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The effects of ionic strength and flow rate on the release of
hematite colloids from quartz surfaces were observed in a packed
bed column. The rates of colloid release, prompted by an abrupt
increase in solution pH, increased as ionic strength was de-
creased; however, the corresponding intersurface potential energy
barriers, calculated using extended DLVO theory and a Born
repulsion collision parameter of ¢ = 5 A, increased in size. Fur-
thermore, the observed release rates increased with increasing
flow rate. These results suggest that colloid transport “over an
energy barrier” was not the rate-limiting step in these experi-
ments. We hypothesized that the increase in solution pH was
sufficient to cause the disappearance of the detachment energy
barrier in these experiments. When we calculated the double
layer potentials with surface potentials (estimated using a surface
complexation—-double layer model) instead of zeta potentials
(which decrease with increasing ionic strength owing to
compression of the double layer), the potential energy profiles
still contained energy barriers. To force removal of the energy
barriers in the calculated potential energy profiles, we increased
the short-range repulsive energy by increasing the Born collision
parameter from 5 to 20 A, resulting in effective distances of
closest approach of about 7 A. This change resulted in corre-
spondence of the trends in the observed and predicted detach-
ment behavior. In the absence of an energy barrier, we hypoth-
esized that colloid transport across a diffusion boundary layer
would control the rate of colloid release. In this case, the colloid
release rate should be related to the flow rate through the influ-
ence of the flow rate on the thickness of the diffusion boundary
layer. The observed dependence of the release rates on the es-
timated boundary layer thickness was close to that predicted for
the release rate-boundary layer thickness relationship. e 1994

Academic Press, Inc.

INTRODUCTION

The release of colloids from surfaces is a concern in many
fields, including wastewater filtration, subsurface transport

of viruses and bacteria, and enhanced transport of colloid-
associated contaminants in groundwater. The transport of
low-solubility contaminants that readily associate with col-
loids (e.g., radionuclides and trace metals) has been docu-
mented in a number of aquifers (1-4); however, the source
of the colloids responsible for transport has not always been
investigated. In groundwater, colloids may be formed by
precipitation of supersaturated phases (5, 6), erosion of sec-
ondary minerals from fractures (7), dissolution of cementing
minerals (8, 9), or changes in solution ionic strength and
pH (10, 11).

Changes in solution ionic strength (/) and pH affect the
electrostatic interactions between colloid and grain surfaces.
These interactions have been described by the DLVO theory
(12, 13) as the sum of the double layer and London-van
der Waals potential energies over the distance separating the
surfaces. Additionally, a term accounting for the short-range
repulsion between surfaces is often included to prevent col-
loid-grain interpenetration ( 14, 15). The effects of variations
in the intersurface potential energy on colloid release have
been modeled by relating the rate of colloid detachment to
the size of the potential energy barrier opposing detachment
in an Arrhenius relationship (16-18). According to this en-
ergy barrier model, the rates of cotloid attachment and de-
tachment are exponentially related to the sizes of the energy
barrier opposing attachment (—[¢n.<]) and detachment
(—[Pmax — Pmin1]). Colloid diffusive transport over these
energy barriers is the rate-limiting step in attachment and
detachment (Fig. 1, Case B). However, deposition rates pre-
dicted using the attachment energy barrier are typically orders
of magnitude lower than measured deposition rates (19—
22). In contrast, Kallay er al. (23) summarized the results
of a series of colloid release experiments in which the ob-
served rates corresponded well with predicted rates estimated
with DLVO theory and adjustable distances of closest ap-
proach of colloids to surfaces.
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FIG. 1. Schematics of experimental, detachment-limited, and diffusion-
limited colloid release from surfaces. When the thickness of the hydrodynamic
boundary layer () is much greater than the thickness of the region influ-
enced by the intersurface potential energy (§,), colloid release is postulated
to be a two-step mechanism in which either detachment from the surface
or diffusion across the boundary layer can control the overall release rate.
The overall release rate is defined by the experimentally observed (Case A)
colloid surface concentration ( (), first order release rate coefficient (k.y,),
and colloid concentration in the bulk fluid (Cy) moving with velocity U.
Detachment-limited (Case B) and diffusion-limited (Case C) release are
defined by the concentration of colloids attached in the primary minimum

( ®min1 ) Of the potential energy profile ( Crini ), the concentration of colloids )

detached from the surface (Cyy ), the rate coefficient for detachment (k4o ),
and the rate coefficient for diffusion across &y, ( kgif). Colloid release is limited
by detachment ( Cpiny = Cae) when the potential energy barrier ([ —( ¢max
= ®min1)], where @n., is the primary maximum of potential energy), is
present and by diffusion (Cyg,, = Cp) when the energy barrier is removed
by a change in solution chemistry.

In the field, we have observed the mobilization of clay
colloids in an iron-oxide-coated sand aquifer affected by in-
filtration of organic matter-rich, anoxic groundwater (24,
25). Recently, we measured the rates of clay colloid release
from laboratory columns containing iron-oxide-coated sand
recovered from the field (26). The columns were subjected
to solutions of varying ionic strength, pH, and ascorbate (an
Fe(IIT) reductant) and dodecanoate (an anionic surfactant)
concentrations. These experiments indicated that the release
of the natural colloids was controlled by the changes in elec-
trostatic interactions between colloid surfaces (goethite, ka-
olinite) resulting from perturbations of solution chemistry.
For example, a decrease in [ resulted in a slight increase in
the colloid release rate because, at lower I, the repulsive dou-

ble layers extend further into solution. In contrast, we found
that energy barriers calculated using an extended DLVO
theory were larger for lower I; thus, even the trends in the
release rates in the experiment in which I was varied were
not predicted by the energy barrier model.

A further complication in the effect of I on colloid de-
tachment comes from the experiments summarized by Kal-
lay et al. (23). In most of the experiments in which I was
increased, colloid release rates decreased; however, Kallay
et al. (27) observed an increase in release rate when I was
increased in a system of hematite colloids and glass grains.

