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ABSTRACT

JAMES KENNETH EDZWALD. Coagulation in Estuaries., (Under the direction
of Professor CHARLES R, O'MELIA.)

A conceptual model describing the coagulation of clay minerals in
estuaries has been proposed and tested. Conceptually it was postulated
that clay suspensions are destabilized by compression of the electrical
double layer when these suspensions are trausported from fresh waters
into estuaries. Operationally, it was postulated that the stability
factor (o¢) depends on the chemistry of the system.

The coagulation rates of three clay minerals (kaolinite, 1llite,
and montmorillonite) were determined in the laboratory in solutions at
various lonic strengths., In addition, the coagulation rates of selected
sediments collected from the Pamlico Estuary of North Carolina were
determined. Stability values (o) were evaluated from the kinetic
coagulation data using Smoluchowski's equation for orthokinetic floc-
culation, Finally, the effects of coagulaticn orn water quality in
estuaries were considered.

The coagulation kinetic data for the three clay minerals indicated
an improvement in particle destabilization with increasing ionic
strength (salinity). Particle destabilization was also improved when
synthetic sea water solutions (containing divalent cations) were used
for coagulation as compared to buffered NaCl solutions (containing only

monovalent cations). The stability factor was observed to depend on



the type of clay mineral, the ionic strength of the solution, and the
composition of the destabilizing solution (type of counter-ions). The
stability of the three clays is as follows: Illite > Kaolinite >
Montmorillonite. These results support the hypotheses that the mech-
anism of particle destabilization is double layer compression and that
the stability factor (&) depends on the solution chemistry,

The composition of the clay fraction of sediments collected from
the Pamlico Estuary was determined by X-ray diffraction. Kaolinite
was found as the dominant clay in the upper end of the estuary and de-
creased towards the mouth, Illite was found to occur in minor amounts
in the upper end and increased towards the mouth. Montmorillonite was
present in minor amounts and chlorite and a chlorite-like intergrade
clay comprised the remainder of the clay fraction. The results of
coagulation rate studies using Pamlico sediments indicated that the up-
stream sediments are relatively unstable (higher ot values) as compared
to the downstream sediments. The distribution of kaolinite and illite
is explained by coagulation in which the least stable clays (higher o¢
values) are deposited upstream of more stable clays.

The coagulation and deposition of clays in estuaries can affect
water quality via adsorption and release of soluble pollutants, It is
concluded from adsorbed phosphorus data that sediments (containing
adsorbed P) entering the estuary in the fresh water inflow would lose
phosphorus as they are transported through waters of increasing salinity
to the mouth of the estuary. Depending upon the strength of the solid-
solute interaction, coagulated materials could serve as a source or
sink for a soluble substance in estuarine waters.
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CHAPTIER I

INTRODUCTION

Natural waters contain dissolved species and undissolved or sug-
pended substances. Most of the suspended substances are colloids.
A large fraction cof the colloids are clay minerals which have relative-
ly large surface areas and exchange capacities. These clay minerals
have the ability to concentrate appreciable quantities of soluble
species on their surfaces. Soluble pollutants such as phosphates,
trace metals, pesticides, and radionuclides may be removed by sorption
processes from turbid fresh waters, transported to estuaries where
fresh and salt water mix. The sorbed materials may be released to the
saline water of the estuary, 1In this case suspended sediments act
as a source of these pollutants, If the sorbed pollutants are not
released during the coagulation (aggregation of suspended materjals)
and deposition of suspended sediments in estuaries, then the estuarine
sediments serve as a sink for these pollutants. In this conceptual
model, suspended materials (e.g. clays) tramsport soluble pollutants
from fresh waters fnto estuaries. Conditions ir estuaries are conducive
for the coagulation and depositiecn of suspended sediments.

This investigation is concerned with the coagulation of clay
minerals in estuaries. Coagulation in estuaries is of interest to

geologists who study the distribution of clay minerals in estuarine
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sediments and to hydraulic engineers who are concerned with estuarine
5 gedimentation and shoaling. Finally, environmental engineers and
scientists are jinterested in the role of the coagulation Process in

affecting the fate of soluble adsorbable pellutants.
COAGULATION PROCESS

Collpidal and gemi-colloidal particles carry an electrical charge,

x usually negative in natural waters, which influences their behavior

in suspension; of these particles clay minerals are of primary
importance. Colloidal suspensions are quite stable (i.e., they have

= 1ittle tendency for particle aggregation) in fresh waters due to the
repulsion that exists between the electrical double layer surrounding
the negatively charged particles. In conventional water treatment
practice, the removal of suspended particles is accomplished by coagu-
lation in which discrete colloidal particles are aggregated to such
a size that gravitational sedimentation can readily be accomplished.

Coagulation is a two step process (0'Melia (1969)): particle destabi-

lization and particle tramsport. The destabilization step is concerned
with eliminating ©OT nuilifying the repulsive energy barrier that exists
between two particles. The second step - particle transport (flocecu-
lation) - is concerned with inducing interparticle contacts by:

(1) Brownian motion of the colloidal particles, (2) effects of velocity
gradients within the suspending 1iquid, or (3) differential settling

velocities of suspended particles.

Particle destabilizaticn can be accomplished by four distincth
mechanisms: (1) adsorption to produce charge neutralization, (2) ad-

sorption to permit interparticle bridging, (3) enmeshment in a




precipitate of a metal hydroxide, and (4) double layer compression.
The first three listed mechanisms are utilized in the treatment of
water and wastewater and are illustrated below. Particle destabili-
zation is treated in depth in Chapter III. In water and wastewater
treatment the particle transport step (flocculation) is frequently
accomplished by mixing via mechanical stirring of the fluid with

paddles.

Aluminum sulfate (alum) is commonly used as a coagulant in water
and wastewater treatment. It is usually added in sufficient quantity
to exceed the solubility of AL(OH)3(8). Colloidal particles present
in the solution are removed by being enmeshed within the precipitate
of the aluminum hydroxide (''sweep floc effect'). Hydroxo metal
complexes are intermediates in the formation of Al(OH),(8); these
metal complexes are readily adsorbed at the colloid interface producing
charge neutralization. In the last twenty years there has been an
increase in the use of synthetic organic polyelectroiytes. These
macromoclecules are adsorbed to colloidal particles and accomplish
particle destabilization and aggregation by interparticle bridging.

The conditions that exist in an estuary are conducive for coagu-
lation. The reault is that coagulation is a naturally occurring
process in estuaries. These conditions and the mechanism of particle

destabilization are presented in the following section.
HYPOTHESIS AND PURPOSE OF RESEARCH

It is postulated that clay suspensions are destabilized by double
layer compression as these suspensions are transported from fresh

waters into estuaries. Clay suspensions are destabilized by the salt




water and mixing (particle transport) is provided by the interaction
of the river inflow, tides, and winds. The repulsive enerpgy barrier
that exists between clay particles in fresh waters (low iomic strength)}
is reduced as the clays are transported into waters of increasing ionic
strength (estuaries}. The increase in the ionic strength of the system
compresses the electrical double layer and permits van der Waals
attractive forces to become effective at short-range interparticle
distances.

A stable clay suspension is one in which the discrete particles
show little or no tendency to agglomerate. Smoluchowski (1917) has
quantified the coagulation process for the case of completely destabi-
lized suspensions {(rapid coagulation), i.e., complete discharge of the
double layer. A stability factor (et) is introduced into Smoluchowski's

equation to account for incomplete discharge of the double layer. The

following equation is for orthokinetic flocculation and is discussed

in detail in Chapter IV.

dn - -LmfiGn r1-1}
dt m

Here n is the concentration of particles at time t, particles/cnf} ©%
is the stability factor, ¢ is the volume of colloidal particles per
unit volume of suspensicn, and G is the root-mean-square velocity
gradient, sec"l. A complerely destabilized suspension has a stabi-
lity factor of 1; stable suspensions are characterized by ™ <<1.
Coagulation is a two 5tep Process in which = describes the degree of

destabilization and G, n, and ¢ affect the frequency of particle

collisions.



In addition, it is postulated that the stability factor (&) depends
on the chemistry of the system. Thus, the stability factor depends
upon the type of clay mineral, the ionic strength of the solution, and
the composition of the destabilizing solution (type of counter-ions).
The broad purposes of this research were (1) to determine (in the
laboratory) the coagulation rates of three c¢lay minerals in solutions
at various ionic strengths (salinities), (2) ro determine {(in the
laboratory) the coagulation rates of sediments collected from the
Pamlico Estuary of North Carolina, and (3) to evaluate the role of the
coagulation process in affecting the fate of soluble adsorbable pollu-

tants.

SPECIFIC OBJECTIVES AND CONTENT OF DISSERTATION

The broad purposes or objectives of this investigation have
been stated in the preceding section. The specific objectives of this
research were the following:

1. To investigate the use of the Vervey-Overbeek, Derjaguin-
Landau theory for the interaction of double layers as a
theoretical tool for predicting stability factors (&),

2. To determine stability factors for three clay minerals
(kaolinite, illite, and montmorillonite) from coagulatiom
rate studies in the laboratory.

3. To investigate the effects of salinity and composition of
the destabilizing sclutions on the stability factor.

4. To determine the clay mineral distribution of sediments

collected from the Pamlico Estuary.



5, To determine stability factors for selected Pamlico sediments.
6. To evaluate whether coagulation is a viable factor in
explaining the distribution of claj minerals in the Pamlico
sediments.
7. To determine the amount of adsorbed phosphorus on the
Pamlico sediments.
8. To evaluate the role of the coagulation process in estuaries.
An outline of the content of this dissertation is instructive
since it illustrates the general approach used in this research.
Chapter I1 (Estuaries) serves as a foundation for this dissertation
by: (1) examining the characteristics of estuaries, (2) examining
factors which influence the deposition of suspended matter, and (3)
discussing factors which influence the clay mineral composition of
estuarine sediments. The stability of clay suspensions is examined
from a theoretical basis in Chapter IIt. The use of the Verwey-
Overbeek, Derjaguin-Landau (VODL) theory to predict o values is
evaluated. The determination of stability factors (ot ) from coagu-
lation rate studies is considered in Chapter IV. Sediments were
collected from the Pamlico Estuary and subjected to several laboratory
analyses. The results are reported in Chapter V. The significance
of the coagulation process in estuaries is discussed in Chapter VI.
The conclusions derived from the results of this investigation are
presented in Chapter VII. 1t is essential for a writer to communicate
with his readers. In order to meet this goal more effectively, a
synopsis of this work is provided. The synopsis gives the reader an
overview of this work and it has forced the writer to describe briefly

the work that was done and the results that were achieved.

Wikim a1
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CHAPTER II

ESTUARIES

Estuaries are a significant natural resource providing man with
numerous benefits including recreation, navigation, food production,
water supply, and waste disposal., Engineers, chemists, biologists,
geologists, and social scientists may be interested in estuarine
circulation patterns, rates of exchange of materials with coastal
and marine waters, sedimentation, pollution, and the ecology of
estuarine organisms., This chapter serves as a foundation for this
dissertation by (1) briefly describing the characteristics of
estuaries, (2) examining the deposition of suspended matter in
estuaries, (3) discussing factors which infiuence the clay mineral
composition of estuarine sediments, and (4) summarizing the foregoing
with respect to the coagulation of suspended materials in estuaries.

The first section provides the basis for sedimentation in
estuaries by examining types of estuaries, circulation patterms, and
suspended loads in these bodies of water, The second section is
concerned with the deposition of suspended matter. The viewpoint of
the engineer 1s used in examining estuarine sedimentation as well as
the nature of the shoaling material. Special attention is also
directed towards research concerned with flocculation in estuaries.
The third section is devoted to those factors which influence the

clay mineral composition of estuarine sediments. The viewpoint of




the geologist is used to examine the role of the weathering of rocks
and soils, climate, source area, and erosion. Diagenesis and dif-
ferential flocculation are treated in depth since these factors are
often used to explain the distribution of clays in estuarine sediments.
Clay distributions in estuaries of the East Coast and Gulf of Mexico
are also discussed with special attention being devoted to the
estuaries of North Carolina. Finally, in the fourth section an
attempt is made to summarize the foregoing sections with emphasis
devoted to those parameters which this writer considers important imn
the coagulation of suspended materials in estuaries. The reader will
find a large collection of references from many disciplines in this
chapter, but the following references deserve special mention due to
their extensive coverage: (1) Estuaries by G. H, Lauff, ed., (1967},
(2) Clay Mimeralogy by R. E. Grim, (1968), and (3) Estuary and

Coastline Hydrodynamics by A. T. Ippen, ed,, (1966).

Coagulation is defined in Chapter IIT as a two Step process:
(1) destabilization and (2) particle transport. According to this
definition, the particle transport step is termed flocculation and
the overall process, coagulatiom. In subsequent chapters coagulation
will be used in this context; however, this is not the case in this
chapter. The literature of the geologist and the hydraulic engineer

is reviewed in this chapter and in this literature "flocculation" is

used to describe particle aggregation due to both chemical and

hydraulic conditions. Consequently, in this chapter these terms -

coagulation and flocculation - are used in accordance with the

discipline of the literature being reviewed.



CHARACTERISTICS

Definition

Pritchard (1967) has defined an estuary as "a semi-enclosed
coastal body of water which has a free connection with the open sea
and within which sea water is measurably diluted with fresh water
derived from land drainage.'" Estuaries, like lakes, have relatively
short-lives, geologically speaking, and rapidly fill. Areas of
gqulescent water become sites of deposition which ir turn become the
substrate for marine plants as shoaling occurs. Ultimately, marsh
plants and continued sedimentation reclaim the area for the land.
From a geomorphological standpoint, estuaries may be subdivided into:
(1) drowned river valleys, (2) bar-built estuaries, (3) fjord-type
estuaries, and (4) estuaries produced by tectonic processes, Estuaries
under (1) and (2) are of particular interest in this study.

Estuaries formed when coastal areas and river valleys were
drowned during the latest rise of sea level are typical of the
Atlantic Coastal Plain of the United States. The Chesapeake Bay is
a prime example of this type of estuary. Proceeding from the mouth
of a coastal plain estuary the salinity decreases from about 35 ppt
(sea water) to the upper limit of the estuary (about 0.0l ppt) where
the most landward intrusion of sea-derived salt can be delineated.
Above this upper limit of the estvary there is usually a stretch of
fresh water which is still subject to the oscillation of the tidal
currents and is called the tidal section of the river (tidal-river).
The importance of the intrusion of salt water to coagulation and
sedimentation will be illustrated in this chapter; consequently, the

use of the term "estuary" in this research implies a salinity



ition from fresh water Lo sea water and excludes the tidal sectigy
transi

of the river above the estuary.

Estuaries formed when offshore barrier sand islands build aboye

gea level and extend between headlands in a chain, broken by one or
more inlets, are classified as bar-built estuaries. These estuaries
k]

approach the borderline of Pritchard's definition of an estuary with

regard to free connection with the open sea. Tidal action is reduced

since the inlets comnecting the bar-built estuary with the ocean are

usually relatively small compared to the dimensions of the sound

within the barrier. These systems are usuallv shallow, and the wind

is the important mixing mechanism. Pamlico Sound is a prime example

of this type of estuary.

Circulation

The three basic processes which produce motion and mixing in an
estuary are the wind, the tide, and the inflow of river water. The
interaction between river flow and tidal currents is influenced by
two other factors: the physical dimensions of the estuary and the
Coriolis force. It is useful to classify estuaries according to the
physical character of the circulation within these systems; con-
sequently, the types of estuaries described below are: (1) the fully-
stratified or "salt wedge", (2) the partially-stratified, and (3) the
well-mixed. Ippen (1966) describes the current systems within an
éstuary as being dependent upon the relative strength of (1) the
forcing tides at the mouth, (2) the gravitational forces due to the
difference in density between fresh water and sea water, (3) the

ravitati i
gravitational forces which produce o the average a net seaward
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transport of fresh water, and (4) the Coriolis and centrifugal forces.
For many estuaries, the basic factor in determining the typa of cir-
culation is the role played by tidal currents relative to that of
river flow. The rest of this section will be devoted to describing

the circulation patterns for the three types of estuaries listed above.

Fully-Stratified. The classic example of the fully-stratified

estuary is the Mississippi River, where the river flow almost com-
pletely dominates circulation, The flow prefile in this type of
estuary is divided into two distinct portions as indicated in Figure
2.1A. The extent to which the salt water wedge penetrates into the
estuary 1s a function of channel depth, river discharge, and the dif-
ference in the density between the salt and fresh water. Upstream
from the limit of salt water intrusion, the direction of the current
is the same at all depths, and since there is normally no reversal

of flow by tidal action in a highly stratified estuary, the current
direction is downstream at all times. TIn the reglion of saline
intrusion, the direction of the current from the surface to the salt
wedge interface is downstream; below the interface the salt water
flow is still downstream and then reverses to the upstream direction
as shown schematically in Figure 2.1A. 1In the lower zone (salt wedge)
the salinity is practically the same as the ocean, while in the upper
zone the fresh water flows to the ocean. The fully-stratified
estuary has negligible diffusion from the lower salt water layer inte
the fresh water stream. 1Its existence is contingent upon weak tides
and relatively high fresh water flow rates.

Partially-Stratified, Most estuaries along the Atlantic Coastal

Plain are of the partially-stratified variety. This includes such
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estuaries as the Chesapeake Bay and its tributaries in Maryland and
Virginia, the Delaware River, the Savannah River in Georgia, and the
harbor of Charleston, South Carolina (Meade, 1963). In these estuaries,
tidal currents are sufficient to produce appreciable vertical mixing
of the salt and fresh water (see Figure 2.1B). There are still two
layers as far as the flow 1s concerned; the surface of no motion
which separates the seaward-flowing upper layer from the landward-
fiowing lower layer usually cccurs somewhat above mid-depth. There
15 no marked interface, but the salinity profile shows a continuous
inerease in salinity from surface to bottom, the maximum gradient
occurring near the level of no net motion. In contrast te the fully-
stratified estuary, there is a horizontal salinity gradient along the
length of the estuary and the salt water advances and retreats with
each rise or fall of the tides, The circulation pattern indicated

in Figure 2.1B for the partially-stratified estuary was confirmed by
Pritchard (1952) in a definitive series of field experiments. Pritchard
measured water velocities in the James River at different depths and
at frequent intervals of time over several tidal cycles and found a
net seaward-flow at the surface and net landward-flow at the bottom,
This concept of estuarine circulation has been supported by field
measurements in other estuaries of the Atlantic Coastal Plain, Two-
layer estuarine circulation has been refined by theoretical studies
and by experiments with hydraulic models. Harleman and Ippen (1967}
have shown from model studies that in addition to net horizontal
flows seaward at the surface and landward at the bottom, there are
net vertical flows upward near the landward end and dowmward near

the seaward end as depicted in Figure 2.1C. This suggests a mechanism
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other than turbulent diffusion to account for the progressive land-

ward dilution of salty bottom water observed in partially-stratified

egtuaries and it may help to acecount for the recycling of nutrients

and trapping of sediments that is apparent in many estuaries.
Well-Mixed. In the well-mixed estuary tidal currents may be

strong relative to the river flow so that vertical wixing becomes SO

intense that there is 1ittle variation in salinity from surface teo

bottom. Simmons (1966) degscribes a well-mixed estuary as one in

which the bottom salinities normally exceed those at the surface by

only 15 to 25 percent, There is, of course, ¢till a horizontal

gradient of salinity, increasing from the head to the mouth. Some

estuaries may display a stratified character only at certain times,

while at other times unusually high tides, turbulence by wave action,

low fresh water flows, and wind induced currents produce a more mixed

condition. An estuary is moved along the sequence from the stratified

salt wedge estuary, through the partially-stratified estuary, to the

vertically homogeneous estuary, with decreasing river flow and decreas-

ing depth, and with increasing tidal current and increasing width.

Wind can have an important i{nfluence on estuarine circulation and mix-

ing, especially for wide and shallow estuaries. This is erue for

the Pamlico Sound which is fairly well-mixed due to its shallow depth

and wind is the dominant force producing circulation and mixing

{Chu, 1970).

Spurces of Estuarine Sediments

The following clasgification is used to describe the various

gsources of estuarine gsediments.
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1. Sediments derived from the adjacent watershed and its drainage

system.

2. Sediments derived from the sea.

3, Sediments derived from the lower slopes bordering the

estuaries,

4. Sediments derived from the mouths of estuaries.

The mairn source of sediment entering most estuaries is the
adjacent watershed and its drainage system. The importance of sedi-
ment from this source varies from estuary to estuary and is dependent
upon numerous hydrologic and geclogic factors. An interesting con-
trast exists between northern and southern rivers that flow oato the
Atlantic Coastal Plain. The largest rivers are concentrated in the
north, for example, the Susquehanna and the Delaware. In spilte of
smaller water volumes, southern rivers which drain the deeply weathered
pledmont area inland of rhe coastal plain carry more sediment than
the rivers that drain the glacier-scoured and less deeply weathered
areas of the north (Meade, 1969).

