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Abstract—In Sweden and in many other countries, a bentonite barrier will be used in the repository for
spent nuclear fuel. In the event of canister failure, colloidal diffusion is a potential, but scarcely studied
mechanism of radionuclide migration through the bentonite barrier. Column and in situ experiments are
vital in understanding colloid diffusion and in providing information about the microstructure of
compacted bentonite and identifying cut-off limits for colloid filtration. This study examined diffusion of
negatively charged 2-, 5-, and 15-nm gold colloids in 4-month diffusion experiments using MX-80
Wyoming bentonite compacted to dry densities of 0.6�2.0 g/cm3. Breakthrough of gold colloids was not
observed in any of the three diffusion experiments. In a gold-concentration profile analysis, colloid
diffusion was only observed for the smallest gold colloids at the lowest dry density used (estimated
apparent diffusivity Da & 5610�13 m2/s). The results from a microstructure investigation using low-angle
X-ray diffraction suggest that at the lowest dry density used, interlayer transport of the smallest colloids
cannot be ruled out as a potential diffusion pathway, in addition to the expected interparticle transport. In
all other cases, with either greater dry densities or larger gold colloids, compacted bentonite will
effectively prevent diffusion of negatively charged colloids due to filtration.

Key Words—Colloid Filtration, Compacted Bentonite, Gold Colloids, Diffusion, Microstructure,
Nuclear Waste Disposal.

INTRODUCTION

Compacted bentonite is to be used as a barrier in

repositories for spent nuclear fuel in several countries.

The low hydraulic permeability and the great cation

affinity of compacted bentonite will prevent or slow

possible transport of radionuclides, in particular multi-

valent cationic actinides. Whereas the diffusion of

radionuclides in water-saturated compacted bentonite is

well documented, studies on colloid-facilitated transport

of radionuclides are scarce due to the assumption that

the compacted bentonite poses a sufficient barrier to

colloid diffusion. However, this remains to be proven. In

the event of canister failure, radiocolloids can be formed

in close proximity to the fuel. Furthermore, the bentonite

contains a small amount of organic material which can

be leached out in colloidal form and bind cationic

radionuclides (Vilks et al., 1998).

In order to assess the possibility of colloid break-

through, experimental studies are needed on the diffu-

sion of colloids in compacted, water-saturated bentonite.

Whether the microstructure of bentonite provides an

efficient cut-off limit regarding colloid size is an

important piece of information to establish.

Diffusion studies using small monodisperse colloid

tracers of different sizes can thus contribute to under-

standing the microstructure of water-saturated com-

pacted bentonite, in combination with other techniques

such as neutron and X-ray small-angle scattering and

diffraction (Kozaki et al., 1998; Devineau et al., 2006).

Wold and Eriksen (2007) studied the diffusion of organic

humic and lignosulphonate colloids and found unexpect-

edly that both colloids diffused through bentonite with

an apparent diffusivity of ~10�12 m2/s, irrespective of

the dry density of the bentonite. The same study

examined the diffusion of Eu(III) and Co(II) in the

presence of humics and found drastically increased

diffusivities of both ions. The apparent sorption coeffi-

cient, Kd, decreased accordingly, indicating that the

humic colloids not only diffused through the compacted

bentonite but also enhanced radionuclide transport.

Iijima et al. (2009) studied diffusion of humic acid

through compacted bentonite (1.2�1.6 g/cm3) as a

function of ionic strength (0.001�1 M NaCl).

Diffusion of humic acid was only found for dry densities

1.2�1.6 and 1.2�1.5 g/cm3 at high ionic strengths

corresponding to 1 and 0.1 M NaCl, respectively. Using

size exclusion chromatography (SEC), Iijima et al.

(2009) concluded that the humic acid belonged to

smaller size fractions, with corresponding sizes of <5

and <3 kDa, respectively. Similarly to the study by Wold

and Eriksen (2007), Nd(III) transport was found to be

facilitated by the presence of humic acid.

Nowak (1984) investigated diffusion of citrate-

reduced 16-nm gold colloids in low-density bentonite

(0.9 g/cm3) water-saturated with a high-ionic-strength

brine solution in a column experiment. The experiment
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only lasted 17 days and the results indicated very slow

transport of gold colloids. Due to the inconclusive

results, the author recommended further experimental

studies on filtration effects in compacted water-saturated

bentonite. The gold colloids used are not expected,

however, to be stable at the high ionic strength used in

that experiment (Enüstün and Turkevich, 1963).

Kurosawa and Ueta (2001) studied gold colloid

diffusion in bentonite/sand mixtures of different densi-

ties and sand content in a column experiment using

partially aggregated gold colloids of 15�50 nm in size.

