalho, 2000; Cirpka et al., 2006; Acharya et al., 2007; Olsson and Grathwohl, 2007]. Transverse dispersion is
increasingly recognized as a controlling mass transfer mechanism for contaminant plume migration and
NAPL dissolution in aquifers [Chrysikopoulos et al., 1994; Chrysikopoulos and Kim, 2000; Chrysikopoulos et al.,
2003; Rahman et al., 2005; Cirpka et al., 2006; Acharya et al., 2007; Rolle et al., 2010]. Hydrodynamic disper-
sion coefficients are strongly dependent on interstitial fluid motion and molecular diffusion. Transverse dis-
persion coefficients are considerably smaller than longitudinal dispersion coefficients. Numerous
correlations, which are typically derived from experimental observations, are available for the estimation of
hydrodynamic dispersion coefficients for solute transport in porous media [Delgado, 2006, 2007; Olsson and
Grathwohl, 2007]. Furthermore, theoretical and numerical procedures have been developed for the estima-
tion of hydrodynamic dispersion coefficients for both periodic as well as heterogeneous porous media. Mac-
roscopic dispersion is traditionally determined by averaging pore-scale simulations of dispersion, which are
based on detailed descriptions of the pore structure [van Milligen and Bons, 2012; Icardi et al., 2014]. For per-
iodic porous media, dispersion coefficients may be determined with volume averaging and generalized
Taylor-Aris-Brenner techniques, by defining a representative elementary volume (REV) [Whitaker, 1986;
Chrysikopoulos et al., 1992a, 1992b]. For nonperiodic or heterogeneous porous media, where REV selection
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may not be a trivial task, random-walk particle tracking methods are often employed [Salles et al., 1993;
Maier et al., 2000].

Considerable research efforts have focused on the influence of aquifer length scale on solute dispersivity.
Gelhar et al. [1992] suggested that the longitudinal dispersivity increases linearly with scale and gradually
approaches a constant asymptotic value. On the contrary, Neuman [1990, 1991] hypothesized that the lon-
gitudinal dispersivity continues to increase as long as the solute encounters heterogeneities of increasing
length scales.

Solute molecular size can influence solute transport in porous media and can contribute to early break-
through (breakthrough of larger solutes precedes that of smaller solutes), tailing (nonideal transport), and
compound-dependent dispersion [Brusseau, 1993; Hu and Brusseau, 1994, 1995; Chiogna et al., 2010]. Also,
hydrodynamic dispersion coefficients must be used with caution because they can overestimate the
amount of mixing (overlapping of initially adjacent but separated solute plumes) [Semprini and McCarty,
1991; Acharya et al., 2007; Olsson and Grathwohl, 2007].

Previous studies have suggested that colloid transport in porous media is significantly affected by particle
size [Fontes et al.,, 1991, Gannon et al., 1991]. Early breakthrough of colloids and biocolloids as compared to
that of conservative tracers has been observed in several studies [Bales et al., 1989; Toran and Palumbo,
1992; Powelson et al., 1993; Grindrod et al., 1996; Dong et al., 2002; Keller et al., 2004; Vasiliadou and Chrysiko-
poulos, 2011; Sinton et al., 2012; Syngouna and Chrysikopoulos, 2013; Chrysikopoulos and Syngouna, 2014].
Colloid early breakthrough can be attributed to effective porosity reduction (colloids cannot penetrate
smaller pores due to their inability to fit into them), preferential flow paths through high-conductivity
regions, and exclusion from the lower-velocity regions [Chrysikopoulos and Abdel-Salam, 1997; Dong et al.,
2002; Ginn, 2002; Ahfir et al., 2009], which can also be viewed as a reduction of the effective porosity of the
porous medium [Morley et al., 1998]. The finite size of a colloid particle excludes it from the slowest moving
portion of the parabolic velocity profile within a fracture or a pore throat, thus the effective particle velocity
is increased, while the overall particle dispersion is reduced compared to Taylor dispersion, but with a tend-
ency to increase with increasing particle size over a certain range of particle diameters [James and Chrysiko-
poulos, 2000, 2003]. Exclusion of colloids from regions of lowest velocity can be modeled by particle
tracking with truncated random distribution dispersive displacements [Scheibe and Wood, 2003]. Although
the above mentioned studies have suggested that the transport of colloids and biocolloids is affected by
particle size, the relationship between colloid particle size and dispersivity is not well understood.

The objective of this study was to evaluate the influence of colloid particle size and interstitial velocity on
dispersivity. A large number of colloid transport experiments were performed in columns packed with glass
beads. The experimental breakthrough data were fitted with an analytical colloid transport model. The esti-
mated dispersivity values were compared to values published in the literature. Finally, arguments were
made against generalization of results based on just a few experimental observations, which may lead to
erroneous conclusions.

2. Background and Theoretical Considerations

2.1. Colloid Transport Model

The breakthrough data were fitted with the nonlinear least squares regression program ColloidFit, which
employs the analytical colloid transport model derived by Sim and Chrysikopoulos [1995] and extended by
Thomas and Chrysikopoulos [2007]. The model accounts for colloid transport in one-dimensional, homoge-
neous, water-saturated porous media with first-order attachment (or filtration) and inactivation. The objec-
tive of the nonlinear least squares method is to obtain estimates of the model parameters that minimize
the residual sum of squares between simulated and observed data. In order for the effect of colloid size to
be more easily discerned, the experimental conditions were simplified.