Estuarine sediments may be derived from the sea by the following
mechanism. Off-shore bottom waters wmay move progressively into the
mouths of estuaries and carry bottom sediments with them. There is
evidence that sediments in the Dutch estuaries and the Seine estuary
are of marine origin (Guilcher, 1967).

Guilcher also points out that the small rivers running to the
sea around Brittany are illustrative of estuaries whose sediments
come from the lower slopes bordering these waters. Generally, this

source is important where fine material is derived from cliffs or
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banks bordering small estuaries and where the supply of suspended
material from upstream is insignificant because the river is small.

Dredged material that is disposed of at the mouths of estuaries
or mud flats at the mouths of estuaries may be sources of estuarine
gediments. These deposits can be suspended and enter the estuary
with the incoming tide and settle there at slack tide.

In conclusion, Turekian (1968) estimates the quantity of sus-
pended material transported by the major rivers of the world to the
ocean to be about 30 x 10°® grams/yr. Consequently, the averagée
concentration of suspended solids in continental runoff is in the
order of 500 mg/1l. The traction load at the bottom of streams ("bed
load") is more difficult to estimate, but according to Turekian it
is probably no more than 10% of the suspended load, The suspended
phase of these rivers is to a large degree colloidal and consists of
inorganic materials such as oxides, silicates, carbonates, and clay
minerals., It includes organic matter such as living and dead micro-
organisms and products of their decomposition. "According to Turekian
most of the clay minerals found in estuarine or ocean sediments are

derived from weathering profiles on the continents and alteration pro-

ducts of volcanic rocks.

DEPOSITION OF SUSPENDED MATERIALS IN ESTUARIES

Characteristics of Estuarine Sediments

Sediment, both as bed material and suspended load, can be
divided into two general groups: (1) cchensionless, or coarse and
(2) cohesive, or fine. The first is composed predominately of sand

and gravel, while the latter is essentially a mixture of silt and
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clay. A substantial difference exists between these two groups with
respect to their interaction with the flow-induced hydrodynamic forces.
Cohesionless particles - sand - remain as individual particles regard-
less of the flow conditions and their settling in estuaries is the
net result of fluid motion and gravitational forces. Ou the other
hand, Ippen (1966) reports that the depositional behavior of fine
cohesive sediments is one of the primary factors influencing (1)
shoaling in estuarial channels, (2) formation of deltas, and (3) per-
sistence of turbidity currents, and that sand is not very important.
These sediments (¢lays and silts) range in size from a small fraction
of one micron to several microns, and normally a large proportion are
colloidal; i.e., particles with large surface area per unit mass so
that the effects of the surface and interparticle physico-chemical
forces are at least as important as those of gravitatiom, These fine
cohesive sediments may coagulate, i.e.,, form aggregates of multiples
of particles in interaction with the suspending fluid.

Colloidal or semi-colloidal particles carry an electrical charge,
vsually negative in natural waters, which influences their behavior
in suspension; of these particles, clay minerals are of primary
importance. In waters cf low salt content repulsive forces between
the negatively charged particles dominate resulting in stable sus-
pensions, i.e., suspensions with little tendency for particle ag-
gregation. Some interparticle physico-chemical forces between
particles are attractive - van der Waals atomic forces. These attrac-
tive forces are strong at short range, but fall inversely with the
third power of separation for two spherical particles. The net effect

of all interparticle forces wmay be either a net repulsion or attraction,




depending on the dissolved contents of the solution? In waters that
are even sligﬁtly saline the net interparticle forces become at-
tractive, and particles that collide tend to cling to each other and
form agglomerations called flocs whose size and settling velocity

may be of several orders of magnitude larger than those of the in-
dividual particles. Moreover, the flocs may combine into larger
systems, known as floc aggregates and aggregate networks, with still
larger settling velocities. This phenomenon - flocculation (hydraulic
engineering literature)}-is the main cause of deposition of fine sus-
pended sediment in estuaries (Etter et al, 1968),

Floceulation involves primarily particles in the clay size range
due to their electrical charge; however, particles in the silt size
range also participate in flocculation, either by entrapment or be-
cause they consist of aggregates of clay minerals., It appears that
suspended particles larger than about 75 microns (i.e., fine sand
size) rarely participate in floceulation (Duke, 1961), probably due

to their rapid settling upon entering the estuary.

Estuarine Sedimentation

General Aspects. The hydraulic and sediment characteristics of

estuaries are considerably more complex than for river systems. Sus-
pended materials consisting largely of colleoidal particles are subject
to two different classes of forces in an estuary: hydrodynamic forces
and chemical forces. An important differénce between river and
estuary sediment transport is the interrupted transport of suspended

sediment in estuaries, This is caused by slack currents and the floc-

% This subject will be covered in depth in Chapter III.

TR ——- 1
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culation of colloids in saline water. Some of the unique character-
Istics of estuaries which relate to sedimeat transport have been sum-
marized by Schultz (1954) and by Klingeman and Kaufman (1965) and may
be listed as follows: (1) discharge {s variable; (2) velocity dis-
tributions vary horizontally and vertically in a manner independent

of discharge; (3) complex flow regimens of differing characteristics
are established and discarded in opposite directions during each tidal
cycle; (4) successive flow cycles are not identical but may be very
different; (5) in some portion of every estuary there is water of
nonhomogeneous density and the difference in density which occurs is
not constant; (6} instantaneous fluctuwations of current veloelty are
appreciable; (7) suspended sediment concentrations are highly variable,
both in space and time; and (8) flocculation resulting from physical
and chemical forces 1a active in the estuary.

Mixing Characteristics. Circulation patterns in estuaries have

been described in a previous section of this chapter. These circula-
tion patterns are instrumental in the trapping of suspended matter in
estuaries. Ippen (1966) has made the following general statements
based on the internal flow and circulation patterns which exist in
these waters,
""Sediments settling to the bottom zone in an estuary will on

the average be transported upstream and not downstream.

Sediments will accumulate near the ends of the intrusion

zone and form gshoals. Shoals will alsc form where the

net bottom velocity 1s zero due to local disturbances of

the regime such as by tributary channels,”

These statements are most appropriate for stratified and partially-
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stratified estuaries, whereas in a well-mixed system, shoaling will
be more dispersed. The coagulation of particles is the result of
collisions between particles (flocculation) and the cohesion of
particles (sticking) when particles are brought together, The col-
1isions of suspended particles depend upon Brownian motion of the
particles, internal shear of the fluid, and differential settling
velocities of the particles. Collisions induced by Brownian motionm
are important for particles smaller than 1 micron. Collisions induced
by differential sattling velocities can be considered a speclal case
of collisions by internal shear. A qualitative presentation of the
mixing characteristics of estuaries is given below as this is re~-
spongible for particle collisions (particles > 1 micron) induced by
internal shear of the fluid. The numerous and complex factors
{ovolved in estuarine mixing, flushing, and exchange complicate the
formulation of basic rules; however, the simplified discussion which
1g given is useful and is based on the works of Pritchard (1969),
Ippen (1966), and Klingeman and Kaufman (1965).

The basic processes that provide mixing in estuarine systems
are the tides, the river {nflow, and the wind. The tides provide a
major portion of the turbulent energy causing estuarine mixing. The
tidal range (difference in elevation between the mean values of Ylowr
and high tides) is an important mixing factor. The energy required
to mix salt and fresh water, largely supplied by tidal forces, ap-
pears to be propurtional to the square of the tidal range.

A second source of turbulence is river inflow to the estuary.
The flow ratio (river inflow/tidal prism volume) is often used to

describe mixing and flushing characteristics of an estuary. This ia
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defined as the ratio of the total fresh water discharge within a tidal
cycle, which is passed to the sea, to the so-called tidel prism. The
tidal prism is the volume represented by the amount of water enter-

ing an estuary between low and high tides, A large flow ratio

{e.g., greater than 1.0) is indicative of a large volume of fresh
water at the estuary surface and of stratified flow or a sharp vertical
salinity gradient, Incoming fresh water, under these conditions, may
pass through the estuary rather quickly with a minimum of mixing. A
small flow ratio (e.g., less than 0.1) is indicative of a well-mixed
estuary and longer residence times for incoming flows.

The size and shape of estuaries are jmportant factors in mixing
and flushing. Thus for the same fresh water runoff and tidal con-
ditions, two estuaries of differing physical structure may possess
entirely different mixing characteristics. Changes in width or depth
may affect the flow ratio (river inflow/tidal prism volume) and the
mixing characteristics. Decreases in depth tend to improve the ef-
fectiveness of tidal currents in promotion of vertical mixing.
Increases in the depth tend to encourage stratification.

Orientation of an estuary with respect to wind direction also
affects the mixing process. Mixing and fluid exchange are extensive
in shallow areas exposed to a long wind-wave fetch. Winds which
blow down an estuarine channel increase the transport of surface
water to the sea whereas winds blowing up-channel retard the seaward
movement of surface water.

Bottom currents are another factor invelved in the mixing pro-
cess, If flow stratification is marked, material which enters the

lower layer near the mouth of an estuary may be carried iato the
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estuary by bottom currents and remain there for a long period.

Finally, an additional influence may be exerted on large estuaries

due to the earth's rotation {Coriolis force).

Erosion, Transportation, and Deposition., Particles are moved

by fluids when the forces exerted by the drag of the fluid overcome
the gravitational and cohesive forces that hold the particles at rest.
Fine-grained particles in a stream bed or on the estuary fleor may
remain at rest while coarser materials are being transported. This
paradoxical situation arises because for cohesionless sediments the
main resistance to erosion is provided by the submerged weight of the
sediment - gravitational forces. For cohesive sediments (silts and
clays), the main resistance to erosion is provided by net attractive
physico-chemical interparticle forces (Partheniades and Paaswell,
1970). Cohesive particles are difficult to set in motion, but once
in suspension they may remain so for long periocds of time because of
vertical turbulent current velocities that exceed the settling
velocities of the clay-size particles.

A summary of relations among erosion, transportation, and

deposition of particles as functions of current velocity and particle

diameter is shown in Figure 2.2 (Postma (1967)). The "critical erosion

velocity" is the minimum current velocity at which sediment of a

particular size begins to move. Notice the minimem in the "ecritical

erosion velocity" curve; the erosion velocity for particles greatex

than 0.3 mm in diameter increases with particle diameter, and for

particles less than 0.3 mm the velocity increases with decreasing

particle size. The material above 0.3 mm is indicative of quartz

sand with a specific gravity of 2.65. For particles with a lower
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density the curves move dovmward; if the density ié higher, the curves
are located above those shown on the graph. Thus, 5 micron particles
remain in suspension at current speeds greater than 10 cm/sec and
bottom deposits of 5 micron particles will be eroded by curreat
speeds greater than about 100 cm/sec depending on the stage of con-
solidation.

Partheniades (1965) utilized a recirculating flume to study the
erosion of San Francisco Bay gilty clay. Partheniades found that
for each flow depth, there exists a threshold velocity above which a
substantial amount of sediment {s retained in suspension, and below
which rapid deposition of practically all suspended sediment occurs.
This threshold velocity is smaller than the minimum velocity required
to erode the deposited sediment.

Parthenlades and paaswell (1970) summarized the results of lab-
oratory investigations on the erodibility of cohesive soils and com-
pared them with gimilar field results. The authors concluded that

-

the bed shear streés strongly controls both the erosion and deposi-
tion of cohesive sediments.

Experiments by Krone (1962) on the erosiom of San Francisco Bay
silty clay under scour conditions showed that resuspension of deposited
sediment occurred due to beﬂ ghear exerted by the flow. This occurred
1a one of two ways - bed failure or erosion - depending upon the bed
structure., The bed structure, in turn, depended upon whether the
bed was deposited from flowing or quiescent water. Flowing water
gave a stronger structure due to the deposition of smaller flocs
(limited in size by {nternal shear of the fluid) susceptible of

crushing and interface contacts and having a lesser individual
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response to shear. In guiescent water, a less-compact bed developed
with a structure changing with time, particularly immediately after
deposition. Bed failure occurred within a short time after an in-
crease in bed shear, and resulted in resuspension of material above
a bed depth at which the shear strength of consolidated waterial al-
lowed the remaining bed to resist the flow shear. Erosion of bed-
surface particles appeared to be a relatively slow process compared
with bed failure, and it was caused by a weakening of interparticle

bond strength.

Flocculation

The marked physical changes which flocculation causes in the fine,
cohesive suspended sediment entering an estuary are reflected by
changes in the subsequent transport behavior of the suspension., The
floc structure and density differ from those of individual particles,
The inclusion of numerous primary particles into the flocs causes
an increase in effective particle size, a reduction in the number of
separate particles, and a change in the particle size distribution
of suspended sediment. The larger settling velocities eacourage the
deposition process. This tendency is opposed by the unsteady tur-
bulent conditions of tidal waters. According to Krone (1962},
estuarine flocculation is principally affected by salinity, the sus-
pended sediment concentration, and the internal shear of the water.
Internal fluid shear places an upper limit on floc size in a sus-
pension in additiom to its role in promoting floc formatiom, as the
larger flocs in a given flow tend to break because of their low shear

strength., Concurrently, the decrease in numbers of unflocculated
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particles with time and the growth of flocs due to differential get-
tling tend to DATTOW the particle size range from the lower end of
the size distribution.

Krone (1962) performed a series of systematic experimental
studies on the deposition of San Francisco Bay gilty clay in an open
flume. Krome's experiments with Flocculent sediments under simplified
saline flow conditions demonstrated that an interchange occurred
between suspended and deposited sediment during the suspension trans-=
port. It was found that the deposition rate was sensitive to the
factors which affect the flocculation rate - increasing with suspen-
sion concentration, particle size, and size distribution of the flocs.
Deposition occurred below some critical value of flow shear at the
bed and the deposition rate increased with decreasing bed shear.

Krone also studied experimentally the shear strength of flocs, and
derived an empirical relationship which showed that the floc strength
depends on the floc size and the guspension shearing rate.

Deposition studies conducted by Partheniades (1965), using &
recirculating flume, showed that the concentration of suspended
sediment initially decreases rapidly (due to flocculation), and ap-
proaches asymptotically a more OF lass constaat value called the
equilibrium concentration. Etter et al {1968) jnvestigated the
depositional characteristics of kaolinite in turbulent flow. A com-
parison of the size distribution of the parent material with the
material retained im suspension when equilibrium was achieved indi-
cated that greatest deposition occurs among the clay-size fractioms,

suggesting that the deposition was controlled predominantly by floc.

culation,
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Krone (1962) concluded that shoaling in San Francisco Bay was
the result of flocculation in regions where sea water mixed with
river water followed by deposition. Laboratory studies indicated
that attractive forces dominate the repulsive forces at salinities
above 1 gm/l, so that under the most common conditions in the Bay the
particles have a tendency to form bonds with one another. Meade (1969)
has presented data showing the evidence of flocculation in the
Savannah River estuary. WNeilheisel and Weaver (1967) found the shoals
in Charleston Harbor to be comprised predeminantly of fines which
had flocculated, Allersma et al (1966) investigated the transport
patterns of sediment in the Chao Phya estuary (Thailand). The
authors stated that stable clay (or silt) suspensions exist in the
fresh river water. Rapid flocculation starts when the suspended
sediments enter saline water causing great quantities of silt to set-
tle where it enters the inward density flow which carries it back
towards the tip of the salt wedge.

Duke (1961) examined shoaling in the lower Hudson River. From
model studies at Vicksburg, it was concluded that the extensive
shoaling in the lower Hudson stems from three main sources: (1) the
constriction in the cross-sectional area of the river at the George
Washington Bridge, (2) an environment that is extremely favorable to
flocculation, and (3) the differential in depth between the artificial
channel on the New Jersey shore and the natural deep-water channel
on the New York shore. The principal source of sediment was attributed
to the upper watershed with contributions from the eroding banks, the
adjacent ocean area, industrial wastes, and sewage waste. Sheldon

(1968) examined sedimentation in the estuary of the River Crouch,
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Essex, England, sheldon found that the material in suspension was
flocculated and mainly inorganic. Particle diameters of the floceculi
ranged from la to about 80 with a mean at about 10-15u«. Fleming
(1970) made a sediment balance on the Clyde estuary (Scotland).
Results indicated that all sediment which enters the Clyde estuary
undergoes flocculation and deposition in the upper reaches of the
estuary with little transport of sediment to the sea. Particle size
analyses {(Coulter Counter) indicated a predominantly fine suspended
sediment supply. The main sources of sediment that enter the estuary
were attributed to the rivers, sewage discharges, and spillage from
harbors and docks. Little sediment was found to entex the estuary

from the sed.

CLAY MINERAL COMPOSITION OF SEDIMENTS

Factors Influencing Clay Formation and Distribution

The formation of clay minerals is highly dependent upon the
weathering process and factors controlling this process. The dis~
tribution of clays in recent sediments depends upon factors which af-
fect the formatiomn of clays as well as the environment of deposition.
A brief discussion of the woathering process is presented below and
was obtained primarily from Grim (1968) and Keller (1970). The sec-
tion concerned with the environment of deposition was obtained from
several sources; these are cited accordingly.

Weathering Process. Rocks exposed at the earth's surface arxe

subjected to continuous alteration by chemical, biclogical, and
physical processes. The most important of these 1s chemical, whereby

chemical reactions between rock minerals and scoil waters produce dis-
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solved constituents and sclid residues. The major elements in the
earth's crust and rocks are 0, 5i, Al, Fe, Mg, Ca, Na, and K; con-
sequently, this is reflected in the composition of clay minerals and
the composition of natural waters. Several parameters are important

in controlling the weathering process and include parent rock, climate,
topography, vegetation, and rime,

The composition of the parent rock, specifically, the amount of
alkalies and alkaline earths is important iu determining the com-
position of weathered products. Different clay minerals may be form-
ed from the same parent rock under different conditions of climate,
topography, and time. Igneous rocks, shales, slates, and schists
yield a variety of clays, at least in the initial stages of weather-
ing, due to their alkali and alkaline earth content in addition to
alumina and silica.

Temperature and rainfall are climatic parameters which affect
weathering, Decomposition of the parent rock occurs most rapidly in
warm, humid climates where the components of the parent material are
removed from the site by leaching. The rate of erosion and removal
cf weathered products are influenced by climate and topography. The
topography is important in determining whether or not there is move-
ment of water through the weathering material. In poorly drained
areas or low, flat areas with relatively little leaching, the com-
ponents of weathering are not removed from the zone of decay.

The decomposition products of vegetation also enter into the
alteration processes. Elements such as silicen, aluminum, calcium,
magnesium, and iron are accumelated by some plants and these elements

are released when the plants decay. Since weathering is a relatively




slow process, time ig aignificant in the development of alteration
products. If the parent material contains alkalies and alkaline
earths, time and climate are sigrificant, leading to a variety of
products; {nitially, the parent rock may yleld certain products, but
after a long time interval all of the alkalies may be removed by
leaching and different products will form. The rate of alteration
under different weathering conditions obviously varies widely, depend-
{ng on factors of climate, parent rock, and topography.

kaolinite is indicacive of an enviromment of strong leaching and
removal of Ca, Mg, Na, K, and Fe, possibly S$i0z, and the addition of

+

W' . Calcium has a temdency to block the formation of kaolinite. The
presence of K and Mg {n the enviromment of alteration and the length
of time they remain in the environment are important, since K leads
to the formation of fllite and Mg leads to the formation of mont-
morillonite. Montmorillonite is indicative of an environment where
Mg, Ca, Fe, and Na are retained either by ineffective leaching or in
a semi-arid climate, Illite requires a high concentration of K
relative to the other cations,

Diagenesis. An area of disagreement in clay petrology concerns

the origin of clay minerals in the sediments. Are the clays in the

sediments derived from weathering profiles on the continents or are
they formed in their depositional enviromment; or stated formally,
are the clays detrital, diagenetic, or a combination of both?
Diagenesis fncludes all modifications that sediments undergo when

transported from one enviromment to another - for example, fresh

wvate
r environ to marine. In & more restricted sense, diagenesis is

defined as the chemical rearrangements and replacements that occur
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while the sediment is still on the marine floor (Weaver, 1958). The

allied questibn to be examined is, how do clays respond when trans-

ported from the land into the marine environment; e.g., will montmoril-

lonite be transformed in the marine enviromment to 11lite?
Whitehouse and McCarter (1958) exposed clays to sea water for
periods of 6 months to 5 years. They concluded that chloritic and
i{1litic clay types may develop from montmorillonite in the marine
environment. The extent of modification of the montmorillonite clay
was more dependent upon the Mg/K ratio than the total salt concentra-
tion, Powers (1957) reported that chloritic clays form from the
diagenesis of weathered illite in the Atlantic Coastal Environment,
in which the chlorite-like clay probably passes through a vermiculite
stage. According to Powers, montmorillonite and to a lesser extent
illite, are altered to a chloritic material in the Gulf of Mexico.
Grim and Johns (1955) reported the gradual loss of montmorillonite
with the ultimate formation of poorly crystalline 1llitiec and
chloritic phases iﬁ the Rockport, Texas area (Guadalupe River and
Delta)., The dioctahedral character of the chlorite and illite indi-
cated that the change from montmorillonite to these components in-
volved only the exchange and/or addition of components in interlayer
positions. The exchange reactions involved the acceptance of K" and
D@++ from the salt water by the clay for cat’, There was no indi-

cation of a breakdown to constituent oxides and hydroxides prior to

regrouping, Johns and Grim (1958) found montmorillonite to be the
dominant clay mineral being deposited in the Misslssippi River Delta.

