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ABSTRACT

This literature review examines potential sources of colloids and enhanced adsorption that may stem
from materials introduced into a repository setting, with a view towards prioritizing future studies. Three
major sources of colloids are reviewed: metals, cements, and organics. Known chemical influences on
colloid formation and mechanisms by which introduced materials may become involved are considered
with respect to gradients, chemical species, pH, time, temperature, radiolysis, redox state, and microbial
activity. Areas that have not been addressed but may have significant consequences in a repository setting
are identified.

INTRODUCTION

It is well known that colloids may play a significant role in the transport of some chemical species to a
radioactive waste repository and, most important, from a repository to the accessible environment.
However, the role of introduced materials is rarely considered in these scenarios. The present review
examines the literature from this perspective in order to establish the potential significance of colloids that
form from introduced materials. We review available information in order to identify introduced materials
that may form or influence the formation or sorption of colloids, and, ultimately, colloids that have the
potential of adsorbing radionuclides. We do not address colloid transport. Adsorption is addressed to the
extent that introduced materials may modify adsorption capacity. The formation of naturally occurring
colloids is not reviewed, except to the extent that they can be enhanced by introduced materials. We also
review factors known to influence colloid formation and sorption, and identify areas that need to be
addressed. The summary outlines strategies to ftil in these gaps.

THE SETTING OF A REPOSITORY

To build a radioactive waste repository is to install a complex system of temperature and chemical
variables in time and space. Some introduced materials will be present only for a short time during
construction and testing. Others will remain for extended periods during the service lifetime or as
permanent fixtures in the near-field environment, and may include the following:

insoluble metals such as rockbolts and measurement devices,
insoluble inorganics such as cementitious materials and backf'dlmaterials,
insoluble organic solids such as neoprene, epoxy resin, plastic, rubber and exhaust deposits,
soluble inorganic solids such as LiBr, LiC1,and NaBr tracers,
inorganic liquids such as water for drilling, dust control and cement emplacement,
miscible organic liquids such as fluorescein dye or antifreeze,

' immiscible organic liquids such as hydraulic fluids, lubricants, otis, paints, greases, and fuels, and
gases such as H2, N2, 02, CO, CO2, and C2H2.

Interactions between these materials and groundwater could lead to the formation of colloids of a wide
range of compositions that include oxy(hydr)oxides, organic particles, particles mediated by micro-
organisms, and polysilicates such as clays and cement-derived hydrated silicates. These colloids represent
the same range of sizes as the natural colloids. Hydrated metal ions, small organic particles, polyhydroxy-
complexes, polysilicates, and fulvic acids occur in the very small size range (< 10 nm). Clays and metal-



hydroxides occur in the medium size range (10-100 nm), and inorganic and organic particles occur in the
larger size range (> 1l.tm).

Given the roughly 430 miles of repository drift designed into the SCP, the contributions of some of
these materials could be significant. For example, the SCP design requires 560,000 m3 of shotcrete in the
emplacement drifts alone. Accurate estimates of the quantities and even types of materials that could be
introduced are not currently possible because many aspects are unknown in the present phase of the
potential repository design. However, some important reference points exist, such as the Nevada Nuclear
Waste Storage Investigations Exploratory Shaft Facility (ESF) Fluids and Materials Evaluation 1 and the _)
estimated materials usage at the ESF North Portal Facility for FY93. It is clear from the latter estimates that
some materials may be used in significant quantities:

21,000,000 gal. water
250,000 gal. diesel fuel
10,000 lbs. of rockbolt resin
1,800 ft.2 extruded polystyrene
50 yd3 bentonite clay
250 gal. cable lubricant

COLLOIDS FORMED FROM INTRODUCED MATERIALS

Introduced materials can provide many of the anions required to form pseudocolloids (hydroxides,
carbonates, phosphates, silicates, and fluorides). These pseudocolloids can significantly alter the predicted
contribution of colloids to sorption and transport. For example, the solubility of Puj Am, and Cm may be
increased by three orders of magnitude through pseudocolloid formation 2,3,4,5. The contribution of

pseudocolloids from introduced materials may therefore si[[aificantly alter predictions of radionuclide
transport based on the natural systems alone. Analog studies" have shown that U, trace elements, Th, and
rare-earth elements form real colloids but that their association with suspended particles, such as Fe(llI)
oxyhydroxides and humic substances, is about 1000 times higher when they form as pseudocolloids. At low
concentrations, real colloids do not form at all. The sections below will review the known aspects of colloid
formation from three groups of materials that may be present in significant quantifies after repository
construction and waste emplacement.