The gold colloids were stabilized with 0.5 wt.%

polyoxyethylene hydrogenated castor oil in 10% ethanol,

leading to ‘water-like’ surface properties and sterical

stabilization. No concentration profile analysis was

presented but scanning electron microscopy and electron

probe micro-analysis images showed that the gold

colloids were deposited readily in the water-bentonite

interface and thus effectively filtered by the bentonite/

sand microstructure. The pressure gradient of 96105 Pa

used in the experiment might have affected the bentonite

microstructure by facilitating pore constrictions, thereby

enhancing colloid precipitation. Furthermore, non-ionic

polymers can adsorb to and change the surface proper-

ties of the bentonite (Luckham and Rossi, 1999, and

references therein). These results must be confirmed by

further studies.

From the aspect of colloid filtration, a cut-off limit in

colloid size is expected. This cut-off limit would reflect

the bentonite microstructure and should depend on the

compaction and the resulting size of the interlayer

distances, as well as possible interparticle voids. For

colloid sizes above this cut-off limit, which intuitively

should decrease with increasing compaction, diffusive

transport would not be possible.

The interlayer spacings of montmorillonite in a Na-

dominated, water-saturated bentonite at low ionic

strength depends primarily on water content. Swelling

in water generally first proceeds by uptake of 1�3 (or 4)

discrete water layers, known as crystalline or discrete

swelling. Interestingly, the crystalline swelling of

homoionic Na- or Ca-montmorillonites never seems to

exceed three water layers (Norrish, 1954; Kozaki et al.,

1998), whereas MX-80 bentonite can undergo uptake of

4 water layers during crystalline swelling (Saiyori et al.,

2004). Regarding colloid diffusion, interlayer transport

would not be possible when crystalline swelling

dominates the microstructure as the average interlayer

distance would be ~1 nm or smaller (Norrish, 1954;

Kozaki et al., 1998; Saiyouri et al., 2004). At very high

dry densities, colloid diffusion would thus only be

possible in connected interparticle voids, if such exist.

Increasing the water content further in bentonite

results in the formation of diffuse double layers between

the montmorillonite layers and a consequent jump in the

interlayer thickness from 3 or 4 water layers (interlayer

distances of 0.9 to ~1.2 nm, respectively) to >10 water

layers (>3 nm). The second type of swelling (Norrish,

1954) is referred to hereafter as osmotic swelling. The

interlayer distances in water-saturated bentonite can be

obtained from the basal spacing, d001, using low-angle

X-ray diffraction (XRD) for example, where the inter-

layer distance is the basal spacing minus the thickness of

one montmorillonite layer, ~0.95 nm. Due to certain

diffraction effects occurring for small interstratified

particles at low angles (<5º2y), the true interlayer

spacing might be slightly different than the interlayer

distances obtained directly from Bragg’s law (Moore and

Reynolds, 1997; Janeba et al., 1988; Vaia and Liu,

2002). Note also that a certain distribution of basal

spacings will always exist, even at small water contents

(Ferrage et al., 2005).

Regarding the terminology, differentiation between

interlayer and interparticle voids is important, as the

interlayer voids may have different size, geometry and

surface properties compared with interparticle voids.

Even for two montmorillonite layers subjected to

osmotic swelling and separated by >~3 nm, the

corresponding void should be termed an interlayer void

in order to avoid confusion with the interparticle voids.

In the context of diffusion of colloids in bentonite,

positively charged colloids are expected to undergo

deposition and strong sorption onto the negatively

charged clay surfaces, and hence have very little

mobility. Stable neutral colloids with ‘water-like’ sur-

face properties, as in the Kurosawa and Ueta (2001)

study, are uncommon among inorganic colloids. In the

present study, negatively charged colloids were, there-

fore, chosen to investigate possible diffusion of inor-

ganic colloids in compacted bentonite.

Diffusion of negatively charged colloids in inter-

particle voids and possible connected networks of these

voids could also be affected by electrostatic repulsion by

the negatively charged surfaces and edges of the clay

particles (Secor and Radke, 1985; Tombácz and

Szekeres, 2004), which would further reduce the active

volume available for diffusion. In order to decrease the

impact of this effect, the ionic strength should be as

great as possible, without severely reducing colloid

stability.

The objective of the present experimental study was

to investigate colloid diffusion in compacted bentonite,

using an identical experimental diffusion setup as used

by Wold and Eriksen (2007) (Figure 1) and smaller

colloids than in the study by Kurosawa and Ueta (2001).

Gold colloids of sizes 2, 5, and 15 nm were chosen

because they have well defined geometry and size and a

narrow size distribution, and are chemically inert.

