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SUMMARY

The information required to explain the long-range movement of
radioactive fission products from waste pits, fallout, and underground
nuclear explosions, as well as that of other envirommental pollutants,
is sought in this thesis. Both theoretical and experimental investiga-
tions of the various phenomena that pertain to ion transport or retention
by soils are included.

The theoretical section delves into the interactions between solids
in water that result from thermal forces, electrostatic charges, and van
der Waals forces. The particle range considered is that of the large
colloid to the finest silt. Sources of energy sufficient to cause break-
age of adsorption bonds and the importance of the concept of additive
bonding in the water are discussed. The important relationship between
suspended particles and the "massive" granules making up the model
aguifer is explored at some depth.

In the experimental section, factors which influence either reten-
tion of radioactivity by the sand bed or transport of the activity through
such a bed by micro-particles are considered. Correlation is sought be-
tween the phenomena observed experimentally and that predicted in the
theoretical section. Casimir's correction to the theoretical van der
Waals interactions is proposed to account for major changes in the particle
retention ability of the sand bed when dispersants are included in the

influent water.
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A concluding section is included which discusses the future
potential of such research, as well as some of the practical aspects of

the results reported here.



CHAPTER T
INTRODUCTICH

Considerable concern has been expressed since the inception of the
atomic industry about the disposition of the waste radiocactivity that
results from the reprocessing of the uranium and plutonium fuel elements
used in nuclear reactors. These radiocactive products are formed for the
most part by fission reactions involving 2°°U, 2%°U, and 239p 1 * e
fuel elements from reactors are scrapped, after only a fraction of their
total figsile material is consumed, and reprocessed to recover the fission-
able elements. fter solution of the fuel elements in strong acid mixtures,
the fissionable materials are removed by organic solvent extractions
leaving the highly radioactive fission products in the agueous phase.

Retention of this radicactive concentrate for the period of
several generations necessary for the long-lived radionuclides to decay
to safe levels of radiocactivity requires continuing concern. Over the
years that they have been produced, most of these high-level radiocactive
wastes have been retained in steel tanks or concrete vaults, depending on
the final pH of the processed ionic solutions. Realizing that such con-
tainers can leak or be ruptured by explosions or earthquakes, other more
permanent means of storage have been sought that were not so subject to
the whims of politics or of nature. These include storage of sintered or

bonded waste solids in salt mines, injection of agueous waste solutions

*Superscript numbers refer to literature cited in list of references.



into porous formations in the geologic depths, and injection of waste-
grout mixtures by hydraulic fracturing into shale beds at relatively
shallow depths. However, tanks may leak, and materials injected into
sedimentary formations or stored in mines may become subject to leaching
by ground waters. Once the release of the high-level radiocactive waste
to the environment has occurred, whether by accident or design, its migra-
tion from the point of origin would follow essentially that about to be
described for the low-level waste to be described shortly.

Associated with high-level waste production are intermediate-level
wastes consisting primarily of ionic solutions that contain far less
radiocactivity per unit volume than do the high-level wastes. The former
are the wash waters and raffinates that arise from the concentration of
the high-level wastes by precipitation into as small a bulk volume asg it
is economic to make. Over the last twenty years, the intermediate-level
wastes have been stored in open pits cut in the surface soills or in buried
gravel-filled crypts where the soil was depended on to decontaminate the
water carrier as it slowly percolated through into the groundwater.
Generally speaking, the volume of the intermediate wastes is so great that
it is not profitable to attempt total contaimment and seepage of the
water from the disposal area is a necessary requisite of the industry.

Low-level wastes include reactor cooling waters, wash waters for
certain chemical processes, and general low level laboratory wastes. These
are very large in volume and after treatment with common water treatment
technigues for combined conditioning, adsorption, precipitation and floc-

culation of the water contaminants, the waste water passes through a
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settling basin and out over a weir to the main drainage of the area.
There dilution within large streams or other bodies of water is used to
reduce the remaining radioactivity to well below maximum permissible con-
centration (MPC)%7%3,

Of greatest concern are those radioisotopes that are produced with
relatively high probability in the fission reaction. These include pri-
marily gy and 13703, both of which have a half-life of about 30 years,
although '°®Ru (one year) and *#%Ce (285 days) also should be noted®.

The same group of fission products also may be produced during the detona-
tion of a nuclear device in the atmosphere. They are dispersed from the
general shot point location by wind and precipitation run-off. Studies
made on the disposition of these explosion-produced fission products in
fallout indicate that they follow much the same course in the soil as
those released from nuclear reprocessing plants. The interaction of
radioactive ions with soil particles is a major factor in the engineering
of radiocactive waste disposal. The presumption is that once the fission
products have reacted with the soil, the radiocactivity becomes immobilized
or "fixed" and can be relied on to remain well within the confines of the
disposal site except for a slow movement due to ion exchange kinetics
through the soil at a rate of inches per year®.