4 small amount of the montmorillonite changes to 1llite and chlorite;

the authors suggest that this wmaterial was degraded micaceous material
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(identified by X-ray diffraction analysis as montmorillonite) which
undergoes regradation in a marine environment,

Keller (1970) concludes that degraded illite resembles montmoril-
lonite (expanding, mica-derived) and can adsorb potassium from sea
vater and contract to 10 i. This 18 in accordance with the results
of Johns and Grim (1958) where degraded illite which was identified
as montmorillonite underwent regradation in a marine enviromment.
Keller states that insufficient potassium is taken up by true mont-
morillonite (not degraded {Jlite) from salt water to convert to {l-
lirte. Keller (1970) notes that chlorite is prevalent in sofls in
higher latitudes where chemical weathering is not intense, but
chlorite or a chlorite-like mineral way form from montmorillonite in
the acean where there is a high concentration of Mg++. Weaver (1958)
exdamined the X-ray patterns of thousands of sediments and concluded
that the majority of clays in sediments are detrital in origin and
that clays are only slightly modified in their depositional environ-
ment. Powers' work (1957) was cited in which it was reported that
chiorite may form in the marine environment; Weaver (1958) points out
that even here the basic lattice is detrital and that only the inter-
layer material is authigenic. Weaver claims that much of the con-

troversy concerning the origin of clays - detrital vs. diagenetic -

is due in part to semantics. The rerm diagenesis is very broad in

meaning and has been used to describe very miner changes such as

base exchange. Weaver states that it is common for investigators to

speak of the diagenesis of montmorillonite to illite under marine

conditions, while there is no evidence to suggest that true montmoril-

lonite as defined by the Structure and chemical character of the lat-




tice adgorbs K' and becomes illite. Weaver agrees that degraded il-
lite, which has had K removed to the extent that water is adsorbed
between the layers and thus superficially reseubles montmorillonite,
can adsorb K in salt water and contract to 10 R (111ite). The
author considers this an adsorption phenomenon and not diagenesis
where a more fundamental modification or alteration of a mineral is
implied. The reader should note that this section on diagenesis has
excluded alteration of clay minerals due to metamorphic processes,
i.e,, changes in sediments subjected to deep burial,

It is the opinion of this writer that most of the clay minerals
found in sediments are derived from weathering profiles on the con-
tinents and alteration products of volcanic rocks. Clays may be mod-
ified to some degree by interactions with sea water but this involves,

for the most part, adsorption of XK or Mg and thus regradation of the
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original clay mineral (e.g., degraded illite resembling montmorillonite

to illite). It is interesting to examine the results of a series of
papers by Hurley and associates (1958, 1961, 1963) on the potassfum-
argon age determlnations of the mica components of sediments, This
group concluded that {l1lite in the Mississippi River Delta sediments
was detrital with an age in excess of 200 million years. They also
found the illite in the sediments of the Rappahannock River had an
age of 300 million years and pelagic sediments from several locations
in the North Atlantic showed K-Ar age values in the range 200-400
million years.

Differential Flocculation. The work of Whitehouse, Jeffrey,

and Debbrecht (1960) on the differential settling velocities of clay

minerals has had a significant impact on the diagenesis vs. detritus
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schools. Many investigators have explained the distribution of clays
{n sedimente by differeatial flocculation citing the results of
Whitehouse's group. In this section the methods employed by Whitehouse
and his assoclates and the results achieved will be developed in some
detail since their work {s frequently cited and since it is pertinent
to Chapter V of this dissertation.

The following is a summary of the experimental techniques used
by Whitehouse to determine the settling velocities of several clays
in waters at varlous salinities. Clay minerals were pretreated with
a disparsing agent prior to fractionation using a centrifuge to obtain
clay fractions < 2.4 . A pipette analysis method (other methods were
also employed) was used to determine the settling rates of the clays
in guiescent saline waters. Velocities measured by this method are
interpreted in terms of "equivalent diameters". The pipette analysis
method determines the weight of solid material that accumulates at a
piven depth in the suspension using selected time intervals. Clay
nuspenaions (€2 uiraction) were dispersed initiélly in a Hamilton
Beach dispersion apparatus at 14000 rpm for perlods of 5-10 minutes
tor kaolinite and 11lite and 20 minutes for mwontmorillonite. The
pipette method was bhased upon the settling of clay suspensions of
3.6 ym/l or less in columns of 32.2 cm in helght and 6.3 cm in
diameter. A pilpette extraction of 20 ml was made after a time t at
a depth h, The weight of clay in this 20 ml volume was determined
and the total amount of clay having a settling velocity less than
h/t was caleulated., The suspension was agitated again and a longer
period of time was allowed to elapse before the second sample was

cxtracted, This procedure of repeated agitation and settling was




used to determine the settling velocities of the clays. Whitehouse

reported that the settling values obtained apply to thoroughly agitated

and flocculated clays with no time dependence for flocculation involved,

Table 2.1 shows the relationship between salinity and settling

velocity for various clays in synthetic sea water,

Table 2.1
REPRESENTATIVE SETILING VELOCITIES* (c¢m/min)

Salinity (ppt)

Clay Miperal 0.9 1.8 3.6 10.9 18.1 32.5
Illite 0.89 0.90 1.05 1.10 1.10 1.10
Kaolinite 0.80 D.81 0.81 0.81 0.81 0.81

Montmorillonite 0,0023 0.0036 0.0078 0.041 0,076 0.088

* (Whitehouse et al (1960), Pipette method, 2600, pH = 8.2)

The settling velocities for kaolinite and illite exhibited little de-
pendence upon salinity above 3.6 ppt. Settling velocities for mont-
morillonite were fourd te be a function of saliﬂity over the entire
range. In addition, the results of Whitehouse and associates indi-
cated that settling velocities were relatively the same over the
entire clay concentration range of 0.0) - 3,6 gm/l. Finally, it was
concluded that clavs do not settle as single solid grains but the
settling unlt 1s an assembly of solid grains in association with oc-
cluded water and water of hydration. This assembly is termed a
coacervate,

Interpretation and extrapolation of Whitehouse's results to
natural waters such as estuaries is difficult, especially since

terms like flocculation can have several meanings depending on one's
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field. The following will be developed in detail in Chapters III
and IV but is outlined at this point to insure a common ground for
all disciplines before this writer discusses the results of Whitehouse.
Clay suspensions are destabilized in waters of high ionic strength;
i.e., repulsion between the electrical double layers surrounding the
particles is reduced by double layer compression. Thus in saline
waters destabilization is accomplished to varying degrees dependent
upon the clay type and salinity; if particle transport is provided,
particles can be brought into contact with each other to form ag-
gregates, This latter process is often termed flocculation (particle
transport) and the aggregates of particles frequently form a loose
metwork of particles containing water within this network. For col-
loidal particles less than about 1 micron in diameter, particle
transport is achieved by Brownian diffusion of the colloids. For
particles larger than 1 micron, Brownlan diffusion becomes negligible
and mixing of the suspension must be provided in order to induce
particle contacts. The opportunity for particle contacts is greater
with increasing clay concentration since the probability of col-
lisions between particles is enhanced by the greater number of
particles, Finally, the rate of particle aggregation depends upon
the degree of destabilization (a function of salinity and clay type)
and particle transport (a function of clay size and clay conceuntration).
In the paper of Whitehouse et al, (1960), the clay suspensions
were gized and the clay fraction less than 2 microns used at clay

concentrations of 0,01 to 3.6 gm/l. The suspensions were dispersed

by intense agitation throughout the settling experiments indicating

that settling velocities of clays, destabilized to varying degrees,
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were computed, Clay concentrations of 0.0l to 3.6 gm/1 had no effect
on the settling velocities. This was probably due to the repeated
and intense agitation employed after each sample withdrawal used in
the pipette method., It is the opinion of this writer that the work
of Whitehouse et al showed that montmorillonite was much smaller
than kaolinite and fllite. Their results should be interpreted for
the most part as settling velocities of clays in sea waters of vary-
ing salinity. Under the experimental conditions employed by this
group, their results should not be construed as flocculation rates
or the ability of clays to flocculate. In estuaries it is the rate
of particle aggregation that is important in determining the distri-
bution of clays in sediments, The clays which aggregate rapidly
will tend to form flocs of such a size that they can settle from the

suspension.

Clays in Sediments

Oceans. Rateev (1969) has published a paper which summarizes
the distribution of clay minerals in the sediments of the oceans and
relates the distribution to the geographical latitude or climate,
Rateev found that kaolinite, gibbsite, and montmorillonite have an
"equatorial" type of distribution. The maximum amounts of kaolinite
are found near the equator with a gradual decrease in content toward
the poles. The distribution of montmorillonite coincides in general
with kaolinite, but the presence of montmorillonite in some regions
of the oceans is associated with volcanism. Furthermore, Rateev
reported that the distribution of chlorite and illite is "bipolar"

and not "equatorial. The maximum amounts of chlorite are located
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far from the equator mainly in the northern and southern zones. The
northern zone coincides with the region adjacent to continents with
soils rich in chlorite; the southern zone is related to the Antarctic
continent, High concentrations (60-80% of the clay fraction)} of
{llite are found in the northern part of the Atlantic Ocean near the

eastern shores of Canada and the western shores of Europe. The
amounts of illite in the sediments gradually decrease to the south

of this zone; however, an equatorial zone of minimal coatent of illite

is missing from the Atlantic basin.

Biscaye (1963) concluded that the bulk of clays in recent sedi-

ments of the Atlantic Ocean are of centinental origin and that the

formation of minerals in situ on the ocean bottom is of minor impor=-

tance. According to Grim (1968) all types of clays are present in

recent sediments, but in general the clay composition reflects

climatic conditions of the 8ource area, Grim indicates that chlorite

and {]lite are abundant components of marine sediments, with kaolintite

commonly abundant near-shore in localized areas. Grim concludes that

the distribytion of montmorillonite is irregular, but its distribution

1s aseociated with volcanism,

Gulf of Mexico.

Grim and Johns (1955) investigated the clay

mineral composition of the Guadalupe River and Delta which empties

into the Gulf of Mexico along the central part of the Texas coast.

The authors found montmorillonite to be the dominant clay in the

Guadalupe River and Delta, but the percentage of montmorillonite in

the sedimentg decreased towards the Gulf of Mexico. TIllite and

chlorite made up a small fraction of the sediments in the River and

Delts but Increased towards the Gulf. Griw and Johns concluded that




poorly crystalline illitic and chloritic phases are being formed from
montnorillonite via exchange and/or addition of components in inter-
layer positions. The Guadalupe Delta was found to be the area of
greatest sedimentation due to the sediment load being transported

and deposited by the Guadalupe River. It was noticed in the fraction-
ation procedures that a few samples exhibited differential floccula~-
tion. In such cases, the bulk of the material would flocculate, but
an appreciable amount would remain in suspension. It was found that
the material which exhibited this initial floeculation was composed
mostly of montmorillenite. Apparently, the rate of particle aggre-
gation for wontmorillonite is rapid. Frequently, researchers cite
the study of Whitehouse, Jeffrey, and Debbrecht (1960) and conclude
that montmorillonite should be deposited downstream of illite and
kaolinite due to its low settling velocity. However, it was indi-
cated in a previous section that the deposition of clays is highly
dependent upon the rate of particle aggregation (flocculation).

Johnas and Grim (1958) also investigated thé clay mineral com-
position of sediments from the Mississippi River Delta. Johns and
Grim found that montmorillonite is the dominant ¢lay being deposited
in the Delta region. It was suggested that a small amount of this
montmorillonite represents degraded micaceous materials from the
Ohio River drainage system. This degraded micaceous fraction under-
goes regradation in saline water yielding reconstituted illitic and
chloritic phases. The bulk of the montmorillonite is bentonite in
character, undergoes no apparent change, and represents the contri-

bution of the Missouri River drainage system.
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Criffin (1962) examined the clay mineral distribution in the

nediments of the Northeastern Gulf of Mexico, Griffin found that the
Missienippl River contributes primarily montmorillonite with some
11itte and kaolinite, the Apalachicola River contributes primarily
xaclinite with some montmorillonite, and the Mobile River contributes
caolinite and montmoriilonite clay minerals. It was concluded that
the type of clay supplied to the Gulf is a direct function of the
clay mincrals in the soils of the river basins and is controllied by
parent rock and weathering.

Jacobs and Bwing (1969} investigated the source and transport
of minerala in the Gulf of Mexico and Caribbean Sea. The authors
reported that the montmorilleonite-rich sediments of the Mississippl
River appear to be flocculated and deposited near the front of the
delts,  Slumping and turbidity flows transport these sediments along

the hottom to the central area of the basin leaving very little

mantmorillonite in suspension. Jacobs and Ewing found that the waters

tlowing {nto the Caribbean are rich with micaceous material; the

infloence af diacharge from the Amazon River extends into the Caribbean

vith & suspended load in which 10 2 uinerals (11lite) are most abun-

d
Aot.  Suspended clays in the Gulf of Mexico and Caribbean Sea were

!
Predominantly mica-1ike (111ite). It was concluded that eirculation

in th
7 the upper layers of water Flowing from the Caribbean and carrying

4 mica -
ceous-rich minera] assemblage affects mineral transport into

the Gulf of
of Mexico. This s different from the montmorillonite-rich

luad delivered by the Mississippt River

Atlanti
—-Rntic Coast. Powvers (1957) found well-crystallized and

vkt hered 111
ite as the predominant clay minerals in sediments from

;.
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the Chesapeake Bay area. Minor amounts of kaolinite and traces of
weathered chlorite were also found. Powers reported that in the
estuaries a chlorite-like clay is being formed from weathered illite,
Powers stated that there is a elongated lens of mud deposits in
estuaries due to flocculation, and that downstream water is depleted
of its suspended load by flocculation., The mud lens begins near
fresh water, then has a maximum, and then decreases.

Nelson (1960) examined the clay mineralogy of the bottom sediments
of the Rappahannock River and Estuary. There were differences in
the mineralogical composition of the sediments. Chlorite and feldspar
occurred exclusively in the estuary while kaolinite, illite,
dioctahedral vermiculite, and montmorillonite occurred in both the
fresh water and estuarine sediments. Nelson observed that the
amount of kaclinite in the sediments decreased between the upper
Rappahannock River and the lower Rappahannock Estuary. In the estuary,
there was an increase of well-crystallized illite and a decrease in
unorganized illite.

Neiheisel and Weaver (1967) investigated the relationship between
source area and clay minerals in rivers and estuaries of South
Carolina and Georgia including Charleston Harbor, Port Royal Sound ,
and Brunswick Harbor, The authors noted that kaolinite is the dom-
inant clay in the Piedmont Province and montmorillonite is the major
clay mineral in the Coastal Plain. Neiheisel and Weaver stated that
the shoals in Charleston Harbor are comprised predominantly of fines
which have floceulated. Kaolinite and montmorillonite were found in
the sediments of Brunswick and Charleston Harbors. The authors con-

cluded that the ratio of kaolinite to montmorillonite serves to



identify the relative proportion of clay sized sediment derived from
the two source areas. In addition, 1llite can be used to determine
the off-shore contribution to the estuaries. Biscaye (1965) found
that the clays in the surficial Continental Shelf sediments along
the southern Atlantic Coast are predominantly illite. This illite
is derived from the central and northern Appalachians and carried
southward by long-shore currents,

North Carolina. Brown and Ingram (1954) examined the clay min-

erals of the Neuse River and found kaolinite as the dominant clay
decreasingldawnstream. I1lite occurred sporadically throughout the
length of the river while a chlorite-like clay became dominant in

the lower part of the stream and in the estuary. Brown and Ingram
concluded that the great predominance of kaolinite in the Neuse River
sediments is due to kaolinite in the soils of the drainage basin
being eroded into the river,

Griffin and Ingram (1955) studied the clay mineral composition
of the Neuse River estuary and found kaolinite as the dominant clay
being introduced into the estuary. Chlorite increased downstream
becoming the dominant mineral at the lower end of the estuary while
111ite increased rapidly near the end of the estuary.

Park (1971) studied the clay mineralogy of recent sediments from
North Carolina sounds and estuaries., The most abundant clays found
in the study area were kaolinite and illite with minor amounts of
chlorite-like intergrade clay, chlorite, and montmorillonite.

Kaolinite was found to be most abundant in the western parts of
Albemarle Sound, Pamlico River estuary, and Neuse River estuary.

I1lite was found to be most abundant in the eastern parts of Albemarle



Sound, Pamlico Sound, Core Sound, Bogue Scund, North River estuary,
and Newport River estuary. It was observed that kaolimite and
chlorite-like intergrade clay, in general, decrease in a seaward
direction while 1l1lite, chlorite, and montmorillonite increase sea-
ward .

Murray and Sayyab (1955) investigated the clay mineral composi-
tion of sediments off the North Carclina coast., Samples were col-
lected from the Continental Shelf, the Continental Slope, and the
floor of the northwestern basin, north of Bermuda. Illite and
chlorite were the dominant clays found in the samples with miner
amounts of kaolinite and montmorillonite.

Pamlico River Estuary and Pamlico Sound. Allen (1964) examined

the clay composition of the Tar-Pamlico River and found kaclinite to
be dominant in the river and upper estuary but decreased rapidly
along the lower estuary. Illite and chlorite-like intergrade clay
were found in varying amounts along the entire length but increased
substantially through the lower estuary. Montmorillonite was present
in minor amounts but showed a slight increase in the lower estuary.
Park (1971) found the following seaward trends for clay minerals
in the sediments of the Pamlico River estuary and across Pamlico
Sound towards the Outer Banks. Kaolinite was the dominant clay in
the upper end of the estuary but decreased along the estuary and the
Pamlico Sound. Illite occurred in small amcunts in the upper end of
the estuary but increased rapidly along the estuary becoming the
dominant clay in Pamlico Sound. Chlorite and montmorillonite were

found in small amounts along the length of the system while inter-

grade clay increased along the estuvary but decreased in Pamlico Sound.
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Dobbins, Ragland, and Johnson (1970) examined the clay mineral-
ogy of the Pamlico River estuary and Pamlico Sound. Kaolinite was
found to be the dominant clay in the upper part of the Pamlico
estuary but decreased along the estuary and in Pamlico Sound. Illite
showed an inverse trend as it increased along the estuary becoming
the dominant clay wmineral in Pamiico Sound. Chlorite and chlorite-
1ike intergrade clay were found along the entire length of the

system while montmorillonite was present in minor amounts.
SUMMARY

The purpose of this chapter 1s to examine parameters which af-
fect the coagulation and deposition of suspended materials in
estuaries. Estuarine sediment, both as bed material and suspended
load, can be divided into two gemeral groups: (1) cohesionless or
coarse and (2) cohesive or fine. The first is composed predominately
of sand while the latter is essentially a mixture of silt and clay,
Cohesionless particles remain as individual particles regardless of
the flow conditions and their settling in estuaries is the net result
of fluid motion and gravitational forces, Cohesive particles range
in size from a small fraction of one micron to several microns, and
normally a large proportion are colloidal; i.e., particles with
large surface darea per unit mass, so that the effects of the surface
and interparticle physico-chemical forces are at least as important
as those of gravitation. These fine cohesive sediments may coagulate

l1.e,, form aggregates of multiples of particles in interaction with

the suspending fluid,
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The basic processes that provide mixing ip estuarine systems
are the tides, the river Inflow, and the wind. Ar estuary 1s moved
along the sequence from the stratified salt wedge estuary, through
the partially-stratified estuary, to the vertically homogeneous
estuary, with decreasing river flow and decreasing depth, and with
increasing tidal current and increasing width. Wind can have an
important influence on estuarine circulation and mixing, especially
for wide and shallow estuaries. The circulation patterns in estuaries
are instrumental in the trapping of suspended material and the re-
cycling of nutrients in these systems.

Cohesive gsediments (clays and silts) are responsible for the
shoaling of estuarine channels, the formation of deltas, and the
persistence of turbidity currents in estuaries. Clays carry an
electrical charge, usually negative in natural waters, which influences
their behavior in suspensioen, In waters of low salt content repulsive
forces between the negatively charged particles dominate, resulting
in stable suspensions; i.e., suspensions with little tendency for
particle aggregation, Some interparticle physico-chemical forces
between particles are attractive - van der Waals forces., In waters
that are even slightly saline the net interparticle forces become
attractive, and particles that collide tend to cling to each other
and form agglomerations called flocs, whose size and settling
velocity may be several orders of magnitude larger than those of the
individual particles. This phenomenon - coagulation - is the main
cause of deposition of fine suspended materials in estuaries.