Gold colloid concentrations in the diffusion and

concentration profile experiments were analyzed using

inductively coupled plasma optical emission spectro-

metry (ICP-OES) at 267.594 nm. For the 5-nm and 15-nm

gold colloid solutions, the colloid stability was monitored

using ultraviolet-visible (UV-Vis) spectroscopy.
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Furthermore, the microstructure and the interlayer

distances of the water-saturated bentonite at dry

densities of 0.5�1.0 g/cm3 were investigated by low-

angle XRD.

MATERIALS AND METHODS

Gold colloids

Gold colloid solutions were obtained from BB

International (Madison, Wisconsin, USA). The manufac-

turer’s quality control revealed average sizes of 5.5 and

14.3 nm for the 5- and 15-nm gold colloids, with

coefficients of variance of <15% and <10%, respec-

tively. The quality of the 2-nm gold colloids was verified

by measuring the absorbance at 400 nm, because 2-nm

gold colloids are too small to give rise to the surface

plasmon effect and are, therefore, colorless. According

to the manufacturer, the gold colloid stock solutions

contain little or no residual AuCl4
�.

Bentonite clay

MX-80 Wyoming bentonite with a montmorillonite

content of ~82% was used without further treatment. The

exchangeable cations for this bentonite are approxi-

mately: 74.8% Na+, 16.7% Ca2+, 6.7% Mg2+, and 2%

K+. The CEC measured by the trien-Cu(II) method is

0.75 meq/g (Karnland et al., 2006).

Gold colloid stability

To improve gold colloid stability, 3-mercaptosuccinic

acid was chosen as a suitable stabilizing agent above pH

8, on the basis of a colloid stability screening test on the

5- and 15-nm gold colloids prior to the diffusion

experiments. Adsorption to the gold colloid surface is

anticipated through the thiol group via chemical

adsorption (Zhu et al., 2003). 3-mercaptosuccinic acid

is a small, water-soluble thiol with dissociated carbox-

ylate groups which provide the negative surface charge

required to maintain colloid stability.

Because either sorption to or aggregation with

bentonite would reduce the gold colloid stability, the

sorption of both thiol-treated and untreated (as received)

5-nm gold colloids to bentonite was investigated. The

sorption coefficient, Kd, was obtained from standard

sorption batch measurements with a volume to mass

ratio of 200 cm3/g and a gold colloid concentration of

1.2 ppm as measured by ICP-OES.

During the diffusion experiments, the colloid stability

in the inlet solutions was monitored using UV-Vis

spectroscopy for the 5- and 15-nm gold colloids at

510 nm and 518 nm, respectively. Because 2-nm gold

colloids are too small to give rise to the surface plasmon

effect (>~3�4 nm), colloid stability in the 2-nm gold

colloid experiment was monitored by ICP-OES. Halfway

through the 15-nm gold colloid experiment, TEM images

Figure 1. (a) Schematic illustration of the diffusion experiment setup. (b) Schematic illustration of the diffusion cell.
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of both the inlet and outlet solutions, dried on carbon-

coated copper grids, were taken using a Philips 100 kV

Technai transmission electron microscope operating at

70 kV.

DIFFUSION EXPERIMENTS

All glassware and diffusion cell parts were acid

washed and rinsed with Milli-Q water before the

experiment. In general, bentonite was compacted uni-

axially in the direction of transport to dry densities of

0.5�2.0 g/cm3 into PEEK (Polyetheretherketone) cells

with 10 mm inner diameter and 5 mm column length,

confined by two metal frits with pore size 0.5 mm, held

in place by O-rings (Figure 1b). The diffusion cells were

equilibrated with 1 mM NaClO4 solution for 2�4 months

prior to the diffusion experiments. The bentonite dry

density in each diffusion experiment were also measured

(Table 1).

NaClO4 was added to the colloid solutions to

compensate for the dilution by the thiol treatment in

order to maintain an ionic strength corresponding to

1 mM NaClO4 solution. The final gold colloid concen-

trations, C0, in the inlet solutions, the 3-mercaptosucci-

nic acid concentrations, the pH, and the conductivities

were also measured (Table 2).

The concentrations of gold were analyzed using a

Varian Vista AX ICP-OES instrument at 267.594 nm,

with a gold detection limit at low ppb concentrations. All

samples were handled gravimetrically. To ensure that the

gold colloid concentration in the outlet solutions was

correct, duplicate samples were taken to account for

possible residual AuCl4
� from the gold colloid stock

solutions (Kurosawa and Ueta, 2001). One sample was

filtered with a 10 kDa MWCO Vivaspin ultrafilter

(Vivaproducts, Littleton, Massachusetts, USA) with

approximate pore size of 1.33 nm according to the

supplier. The measured concentration of the filtered

sample, Ct, filtered, was subtracted from the unfiltered

sample concentration, Ct, and the remaining concentra-

tion was taken as the real gold colloid concentration, i.e.