Fixation or immobilization are terms which infer that the radio-~
activity, which might have been initially moving with and at the rate of
the water, comes ts be attached to solid surfaces that are fixed in place.
Consequently, this effective removal of the radiocactivity from the water

as it passes through the soil or porous rock leaves the water containing



less of the radiocactive contaminant than it did previously. Such fixation
may occur as a direct result of ion exchange on clay surfaces or if the
radioactivity is being carried in the form of a suspended particle, the
removal may be brought about by physical effects such as "straining' or
"sorption". These points will be discussed in some detail in Chapter II.
Treatment of the waste with soil minerals either in place or as
additives has been practical in the past because the radiocactivity of the
water was reduced by the treatment to non-hazardous levels. Unfortunately,
the fixation of radioactivity by soils is not 100 percent effective.
Special efforts have been made to lower the concentraticn of certain iso-
topes known to be present in fission wastes even after a "cooling' period.
In particular, workers at Oak Ridge have shown specially prepared vermi-
culites could be used for cesium-137 stripping and that addition of cal-
careous phosphates to the wastes would inerease the removal of strontium-
90 by soil minerals®’7. Similarly, the zeolite-like mineral clinoptilolite
was studied at Hanford as a special additive to radioactive waste water
that would bond strontium and cesium strongly, thereby reducing the release
of radiocactivity to the environment® ', The chemical methods of Pprecipi-
tation are effective up to about 85 percent removal of the isotopes, and
with proper conditioning this may be increased by the addition of adsorb-
ing agents such as clays, lime, special minerals, etc. But there is always
a finite fraction of the original radioactivity left for which no further
attempt at recovery or retention is economically practical. The remaining
waste is released to the soil in the hope that any remaining radionuclides

will be taken out of the water there®’Z.

Thus, the 'leakage" of radioisotopes from aqueous nuclear waste



storage ponds dug in the local soil is an accepted fact at every facility

' can be tolerated

where such storage is practiced. That such "leakage'
at all hinges on the fact that the soil is such an effective ion exchanger
that almost all of the radionuclides present in the wastes adsorb to the
soil surfaces near the boundaries of the disposal ponds and are retained
there, migrating only a few inches a year.

The concern with radioisotopes disposal cannot and does not end
with environmental dilution to tolerable levels. Radioisotopes of the
element ruthenium, for example are cobserved to pass through large thick-
nesses of soil, apparently unaffected by the adsorption characteristics
of the s0il'®»®:%, Christenson and Thomas!'® noted the migration of other
isotopes through the soil under certain conditions, especially those of
plutonium and strontium. Various chemical, physical and biological pro-
cesses tend to reconcentrate the radiocactivity to levels which may be
hazardous to animal and plant life, especially when maintained in the
food chain.

Migration of isotopes from containment sites has been observed
for years and a considerable amount of effort has gone into determining
why it occurred and what methods could be incorporated into the recovery
process to stop the "leakage'. For example, the movement of ®°Co from
a disposal area was shown to be related to its being sequestered by
ammonium citrate used in the plant process. Introduction of an ionic
exchange resin in the process effluent stream reduced the problem'*.

Ruthenium release, however, has been a continual problem that has seemingly

defied efforts to tie its migration from waste disposal sites to chemical



chelation or production of anionic complexes as nitrosyl compounds in the

plant processes®®’'®,

Migration of Radiocactivity with Suspended Matter

Fletcher'® investigated the anionic nitrosyl complexes of ruthenium
as a possible explanation for the migratory ability of this waste fission

17 were able to show that the nitrosyl

product. Others, such as Jones,
ruthenium compounds were absorbed to soil particles also and as such were
not a satisfactory scapegoat for the leakage problem. Japanese workers
observed that ruthenium had an exceptionally high mobility in the soil
compared to cesium and strontium even when it originated from fallout'®.
This high degree of migratory ability of the ruthenium isotope without

the association with chelating chemicals or the high concentrations of
nitrate needed to form the nitrosyl complexes makes the chemical chelation
theory untenable, at least as the primary cause.

"Plowshare" studies showed the ruthenium from fal lout to be almost
entirely associated with fine particles of soll that were especially prone
to movement with water® and particle-separation studies conducted at
Oak Ridge on the waste streams showed ruthenium to be concentrated on
the finest particles separated by the centrifugal separatorsao. Studies
made in Solway Firth and the Irish Sea off Windscale showed the ruthenium
to be associated with particles sufficiently fine to remain in suspension
for some time and to be caught and collected in the gills of fish and
invertebrates®'. Champlin® recently showed that ruthenium and a number

of other elements could be caused to migrate with the water flowing

through a packed sand bed, if previously associated with fine particles



of clay. The results also suggested that bacteria, acting as accident-
ally participating particles, might be carriers of fission product con-
taminants in the water. Radioactive iong that react with soil may become
attached to mineral, organic, or biological particles that are themselves
co-mobile with the groundwater. Changing physical and chemical conditions
in the soll may encourage this mobility with the result that the radio-
activity is carried far beyond the boundaries of the disposal sites.

Trace element transgport by sorption on fine particles suspended
in water was noted recently in investigations made by Johnson, Cutshall
and Osterberggg in oceanographic studies off the Columbia River Estuary.
They followed the interchange of radicactive ions from particles sus-
pended in the river water with other chemi-physical forms after mixing
with the sea water. FEichholz and co-workers®® followed a somewhat paral-
lel course in their study on trace element fractionation by suspended
particles in water. However, their efforts were confined to the "fresh
water'" portion of many of the nations' rivers. Their studies were limited
to bottled samples of river water with which were mixed synthetic radio-
active waste mixtures or fission product separates and transference from
one chemi-physical form to another under salinity gradient conditions was
not included.