To assess these contradictory results, we experimentally
re-examined the kinetics of hematite colloid detachment
from quartz grains as a function of ionic strength. We also
explored the effects of varying parameters in the calculation
of the DLVO-based potential energy profile to seek insight
into the correspondence of the energy barrier size with the
experimental data. Finally, we varied the flow rate in our
hematite~quartz system to test a hypothesis that transport
of the detached colloids through the diffusion boundary layer
was the rate-determining step in our observed colloid release
(Fig. 1, Case C).

METHODS

Experimental

Materials. Detachment of hematite colloids from quartz
grains was studied in a short, wide flow-through column.
The spherical hematite colloids were prepared by aging a
0.018 M FeCl; and 0.001 M HCI solution made with 0.22
um-filtered, distilled, deionized water (ddW, Millipore Milli-
Q® system) at 100°C for 24 h (28) in polyethylene bottles
and were stored at room temperature until used in the ex-
periments. Prior to attachment to the quartz grains, aliquots
of the stock suspension were rinsed with ddW until the pH
of the suspension matched that of the ddW (pH 5.7 to 6.0).
The rinsed colloids were stored in ddW overnight. The hy-
drodynamic size of the rinsed colloids was determined prior
to each experiment by photon correlation spectroscopy ( PCS;
Coulter N4, Hialeah, FL). For all experiments, the mean
and standard deviation of the colloid size was 150 + 35 nm;
for individual experiments, the standard deviation was always
less than 10% of the mean. The isoelectric point of the he-
matite colloids in 1 X 1073, 1 X 1072, and 1 X 107" M
NaNOj solutions was pH 8.0 = 0.1, as determined by mi-
croelectrophoresis (Rank Bros. MKII, cylindrical cell, 3 mW
He—Ne laser). Suspension concentrations were determined
by light scattering at 90° (turbidimetry; Hach Ratio X/R).
A linear relationship was observed between scattering inten-
sity (NTU) and hematite colloid concentration (H; mg li-
ter ') trapped on 0.02 um Whatman Anodisc filters (H =
0.312 [NTU] — 0.00125; R? = 0.9973).

The subrounded quartz grains (Aldrich Chemical Co.,
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Inc., 50 to 70 mesh ) ranged from 210 to 300 um in diameter.
They were heated at 450°C for 6 h and soaked in 1.0 N
HNOj; overnight to remove organic matter and other surface
impurities, rinsed with ddW until the pH of the suspension
matched that of the ddW, and dried before the experiments.

Procedures. The hematite colloids were attached to the
quartz grains by vigorously shaking 1.0 ml of the hematite
suspension with 5.00 g quartz in 20 ml of a | X 10™* M
HNO; solution for 30 min. The hematite-quartz suspension
was washed three times with the 1 X 10~ M HNO; solution
and stored 16 to 20 hin 1 X 10™* M HNO; solution before
the experiments. The hematite-coated quartz grains were
transferred with ddW to a 47 mm Millipore Swinnex filter
holder containing a 0.22 um Millipore membrane filter and
nylon screen ( 120 mesh) on the inlet end and a nylon screen
on the outlet end. A 40 mm diameter Viton o-ring sur-
rounded the grains.

Flushing solutions were purged with Ar prior to being ad-
justed to the proper pH and pumped upward through the
quartz sand-filled column with a Milton Roy HPLC pump.
The solution reservoir was flushed with Ar during the ex-
periment. Experiments testing the deposition of hematite
colloids onto uncoated quartz grains in the column showed
that flow was evenly distributed across the diameter of the
column.

In preliminary detachment tests, the amount of colloids
removed from the column by flushing at 1.0 ml min ™! with
pH 7.0 solutions of 1 X 10 ~*and 1 X 103 M ionic strength
was below the detection limit (~0.001 mg liter '). The pH
and [ were adjusted with NaOH and NaNO;, respectively.
Flushing with pH 10.0, 7 = 1 X 107* M solutions removed
a maximum of only 1% of the total colloids. Thus, the re-
mainder of the experiments were conducted at pH 11.0 to
increase the colloid concentration in the eluent.

The flushing solution I was varied in the first detachment
experiment (Al). Solutions of pH 11.0 and 7 from 1 X 103
to 1 X 107" M were run through columns at a flow rate of
1.0 = 0.05 ml min~'. Flow rate was varied in the second
detachment experiment (AQ). Solutions of pH 11 (1 X 1073
M NaOH) were pumped through the column at flow rates
ranging from 0.51 to 11.7 ml min ! (pore velocities of 1.5
to 34 m day ™).

Column eluent samples were collected in glass vials. Ali-
quots of each sample were analyzed by PCS for colloid size
in 60 s analyses. To measure the colloid concentration, the
samples were diluted if necessary, inverted five times to mix,
sonicated in an 80 W bath for 5 s to purge bubbles, and
quantified by turbidity. The experiments were stopped when
the scattering intensity of the eluent fell below that of 0.22
um-filtered deionized water (0.030 + 0.010 NTU).

The concentrations of hematite colloids remaining in the
columns were measured by turbidity after the residual grains
were twice sonicated in a polycarbonate tube filled with a
known volume of 1 X 107> M NaOH solution for 10 min.

The colloid concentration was corrected for the presence of
quartz colloids suspended during sonication by subtracting
the scattering intensity of quartz grain blanks. The amount
of colloids remaining in the column plus the amount of those
collected in the column eluent always matched the total
amount of colloids added to the quartz grains to within 5%.
After some experiments, residual grains coated with Au-Pd
were examined by scanning electron microscopy and energy-
dispersive X-ray spectroscopy (SEM/EDX; Cambridge
Stereoscan 240, Link Analytical).

Detachment rate coefficients. The results of the colloid
release experiments are expressed as the fraction of colloid
mass remaining in the column at time ¢ to initial total colloid
mass ([ Cs];/[Cslo)- To account for the delay in colloid release
caused by the presence of colloid-free water initially in the
column, the experimental times were adjusted by subtracting
the time required to flush one pore volume. The column
pore volume was estimated as

Vporc = (hcoer(Z:ol) - (mg/pg)a [1]

where the column radius R, was 2.0 cm, the column height
heor Tanged from 0.25 to 0.30 cm, the mass of solid m, was
5.00 g, and the quartz density p, was taken as 2.65 g cm™>.
The experimental rate coefficients k., were determined by
fitting the data by nonlinear least-squares regression to an

exponential function (Table 1),

ll ( [CS]I B [Cs]eq)
n .