2.2. Hydrodynamic Dispersion and Dispersivity

The advection-dispersion equation is the most widely accepted model for describing solute and colloid
transport in porous media. For one-dimensional porous media, the longitudinal hydrodynamic dispersion
coefficient, D, [L*/t], is the sum of mechanical dispersion, D, [L*/t], and effective molecular diffusion, D
[L?/t]. The mechanical dispersion is the product of the interstitial velocity, U [L/t], raised to an empirical
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constant n and the longitudinal dispersivity, o [L], whereas the effective molecular diffusion is the molecu-
lar diffusion coefficient, Dag [L%/t], divided by the tortuosity coefficient, t > 1. Therefore, the longitudinal
hydrodynamic dispersion coefficient is generally expressed as [Bear, 1979]:

D
DL:Dm+De:aLU"+$ )

Note that D, frequently exhibits an almost linear dependence with interstitial velocity (i.e., n = 1). For a sol-
ute tracer, Dpg is determined using the Wilke-Chang relationship [Wilke and Chang, 1955]:

(Ygmwg)'/°T

Dag=7.4X1078
NBV%()

()
where A is the solute; B is the solvent (water); g = Y0 = 2.6 is an association parameter for solvent B
[Bird et al., 2002]; ug = ., = 0.890 X 10> (N-s)/m?* = 0.89 cp is the water dynamic viscosity at 25°C in units
of centipoises (1 cp = 0.001 N-s/m?), mwg = 18 g/mol is the molecular weight of water, T (K) is the absolute
temperature, and V4 = mwa/pa (cm>/g mol) is the molar volume of solute A. For a spherical particle, Dag is
determined by the Stokes-Einstein diffusion equation [Russel et al., 1989]:

keT
Dap=
= S updy 3)

where d,, [L] is the particle diameter, kg [J/T] is Boltzmann’s constant. The tortuosity is a fundamental prop-
erty of a porous medium, which describes the interconnectedness of the pore space. Although several tor-
tuosity models based on molecular diffusivity and electrical resistivity are available in the literature
[Garrouch et al., 2001], the model introduced by Bruggeman [1935] is frequently employed:

1
=0~ — 4

Vo

where o ~ 1.5 is the Bruggeman exponent [Pisani, 2011], and 0 is the porosity.

It has been clearly demonstrated in the literature, both experimentally and theoretically, that dispersivity is
positively correlated with the scale of observation [Pickens and Grisak, 1981; Gelhar and Axness, 1983; Neu-
man, 1990]. One school of thought hypothesizes that «_ initially increases linearly with scale of observation
and then gradually approaches a constant asymptotic value at an upper bound, which corresponds to the
representative elementary volume (smallest volume of a porous medium over which measurements made
are representative of the whole) [Gelhar et al.,, 1992]. Another school of thought suggests that a single uni-
versal line can meaningfully describe the scaling relationship between o, and displacement distance [Neu-
man, 1990]. The empirical power law that describes the o, with scale of observation as a universal line or
below the upper bound, is of the form:

o = L)Y (5)

where & [L']is a fitted parameter, and Y is the scaling exponent or equivalently the slope of the fitted line
on logarithmic paper (log-log plot).

3. Mathematical Development

3.1. Colloid Transport

There are several mathematical models available in the literature for colloid transport in porous media that
rely on either continuum or statistical approaches. In this study, the frequently employed continuum
approach was adopted [Chrysikopoulos and Syngouna, 2014]. The transport of colloids (including biocol-
loids) in one-dimensional, homogeneous, water-saturated porous media with first-order attachment (or fil-
tration) and inactivation is governed by the following partial differential equation [Sim and Chrysikopoulos,
1995]:

9*C(t,x) |, IC(t,x)

_ _ _ _ *& *
=D, EY U o AC(t,x)— 4 HC(t,x) (6)

oC(t,x) N Pp T (t,%)
ot 0 ot
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where C [M/L?] is the concentration of colloids in suspension; C* [M/M] is the concentration of colloids
attached on the solid matrix; t [t] is time; pp [M/L] is the dry bulk density of the solid matrix; A [1/1] is the
transformation rate constant of colloids in solution (e.g., inactivation of suspended colloids); 7* [1/t] is the
transformation rate constant of attached colloids; and U [L/t] is the interstitial velocity, which may not be
equal to the average colloid particle velocity.

The rate of colloid attachment onto the solid matrix is described by the following first-order equation [Sim
and Chrysikopoulos, 1998, 1999]:

Pp OC (1, %)
0 ot

—keC(t,x) ki %C*(t, X)—1* %"c* (t,x) 7)
where k. [1/t] is the attachment rate constant, and k, [1/t] is the detachment rate constant. The kinetic equa-
tion (7) is solved for C* subject to an initial condition of zero attached colloid concentration (C*(0,x) = 0) as
follows:

C*(Lx)zkcﬁjC(ux)exp [f (krp%+)v*>(tfr)} dt (8)

Po
0

For a semiinfinite one-dimensional porous medium in the presence of a colloid source in the form of an
“instantaneous” pulse, the appropriate initial and boundary conditions are:

C(0,x)=0 ©)
0, 200 e 0)=my50 (10)
OX
oC(t,00)
OX -0 i

where My = Min/A0 [M/L?] is the mass injected “instantaneously” over the cross-sectional area of the col-
umn (where M;, [M] is the injected mass, A [L?] is the cross-sectional area of the porous medium), and (t)
[1/t] is a modified Dirac delta function (6(t = 0) = 1, §(t £ 0) = 0). Condition (9) establishes that there is no
initial colloid concentration within the one-dimensional porous medium. The third or flux-type boundary
condition (10) describes the influent flux, as an “instantaneous” pulse concentration [Thomas and Chrysiko-
poulos, 2007]. The downstream boundary condition (11) preserves concentration continuity for a semiinfin-
ite system [Chrysikopoulos et al., 1990].

