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Introduction

Groundwater colloids which adsorb ions play an important role in actinide migration from
the viewpoint of the performance assessment of radioactive waste disposal. The colloids act as a
third phase which is neither liquid nor solid phase. This phase can increase the amount of
actinides that can migrate in a natural aquifer system (1). It was also pointed out that colloidal
particles will generally travel at slightly higher velocities than the advecting fluid medium,
known as hydrodynamic chromatography (2, 3). On the other hand, colloid transport can be
retarded due to the filtration effect, and it is indispensable to model the filtration behavior of
colloids (1). Saltelli et al. (4) studied filtration effect on migration of polydispersed colloids in
porous media. They applied modified version of the filtration equations to describe their
experimental results. Although their model shows good agreement, it has the problem of
obtaining the parameters which were optimized in their simulation (5). Hwang et al. (6)
described a mathematical model of colloids and solute considering colloid filtration in fractured
porous media. In this model, the mechanism of the filtration was not described. Since colloids
behave quite differently from dissolved species, much attention should be focused on the
migration of colloids, especially on the mechanism of the deposition behavior of colloids onto
solid surface.

The mechanisms of the filtration have been investigated on subjects such as water treatment
or transport of colloidal contaminants in groundwater. In the case of colloid transport in porous
media, colloidal particles, which are very small relative to the porous media grain (collector)
size, are retained only if attractive forces dominate when the particles collide with the collector
(7). This phenomenon is termed deposition. Deposition is the process whereby particles are
transported to a solid collector surface, where they become attached. The overall deposition
process is divided into two sequential steps: transport and attachment (8). The transport step is a
particle transport process from bulk fluid to the vicinity of a solid collector surface which can be
quantitatively described by convective-diffusion and trajectory equations. The attachment step is
controlled by the chemical characteristics of the particle and the surface and by the solution
chemistry. Whether the transported particle is attached or not depends on the interactions
between the particle and the collector surface which operate at short distances of separation
(usually several tens of nanometers). The interactions are the van der Waals and electrical
double layer interactions which form the basis of the Derjaguin-Landau (9) and Verwey-
Overbeek (10) (DLVO) theory of colloid stability.

The behavior of the colloid deposition onto solid collector surface can be observed by
conducting column experiments. The results are presented as particle breakthrough curves
(BTCs). The effluent concentration of particles, C, as a function of time or effluent volume, is
presented as a fraction of the influent concentration, Co, in the BTCs. Because of the difference
of retention mechanisms, the shape of a colloid BTC is quite different from that of a solute BTC.
For example, a colloid BTC could have tailing or plateau which can not be seen in a solute
BTC.

Flow field has significant effect on the colloid deposition behavior in filtration process,
however, there is not much data available in the literature. Although the effect was investigated
through column experiments with pulse input of colloid solutions (11), such studies with step
input have not been conducted enough. A study on the effect of deposited particles by
conducting sequential runs with back wash process would give us some information about the
deposition behavior, however, such studies also have not been performed enough.

- 627 -



JAERI-Conf 99-004

The purpose of the present paper is to investigate the effect of flow field on the deposition and
the effect of deposited particles on the sequential deposition. We carried out column and batch
experiments to observe the effect of flow field and performed column experiments with back
wash process to study the effect of deposited particles.

Experimental

Materials
Spherical soda lime glass beads (Toshin Riko) with diameter of 0.35-0.40 mm were used as

collectors in column and batch experiments. The glass beads were cleaned by soaking for 30
minutes in an ultrasonic bath with distilled deionized water (Barnstead; Fistreem II, E-pure)
and acidic solution (1 M HNO3 or 0.3 M HC1), then rinsed with distilled deionized water
repeatedly, and dried in an oven at 60 °C. Distilled deionized water was used for preparing the
all solutions used in this work.

In the column experiments with varying the ionic strength, monodispersed suspension of
polystyrene latex particles having mean diameter of 102 nm (Seradyn Inc.) was used as model
colloid in column and batch experiments. The particles contain surface functional groups of
sulfate (SO4), and the density, as reported by the manufacturer, is 1.05 g/mL. Aqueous
suspensions of latex particles (10 mg/L) were used in column and batch experiments. The ionic
strength / in the suspensions was adjusted by the addition of NaNO3. The concentrations of
NaNO3 were 0 M, 10"3 M, 10"2 M and 10"' M. In the column experiments with varying the flow
rate, the suspension with concentration of 5 mg/L was used. The ionic strength of the
suspension was adjusted as 7=10"4M by the addition of KC1.