—_— 2
l [CS]O - [Cs]cq [ ]

kexp =

Calculation of Detachment Energies

Intersurface potential energy. The physical interactions
between approaching colloid surfaces were expressed in terms
of an augmented DLVO theory as the sum of the van der
Waals, Born, and double layer potential energy varying with
separation distance x:

¢(x) = ¢Y WV (x) + P (x) + p(x). [3]
The van der Waals potential, derived from the attractive
term of the Lennard-Jones m-n interatomic potential with
an x ¢ dependence on separation distance, was formulated
for unretarded sphere—sphere interaction by assuming pair-
wise additivity of the interatomic potentials (29),

PYIV = A3 { y + y

12 |rP+ryv+r rP+ry+r+y
r2+ry+r

+ 2 1n S —— |, [4]
r+ry+r+y

where y = a,/a., r = x/2a., a. and a, are the colloid and
grain radii, respectively, and A3, is the complex Hamaker
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TABLE 1
Rate Coeflicients and Total Fractions of Colloids Released in Hematite—Quartz Al and
AQ and Cr(OH);-Glass Al Experiments

Ionic Fitted® rate Final Fitted

strength Flow rate Q coefficient k., fraction fraction
Colloid/grain/exp. (Ref.) I(M) (m! min™") s remaining remaining Ce,
«-Fe,0s/quartz/Al (this study) 0.001 1.00 + 0.03 1.34 £ 0.05-1073 0.948 0.949 + 0.001
0.003 1.21 £0.07-1073 0.957 0.957 £ 0.001
0.01 1.11 £ 0.07-1073 0.972 0.973 £ 0.001
0.03 9.47 £ 0.51-107* 0.989 0.990 + 0.001
0.1 8.16 + 0.67-107* 0.997 0.997 + 0.001
a-Fe,05/quartz/AQ (this study) 0.001 0.51 8.98 +0.37-107* 0.928 0.930 + 0.001
0.98 1.34 £ 0.05-1073 0.948 0.949 + 0.001
1.9 2.60 +0.13-1073 0.941 0.941 + 0.001
32 461 +0.34-1073 0.939 0.940 + 0.001
73 8.60 +0.22-1073 0.947 0.948 + 0.001
11.7 1.12+0.14-1072 0.936 0.944 + 0.001
11.7 1.24 +0.12-1072 0.941 0.939 £ 0.001
Cr(OH),/glass/AI (45) 0.0032 0.75-1.0 6.53 +0.16-107* 0.133 + 0.006
0.023 5.89 +0.16-107* 0.345 + 0.004
0.043 5.68 £ 0.69-107* 0.627 £ 0.015
0.10 4.12+042-107* 0.754 + 0.011
0.20 3.57 £ 1.12-107* 0.899 + 0.016

“ Fitted rate coefficeint (kg,), fraction remaining (C,,), and standard errors determined by fitting data according to Eq. [2].

constant (J) for solids 1 and 2 in medium 3. The Hamaker
constant depends on the atomic density and polarizability
of the solids and medium; it may be estimated from theory
or determined by experiment. For oxides in aqueous sus-
pension, A3, ranges from about 0.3 X 10™°to 5 X 1072°]
(14, 29). We used 4,3, = 1 X 1072 J for the quartz:water:
hematite system because quartz:water:quartz interaction is
characterized by 4,3, = 0.8 X 107%° J and the self-interacting
Hamaker constants of metal oxides are slightly greater than
that of quartz (14).

Short-range repulsive forces dominate ¢'*'(x) at very short
separation distances; thus, they may have an extremely im-
portant effect on colloid detachment (13, 15, 18). However,
neither the spatial variation nor the origins of the short-range
repulsion are well understood. Short-range repulsive forces
have been attributed to solvation forces that arise from the
structuring of liquid molecules confined between two surfaces
(30). The short-range repulsion has often been calculated
as the Born potential energy, which is derived from the re-
pulsive term of the interatomic Lennard-Jones m-n poten-
tial. The Born potential has been formulated for sphere—
sphere interaction with an x~!2 dependence on distance (31),

d)Born — A 1 ¥
75600r \ a.

« —4r’ — 14(y— Dr— 6 — 7y + 1)
(2r=1+y)y

+—4r2+ 14(y— Dr—6(2—7y+ 1)

Q2r+1—y)
+4r2+ 4y — Dr+6(2+7y+1)
2r+1+y)
42 — 14(y—)r+ 6(y*+7y+ 1) 5]
(2r—1-y)’ ’

where ¢ is the collision parameter (m). For interatomic in-
teractions, ¢ has been determined experimentally to be on
the order of 5 A (31). Initially, we used ¢ = 5 A, but because
we felt that this short-range repulsion was the least under-
stood of the three potentials, we used o as a fitting parameter
to force the calculated potential energy profiles to agree with
the experimental data. As a result, our fitted Born collision
parameter may actually reflect various near-surface repulsive
forces including hydration and steric effects.

Hogg er al. (32) calculated the double layer potential using
a linearized approximation of the Poisson-Boltzmann equa-
tion adapted to sphere-sphere interaction by one-dimen-
sional integration of plate-plate interaction for the constant
potential case,

Te€olelly

¢d|

{ 2‘AI/OC \pOgln [l—ﬂi]

ac+ ag I —e™

+ (Y + ¢é)In[l — 6’2“‘]} ., [6]
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where e is the dielectric constant of water (dimensionless),
€ is the permittivity of free space (C V™' m™!), and ¢, is
the surface potential of the colloid or collector grain. The
reciprocal double layer thickness « (m™') is expressed as

, _ 2000N,le’z’

* eekT ’

(7]

where N, is Avogadro’s number, [ is ionic strength (mole
liter '), e is the elementary charge (C), z is the valence of
a symmetrical electrolyte, k is the Boltzmann constant (J
k"), and T is the absolute temperature. Hogg et al. (32)
showed that the plate-plate form of this expression was rea-
sonably accurate (compared to an exact solution) for ¢ <
100 mV and «a. > 10. Although the hematite and quartz
surfaces were characterized by y values as large as —250 mV,
we used Eq. [6] because of the ease of its calculation. The
constant potential case describes a double layer in which
equilibrium with ions in the bulk solution is maintained
with respect to the time scale of colloid attachment and de-
tachment (33, 34). The constant potential case seems to be
appropriate for the colloid detachment because the inter-
surface domain seems to rapidly equilibrate with changes in
bulk solution chemistry.

