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ABSTRACT

Recently, there is increased concern that radiocolloids way
act as a rapid transport mecnanism for the early release of
radionuclides from high-level waste repositories. The role of
collolds is, however, controversial because the necessary data and
assessment methodology have been limited. In this report the
population balance methodology is presented and developed as a
method for quantifying the role of colloids in ground water
transport problems. The population balance to a number continuity
equation which has been applied successfully to crystallization,
aerosols, and biological processes. The equations are developed
and applied to the treatment of polydispersed radiocolloid
transport and to colloid migration data from column experiments.
The population balance approach provides a sound basis for analya-
ing the impact of colloids on nuclear waste repositories.
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interest and active investigation particulate matter also plays
a vital role In Ocean chemistry studies have shown that

atmospheric plutonium attaches to subsequently migrate down

stream, and rivers to the oceans they rate with organic matter

and finally settle to the ocean floor and Cross 19791.
There have been many general artic addressing problems associated

with the assessment of geological of nuclear waste (Gonzales, 1982;

Klingsberg and Duguid, 1982; Pigford, 1982. Technical Report, 1983; Siegel,
19851 Recently, radiocolloids have been identified as a potential hazard
in the disposal of nuclear waste. Radionuclides In a colloidal or particu-
late form could conceivably migrate farther and faster than they would In a
dissolved form (Apps et al. 19831. McDowell-Boyer et al. 1985 recently

expressed concern over the possibillity of colloid transport in nuclear
repository sites. One aspect of radionuclide migration in subsurface flows

that casts further doubt on the distribution coefficient approach is the
possibility that colloidal matter and small particles to which radionuclides
adsorb are mobile. Particles of sizes less than a few micrometers are much
smaller than inter-granular pores or fracture sites and could migrate con-
siderable distances with flowing fluid. Colloid migration
significant in predicting contaminant migration because small particles have
high surface areas per unit mass and represent available sites for
adsorption." The 1984 Beljer report (Parker et al., 1984) made many
references to the importance of colloids in nuclear waste disposal and to
the currently unresolved problems in assessing nuclear waste repositories

because we do not fully understand the role of colloid transport. In this
report Parker et al. (1984 suggested that in fractures colloids may not be
retarded.

Unfortunately, previous studies have not provided sufficient informa-
tion concerning these complicated processes to quantify colloid transport In
groundwater Morgan, 1981 As stated in the conclusions of
report by 1983 nothing is known about the migration behavior
of colloids. By contrast there is great interest and many studies which
address the basic chemical and physical nature of colloids 1973;

Adamczyk et al., 1983; Allard et al.. 1980; Avogadro and Lanza, 1982;
Avogadro and Marsily, 1983; Drever, 1982; James and Parks, 1982; Means and
Wijayaratne 1982; Olofsson et al.; 198 1982 1982 Colloid science



Is a mature nd well developed field. The classical colloid science book by

Alexander and Johnson 1949 summarized the historical development of this
subject and initiated the term COLLOID SCIENCE. In recent years many models

have been presented to characterize the behavior of colloids (James and
Parks. 1982 in batch systems but there has been no unified approach to

colloid transport modeling.

To address the problem of Modeling colloid transport, we present, in
this paper, a general colloid transport model which can treat the complex
problems of colloid migration in geological media. The physical and chemi-

cal nature of ground water colloids are reviewed. The potential role of

colloids in various nuclear waste repository scenarios is presented. The
population balance equations are developed and applied to the analysis of

colloid column data. The population balance transport model is solved

numerically and results compared to column data. The important population
balance submodels for nuclear waste disposal are identified and developed.

The filtration type capture submodel is used within the population balance
code to represent removal of colloids by porous Media.

This new modeling and assessment approach provides a solid basis for
analyzing the impact of colloids on nuclear waste repositories.

A. Colloids--

Colloids were initially studied by Michael Faraday and other scientists
early in the 19th century. The name colloid was given to these extremely

small particles by the Scottish chemist Thomas Graham in 1861 (Encyclopedia
Americana International, 1975. By definition colloids are very small
particles ranging in also from 1 to 1000 . In geological systems natural
colloids are chemically the hydrated aluminum silicates (clay minerals),

hydrated Iron manganese, aluminum oxides and certain types of organic

matter (Berry and 1959. Particles smaller than 1 do not
exist as a discrete phase, and any system containing them is not considered
heterogeneous van Olphen, 1977; AppS et al., 19831. Soil scientists regard

the upper particle diameter for the definition of colloids as 2 or 3

et al., 1983.