An area of disagreement concerns the origin of clay minerals in

estuarine sediments. It is the opirion of this writer that wmost of
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the clay minerals found in sediments are derived from weathering pro-
files on the continents and alteration products of volcanic rocks.
Clays may be modified to some degree by interactions with salt water
but this involves, for the most part, adsorption of K or Mg and thus
regradation of the original clay mineral. The clay mineral composi-
tion of the Pamlico Estuary {ndicates that kaolinite is the dominant
clay in the upper estuary but decreases along the estuary. Illite
oceurs in small amounts in the upper end of the estuary but increases
rapidly along the estuary becoming the dominant c¢lay in Pamlico

Sound, Chlorite and chlorite~like intergrade clay are present in the

pamlice sediments while montmorillonite is present in minor amounts.



CHAPTER III

STABILITY OF CLAY SUSPENSIONS
COAGULATION: TWO-STEP PROCESS

The coagulation process has been described by 0'Melia (1969) asa
a two-step process: (1) destabilization and (2) particle transport.
The destabilization step {s concerned with eliminating or nullifying
the repulsive energy barrier that exists between two colloidal
particles in an aqueous system. The second step of particle trams-
port is concerned with inducing interparticle contacts by:
(1) Brownian motion, (2) fluid motion, or (3) differences in the
settling velocities of the particles, Particle transport is treated
in depth in Chapter 1V. This chapter discusses mechanisms of
particle destabilization, the structure of the electrical double
layer, and the stability of clay suspensions. Special emphasis is
devoted to the destabilization and stability of clays relative to

estuarine systems.
MECHANISMS OF DESTABILIZATION

Particle destabilization can be accomplished by four distinct
mechanisms: (1) adsorption to produce charge neutralizatioen, (2) ad-
sorption to permit interparticle bridging, (3) enmeshment in a

precipitate of a metal hydroxide, and (4) double layer compression.
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Adsorption and Charge Neutralization

Hydrolyzed metal species, organic polyelectrolytes, and/or sur-
face active materials may be adsorbed onto colloidal surfaces caus-
ing charge neutralization. Specific chemical interaction between
the adsorbing species and the surface active site on the colloid may
overshadow the coulombic effect in bringing about particle destabili-
zation. Stumm and O'Melia (1968) have pointed out that the energy
involved in forming a chemical bomd (up to 100 kcal/mole) can be
much greater than the energy involved in a simple electrostatic inter-
action (about 2 kcal/mole). Thus one can envision that a coagulant
having a positive charge can be chemically adsorbed onto the surfaces
of negatively charged particles. At a certain dosage, sufficient
adsorption occurs so as to eliminate the repulsive energy barrier
that existed between particles and particle destabilization is
achieved, Higher dosages of the same coagulant increase the amount
of surface adsorption and can reverse the charge on the particles,
This can cause particle reatabilization.

Hahn and Stumm (1968) have used this mechanism - adsorption and
charge neutralization - to explain the destabilization of negatively
charged colloidal silica with hydrolyzed species of aluminum. This
model predicts a stoichiometric relationship between the optimum
coagulant dose and the colloid concentration; a high colloid con-

centration requires a high coagulant dosage for optimum surface

coverage by adsorption.



Adsorption and Bridging

Antionic or nonlonic organic polymers can destabilize negatively
charged particles. This has been explained by an interparticle bridg-
ing model (Ruehrwein and Ward (1952) and LaMer and Healy (1963}).
This model requires that the polymer molecules attach to one or more
adsorption sites and that part of the polymer chain extends into the
bulk of the solution., These extended chain segments, if of adequate
size, can make contact with other colloid particles and bridges can
be formed. The repulsive energy barrier is not eliminated in this
case, but its effects are nullified so that particle aggregation can
oceur.

The extent to which sggregation occurs depends on the number of
sites on the particle surface that are occupied. If too few sites
are occupiled by polymers, interparticle bridging may be weakened and
interparticle bridges broken by shear arising from fluid motion.
Thus, no net aggregation occurs at low particle surface coverage.
Conversely, as more sites are covered, the free sites available for
formation of bridges become limited and again particle aggregation
is hindered. Therefore, an optimum surface coverage and an optimum
coagulant dosage must exist. In summary, an optimum coagulant dosage,
colloidal restabilization at dosages higher than the optimum, and a
stoichiometry between the optimum coagulant dosage and the colloid
concentration are characteristics of this mechanism - interparticle

bridging - of particle destabilization,
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Emmeghment in a Precipitate of a Metal Hydroxide

When a salt of a hydrolyzing metal (e.g., Alz(80c )3 ) is added to
a solution in sufficient quantity to exceed the solubility of the
metal hydroxide, an amorphous precipitate is formed. TIf chemical
conditiona (pH and degree of oversaturation) are proper for rapid
precipitation of the metal hydroxide, colloidal particles present in

the solution may be removed by being enmeshed within the precipitate

of the metal hydroxide,

Double Layer Compreasion

Particle destabilization by compression of the electrical double
layer is postulated as the primary mechanism for destabilization 65‘:’
colloidal particles in estuarine systems. The repl.ulsive energy bar-
rier that exists between clays in fresh waters (low ionic strength)

1s reduced as thesge clays are transported into waters of increasing

lonic strength (estuaries). The increase in the {onic strength of

the system compresses the electrical double layer and permits van der

Waals attractive forceg to become effective at short range inter-

particle distances, Thig mechanism of particle destabilization -

double layer compression - {g g naturally occurring process that 1is

active vhen clay Suspensions are transported into estuaries. There-

fore, this mechanism 18 treated in depth 1in subsequent sections of

this chapter. 7Ir ig noted that the other mechanisms of pai‘ticle

destabilization are commonly used in the treatment of water and waslte—

water,
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STABILITY
Definition

A stable clay suspension is one in which the discrete particles
show little or no tendency to agglomerate. The stability of clay sus-
pensions is due to the repulsion between similarly charged double
layers and to the surface hydration of the clay particle which physi-
cally hinders contact between particle surfaces. The degree of hydra-
tion is important for extremely short range particle interactions
because the adsorbed layer of water is only a few molecules thick.

In this chapter a theoretical model for particle stability is developed.
The effeet of surface hydration on particle stability is neglected in
this treatment, but the reader should be aware that this effect does
exist, The theoretical development will be based on the interaction

of double layers between particles. The electrical double layer sur-
rounding clay particles in an aqueous system is 2 result of the net
negative charge on the clay surfaces.

The structure of the electrical double layer (Gouy-Chapman) and
the interaction of double layers according to Verwey-Overbeek and
Derjaguin-Landay (VODL model) are developed and presented In this
chapter. The assumptions of these models and the equations are pre-
sented but the derivation of the equations is not explored. The
derivation of these equations is presented in the following references:

Verwey and Overbeek (1948), Kruyt (1952}, and van Olphen (1963).

Origin of Primary Charge

The primary electrical charge on a colloidal particle may be due

to three principal mechanisms.
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First, the substitution of one atom for another in a crystal lat-
¥

tice (isomorphic replacement) due to lattice jmperfections creates a

surface charge which 1s independent of the characteristics of the

aqueous phase, For clays such as illite and montmorillonite, it is

+3
common to have Fe'? or Mg+2 subatituted for Al"? in the octahedral

sheet or Al"> substituted for 5i™® in the tetrahedral sheet.

The second mechanism {s the ionization of chemical groups present
at the purface of the particle, For clays (e.g. kaolinite) this par-
ricular charge mechanism is highly dependent on the aqueous phase and
ia particular, the pE. The exposed alumina and silica groups on the
edges of the clay particles behave as weak acids whose degree of ion-
{zation i¢ favored by a reduction of the hydrogen ion concentration.
Michaels and Bolger (1964) have estimated the isoelectric point of the
edge alumina to be 7.8 and have envisioned the deprotonation to pro-
ceed in the following manner:

_ALOHg & HaO = -ALOH + HaO

1

-ALOH  + Ha0 = -Al0  + HeO'
$imilarly, the isoelectric point for the edge silica is in the range
1.8 to 2.4 (Parks (1967)):
-Si0H + HgO = -Si0 + HgO'

For natural waters, the pH is such that the silica groups are always
negatively charged whereas the alumina groups may be positively or
negatively charged.

Finally, the third mechanism in which collojdal particles become
charged is the preferential adsorption of certain ions from solution.

5
pecific ions may be adsorbed on the surface via hydrogen bonding,

coval
ent bonding, or by van der Waals attractive forces. This charge
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mechanism depeands on the characteristics of the aqueous phase, TIons
which are preferentially adsorbed from solution or which cause the
ionization of chemical groups on the colloid are called "potential
determining ions”, H and OH are "potential determining ions" for

-A10H and =-SiOH.

Diffuse Double Layer after Gouy and Chapman

The theory of the electric double layer deals with the distribu-
tioun of counter-ious and co-ions in the locality of a charged surface,
and with the magnitude of the electric potentials which oceur in this
region. A treatment of the double layexr is a necessary first step
towards the understanding of colloid stability.

Clay particles carry a net negative charge; however, in water a
charge balance must be established in the vicinity of the particle-
water interface to fulfill the requirement of electroneutrality.
Counter-ions in the solution are attracted toward the particle surface
giving rise to a concentration gradient of ions. Thermal diffusion
causes some of the counter-ions to diffuse to the bulk of the solutioen
where the concentration is lower. The opposing forces of diffusion
and electrostatic attraction lead to a deusity pradient of charges in
which the concentration is highest adjacent to the particle surface
and which decreases exponentially with distance from the particle-~
water interface. This phenomenon is illustrated in Figure 3.1.

The electric double layer can be regarded generally as consist-
ing of two regions: an inner region which includes the charged sur-
face of the particle (may include adsorbed ions-Stern Model), and a

diffuse region in which ions are distributed according te the influ-
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ence of electrical forces and random thermal motion. The simplest
quantitative treatment of the diffuse electric double layer is the
Gouy-Chapman model. The Gouy-Chapman model is based on the following
considerations and assumptions.

1. The surface is assumed to be flat, of infinite extent and
uniformly charged,

2., The ions in the diffuse part of the double layer are assumed
to be point charges distributed according to the Boltzmann
distribution,

3, The solvent (water) is assumed to influence the double layer
only through its dielectric comstant, which is assumed to
have the same value throughout the diffuse part.

4. A single symmetrical electrolyte of valence z is assumed,
This assumption facilitates the derivation while losing little
owing to the relative unimportance of co-ion valency.

The surface potential (Y) can be related to the surface charge

density (&) by equating the surface charge with the net space charge
in the diffuse part of the double layer and applying the Poisson-

Boltzmann distribution. The resulting expression is
)

s - (m)& (ﬂ_) (3-1]

" 2kT
where n is the concentration of ionsfcms, £ 1s the dielectric constant,
k is Boltzmann's constant, T is the absolute temperature, z is the
valence of the counter-ions, and e is the elementary charge.
It is customary to refer to l/x {(the distance over which the
potential decreases by an exponential factor at low surface potentials)

as the '"thickness" of the diffuse double layer or the double layer

55
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thickness. For low surface potentials (Y.< 25/z mvolts) the potential

decreases exponentially with distance (x) from the charged surface,

Y =¥ exp(-Xx) [3-23

The reciprocal of the double layer thickness can be computed by the

relationship y
X = M_Bﬂzzea“) [3-3]
£ kT

The double layer thickness is defined as the distance at which the
potential is equal to the surface potential divided by e (base of
natural logarithms). Equation [3-3] nolds for all surface potentials
whereas Equation [3-2] 1s applicable for low surface potentials as
described above,

The computation of the ion distribution in the diffuse double
layer as a function of the electrolyte content of the bulk solution
ghows that the diffuse counter-ion atmosphere is compressed towards
the surface when the bulk electrolyte concentration is increased, If
the surface charge of the particle is determined by interior lattice
{mperfections (isomorphic substitution), the surface charge does not
change with Increasing electrolyte concentration, The diffuse double
layer is compressed and the surface potential decreases with increasing
electrolyte concentration, The degree of compression of the double
layer thickness is governed by the concentration and valence of the
lons of opposite sign from that of the surface charge (See Figure 3.2),
The surface potential, for particles with a constant surface charge, Ls
2lso governed by the ien concentration and valence of the counter-ions

as indicated in Figures 3,3 and 3.4. Figures 3.2, 3.3, aud 3.4 were

constructed for water at 25°¢.
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Interaction of Double Layers (VODL Theory)

Verwey-Overbeek and Derjaguin-Landau (Verwey and Overbeek (1948))
have independently developed a quantitative theory in which the sta-
bility of lyophobic colloids is treated in terms of the energy
changes which take place when particles approach one another. The
theory involves estimstions of the energy of attraction (London-van
der Waals forces) and the energy of repulsion (overlapping of electric
double layers) In terms of interparticle distance.

When two colloidal particles having the same charge approach
each other, their diffuse counter-ion atmospheres begin to interfere.
This interference leads to changes in the distribution of the icns
1n the double layer of both particles, which involves an increase in
the free energy of the system. Work must therefore be performed to
bring about these changes; in other words, there is repulsion between
the particles. The amount of work required to bring the particles
from infinite separation teo a given distance between them can be
calculated. The amount of work is the repulsive energy at the given
distance and 1s shown as a function of distance in Figure 3.5. The
repulsive energy decreases roughly exponentially with increasing
particle separation.

If the double layer is "flat, then the energy of repulsion (ER)
between two spheres having surface potential ( 4;' ) can easily be
calculated. When the surface potential 1s small ( ¥ < 25/z mvolts)
and the double layer is "flat" - Xa>3 (Morgan (1971)) - then the

energy of repulsion can be computed from the relationship
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Eg =€a %* %ln (1 + exp(-XH )) [3-4]

where H 13 the separating distance,

When the surface potential is large (¥ >25/z mvolts) and the

double layer is "flat", the energy of repulsion can be calculated by the

relationship

Ep =8 8 € (kI)? ¥° exp (-xn)

2_2
e z

(3-5]

where ¥ = exp (zegf 2kT) -1
exp (ze ¥/ 2kT) +1

The van der Waals attractive forces are also operative when two

colloidal particles approach each other. The van der Waals attraction

between atem pairs is additive; hence, the total attraction between

particles contalning a very larpe number of atoms is equal to the sum

of all the attractive forces between every atom of one particle and

every atom of the other particle, For two spherical particles, the at-

tractive energy due to van der Waals forces 1s laversely proportional

to the second power of the distance between surfaces, In the lower part

of Figure 3.5, the attractive énergy (Ej) is plotted as a function of

the distance separating two particles,

In the VODL theory the attraction between particles is entirely

due to the London-van der Waals forces. The attractive energy for the

case of two equal spheres of radius, a, can be calculated by the

relationship

BrA 2 L2 _}5_) [3-6]
" b 8§ - & 8 8

where A is the Hamaker constant (generally between 10 '® apnd 10712 erg)

and s = (H 4 2a)/a.
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The summation of repulsive and attractive energy is carried out
as follows: the net energy curve (EN) of particle interaction is
constructed simply by adding the attractive and repulsive erergy at
each particle distance, considering the attractive energy as negative
and the repulsive energy as positive., The total net interaction

energy between two charged spheres is:

Ey = Eg + By (3-7]

Figure 3.5 shows the net interaction energy curves for low ionic
strength and high lonic strength solutions. There is an energy barrier
at low lonic strength due to the magnitude and range of the double layer
repulsive energy (Fipgure 3,54). The stability of clay suspensions can
be represented qualitatively by the height of this energy barrier. Clay
suspensions are stable at low ionic strength due to this energy barrier.
An increase in ionic strength causes a2 compression of the double layer
and therefore a reduction of the range of repulsion and a reduction of
the energy barrier, Figure 3.5B illustrates the case where the energy
barrier has been eliminated by an increase in ifonic strength.

The effect of an increase in ianic strength on the stability of
clay suspensions is pertinent to this study. It is postulated that
clay suspensions are destabilized by double layer compression as these

suspensions are transported from fresh waters into estuaries.

Schulze-Hardy Rule

Numerous coagulation experiments have led to the formulation
of certain empirical rules, the most important of which is the Schulze-

Hardy rule formulated in 1900 (Kruyt (1952)). The rule states that
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the destabilizing power of Indifferent electrolytes (electrolytes
which do not specifically react with the colloidal particles)
is primarily determined by the valence of the counter-ions. Specif-
ically, the rule states that divalent counter-ions are 50-60 times more
effective than monovalent, and trivalent counter-ions are 700-1000
times more effective than monovalent in the destabilization of colleidal
suspensions.

An attribute of the VODL theory of colloid stability is that the
Schulze-Hardy rule may be derived from the theory. The derivation
is obtained by considering the case as depicted in Figure 3.5B - the
net energy barrier having been reduced to zero. For such a case, the
condition EN = O and dEN/dH = O hold for the same value of H, Applying
these conditions to Equations (3—5], E3-6], and [3-7], it can be shown
that the destabilizing concentrations of indifferent electrolytes are

given by the following relationship
c =K [3-8]

where ¢ ig the destabilizing concentration, K is a coustant, and z is
the valence of the counter-ions. Therefore, trivalent counter-ioas
are 729 times more effective than monovalent and divalent counter-ions

are 64 times more effective than monovalent:,
VODL. CALCULATIONS

As indicated earlier, the stability of colloidal suspensions is
proportional to the magnitude of the net interaction energy barrier
depicted in Figure 3.5, Equattons [3-1] through [3-7] wvere used to

compute the pet interaction energy as a function of distance. Net
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interaction energy curves were generated using an IBM 360/75 computer
system. These curves were generated for various particle sizes,
surface charge densities and ionic strengths. The values used to
produce these curves are representative of the clay minerals.

The effect of jonic strength on net interaction energies for
various size particles and for two surface charge density values is
shown in Tables 3.1 and 3.2, In Table 3.1 a 1-1lelectrolyte (e.g. NaCl)
is the destabilizing agent while in Table 3.2 a 2-2 electrolyte
{e.g. MgSQQ) is indicated. These results predict substantial energy
barriers for large particles and the magnitude of the energy barrier
is quite sensitive to the ionic strength. The interparticle distances
at which the energy barriers exist are 15 i or less for all conditions.
It was decided to disqualify any calculations which predicted emergy
barriers at interparticle distances of less than 4 X. 1t is
reasonable to assume that adsorbed water on two clay particles would
cover distances of this order (4 R); thus energy barriers due to double
layer repulsion at these distances ( << 4 B) were considered illegiti-
mate. The VODL theory predicts this quite frequently when a 2-2
electrolyte is used as the destabilizing agent. Consequently, very
few legitimate predictions were obtained for the 2-2 electrolyte as
idicated in Table 3.2.

A theoretical model that can predict the stability of clay sus-
pensions would be a valuable tool., A stability factor (o) for
colloidal particles has been related to the interaction energy (Verwey

and Overbeek (1948))} by
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Table 3.1
INTERACTION ENERGY RESULTS: 1-1 ELECTROLYTE
& = 2 x 10* esu/en” A = 10" Pergs

T = 298°K 1-]1 electrolyte

*Energy Barrier (ergs) _ .

M 1 4t 0.1.2¢ 0,01 <

1072 2.98 x 10°@ 15 & | 3.04 x 107*'@ 15 & | xa<3

1072 1.52 « 10°2°@ 10 & | 1.57 x 107**@ 10 A - -
s« 107 |2.03 x 10 @10 & | 2.60 x 107"%@ 10 8 |5.34 x 10%%e 9 A
6 x 1077 - - - - 1.99 x 1072%@ 10 A
6.5 x 1021 1.31 x 10*%@ 10 & | 7.29 x 10°*%€ 10 A - -
7 x 1072 - - - - 2.92 x 107°@ 10 A
8.5 x 1072 0 0 - -
5 x 107 | 0

* Magnitude of energy barrier in ergs, distance at which this barrier
occurs is also given,
¢$ =15«x 10* esu/cmz A=10"% ergs
T = 298°K 1 - 1 electrolyte

Energy Barriex (ergs)

1. S. Particle ﬁadiu& ' :
M 1AL 0,01 4«

5 x 1072 2.71 x 10°°@ 10 A Xa <3
5 x 10 ° 1.30 x 10*°@ 7 4 1.70 x 107-%@ 6 i
7.5 x 10 9.84 x 107*@ 6 & 1.39 x 1071%@ 6 &
107 - - | 1.16 x 1072%@ 6 &

2.5 x 10-1 - 0 - -

5 x 10-1




INTERACTION ENERGY RESULTS:

Table 3.2
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2-2 ELECTROLYTE

-12
=2 x 104 esu/cm? 4 =10 ergs
T = 298° K 2-2 Electrolyte
* Energy Barrier (ergs)
1.5. Partricle Radius
M 1 ¢ 0.1 « 0,01 <
10”3 --- - .-
5 x 1073 --- 9.9 x 10"a 4 8 *
-10
1072 7.9x 10 @ 4 & 4 -
5 x 10™¢ * % ok
* Magnitude of energy barrier in ergs, distance at which this
barrier occurs is also given.
**  Energy harrier occurred at an interparticle distance of less
than 4 A.
4 2 -
15 x 10 esu/cm A=10 ergs
T 298° x 2-2 electrolyte
Energy Barrier (ergs)
I.5. ! Particle Radius
M 1l e 0.01 «¢
- - 0
5 x 1073 --- 1.32 x 106~a 4 3
-2
10 *% _——

5 x 1072

*k
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4 = 2 ax exp(Emax/kT)-l r3-97
where X is the reciprocal of the double layer thickness, a is the
particle radius, k is Boltzmann's constant, T is the absolute tempera-
ture, and Emax is the maximum in the net interaction energy curve
(energy barrier)}. Hahn and Stumm (1970) have used this relationship
to calculate o values for various clay minerals. However, this
relationship only yields reasonable values for particles smaller
than L since it was developed for the interaction between particles
during a Brownian encounter. Even for small particles (< 1) there
are several problems associated with the VODL theory. Some of these
problems are summarized below:

1. The Gouy-Chapman treatment of the double layer i1s based on

an assumption of point charges in the electrolyte medium.