Ct � Ct, filtered = DCAu. Filtration of the 2 nm, 5 nm, and

15 nm stock solutions with 10kDa MWCO Vivaspin

ultrafilters revealed that AuCl4
� could not be detected

using the ICP-OES instrument, however. The residual

AuCl4
� concentration, if present at all, was therefore 4 1

ppb in the stock solutions.

To minimize the sampling volume, 1.0�2.5 mL

samples from the outlet solutions were diluted to the

required sample volume of 3.5�4.0 mL for the ICP-OES

instrument. The sampling volume was increased during

the course of the experiments. The initial dilution was

made with 0.35 mL of prepared-daily aqua regia to

acidify and dissolve possible gold colloids. The remain-

ing dilution was achieved using Milli-Q water.

Each diffusion experiment was conducted for

4 months and samples were drawn on a weekly or

biweekly basis. The inlet solution volume was 120 mL

and the outlet solution volume 40 mL.

Concentration profile analysis

After completion of the diffusion experiments, the

diffusion cells were dismantled and the bentonite pellets

were sliced into thin slices with thicknesses increasing

with increasing distance from the inlet filter. By

weighing each slice, the thickness was calculated from

the total weight and total length of the bentonite pellets.

After the first diffusion experiment using the 15-nm gold

colloids, the diffusion cells were dismantled, sliced, left

to stand overnight in 2 mL of fresh aqua regia to

dissolve any gold colloids present and then diluted to

6 mL with Milli-Q water. When the filters are removed,

immediate swelling may occur if excess water is present.

A suction effect might, therefore, have caused diffusion

Table 1. Dry densities of the bentonite used in each diffusion experiment.

Gold colloids
(nm)

————— Dry densities of bentonite in PEEK cells —————
(g/cm3)

2 0.6 1.0 1.4 1.8
5 0.5 0.6 0.8 1.0 1.2 1.4 1.6 1.8
15 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Table 2. Gold colloid concentrations, C0, pH, and conductivity of the diffusion inlet solutions.

Gold colloids
(nm)

Gold colloid conc.,
C0 (ppm)

3-Mercaptosuccinic acid
conc. (mM)

pH Conductivity
(mS/cm)

2 4.6 4.0 8.5 1030
5 5.5 8.6 8.0 1190
15 5.5 2.0 7.4 940
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of gold colloids from the filter into the bentonite

interface. After the two subsequent diffusion experi-

ments, the diffusion cells were, therefore, frozen in

liquid N2 prior to dismantling, slicing, and addition of

aqua regia in order to avoid contamination. Because the

sensitivity and accuracy of the ICP-OES instrument is

matrix dependent, duplicates of a bentonite reference

sample that had not been in contact with gold colloids

were also analyzed in order to determine possible

background levels and estimate the measurement uncer-

tainty of this method.

Microstructure investigation using low-angle XRD

Low-angle XRD, using a PANalytical X’Pert PRO

instrument with CuKa radiation (1.542 Å) without a Ni

filter, was used in reflection mode to measure the basal

spacings of montmorillonite with a dry density of 0.5�1.0
g/cm3. Two Soller slits (0.04 rad) and an automatic

programmable divergence slit were used. The bentonite

samples were water saturated for 4 weeks in three

different ways. (1) One set of samples were water

saturated under free conditions (FC) by mixing bentonite

and water into a paste directly, which was then left in

sealed syringes. Two other sets of samples were water

saturated under volume-constricted conditions (VC) in the

same diffusion cells as were used in the diffusion

experiments (Figure 1b). (2) One set of volume-con-

stricted samples (VC1) was prepared exactly as in the

diffusion experiments. (3) The other set of volume-

constricted samples (VC2) was water saturated mainly

from one of the metallic frits, whereas the other metallic

frit was covered with a perforated Kapton film in order to

protect the bentonite surface from deformation when

removing the frit. The VC samples were frozen prior to

dismantling in order to avoid the suction effect. By

comparing unfrozen and frozen/thawed samples as well as

unfrozen/frozen/thawed samples, freezing and thawing

failed to modify the XRD information. The treatments

clearly did not alter the microstructure significantly and

thawing is a surprisingly rapid process, confirming the

findings by Norrish and Rausell-Colom (1991). During

the measurements (<10 min) the samples were covered by

a thin Kapton film in order to avoid drying effects.

Directly after the measurements, the dry densities of the

samples were measured gravimetrically, assuming a

bentonite grain density of 2.8 g/cm3 and a water density

of 1 g/cm3.