There are two classes of colloids: lyophobic and lyophilic. Lyophobic
colloids are the type generally found in geological systems and associated

with nuclear waste disposal systems. They are considered metastable because



they are prevented from agglomerating by their electrokinetic double-layer

Ground water colloids can form from the build-up of particles by precipita-

tion or from the chemical and physical decomposition of bulk matter into

collold-size particles. Geologists refer to the formation of clays as a

result of a diagenesis process, i.e., changes of various kinds occurring in

sediments between the time of deposition and the time at which complete

lithification takes place (Berry and Mason, 19591.

Perhaps the most important property of colloids is the double-layer of

ions that surrounds each particle. The Stern layer is closest to the par-

ticle's surface followed by the outer region of ions called the Gouy layer.

James and Parks 1982 developed a unified model to predict surface charge

and potential. In acidic solutions the colloid gains a proton and becomes

positively charged while the opposite occurs in basic solution. The

stability of colloid solutions depends on the thickness of the Gouy layer.

As the ionic strength of the solution increases, the Gouy layer becomes

compressed and the particles tend to agglomerate, held together by the short

range van der Waals attractive force. Very stable colloid solutions can be

formed which will remain for hundreds of years as in the case of India ink,
which i s a rather stable colloid solution of lampblack.

B. Radiocolloids
The Beijer Report Parker et al., 1984 suggests that in nuclear waste

disposal environments, radiocolloids may be formed by the following

processs:
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Pseudocolloids are defined [Apps et al., 1983 as natural ground

colloids that have adsorbed radionuclides, and true Colloids are defined as

precipitates of various radionucildes. These definitions will be

this report.

C. Modeling

Previous colloid studies did not provide a unified nor comprehensive

colloid transport model, but rather modeled individual subsets of the

problem. Apps et al. 1983 recently reviewed colloid and particulate

transport in the geologic storage of nuclear waste. They provided

references suggesting that colloid formation is strongly evident in natural

system. but they did not quantitatively assess the potential formation and

convective migration rates of nuclear colloids in repository environments.

They presented a continuum model for diffusive transport of uncharged

loidal particles in spherical geometry and calculated fluxes relative to

fluxes of dissolved species in a nonsorbing environment. Colloid size

distribution, chemical retardation, colloid electrical charge, and produc-

tion of radionuclides from decay of possible ancestors were not included in

this model. McDowell-Boyer et al. (1985) discussed the classical filtration

model and used filtration theory in a parameter sensitivity study to inves-

tigate various capture as a function of particle size. They used

the filtration coefficient model presented by Tien and Payatakes 1979.

This model only describes the filter coefficient which includes the sum of

three terms: one representing capture by Brownian motion, the second

representing interception collision, and finally a term for gravitational

sedimentation. Their resulting empirical model also assumed no electros-

tatic repulsion between particles and the media surfaces. Hence this model

would not be applicable to many radiocolloid applications and would most

likely over predict the colloid capture rate.

performed a series of column experiments and

applied a modified version of the filtration equations to describe the

measured capture profiles. They attempted to included colloid size effects

by assuming a distribution for the filtration coefficient. More recently,

Travis and Nuttall 1985 modeled colloid migration using the population

balance method. They showed that the population balance model accurately

described the colloid column capture data of Saltelli et al. 1984 and that
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established modeling technique. The population

applications are discussed in the following section

II. POPULATION BALANCE MODEL

A. Background

Randolph (19621 and Hulburt and Katz 1964 derived the general form of

the population balance equation. These very formal and complete

of the population balance equation in the early 1960 set the foundation for

the subsequent mathematical analysis of many particulate system studies

ranging in fields from engineering to biology. Thu population balance is a
well established transport equation which is commonly used to model systems
of countable entities. The equation is similar to the mass balance equation
except rather than conserving mass it conserves the number of

particles/colloids--thus the population balance equation. The result-

ing dependent variable of the population equation is number density.

Randolph and Larson 1971 make reference to the diverse and numerous ap-
plications of the population balance equation. Included are processes such

as crystallization, grinding, air pollution, and biological systems just to
name a few. The population balance equation is an important addition to the

mass and energy transport equations.