Colloids can form as a result of: release from bulk material (by dissolution of matrix, chemical
reaction, hydrodynamic force, or mechanical stress), aggregation, microbial activity, or introduction. 7"9.
Clearly, each of these mechanisms applies to some of the materials listed above. Fundamental
characteristics of colloids, such as physical size, bulk charge, density, and chemical characteristics
(reactivity and structure) influence colloid formationand long range stability. These characteristics, in turn,
are affected by redox conditions, pH, temperature, ionic strength, organic content, water velocity, and
colloid concentration; changes in sorption properties are due to changes in water chemistry 10.

A. Oxyhydroxides.

It is possible that iron will be the most common metal present in the repository, but Co, Cr, Cu, and Ni
will also be present in various forms. The preparation of colloidal corrosion products from these metals has
been described in detail 11-13.The kinetics and stability of ferdhydrite, which is the amorphous form and
precursor of the ferric oxyhydroxides, and its transition to goethite and hematite are extremely dependent
on the environment, especially temperature, pH. thepresence of species such as fulvic acid and Si, and even
the timing of the introduction of these species 14"17-.Actinides and hydrolyzable elements, such as Sr, Pb,
and Cu are also likely to form colloids 1_8.Manganese oxides formed by oxidation of MnO2+ or reduction
of MnO4" are also often found in colloidal suspension 19.

The effectiveness of hematite particle coagulation depends on water chemistry 20. For inorganic °
solutions that have a pH below the point of zero charge (PZC), the effectiveness of anionic species was
ranked as follows: phosphate>sulfate>chloride. For inorganic solutions that have a pH above the PZC, the
effectiveness of cationic species was ranked: magnesium>calcium>sodium= potassium. Mechanisms
invoked for coagulation are compression of the diffuse layer for non-specific sorbing ions (Ca, Na), and
reduction of the surface charge for specifically adsorbed counter ions (PO4=). Comparison between
precipitates derived from Fe(II) and Fe(HI) or between fresh and aged precipitates indicated a variation in
surface area and pore size distribution 21. The pH of PZC was decreased by increasing temperature but was



increased for fresh ferrihydrite compared with aged oxyhydroxides 16.The effect of fulvic and humic acids,
which are naturally occurring organic substances, on the coagulation of hematite particles was found to be
similar to the effect of polyaspartic acids 20. A combination of specific chemical, electrostatic, and
hydrophobic energies of carboxyl segments was found to be responsible for this effect 22. Small organic
molecules, such as phthalates, specifically adsorb on hematite, whereas hydrophobic interactions, in
addition to covalent and electrostatic interactions, are possibly involved for fatty acids.

Metal adsorption onto oxyhydroxides is controlled by a complex combination of surface properties that
are sensitive to temperature, adsorbate concentration, and ionic strength23"28.Experiments with various

I compounds (Cd, Cu, Pb, Ni, Zn, Th, UO22+, Mg, Ca, Ba, and organic acids (oxalic, phthalic, salicylic and
lactic acids) and oxyhydroxides (goethite, manganese and ferrous oxyhydroxides, hydrous oxides, d-MnO2,
hematite sols) have suggested that adsorpt_,onis predicated upon competition for available binding sites and
the formation of complexes in solution that weakly adsorb or do not sorb 29. The effect of silicate
concentration on metal adsorption on ferrihydrite depends on the typeof ion. Cd atE.orption is enhanced but
not Zn, Cu, and Co adsorption, Increased temperature and pH enhanced Zn, Cu, and Co sorption 15. The
inhibiting action of vm'ious compounds is affected by small changes in pH, e.g., AI3+, citrate, phosphate,
and maltose have the same effect as Si at pH 11, but only maltose and silicate keep this effect at pH 12.5 16.