Recent papers by Black and coworkers®*’2°

demonstrate the rising
interest in the Importance of suspended matter in groundwater and the

new techniques reqﬁired to study the physical and chemical reactions of
this material. Workers at the Batfelle Memorial Institute are applying

computerized analytical techniques to the interpretation of waste trans-

port in terms of known or suspected groundwater-flow parameters. Programs



presented by R. W. Nelson®®

at the National Sympesium on Groundwater
Hydrology in San Francisco showed that considerable progress is being
made in that regard, at least as far as the Hanford crib-waste disposal

areas are concerned.

The Source of Fine Particles in Groundwater

In their studies on the disposal of radioactive nuclear waste into
porous, permeable rocks located far below the surface, the U. S. Bureau
of Mines Core Analysis Research team at Bartlesville, Oklahoma observed
that clouds of clay were released from sandstone by the passage of an
ionic front in the infiltrating water®”. While realizing the possible
hazard to a disposal project from the formation-plugging these particles
might cause, they noted that these suspensions remained exceptionally stable
except on the addition of strong acid or heavy ions. ILater, ultrasonic
studies established that the bonding strength of such particles to the
sand grains (from which they had been derived in the above) was below
chemical bond energies and should be subject to lonic gradient effects as
had been observed®®.

This mechanism in inverse form appears to be the same as that by
which sand and gravel filters function. Most commonly, additives such as
alum are placed in water carrying a suspended load to cause the particles
to floc together. Once flocced, they will either sediment or be caught
by the filter. In his review on the subject, Camp29 notes that the film
is collected by the filter through the formation of sheaths about the
sand grains. The interspace between the grains is slowly filled but the

flow lines are kept clear, by and large. Plugging by large clots of the



floe caused by the actual closing off of a continuous pore does not occur
until "breakdown" of the filter occurs. The strength of the physical
mechanism by which this floc is attached to the sandgrain appears to be
strong enough to resist strong shearing forces caused by rapid fluid
flow. In nature this retention of particulate matter apparently happens
to a lesser degree without the benefit of strong concentrations of co-
agulants, such as those used in the waste and water treatment industries.
Mineral grains in sandstones from the surface and at depth are often
coated with "films'" of fine particles that resist removal by normal wash-
ing methods.

That the retention mechanism is not well understood has resulted in
considerable controversy over the plugging problems in oil field secondary
recovery production operations and in the deep-well disposal of industrial

® made it clear that the appearance of particulate matter

wastes. Warner®
sufficiently large to plug a permeable formation is a problem that has yet

to be resolved.

Penetration of Packed Sand Beds by Suspended Matter

Davis and Borchardt®' concluded that the simple filtration of
either algal cells or particulate carbon by sand filters resulted in in-
significant removals and that complete removal of the algae was difficult
even with the use of coagulant chemicals. Even in the larger size range
where the minimal 'size of algae was on the order of 5-10 microns, it was
noted that gand packs were not altogether successful in removing suspended
matter. That living particulate matter can penetrate packed granular

filtration media was discussed by 0'Melia®?. His conclusion and that of
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Hall®® and Stanley®* was that the removal of organic or inorganic particu-
late matter by packed sand beds was essentially dependent on the size of
the particles and inversely dependent on the size of the sand grains.

Bush and Isherwood®® working with Coxsackie virus and Robeck®®
working with polio-myelitis virus reported considerable penetration of
their sand pack filters by these small particles of living matter (10-300
millimicrons diameter according to Pelczar and ReidaTL Considerable pre-
filtration chemical treatment was required by both groups to substantially
enhance the removal of the viruses. Eliassen et al®® described experi-
ments in which the bacterial viruses were followed through soll columns

32p, Important work on

by tagging the viruses with radiophosphorus,

the transport of virus-sized particles in simulated aquifers and the general

hydrology of porous media was published in the last few years by A. T.

Corey and his associates,ag notably Filmer*® and Brooks*!. In these publi-

cations, packed columns of various kinds of sands were used to correlate

the retention rate of particles from suspensions of albumin passing

through the columns with the physical parameters of the bulk sand pack.
Champlin and Eichholz*? discussed the feagibility of transporting

radioactivity through porous formations by adsorption of the activity on

particles suspended in the groundwater. They showed the removal rate of

the larger particles in the size range was a function of the size of the

particle and that finite quantities of kaolin particles had mean travel

distances of several meters.

In his Masters thesis, Champlin® pointed out that sof't-bodied,

rod-shaped particles, about the same order of size as small kaolin particles,
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appeared to contribute to the transport of radicactive material through

a relatively long bed of packed sand.

From their shape, external structure,

and what internal structure could be determined in the electron micrographs,

he suggested that those unknown particles were probably bacteria.

That

these microbioclogicals are subject to the same physical laws that control

the movement of fine mineral particles

through filters is evidenced by

the discussion of ionic and dipole attractions between soil particles and

bacteria by Dvyagintsev, *®

bacteria by Krone et al,**

straining reactions between sandy socils and

and chemical interactions between the soil

particles and viruses by Carlson et al®*®.