Using a size distribution, the population balance equation permits a
full treatment of the colloid problem from the birth of colloids to their

capture on the surrounding matrix, as well as modeling the gradual effects
of colloid growth or dissolution. Radioactive decay of specific nuclides
within the colloids is treated by assigning a concentration property axis

within the population balance to each species we wish to track. The addi-

tion of these property axes allows correct treatment of the decay chain

problem with full accounting of the daughter product concentrations. Also,

the adsorption of multiple nuclides on the same colloid (heterogeneous

colloids) can be modeled.
Randolph and Larson 1971 discuss in detail an example of using the

concentration property axis within the population balance equation. For

each nuclide there is a separate concentration property axis which defines

the number of colloids at a point in time/space/size that have a particular
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concentration. Integrating over the concentration property axis and the

size axis gives the amount of colloidal plutonium at a point in time/space.

The important factor at this stage is that the general population

balance equation permits a correct mathematical accounting and quantitative

ass essment of the nuclear colloid problem. Of course, the soluble species

mass transport and energy balance equations must also be included as well as

the appropriate system geometry to complete an overall repository assessment

model. Also it is common to measure colloid size distributions in terms of

weight rather than number density functions. The complete relationship

between the number density function and the corresponding weight distribu-
tion is discussed in the section on Analysis of Experimental Column Data.

The level of model complexity, however, is set by the desired results with

the option of using simplified models and submodels to perform conservative

repository assessment calculations.

Application of the population balance equation is further enhanced by
the wealth of information and experience provided by over 20 years of fre

quent use in many scientific fields Nuttall, 1971; 1971; Griffiths et
1982; Herbst and Fuerstenu, 1980; Barone et al.,

1980; Bhatia and Perlmutter, 1979; Pasiuk-Broniklowska and Rudzihski, 1980;
Randolph, 1962, 1969, 1971, 1977. Therefore, the solution methods and the
nature of the various have often been studied by previous researchers
and their results can now be applied directly to the nuclear colloid problem
without the delays of extensive research and development. To further
clarify the use of the population balance equation as developed here, it
will be applied with a detailed description in the section on Model
Development.

The birth, growth, and death rates of micro-organims in biochemical
processes are also modeled with the aid of the population balance
equation The work by Fredrickson and Tsuchiya 1963 is a good example of
the applications of the population balance equation.

Randolph and Larson 1971 in their book on the Theory of Particulate

Processes also give many interdisciplinary examples and applications of the

population balance. Several recent studies using the population balance

range in topics from modeling gas bubbles to mineral grinding models.
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Scenario (A) represents perhaps a worst case, near-field problem in

which the backfill surrounding a single canister fails, water penetrates the

canister, and radioactive colloids are released through the fractured back-

fill and Into the surrounding geological formation where groundwater carries

the colloids away from the engineered barrier. Also, the dissolved species

are in high enough concentrations to precipitate into additional colloids,

and adsorption of dissolved species on natural groundwater colloids is

occurring. This scenario in initiated during the thermal period and leads

to the far-field transport of colloids. A schematic of the processes in-

volved in the near-field region of scenario A is given in Figure 1.

The second scenario (B) represents the far-fleld problem in which

dissolved nuclides have migrated beyond the repository and are available to

bond with natural groundwater colloids and be transported through the

fractured/porous geological formation. Colloids from the canister and/or

natural colloids which have adsorbed radionuclides my also be present. A

schematic of the far-field processes involved in scenario B is given in

Figure 2.

The model for scenario (A) will require the energy, mess, and popula-

tion balance transport equations. The distributed energy balance models the

fluid temperature as a of spatial position and time Bird et al.-,

1962

Next the mass transport equations describe the migration of dissolved

species. One equation is needed for each species, thus the equation is

written for the general species



Mass Transport Equations:

(2)

A sink term, S. is required in the mass balance to represent the

dynamic transfer of dissolved species to either the true or natural

colloids.