Surface potentials. Tt is generally recognized that {-po-
tentials are not good estimates of v, especially under con-
ditions of high surface charge and high 7 (13, 35-38). There-
fore, we used a surface complexation /double layer (SCDL)
model to estimate surface potentials (.q ). Surface potentials
were determined for an interface modeled by a set of proton
exchange reactions in the presence of a diffuse (Gouy—Chap-
man) double layer populated by indifferent counterions.
Surface complexation equilibrium was solved with a version
of MINEQL (39) adapted to account for the diffuse double
layer interactions (38). Parameters used to calculate Y.
included the total active site density [>M-OH ], the in-
trinsic acidity constants pK ' and p K 1%, the specific surface
area S;, and suspension concentration X, of the oxide ( Table
2). Oxide site densities vary considerably with measurement
technique (41); therefore, we assumed a site density of 4

sites nm ™2 for the oxides in these experiments. The intrinsic
acidity constants were estimated by centering ApK'™, the
difference between values of pK % and pK'%, on the point
of zero charge (pH,,.) determined by microelectrophoresis.
The calculated values of ¥4 are substantially greater than

{ potentials typically measured for these oxides ( Table 3).

Calculation of detachment energies. Colloid release from
grain surfaces is a two-step mechanism consisting of (1) de-
tachment from the surface and (2) diffusion from the surface
to the advecting bulk fluid (Fig. 1). The rate of the first step,
colloid detachment, depends on the size of the intersurface
potential energy barrier (16—18). In the diffusion boundary
layer near the grain surface, where fluid motion is negligible
relative to colloid diffusion, colloid attachment and detach-
ment have been described as a first-order exchange between
colloids in the primary minimum (Cp,,;) and colloids in
the bulk fluid (Cp),

Kdet

Cvminl : Cﬂ 5
Aall

(8]
where kg and k,, (s7!') are the detachment and attachment
rate coefficients. We assume that [ Cpin; ], the concentration
of colloids in the primary minimum (g m~>, where the vol-
ume (m?) is defined as the product of the grain surface area
(m?) and one colloid diameter (m) for up to monolayer cov-
erage), may be equated with [(], the experimentally de-
termined concentration of attached colloids (g m™3). This
scheme assumes that all attachment sites are characterized
by the same potential energy, but this is clearly a simplifi-
cation. [ Cy] is the colloid concentration in the bulk fluid (g
m ). In an analogy with Arrhenius kinetics, the rate coef-
ficients have been exponentially related to the size of the
activation energy barriers (18),

('Ymax’Ymin )]/2
kde! ~ Dc(xmax) 27!'1(7_']
><exp(_(qsmax_d)minl)) [93]

kT

TABLE 2
Parameters Used in the Calculation of Surface Potentials with a Surface Complexation/Double Layer Model

Colloid Mean diameter S Xs

or grain (um) PHzp ApK™ (m’g™") (gL™) (Ref)
a-Fe,0; 0.15 8.0 3.0 75 2.6 (this study)
Quartz 250 2.5 9.0 0.1 1500 (this study)
Cr(OH), 0.28 8.2 3.0 75 0.88 (45)
Glass 53 2.5 9.0 0.2 1800 45)

Note. The parameters were measured or estimated by the following techniques: Mean diameter: SEM, PCS, sieving, pH,p: microelectrophoresis; quartz
(40). ApK'™: acid-base titration; iron oxide (41), quartz and glass (42). S;: estimated from BET specific surfaces area (41) and suppliers’ data. X.: estimated
from colloid and grain size, number concentration, specific density, and column volume and porosity data.
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TABLE 3
Summary of Solution Composition, Surface Potential, and Detachment Energies Estimated for ¢ = 20 A for Colloid
Detachment in the Hematite—Quartz System of This Study and in the Model Systems of Kolakowski and Matijevi¢ (45)

Colloid Grain
Colloid/grain/exp. NaNO, ¢ Veodl I VYeodl ¢
(ref) pH (M) I (M) mV mV mV mV (/1000kT)
a-Fe,0s/quartz/Al 7.0 1.0 x 1073 1.0 x 1073 — +54.7 — -99.0 -2.37
(this study) 11.0 1.0 X 1073 — —154 — —248 3.36
11.0 2.0x 1073 3.0x 1073 — —146 — —-235 3.04
11.0 9.0 X 107? 1.0 X 1072 — -136 — -217 2.55
11.0 2.9 X 1072 3.0 X 1072 — -127 — -199 2.01
11.0 9.9 X 1072 1.0 x 107! — ~116 — -174 1.30
Cr(OH),/glass/AI
(45) 7.2 32x107? — +46.9 — -78.8 -2.274
11.5 3.2x 1073 —47.0 —159 —137 —221 6.25
11.5 20X 1072 2.3x 1072 — —142 — -197 438
11.5 4.0 x 1072 4.3 X 1072 — -137 — —187 3.69
11.5 1.0 X 107 1.0 X 107! — —128 — -172 2.65
11.5 2.0 %107 2.0 X 107 — -121 — —159 1.85

2 Data not collected at pH 7.2. It has been assumed that no colloid release would have occurred at pH 7.2, the pH,,. of the Cr(OH); colloid, in order

to determine X, in the same manner as for the a-Fe,O; colloids.

’Ymax 1/2 ¢max
kszc(xmax)(zwkT) exp(—ﬁ), [9b]

where D.(Xmax) is the colloid diffusion coefficient (m?s™')
at the separation distance xp., of the primary maximum
(#max), and

_d’
dx?