The analytical solution to equations (6) and (8) subject to conditions (9)-(11) has been derived by Thomas
and Chrysikopoulos [2007]:

Ms Ux 1 —x? u?

T Ht|d — _exp|— 4 (H-A— — )t
DLWexpLDL ]{(m)vzexpLDLt ( 4D,

U Ux X U/t)"?
- _exp|— +(H-A)t|erfc| —" + [ —
20,172 P {ZDL (H=A) ]er C[Z(DJ)W 2 (DL)

+J{BC(tB—€C)}1/2h [z(sg&—C))”z]{(n;)mexp [%Z*(”‘A‘ %)4

U Ux X u/e\'"”?
s {TDLHH—A)C} erfc L(DLC)1 — (DT) ] }dz}

where A =k, + 4, B =kk0/pp, H=(k.0/py) + 2* [Sim and Chrysikopoulos, 1998], |, is the modified Bessel
function of the first kind of order one, exp is the exponential function, erfc is the complementary error
function, and ( is a dummy integration variable. In this study, the experimental conditions were simpli-
fied as much as possible so that the effect of colloid size on the dispersivity is more easily discerned.
Consequently, several parameters of the general colloid transport model can be fixed to zero

C(t,x)=

CHRYSIKOPOULOS AND KATZOURAKIS PARTICLE SIZE-DEPENDENT DISPERSIVITY 4671



@AG U Water Resources Research 10.1002/2014WR016094

(ke=k,=A=21*=0, and A=B=H=0), and the mathematical model (6) reduces to the classical
advection-dispersion equation.

3.2. Fitting Procedures
All fittings were conducted with the in-house developed nonlinear least squares regression software “Col-
loidFit,” which incorporates the state of the art model-independent parameter estimation package “Pest”
[Doherty et al., 1994]. The software ColloidFit, among other statistics, is capable of calculating 95% confi-
dence limits based on the variance-covariance matrix created during the fitting process, and uses a quad-
ratic objective function:

n
s=Y [w(cm-c))’ (13)
i=
where n (i=1, ..., n) is the number of data, C7*® [M/L?] is the i"" measured concentration; Ci™ [M/L?] is the
ith model simulated concentration; w; is the ith weight (here w; = 1). The criterion for convergence is that
the weighted sum of squares does not change significantly from one iteration, p, to the next, p + 1. The
convergence criterion employed here is: | (SP—SP*") /SP| < 0.01

In all of the experiments conducted, only the two unknown model parameters U and D, were estimated by
fitting the analytical solution (12) with k. = k, = 2 = /* = 0 to the experimental data. In general, fitting more
than three unknown parameters is not recommended because for more than three unknown parameters,
ColloidFit, as well as any other similar fitting code, may not provide unique estimates [Katzourakis and Chrys-
ikopoulos, 2014], because the presence of many local minima may completely disorient the parameter
upgrade vector from the global minimum. In this work, nonunique estimation problems are not expected
because only two parameters were fitted at a time.

3.3. Moment Analysis
The tracer and colloid concentrations collected at the column exit were analyzed by the absolute temporal
moments:

OO0
mp(L) = J t"C(L,t) dt (14)
0
where the subscript n =0, 1, 2, ... indicates the order of the moment, and L [L] is the porous medium (col-
umn) length. The zeroth absolute temporal moment, mq [tM/L3], quantifies the total mass in the concentra-
tion distribution curve; the first absolute moment, m; [t?M/L>], describes the mean residence time; and the
second absolute temporal moment, m, [t*M/L?], describes the degree of spreading of the concentration dis-
tribution curve. Also, the normalized temporal moments are defined as [James and Chrysikopoulos, 2011]:

oot”C(L,t)dt
Mn(L) — mn(L) _ JO (15)

mo (L) r@ C(L, t)dt

0

The first normalized temporal moment, M, [t], characterizes the center of mass of the concentration distri-
bution curve and defines the average velocity. The second normalized temporal moment, M, [t?], character-
izes the spreading of the concentration distribution curve. Worthy of note is that the mass recovery, M,, of
the tracer or the suspended particles is quantified by the following expression:

mo(L)

M (L) = My/U (16)

4, Materials and Methods

4.1. Packed Columns

Flowthrough experiments were conducted in glass columns with diameter 2.5 cm and length L =15 or
30 cm, packed with spherical glass beads with diameter d. =2 mm. Each column was packed with glass
beads under standing distilled deionized water (ddH,0) to minimize air entrapment. Also, the glass beads

CHRYSIKOPOULOS AND KATZOURAKIS PARTICLE SIZE-DEPENDENT DISPERSIVITY 4672



@AG U Water Resources Research 10.1002/2014WR016094

were poured into the column in small incremental volumes under gentle vibration to ensure that the col-
umns were homogeneously packed. For each column, the dry bulk density (1.60-1.64 g/cm?) and porosity
(0.39-0.43) were determined. The columns were placed horizontally to minimize gravity effects [Chrysiko-
poulos and Syngouna, 2014]. A fresh column was packed for each experiment. Consequently, even for iden-
tical flow rates, small porosity variations will lead to slightly different interstitial velocities.

Following the procedure outlined by Tong et al. [2005], the glass beads were first rinsed sequentially with
acetone and hexane and then soaked in concentrated HCl for about 12 h. Next, the beads were rinsed with
ddH,0 until the water conductivity, as determined by a conductivity meter (Consort C931 electrochemical
analyzer), was negligible. Subsequently, the glass beads were soaked in 0.1 M NaOH for 12 h, and rinsed
repeatedly with ddH,O until the ionic strength of water was negligible. Finally, the glass beads were dried
in an oven at 105°C.