Adsorption onto oxyhydroxides (g-FeOOH, g-A1203, a-SiO2, and amorphous Fe203"H20) decreases
with increasing adsorption density because all the sites do not have the same binding strength 30. The
association of trace metals to o_xyhydroxideshas ix_,_st.udiedby numerous authors. As and Sb were related
to iron and manganese oxides 31, and Zn and Ni prefer'ntially associated with manganese oxyhydroxides,
whereas As and Cu associated with, iron oxyhy_xid_ 32. Competition in systems containing pairs of
metal adsorbates is much lower than expected l_'x:auseof the specificity of the various sites for different
metals 30. Oxyhydroxide coatings, such as SJ.O2on Fe(OH)3, SnO2 on A1203, and TiO2 on A1203 are
known to change the adsorption edge 33-35 "

In general, the adsorption of organic acids onto goethite increases with decreasing pH. It is also clear
that the availability of specific adsorption sites, and thus adsorption of organic compounds, is affected by
the bulk solution chemistry. For example SO4" suppresses organic adsorption, especially at low pH, but
Mg affects only oxalic and phthalic acids, and Ca only lactic acid adsorption. The different affinities of the

> > • • • 29 •various acids (oxalic phthalic salicyhc._-lacuc) for goethlte suggest that the potential effects of species
solubilized from organic compounds introduced to the near-field environment cannot be satisfactorily
characterized using the present state of knowledge, which is based primarily on humic and fulvic acids.

B. Cement.

The degradation of cement phases [tricalcium silicate (C3S in cemet_.tnomenclature) and dicalcium
silicate (C2S)] allows the formation of calcium silicate hydrate (CSH) colloidal gels 36. Since the calcium
silicate phases comprise a major pan of the cement volume, this contribution could be substantial.
However, sorption onto cement and onto its corrosion products has been found to be similar 37. This would
suggest that metals and contaminants sorbed onto cement in-situ could be as significant as those sorbed
onto cement-derived colloids. Solubility and sorption experiments with protactinium on cement at high pH
(11-12)38 showed no difference.,; between particle sizes, or between batch experiments and field studies,
suggesting that in this case laboratory results can be applied to predict large scale behaviors. Although the
results seemed to depend on the separation technique, colloid size appeared to vary with the type of cement
and the nuclide concentration. This result suggests that polymeric and pseudocolloids were formed.

Surface charge is known to be a factor in the short- and leng-term stability of colloids. Cement and iron
oxyhydroxide colloids have been found to be positively charged 37, and zirconia colloids negatively.
charged. In recognition of the multiple and interdependent factors in colloid formation, Ram.,',ay36
emphasized the need for thermochemical and kinetic data for cement phases. He recommended that effe,__s
to address the formation of soluble anionic species or complexes in cement pore water and the consequent
formation of colloids when the pH decreases be specific to the repository setting of interest.

The presence of other ions and organic material within or in the proximity of the cement will probably
affect the degradation process and the formation of colloids, but these effects are as yet poorly understood.
For example, the addition of silica fume could increase the Si concentration and thus favor colloid
formation. In addition, pseudocolloids can form from dissolved polymers, ash, or silica fume in an alkaline
environment 39. Other components leached for the cement (Si(OH)4, Fe(OH)4") could be a source of
pseudocolloids.