; (10]

Xi

Yi =

where ¢; is the potential energy at the primary minimum
(@min1 ) O dmax, and x; is the separation distance of ¢, OF
dmax- When [Cy] is maintained at low concentrations by
advection of colloid-free fluid, the attachment rate is negli-
gible and the observed colloid release rate (ke,,, s~') may
be approximated as

dlGa] _
di - kexp[ Cs]

= kdet[cminl] [1 1]
for detachment-limited release (Fig. 1, Case B). Thus, the
rate is expected to be exponentially related to the size of the
energy barrier opposing detachment, ¢%' = —(dmax — Prmini )-
Values of ¢max and ¢min; were identified from ¢'* profiles
calculated with separation distance resolutions of Ax = 2 X
107" m in the vicinity of ¢min; and @max.

For the case in which the energy barrier no longer exists
in the potential energy profile (Fig. 1, Case C), the rate of
colloid release to the bulk fluid is limited by the diffusion of

colloids across the hydrodynamic boundary layer. The hy-
drodynamic boundary layer is the fluid adjacent to the sur-
face in which colloid diffusive transport dominates over ad-
vective transport. In this case,

d[Cq)

=k j
57 expl G5

2 ki Cger]s [12]
where kg;r (s ') is the rate coefficient associated with colloid
diffusion across the boundary layer.

RESULTS

In the hematite—quartz system, a maximum of about 7%
of the colloids were removed by the pH 11.0 solutions. SEM/
EDX examination of the quartz surfaces showed that the
remaining hematite colloids were primarily situated in rough,
weathered areas (Fig. 2). Quantification of the Fe peak areas
observed on 10 quartz grains revealed that the weathered
areas contained 4.1 + 1.4 mole% Fe (*lo) and that the
smooth areas contained 1.4 + 0.7 mole% Fe. Individual col-
loids could not be resolved by SEM, probably because
the poorly conducting quartz was insufficiently coated
with Au-Pd.

The size of hematite colloids in the column eluent, as
measured by PCS, never varied by more than £10% from
the size of the colloids attached to the quartz grains, indi-
cating that single colloids were detached from quartz surfaces
and that the dilute colloid suspensions generated by detach-
ment did not coagulate rapidly even at I = 0.1 M.
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F1G. 3. Plot of the fraction of hematite colloids remaining attached to
quartz grains vs time for pH 11.0 flushing solutions of varying ionic strength
(initial conditions are pH 7.0, 7 0.001 M). Both the release rate and the
total fraction released increased with decreasing ionic strength. Lines show
best fit of Eq. [2] to data. Error bars on final points show detection limits.

The increase in I had two effects on colloid detachment
(Fig. 3): (1) a decrease in the initial detachment rate and
(2) a decrease in the fraction of colloids ultimately released.
We calculated (using o = 5 A) that the increase in / produced
a decrease in the size of the energy barrier until the energy
barrier actually vanished for the 7 = 0.1 M case (Fig. 4);
thus, the release rates were not inversely related to the size
of the energy barriers, as this colloid detachment model pre-
dicts.

Increasing the flow rate resulted in an increase in the de-
tachment rate (Fig. 5), but the fraction of colloids ultimately
released did not vary significantly with flow rate. The range
of the observed fractions remaining, 0.928 to 0.948, was
within 2¢ of the mean observed fraction remaining, 0.940
+ 0.006. The observed fractions remaining closely matched
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pH 11.0
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[
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g=2014

-5 1 . ) .
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FIG. 4. Plot of total potential energy (¢'') vs separation distance for
the hematite-quartz system. An increase in the Born collision parameter ¢
from 5 to 20 A caused the energy barriers to vanish.
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FIG. 5. Piot of the fraction of hematite colloids remaining attached to

quartz grains vs time as flow rate was varied from 0.51 to 1.7 ml min~',

Release rates increased with increasing flow rate, but the total fraction of
colloids removed did not vary significantly with flow rate. Error bars show
detection limit. '

those determined by fitting the AQ data by first-order ex-
ponential decay (C.q, Table 1), indicating that the experi-
ments had been run to equilibrium. If the colloid release
rates are normalized to the number of pore volumes passing
through the column instead of to time, it is evident that the
effect of flow rate on observed colloid release is not simply
a function of pore fluid residence time ( Table 4).

DISCUSSION

Release Rate-Energy Barrier Relationship

For the hematite-quartz system at pH 11, our data indicate
that the rate-limiting step in colloid release was not colloid

TABLE 4
Rate Coeflicients Normalized to the Number of Pore Volumes
Passing through the Column for the AQ Experiments

Pore

Flow rate volume Residence Fitted rate Fitted*

Q Vore time coeflicient kg, fraction
(mL min™") (mL) (min) (mL™") remaining C,,
0.51 1.69 3.31 0.178 £+ 0.007  0.930 = 0.001
0.98 1.79 1.83 0.166 £ 0.010  0.949 + 0.001
1.9 1.69 0.89 0.139 +0.007  0.941 £+ 0.001
32 1.54 0.48 0.133 £0.010  0.940 = 0.001
73 1.69 0.23 0.120 £0.003  0.948 + 0.001
11.7 1.64 0.14 0.095 £0.012  0.944 + 0.001
11.7 1.54 0.13 0.098 £ 0.009  0.940 + 0.001

4 Fitted rate coefficient (kg ), fraction remaining (C ), and standard errors
determined by fitting data from plots of fraction remaining vs number of
pore volumes according to a form of Eq. [2] with the number of pore volumes
substituted for time.
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transport “over an energy barrier.” We did not observe any
correlation between the release rate coefficients and the size
of the energy barriers. Also, the release rate depended on the
flow rate. An alternative explanation for these results is that
the energy barrier was absent from the potential energy profile
when hematite colloid release was observed at pH 11.

We surmise that the calculated potential energy profiles
did not accurately represent the intersurface interactions. It
is likely that the potential energies that we calculated for
very small separation distances (where the primary minimum
is located ) are not accurate. The double layer and London-
van der Waals forces have been validated down to separation
distances of about 10 molecular layers of water, or about 4
nm, but interactions at smaller separation distances do not
agree with calculated forces owing to a variety of effects (30).
When surfaces are separated by less than about 10 water
molecules, it 1s no longer possible to treat the water as a
structureless continuum. Between hydrophilic surfaces, re-
pulsive hydration forces begin to oscillate at smaller sepa-
ration distances owing to molecular size and shape and local
bonding of water (43).