RESULTS AND DISCUSSIONS

The gold colloid stability of the 5- and 15-nm gold

colloid inlet solutions was monitored qualitatively by

UV-Vis spectroscopy during the diffusion experiment.

The absorbance in the inlet solution decreased by

10�20% for the 5-nm gold colloids and by 35�60%
for the 15-nm gold colloids. The TEM images of the

inlet and outlet solutions were recorded half way through

the experiment, 60 days into the first diffusion experi-

ment using the 15-nm gold colloids. In the images of the

inlet solutions, both individual and aggregated free gold

colloids were observed, as well as gold colloids

aggregated with bentonite residues. In images of the

outlet solutions, no gold colloids could be found.

For the 2-nm gold colloids, no significant change in

gold concentration was found in the inlet solutions

during the experiment, confirming satisfactory colloid

stability.

The sorption measurements preceding the diffusion

experiments revealed a Kd of 43 cm3/g for the thiol-

treated colloids and 60 cm3/g for the untreated (as

received) gold colloids. These Kd values demonstrate

that the negatively charged colloids were able to undergo

sorption to some extent onto the negatively charged clay

surfaces. Carboxylates are known to undergo sorption

onto montmorillonite. The Kd values obtained are well in

line with sorption data for succinic acid on mont-

morillonite as reported by Kang and Xing (2007). For

succinic acid at the same volume to solid ratio as in the

gold-colloid sorption experiments, the adsorbed ratio

varied from 29 to 17% between pH 7 and 9,

corresponding to Kd values of 58 and 34 cm3/g,

respectively. Using infrared spectroscopy, Kang and

Xing (2007) found the binding type to be dominated by

an outer-sphere interaction.

The gold concentrations in the filtered samples were,

in general, similar to those in the unfiltered samples,

DCAu = ~0 (Figure 2a�c), meaning that no diffusion of

gold colloids could be detected in the outlet solutions.

The absence of detectable breakthrough after 4 months

in the three diffusion experiments indicates that colloid

transport through compacted bentonite was impossible

or slow.

The gold concentrations measured in the bentonite

pellets (Figure 3), i.e. the concentration profiles,

revealed that, using the finite difference-based diffusion

model ANADIFF (Eriksen and Jansson, 1996) and by

varying the apparent diffusivity for AuCl4
� from 1610�9

to 1610�14 m2/s and the sorption coefficient from 1 to

1000 cm3/g (similar to Da and Kd for Cl
� and I�, Molera

et al., 2003), the residual AuCl4
� (41 ppb) from the

synthesis of the gold colloids clearly would not have

been detected either in the outlet solutions or in the

concentration profile analysis. Note that analysis of

colloid diffusion must be based on the number of

colloids per unit volume rather than the weight fraction

when comparing colloids of different sizes. In general,

the measured gold concentrations in the concentration

profile analysis were very small. In the 15-nm gold

colloid experiment, the first data point in the cell with

greatest dry density (2.0 g/cm3) was omitted due to

leakage of gold colloids on the side of the metal frit,

which was observed visually. The elevated gold

concentrations of the 0.8 g/cm3 and 1.2 g/cm3 samples

might be explained by the suction effect mentioned in
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the experimental section. Only in the case of 2-nm gold

colloids and bentonite compaction of 0.6 g/cm3 could a

clear exponential gold concentration gradient be

observed (Figure 3a). The concentration profiles for

the other compactions in the 2-nm gold colloid experi-

ment (Figures 3b, 3c), as well as in the 5- and 15-nm

gold colloid experiments, showed much less pronounced

concentration gradients. The apparent concentration

gradients can be explained by a background effect. In

the bentonite reference sample, elevated background

concentrations were found at 267.594 nm due to a

nearby interfering emission line at 267.588 nm. The

background concentration resulting from the bentonite

reference sample as a function of bentonite mass

(Figure 4), together with the gold concentrations mea-

sured in the 2 nm diffusion experiment, is explained as

follows: the measured gold concentrations in the

concentration profiles (Figure 3) are shown as the

number of particles divided by the volume of bentonite,

which is proportional to bentonite mass. Because the

ratio of the background concentration to bentonite mass

decreased with increasing bentonite mass (Figure 4) and

as the mass of the bentonite slices in general increased

with increasing distance from the inlet filters, the

concentration profiles inevitably showed an apparent

but small concentration gradient in all samples due to the

background artifacts inherent to bentonite. The 2-nm

gold colloids at the smallest compaction (0.6 g/cm3)

deviated from the measured background and from the

results at greater compactions (Figure 4), as well as from

the 5- and 15-nm gold colloid diffusion experiments (not

shown), verifying that the 2-nm gold colloids were

actually transported in the bentonite at that compaction.