Sterile ddH,0 purified to a specific conductance of 0.05 pS/cm (ionic strength, I, of about 0.1 mM) with a
Milli-Q UV plus water purification system containing a UV sterilization lamp (Millipore Corp., Massachusetts)
was pumped from a flask into the column with a peristaltic pump. Several water flow rates, Q [L/t], ranging
from 1 to 6 mL/min were employed in this study (see Table 1). The target pore water velocity or interstitial
velocity was determined for each experiment (based on the flow rate set by the peristaltic pump, column
porosity, and column cross-sectional area) and listed in Table 1. The tracer and colloid particle velocities
were estimated by fitting procedures. Throughout the experiments, the temperature was maintained at
25 = 1°C. All experiments were conducted under chemically unfavorable colloid attachment conditions
(pH =7, Is= 0.1 mM). Effluent samples were collected on preselected time intervals. Sample analysis was
carried out immediately after the completion of each experiment. Finally, for each colloid breakthrough
data set collected, the nonlinear least squares regression package ColloidFit was used to estimate the
unknown model parameters.

4.2. Colloids and Tracer

Fluorescent polysterene microspheres (Duke Scientific Corp., Palo Alto, CA) with diameters d, = 28, 300,
600, 1000, 1750, 2100, 3000, 5000, and 5500 nm were used as model colloid particles. The concentration
(number of particles/mL) of colloids injected into the column ranged from 107 to 10'* particles/mL, depend-
ing on the colloid size. Microsphere concentrations were measured by a fluorescence spectrophotometer
(Cary Eclipse, Varian, Inc.). Each effluent colloid concentration was measured three times. Note that micro-
spheres are sensitive to removal mechanisms such as straining (particle trapping in pore throats that are
too small to allow particle passage) and wedging (particle attachment onto surfaces of two or more collec-
tor grains in contact). However, straining and wedging are not considered important mechanisms of mass
loss in the packed columns examined in this study, because the colloid to collector diameter ratios (dp/d.)
were well below the suggested threshold of 0.004 [Johnson et al., 2010] or 0.003 [Bradford and Bettahar,
2006] for all cases examined (see Table 1). The colloids were inserted at the entrance of the column with a
syringe (1-2 mL) in the form of an “instantaneous” pulse injection. The injected colloid mass for each experi-
ment is listed in Table 1.

Bromide, in the form of NaBr, with density pnagsr = 2.18 g/cm?®, was chosen as the nonreactive tracer for the
transport column experiments. The nonreactive tracer experiments were conducted with 10~> M NaBr. It should
be noted that alkali halides are the most commonly used salts for subsurface fluid tracing [Chrysikopoulos, 1993].
Bromide concentrations were measured using ion chromatography (DX-500, Dionex Corp., Sunnyvale, CA).

5. Results and Discussion

For each colloid transport experiment conducted in this study, the fitted parameters U and D, were used
for the determination of the corresponding longitudinal dispersivity. The values of the fitted model parame-
ters U and D, as well as the value of the resulting o are listed in Table 1. A typical breakthrough curve
obtained for colloids with d, = 1000 nm in a 30 cm column (experiment number 37) together with the cor-
responding tracer breakthrough curve (experiment number 3) are presented in Figure 1a. The experimental
data are fitted with the analytical solution (curves) and the resulting dispersivities are: &, = 0.10 cm for the
tracer, and o = 0.36 cm for the colloids. Another set of breakthrough curves for colloids with d, = 5500 nm
(experiment number 52) and corresponding tracer (experiment number 4) in a 30 cm column are also
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Table 1. Experimental Conditions and Fitted Parameter Values