Next, the additional population balance equations are required to model

the formation and migration of radioactive colloids. A few assumptions are

necessary at this point to clarity the number and type of population balance
equations needed. These assumptions can be relaxed or changed as the

descriptive scenario may require. First, only one type of natural colloid

is assumed to exist, but the colloid may adsorb various nuclides. If more

than one type of natural colloid should exist we would Simply use an addi-

tional population balance equation to describe each one. Second, we will

need a set of population balance equations to describe each true colloid

(Pu, Am etc.). True colloids, as opposed to natural colloids, are formed

by precipitation of a specific radionuclide and will contain only that
nuclide plus daughter products. Applying these assumptions, two types of

population balances will be required, one describing natural colloids and

the other modeling the true colloids.

The general form of the population balance allows for any arbitrary

number of continuous property axes where particle size is just one such axis

Randolph, 1962; Randolph and Larson, 1971. In the case of nuclear waste

modeling, a concentration level property axis is required for each nuclide

that adsorbed on natural colloids, and in the case of true colloids, one

is required for each daughter product.

this way the population balance can track the adsorption and decay

of nuclide of interest. Of course, if it is not necessary to track

each nuclide then the problem can be simplified. The population balance

equation for true and natural colloids is given below.

12



True Colloid Population Balances:

Natural Groundwater Colloid Population Balances:

The energy, mass, and population balance equations together describe

mathematically the near-field process where many physical and chemical

processes are occurring simultaneously. To complete the above model, the

system geometry, boundary conditions, and specific terms within the equa-

tions must be defined. Submodels or kinetic expressions are required to

represent the certain terms in the population balance equation. The exten-

site population balance and colloid modeling literature provides the general

v foras for these submodels Randolph and Larson, 1971; Clontz and McCabe,

1971; Nielson, 1964; Volmer and Weber, 1926; Treybal, 1980; Waldie and

Wilkinson, 1983; and McDowell-Boyer et al., 1985. Key terms in Equations 3

and which require special consideration are the following:

1. This term represents the rate of particle number disappearance from

a particular particle size category per unit solution volume. Death is

caused by colloid capture on the rock matrix, agglomeration, and

dissolution.

2. Bike In a similar fashion this term represents the rate of appearance

of particles Into a size category per unit solution volume. Births

result from nucleation, agglomeration, and release of captured or new

colloids from the rock matrix.
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Parameters within the subsodels can in many cases be assigned conserve.

tive values or may require estimates from experimental data. Many

investigators in numerous fields have used the population balance model and

this information can aid in developing and evaluating the necssary

submodels.

Submodels. Mathematical submodels are required to describe the follow

ing phenomena:

Birth (heterogeneous and homogeneous nucleation) rate

Release rate of solloids from the rock matrix

Death rate
Growth rate

rate

De-agglomeration rate

Adsorption/Desorption of radionuclides

Decay of Nuclei within or on a colloid

These submodels are generally site specific incorporating the ap-

propriate geochemisty, reaction kinetics, and transport processes for a



potential waste disposal site. The more important submodels will be

discussed in the following sections. Future studies will be required to

define these Submodels for the NWWSI site; however, the technical literature

does provide structural guides for the various submodels.

The second scenario (B) is the far-field problem in which the thermal

period has passed and nuclides have migrated out from the repository into

the groundwater of the surrounding geological formation. Natural

groundwater colloids of Si, Fe, and Al may be present to adsorb dissolved

nuclides and thus provide a mechanism for rapid transport along cracks or

faults. Here, as in the previous case, true colloids originating within the

repository may also be present and have migrated into the far field. The

overall assessment model consists of the dissolved nuclide mass balances, a

set of true colloid population balances (one for each nuclide), and the

natural colloid population balance. If there is more than one type of

natural colloid, then one population balance equation is required for each

type.

The population balance methodology establishes an overall structure for

modeling colloid transport. However, to describe site specific physical

systems, the various terms in the equation must be correctly evaluated and

the appropriate submodels supplied. The submodels art sometimes developed

through general rules which can be applied to many systems, but more often
the submodels and/or parameters within the submodels must be defined for

specific systems. Each of the required submodels in the population balance

will be discussed separately. The problem of defining submodels is open
ended and models will evolve as new physics and chemistry for a specific
system are identified.

Submodels for colloid transport include: birth, capture. agglomeration.

and growth. For more complex applications of the population balance model
where the concentration of chemical species on individual colloids is re-

quired, are needed to describe the adsorption/desorption and other
appropriate chemical reactions.