The Potential Transport of Pollution by Particles

In a series of papers from 1964

to 1968, Bailey*®-%° has described the

interactions between organic herblcides and pesticides with soil minerals,

particularly the clays such as montmorilionite.

articles that radiocactivity, bacteria,
tial pellution that may be transported
drainage. Transport and concentration

lead to dangerous accumulations in the

lated vein Scalf®° reported studies on

It is clear from these
and viruses are not the only poten-
in runoff, stream flow and subsocil
of toxie chlorinated organics may
In a re-

food cycle used by man.

the fate of insecticides and nitrates

in groundwater based on the concern that migration of these materials

might result in a toxic accumulation in the public water supply if they

were present in surface waters used for foreced ground-water recharge.

i B2 i 5 Fctif %
Similarly, E551ngton51 and Nishita™ " were concerned with the facilitation

of figsion product transport by chemical chelates purposely spread on

radioactively contaminated soils to aid the leaching of radioactivity
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away from the root zone of plants used for forage or agricultural produce.

Clearly, a study of particulate ion transport phenomena by use of
radioisotopes will cast some light on the migration process and have
application in a large number of fields. The importance of such organic
and inorganic particles to the subject matter of thig thesis lies in the
fact that their wide-spread abundance provides ample means for transport-
ing radicactive ions and other water contaminants from their places of
normal confine.

While the importance of transport of radioactive ions by particulate
matter has been of less concern in the past, the anticipated large increase
in the number of nuclear power plants and nuclear powered ships will load
the capacity of the existing facilities for reprocessing the used fuel
elements. Other facilities, no doubt, will be built closer to the new
power plants and population centers in order to keep down the cost of
shipping the used fuel elements. The expectation is that the risk of
radiocactivity migration from the disposal areas of the new sites to water
supplies of populated areas inherently will be greater than for those
isolated plants placed in the western deserts. Indeed, it was in antici-
pation of this that special arrangements for waste control had to be made
for such disposal sites as those of Mallinckrodt in Missouri, Savannah
River in South Carolina, and the New York disposal plant in West Valley,
New York, all of which are in regions of heavy rainfall.

It is the purpose of thig thesis to consider the importance of the
various chemical and physical reactions that occur between ions and

particles in suspension, and between them and the solid surfaces provided
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by the porous matrix that makes up underground aquifers and surface soils.
Consideration of the ion exchange processes, van der Waals reactions,

ion and surface hydration, effects of ionic fields on the dielectric con-
stant of water etc., will be related to the results of experiments dealing
with radioactively tagged particle movement through a packed sand model
aguifer. From this will come a better understanding of what factors are
important in ion transport by particulate matter through porous media and
of the measures that may lead to potential control of thisg phenomenon for
problem areas of the future. Once the factors that control ion transport
through aquifers are more clearly understood, it may be possible to use

virtually any kind of isotope adsorbed to particles for hydrologic tracing.
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CHAPTER II
THEORETICAL CONSIDERATIONS

Water

Since the transport of radicactivity by fine suspended matter is
dependent on factors particularly germane Gto the physical characteristics
of water, it is necessary to consider this widely abundant material in
some detail. Chemically, water in its simplest form is a combination of
two hydrogen ions with one oxygen ion. The interaction energies between
the oxygen and the hydrogen ions are of such magnitude that the latter are
drawn within the outer electronic "shield" of the oxygen ion. Consequently,
the center to center distance between the different types of ions is con-
siderably less than the normal radius of the unreacted oxygen atom” "

The modern theory of the physical nature of water is based on the
observation that the oxygen and hydrogen ions combine sterically at an

5% The resultant three-centered structure leaves the

angle of 104° LO!
hydrogen ions effectively displaced toward one end and the oxygen ion toward
the other. The charge asymmetry that results gives rise to a polar mole-
cule.

The magnitude of the permanent dipole moment produced by the separa-
tion of positive and negative charge centers in the molecule can be calcu-
lated, from the product of the unit charge (4.8029E-10 esu) and the distance

*
of separation of the charge centers (4.3E-9cm), to be 2.065E-18 esu-cm

Actual measurements® put this value between 1l.71-1.97 E-18 esu-cm with a

*lote that the computer term Et# will be used to represent loi%
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value of 1.88 E-18 esu-cm taken as being the most commonly used °2. The
interactions between the dipoles of individual water molecules give rise
to many of the common physical characteristics associated with liquid and
solid water.

The complexities to be found in aqueous solutions or suspensions
and their interdependence on the physical conditions of temperature, pres-
sure and "external" fields that result from the water dipole interactions
are nicely summarized by Moeller®*. For the purposes of this thesis,
the more important characteristics of the polar water molecule are that
1) it has a natural permanent dipole with a moment of about 1.88 E-18
esu-cm, 2) it can be polarized and has a polarizability of about 1.48

W 3) through the action of its dipole, the water molecule is

E-24 ce,
capable of causing polarization in other molecules and atoms, and 4) the
water molecule is tripolar at close range and tends to form tetrahedral
associations with other atoms or molecules.

Out of this combination comes the inherent character of water to
build networks or chains of molecules that are stable well above the
melting point of ice; to hydrate ions and interfaces with solids or gases;
to possess an exceptionally high dielectric constant (for molecules of its
type); and to act as a solvent for a wide variety of compounds.