Experiment L dp b Min Q D Fitted D,° Target US Fitted U¢

Number (cm) (nm) (g/mL) (ng) (mL/min) 0 (cm?/min) (cm?/min) (cm/min) (cm/min) o, € (cm) Pen M2 (%)
1 15 Tracer 1.69 1000 2 0.39 3.50 X 10-2 0.16 1.04 0.99 0.12 = 0.01 5.65 X 100 104.2
2 15 Tracer 1.69 1000 1 0.39 3.50 X 10-2 0.07 0.52 0.50 0.06 = 0.01 2.84 X 100 103.2
3 30 Tracer 1.59 400 4 0.39 3.50 X 10-2 0.29 2.08 2.03 0.10 = 0.01 1.16 X 101 95.0
4 30 Tracer 1.59 1000 4 0.41 3.50 X 10-2 0.30 2.01 1.93 0.14 = 0.01 1.10 X 101 97.5
5 15 28 1.69 20 1 0.41 4.09 X 10-4 0.14 0.50 0.52 0.26 = 0.02 2.53 X 102 110.0
6 15 28 1.69 20 2 0.42 4.09 X 10-4 0.28 0.98 1.00 0.27 = 0.02 4.89 X 102 99.9
7 15 28 1.69 20 2 0.41 4.09 X 10-4 0.27 1.00 1.02 0.26 = 0.01 5.00 X 102 99.5
8 15 28 1.69 20 4 0.41 4.09 X 10-4 0.49 1.98 2.14 0.23 = 0.01 1.05 X 103 101.2
9 15 28 1.69 20 6 0.40 4.09 X 10-4 1.01 3.06 3.18 0.32 = 0.01 1.55 X 103 99.4
10 15 28 1.69 20 6 0.41 4.09 X 10-4 1.22 3.00 3.09 0.39 = 0.05 1.51 X 103 97.4
11 15 600 1.69 10 1 043 1.91 X 10-5 0.20 0.48 0.52 0.38 =0.03 541 X 103 101.4
12 15 600 1.69 10 4 0.41 1.91 X 10-5 0.72 1.99 2.03 0.36 = 0.01 2.14 X 10+4 89.1
13 15 600 1.69 10 2 0.41 1.91 X 10-5 0.42 1.00 1.01 042 =0.03 1.00 X 10+4 83.1
14 15 600 1.69 10 6 0.41 1.91 X 10-5 1.17 299 2.88 0.41 = 0.02 3.02 X 10+4 99.4
15 15 1000 1.69 10 1 0.41 1.15 X 10-5 0.14 0.50 0.51 0.29 = 0.01 8.68 X 10+3 95.1
16 15 1000 1.69 10 2 0.40 1.15 X 10-5 0.34 1.01 1.02 0.33 = 0.01 1.78 X 10+4 98.1
17 15 1000 1.69 10 4 0.39 1.15 X 10-5 0.65 2.08 2.09 0.31 = 0.01 3.63 X 10+4 94.0
18 15 1000 1.69 10 6 0.41 1.15 X 10-5 0.81 298 3.13 0.26 = 0.01 544 X 10+4 99.5
19 30 28 1.59 20 1 0.40 3.96 X 10-4 0.16 0.51 0.51 0.33%£0.02 2.56 X 10+2 107.0
20 30 28 1.59 20 4 0.41 3.96 X 10-4 0.68 2.00 2.03 0.34 = 0.03 1.02 X 10+3 105.0
21 30 28 1.59 20 4 0.41 3.96 X 10-4 0.69 2.00 2.02 0.34 = 0.03 1.02 X 10+3 103.1
22 30 28 1.59 20 6 0.41 3.96 X 10-4 0.92 3.02 2.80 0.33 = 0.02 141 X 10+3 99.9
23 30 28 1.59 20 2 0.41 3.96 X 10-4 0.31 0.99 1.00 0.31 =0.03 5.05 X 10+2 104.0
24 30 28 1.59 20 6 0.39 3.96 X 10-4 1.00 3.11 2.96 0.34 = 0.03 149 X 10+3 107.0
25 30 28 1.59 20 1 0.42 3.96 X 10-4 0.10 0.49 0.52 0.23 = 0.01 264 X 10+2 933
26 30 28 1.59 40 4 0.41 3.96 X 10-4 0.47 2.00 2.05 0.23 = 0.03 1.03 X 10+3 101.6
27 30 28 1.59 20 4 0.40 3.96 X 10-4 0.49 2.04 2.04 0.24 = 0.01 1.03 X 10+3 101.2
28 30 300 1.59 20 2 0.41 3.70 X 10-5 0.24 1.00 1.01 0.24 = 0.01 543 X 10+3 98.7
29 30 300 1.59 20 4 0.41 3.70 X 10-5 0.50 2.00 2.04 0.24 = 0.02 1.10 X 10+4 102.6
30 30 300 1.59 20 4 0.40 3.70 X 10-5 0.56 2.04 2.06 0.25 = 0.03 1.11 X 10+4 98.4
31 30 300 1.59 20 2 0.40 3.70 X 10-5 0.26 1.01 1.03 0.25 = 0.03 5.59 X 10+3 97.6
32 30 600 1.59 20 2 0.41 1.85 X 10-5 0.30 1.00 1.07 0.28 = 0.03 115 X 10+4 92.6
33 30 600 1.59 20 4 0.41 1.85 X 10-5 0.53 1.99 2.10 0.25 = 0.01 227 X 10+4 96.7
34 30 600 1.59 20 4 0.40 1.85 X 10-5 0.60 2.04 2.15 0.28 = 0.03 227 X 10+4 95.9
35 30 1000 1.63 20 1 0.40 1.13 X 10-5 0.19 0.51 0.50 0.38 = 0.01 8.81 X 10+3 98.9
36 30 1000 1.63 20 2 0.40 1.13 X 10-5 0.33 1.01 0.97 0.34 = 0.01 1.72 X 10+4 101.0
37 30 1000 1.63 20 4 0.40 1.13 X 10-5 0.71 2.03 2.03 0.36 = 0.01 3.58 X 10+4 100.1
38 30 1000 1.63 20 2 0.40 1.13 X 10-5 0.34 1.01 1.01 0.34 = 0.02 1.78 X 10+4 106.0
39 30 1000 1.63 20 4 0.40 1.13 X 10-5 0.79 2.04 2.01 0.39 = 0.03 3.55 X 10+4 105.0
40 30 1000 1.63 20 4 0.40 1.13 X 10-5 0.79 2.04 2.01 0.39 = 0.03 3.56 X 10+4 105.0
41 30 1000 1.63 20 6 0.41 1.13 X 10-5 1.04 3.01 3.03 0.34 = 0.02 5.36 X 10+4 105.0
42 30 1750 1.63 20 3 0.42 6.46 X 10-6 0.64 145 1.57 0.41 = 0.02 4.85 X 10+4 97.8
43 30 1750 1.63 20 5 0.42 6.46 X 10-6 1.1 241 2.60 0.43 = 0.05 8.05 X 10+4 105.7
44 30 2100 1.63 20 5 0.40 5.39 X 10-6 1.23 2.58 2.79 0.44 = 0.03 1.04 X 10+5 99.5
45 30 2100 1.63 20 3 0.42 5.39 X 10-6 0.69 1.46 1.58 0.43 = 0.04 5.84 X 10+4 97.3
46 30 2100 1.63 20 5 0.40 5.39 X 10-6 1.13 2.56 2.74 0.41 = 0.02 1.02 X 10+5 102.0
47 30 3000 1.63 20 4 0.40 3.77 X 10-6 0.79 2.06 1.94 0.41 =0.02 1.03 X 10+5 99.0
48 30 3000 1.63 20 4 0.40 3.77 X 10-6 0.84 2.06 1.97 0.43 = 0.03 1.04 X 10+5 98.0
49 30 3000 1.63 20 6 0.40 3.77 X 10-6 1.18 3.09 290 0.41 =0.03 1.56 X 10+5 92.0
50 30 5000 1.63 20 4 0.41 2.26 X 10-6 1.07 2.00 1.98 0.54 = 0.02 1.78 X 10+5 85.6
51 30 5000 1.63 20 4 0.41 2.26 X 10-6 1.14 1.97 2.03 0.56 = 0.04 1.79 X 10+5 86.1
52 30 5500 1.63 20 4 0.41 2.03 X 10-6 1.18 2.00 2.01 0.58 = 0.02 2.00 X 10+5 925