Birth/Nucleation. The birth/nucleation term treats the formation

of new colloids caused by a phase change in the
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Particle disruption models are also available but disruption of small

colloid clusters seems rather unlikely.
Growth rate submodels are also available from the literature but it

doesn't appear likely that ground water colloids will be growing or
dissolving; however, if needed the population balance can adequately model
this phenomenon.
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In the general case will be an unknown function of colloid size.

However, if (L) is size independent, I.e., equal to a constant, then the

filtration follows the conventional form showing a straight line profile for

the concentration of colloids captured an the sand packing when plotted on

paper.

To treat experimental data, it is often necessary to convert between

weight distributions and number distributions. In terms of the number

density function the distributed weight function is (Randolph and Larson,

1971:

Randolph and Larson 1971 also showed that the number distribution was

related to the weight distribution, 
by

By dividing by the total mass of sample, the number of colloids per unit

mass of sample is given. The equation is

The number of colloids at any size per unit volume of solution can be found

by multiplying 20 by the total mass concentration of colloids The

population balance, Eq. 12, was solved numerically by an improved method of

characteristics technique presented by Douglas and Russell 1982. The

buildup of colloids on the porous matrix is described by Eq. 17 which was

23
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that the column profiles could not be matched using the conventional con-

stant parameter filtration model. To fit the profile curves they assumed

that the colloid feed exhibited a distribution of filtration coefficients.

In this way they hoped to approximate the affects of size dependent filtra-

tion and by adjusting the filtration distribution parameters they did fit

the shape profile curves. Their model also included a Langmuir isotherm

model to treat the observed early adsorption of which occurred

throughout the length of the column. This rapid adsorption of on the

porous matrix was at a very low concentration level and the mechanism for

this phenomenon has not been directly investigated; therefore, we did not

choose to include this mechanism in our model. To match the experimental

data, we simply assumed an initial solids concentration of

moles/liter.

The measured An colloid distribution along with our curve-fitted

distributed and cumulative log-normal distributions are illustrated in

Fig. 3. The measured range of the feed colloids was from approximately

to a maximum of 10 curve-fit parameters for the log-normal

distribution were and

upper colloid was experimentally controlled by passing the

feed solution through a 10 filter prior to entering the column. The

experimental conditions are give in Table 1.

The population balance model for the above conditions solved, using

the log-normal distribution to represent the colloid feed. The resulting

concentration profile for on the porous metric is compared with the

experimentally meaaured profile after 170 days of continuous colunn opera-

tion and is The strong curvature in the calculated

size dependent filtration function.
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three dimensions the varying colloidal weight distribution in the liquid

a function of position . The surface shows both the rapid decrease in the

mass of colloids in solution and the shift in the mode of the distribution

to small sizes. Because of the size dependent filtration coefficient, the

larger colloids are preferentially removed early at the top of the column,

leaving the smaller particles to transport downward through the porous

medium. In the case of a constant filtration factor, 1, the nature of the

colloid size distribution has no effect on the solid concentration profile

since each particle has the same capture probability independent of size.

D. Results

The population balance methodology which operates on a number con-

tinuity approach is well suited for describing the complex phenomena of

colloid transport. In the present study the problem of polydispersed col-

loid transport in a porous medium was successfully modeled and very good

agreement was found between model results and data. The advantages of this

methodology are that it provides a comprehensive and fundamental structure:

for analyzing the complex mechanisms of colloid migration. The approach

requires conversion back and forth between the weight and number

distributions; however, this conversion is a straightforward process. In

this study, the colloid size distribution had a significant effect on the

migration and capture process when a size dependent filtration capture model
was used. In the case of size dependent filtration, the larger colloids

were rapidly captured while the smaller ones are less likely to be captured

and therefore the smaller ones migrate such further through the porous

medium. Both a constant a linear size dependent filtration type capture

model were tested. The size dependent model was required to match the

data. The linear filtration model was of the form

function is simply proportional to the particle size;

that the larger colloids are preferentially captured. This

by the shape of the experimental concentration profile

curves. The experimental data were modeled succesfully with only one

adjustable parameter, s, the slope of the filtration coefficient function.

if the filtration factor, is constant then the colloid size distribution

has no effect on transport or capture.

26
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NEAR FIELD SCENARIO
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FAR FIELD SCENARIO

FRACTURED/POROUS MEDIUM
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Figure 3. Colloid Feed Size Distribution.
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