The results at greater compactions and from the 5- and

Figure 2. Gold colloid concentration, DCAu, in the outlet

solutions for the diffusion experiment using (a) 2-nm gold

colloids, (b) 5-nm gold colloids, (c) 15-nm gold colloids.

Figure 3. Gold concentration profiles in the compacted

bentonite with different dry densities for the diffusion experi-

ment using (a) 2-nm gold colloids, (b) 5-nm gold colloids, and

(c) 15-nm gold colloids.
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15-nm gold colloid diffusion experiments actually

showed similar or increasing gold concentrations with

bentonite mass contradicting any form of gold colloid

diffusion because the mass of the bentonite slices

generally increased with increasing distance from the

inlet filters. Background artifacts inherent to the

bentonite are the only possible explanation.

The apparent diffusivity of the 2-nm gold colloids at

dry density 0.6 g/cm3, corresponding to a montmorillon-

ite density of 0.5 g/cm3, was modeled using method I

from Eriksen and Jacobsson (1984), and also using the

ANADIFF code after subtracting the measured back-

ground concentrations from the concentration profile.

Both methods gave similar apparent diffusivities but the

ANADIFF code, which took filter effects into account,

gave a slightly better fit (Figure 5).

The apparent diffusivity with filter effects taken into

account (using the ANADIFF code) was 4.5�1610�13 m2/s,

while without filter effects it was 3�1610�13 m2/s.

Because parameters are unknown in this type of

modeling, this value should only be interpreted as a

rough estimate. For these 2-nm gold colloids at dry

density of 0.6 g/cm3, the ratio of the water diffusivity,

DW, (from the Stokes-Einstein relationship) and the

apparent diffusivity, DA, presented in this study was 450.

This value can be compared with the corresponding

factor for mobile anions and cations with small sorption

capacity toward bentonite, which usually ranges from 3

to 30.

For each dry density, the low-angle XRD intensity

(Figure 6) was set equal at 4.0º2y to facilitate

comparison. For all three different kinds of samples,

with increasing water content (i.e. decreasing dry

density), a gradual decrease in intensity due to crystal-

line swelling (3�4 water layers) was observed.

Interestingly, only the VC2 samples and the FC samples

displayed diffraction peaks at lower angles due to

osmotic swelling. The observed shoulder/peak resulting

from osmotic swelling proved to be very sensitive to

shearing of the sample surface. The reason why the VC1

samples did not display a diffraction peak (i.e. having

basal spacings which were too irregular to give rise to

diffraction) as a result of osmotic swelling may depend,

to some extent, on surface shearing when removing the

metallic frits, as osmotic swelling was observed for the

VC2 samples at dry densities of 1.0�1.1 g/cm3. The fact

that osmotic swelling for the VC2 samples was not

observed at lesser dry densities, where the relative

amount of osmotic swelling is expected to increase,

implies that both the swelling pressure and water content

affect the microstructural order because the FC samples,

which were not subjected to any macroscopic swelling

pressure, usually displayed well defined diffraction

peaks due to osmotic swelling at dry densities of

0.6�1.0 g/cm3. At 0.5 g/cm3, diffraction peaks due to

osmotic swelling could not be observed in the XRD

profiles for any of the three sets of samples. In order to

assess the impact of the accessory minerals on the low-

angle XRD tracings at large water contents, two control

samples consisting of 80% Na-montmorillonite and 20%

Ca-montmorillonite (purified from MX-80 bentonite,

Karnland et al. 2006) were water saturated and measured

(not shown) in the same way as the VC1 samples. For

these synthetic bentonite samples with no accessory

minerals, well defined diffraction peaks due to osmotic

swelling were found. The apparent basal spacings of

these samples were in line with the apparent basal

spacings of the corresponding FC samples, taking the

different montmorillonite content into account. (1) The

accessory minerals may reduce the ordering, i.e.

diffraction ability, of the montmorillonite layers sub-

jected to osmotic swelling. (2) The interlayer distances

due to osmotic swelling in samples water saturated under

Figure 4. Measured gold concentrations as a function of

bentonite mass. Circles show the gold concentrations for

bentonite slices in the 2-nm diffusion experiment. Open circles

at 0.6 g/cm3 dry density (numbers indicating the order from the

inlet filter). Filled circles at dry densities 1.0–1.8 g/cm3. Gray

diamonds show the measured bentonite background concentra-

tions at 267.594 nm.

Figure 5. Experimental gold concentration profile in bentonite

at dry density 0.6 g/cm3 from the 2-nm diffusion experiment and

corresponding modeled profiles. Black diamonds show the

experimental points. The dashed gray curve shows the modeled

curve without filter effects. The dashed black curve shows the

concentration profile using ANADIFF.
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constricted and free conditions at these water contents

are similar on the nm scale.