Column Experiments
In the column experiments with varying the ionic strength, exactly 6.05 g of the prepared

dry glass beads was wet packed with distilled deionized water in a cylindrical Teflon column of
50 mm length and 10 mm inner diameter, before each run. This procedure resulted in a
saturated column with porosity of 0.384, based on a glass beads density of 2.5 g/cm3. A low
flow rate plunger pump (Nihon Seimitsu Kagaku; NP-FX series) was used in feeding solutions
into a column. The pH value of effluent passing through a glass beads packed column is
initially larger than that of influent. This increase in the pH is caused by the contact of the fed
solution with the glass beads. It has been postulated that the soda lime glass surface consume
protons from the solution while releasing sodium ions (12). To minimize the changes in the pH
of the effluent during column experiments, particle-free solution was fed into the column at the
same flow rate as that used in the following experiment, before feeding the colloid suspension.

Following the preparation of the column, an aqueous suspension of latex particles was
pumped through the vertical column at the constant upward flow rate of 1.025 ±0.045 mL/rnin.
Particle concentrations in the effluent leaving from the columns were continuously monitored
with a UV-VIS spectrophotometer (Shimadzu; UV-1200) equipping a flow-through quartz cell
at wavelength of 260 nm. Prior to the column experiments, reproducibility of the characteristics
of the columns was checked on several runs by feeding 0.3 M CoCl2 solution as a conservative
tracer, which flows at the same velocity as that of advective fluid. We had previously checked
that CoCl2 does not sorb on the glass beads used in this work by batch experiment. CoCl2
concentration was determined by using the same spectrophotometer at wavelength of 510 nm.

A column was prepared for every single run, except for experiments on the effect of back
wash process. In the back wash experiments, after finishing the first run at 7=10"' M, the
column used was back washed by pure 10"1 M NaNO3 solution at relatively high flow rate
(several times higher than the breakthrough runs) to remove the latex particles retained in the
column. After confirming that the latex particle concentration in the effluent dropped to zero, the
second run at 7=10"' M was performed.

In the column experiments with varying the flow rate, exactly 11.98 g of the prepared dry
glass beads was wet packed with distilled deionized water in a column of 100 mm length and 10
mm inner diameter. This procedure resulted in a saturated column with porosity of 0.390. The
suspension of latex particles was pumped through the column at the flow rate of 0.935 ±0.012
and 0.468 ±0.003 mL/min. Particle concentrations in the effluent leaving from the column were
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continuously monitored with the UV-VIS spectrophotometer at wavelength of 228 nm. 0.3 M
CoCl2 solution was fed at the flow rate of 0.986+0.020 mL/min and 0.404 mL/rnin.

All column experiments were conducted at room temperature (21±3°C) under aerobic
conditions.

Batch Experiments
Exactly 5.00 g of prepared glass beads were weighed into centrifuge tubes, and then the

tubes containing the glass beads were weighed. The glass beads in the tubes were washed with
distilled deionized water 15-20 times until there was no further increase in pH of the water. The
water was carefully drained without loss of the glass beads. The tubes containing the glass
beads and remaining water were weighed again. The amounts of the remaining water were
determined from the obtained total weights of the tubes before and after washing the glass beads.
The same amount of distilled deionized water as the remaining water was weighed into
centrifuge tubes for blank samples. These procedures were conducted to minimize the effects of
changes in pH of liquid phases.

5.00 mL of aqueous suspensions were put into the tubes, and the tubes were shaken by
hand moderately for 1 minute. Particle concentrations in the liquid phase were obtained with a
UV-VIS spectrophotometer (Hitachi; U-3300) at wavelength of 260 nm. Measurements were
made in quartz cells of 1.0 cm path length. All runs were conducted at room temperature (20+
2°C) under aerobic conditions.

Results and Discussion

Distribution Coefficient
The distribution coefficient Kd (mL/g) was obtained from the results of column and batch

experiments in three ways: batch method, fitting method, and integration method to find out
characteristics of colloid deposition during its transport process in a porous media. BTCs in the
column experiments with varying the ionic strength are presented in Fig. 1. The dependence of
ionic strength on particle deposition can be clearly seen in this figure. For higher ionic strength,
the particle deposition onto glass bead surfaces increased. This is often ascribed to reduced
electrical double layer forces between particles and glass beads caused by compression of the
layer (8). Kd was obtained by fitting and integration method with the results of the column
experiments. In the fitting method, Kd was obtained by fitting the column experiment data to the
analytical solution of the convective-diffusion equation. In the integration method, the
retardation factor R of each run was calculated from the results of column experiments (13, 14).
R was obtained by numerical integration of the area between the BTC and a horizontal line of