Although the Born potential was derived from the same
interatomic potential from which the London-van der Waals
potential was derived, it clearly does not accurately represent
the complicated interactions between surfaces at small sep-
aration distances. This should not be surprising, because two
parameters in the Born potential expression have been de-
termined for interatomic systems. According to Feke er al.
(31), a value of n = 12 has typically been used for the de-
pendence of the Born potential on separation distance, x ",
and the value of the collision parameter, o, has been deter-
mined experimentally to be on the order of 5 A. These values
have been applied to colloidal systems without justification
of their transferability.

Owing to the lack of agreement between the colloid release
data and intersurface potential energy, we varied ¢ as a “fit-
ting parameter” until we found a value of ¢ that produced
potential energy profiles without energy barriers for the con-
ditions under which colloid release was observed. When we
increased o from 5 to 20 A, we found that min; and Gpay
disappeared for the pH 11.0 experiments; that is, the energy
barrier to detachment no longer existed regardless of which
ionic strength was involved (Fig. 4). For the pH 7.0 exper-
iment, in which colloid release was not observed, the energy
barrier remained, even with ¢ = 20 A. The disappearance
of the energy barrier from the potential energy profile implies
that repulsive forces prevailed at all separation distances.

If such intersurface energy profiles are appropriate, we
would argue that colloid detachment was actually aided by
intersurface forces during the pH 11.0 experiments and lim-
ited only by diffusion from the surface to the bulk fluid. For
the pH 11.0 potential energy profiles from which the energy
barriers disappeared, we quantified ¢! as the potential en-
ergy at the separation distance where ¢, existed for the

pPH 7.0 case with ¢ = 20 A (Xpin = 7.0 A). The colloid
release rate coefficients correlated well with these detachment
activation energies (Fig. 6), suggesting that the detaching
colloids received a repulsive “push” corresponding to the
magnitude of the potential energy at the separation distance
at which they had been attached.

The increase in ¢ from 5 to 20 A results in an increase in
the effective “distance of closest approach,” or Xy, , from
2.0 to 7.0 A for the pH 7.0 case. This effective distance of
closest approach may be thought of as the separation distance
where the short-range repulsive potential, whatever its origin,
begins to dominate the potential energy profile. Distances
of closest approach ranging from 4 to 10 A have been de-
termined from results of other colloid release experiments
(27, 44-47). These distances of closest approach represent
the application of a “hard-sphere” potential as an alternative
to the “soft” Born potential (48). Both repulsive potentials
are employed to remove the infinitely deep primary mini-
mum (from which the probability of attached colloids es-
caping is zero ) predicted when only London-van der Waals
and double layer potentials are used. The disappearance of
energy barriers in our system could have been characterized
equally well by shifting a hard-sphere potential from 2.0 to
7.0 A.

Effect of Fluid Velocity on Detachment Rate

When ionic strength was decreased by two orders of mag-
nitude, k., increased by only 64%. In contrast, an increase
in the flow rate by a factor of 22.9 caused k., to increase by
a factor of 13.8. Note that the increase in release rate with
flow was not simply related to a change in column residence
time; if colloid release rate coefficients are normalized to
dimensionless time (number of pore volumes), the release
rate coefficients decrease with increasing flow rate (Table 4).
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FIG. 6. Logarithmic plot of experimental rate coefficients (Kexp) Vs de-
tachment energies (¢'/1000kT) for o = 20 A in the hematite-quartz and
Cr(OH );-glass Al experiments.
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The sensitivity of the release rate to the flow rate indicated
that, in these experiments, the rate-limiting step in colloid
release was not detachment from the primary minimum;
instead, the rate-limiting step was dominated by hydrody-
namics. In experiments of latex colloid release from sand,
McDowell-Boyer (49) also observed that the rate of colloid
mobilization depended on flow rate at relatively low flow
rates.

We postulate that the rate-limiting step in colloid release
in the hematite-quartz system at pH 11 was diffusion of
detached colloids across the boundary layer between grain
surfaces and the bulk fluid (Fig. 1, Case C). The role of
hydrodynamic parameters in colloid release can be described
by designating Cg as the concentration of detached colloids
at the edge of the region over which the intersurface potential
extended (6,);

’ﬁi_e_& kai
Chini = Coee — Chr,
att

[13]

where kg is a first-order rate coefficient (s ') reflecting dif-
fusive transport of detached colloids across the diffusion
boundary layer. If advection maintains [Cq] at low levels,
diffusion-driven transport from the bulk fluid to the surface
can be neglected and the rate of colloid removal from Cye
may be expressed as

d[ Cdet] — _
dt ¢

G
dx?

Caet

D,
=~ =3 [Caarl- [14]
ol

Thus, kg;r (and k.,,, approximately ) depend on the colloid
diffusion coefficient and the boundary layer thickness for
diffusion-limited release (Fig. 1):

>

kexp:kdifz C- [15]

=d
o

D. is given by the Stokes-Einstein equation,

kT
¢ 6T uaac ’

D [16]

where pq is the viscosity of the fluid (kg m™' s™'). The average

thickness of the boundary layer around a single spherical
colloid in laminar flow may be estimated by (50)

Dc 1/3
Op1 ~ ag Ua s
g

where U (m s™!) is the pore velocity of the bulk fluid, defined
as Q.o/(Acoint), where A, is the cross-sectional area of the

(17}

column (m?), and # is the porosity of the packed column
(void volume/total volume).

Combining these expressions, we expect that for diffusion-
limited release

kT
6muad.

1/3
) ax*y*? [18]

kexp = (

and, for the conditions of our experiment,

Kenp =~ 10130097, [19]
Linear regression of a logarithmic plot (see Fig. 7) of kexp
vs. U results in

— 1.0120.10 5 70.84+0.02
Kexp = 10 U :

(20]

This fitted relationship appears to be reasonably close to the
theoretical prediction.