The average interlayer distance in a bentonite sample

depends primarily on the water content. As all the samples

were equilibrated for a long time one can, therefore,

assume that the osmotic swelling and the resulting

interlayer distance in the FC sample at 0.6 g/cm3 should

be representative of the osmotic swelling and the

corresponding interlayer distance for the VC samples at

0.6 g/cm3.

The negatively charged gold colloids used in the

present study were about the same size (for the 2-nm

gold colloids) or larger than the interlayer distances

between the individual montmorillonite layers in com-

pacted bentonite. The 2-nm gold colloids displayed good

colloid stability and so no change in size distribution

during the experiment was expected. For the 5-nm gold

colloids, a sufficiently large concentration of unaggre-

gated colloids was assumed to have been maintained

during the experiment in order to be detected in the

bentonite if colloid transport of the 5-nm gold colloids

had been possible. As no colloid transport of the 5-nm

gold colloids was found, colloid transport of the 15-nm

gold colloids would not be possible either, regardless of

the colloid stability.

From the concentration profile analysis, the pore

throat of the bentonite system at dry density 0.6 g/cm3 is

clearly >2 nm but <5 nm for negatively charged colloids.

From the present data, at greater compaction, the pore

throat of the bentonite system would probably be <2 nm

for negatively charged colloids.

Considering the results from the low-angle XRD

investigation, automatically ascribing the transport paths

to only interparticle voids is probably unwise. As

transport was only found at the greatest water content,

where the average interlayer distance is the largest and

considering that range distribution of interlayer spacings

always exists, a larger fraction of the osmotic interlayer

distances might be large enough for transport of

negatively charged colloids despite electrostatic repul-

sion effects. Note that electrostatic repulsion effects

must also exist to some extent in the interlayer voids due

to the small bulk ionic strength used and the spill-over

effect (Secor and Radke, 1985; Tombácz and Szekeres,

2004).

Regarding the interparticle voids, direct experimental

evidence confirming the existence of interparticle voids

in the mesopore range (2�50 nm; Gregg and Sing, 1982)

in compacted water-saturated bentonite is scarce in the

literature. Theoretical models used to predict radio-

nuclide diffusion and hydraulic conductivity, which are

based on a number of assumptions regarding the

interparticle porosity, can be found in the literature.

Bourg et al. (2003) pointed out that for bentonite with

dry density >1.4 g/cm3, in the regime of crystalline

swelling, the so-called ‘free porosity’ would in fact be

substantial, and decrease linearly upon increasing dry

density according to:

efree = 1 � 0.55rdry

One precondition for this equation, however, is that

the interlayer porosity increases with increasing dry

density, which seems counter intuitive as the interlayer

spacings, where most of the water is located (Norrish,

1954), decrease with increasing dry density. Suzuki et

al. (2004) developed a parametric model to estimate the

size of interparticle voids for particles arranged face to

face, assuming planar and uniform geometry. Based on a

basal spacing of 1.88 nm, the model gives void-size

ranges of 6.0�11.1 nm and 1.2�1.4 nm for dry densities

Figure 6. XRD profiles from bentonite samples at dry density

0.5�1.0 g/cm3. FC samples are in light gray, VC1 samples are in

dark gray, and VC2 samples are in black. Vertical lines represent

the ideal positions of diffraction peaks corresponding to the n

discrete H2O layers.
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of 0.9 g/cm3 and 1.35 g/cm3, respectively, which is more

or less in line with findings by Muurinen et al. (2004),

who also assumed interparticle voids of similar sizes in

their microstructural model. The volume fraction of the

interparticle voids in the model by Suzuki et al. (2004) is

estimated at 61% and 22%, respectively. Note, however,

that this model requires the average number of mont-

morillonite layers in each stack to be known.

Furthermore, neither the model of Suzuki et al. (2004)

nor that of Muurinen et al. (2004) addressed the effects

of osmotic swelling explicitly, possibly because they are

based on low-angle XRD data from samples prepared in

the same way as the VC1 samples in the present study

(which do not display diffraction due to osmotic

swelling at small dry-density values).