C/C0=l. Since the retardation factor R is related to Kd, porosity £ , and the collector density p ,
and described as R = l+Kd p(l- e) It, Kd was obtained from this equation. In the batch
method, Kd was obtained as a ratio of amount of particles deposited on collector surfaces to that
in the liquid phase. Kd obtained by the three methods are presented in Fig. 2. The results
indicate that all KA increased with the ionic strength, which is again ascribed to the compression
of the diffuse electrical double layer. Kd obtained by fitting method and those obtained by
integration method were different. This difference can be explained as follows. In the fitting
method, some errors may be included in fitting of dispersivity of particles. The integration
method is valid for a phenomenon which has a linear relation between concentration and amount
of deposition (sigmoidal BTC). In the column experiments, this condition was not realized,
resulting in including some errors. Nevertheless, it should be noted that the values obtained
from the batch method were smaller than those obtained by the other two methods in which
column experiment data were utilized. This implies that the existence of flow field increased the
extent of deposition.
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Figure 1. Breakthrough curves with different ionic strength.
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Figure 2. Distribution coefficients of latex particles for spherical soda lime glass
beads determined by batch, fitting, and integration methods. ' * '
indicates the value which is larger than determinable limit.

Effect of flow velocity
Figure 3 illustrates the BTCs obtained in the column experiments with varying the flow rate.

White and black plots designate the C/Co for colloid solutions and tracer suspensions,
respectively. It is seen that both of the colloid BTCs have three different stages of deposition
behavior, characterized by difference in the rate of the C/Co. For example, in the BTC
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Figure 3. Breakthrough curves with different flow rates.

designated by white circles (0.935 mL/min), the three stages are seen as follows. The BTC
behaved similarly to the tracer BTC until the C/Co increased to about 0.32 (the first stage).
Then the BTC parted from the tracer BTC and the C/Co increased to about 0.96 at the effluent
volume of 34 mL (the second stage). The C / Co increased very slowly after the effluent volume
exceeded about 34 mL (the third stage). For the later discussion, the C/Co is regarded to be
apparently constant in the third stage.

To describe the colloid deposition behavior, it would be reasonable to consider that there are
strong and weak deposition sites on the collector surfaces. Since the particles and the collectors
are similarly charged, most area of the collector surfaces are weak deposition sites. Strong
deposition sites, however, could exist because of the surface charge heterogeneity of collectors
(15) as an example, although these sites are small fraction of the collector surfaces. In the first
stage, the rate of C/Co of the colloid BTCs were identical with the tracer BTCs. This fact
shows that the particles which did not interact with collectors passed through the column
simultaneously with bulk fluid. Some fraction of the particles, however, could be retained
because of the deposition mainly onto the strong deposition sites. As a result, each colloid BTC
showed a bent point where it parts from the tracer BTC. The C / Co at the bent point reflects the
extent of initial particle removal by "clean" collectors which are devoid of deposited particles on
them.

In the second stage, the rapid increase in the C/Co is attributed to the filling process of
strong deposition sites which are small fraction of the collector surfaces. The theoretical models
exist which describes the rate of the increase in the C/CQ considering the surface charge
heterogeneity of collectors (15) or the effect of exclusion of subsequent particles by the
repulsive interactions between deposited particles and suspended particles (16). Although the
models explain these effects on the deposition behavior, there are some factors which are not
included in these models. In the present work, it would be not advisable to discuss the
deposition behavior in the second stage which contains many unknowns. Further description
for the second stage is beyond the scope of the present work.

In the third stage, the C / Co increased very slowly. It is attributed to the filling process of
weak deposition sites after the strong deposition sites have been filled with particles. These
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weak deposition sites are large fraction of the collector surfaces, and the small fraction of the
particles can deposit onto these sites. For this reason, it would be possible to regard the particle
removal behavior as apparently steady state and uniform longitudinally through the column in
this stage.

The amount of deposited particles can be estimated by calculating the area between tracer
BTC and colloid BTC. From the results in Fig. 3, the amounts of deposited particles for both
flow rates until the beginning of the third stage (until 34 mL for 0.935 mL/min and 46 mL for
0.468 mL/min) were calculated. The results show that the amount for 0.468 mL/min was 2.42
times as large as for 0.935 mL/min. The fact indicates larger amount of deposited particles until
the beginning of the third stage for lower flow velocity. It is not obvious, however, whether the
fact has consistency with the result of comparison between batch and column experiments. The
effect of the flow velocity on colloid deposition should be investigated further.