Despite the inclination of water molecules to enter into a variety
of different reactions based on dipole attractions, few of the products
would have more than a transitory existence because of the disruptive
nature of the so-called "thermal" forces if it were not for hydrogen bond-
ing. The hydrogen ilon may be attracted simultaneously to two electronega-

tive ions and thereby form a relatively strong bond between the two. Moeller*
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notes that the hydrogen bond between electronegative ions is primarily
electrostatic in character and not covalent as had previously been
suggested. With its single 1l-s electron, the hydrogen atom is incapable
of forming more than a single covalent bond, nor can it be said that the
hydrogen atom shifts tautomerically from one electronegative ion to the
other. This special type of bonding is found only between highly electro-
negative, polarizable atoms such as fluorine, oxygen, chlorine, and nitro-
gen, although carbon, highly substituted with negative groups, may enter
into hydrogen bonding.

It appears that when a hydrogen atom is chemically bonded to one
electronegative element, the strong pull which an atom of that element
exerts upon the bonding electrons leaves an effective positive charge on
the hydrogen atom. This charge may be sufficient, because of the effec-
tive absence of any screening electrons, to attract a second electronegative
atom. That more than two such electronegative ions cannot be held together
by a single hydrogen ion is due to the limited range of the attractive forces
and the restricted space around the comparatively tiny hydrogen ion. The
majority of the elements so attracted are non-metals and have in their struc-
tures unshared electron pairs; nonetheless, these electron pairs are not
directly involved in the hydrogen bond that develops between them.

According to the modern theory of water structure first proposed in
the early 1930's by Bernal and Fowler®” liquid water is more truly
characterized as a highly mobile slush. At a given ambient temperature,
the larger part of the water molecules are not free to move individually.
Rather, because of the attractive interactions between water molecules,

most of them are bonded together in groups, chains, or nets which move past
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one ancther by sliding over the relatively few mclecules which, according
to the distribution of thermal energies, are free acting.

The structure of water is most clearly seen by observing the
structure of ice in which the oxygen atoms are arranged much like they are

B A "
%. This arrangement gives the water an

in the silica mineral tridymite
open structure which permits the presence of a hydrogen atom between every
two oxygens. The overall structure, then, is essentially one of H-0-H
units held together by hydrogen bonds.

Through the initial attraction of the dipoles for each other and
the hydrogen bonding that results between the oxygen atoms at close prox-
imity of the neutral water molecules, a relatively open structure takes
form. Although this structure-development accounts (in the freezing of
water) for the lower density of ice compared to liquid water, hydrogen
bonding is not complete until a much lower temperature is reached. Finally
at -183°C, each water molecule is characterized by the four hydrogen bonds
which it is capable of forming54. As the temperature rises, polymeric
water molecules may result from two or three molecules being hydrogen-
bonded together as the structure becomes somewhat disordered by the
thermal forces. This disruption continues through fusion of the ice and
on to higher temperatures until complete rupture of ali hydrogen bonded
structures ultimately occurs and the water vaporizes at its boiling point
as individual, discrete molecules. Using this concept, the lower limit of
energy involved i& hydrogen bonding can be estimated at about 0.032 eV

under normal conditions.
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The maximum in density of water at L4°C is attributed to a change in
the equilibrium between the open structure maintained in ice with that of
the close packed structure that would result were there no intermolecular
bonds. As ice, the water molecules are combined in an open three-dimensional
network of molecules with a density of about 0.9 g/cc. A comparable density
of water, were it made up of close-packed molecules of dihydrogen oxide,
would be in excess of 1.8 g/cc5a. Even at LO°C, more than 50 percent of
the possible hydrogen bonds still exist. At the room temperatures of con-
cern here, probably 75-80 percent of the water molecules are hydrogen
bonded to a large degree and probably even more to a lesser*degreesg’so.

At normal temperatures, therefore, a large quantity of the water
molecules must still exist in combined form as units of two, three, four
or more water molecules bound together in open ice structure. The larger
combined forms are theorized to move more or less as a slurry with the
smaller combinations or free water molecules acting as the mobilizing
medium. The relative quantities of these possible forms affect the rate
of movement through shear effects. In fact, the peculiar change of vis-
cosity of water with temperature is attributed to this factor. Consequently,
any experimental work with water at temperatures from 17—27°C must be con-
cerned with the effects this substructure of the water may have on the
results.

The Water Interface

An interesting thing about this ice structure formation of "macro-
molecules" in fluid water is that unless other molecules or micro-structures

are highly ionized, polar, or polarizable, so that they can react with

*¥In this contest lesser degree refers to 1-2 hydrogen bonds and large to an
average of 2-4 hydrogen bonds per molecule.
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water in relatively strong competition with the intermolecular reactions
of the water itself, they are forced away by the forming water structures

i . 5
and concentrated in the space between thenft 2.

A natural consequence of
this action, since the polymerized water molecules can no longer act (on
a time average) to solubilize other molecules or ions, is that the rela-
tive concentration of the solute molecules builds up in the "interstices"
between the water molecule aggregates.

Some polgnant examples of this type of separation of solutes from
solvents are seen in the production of fresh-water ice from gea water in
the North Atlantic, in the "upgrading" of hard cider by letting it freeze,
and in the setting-up of so-called liquid clays in tank cars left in rail-
road sidings overnight when it is cold. Hydrocarbons, if present, will
most readily orient in the air-water interface; but if that is not avail-
able, they will collect as rejections from the water structure and turn
inward to form spherical micelles with the most hydrophilic portion of the
molecules outward facing the water. Individual molecules may coil up to
form the least common surface with the water structure possible. As the
rejection process continues the coils may accumulate sufficiently in one
place to form the spherical micelles noted earlier.