Norrish (1954), on the other hand, showed that the

average basal spacing for well oriented Na-montmorillon-

ite samples is directly proportional to water content (see

also Zhang and Low, 1989, and references therein). For

well oriented Na-montmorillonite particles at a dry

density of 0.6 g/cm3, the interlayer distance was reported

to be 3.4 nm, corresponding to ~11�12 water layers. Such

an interlayer distance is identical to the maximum

interlayer distance possible at that water content, meaning

that the interparticle porosity for his (Norrish, 1954) well

oriented montmorillonite was very small. For the

bentonite used in the present study, due to random

particle orientation, smaller smectite content, and the

presence of accessory minerals, the interparticle porosity

could be expected to be somewhat larger. The maximum

interlayer distance at a specific water content for

bentonite can be calculated as per Norrish (1954) for

Na-montmorillonite, if the presence of accessory minerals

is also taken into account. At dry density values of 1.0,

0.9, 0.8, 0.7, and 0.6 g/cm3, the calculated maximum

interlayer distance is ~2.0, 2.3, 2.8, 3.3, and 4.1 nm,

respectively, assuming that the bentonite grain density and

the average density of the accessory minerals is 2.8 g/cm3

and a specific surface area for montmorillonite of 760 m2/g

(Karnland et al., 2006). For a dry density of 0.6 g/cm3,

the maximum interlayer distance is close to the apparent

osmotic interlayer distance of 4 nm. Note that the precise

interlayer distances in these samples cannot be deter-

mined without proper XRD modeling, accounting for

mixed layering, Lorentz polarization, and complex

layer-structure functions, and which, to the authors’

knowledge, is difficult at such large water contents.

Similar interlayer spacings at slightly greater dry

densities, however, have been reported in two recent

small-angle X-ray scattering studies (Muurinen, 2009;

Segad et al., 2010). In these studies the interlayer

distances of MX-80 bentonite due to osmotic swelling at

dry densities 0.69 and 0.74 g/cm3, respectively, was ~4

and 4.4 nm (basal spacings of 5 and 5.4 nm: A.

Muurinen, M. Segad, pers. comm.). In the study by

Muurinen (2009), the fraction of ‘‘free’’ montmorillonite

layers at dry density of 0.69 g/cm3 having basal spacings

between 3 and 10 nm, as estimated by modeling the

SAXS data, was 68%. Considering that the water content

at dry density of 0.6 g/cm3 is 20% greater than at 0.69 g/

cm3, this suggests, in accord with Norrish (1954), that

the total porosity of bentonite at dry density of 0.6 g/cm3

and low ionic strength will be dominated by the

interlayer porosity due to osmotic swelling.

The fact that diffraction peaks due to osmotic

swelling were not always observed at 0.6 g/cm3 for the

VC samples also implies that a large range of interlayer

spacings exists. Due to the large interlayer distances

found and the expected distribution of interlayer

distances, the possibility of interlayer transport con-

tributing to overall transport of the 2-nm gold colloids at

0.6 g/cm3 cannot be ruled out.

For greater compactions and larger colloids, the

results are in line with the results of Nowak (1984) and

Kurosawa and Ueta (2001). The latter authors concluded

that bentonite with dry density of at least 0.8 g/cm3

would eliminate colloid diffusion.

The apparent diffusivity obtained in the present study

for the 2-nm gold colloids is more than one order of

magnitude less than the apparent diffusivities found by

Wold and Eriksen (2007) and Iijima et al. (2009) for

diffusion of small organic colloids at various compac-

tions. Because the organic colloids are expected to be

less charged than the gold colloids, they would be less

subjected to electrostatic repulsion effects, leading to

greater apparent diffusivities compared with the gold

colloids. The greater apparent diffusivities of the humic

and lignosulphonate colloids may also reflect the ability

of the organic colloids to adapt their conformation to

their surroundings, giving smaller colloids in terms of

both size and charge.

To further investigate the microstructure and colloid

diffusion in compacted bentonite, diffusion experiments

using small and monodisperse ‘water-like’ nanoparticles

or colloids should be carried out. In such experiments,

the possible effect of ‘anion exclusion’ would be

minimized. Suggested nanoparticles/colloids are organic

macromolecules such as viruses or water-soluble gold

colloids capped with thio-polymers.

SUMMARY AND CONCLUSIONS

Highly compacted bentonite will effectively prevent

diffusion of inorganic colloids, as shown in this study for

2-, 5-, and 15-nm gold colloids. The absence of break-

through curves agrees well with earlier experimental work

using gold colloids of similar and larger sizes than those

in this study. A significant number of gold colloids was

only found for the smallest colloids (2 nm) at the smallest

compaction value used (0.6 g/cm3). The corresponding

apparent diffusivity was on the order of ~5610�13 m2/s.

Considering the large interlayer distances due to osmotic

swelling in bentonite at such large water contents, as

found in the low-angle XRD investigation (this study) and
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SAXS investigations found in the literature, one may

speculate that the interlayer voids contribute to and may

constitute pore throats in the overall colloid transport at

0.6 g/cm3. For the larger gold colloids and/or greater

compactions examined, colloid diffusion was effectively

hindered by physical filtration due to the compact

microstructure of bentonite.
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