2Effective molecular diffusion, D, = Dpg/t: tracer evaluated with (2) and (4), and colloids with (3) and (4).
PFitted hydrodynamic dispersion coefficient: fitted with ColloidFit.

“Target interstitial velocity, evaluated from the flow rate, Q: target U = Q/A0.
9Fitted tracer or colloid particle velocity: fitted with ColloidFit.

“Longitudinal dispersivity together with the associated 95% confidence intervals: evaluated with (1) by using fitted U, fitted D, and estimated D, in conjunction with appropriate

propagation of error estimation.

fDimensionless Péclet number, Pe,, = Ud./Dk.
9Mass recovery: evaluated with (16).

presented in Figure 1b, with resulting dispersivities: o, = 0.14 cm for the tracer, and o, = 0.58 cm for the col-
loids. Clearly, early breakthrough of colloids is observed in both cases presented in Figure 1. Also, the esti-
mated tracer dispersivities are smaller than the corresponding colloid dispersivities. However, in Figure 1a,
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Figure 1. Breakthrough concentration data normalized with respect to M;,, for: (a) tracer (diamonds, o = 0.10 cm) and colloids with

dp, = 1000 nm (squares, o = 0.36 cm) in a 30 cm column and (b) tracer (diamonds, «_ = 0.14 cm) and colloids with d,, = 5500 nm (circles,
o = 0.58 cm) in a 30 cm column. The curves represent fitted model simulations for the tracer (dotted curves) and the colloids (solid
curves).

both tracer and colloids flow with practically identical mean velocity, whereas in Figure 1b, the colloids
travel a little faster than the tracer. This discrepancy can be attributed to variations in the combined
effects of: (a) effective porosity reduction and (b) colloid exclusion from lower-velocity regions within
the homogeneous porous media employed in this study, where the distribution of actual pore sizes is
quite narrow. It should be noted that early breakthrough of the colloids is an expected result [e.g., Grind-
rod et al., 1996; Keller et al., 2004]. Furthermore, the breakthrough curves obtained for the transport
experiments in a 30 cm column using colloids with d, = 1000 nm (experiment number 37) and colloids
with d, = 5500 nm (experiment number 52) are presented in Figure 2. Note that the breakthrough of the
larger colloids precedes that of the smaller colloids, and the corresponding dispersivities are:
o = 0.36 cm for the colloids with d, =1000 nm, and o, = 0.58 cm for the colloids with d, =5500 nm.
Also, larger colloids spread more, and yield a smaller peak concentration compared to the smaller col-
loids. Certainly, the experimental data presented in Figures 1 and 2 suggest that colloid dispersivity is
dependent on colloid particle size.

The relationship between dispersivity and colloid particle size is further explored by plotting in Figure 3 all
of the longitudinal dispersivity values determined in this study against colloid diameter. For comparison,
tracer dispersivities are also presented in Figure 3. Clearly, there is an obvious trend of dispersivity with
increasing colloid particle diameter. Subsequently, the data presented in Figure 3 were statistically analyzed.
The Hy hypothesis that the population regression is linear was accepted, and the F test’s hypothesis that
the slope is zero was rejected. The F tests were conducted with the graphical statistical software “IGOR-Pro”
(WaveMetrics Inc.). To quantify the relationship between the dispersivity and the size of colloid diameter,
the average of the various longitudinal dispersivity values, for each colloid particle diameter available, were
plotted against the colloid diameter in Figure 4, together with the standard regression line. Clearly, there is
a positive correlation between o, and d,,, which is of the form:
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Figure 2. Breakthrough concentration data normalized with respect to M;,, for the colloids with d, = 1000 nm (squares) and the colloids
with d, = 5500 nm (circles). The experiments were conducted in a 30 cm column. The curves represent fitted model simulations for the
colloids with d, = 1000 nm (dotted curve) and d,, = 5500 nm (solid curve). Here o = 0.36 cm for the colloids with d, = 1000 nm, and

o = 0.58 cm for the colloids with d, = 5500 nm.

a em] = 0.29+5.34X107° dy[nm] (17)

Note that the preceding correlation predicts the longitudinal dispersivity in cm, and the colloid diameter
should be in units on nm. This correlation is not recommended for the estimation of tracer dispersivity.
However, at the limit of d, =0, the above correlation yields a dispersivity value within a factor of 2 to 3
from the experimentally determined tracer dispersivities (see Table 1).