The problem presented by the topic of this thesis deals with the
presumed collection, concentration, and transport of radioactive, rela-
tively heavy-atom ions by fine particulate matter in suspension in ground-
water. Since some‘of these ions are not very soluble in water and are

"rejected" by it, they tend to condense at or adsorb to the nearest inter-

face which might be either at the surface of a stream or along entrained
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air bubbles in open water. In flow through porous media, however, the
most accessible interface may be that between the water and solid particles.
This might include the porous matrix itself or the solids of various types
suspended in and carried along by the water itself.

Perhaps the most authoritative works on the subject of inorganic
ion separations are still the product of consultants to the mineral

= *
61-85, Wnile much of the previous work has involved

recovery industry,
usge of organic molecules, the development has been sufficiently general

to note parallels in the inorganic physical-chemical reactions of the
cations in water. In order to discuss the phenomena of adsorption of
radioisctopes on fine guspended particles in a porous medium, it is
necessary to consider the physical effects of ions on water, which play
integral and important parts in adsorption.

The relatively strong association of water molecules with one
another leads to the development of structure that electric charges present
in the water may disrupt. The nearby presence of solid surfaces (e.g.
suspended particles) sets up a natural competition for the ions between
the water and the solid surfaces. Association of the ions with the
surfaces inherently reduces their relative presence in the water and such
removal favors an increase in the development of water structure.

As is well known in dealing with radiocisotopes, one must keep the

concentration of the other ions in solution relatively high (acid ions

*Dealing primarily with the separation of wvaluable minerals by flotation
separation methods.



2l

seem to serve best) in order to allay adsorption of the radioactive ions
to the container walls®. The presence of acid ions in high concentration
tends to reduce any adsorption of tracer ions in low concentration to the
container walls by competition with all ions for adsorption sites. 1In
addition, the solubility of the ions is increased through the release of
free, individual water molecules by the water structure-breaking effect of
the high concentration of hydrogen ions. Dilute solutions suffer a steady
transport of ions to the container walls and real decreases in concentra-
tion in solution can occur over a period of several days or weeks depend-
ing on the nature of both the type of ion and the container wall.

Inorganic ions that most commonly accumulate on liguid-solid inter-
faces may easily be removed from an aqueous solution by the introduction
of a powdered solid material that forms strong bonds with most ions in
solution, such as clay or lignin. With typical materials used in ion re-
covery by flotation techniques, advantage is taken of the accumulation
of polar molecules at interfaces to attract the ions and remove them from
solution®t.

It is important to realize the different situations to be found
in the structure of water aggregates when inorganic cations are added in
large quantities. Increasing the cation concentration disrupts the forma-
tion of water aggregates by breaking more and more hydrogen bonds, liter-
ally forcing the water to become more fluid. W. G. Lawrence®® notes that
a 0.1 molar solution of cesium chloride is more fluid than pure water and
that only ions that are smaller than cs' (1.65 Dand I7(2.20 R) are capable

of inducing structure formation rather than its disruption. Thus, the
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increase in viscosity of lithium chloride sclutions over that of pure
water is due to the small radius of the lithium ion (0.6 EJ making it
possible to fit within the water structure and even stabilizing it to some
degree by the effects of its electrostatic fiela®3.

Hydration of Ions and the Dielectric Constant

The presence of ions in water tends to alter the ordered structure
that water molecule dipoles would tend te build. The presence of some iong
in water, however, is inherent. WNot only is it virtually impossible to
remove all cations and anions from water because of the finite solubility
of any material used to contain the water; but a very real contribution of
ions comes from the water itself. In the structure bullding of the water,
a large part of the molecular bonding is that of hydrogen bonds. The
nature of these bonds is such that the hydrogen ion 1s virtually exchanged
between two water molecules. In a resonance structure of this type, the
hydrogen is just as likely to be with one molecule as another at any
particular time. The kinetic energy of the system in general is suffi-
ciently close to the energy of the hydrogen bond that a finite number of
the intermolecular collisions that take place from thermal motion involve
an energy exchange of sufficient magnitude to break hydrogen bonds. The
state of the water structure for this reason has been termed "flickering'’
and the half-life of a water cluster estimated at 107*° to 107! seconds®™.
This half-life is on the order of the dielectric and bulk relaxation time
of water but is 100 to 1000 times a molecular vibraticn period.

The major result of this hydrogen bond breakage is that one part

of the cluster is left positively charged and the other part negatively
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charged. At normal conditions of temperature and pressure, this

reaction yields on the order of 1077 (H 'ni,0) ions and the same

number of (OH 'nH,0) ions. This obviously is a natural explanation for
the dissociation constant of water®’. More importantly, it sets a real-
istic 1limit to the minimum ion concentration one can expect in a solution
carrying radioisotopes. Unless there are other chemicals present (in
larger quantity) which tend to alter the 1:1 ratic of the hydrogen and
hydroxyl ions, they will be maintained in dynamic equilibrium at a con-
centration of 0.1 microequivalent per liter in the purest of water. As
this is significantly close to the concentration or radiolsotopes used in
this experiment, or at least to their accompanying stable carrier isotope,
it is worth noting the importance of the hydrogen ion concentration,
particularly in the competition for adsorption sites.