Secondary effects that contribute to dissolution, such as the sulfate content of cement, also require
consideration. For example, salt solutions in small concentrations can accelerate or retard cement
transformation. Low concentrations of aliphatic aromatics and saccharides could also influence these
processes. The effect of pH and Eh gradients as water percolates from the cement into the repository rock is
not well understood, although it is thought that the former should favor the formation of hydroxides.

t'

C. Organics.

Natural and introduced organics are involved in numerous reactions which directly or indirectly
influence the formation and the stability of colloids. The degradation of plastics, PVC, cellulose, rubber,
and polyethene under chemical and radiolytic attack is expected to give rise to the formation of small water
soluble molecules 40,41. However, the impact of immiscible organic liquids is unknown 42. These
considerations are significant in light of indications that sorption onto colloidal organic matter can be up to
ten times greater than on soils and sediments 43. In groundwater samples, 80-90% of the total U and Th
concentration was found to be associated with humic colloids, and less than 1% of U and 10% of Th were
sorbed on inorganic colloids 44. This type of observation suggests that association of metals, radionuclides,
and pollutants on organic colloids will greatly enhance the migration of those species.

Of the organic substances, humics have been studied most intensively. These negatively charged
compounds can be coagulated by electrolytes to form colloids. In general, the coagulation effect increases
with the electrolyte ionic charge. Humic substances are known to form stable soluble complexes or chelates
with metal and radionuclides. However, even in this best studied case, the stability constants, ionic strength
and pH effects, competition for metal complexation, and influence of humic substances on the sorption of
cations onto minerals are not known well enough to predict colloid behavior 45. Furthermore, other organic
compounds such as EDTA and salicylic and phthalic acids are different from humic and fulvic acids.
Studies such as determination of distribution coefficients and molecular weight, use of gel-filtration to
isolate low molecular weight compounds, use of analogs, and use of site-specific humic substances are
intended to clarify some of these ion-organic complexation processes.

It is clear that the formation and stability of organic-metal and organic-radionuclide complexes depend
on multiple and interdependent factors that include the type and concentration of organic matter, the type
and oxidation state of the ions and their ionic strength, the pH, and the temperature 5,40,45-47.Hydrolyzable
ions such as Hg, Cu, and AI form complexes with organic matter 48. Divalent transition elements were
reported to complex with organic matter at low and intermediate pH when the organics concentration is
higher than 1 mg/l. Trivalent elements, such as lanthanides and actinides, prefer complexation with organic
matter to hydrolyzation and complexation with carbonates 49. The geochemical code (PHREEQE) has been
used 40 to demonstrate the effect of small pH changes and competition with other ions on Am solubility.
That solubility was ten times higher at pH 10 than at pH 11.5, where Ca competed for adsorption sites.
Modeling efforts 50 have successfully described the enhanced binding of Ca onto fulvic acid at pH greater
than 6, but the results are still not satisfactory for adsorption in the presence of iron. Laboratory
experiments to clarify these effects are made difficult by the fact that the usual extraction processes remove
the naturally occurring competing complexants (iron) and therefore provide unreliable results for in-situ
conditions. This is further complicated by the observation that U isotopes associated with humic colloids
are not in chemical equilibrium with those in solution, as is the case for inorganic colloids 42.

The literature notes another consideration for organic matter, its ability to adsorb onto hydroxyl groups,
thereby providing new functional groups (carboxyl, phenolic) for complexation with metals 51. Relatively
acidic surface hydroxyls like silica do not react strongly with organic matter. However, in natural waters
alumina, hydrous iron oxides, and the edges of aluminosilicates are completely covered by organic matter.
The adsorption of organic matter decreases with increasing pH and increasing Ca/Mg ratio. Changes in
surface charge potential and competition may reduce the adsorption of anions. The change of trace element
mobility through formation of an organic film on inorganic surfaces has also been reported 49.

INFLUENCES OF MAN-MADE MATERIALS ON COLLOID FORMATION AND SORPTION
f.

Radiocolloid formation and stability are influenced by nuclide solubilities, pH, redox state, and ionic
strength 4,18,36,52-56. Introduced materials can modify the predicted values of all of these factors from
those based on repository rock alone. Parameters that could be modified by introduced materials are
outlined individually below. Some introduced materials that deserve consideration are:



- inorganic complexants (e.g. acids, batteries)
- organic complexants and nutrients for microbes (e.g. alcohol, antifreeze, bituminous materials,

diesel fuel, hydrocarbons,some gases, clothes, lubricants,plastic, and wood)
- groundwater pH modifiers (e.g. acids, concrete, grout,lime, andplaster).
A number of effects arcnot well documentedand will not bediscussed further, but they areessential to

the predictionof colloid effects in a repositorysetting. These include the release of nuclidesas anions or in
association with inorganic (silicate, aluminate) and organic complexes, interactions between different
colloids that influence relative stabilities, and the combined effects of pH, ionic strength, competing ions,

._ temperature, and adsorbate concentration 36. Mixing of marine water and river water serves as an example
of the combined effects: Cu and Zn remain sorbed to some colloids because the overall increased

adsorption due to pH increase will dominate over the decreasing effect of salinity 57. Progress in
understanding coupled effects is illustrated by computer models that successfully describe dissolution
kinetics of minerals in the presence of sorbing and complexing ligands as a function of oxide surface area,
surface heterogeneity, and adsorption of metal ions 58.

A. Gradients.

The significance of gradients becomes clear in considering the inhomogeneous distribution of materials
that results from emplacement in a repository. For example, the shotcrete/rockbolt/wire mesh assemblage
used to stabilize a drift wall represents a gradient from the pH, Eh, chemical concentration, chemical
composition, and probably even microbial activity of the natural rock of the repository. Changes in pH,
ionic composition, Eh, CO2 partial pressure, temperature, radiation, bacterial activity, dissolution of
introduced material, and contaminant and drilling fluid infiltration can be responsible for colloid
precipitation. Changes in redox conditions due to introduction of reducing compounds [cement, dissolved
organic carbon (IX)C)] can cause colloid formation. For example, the adsorption of redox sensitive
elements onto iron and manganese oxides seems to be responsible for a slow or incomplete response to
changes in redox conditions 59. Iron colloids were observed to form as a result of slow kinetics of the
oxidation of FeflI) to FeflII) at the oxic-anoxic interface 60 of a eutrophic lake (Lake Brett, Switzerland).
Secondary effects of colloids, such as their transformation into insoluble oxides at an oxic-anoxic interface,
thus inducing the coprecipitation of other metals, also deserve consideration.

B. Chemical species

The sorption mechanism depends on the type of ion. Therefore, detailed studies have to be conducted in
order to be able to predict the behavior of a known system 61. Whereas reversible adsorption has been
described and can be modeled, desorption kinetics are not understood, and experiments will have to be
performed before any predictions can be made.

Some specific effects of the presence of various chemical species are known. At pH 8, the addition of
fluoride can accelerate the coagulation process of silica polymers, and aluminum and boron can retard it 62
The effect of addition of polysilicate on colloidal dispersions depends on the silica concentration 63: Si
concentrations smaller than 104 M coagulate positively charged colloidal dispersions, but polysilicates stay
stable at higher concentrations as negative sols. More specifically, the addition of silica causes the
coagulation of hydrous aluminum oxides and chrysotile, and aluminum (III) has a similar effect on hydrous
aluminum oxides and silica 64. Increased concentrations of carbonate ions have been observed to decrease

Pu(IV) and Pu (V) adsorption on goethite 53.

C. pH and Redox Slate.

The relationship between pH and colloidal silica is complex. Coagulation occurs if Si concentration is
oversaturated with respect to amorphous silica 63. Polymerization occurs at low pH (1.75) and 25 °C 65,
and colloids form by homogeneous nucleation and growth 62. Condensation of primary particles (nuclei)

° occurs below pH 7, and Ostwald ripening occurs above pH 7 67. If the solution condition is moved outside
the pH range of oversaturation, a reverse in silicate coagulation occurs 63. Therefore pH changes caused by
man-made materials will have a great effect on the formation of colloidal Si.

High pH and low redox conditions will be created from the degradation of cement and canister
corrosion. It is thought that radionuclide species with oxidation states (III) and (IV) will be favored by the



low redox conditions. However, the gradient in redoxpotential mayfavor the formation of higheroxidation
states and more soluble species, thereby limiting the formation of real colloids or polynuclear species while
favoring the association of soluble nuclides with pseudocolloids.