The observed increase in o is attributed to the combined effects of reduction of the colloid effective poros-
ity that leads to tortuosity changes, possible existence of preferential flow paths, and exclusion from the
lower-velocity regions. Thus, some colloids are getting slowed down having to pass through small pore
spaces, where other colloids are managing to stay in fast flow paths. This result is in agreement with the
work published by Jourak et al. [2013] who studied theoretically the effects of particle-size distribution on
the longitudinal dispersion coefficient in models of packed columns, and the work published by Bennacer
et al. [2013] who investigated experimentally the transport and deposition of suspended particles with dif-
ferent size distributions in water-saturated porous media. However, Keller et al. [2004], Vasiliadou and Chrysi-
kopoulos [2011], and Syngouna and Chrysikopoulos [2011] reported that o decreases with increasing d,.
These contradictory findings are probably due to the very limited number of experimental data used, and
the experimental conditions that led to significant mass retention caused by straining and/or attachment.
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Figure 3. Longitudinal dispersivities from all 48 colloid transport experiments conducted in this study. The squares represent colloid trans-
port experiments conducted in 15 cm columns, the circles represent colloid transport experiments conducted in 30 cm columns, and the
triangles represent tracer transport experiments. Error bars not shown are smaller than the size of the symbol.

CHRYSIKOPOULOS AND KATZOURAKIS PARTICLE SIZE-DEPENDENT DISPERSIVITY 4676



@AGU Water Resources Research 10.1002/2014WR016094

T T T T T T T
0.7 @ 15 cm column
@ 30 cm column
0.6 — fittedline E

ag (cm)

,=0.29 +5.34x10°"d,
R’=0.932

©

RN
T

1

0 1000 2000 3000 4000 5000 6000
d, (nm)

Figure 4. Averaged longitudinal dispersivity as a function of colloid particle diameter. The squares represent colloid transport experiments
conducted in 15 cm columns, the circles colloid transport experiments conducted in 30 cm columns, and the solid line is a standard linear
regression line.

The velocity enhancement of colloid particles, which is often observed in studies of colloid and biocolloid
transport in fractures and micromodels, is commonly attributed to colloid exclusion from the lower-velocity
regions [James and Chrysikopoulos, 2003; Auset and Keller, 2004]. However, in porous media, in addition to
colloid exclusion from the lower-velocity regions [Scheibe and Wood, 2003], colloid particles experience a
substantial reduction of the effective porosity [Morley et al., 1998], as illustrated in Figure 5. Essentially, the
volume of void-space accessible by colloids or colloid effective porosity decreases as the particle size of the
colloids increases, because colloids do not enter pore spaces with opening smaller than d,,. However, under

(a) Tracer

O | | Solid matrix
— O Velocity distribution

B @QQ %

(b) Colloids

O T— O | | Colloid
Void volume not
- accessible by colloids

Velocity distribution
O 00O - not sampled by colloids

. O

Figure 5. Schematic illustration of (a) tracer (conservative solute) and (b) colloid transport in water-saturated porous media. The tracer can
sample the entire velocity spectrum within the parabolic profile (green region). Colloids do not sample the truncated portion of the para-
bolic velocity profile (red region). Also, colloids do not enter pore spaces with opening smaller than d, which essentially leads to reduction
of the volume of void-space accessible by colloids (reduction of the colloid effective porosity). Under the experimental conditions of this
study, the interstitial fluid has continuous access to the entire volume of void-space.
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Figure 6. Longitudinal dispersivity as a function of interstitial velocity. The squares represent colloid transport experiments conducted in
15 cm columns, the circles colloid transport experiments conducted in 30 cm columns, the solid line is a standard linear regression line for
the experiments conducted in the 15 cm column, and the dashed line for the experiments conducted in the 30 cm column.

the experimental conditions of this study (chemically unfavorable colloid attachment conditions, absence
of straining and wedging), the interstitial fluid has continuous access to the entire volume of void-space.
Note that colloid exclusion from the lower-velocity regions results in reduced dispersion of colloid particles,
but if the reduction of the colloid effective porosity is substantial, then an overall increase in colloid disper-
sion is expected.

All longitudinal dispersivity values determined in this study were plotted as a function of interstitial velocity
in Figure 6, and subsequently were statistically analyzed. The Hy hypothesis that the population regression
is linear was accepted, and the F test’s hypothesis that the slope is zero was rejected. The standard regres-
sion lines show that there is a gentle increase in longitudinal dispersivity with increasing interstitial velocity.
This observation is in agreement with the theoretical results published by Liu and Kitanidis [2013]. Figure 6
also suggests that colloid dispersivity is influenced by the column length. Note that dispersivity values
determined from experiments conducted in 30 cm columns are in general slightly higher than those
obtained from 15 cm columns. This result is consistent with the conventional assumption that dispersivity
increases with scale [Neuman, 1990; Gelhar et al., 1992].

The masses of colloids retained in the packed column for each of the transport experiments conducted in
this study were estimated with (16), listed in Table 1, and plotted in Figure 7. Although in this study, the
experimental procedures were specifically designed so that the colloid particles were not retained within
the packed columns by attachment onto the glass beads, straining, and wedging, it is evident from Figure 7
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Figure 7. Mass recovery as a function of colloid particle diameter. The squares represent colloid transport experiments conducted in
15 cm columns, and the circles colloid transport experiments conducted in 30 cm columns.
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Figure 8. Compilation of 432 longitudinal dispersivities as a function of length
scale. Molecular sized solutes are represented by gray symbols, and colloids/bio-
colloids by various colored symbols. The solid line is a standard linear regression
line. (S-M [Schulze-Makuch, 2005], CLH [Chrysikopoulos et al., 2000], DHC [Dela
Barre et al., 2002], BMN [Baumann et al., 2002], CPK [Chrysikopoulos et al., 2011],
AC [Anders and Chrysikopoulos, 2005], KSC [Keller et al., 2004], VC [Vasiliadou and
Chrysikopoulos, 20111, SC [Syngouna and Chrysikopoulos, 20111, CSVK [Chrysiko-
poulos et al., 2012], BW [Baumann and Werth, 2004], and BTN [Baumann et al.,
2010]).

that a relatively small fraction of the
larger size colloids were retained in the
packed columns. Consequently, the dis-
persivities presented for the larger col-
loids employed in this study could be
slightly underestimated.