The Finite size of the ions will, however, limit the inner
boundary of the diffuse parﬁ of the double layer, since the
center of an ion can only approach the surface to within its
hydrated rédius. Stern's theory of the double layer should )
be considered in any refined models. The Stern model divides
the double layerinto two parts separated by a plane (the
Stern plane) located at about a hydrated ion radius frbm the
surface. Stern also considered the possibility of specific

ion adsorption.

2. The VODL theory predicts large energy barriers especlally

forlparticles of about l.4. This is due to the high gurface
3 potentials ( ‘I: ) predicted by the Gouy-Chapman model. The

ugse of the Stern potential ( ?&) would improve these
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calculations since the charge of the diffuse double layer
is decreased by using '~P£ .

3. Theoretical calculations based on the VODL theory =~ ©OF
even with a refined model using the Stern double layer -
require assumptions. There are uncertainties comcerning
the size and shape of colloids, the charge on the surface
of the colloids, and the magnitude of Hamaker's constant.

In summary, the interaction of double layers according te the

theory of Verwey-Overbeek and Derjaguin-Landau (VODL) was used to
calculate interaction energy curves. The VODL theory is based on
the interaction of double layers using the Gouy-Chapman model for the
double layer. The Stern model of the double layer could improve
calculations of the interaction energies. A relationship between the
stability factor ( o ) and the energy is needed. This relationship
should be based on particle encounters due to fluid motion and thus
applicable to particles larger than l.&« . Finally, in view of the
limitations of present theoretical models describing the stabilicy
of colloids, it seemed expedient to determine values of stability

{ & ) experimentally. This approach was then used in this research

to evaluate o« for various clays.



CHAPTER IV

COAGULATION IN ESTUARIES: KINETIC APPROACH

Agglomeration of suspended colloids occurs when sufficiently
destabilized particles collide with each other. These collisions
result from either (1) Brownian motion of the particles, (2) effects
of velocity gradients within the suspending liquid, or (3) differen-
tia) settling velocities of suspended particles, In this chapter
the equations describing perikinetic flocculation - collisfons due
to Brownlan motion - and orthokinetic flocculation - collisions due
to fluid motion - are presented, In addition the use of these
equations is explored with particular emphasis devoted to ortho-
kinetic flocculation in the sanitary engineering literature. Finally,
the experimental results used in this research are presented and dis-
cussed, A kinetic approach was used in which rates of particle ag-
gregation were used to determine stability factors for varicus clay

minerals.

FLOCCULATION KINETICS

Perikinetic Flocculation

Smoluchowski (1917) published a mathematical theory for the
coagulation kinetics of colloidal suspensions in which kinetic
equations were presented to describe the rate of change in total

particle concentration after the repulsive forces between similarly



harged double layers surrounding the particles were reduced gy
charg

ficiently so that interparticle collisions were not hindereq,
cmoluchowski developed two kinetic equations. The first describeq
the kinetic process when interparticle collisions occurred through
Brownian diffusion of the individual colloidal particles - perikinet;,
flocculation. The second described interparticle collisions result.
fng from fluid motion - orthokinetic flocculation,

For perikinetic flocculation the frequency of collisions ig .
tained by calculating the diffusional flux of particles towards a
single stationary particle. The calculation requires solution of
the continuity equation from which a concentration gradient arpumd
the stationary particle is obtained. Smoluchowski showed that the

collision frequency (Ijj) between particles of radius ri and T§ pre-

seat at concentrations ny; and n; is given by the relation

Iyj=2kT (ry +15) f1+1}y _ . f4-1]
Do (ri fj) "

vhere k is Boltzmaon's constant, T the absolute temperature, and 4
the fluid viscesity, In deriving this expression it is assumed that
the diffusion coefficients of the individual particles are givenby

the Stokes-Einstein relation:

D = kT
e (4-2]

To simplify the mathematics, Smoluchowski made the assumption that

(ri+rj)(_1_ +_1_)=4 [4-3)
ri rj
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This is exact when the coagulating particles are all the same size
(monodispersed suspension), but it is a good approximation even when
ri/rj is equal to 2 (Equation [4-3] is then equal to 4.5). Using
this simplification and expressing Equation [4-1]) as the rate of
change in the total concentration of particles with time Smoluchowski
obtained

=2

where n is the total concentration of particles at time t. This ex-
pression is Smoluchowski's equation for perikinetic flocculation and

is based on complete discharge of the double layer; i.e., no electrical
repulsion between particles, This case is called rapid ceagulation
since there is nc energy barrier preventing particle agglomeration,

A stability factor (&) has subsequently been introduced by Fuchs
(Verwey and Overbeek (1948}) to account for incomplete discharge of

the double layer (slow coagulation); i.e., repulsive energy barriers
between particles, The following equation is then used to describe

perikinetic flocculation:

dn ., -4 kTn® F4-5]

de 3
vhere o< (alpha) is the stability factor. It should be noted that o<
takes on values between 0 and 1. A completely destabilized suspen-
sion has a stability factor of 1 (rapid coagulation), whereas stable

suspensions are characterized by = <<1.

Orthokinetic Flocculation

Smoluchowski also derived an expression for the collisien fre-

quency among particles in a laminar shear field. He showed that:
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Jgj=4& dU (ry 4+ )% nyny (4-6]
3 dz

where ni, nj, Ti, and rj carry the same connctation as in Equation
{4-1], du/dZ is the laminar velocity gradient, and Jjj is the col-
lision frequency due to laminar fluid motion. For a system of par-
ticles of uniform size, the rate of change in the total concentration
of particles with time due to orthokinetic flocculation may be des -

cribed by the following equation:

dn _ -2 e d° n® du
_— T a— _— -
dc 3 dz (4-7]

where d is the diameter of the particles. The stability factor has
been included in this equation thus describing the general case of
rapid or slow coagulation.

Camp and Stein (1943) provided the next major contribution to
rhe theory of orthokinetic flocculation, They observed that in most
practical cases, flocculation was achieved under turbulent flow con-
ditions and generalized Smoluchowski's equation to include these con-
ditions. For the case of turbulent flow, even at steady state, the
fluid velocity fluctuates around a temporal mean value, creating
local microscopic velocity gradients superimposed on the macroscopic
gradients of the mean velocity. To overcome this difficulty Camp
and Stein adopted a procedure by which they substituted a measurable

parameter, G, for dU/dZ. They defined an’absolute velocity gradient”

at a point (G) as:
=
Gy = du 4+ 4V + [dU+ d¥ +
dy dx dz  dx
2 4%
dy 4w
(dz+dy) :J

[4-8]




where U, V, and W are the three velocity components in the x, y, and
z directions, respectively, It was shown that this velocity gradient
equals the square root of the emergy dissipation at a point divided
by the fluid viscosity. Camp and Stein related the total energy
input into the fluid to what they called a root-mean-square velocity

gradieant (G):

G =(£m__) % =(%)% [4-9]

where ¥, is the total work input per unit of time divided by the
volume of the fluid body, £ is the total energy dissipated per unit
time and unit fluid mass, ¥~ is the kirematic viscosity, and « is the
fluid viscosity. Substituting the root-wmean-square velocity gradient
() for dU/dZ, Equation [4-7] becomes

a2z
dg .22 & d'm 6 [4-10]

dt 3

It is instructive to consider the relative effectiveness of
orthokinetic flocculation and perikinetic flocculation by dividing

Equation [4-10] by Equation [4-5], as follows:

dn/dt (ortho) _ -2 o Gd°n’

dn/dt (peri) 3
=4 ol kT n
3 AL
so that
orthg — & ot cd® T4-11]
peri of 2 kT

In water at 25°C containing particles with a diameter of 1.4, the
relative effectiveness is one (ratio) when the velocity gradient is

10 sec? (assuming &< is constant). As the flocs grow larger, however,
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the relative effectiveness increases very rapidly. In other words

for particles larger than 1 .« , perikinetic flocculation is not very
important, Accordingly for particles with a diameter of 4 &, the
relative effectiveness is approximately 340 when the velocity gradient
is 50 sec_l; this is typical of the experimental conditicns used 1in
this research. It illustrates the insignificance of particle aggrega-
tion (in this study) due to perikinetic flocculation. Flocculation

- in particular orthokinetic flocculation - is an important factor 1in
estuarine transport of suspended materials because of the changes 1t
causes in the settling character of suspended particles. Perikinetic
flocculation (particles less than 1.« ) causes particles to aggregate
to a size where fluid motion becomes effective in inducing cellisions
but the particles undergoing perikinetic flocculation axe too small

to undergo rapid settling. As the flocs continue to grow, the rela-
tive effectiveness of orthokinetic flocculation increases very rapidly.

The floc volume fraction of suspended particles (f, the volume

of suspended particles per unit volume of suspension) may be expressed

as follows:

a
0= 9 & no [4-12]
6

where dg is the diameter of the particles at time = 0. Substitution
of Equation [4-123 into Equation [4-10] yields the following:

dn _ 4xPGCn
de 7

(4-13]
Equation [4-13) is the relationship used in subsequent parts of this
thesis to evaluate stability factors for clay particles from coagula-~

tion kinetic data.



REVIEW OF THE LITERATURE

Perikinetic Flocculation

Higuchi et al, (1963, 1965) confirmed the applicability of
Equation [4-1] by experimental rate studies in the laboratory using
polystyrene latex and polyvinyltoluene particles. The maximum rates
of particle aggregation approached one~half the rate for rapid coag-
ulation. This indicates that the stability factors ( o¢ ) for these
particles approached a value of %,

Gillespie (1960) proposed a simple kinetic picture to explain
particle flocculation and breakup in Brownian motion experiments by
considering the flocculation step as second order and the defloccula-
tion step as first order with respect to total particle concentration.
Experiments were conducted using latex and methyl cellulose particles.
The results were in agreement with the flocculation and defloccula-
tion model., Hiemenz and Vold (1965) performed similar experiments
with dispersions of carbon black in various hydrocarbon solvents and
interpreted their results in terms of the model of Gillespie. Mockros
at al. (1967) modified Smoluchowski's equation by including a feed
term. The particle size distribution of an aerosol continually
reinforced by the introduction of particles (feed) and undergoing
Brownian motion was calculated by numerical methods.

Hidy (1965) reviewed the theory for the coagulation of particles

for the case of particle transport by Brownian motion. The effects
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of heterogeneity in particle size, and of particle motion in a rarefied

medium were examined using numerical solutions of the coagulation

equation. Swift and Friedlander (1964) conducted Brownian motion
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coagulation experiments with two heterogeneous hydroscls showing that
the size distributions were vself-preserving'. This principle of &
wgelf-preserving" size distribution has been described by Snodgrass
(1971) as follows: n__.while there are particles moving through a
given slze distribution spectrum (smaller particles entering, growing
by aggregation, and larger particles settling out), the shape of the
curve describing the distribution remains unchanged over time." Hidy
and Lilly (1965) compared the classical solution of Smoluchowskl's
equation (Brownian motion) to the "similarity or self-preserving”
golution. In spite of the theoretical limitations, the authors showed
mathematically that the classical solution for Smoluchowski's relatiom
gives satisfactory results for the following conditions: (1) for
coagulation times up to twice as long as the half-time, and (2) for
particle size distributions in which the ratio of the maximum to
minimum particle radius is less than 5. Similar results were reported
by Matthews and Rhodes (1970a). Gillespie (1963) has shown math-
ematically that polydispersity increases the rate of particle col-
lisions due to Brownian motion and decreases the collision rate for

the case of tramsport by fluid motion.

Orthokinetic Flocculation

TeKippe and Ham (1971) discussed the effects of different
velocity-gradient paths on the removal of turbidity, The vigor of
wixing and the duration of wixing - or in guantitative terms the pro-
duct of Gt - was evaluated. This product (Gt) is commonly used im
the design of flocculation tanks for water treatment, Ham and

Christman (1969) examined agglomerate size changes in coagulation



studies. From these studies, information was obtained on the rate
and extent of coagulation, as well as on the strength and settling
characteristics of the floc. Hannah et al. (1967) reviewed some of
the factors that affect floc strength and described a methed for
measuring the relative strength of floc formed under various condi-
tions. Floc strength was estimated by applying a known shear to a
floceulated system and measuring the change in the particle size dis-
tribution. Floc strength depended upon the ijnitial size distributiom,
velocity gradient, and duration of mixing. In addition, for the
alum-coagulated kaolin suspensions the following affected floc
strength: pH, coagulant dosage, coagulant aids, and polyphosphates.
Krone (1962) showed that the floc strength depends on the floc size
and the suspension shearing rate.

Argaman and Kaufman {1968, 1970) developed a rational model for
the collision mechanism between suspended particles in a turbulent
fluid. A rate equation describing the change in concentration of
primary particles was developed by considering thelr simultaneous
removal by aggregation and reformation by breakup. & simplified
breakup model was proposed, implying that the only mode by which
primary particles are formed is through erosion from the surface of
preformed flocs. The authors verified their model via laboratory
experiments, Argaman and Kaufman also concluded that: (1) the
physical parameters directly affecting the performance of a floccula-
tion reactor are the residence time and its distribution, the total
power input, and the energy spectrum of the turbulence field, and

(2) chemical conditions prevailing in a flocculation system that af-
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fect the kinetics of the process are floc strength and particle
stability. Argaman (1971) conducted pilot plant studies that showed
the general validity of the aforementioned model.

Fair and Gemmell (1964) deweloped a mathematical model for fleoc
growth by imposing various upper particle size limits and floc break-
up nodes on Smoluchowski's equation for flocculation in a laminar
ghear field, The particle growth pattern became oscillatory, however,
as the velocity gradient-particle number product was increased, pre-
sumably because of the {nereased rate of particle aggregate breakup
and reformation when the gross particle contact frequency was increased.
Based on the results of Fair and Gemmell it can be concluded that
Equation [4-13] - which was derived for monodispersed systems - is
an adequate description of the initial stages of ceagulation, and
holds for coagulation times up to twice as long as the half-time.

Manley and Mason (1955) found that Equation [4-6] was valid for
1004 diameter glass spheres. Harris, Kaufman, and Krone (1966)
measured the rate of orthokinetic coagulation of polydispersed
kaolimite suspensions. The investigators demonstrated a linear
relationship between the coagulation rate and the velocity gradiemt,
G. Purthermore, the experimental results indicated that there are
optimal values of G and the reaction time (detention time) t for ef-
ficieat particle agglomeration. Parker, Kaufman, and Jenkins (1971,
1972) proposed a floc breakup term for the rate equation describing
the aggregation of activated sludge floc. The investigators con-

cluded that floc conditioning in most activated sludge plants is not

optimum for secondary clarification because of excessive floc breakuyp
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It was suggested that the addition of a flocculation step (mildly
stirred) between the aeration basin and clarifier would provide a
better envirenment for aggregation.

Swift and Friedlander (1964) conducted coagulation experiments
in a simple laminar shear field using a homogeneous polystyrene latex
dispersion, The results indicated a linear relationship between the
coagulation rate and G (values ranging from 1-80 gsec '). Swift and
Friedlander also demonstrated that the stability factor (o¢ ) 1s
independent of G. Their results were in agreement with Equation
{4-13]. 1In addition, the latex suspensions were destabilized the
same way in both perikinmetic and orthokinetic experiments. The &
values were approximately the same - o = 0.375 (perikinetic) and
o = 0.364 {orthokinetic) - indicating that the stability factor is
not affected by the mode of particle tramsport.

Hahn and Stumm (1968) examined the kinetics of agglomeration of
silica dispersions coagulated with hydrolyzed A1(II1). Perikinmetic
and orthokinetic floceculation were studied using 15 Myand 1.1.4¢ parti-
cles, respectively. The results of this study indicated that particle
transport was the rate limiting step for the two step coagulation
process (destabilization plus particle transport). Hahn and Stumm
concluded that the collision rate is a function of predominantly
physical factors, while the stability factor is dependent upon
chemical parameters.

Birkner and Morgan (1968) {investigated the effects of mixing
{ntensity, mixing time, and cationic polymer dosage on the ortho-
kinetic coagulation of polystyreme latex suspensions. The investiga-

tors found the particle transport step to be rate coutrolling and
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their results at the optimum polymer dosage are in accordance with

Equation f4-~131.

PRELIMINARY EXPERIMENTS

Jar Tests

Procedures. Kaolinite, illite, and montmorillonite clay
winerals were obtained from Ward's Natural Science Establishment.
These clays were subjecred to X-ray diffraction analysis using a
Phillips-Norelco diffractometer to verify clay type and puriCy. A
discussion of the equipment and technigues employed is presented in
Chapter V. The results of the X-ray diffraction analyses of the
Ward's clays and other pertinent data concerning these clays are pre-
sented in Appendix A,

Stock clay suspensions were prepared and used for X-ray analysis,
jar tests, cation exchange capaclty measurements, and electrophoretic
mobility determinations. The following procedure was used in the

preparation of these stock clay suspensions:

1. Approximately twenty-five grams of clay were crushed and
added to an Erlenmeyer flask containing 100 ml of distilled
water. Grinding of the clay during crushing was carefully

avoided since this may alter the characteristics of the

clay surfaces.

2. The clay suspension was stirred rapidly for about 5 minutes
using a magnetic stirrer. The purpose of this stirring was

to disperse the clay suspension and to break up any large

clay particles.
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3. The < 2 4« clay fraction was obtained by centrifuging at 590
rpm for 5 minutes using an International Centrifuge.

4. The < 2.4 clay fraction was stored in polyethylene bottles
and the clay concentration was determined by gravimetric

analysis.

Standard jar tests were employed to determine the effect of
ionic strength on the coagulation of the three clays. These jar tests
were performed using two different aqueous systems. The first aqueous
system - buffered NaCl solutions - was prepared with NaHCOp and/or
NaCl yielding solutions with moncvalent sodium ions as the only

cations. The ionic strength varied from 107 to 1 M (107%, 107°,

1072, 107", and 1 M solutions) with the 107%M and 107>M solutions
prepared with the appropriate concentration of NaHCOs. The higher
fonic strength solutions were prepared with 10"°M NaHCOs - as a
buffer - with the remaining fraction of the iomic strength being due
to NaCl. The second aqueous system was a syathetic sea water which
was prepared according to the formula of Lyman and Fleming (1940).
Dilutions of this synthetic sea water were used to obtain the desired
jonic strengths - 0.0017 M to 0.684 M - but a NaHCOy concentration

of at least 10 °M was maintained at all ionic strengths. The pH of

all suspensions was between 7.8 and 8.2 except for clay suspensions

using 107*M NaHCGs which had a pH of about 6.6.
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Table 4.1

*SYNTHETIC SEA WATER

Species gms /1
NaCl 23,477
MgCla 4.981
Naz 504 3.917
CaClg 1.102
KC1 0.664
NaHCOs 0.192
KBr 0.096
Hz BOa 0.026
StrClz 0.024
NaF 0.003

* Lyman and Fleming (1940)

The following procedure was employed for the jar test experiments :

1.

A series of beakers containing different iomic strength
solﬁtions with a constant clay concentration were prepared.
These suspensions were stirred rapidly by means of a magnetic
stirrer for two minutes.

After this initial rapid mixing period, the speed of the
stirrer was reduced and the suspensions were stirred slowly
for twenty minutes.

The magnetic stirrer was then turned off and 50 ml of each
guspension was transferred to separate 50 ml graduated

cylinders for a thirty minute settling period.



4. After this settling period, a small volume of supernatant
was withdrawn from each sample and the residual turbidity
was determined. A Beckman DB spectrophotometer was used to
determine residual turbidities using a 1 cm cell at a wave-
length of 400 mu, This waveleagth was selected after
examining the absorbance of clay suspensioms over a range of
wavelengths - 375 to 650 mu. Curves indicating ahsorbance
as a function of clay concentration for each clay mineral at
a wavelength of 400 mu are presented in Appendix A.