The influence of change in redox conditions related to thermal pulse in the near-field and the time
ranges of these various processes need to be studi_. However, some redox state effects have been studied.
The adsorption edge on goethite occurs in thepH _angeof 3 to 5 forPu(IV) and pH 5 to 7 forPu(V)53, The J
presence of DOC reduces the adsorption of l_l(IV) on goethite 53as well as the oxidation state of Pu GO.

D. Temperature.

The effect of a thermal pulse due to the emplacement of waste is unknown. Reduction of solubility with
temperature appears to be responsible for increased sorption, but the behavior of radionuclides is also
dependent on the type of species and the temperature range 47. For example, the possible soluble oxidized
species of Pu, To, and Np can form at high temperature o/. On the other hand, a temperature decrease
associated with a return to natural conditions could cause hydrolysis and precipitation of a colloidai solid
phase. The stability of radionuclide-organic complexes with temperature also needs to be investigated 47.
The dominant effect of increased temperature (25 to 80 *C) was reported for hematite sorbed on steel
68during rinsing with aqueous solutions of variouspH and ionic strength.

E. Time.

Experimental difficulties have limited the available information about the behavior of organic or
inorganic colloids and the mechanisms of sorption and formation over time. In this case, analogs are an
invaluable resource. A few references exist for humic substances. No difference between fresh and old

humic substances was observed by Petersson 69, even though Avogadro and de Marsily 67 noted tahat
aggregation and size distribution should be enhanced with time. Polymerization and reduction in earbonyl
content during diagenesis were also inferred to cause a reduction in solubility of humic substances "_.
Desorption has been observed also in long-term experiments 70.

Colloid stability also depends on physical adhesion to the medium, which is found to increase over time
for some substances 71. The blocking effect and coagulation have also been reported to play a role. Recent
experiments suggest that the measured attachment efficieneies are larger than those predicted by the DLVO
theory71. These results exemplify the need for data not only for the chemical factors of colloid formation
and stability, but also for physical processes over time.

F. Radiolysis.

Only a few authors have considered the possible effect of radiolysis on the formation of colloids.
Beyond the observation that more soluble high oxidation states of some radionuclides (To,Np, Pu) could be

favored by radiolysis 67, this effect needs to be addressed because it could strongly increase the solubility
of compounds that would otherwise be less available for colloid formation '_". Examples include the
degradation of organic products and the release of small water soluble molecules from rubber, polyethene,
and PVC.

G. Microbial Activity.

Microbial activity can cause dissolution, deflocculation, and colloid formation 36,59,73. For example,
organic substances that usually have low solubility can be solubilized by microbial activity (kerogen,
bitumen, and lignines). The formation of ferrous iron from the dissolution of iron in the reducing
environment created by bacterial degradation has also been observed 7,,. Knowledge of the processes that
rule the alteration of material and the accumulation and growth of colloidal biofilms is very scarce. As a
consequence, predictive capability in this area is extremely limited 75.

J

DISCUSSION AND SUMMARY

It is clear that introduced materials can modify the quantity and character of colloids and their behavior
within a repository in varied and complex ways. The shear quantity in which some of the materials could be



introduced and their potential proximity to the waste packages suggests that in some cases the introduced
component may be the most important consideration in the prediction of species migration due to colloids.
Whether these effects are positive or negative for the longevity of a repository depends on the specific
material and the requirements of the repository. However, conditions that favor long range migration of
colloids are low ionic strength, low pH, low temperature, anoxic conditions, high organic content, high
flow velocities, high colloid concentrations, and sorption reductionby changes in waterchemistry. Because
the relationships are complex and interdependent, the effects of many repository materials have yet to be
ascertained.

Research activi_'tyis shifting from laboratory column experiments to interpretation of field data and to
modeling efforts 10in order to elucidate the combined effects of pH, Eh, ionic strength, chemical species,
character and concentration of organic matter, mechanisms of formation and stability, kinetics of growth
and aggregation, and sorption mechanisms over time. The aim is to delimit formation mechanisms,
stability, interactions with the medium, and the effect of the groundwater chemistry in order to increase the
reliability of large scale modeling efforts.
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