Alternatively, it is possible that the colloid release rate
may have been affected by hydrodynamic shear, although it
is likely that colloid removal by shear would have resulted
in an increase in the total fraction of colloids released and
this did not occur. Researchers studying the release of sub-
micrometer colloids from grains under laminar flow have
concluded that hydrodynamic shear forces are negligible
compared to electrostatic adhesive forces (11, 45, 51, 52).
For larger colloids and more rapid flows, colloid release has
been attributed to colloid rolling initiated by fluid drag force
tangential to the surface (53, 54). The effect of hydrodynamic
lift forces on detachment is considered negligible compared
to the effect of the tangential force (49, 55). An analysis of
the tangential and adhesion forces for these experiments
showed that the force of adhesion for colloids in the primary
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FIG.7. Logarithmic plot of rate coefficients (ke ) vs the bulk fluid flow
velocity U. The dependence of ke, on U shown in Eq. [20] is reasonably
close to the theoretically predicted relationship shown in Eq. [19].
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minimum at pH 7 was five orders of magnitude greater than
the tangential force at the highest flow rate (26).

Fraction of Colloids Released

After 10 to 100 pore volumes of flushing in the Al exper-
iments, colloid concentrations in the eluent dropped to near-
zero levels after a relatively small fraction of the colloids
were released. The total fraction of colloids released at the
final sample time decreased with increasing ionic strength
(Fig. 3). We surmise that lower ionic strengths caused in-
creasing repulsion that led to the more effective release of
colloids attached to the surface. The decrease in the fraction
of colloids released with each increase in I suggests that col-
loid attachment is characterized by a distribution of attach-
ment energies, as proposed by Kallay ef a/. (23). The dis-
tribution of attachment energies may be attributed to irreg-
ular geometries associated with cracks and crevices on the
grain surfaces. The SEM/EDX analysis suggested that Fe
was concentrated on the weathered portions of the quartz
surfaces (Fig. 2). The implications of this observation would
be that the majority of the hematite colloids remained at-
tached to the quartz surfaces because the change in solution
conditions did not cause enough repulsion to remove them.
The removal of these colloids by sonication at the conclusion
of the experiments indicated that chemical bonding was not
involved, in agreement with the conclusions of Kolakowski
and Matijevic (45).

Alternatively, some fraction of the colloids may have been
detached from the primary minimum upon pH change and
then reattached following lateral diffusion to sites of higher
attachment energy. Kuo and Matijevic¢ (47) observed that
hematite colloids were transferred from smooth to crenelated
surfaces on steel grains during flushing and that a maximum
of only 12% of the colloids were removed from these steel
grains. The colloids appeared to have aggregated into larger
flocs in their experiment, which would further inhibit their
detachment owing to a decrease in the diffusion coefficient.
Lateral diffusion to higher energy sites would have to occur
without transport to the bulk fluid because reattachment of
colloids that reach the bulk fluid is unlikely. The return of
colloids to the surface from the bulk fluid would be opposed
by a large attachment energy barrier and the diffusion gra-
dient. Indeed, colloid suspensions readily passed through
columns without attaching at the high pH values that pro-
moted detachment (46, 47).

Review of Related Colloid Detachment Data

The dependence of colloid detachment kinetics on ionic
strength was measured in a series of model systems by
Matijevi¢ and co-workers (a-Fe,Os—glass, 27; Cr(OH );-
glass, 45; and 3-FeOOH-steel, 56); however, we were able
to compare our results to those of Kolakowski and Matijevié¢
(45) only. In the «a-Fe,Os-glass system, Kallay et al. (27)
observed an increase in colloid release rate with increasing

ionic strength, a result at odds with those observed in our
hematite—quartz system, the Cr(OH );—glass and 8-FeOOH-
steel systems, and field and laboratory observations (10, 11,
49, 52). This counterintuitive result was attributed to the
use of a shorter column that supposedly reduced the prob-
ability of reattachment of released colloids that would nor-
mally be promoted at high 7 (23). When we estimated the
probability of reattachment based on the frequency of colloid
collisions with grains and the surface area of grains along
the flow path (26), we found that reattachment probability
in the a-Fe;O;-glass system (27) was actually two to three
times higher than that in the Cr(OH );—glass (45) and 3-
FeOOH-steel (56) systems and approximately the same as
in our hematite-quartz system. Furthermore, Kuo and Ma-
tijevi¢ (46) concluded that colloid reattachment was negli-
gible after showing that Fe,Oj; colloids passed through a col-
umn of clean steel grains at pH = 9 without attachment.
Owing to the lack of explanation for the counterintuitive
results obtained by Kallay et al. (27), we have not considered
their results further here. We also did not consider the 8-
FeOOH-steel system (56) because ( 1) the colloids were not
spherical and (2) plots of the fraction remaining vs time
were not provided.

For the Cr(OH );-glass (45) system, we estimated exper-
imental rate coefficients by fitting the reported colloid release
data with Eq. [2]. Originally, the rate coefficient estimated
for the lowest value of I (0.0032 M) was less than that of
the next higher value of 7 (0.023 Af) because the first data
points on the fraction remaining vs time curves coincided.
However, 89% of the colloids were ultimately removed at 1
= 0.0032 M and only 64% were removed at I = 0.023 M,
suggesting that the first data points for these values of I may
have coincided owing to experimental error. When the first
points were removed from the two data sets, more appro-
priate rate coefficients were estimated and used in the analysis
(Table 1). The small variation in the rate coeflicients over
nearly two orders of magnitude variation in 7 is similar to
that observed for our hematite—glass system.