Results and Discussion. The results of the jar tests are sum-

marized in Figures 4.1 and 4.2, Figure 4.1 shows the results of the
coagulation of clay suspensions where Na® was the destabilizing cation.
The ionic strength was varied from 100*M to 1 M with sodium ions as
the only counter-ion in these aqueous suspensions. The jar test re-
sults using synthetic sea water diluted to obtain various iomic
strengths ranging from 0.0017 to 0.684 M are illustrated in Figure 4.2,
The results indicate that the coagulation of kaolinite and
montmorillonite is improved with increasing ionic strength in either
the NaCl or synthetic sea water systems. The coagulation of kaolinite
and montmorillonite is better in synthetic sea water solutions - as
compared to buffered NaCl golutions - as indicated by the residual
turbiditries in Figures 4.1 and 4.2, This is in agreement with the
Verwey-Overbeek, Der jaguin-landau (VODL) thecry of destabilization
by compression of the electrical double layer in which divalent
counter-ions are more effective in destabilization than monovalent
counter-ions. The synthetic sea water contained divalent as well as

monovalent cations while the buffered NaCl solutioms contained only
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monovalent cations. These results also indicate that illite is a
fairly stable clay with little improvement in coagulation with
{ncreasing ionic strength, it can be concluded on a qualitative baais

that montmorillenite and kaolinite are uustable relative to illite.

Electrophoretic Mobility Determinatious

Procedures. A glass Briggs cell mounted on an American Optical
Series 10 microscope wWas utilized for the measurement of the elec~
trophoretic mobilities of the clay particles. A variable-voltage
power supply manufactured by the Kensington Scientific Corporation
provided the required voltage; the output current was determined by
using a Simpson Model 262 Volt-Ohm Ammeter.

The procedures developed by Black and Smith (1962, 1965) were
followed for the measurement of particle mobilities. Briefly, clay
suspensions of approximately 50 mg/l were prepared and subjected to
a twvo minute rapid stirring period to insure complete mixing. Eleec-
trophoretic mobility determinations were made for the three clays at
various ionic strengths in both the buffered NaCl and synthetic sea
water solutions, TIwenty individual particle mobilities, ten in
either direction, were used to obtain an average particle mobility
for each sample. The pH of each sample was recorded and the specific
resistance of the sample was determined with a Serfass Medel BCM 15
conductivity bridge and a calibrated conductivity cell.

Results and Discussion. The results of the electrophoretic

mobility determinations are presented in Figure 4,3, Figure 4.3A
shows that montmorillonite has lower mobility values than kaolinite

and illite in buffered NaCl solutions. Figure 4.3B indicates that
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all these clays have lower mobilities (smaller negative values) in
gynthetic sea water solutions as compared to the buffered NaCl solu-
tions. These results indicate that Cthe clays do not undergo charge
reversal when exposed to synthetic sea water gsolutions of increasing
fonic strength. This is in qualitative accord with destabilization
being accompiished by compression of the electrical double layer
(VODL) ; 1f charge reversal had occurred, this mechanism of destablli-
zation could not be applicable. Further discussion concerning charge
reversal is given in Chapter V within the section examining the
electrophoretic mobilities of the Pamlico sediments. The mobility
determinations are inconclusive with respect to the stability of the

clays.

cation Exchange Capacity

Method. The cation exchange capacities of the Ward's clays used
in this investigation are reported in the literature. A method for
measuring cation exchange capacities was developed and tested using
these clays. This procedure was subsequently used to measure’the
cation exchange capacities of sediments collected from the Pamlico
Estuary (Chapter V). This is a useful measurement since for the same
size particles, the cation exchange capacity and the surface charge
density are directly proportional.

A review of cation exchange capacity methods for soils and clays
is treated by Chapman (1965). The method used in this research is
based on the method of Mortland and Mellor (1954). It is based on

saturation of the clay with Ba'2 and then determining the cation ex-




change capacity by conductometric titration with a standard magnesium

sulfate solutien,

-
ad

Ba-Clay + Mg+a + 80,7 = BaSO..(S) + Mg-Clay

Before the equivalence point, the conductance remains compara-
tively constant as the magnesium sulfate reacts to form insoluble
barium sulfate and magnesium clay. When all of the barium saturated
clay has been titrated, the conductance of the suspenslon increases
sharply as increments of the magnesium sulfate solution are added.

Procedure. The following procedure was developed by Upchurch
(1971) in the early phases of this investigation and was used to
determine the cation exchange capacities of the Ward's clays as well

as the Pamlico sediments.

20

1. A 100 ml of a stock clay suspension (see Jar Tests, Procedures)

was added to a beaker containing 150 ml of BaCls-triethanola-

mine solution. The BaClp-triethanolamine solution was pre-

pared according to the description provided by Mehlich (1948).

2. After 2 hours of stirring, this suspension was filtered using
a 0.454 Millipore filter.

3. The clay was transferred to a beaker by washing the Millipore
fi{lter with distilled water.

4. One hundred wl of 1 N BaClj solution was added to the beaker
and the suspension was stirred for Z more hours.

S. This suspension was f{ltered as before and the clay was

washed free of chloride with distilled water as indicated by

the AgNOs test.
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6. The clay was transferred to the titrating beaker with 100 ml
of distilled water and 50 ml of ethancl.

7. The suspension was titrated with standard MgSQ: and the con-
ductance {equipment described in previous section) was
measured with each added increment of the titrating solution.

§. The endpoint of the reaction was obtained by pleotting the

data graphically, drawing in the two iinear portions of the

3; . curve, and taking the point of intersection as the equivalence
point.

Results. The cation exchange capacities determined by the

method described above is presented in Table 4.2.

Table 4.2

CATION EXCHANGE CAPACITIES

Deternination Kacolinite Iliite Montmorillonite
+meq/100 gm meq/100 gm meq/100 gm
1 9.15 31.7 101.0
2 9.30 24,9 99.0
3 9.11 32.4 89.3
4 8.6l 24.5 89.3
5 8,64 22.6 92,7
6 27.1
7 24.1
8 22.5
9 24.3
* milliequivalents per 100 grams
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The staudard statistical procedure based on the t-distribution was
used to compute the 95% confidence interval for the average cation
exchange capacity of each clay (Dixon and Massey, {1969)). The re-
sults of this statistical analysis are summarized in Table 4.3. The
limits of the 95% confidence intervals of the true mean values of
the cation exchange capacities are indicated in the last column of

the table.

Table 4.3

STATISTICAL ANALYSIS: CATION EXCHANGE CAPACITIES

Clay Observed Observed
Mean Standard Deviation 95% Confidence Imterval
meq/100 gm meq /100 gm for true mean CEC
meq/100 gm
Kaolinite 8.96 0.316 8.96 + 0.39
Illite 26.0 3.68 26,0 + 2.83
Montmorillonite 94.3 5.47 94.3 + 6.8

These values for the cation exchange capacities are in agreement with
those reported in the literature for the three clays (Grim, (1968),

American Petroleum Institute, (1949), and Whitehouse, {(1960)).

Iron and Manganese Extractions

Methods. Iron and iron oxides are commonly associated with
soils and clays; consequently, it was decided to employ various ex-
traction techniques to determine the amounts of extractable Fe and
Mn associated with the Ward's clays.

1. Oxalate Extraction - an oxalate solution (0.2 M ammonium

oxalate and 0.1 M oxalic acid) was used to extract iren ac-



e T T _

o Vet e b 4

e A R

o

R R P RN s e

93

cording to the procedure of Saunders (1965). The extracted
iron was measured with a Perkin-Elmer Model 303 Atomic Ab~
sorption Spectrophotometer.

2. Acid Extraction - an acid mixture at pH 1.1 (HC1-Hz S04 ) was

wsed to extract iron as well as manganese from the clays.

The extracted iron and manganese were measured by atomic ab-
sorption. In addition, the Ferrozine method of Stookey (1970)
was used to measure total-Fe as well as Fe®'. The procedures
jnvolved with these various extraction methods are not pre-
sented here, but can be found in Upchurch (1972).

Results and Discussion. Very little Mn was extracted from the

clays as illustrated in Table 4.4. Table 4.5 presents the results of
the Fe extractions for: (1) oxalate extractionm, total-Fe (Fer),

(2) acid extractiom, total-Fe (Feq), and (3) acid extraction, Fe(II}.

Table 4.4

Mn EXTRACTIONS

Clay Acid Method
Map (mg/gm)
Kaolinite Noue detectable
Tllite 0.067
Montmorillonite Trace
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Table 4.5

Fe EXTRACTIONS

Clay Oxalate Acid Acid

Fep (mg/gm) Fep (mg/gm) Fe(II) (mg/gm)
Kaolinite 0.06 0,03 0.006
I1lite 1.54 1.57 0.75
Montmorillonite 0.48 0.17 0,06

These results demonstrate that the largest amount of extractable Fe
was obtained from illite - approximately half of the Fe was Fe(II) -
while an intermediate amount was extracted from montmorillonite and
very little was extracted from kaolinite. Similar results were ob-
tained by Anderson and Jenne (1970) for these Ward's clays. Accord-
ing to Anderson and Jenne, iron oxides are believed to be present on

the clays as surface oxide coatings and as discrete oxide particles,
COAGULATION RATE STUDIES

Smoluchowski’s model for orthokinetic flocculation which has
been described and subsequently derived for monodispersed systems
(Equation [4-13]), was used in this investigation to determine
stability factors for the clays. This model has been shown to be
quite adequate in describing the initial stages of coagulation for:
(1) reaction times up to twice the half-time and (2) ratioc of particle

diameters up to 5,
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:E; Experimental Materials and Equipment

Preparatiou of Clay Suspensions. The procedure described here

was used throughout this research to obtain clay suspensions with a

_; narrow particle size distribution.

Approximately 3 grams of crushed clay were added to a 125 ml
Erlenmeyer flask containing 50 ml of distilled water. The
resulting clay suspension was mixed violently for 1 hour

using a mechanical shaker in order to disperse the clay.

The clay suspension was transferred to two centrifuge tubes
(divided equally) and centrifuged for 30 sec at 500 rpm
(International Centrifuge). The supernatant was retained

while the material that was spun to the bottom was discarded.
Theoretically (calculations based on the centrifuge system used)
all particles with an equivalent spherical diameter of 9 <«
(assuming gravity of clays is 2.60) or greater were discarded.
The supernatant from step 2 was then centrifuged for 1 minute
at 700 rpm. Afterwards, this supernatant was discarded and
the clay on the bettom of the tube was resuspended using
distilled water. This was repeated several times until the
gupernatant was quite clear.

The clay on the bottom of the tubes was resuspended using a
small volume of filtered (0.45.4« Millipore) deionized water.
This clay suspension was transferred to a plastic bottle

and the clay concentration determined gravimetrically. These

clay suspensions were used in the rate studies within 36

hours after preparation.
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This centrifugation procedure should yield - according to cal-
culations - clay suspensions with a 4-9 & (equivalent spherical
diameter) size range. A microscopic check of the size distribution
of several clay suspensions indicated B0% of the clay particles had
an equivalent diameter between 1.5 and 6 & with a mean of 4.2 A,
The centrifugation procedure yielded particles with a smaller size
range than expected but one that was entirely satisfactory.

Preparation of NaCl and Sea Water Solutions. Buf fered-NaCl

solutions and synthetic sea water solutions were prepared and used

as the destabilizing ageants in the coagulation rate studies. Coagula-
tion experiments using the NaCl soluticns dictated that only monovalent
cations (Na+) were involved in destabilization, The contents of the
buffered-NaCl solutions are presented in Table 4.6. These solutions

were buffered with 2 x 107 °M NaHCOa yielding solutions with a pH of

7.9-8.2,
Table 4.6
BUFFERED NaCl SOLUTIONS
Species Conc. Conc. Cone.
M) (M (M}

NaHCO3 0.002 0.002 0.002
NaCl 0.298 0.088 0.048
Tonic Strength 0.300 0.090 0.050

The formula for sea water proposed by Lyman and Fleming {1940)
and presented in Table 4,1 was used as a basis in the preparation of

synthetic sea water solutions. These sea water sclutions were pre-

pared by appropriate dilutioms of Lyman and Fleming's sea water. The
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NaHCOs concentration was maintained at 2 x 10 M for all solutions. ;

The pH of all sea water solutions was within the range of 7.8 to 8.2,

The ionic strength of these solutions was calculated using the fol-

g e wilF,

lowing equation,

1.5, = % Tmyzi® [4-14]

where I1.5. is the ienic strength

mi is the molar concentration

z¢ is the valance

The compositon of these sea water solutionms are summarized in Table 4.7.

Table 4.7

COMPOSITION OF SYNTHETIC SEA WATER SOLUTIONS

Species Ion Conc. Ion Conc. lon Conc.
moles/1 moles/1 moles/1

Na' 0.231 0.0577 0.0231 g_
Mg © 0.026 0.0065 0.0026 jg
ca*® 0.005 1.25 x 10°° 5 x 107%
K 0.005 1.25 x 107° 5x 10°°
sr'° 7.5x10° 1.87 x 10°° 7.5 x 107 °
Ha O 107° 107" 107°
'_ 1 0.268 0.067 0.0268
504 0.014 0.0035 0.0014
HCOy™ 0.002 0.002 0.002
Br 5 % 107 1.25 x 1077 5 x 107°
F 3.6 x 107° 9 x 107¢ 3.6 x 10°°
g 10°° 107° 107°
i
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Table 4.7 {con't.)

Species Ion Conc. Ion Conc. Ion Conec.
moles/1 moles/1 moles/1

Iounic Strength 0,343 0.087 0.036

Salinity (ppt) 17.5 4.4 1.8

The ionic strengths given in this table are based on total ion con-
centrations. Corrections for ion-pair associations were not con-
sidered in these calculations. Ion-pair association would be impor-
tant for sea water (salinity 35 ppt); however, as the sea water is
diluted the error associated with this becomes quite small., The
salinity of 97 per cent of the sea water in the world lies between

33 ppt and 37 ppt (Cox, (1965)). The salinities of the sea water
solutions (diluted sea water) used in this research are indicated in
Table 4.7. The sea water solutions provided a destabilizing mechanism
involving divalent cations, The effects of synthetic sea water solu-
tions on the coagulation rates of clay suspensions were compared with
the buffered-NaCl solutions.

Stirred Reactor Assembly. The coagulation rate studies were

conducted in the stirred-tank-type reactor illustrated in Figure 4.4.
A torquemeter* was coupled between the de stirring motor and the stir-
ring shaft so that the stirring power imput to the reactor could be
determined by direct measurement of the torque on the paddle shaft,
The power transmitted by the shaft is composed of the power transfer-

red to the water and the power lost in the bearings due to friction,

% A product of Power Instruments Inc., Skokie, Il1,
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Torque measurements were carried out with water at normal operation
level and with the reactor empty. The net power transferred to the
fluid was calculated by subtracting the latter from the former. The
relation between power, torque, and rotatiocn speed in general is

given by
P=Tw (4-15]

where P is the power input (dyne-cm/sec), 1 is the torque (dyne-cm),
and @ is the angular velocity of the rotating paddle. The power

input per unit mass of fluid was calculated by

g = _fofe [4-16]
fv
where £ is the power input per unit mass of fluid, Py and P, are the
power transmitted to the paddle shaft with water at normal operating
level and with the empty reactor, vrespectively, 'f is the water
density and V is the reactor volume. The root-mean-square velocity

gradient, G, was calculated by the equation of Camp and Stein (1943),
6 = €)? [4-17]

where C is the root-mean-square velocity gradient (sechl) and Y is
the kinematic viscosity. A sample calculation of G is presented in

Appendix B.

Particle Counting Methods

Two particle counting methods were used in this research., A

Model B Coulter Counter was used to determine the floc volume fraction
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(p) for the montmorillonite clay suspensions. An American Optical

Series 10 Microscope was used during the kinetic experiments in con-

junction with a hemacytcmeter to determine the clay particle number

concentration (particles per volume}.

Coulter Counter. The operation and theoretical principles of

the Coulter Counter have been discussed in detail by Kubitschek (1960).

The use of this instrument in coagulation studies bas been evaluated
by Matthews and Rhodes (1970b),  Numerous investigators have applied

this method to coagulation kinetic studies including Birkner and

Morgan (1968), Swift and Friedlander (1964), Matthews and Rhodes

(19702}, Hapnah et al. (1967), and Higuchi et al, (1963, 1965). A

brief deseription of the principle of operation is as follows:

The sample suspension is diluted with a suitable electro-

lyte solution which is devoid of any particulate matter.

A known volume of this diluted suspension is drawn

through an orifice - small aperture of 304 or 100.4¢ -

which has an immersed electrode on either side. A

particle passing through the aperture changes the resis-

tance between the electrodes and produces a voltage
ration having a magnitude proportional

pulse of short du

to the particle volume. The series of pulses is then

electronically scaled and counted. Kubitschek (1960)

has shown that the pulse amplitude depends also upon

the shape of the particle. The nearly linear relation-

ship between the amplitude of the voltage pulse and the

particle volume holds only for particle diameters between




2% and 407 of the aperture size, Thus a 100 4 orifice

can count particles with diameters between 2 and 40 & .

The calibration of the Coulter Counter has been discussed in
detail by Morgan and Birkner (1966), Matthews and Rhodes (1970 b},
and Sheldon and Parsons {(1967)., 1In this study, a 30 4 orifice was
used to determine the floc volume fraction of the montmorillenite
suspensions. It was calibrated using polystyrene latex particles
which were known to have a diameter of 3.4%« .

Microscopic Counting. In the kinetiec studies, the rate of par-

ticle aggregation was determined by observing the change in the clay
particle number concentration (particles per ml) over time. Phase
contrast microscopy was used for particle counting at a magnification
of 450x. An American Optical Spencer hemacytometer was used as a
particle counting chamber. The hemacytometer is commonly used for
blood counting in hospitals. 1Its use permits one to obtain particle
counts per unit volume.

A comparison of particle counting methods - Coulter Counter and
microscopic - was made using 7.6.4¢ latex particles and kaolinite clay
particles, Table 4.8 summarizes particle counts using a latex sus-
pension. The agreement between the 30.4 aperture (Coulter Counter)

and the hemacytometer is excellent.
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Table 4.8

PARTICLE COUNTS: 7.6.4 LATEX SUSPENSION

Method Particle Counts
particles/ml
Microscope
Hemacytometer 5.15 x 10°

Coulter Counter
100.4¢ Aperture 5.0 x 10°

304 Aperture 5.16 x 10°

The low count foxr the 100 aperture (Coulter Counter) is an indica-
tion that the smallest particles were mot being counted. Table 4.9
summarizes particle counts using a kaolinite clay suspension. The

results clearly demonstrate that there is good correlation between

Table 4.9

PARTICLE COUNTS: KAOLINITE CLAY SUSPENSION

Me thod Particle Counts
particles/ml
Microscope
Hemacytometer 1.44 x 10°

Coulter Counter

100 4« 1.0 x 10°

30 ¢ 1.45 x 10°

the two counting methods, especially with the 30.¢ orifice, The

1004 orifice should count particles larger than about 2.4¢ ., It was

e et TP
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cited earlier that the normal particle size range for the clay sus-
pensions was 1.5 to 6,4 . Some of the clay particles were smaller
than 24 and thus the 1004t orifice gave a low particle count

(Table 4.9). The microscopic method of particle counting was selected
for the kinetie studies. It was not feasible to use the 304 orifice
to determine the rate of particle aggregation due to operational dif-
ficulties - the 304¢ orifice clogs easily and operates slowly.
Obviously, the 10044 orifice could not be used since it does not

count particles at the lower end of the size distribution. The
Coulter Counter (3044 orifice) was used in this investigation to

determine the floc volume fraction of the montmorillonite suspensions.

Determination of the Floc Volume Fraction

The floc volume fraction, f, was introduced in Equation (4-12]
and is defined as the volume of total solid mass suspended per volume

of fluid,

Kaolinite and Illite, For non-expanding clays such as kaolinite

and illite, @ can be determined by

g-c [4-18]

where ¢ is the clay concentration (grams of elay/em® of fluid) and ;P'
is the density of the clay (grams of clay;‘cm3 of clay). The densities
of kaolinite and illite were determined by the pycnometer method.

The densities of kaolinite and illite were found to be 2,61 gmfan

and 2.72 gmfcma, respectively. These values are in agreement with
those reported by Whitehouse et al, (1960) for the same clays (Ward's:

Kaolinite #3 and Illite #35).

B
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Montmorillonite. Montmorillonite is an expanding three-layered

clay which contalns water in the interlayer positien. Due to this
fnterlayer water, densities based on its dry weight do not reflect
the volume of solid mass in an aqueous suspension. An alternative

method of evaluating the floc volume fraction is
p=2ng ¥y [4-19]

where n; 1s the aumber of i particles per em” of fluid, with particle
volume Vy (cm>), The floc volume fraction was calculated by determin-
ing the particle size distribution of the montmorillonite suspensions.

The Coulter Counter (30.4¢ orifice) was employed for this task.

Results and Discussion

Rates of coagulation were determined in the laboratory by ob-
serving the change in the clay particle number over time. Samples
of the flocculating clay suspensions were withdrawn from the reactor
with a Pasteur pipet and the particle number concentration (particles
per ml) was obtained using the mieroscopic counting technique des-
cribed earlier. Stability wvalues (¢ } were evaluated from the
kinetic ceagulation data using Smoluchowski's equation (Equation [4—133)

for orthokinetic flocculation.