Effect of Deposited Particles
Figures 4 shows the BTCs for the first and the second runs (before and after back wash

process) at 7=10"' M. The back wash process between these runs was conducted by feeding the
particle-free solutions at relatively high flow rate (several times higher than the runs). The value
of C/Co at one pore volume of effluent for the second run was larger than that of the first run,
because of the deposited particles remaining on the glass beads. It should be also noted that the
value of C/Co of the second run at one pore volume of effluent was lower than that at the end of
the first run. The lower value of C/Co indicates higher removal efficiency. The increase in
removal efficiency can be ascribed to detachment of the deposited particles by which deposition
sites on the collector surface are increased.

To certify whether the deposited latex particles remained on glass beads or not, we observed
surfaces of glass beads by SEM after back wash process. This observation revealed the
existence of deposited particles remaining after back wash process although the number of
particles deposited decreased after back wash process. These particles were inclined to be
observed at cavernous sites on the glass beads. This inclination indicates that surface roughness
of the collector and maybe heterogeneity of surface charge of the collector also cause difference
in magnitude of the surface force between the particle and the collector.
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Figure 4. Breakthrough curves with different column lengths and flow rates.
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Conclusions
We investigated the deposition behavior in colloid transport through porous media by

conducting column experiments and batch experiments using polystyrene latex particles and
spherical glass beads. The conclusions of the present work are summarized below.
1. The comparison between the results of the batch and the column experiments indicated that

the deposition was enhanced in the column experiments compared with the batch experiments
due to particles trapped by the effect of flow field.

2. Colloid BTCs showed three different stages of deposition which can be characterized by the
different rate of the change in the C/Co. Three stages can be explained by the existence of
large area of weak deposition sites and small area of strong deposition sites on the collector
surfaces.

3. The amount of deposited particles until the beginning of the third stage was larger for lower
flow velocity.

4. The results of the column experiments revealed that breakthrough behavior of colloidal
particles of the second run after back wash process is affected by remaining particles on
collector surfaces.

References
(1) Nagasaki, S. et al.: Geochemical behavior of actinides in high-level radioactive waste

disposal. Progress in Nuclear Energy 32, 141-161 (1998).
(2) Small, H.: Hydrodynamic chromatography: A technique for size analysis of colloidal

particles. 7. Colloid Interface Sci. 48, 147-161 (1974).
(3) Nagasaki, S. et al.: Fast transport of colloidal particles through quartz-packed columns.

J. Nuclear Sci. Technol. 30, 1136-1144(1993).
(4) Saltelli, A. et al.: Americium filtration in glauconitic sand columns. Nuclear Technol.

67,245-254(1984).
(5) Chung, J. Y., Lee, K. J.: Analysis of colloid transport and colloidal size effect using

filtration theory. Ann. Nuclear Energy 19, 145-153 (1992).
(6) Hwang, Y. et al.: Analytic studies of colloid transport in fractured porous media.

Scientific Basis for Nuclear Waste Management M (Mat. Res. Soc. Symp. Proc. Vol.
176), pp. 599-605 (1990).

(7) McDowell-Boyer, L. M. et al.: Particle transport through porous media. Water Resources
Researchl3, 1901-1921 (1986).

(8) Elimelech, M., O'Melia, C. R.: Effect of particle size on collision efficiency in the
deposition of brownian particles with electrostatic energy barriers. Langmuir. 6,
1153-1163(1990).

(9) Derjaguin, B. V., Landau, L.: Theory of the stability of strongly charged lyophobic sols
and of the adhesion of strongly charged particles in solutions of electrolytes. Ada
Physicochim. URSS. 14 633-662(1941).

(10) Verwey, E. J. W., Overbeek, J. Th. G.: Theory of the Stability of Lyophobic Colloids,
Elsevier, Amsterdam (1948).

(11) Rodier, E., Dodds, J.: An experimental study of the transport and capture of colloids in
porous media by a chromatographic technique. Colloids Surfaces A: Physicochem. Eng.
Aspects 7 3, 77-87(1993).

(12) Paul, A.: Chemistry of Glasses, Chapman and Hall, London (1982).
(13) Biirgisser, C. S. et al.: Determination of nonlinear adsorption isotherms from column

experiments: An alternative to batch studies. Environ. Sci. Technol. 27, 943-948 (1993).
(14) Grolimund, D. et al.: Measurement of sorption isotherms with flow-through reactors.

Environ. Sci. Technol. 29, 2317-2321 (1995).
(15) Song, L., Elimelech, M.: Transient deposition of colloidal particles in heterogeneous

porous media. J. Colloid Interface Sci. 167, 301-313(1994).
(16) Johnson, P. R., Elimelech, M.: Dynamics of Colloid deposition in porous media: blocking

based on random sequential adsorption. Langmuir. 11 801-812 (1995).

- 6 3 3 -