The presence of these or any other ions in water causes severe re-
orientation of the water molecules. The interaction energy of two water
dipoles at a distance representing'molecular contact is shown in Table L
to be G.9 eV while the corresponding energy of interaction between an ion
and a water dipole would be 1.5 eV. In addition, the dipole-dipocle inter-
action is subject to change, since it is angularly dependent, and the value
of 0.9 eV represents a value determined at optimum orientatiocn of the two
dipoles with respect to one another. Only at distances in excess of 10 A
would the dipole-dipole interaction be of equivalent magnitude to the ion-
dipole reaction.

This assumes, of course, that the orientation of the water molecules

to the ion field is parallel throughout, whereas in fact it becomes
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less and less parallel as the water layer around the ion increases in

thickness. It is doubtful that even the first layer of water is free of
certain disorientating factors. The combination of the rotary motion and
the fluctuating electronic field of the water molecules result in a weak-
ening of both ion-dipole and dipole-dipole interactions. The "flickering"
electric field that results interferes with the radial field set up in the
medium by the ion. Consequently, at a distance of one or two water molecule
diameters, the coulombic force of interaction between the ion and any other
charge or dipole as calculated for isolated charges must be decreased by

a factor of about 80. When measured in the bulk medium, this factor

of decrease in the electrostatic force is known as the dielectric constant.
However, where the water molecules are subjected to some degree of con-
straint, as in the vicinity of an ion, the factor is considerably lower

and may approach the value of 2.2.

The Magnitudes of Physical Interactions

The experimental portion of this thesis considers the movement of
fine particles in suspension through a packed sand bed by means of a
gentle flow of water. In particular, it deals with the exchange of those
particles between the packed bed and the water. As a model for this
system, kaolin particles were chosen to represent the particles and a
relatively pure quartz sand packed in a bed of dimensions 0.25 x 1 x 2
meters to represent a horizontal aquifer.

The kaolin particles are taken to be 0.1 micron on a side and 3.3E-3

micron thick. The sand is assumed to consist of relatively spherical
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particles of 165-micron radius and the packed bed assumed to be infinitely
thick, relative to the dimensions of the kaolin particles. To avoid con-
fusion later on, the kaolin and other types of finely divided matter will

be called particles, the sand making up the packed bed will be called grains.
Ion will refer to any charged atom or molecule, but not to a particle or
grain carrying a charge. The latter will be referred to as charged par-

ticles or grains respectively on which may be located various charge sites.

The grains will be assumed to have homogeneous reacting surfaces while the
kaclin particles will be considered to consist of single crystals with two
relatively large, parallel, lateral faces of hexagonal outline and six
‘smaller edge faces of rectangular shape. The lateral and edge surfaces
have different chemical and physical reactivities.

The mass of a kaolin particle can be estimated from the mineral
density of the kaolin and an evaluation of its volume. This mineral has
a density that is sufficiently similar to quartz to use the value of
2.65 g/cc for them both. The equation for the area of a polygon is
2 180° (1)

cot —

A= 2n a
% n

where (n) is the number of sides of a regular polygon and (a) is the length
of one side. Using n =6 and a = 1 E-5 em, the area of one lateral face
1is

-

A =2.598 a® = 2.598 E-10 cm® (14)
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The volume would be the area times the thickness or

= 2.598 %g- = 0.0866 E-15 cm® (2)
The density of 2.65 g/cc gives an approximate mass to the individual par-
ticle of 2.30 E-16 grams.

For the experimental conditions described here, there are essentially
three different situations where the effects of physical interactions
might be worth considering;

a) the interaction between particles of the same approximate size
and mass, e.g. the suspended particles themselves,

b) the interaction between particles of the suspension and the
grains of the sand bed,

¢) the interaction between the particles of the suspension and the
earth itself in the form of gravitational effects.

The first reaction would tend to cause the particles to aggregate into
larger more massive particles; the second would tend to remove the particles
from the suspension onto the surfaces of the sand grains; the third would
tend to cause the particles to drop out of suspension and settle on the
bottom of the capillaries of the sand bed.

Forces of attraction that give rise to interaction energies less
than the mean thermal energy of the system (about 0.025 eV at room tempera-
tures) must be considered as inadequate to maintain a given juxtaposition
between two masses. Attractlive forces arise from gravitational, van der

Waals, and the opposite charge interactions. Opposing this aggregation
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or settling are the repulsive electrostatic forces as well as the mechanical
momentum exchange resulting from the so-called Brownian agitation of all
molecules and particles. If the forces of attraction give rise to inter-
action energies gignificantly higher than the mean thermal kinetic energy

of the system, statistical quantities of the aggregates will be maintained
against the disruptive effects of the Brownian motion. A large interaction
energy relative to the mean thermal energy of the bulk of the particles or
molecules gives rise to a high probability that such an aggregate will be
maintained. Consequently, the thermal mean energy is commonly used as a
criterion of whether the effects of a given interaction between the two

masses in question are significant or not.

Thermal Forces and the Kinetic Energy of Particles

® and

The motion of small particles originally described by Brown®
later discussed in detail by Perrin®°® as Brownian motion is essentially
the result of kinetic energy and momentum_exchénge between the particles and
the molecules of the medium in which they are suspended. Under conditions
of dynamic equilibrium in such a suspension, there is a mean energy transfer
between all particles and molecules for a given temperature.