Buffered-NaCl Solutions. A series of experiments were conducted

in which the coagulation rates of clay suspensions were observed
using three different ionic strength NaCl solutions. Figures 4.5,
4,6, and 4,7 illustrate the effect of increasing ionic strength on
the coagulation rates of wvarious clay suspensions, Stability values

were evaluated from the slopes of the least squares regression lines,
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The stability factor ( ®¢ ) depends on the deprce of destabilization
(ionic strength of the solution); consequently, for constant ionic
strength, changes in @ and G should not affect & . Addicional ex-
periments* were conducted for kaolinite and illite at lower clay con-
centrations (lower P values). These experiments yielded two indepen~
dent determinations of & for kaolinite and illite suspensions at
each ionic strength.

Stability values obtained from the experiments using the buf-
fered NaCl solutions are summarized in Table 4.10. Staristical tech-
niques used in this phase of the investigation are summarized in Ap-
pendix D and include least squares regression, 95% confidence inter-
vals for ®, and the test of the hypothesis o, =®z. The latter
statistical test compares the slopes of two regression lines obtained
from two independent experiments, It compares ™ values determined
from experiments at twe different clay concentrations (P values); for
example, is the o« value from experiment K-3 (o = 0.0724) significantly
different from experiment K-6 (o¢= 0.0738)? The statistical analyses
indicate that all duplicate alpha values do not differ significantly
at the 5% level of significance, The clay concentration was not
varied for montmorillonite due to cumbersome experimental procedures
required in the rate studies for this clay.

Synthetic Sea Water Solutions. Figures 4,8, 4.9, and 4,10 il-

lustrate the effect of increasing ionic strength - synthetic sea water
solutions - on the coagulation rates of various clay suspensions,
Table 4.11 summarizes the alpha values (o) obtained from experiments
using synthetic sea water solutions. Statistical analyses indicate

* Figures showing the results of these experiments are presented in
Appendix C.
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that the duplicate* alpha values are not significantly different at

the 5% level of significance.

Aging Experiments. A set of experiments was conducted for the

purpose of evaluating the long term effects of exposing clay particles
to various solutions., Clay suspensions were prepared using deionized
vater, 0.3 M NaCl, and 0.343 M synthetic sea water. These suspensions
were allowed to sit for two months. Periodic agitation was employed
to resuspend the clays and expose their surfaces to the solution

being used for aging. At the end of two months, rate studies were
conducted as described previcusly and alpha values were obtained,
Table 4.12 summarizes the results of these aging experiments. 5Sta-
tistical analyses indicate that: (1) the ot ((0.0465) obtained from
Experiment K-13 (aged in deionized water and cecagulated in 0.3 M NacClt
solution) is significantly different from the & (0.0738) from Experi-
ment K-6 (no aging and coagulated in 0,3 M NaCl solution) and (2) the
o« (0,195) obtained from Experiment K-16 {aged in 0.343 M sea water
gsolution and coagulated in same} is significantly different from the
o (0.141) from Experiment K-12 (no aging and coagulated in 0,343 M
sea water solution). There is no significant difference between

(1) the o< (0.0775) obtained from Experiment K-13 (aged in 0.3 M NaCl
solution and coagulated in same) and the o (0.0738) obtained from
Experiment K-6 (no aging and coagulated in 0.3 M NaCl solution) or

(2) the o (0.127) obtained from Experiment K-14 (aged in deionized
water and coagulated in 0.343 M sea water solution) and the e (0.141)

obtained from Experiment K-12 (no aging and coagulated in 0.343 M sea

water solution).

*Additional experimental data are presented in Appendix C.




Table 4.12

STABILITY VALUES:

AGING EXPERIMENTS

Kaolinite
‘Aging Con- **Tonic Exper. G 4 og X
ditions Strength sect
M
Deipnized

Water 0.3 (NaCl) K-13 52,5 5,63 x 1070 0.0465 & 0,016
Deionized )

Water 0.343 (Sea) K-14 52,5 5.63 x 1070 0.127 + 0.027
0.3M NaCl 0.3 (NaCl) K-15  52.5 5,63 x 107° 0.0775 + 0.018
0.343M Sea  0.343 (Sea) K-16  52.5 5.63 x 10~ 0.195 + 0.029

No aging 0.3 (NaCl) K-6 52,3 5.20 x 10°° 0.0738 + 0.012
No aging 0.343 (Sea) X-12  53.0 5.63 x 10°°

0.141 + 0.015

% Kaolinite was aged in the designated solution for two months.

#* Rate Experiment was conducted in this solution.

%% The 95% Confidence Interval for & is indicated.
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The results indicate that kaolinite clay suspensions which are aged

in deionized water are more stable than unaged suspensions when NaCl
solutions are involved in coagulation, The exposure of clay particle
surfaces to deionized water over a long time period may result in a
greater degree of surface hydration which physically hinders contact
between particles. The degree of hydration is important for extremely
short range particle interactions and could cause an increase in
particle stability. On the other hand, clay suspensions aged in sea
water are unstable relative to unaged suspensions. This may be the
result of the surface adsorption of divalent cations (for aged sus-
pensions) which reduces the surface charge densities of the clays by
the mechanism of charge neutralization. This set of experiments was
rather limited in scope and the conclusions derived from the experi-
mental results should be taken accordingly. The results do indicate,
however, that the aging of clay suspensions does affect the stability

of these suspensions.

Discussion of the Stability Factor, The results of these kinetic

experiments demonstrate that the stability factor depends upom chem-
ical parameters and that different clays have different & values,
Tables 4.10 and 4.1l demonstrate the effects of increasing ionic
strength on particle destabilization - ©< increases. A comparison of
o values between NaCl sclutions and sea water solutions shows lower
o values for clay suspensions destabilized with NaCl. This is to

be expected since the sea water contains divalent catioms which are
more effective in accomplishing particle destabilization. These re-

sults - effects of jonic strength and valency of cations - are in




qualitative accord with the theory of particle destabilization by
double layer compression,

The stability factor was not affected by physical parameters such
as @ and 6. It was concluded from the statistical analysis that there
was no significant difference between « values determined at twe dif-
ferent clay concentrations. This is in agreemeunt with the results of
Hahn (1968) who concluded that the stability factor is dependent upon
chemical solution parameters, Table 4,13 compares the stability
factors obtained from this research with values obtained by other in-
vestigators. The stability factors for the c¢lays vary over a range
typical of values reported for other colloids. The results of the
kinetic studies (See Tables 4.10 and 4.11) indicate that the stability
of the clays is as follows: Illite > Kaoclinite > Montmorillonite.
This is in agreement with the results of the jar tests where it was
concluded that montmorillonite and kaolinite are unstable relative to

illite.
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Table 4.13

EXPERIMENTAL DETERMINATION OF O<

é Investigators  Coagulant Colloid Type of o
: Floccula-
f tien
: Habn (1968) AL(IIT) Silica  perikinetic #,01 to .1
: Hahn (1968) A1{III) Silica orthokinetic *#,01 to .1
Swift and NaCl (1 M.) Polystyrene perikinetic 0.375
Friedlander latex
(1964}
Swift and NaCl (1 M.) Polystyrene orthokinetic .364
Friedlander latex
(1964)
Birkner and NaCl (1 M,) Polystyrene orthokinetic  0.344,
Morpan (1968) latex 0.448
Present study NaCl Solu- Clay orthokinetic *%0.012-
tions minerals 0.12
Present study  Sea Water Clay orthokinetic 0.02-
Solutions minerals 0.15

* yalues in the order of .0l to 0.1 depending upon coagulant dosage
and solution pH.

** Values of this order depending upon ionic strength.




CHAPTER V

PAMLICO ESTUARY
DESCRIPTION AND SEDIMENT COLLECTION

The Pamlice Estuary runs in an approximate northwest-scutheast
direction from Washington, North Carolina to the vicinity of Pamlico
Point where it enters Pamlico Sound (Figure 5.1). The Tar River is
the principal tributary of the Pamlico Estuary. The Tar River and
Pamlico Estuary drain approximately 4000 square miles of the Piedmont
and Coastal Plain of North Carolina. The average daily suspended load
in the Tar River at Tarboro is 243 tons/day (based on a 5 year period)
and consists mainly of silt and clay (N.C. Dept. of Water and Alr Re-
sources (1965-1969)).

The Pamiico Estuary is a shallow well-mixed estuary with a maxi-
wum width of about 8 miles ané an average depth of about 10.5 feet
(Horton (1967) and Hobbie (1970)). The outer banks of North Carclina
have a damping effect on the lunar tides; consequently, the lunar
tide is only about 6 inches and is greatly overshadowed by wind tides
of up to 3 feet. The average variation of surface and bottom salinity
(June '68-Dec, '70) is shown in Figure 5.2, The salinity data 1s
based on the average of approximately 50 observatiomns at each station
and was obtained from Hobbie and Copeland (1971). The salinity varies
from about 0 ppt near Washingtom to around 16 ppt at the mouth. The

water is well stirred because of the shallowness so that stratification
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is irregular with no permanent salt wedge (Hobbie (1970)). Hobbie
reported that the water temperature ranges from 3°C in the winter te
34°C during the summer. The dissolved oxygen concentration may drop
to 1 mg/l on the bottom during the summer but this condition is ecasily
destroyed by wind,

An Ekman dredge was used to collect bottom sediments from the mid-
dle of the Pamlico Estuary. The sample stations are indicated in
Figure 5.1 and their locations relative to the railroad bridge at
Washington, Worth Carolina are indicated in Table 5.1, Formaldehyde
was ugsed during collection to retard biological activity and the sam-
ples were frozen iun the field with dry ice. In the laboratory, the
amount of adsorbed phosphorus was determined for all sediment samples.
Several representative samples were selected and subjected to the fol-
lowing analyses: X-ray diffraction, jar tests, and coagulation rate
studies. 1In addition, the cation exchange capacities and electro-

phoretic mobilities of these pre-selected sediments were determined.
LABORATORY ANALYSES AND PROCEDURES

X-ray Diffraction

It is not the purpose of this study to determinme, per se, the
clay mineral composition of the Pamlico sediments. The clay mineralogy
of sediments collected from the Pamlico has been determined by Park
{1971), Dobbins et al, (1970}, and Allen (1964). However, the clay
mineral composition was obtained, becauvse of its relevance to the
coagulation rate studies and the adsorbed phosphorus analyses. The
following sediment samples were chosen for X-ray diffractiom: #7, #12,

#15, #18, and #22 (Figure 5.1).
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Table 5.1 %

PAMLICO SEDIMENTS DATA
Sample  *Nautical Miles Cation Exchange Cap. Adsorbed Phosphorus“*

(meq/100 gm) (mg P/gm Sediment) é
1 -2.8 1.23 :
14 -2.8 0.43 3
2 -2.3 0.98 ;
3 -1.9 1.60 £
4 -1.4 0.53 :
5 -0.3 0.56 i
6 0.2 0.51 i
7 0.6 5.0 0.71 %
8 1.5 1.08 ;
o 3.1 1.61 i
10 4.0 0.45 é
11 5.3 0.59 %
12 7.2 17.2 0.67 g
13 10.1 0.58 :
14 12.3 0.82 !
15 14.2 21.7 0.69
16 16.3 0.86
17 19.2 0.51
18 21.4 22.6 0.45
19 22.7 0.07
20 25.3 0.45
21 27.1 0.35
22 29.3 20.6 0.33
23 30.8 0.02

*Nautical miles downstream of railroad bridge at Washington, N.C.
*#¥rom Upchurch, 1972.
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Procedure. The clay size fraction (£ 2.«) of the sediment samples
was isolated by centrifugation and used in the X-ray analyses. The
clay mineral composition was determined by X-ray diffraction using a
Phillips-Norelco diffractometer. An iron tube was used at 35 kV and
8 ma and monochormatic K-alpha radiation was obtained via a manganese
filter. The rate meter setting was varied according to the diffraction
intensity while the scanning speed was normally set at 1°28 per minute.
The following X-ray diffraction patterns, of oriented aggregate oa
glass or ceramic slides, were obtained for each sample: Mg-saturated,
Mg-ethylene glycolated, K-saturated, and 550°C heated. Approximately,
50 mg of clay were used on each slide to obtain uniform and maximum

peak heights,

Identification. Quartz, kaolinite, illite, montmorillonite,

chlorite, and chlorite-like intergrade clay were found in the sediments.
These clays were identified by X-ray diffraction analysis using the
various chemical and physical treatments mentioned above. Quartz is
identified by the strong peak at 3.33-3.34 %. Kaolinite has strong
diffraction peaks at 7.2 A and 3.58 3 and is identified by heat treat-
ment above 500°C at which temperature the kaolinite structure col-
lapses. Illite has basal reflections at 10, 5, and 3.3 % which do not
shift with cation saturation or heat treatment. Montmorillonite has

a 15.5 i peak for Mg-saturated samples that shifts to 17-21 i for
Mg-ethylene glycolated sampies. True chlorite is distinguished from
the intergrade clay and other 14 i clays by the fact that its 14 i

and 7 E peaks remain after one hour heating at 550°C. The chlorite-
like intergrade clay has been discussed by Griffin and Ingram (1955}

and by Weed and Nelsou (1962). Chlorite-like intergrade clay is dis-
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tinguished from vermiculite by the K-saturated treatment, The 14 %
peak for vermiculite shifts to 10-11 i with this treatment whereas

the chlorite-like intergrade clay does not. Heat-treatment at 550°¢C
distinguishes chlorite-like intergrade from true chlorite: the 14 i

Q
peak for the chlorite-like intergrade clay shifts to 10-12 A.

Semi-Quantitative Analysis. The difficulty in the determination

in the relative amounts, as percentages or parts in ten, of clay
minerals in sediments is well known. Pierce and Siegel (1969) have
discussed the variables which affect attempts at quantification in
clay mineral studies. The variables are many and include sample treat-
ment, slide preparation, structural and chemical variations between
mineral groups and within the mineral species, equipment conditions,
and the method used to calculate the relative amounts of the different
minerals in the sample. The results of such quantitative techniques
should be termed "eemi-quantitative", at best. However, the results
can be used to indicate trends in the clay mineral composition of sed-
iments.

In this investigation, calculations of the relative amounts of
clay minerals in each sample were based upon ratios of basal peak areas.
The basal peak areas were weighted and the calculations performed imn

accordance with the procedures outlined by Park (1971}.

Cation Exchange Capacities and Electrophoretic Mobilities

The cation exchange capacities and electrophoretic mobilities of
sediments #7, #12, #15, #18, and #22 were determined in accordance

with the procedures outlined previously for these methods (Chapter IV).

g el
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Jar Tests

Jar tests were performed using sediments #3 (fresh water sediment),
#12 (sediment midway down estuary), and #18 (near mouth of estuary) in
synthetic sea water solutjons, The jar test procedure has been des-

cribed in Chapter IV.

Coagulation Rate Studies

Sediments #3, #12, and #18 were also used in coagulation rate
studies., The preparation of sediment suspensions used in these rate
studies was performed as follows:

(1) Samples were removed from the freezer and allowed to

thaw overnight. The sediments had been frozen in poly-
ethylene bags,

(2) The sedimeni samples were mixed thoroughly within the
plastic bags. Portions of the sediments were removed
and placed in Erlenmeyer flasks.

{3) The sizing procedure described in Chapter IV was then
employed to obtain sediment suspensions with narrow
particle size distributions.

Drying of the sediments was not invelved in this procedure, since it
was felt that it could change the characteristics of the sediments.

The coagulation rate studies were conducted using the synthetic
sea water solutions described in Table 4.7. The floc volume fraction
was determined using Equatiom [4-18] and the particle densities were
determined by the pycnometer method, The densities are 2,66, 2.72,

and 2.76 grams/cm® for sediments #3, #12, and #18, respectively.
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Adsorbed Phoasphorus

A modification of the procedure proposed by Wentz and lLee (1969)
was used to extract the available phosphorus from the sediments.
Available phosphorus refers to a fraction of the total phosphorus and
is an indication of the amount of phosphorus that is biologically
usable., Tt has been related to the ability of sediments to support
algal growth (Porcella et al. (1970}). This modified acid extraction
(HCl-Hg Sy, pH 1.1) procedure was developed by Upchurch (1972). The
amount of orthophosphate extracted by this method was measured by the
vanadomolybdophosphoric acid colorimetric procedure of Kitson and
Mellon (1944). A Beckman DB Spectrophotometer was used to measure the
absorbance of the solutions at a wavelength of 420 mu. Wentz and

Lee (1969) used this wavelength to aveid interference with Fe (IIT).

DISCUSSION AND RESULTS

Clay Mineral Composition

The relative percentages of the clays in the Pamlico sediment
samples are summarized in Table 5.2. The composition of the clay
fraction, as a function of sediment sample location (distance down-
stream from railroad bridge at Washington, North Carolina} is plotted
in Figure 5.3. Kaolinite is the dominant clay in the upper end of the
estuary where salinity is lowest and decreases towards the mouth where
salinity is greatest. Illite occurs in minor amounts in the upper
end and increases towards the mouth, while wontmorillonite is present
in minor amounts along the eatire length of the estuary. Chlorite
and chlorite-like intergrade clay comprise the remainder of the clay

fraction, The trends for kaolinite and i{llite are most interesting




s |

i e MR ¢ T aenes 5T

it it L e

PRI WA CEST S NP

129

Table 5.2
RELATIVE PERCENTAGE OF CLAYS

Percentage

Sediment Kaolinite Illite Chlorite Chlorite-like Montmorillonite

Intergrade
7 60 5 10 25 Trace
12 50 10 10 30 Trace
15 45 10 10 30 5
18 35 20 10 30 5
22 30 30 10 25 5

and similar trends have been reported by Park (1971), Dobbins et al.
(1970}, and Allen (1964).

Park (1971) explained the seaward decrease of kaolinite by the
flocculation of this clay in salt water whereas the seaward increase
of il1lite was explained by the landward transport cof illite from the
Atlantic Ocean. Dobbins et al.{1970) used the results of Whitehouse
et al, {(1960) on the settling rates of clay minerals in salt waters to
explain the distribution cof the clays in the Pamlico sediments. The
distribution of kaolinite was attributed to the fact that it floc-
culates easily. The authors were puzzled by the distribution of illite,
since according to Whitehouse, it should flocculate early (upper reach
of estuary)., Allen (1964} explained the distribution of kaolinite en
the grounds of floceculation and speculated that illite flocculates
more slowly. Allen stated that a small portion of the increase in
illite is probably the result of diagenesis,

The methods employed by Whitehouse and the results achieved were

developed in detail in Chapter II. Whitehouse et al, (1960} reported
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the settling velocities of clay minerals in sea waters of varying
galinity. Under the experimental conditions employed by this group,
their results should not be construed as flocculation rates or the
ability of clays to flocculate. In estuaries it is the rate of particle
aggregation that is important in explaining the distribution of clays
in sediments. The clays which aggregate rapidly will tend to form
flocs of such a size that they can settle from suspension. These clays
will be concentrated upstream of the clays that aggregate slowly.

The distribution of kaolinite and illite in the sediments can be
explained by coagulation. 1In the kinetlcs phase of this research
(Chapter IV) it was observed that kaolinite is unstable relative to
t1lite, The coagulation rate studies showed that under similar condi-
tions, kaolinite aggregates much more rapidly than illite.

Coagulation Results. It is shown qualitatively in Figure 5.4

that the upstream sediments coagulate better than the downstream sedi-
ments. Rates of coagulation were determined for sediments #3, #12, and
#18 in various synthetic sea water solutions. Figures 5.5, 5.6, and
5.7 illustrate the effect of increasing saliunity (icnic strength) on
the coagulation rates of these sediments. Stability factors were eval-
uated from the slopes of the least squares regression lines as des-
cribed in Chapter IV. The stability factors are summarized in Table
5.3 and Figure 5.8. It can be concluded from these results that the
upstream sediments are unstable (higher o values) relative to the
downstream sediments,

The cation exchange capacities provide additional evidence that
the upstream sediments are relatively unstable. Table 5.1 shows a

seaward increase in the cation exchange capacity of the sediments,
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Time (minutes)

Figure 5.5 Rates of Coagulation for Pamlico
Sediment #3 in Synthetic Sea Water Solution®
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Figure 5.6 Rates of Coagulation for Pamlico Sediment
#12 in Synthetic Sea Water Solutions
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Pamlico Sediment #18
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= 5.12 x 10°
G = 51.7 sec
A
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10° |- —
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Time {(minutesg)
Figure 5.7 Rates of Coagulation for Pamlico Sediment

#18 in Synthetic Sea Water Solutionas




STABILITY FACTORS FOR PAMLICO

Table 5.3

Sediment #3

SEDIMENTS

136

Salinity *Ionic Strength G _, ) o **
ppt M sec
1.8 0.036 52.1 5.83 x 10°° 0,131 + 0.005
4.k 0.087 52.1 5.83 x 100° 0,180 + 0,008
17.5 0.343 52.1 5.83 x 107°  0.217 + 0.015
Sediment #12
Salinity Ionic Strength G )] (>74
ppt M sec
1.8 0.036 51.7 5.40 x 107 0.098 + 0.01
A 0.087 51.7 5.40 x 100° 0,139 + 0.003
17.5 0.343 51.7 5.40 x 10°°  0.167 + 0.02
Sediment #18
Salinity TIonic Strength G __ 9 oL
ppt M sec
1.8 0.036 51.7 5.12 x 10°°  0.047 + 0.01
4.4 0.087 51.7 5.12 x 107°  0.0814 + 0.005
17.5 0.343 51.7 5.12 x 10°°  0.0954 + 0.009
* Synthetic Sea Water Solutions
** The 95% Confidence Interval for o is indicated
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For the same size clays, the cation exchange capacity and the surface
charge density are directly proportional. Thus the sediments in the
lower end of the Pamlico are representative of clays with higher sur-
face charpe densities and stabilities.