Furthermore, an extensive compilation
of a total of 380 dispersivity values from
solute, colloid, and biocolloid studies at
various scales were combined together
with 52 dispersivity values from this
study in Figure 8. The data assembled in
Figure 8 suggest that that there is a
strong overall trend of increasing disper-
sivity with displacement distance (scale).
Certainly, this result is not novel but it is
based on more data values than any pre-
vious study. The temptation was great to
identify a single universal line by apply-
ing linear regression to all the data of
Figure 8. The fitted line was of the form:

o [m] = 0.039(Lm))**"  (18)

It should be noted that in Figure 8, the
displacement distance spans several
orders of magnitude and covers data
from the pore scale to field scale. The fit-
ted parameter ¢ =0.039 (m®°®) and the
slope of the fitted line on log-log plot
Y =0.91 compare well with the parame-
ters (¢=0.063 (M®%) and  =094)

reported by Schulze-Makuch, [2005]. Other values for the parameters ¢ and  reported in the literature
include: ¢ =0.0175 (m~%%), y = 1.46 based on selected “reliable” dispersivity data [Neuman, 1990], and
£=0.1, ¥ =1 based on a large portion of the available data [Baumann et al., 2010]. The parameter values
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Figure 9. Comparison between the target interstitial velocities (based on Q) and fitted colloid particle velocities: (a) scatterlot of variables Urarget and Ugitteq, and (b) histogram of (U
ted — Utarget)/Urarger- The solid line represents the ideal one-to-one correlation R?=1).

CHRYSIKOPOULOS AND KATZOURAKIS PARTICLE SIZE-DEPENDENT DISPERSIVITY

4679



@AG U Water Resources Research 10.1002/2014WR016094

107 [T T T T T T T]
—~ 10T
L i
3
O 10
Q
Nl L
-
O o'}
10-1 1 1 1 1 1 1 11
10° 10 10°  10° 10" 100 10
Pen (-)

Figure 10. Scaling of the longitudinal hydrodynamic dispersion coefficients (circles for colloids, and triangles for tracer) with Péclet num-
ber. The solid line represents the correlation (19) reported by Delgado [2007].

for £ and i obtained in this study can be considered as more reliable because they are based on 432 longi-
tudinal dispersivity values, compared to the parameter values reported in previous studies, which were
based on smaller data sets.

In order to detect the existence of either experimental artifacts or systematic errors in this study, the experi-
mental data were subjected to comparisons. First, the interstitial velocities based on the flow rate set by the
peristaltic pump, column porosity, and column cross-sectional area (Urarger), Which are listed in Table 1, were
directly compared with the fitted colloid particle velocities (Uriyeq) in Figure 9. The histogram of (Uriyed-Urar-
get)/Urarget (se€ Figure 9b) suggests that, for the majority of the experiments conducted in this study, Uiged is
equal to or greater than Urarget (Uritted > Urarged)- This is an expected result because colloids due to their finite
size often flow faster than the average interstitial velocity. The fewer cases were Upitteq < Utarget (se€ Figure
9b) are attributed to possible tortuosity increase caused by the effective porosity reduction and to experimen-
tal errors, which are practically unavoidable in experimental work and particularly in experiments conducted
in porous media. The observed colloid particle velocity increase is not very significant, mainly due to the uni-
form packing and relatively short length of the columns used in this study. Certainly, more significant colloid
velocity enhancement would be observed in heterogeneous porous media and in longer packed columns.
Next, the dimensionless Péclet number Pe,, = Ud./D, for all transport experiments conducted in this study
was determined and listed in Table 1. The Pe,, values range between 250 and 10°, suggesting that the effect
of molecular diffusion is negligible and mechanical dispersion is the governing dispersion process. As shown
in Figure 10, the experimentally determined D,/D. values scale linearly with Pe,. It is worthy to note that the
following correlation suggested by Delgado [2007]:

D Pe 37 1
- bEm) Y e

fits surprisingly well the colloid dispersion data. The tracer data are outside the range (Pe,, >> 1) of cor-
relation validity. The comparisons presented in Figures 9 and 10 suggest that neither experimental arti-
facts nor systematic errors exist in the present study. Furthermore, a sensitivity analysis of the fitted
model parameters was conducted to evaluate how changes in the best fitted parameter values can
affect the objective function S, defined in (13). The two fitted parameters were fluctuated by +20% and
the corresponding impact on S was determined. It was found that the calculated S absolute values for U
were in the range 26.2-971.4, and for D, in the range 0.4-10.1. Obviously, U is the most sensitive of the
two fitted parameters.

6. Conclusions

This study provided convincing experimental evidence that colloid dispersivity is not only a function of
scale, as conventionally assumed, but also a function of colloid diameter and interstitial velocity. It was
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shown that dispersivity increases linearly with increasing colloid particle size. This phenomenon was
attributed to colloid dispersion enhancement due to possible reduction of the colloid effective porosity,
which overbalances the reduction of colloid dispersion caused by colloid exclusion from the lower-
velocity regions. A very important implication of this finding is that fitted dispersion coefficients based
on tracer data should not be used to analyze colloid experimental data. Furthermore, the universal line
(18) should be used with caution and not be routinely employed for longitudinal dispersivity value
estimation.
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