Kolakowski and Matijevi¢ (45) measured ¢ only at the
lowest value of I tested in Al experiment, so we estimated
Ysear for the oxides using the parameters listed in Table 2.
For Cr(OH );, we used the same ApK™ and S, as for the Fe
oxides. Potential energy profiles were calculated using ¢ =
5 and 20 A. With ¢ = 5 A, a substantial energy barrier is
predicted to exist at low I, but with ¢ = 20 A, the energy
barrier is predicted to be absent as for the hematite—quartz
system (Fig. 8). For ¢ = 20 A, detachment energies were
estimated by (1) calculating values of Y4 for the colloid
and grain at pH 7.2 (one pH unit below the pH,, of
Cr(OH );3) to simulate conditions under which colloids would
not be released, (2) calculating a potential energy profile for
pH 7.2, (3) determining X, for pH 7.2, and (4) using
&' (Xmin1 ) as ¢°* for the pH 11.5 runs during which colloid
release was observed. The separation distance at which the
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FIG. 8. Plot of total potential energy vs separation distance for the

Cr(OH );-glass system. The energy barrier still exists at the lowest value of
I for ¢ = 5 A, but energy barriers have vanished at ¢ = 20 A.

detachment energy was calculated was xyin; = 7.0 A, the
same value used for our hematite—quartz system. The colloid
release rate coefficients correlated well with the detachment
energies for the Cr(OH );—glass system (Fig. 5), but the slope
and intercept of the 10g ke, vs. ¢ relationship determined
for hematite-quartz (m = 2.5 £ 0.1 X 10 ]!, p = —3.2
+ 0.1) were significantly different from those determined for
Cr(OH);-glass (m = 1.5 £ 0.4 X 10" J°' b = =35
+0.1).

Although the Cr(OH );—glass and hematite-quartz systems
possessed quite similar surface potentials at given ionic
strengths, the detachment energies calculated for the
Cr(OH );—glass system were about 1.5 to 2 times greater than
those calculated for the hematite—quartz system. The repul-
sive double layer potentials and, hence, the detachment
energies for Cr(OH);-glass were greater because the
Cr(OH); colloids were about twice as large as the hematite
colloids. Nevertheless, the Cr(OH); colloids were released
about half as rapidly as the hematite colloids. This may sug-
gest that colloid release was limited by diffusion across the
boundary layer in the Cr(OH );—glass system. The diffusion
coeflicient of the Cr(OH ); colloids is about one-half that of
the hematite colloids and the release rate coefficient in a
diffusion-limited case is directly related to the diffusion coef-
ficient; thus, the slower release of Cr(OH ); colloids is con-
sistent with diffusion-limited release.

Implications for Colloid Release

In experiments exploring the effects of changes in solution
chemistry on the rate of colloid release, Fogler and co-workers
(11,57, 58) reported that colloid release occurred suddenly
when ionic strength or [H"] reached a threshold beyond
which colloids were mobilized. In these and other experi-

ments (49, 52), colloid release occurred under conditions
for which DLVO calculations predicted that detachment en-
ergy barriers were still present. With energy barriers still
present, the rates of colloid release predicted by the energy
barrier model would be much lower than the measured rates
of colloid release reported in these studies, much as predicted
deposition rates are vastly different from measured deposition
rates.

We hypothesize that the threshold values responsible for
rapid colloid mobilization actually correspond to the con-
ditions at which the detachment energy barriers disappear
and the rates of colloid release are no longer limited by de-
tachment from the surface. McDowell-Boyer (49) observed
that colloid release depended on flow rate, substantiating
this supposition. Khilar and Fogler (11) and Cerda (52)
claimed that variations in flow rate did not affect colloid
release rates; however, they quantified drops in the hydraulic
conductivity of the columns and not the actual rates of colloid
release. Because these researchers calculated double layer
potentials using ¢ potentials, it is likely that the repulsive
interactions were substantially underestimated. It has long
been recognized that { potentials do not accurately represent
surface potentials.

It should be noted that the double layer potential calculated
by the linear approximation of the Poisson-Boltzmann
equation formulated by Hogg et al. (32) is greater than that
calculated by the nonlinear, or exact, solution provided by
Overbeek (59) at most separation distances. However, com-
parison of the linear and nonlinear solutions with direct
measurements of the force between cleaved mica surfaces
(60) showed that, while the Overbeek solution closely
matched the experimental results, the linear approximation
actually underestimated the measured double layer potential
at separation distances less than about 10 nm (61). Thus,
the repulsive interactions between the hematite—quartz and
Cr(OH );-glass surfaces may have been underestimated at
the separation distances in the vicinity of the primary min-
imum and maximum by the Hogg et a/. expression. If this
is true, it may have been that using calculated surface po-
tentials instead of { potentials would have been sufficient to
produce the potential energy profiles without detachment
energy barriers that best describe the colloid release data.

CONCLUSIONS

In the energy barrier model of colloid release kinetics,
colloid release is limited by the rate of diffusion of colloids
over an intersurface potential energy barrier opposing de-
tachment (16-18). The detachment rate coefhicients are
thought to be inversely related to the size of the energy barrier
in an Arrhenius-type relationship. However, in a system of
hematite colloids and quartz grains, both observed colloid
release rates and the size of the energy barriers decreased as
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ionic strength was increased. The colloid release rates also
increased with increases in the flow rate. These experimental
results indicated that the colloid transport over the detach-
ment energy barrier was not the rate-limiting step in colloid
release.

To explain these data, we suggest that the change in so-
lution chemistry caused the energy barriers to disappear from
the potential energy profile. Under such circumstances, re-
pulsive forces would exist at all separation distances and at-
tached colloids would be “pushed” away from the surface.
Then, the rate-limiting step in colloid release would be the
transport of detached colloids to the bulk fluid.

Using the collision parameter ¢ in the Born short-range
repulsion expression as a fitting function, we produced po-
tential energy profiles without detachment energy barriers
for the experimental conditions under which colloid release
was observed by increasing ¢ from 5 to 20 A. This increase
in ¢ resulted in an increase in the effective distance of closest
approach from 2.0 to 7.0 A, a value that agrees well with
distances of closest approach determined by others (25, 44—
47). The effect of the variation in flow rate on the colloid
release rate was reasonably consistent with the theoretical
prediction based on colloid diffusion coefficients and esti-
mated hydrodynamic boundary layer thicknesses.

Applying these concepts to other experimental explora-
tions of the effects of ionic strength on colloid release showed
that the use of { potentials as surface potentials has produced
potential energy profiles with energy barriers for conditions
that corresponded with observed rapid colloid release. With
energy barriers present, the colloid release rate is predicted
to be extremely slow; therefore, based on the results of this
study, we suggest that rapid colloid release corresponds to
conditions for which the energy barrier has vanished from
the potential energy profile.
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