More formally the relation for free molecules or particles with

three degrees of freedom may be written as

R

=]

E:%mv"a :%—m’v; =%_.E (3)
(particle) (molecules of)
medium

in which m and m' are the masses of the particle and molecule respectively

nojlw

and v and v' are their velocities. The Z RT/N or 2 kT term at the right
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igs the total exchangeable energy. This exchangeable energy is made up of
three portions of 3 kT, each being the average energy denoted to a given
degree of freedom of movement. As Kruyt’® points out, "the mean kinetic
energy of each freely moving element is therefore completely determined by
the temperature." At the temperature of 27°C (80°F) which was the average
laboratory temperature during the experimental period, this average energy

would be

E = % x 8.62 E-5 eV/°K x 300°K = 0.0388 eV (34)

Perrin®®

noted, however, that since Brownian motion was merely an
extension of molecular motion to particulate matter in suspension, trans-
lational motion would not be the only type to be considered. In the
'bombardment ' of a particle by other particles or molecules, rotational
motion also should be expected. If such an assumption is valid, then at
least a portion of the total energy involved in each collision must go
into changing the rotational motion of the particle. An estimation of

the magnitude of the most probable energy transfers due to rotation of the
kaolin particle may begin with the determination of its moment of inertia.
This thin, hexagonal prismoid being represented as a typical kaolin crystal
may be approximated by a thin circular disc of the same thickness and

lateral surface area as the kaolin flake. The moment of inertia of a

disc is
I= %n©% (6)

if the rotation is about an axis perpendicular to the plane of the disc
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and passing through its center, where R is the radius of gyration. By com-

parison, the moment of inertia about any diameter of the disc is

I=3mR . (7)

Either of these types of rotation may be significant in a random, iso-
tropic exchange of energy and momentum.

Since the area of the hexagonal lateral face of the kaolin flake
is 2.598 a® (eqn. 1A), the equivalent radius of gyration would be 0.9096 a.
The largest moment of inertia and the one most germane to this discussion,
will be found with the axis of rotation through the center of the largest

surface and normal to it. Hence
I =% (2.295 E-16) (0.9096 E-5)® = 9.L9 E-27 g-em® (64)

According to Perrin,®® the rotation of such a body is guantized and the
kinetic energy of rotation may be related to the angular velocity (2mv)

by the equation
E=%1 (erv)® = pvh (8)

where p is integer and h is Plancks constant. Solving for the frequency,

v, and incorporating the Sommerfeld modification;® a possible value would be

VvV o=

P —— (9)
b1

This equation implies that the frequencies of rotation of the particle

must bear integer relationships to one another and that no intermediate

values are possible. Other than having no rotational frequency (p = 0),
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1 and

the next possible value would be at p

- (6.625 E-27)
~ b? (9.L49 E-27)

1.770 E-2 hertz (9a)

The kinetic energy involved in such rotation would be
E =% (9.49 E-27) ( 2 (1.770 B-2))® = 5.86 E-29 ergs = 3.8L E-17 eV (84)

Clearly with the minute requirement of energy such as this, the particle
must be in an effective rotational continuum at room temperatures and the
probability of obtaining sufficient energy from a thermal encounter to
change its frequency of rotation as estimated from the Boltzmann distri-

bution equation’® is seen to be

= EI'Ot = 5-8 E"'l’? (lO)
By B podBE g
No o

For normal temperatures, it is obvious that particle rotation
should play a part in every collisional energy transfer Both small (rela-
tive to thermal energies) and large changes could be accepted in that
energy form with little difficulty.

Brownian motion as a phenomenon has been followed by such notable
theorists as Einstein, Bmoluchowski, and Perrin. Its study has contributed
to such wide ranging subjects as the theories of viscosity and molar
quantities. Indeed its use was the means of an early and surprisingly
accurate estimate of Avogadro's number. The importance to this research
work is that Brownian Motion or Thermal Diffusion is the prime factor in

maintaining suspended particles in disaggregation or in resuspending



particles which have "gravitated' to some surface or interface. S nce
the energy of the nol ecul es and suspended particles follows a distribu-
tion about a nean, sone consideration of diffusion as typical of large
nasses of material rather than of Single particles or nolecules is perti-
nent .
D ffusion Coefficient

For spherical particles the diffusion coefficient, > can be found

by use of the follow ng equati on:

o =i0?

(11)
where k is the Boltznmann constant, T is the absolute tenperature, T is
the viscosity in poise, and r is the radius of the sphere in cm Thus,
the Stokes equation is not exact in the size range for which this study
is being nade; but the needed corrections are relatively mnor and are
due primarily to the relative sizes.of the particles and the suspendi ng
nol ecul es of water. The correction is primarily an adjustnent of the vis-
cosity term Reasonable assunptions for use of this equation include that the
size of the water nol ecules is negligibly snall conpared to the dianeter
(and mass) of the kaolin particles and that the orientation of the water
nol ecul es between particles is nearly as randomas those in the "bul k"
medi um  Such approximati ons are commonly made by colloid chem sts who
work with particles even closer to the size of the water nol ecul es.

However, it is necessary to correct for the fact that the particles

are not spherical. Shel udko® provides an approximate equation which he