The electrophoretic mobilities of the Pamlicc sediments were
determined in NaCl solutions, synthetic sea water solutions, and
Pamlico Estuary water. The ionic strengths of these solutions varied
from 107 %M to approximately 0.2M., Electrophoretic mobilities could
not be measured for solutions with salinities above 9 ppt due to the
high currents produced by these highly conductive sclutions. All
mobility values were negative indicating that charge reversal of the
sediments does not occur for suspended sediments as they are trans-
ported from fresh waters into estuaries. The mechanism of double
layer compression has been proposed as the mode of destabilization of
suspended scolids in estuaries. If charge reversal had ocecurred, other
mechanisms of destabilization would be applicable.

Pravdic (1970) examined the surface charge characterization of
sea sediments collected from both the Mediterranean and North Seas.
Pravdic used the technique of streaming curreat to determine the
charge of the sediments in sea water of varying salinity. Charge re-
versal occurred between 2 and 6 ppt salinity. Pravdic's results are
in disagreement with those reported here. This discrepancy miy be due
to differences in techniques {electrophoresis versus streaming current),

or the nature of the sediments and sea water solutions.
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adsorbed Phosphorus

The amounts of available P extracted from the sediments of the
pamlice Estuary are summarized in Table 5.1. Figure 5.9 is a plot of
the phosphorus content of the sediments as a function of sediment lo-
cation., This figure includes only those samples in which the silt and
clay fraction was greater than 90 per cent. Samples 1A, 4, 5, 6, 7,
19, and 23 contained a mixture of sand and mud (Upchurch (1972)); con-
sequently, these points have been excluded from Figere 5.9. Less
phosphorus was extracted from the sediments containing a substantial
amount of quartz as compared to the sediments composed primarily of
clay and silt. This is in agreement with the work of Stumm and Leckie
(1970) in which silica was shown to adsorb very little phosphorus.

The amount of available P extracted from the sediments is shown
to decrease from 1.6 mg P/gm sediment in fresh water to 0.3 mg/fgm sed-
{ment in water with a salinity of about 16 ppt (Figure 5.9), Upchurch
(1972) has found a high degree of correlation between oxalate-extract-
able iron aund available phosphorus in the upper reach of the Pamlico
Estuary (salinity less tharn 1 ppt) whereas in the lower part of the
estuary the Fe-P correlation decreased, Upchurch concluded that the
decrease in the available P and in the Fe-P correlation along the
length of the estuary are indications that the P is held to suspended
sediments by some type of Fe-inorganic P complex of limited streagth.
It is possible that with increasing salinity, phosphorus that is ad-

sorbed or complexed may be released or displaced by competing ions

such as sulfate or chloride.
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CONCLUSIONS

The distribution of kaolinite and illite as indicated in Figure
5.3 can be explained by coagulatien. It was concluded from the ceoagu-
latica rate studies of Chapter IV that kaolinite is unstable relative
to illite; counsequently, it should coagulate prior to illite and be de-
posited upstream of illite, Further verification that the upstream
sediments are relatively unstable is illustrated in Figure 5.8. The
transport of colloidal suspensions from fresh waters into estuaries is
accompanied by a reduction in particle stability resulting in coagula-
tion. The stability of the colloidal suspensions is reduced by an in-
crease in ionic strength (salinity). These colloidal suspensions may
contain a variety of materials (clays, organic colloids, inorganic col-
loids), but the rate of particle aggregation is affected by the sta-
bility of these suspensions (chemical parameter) and by physical para-
meters. These physical parameters include the degree of mixing as well
as the concentration of suspended particles. Under constant physical
conditions, the least stable (higher o) fractions of the suspended
load will coagulate and be deposited upstream of the stable fractions,

It is concluded from the adsorbed phosphorus data that sediments
{containing adsorbed P) entering the estuary in the fresh water inflow

would lose phosphorus as they are transported through waters of increas-

ing salinity to the mouth of the estuary.




CHAPTER VI

THE EFFECTS OF COAGULATION ON WATER QUALITY IN ESTUARIES

The purpose of this chapter is to discuss the significance of the

coagulation process in estuaries. Suspended materials not only rank,
in a physical sense, as a major pollutant but they also serve as the
transporting agent for soluble adsorbable pollutants. The silt and
clay fractions of suspended sediments have the ability to sorb soluble

pollutants. The environmental changes to which fresh waters are sub-

jected upon reaching estuarine zones can have a marked effect upon the
transport of these soluble pollutants. On arriving in waters of in-
creasing salinity (estuaries), the fine sediment fraction undergoes ;
coagulation and sedimentation which may eventually result in a concen-
tration of certain pollutants (sorbed) in those bottom areas of estu-
aries subject to shoaling. However, the high concentration of cations
and anions in sea water may in some cases have the opposite effect,
causing the desorption of pollutants, releasing them to the overlying
waters,
This chapter examines direct and indirect effects of coagulation
on water quality. Organic colloids which are deposited in estuaries
can have a direct effect on water quality by exerting anr oxygen demand.
Inorganic colloids such as clays contribute to shoaling of these water-
ways. Under indirect effects, the role of the coagulation process in

affecting the fate of soluble adsorbable pollutants such as radio-
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nuclides, trace metals, pesticides, and phosphorus is examined. Finally,
the incorporation of results generated from this research into water

quality models for estuaries is discussed.
DIRECT EFFECTS ON WATER QUALITY

The transport of cclleidal suspensions from fresh waters inte
estuaries is accompanied by a reduction in particle stability result-
ing in coagulation. Inorganic colloids such as clay minerals subjected
to coagulation and deposition in estuaries contribute to shoaling of
these waterways,

A substantial portion of the BOD in the effluent from conventional
secondary waste treatment plants is colloidal (Bishop et al, (1967)).
These organic colloids, like the inorganic clay minerals, will coagulate
in estuaries. The resulting deposits can have several adverse effects
including: oxygen demand, release of bacteria and viruses, and shoal-
ing of the waterway. Gross et al. (1971) report that about 40% of New

York Harbor is covered by fine-grained wastes with sewage solids being

a major constituent.

INDIRECT EFFECTS ON WATER QUALTTY

A task committee (Task Committee, American Society of Civil
Engineers, (1971))} on sedimentation has recognized the various effects
that sediments (suspended and bottom) may have on water quality. This

task committee cited the following research needs with respect to the

effects of sediments on water quality: (1) the adsorption and desorp-

tion of radionuclides, pesticides, and trace elements, (2} waste as-

similation, storage, and release by bed sediments, (3) effects of bot-
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tom and suspended sediments on aquatic life, (4) the role of sediments

in eutrophication, and (5) the effect of sediments on dissolved oxygen.
Lee (1970) has reviewed the factors affecting the transfer of

materials between water and sediments. The sediments of an estuary

and other natural waters potentially represent a buffer system for

many elements which could control the concentrations in the overlying

T

waters because of the large concentrations of some elements present in

L
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the sediments. The effect of this buffer system could be to keep the
concentrations in the overlying waters relatively constant even though H¥

the concentrations of the element in the inflowing waters vary widely.

RN i A R A

Lee points out that sorption reactions are probably the most important

type of reaction with respect to controlling the exchange of materials ;:

between sediments and water. i
The fate of soluble sorbable pollutants is affected by the trans-
port of suspended materials from fresh waters into estuaries. Sus-
pended solids which are deposited in estuaries may serve as a sink or
source of soluble sorbed pollutants, Some soluble pollutants may be
strongly adsorbed to the sediments (sink) while others are released
(source) in the estuarine environmeat, The purpose of this section is
to examine qualitatively the fate of several soluble adsorbable pol-

lutants in estuaries.

Radionuclides

Klingeman and Kaufman (1965) have published a comprehensive study
concerned with the transport of radionuclides with suspended sediment
in estuarine systems, This study included field work in the lower

Sacramento River and in the northern San Francisco Bay system as well
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as laboratory studies., The field studies indicated that sediment-
sorbed radionuclides (erE-Nbgs) constituted the bulk of fission debris
transported through rivers tributary to the San Francisco Bay system.
The authors concluded that because of the sorptive characteristics of
many fallout radioisotopies, suspended sediment is important to the
river-estuary transport of these radionuclides, It was pointed out
that the clay fraction of suspended sediments determines the extent of
radionuclide transport. Laboratory experiments with 2r’% -Nb%® and sed-
{ment suspensions indicated that ion exchange was of much less impor-

tance than other forms of sorpticn. Klingeman and Kaufman concluded

=1 25

that the ultimate distribution of Zr  -Nb™" in river-estuary systems

is almost completely describable by the distribution of the radio-

nuclide-sorbed sediments, due to the nearly complete and relatively ir-

reversible sorption of zr % -m°° to suspended sediments,

Johnson (1967) examined the behavior of 2n°® gorbed on Columbia

River sediments when exposed to sea water, Most of the zn®® remained

bound to the particles indicating that most of the Zn®® was held by
"specific sorption' and ion exchange was a relatively minor mechanism.

Klingeman and Kaufman (1965) reported oun work conducted by Reynolds

and Gloyna on the transport of cs™®’ by sediments. They reported that

7 M
0s'®” was released from the sediments when exposed to solutions of

increasing salinity. Table 6.1 provides a summary of the role that

suspended sediments have on the transport of sorbed pollutants inte

estuaries. From the literature cited, radionuclides are not released

from sediments in waters of increasing salinity (estuwaries) with the

exception of cs*37 . Estuaries may be a sink for those radionuclides

which are strongly adsorbed to the sediments as indicated in Table 6.1.




Table 6.1

ROLFE OF TRANSPORT AND DEPOSITION OF SUSPENDED

Sorbed Pollutant

Radicnuclides

9E

Zr % . Nb°°

7068
o
Trace Metals
Pb, Cr, Cu
Hg

Pesticides

Phosphorus

SEDIMENTS IN ESTUARIES

Role

Sink

Sink

Source

Sink

Source

Trace Metals

In the coastal water around New York City,

copper, and lead in the sediments were found to be as much a

of magnitude higher for the Inmner Harbor deposits as compared to

Continental Shelf sediments (Gress et al, (1971)).

of the total concentration of these metals (Cr, Cu,

tractable indicating
the overlying waters
Jernelov (1970)

examined the release

in a system without macroorganisms - in particular,

tion and release of methyl mercury occurs almost

three centimeters of

that it is unlikely that these metals would enter

via release from the sediments.

conducted laboratory experiments in which he

of mercury from sediments. The author found that

the levels of chromium,

s an order

A small fractiom

Pb) was acid ex-

Anodonta - forma-

entirely in the upper
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the sediments. Klein and Goldberg {1970) examined
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sediments off the southern California coast. Mercury concentraticns
in the sediments in the environs of the Hyperion sewer ocutfall, Los
Angeles, were as much as fifty times higher than the mercury concentra-
tions in sediments collected offshore. Cranston and Buckley (1972)
have reported high levels of mercury on suspended particulate matter
in the LaHave River and Estuary. They observed that the sediments,
which were flocculated and deposited in the estuary, contained smaller
amounts of mercury than the fine-grained suspended matter. Feich et
al, (1972) studied (in the laboratory) the release of mercury from fresh
water sediments exposed to solutions of varying salinity. The authors
found that Hg+2 was released from sediments when exposed to 0.6 M NaCl
or 0.67 M CaCly solutions. This release was explained by the complex-
ing of mercury by chloride ions and by the competition of Na' and Ca'’
with Hg+2 for exchange sites on the sediment. It is the opinion of
this writer that the extrapolation of these latter results to estuaries
is clouded since the pR was not controlled for these experiments. The
pH was as low as 3.6 for some of the experiments.

1t is difficult to make conclusions concerning whether sediments

in estuaries can be a sink or source of mercury (Table 6.1). There

are several reasons for this: first, very little research in this area
has been reported in the literature; second, some reported laboratory

results are not representative of conditions in estuaries; and third,

the uncertainty of the analytical methods used for the determination

of mercury.
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Pesticides

This writer did not find any published information on the adsorp-
tion and release of pesticides Trom sediments exposed to conditions
representative of estuaries. There 1is an obvious need for research
in this area: however, the reader can gain an appreciation of the
peaticide-sediment problem by the literature which is cited,

Bailey and Hannum (1967) reported that the temporal distribution
of pesticides in California surface waters is related to agricultural
drainage patterns and to rainfall runoff. The sediments contailned much

higher pesticide concentratious than the surface waters of California

- approximately 200 times as much. There was a positive relationship
between the surface area of the sediments and the amount of sorbed
pesticide. Huang and Liao (1970) studied the adsorption of pesticides
by clay minerals. The authors concluded that the adsorption of DDT
and heptachlor to clays cccurs by H-bonding while the adsorption of
dieldrin occurs by chemical bonding between the dieldrin epoxide ring

and oxygen on the clays,

Rowe et al. (1970) conducted laboratory studies on the Interaction
of dieldrin and endrin with bottom sediments. They found that the sorp-
tion of both endrin and dieldrin is time dependent and pH sensitive and

that endrin sorption is salinity dependent but dieldrin sorption is not.

Veith and Lee (1971) studied the role of lake sediments in the detoxi-

fication of lakes which were treated with toxaphene. This was evaluated

under field and laboratory conditions. Toxaphene was not detected below

the 20-cm level of the bottom sediments. In addition, toxaphene which

was sorbed onto the sediments in the lake could not be leached from the

sediments by lake water under laboratory conditions.
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Based on the information available, the fate of sorbed pesticides
on clays is not known when these clays are transported from fresh
waters into estuaries (Table 6.1}, Depending upon the strength of the
pesticide~clay interaction, coagulated materials could serve as a

gource or a sink for pesticides in estuarine waters.

Phogphorus

Lee (1970) points ocut in a review of the literature that phosphate
tends to be sorbed readily by lake sediments, Fcrric iron in lake sed-
iments influcnces and cften controls the exchange of phosphates frem
the sediments to the overlylng waters. Lee concluded that the actual
specles present in the sediments is not ferric phosphate but some com-
plex or hydrous oxide of ferric iron which tends to sorb the phosphorus
from the water. Shukla et al. (1971) and Williams et al. {1971) have
investigated the sorption of inorganic phosphate by lake sediments,
They concluded that the best single criterion explaining P scorpticn in
the noncalcareous and calcareous sediments investigated was the amount
of oxalate-extractable Fe, presumed to be derived from amorphous Fe
oxides,

Carritt and Goodgal {1954) examined the sorptioen of phosphorus on
bentonite and Fullers Earth as well as sediments from the Chesapeake
Bay and Roanoke River. Maximum uptake of phosphorus by the solids oc-
curred in the pH range in which the singly charged HgPQs is the pre-
dominant species. The magnitude of the heats of reaction suggested
that the phosphorus-solids complex is of limited stremgth. Their sorp-
tion studies also indicated a competition between sulfate and phosphate,

The authors concluded that the environmental characteristics of estu-
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aries and the measured sorption properties suggest a wechanism by which
dissolved substances (such as dissolved inorganic phosphorus) can be
removed by sorption processes from turbid fresh waters, transported

to and then released in estuarine regions where fresh and salt water
mix. Pomeroy et al, (1965) investigated the exchange of phosphate
between water and sediments of Doboy Sound, Georgia. This study wase
conducted in the laboratory with core samples and suspensions of sur-
face sediment, using P*2 as a tracer. The authors found that the sedi-
ments maintain the phosphate concentration in the water between 0.7

and 0.9.4 moles/l. The daily exchange across a submerged and undis-~
turbed surface of sediment was estimated to be in the order of 1 umole
PO¢/m°. Burns and Ross (1971) investigated the nutrient relationships

in the Central Basin of Lake Erie. The authors found that anoxic con-

ditions in the Central Basin caused an internal loading of phosphorus
from the sediments at least equal to the external loading during the
same period. The results of this study demonstrate the significance
of the sediments as a nutrient source in natural waters.

The role of the sediments in affecting the soluble phosphorus cou-
centrations in the Pamlico Estuary has been evaluated in Chapter V.
The amount of available P extracted from the sediments was observed to
decrease from 1.6 mg P/gm sediment in fresh water to 0.3 mg/gm sediment
in water with a salinity of about 16 ppt (Figure 5.%9). It was conc luded
that the decrease in the available P and in the Fe-P correlatien along
the length of the estuary suggests that the P is held to sugpended

sediments by some type of Fe-inorganic P complex of limited strength.

The Fe-P correlation is in agreement with the results of Shukla et al,

(1971) and Williams et al, (1971). From these results, it is concluded
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that sediments (containing sorbed P) entering an cstuary in the fresh
water inflow can lose phosphorus as the sediments are transported

through waters of increasing salinity to the mouth of the estuary; i.e.,

sediments in estuaries can be a source of P (Table 6.1).
ESTUARINE MODELING

Coagulation of clay minerals is an important factor in the estu-

grine transport of sorbed pollutants because of the changes in the

character of the suspension which it causes. The transport of clays

from fresh waters into estuaries is accompanied by a reduction in
particle stability resulting in particle aggregation {coagulation).

As a result of particle aggregation, clay aggregates can readily settle
and be deposited in the estuary. The role of coagulation is cne of

hindering lomgitudinal particle transport by increasing the settling

velocity of suspended particles. Mathematical models which are used

to predict the fate of soluble pellutants in aqueous systems are based

on the continuity equation., The one dimensional case of this equation

isg

de  + v _de -E % =47s l6-1]
Jt dx od %

where ¢ is the coucentration at some point in time (t), v is the lceal

velocity of the water, E is the eddy diffusivity coefficient, and S

represents sources and sinks of variable c. The equation might be

viewed as consisting of hydrodynamic terms on the left hand side and

reaction rate terms (sources and sinks) on the right.
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The application of coagulation kinetics to estuarine modeling
involves the incorporation of rate terms into the right-hand side of
Equation [6-1). This research is not concerned with the development
of mathematical models for specific water quality parsmeters; however,
the results of this research may be beneficial to those who are con-
cerned with reaction rate terms in Equation [6-1]. The Environmental
Protection Agency (1971} has recommended laboratory and fleld research
directed towards the source and sink procesgses active in estuaries.
EPA points out that this work may not necessarily be of a modeling
nsture, but the results of these studies can be incorporated into estu-
arine models. The rest of this chapter will sketch the use of the

coagulation-deposition process in estuarine modeling.

Particulate Matter Model

The deposition of clays and silts in estuaries Is responsible for
shoaling in estuarine channels as well as the formation of deltas. 1In
a recent report published by the Environmental Protection Agency (1971},
the modeling of particulate matter in estuaries is recommended. In
the past coagulation has only been recognized qualitarively as a pro-
cess in estuaries, Gaps in our knowledge concerning this process in
these systems have prevented quantitative applications to the deposi-
tion of particulate matter, The loss of particulate matter due to
coagulation and settling would be described by the incorporation of
terms into the right-hand side of Equation [6-1].

Coagulation and sedimentation oecur simultaneously in natural
waters. The following is based on the work of Hahn and Stumm (1970) .

Two simplified particulate matter models are described conceptually

h T
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for the following two cases: (1) low ionic strength (salinity) waters
and (2) high ionic strength waters. For the first case, it is assumed
that the particle stability (e¢<<l) is high and coagulation occurs
slowly., Thus it is assumed that coagulation is the rate limiting step.
In other words, a rate term describing cecagulation kinetics would be
used in the model and settling would be neglected. The term describing
coagulation kinetics requires values for the stability lactor (®%).
Thigz could be determined in the laboratory {as described in this re-
search) or estimates of o based on the results of this research might
be used. For the second case - high ionic strength waters - it could
be assumed that coagulation occurs (particles aggregate to some max imum
equivalent size) within a pericd of time that is short compared to the
time of settling. In other words the rate of sedimentation is the

rate limiting step. Thus a rate term describing settling would be

used in the model and coagulation would be neglected.

Soluble Peollutants

The role of coagulation in the transport of soluble pollutants
which are sorbed by clays or other suspended matter has been discussed

earlier in this chapter. It was illustrated that suspended sediments

may serve as & source Or & sink for soluble pollutants in estuaries.

Incorporation of reactions whether they be adsorption of a soluble pol-
lutant that ultimately becomes associated with the sediments (sink) or

terms describing release of pollutants from suspended sediments {source)

may be essential for the estuarine modeling of some water quality

parameters.




CHAPTER VII

CONCLUSIONS

In summary, the transport of colloidal suspensions from fresh
waters into estuaries is accompanied by a reduction in particle sta-
bility resulting in coagulation. The role of coagulation is one of
hindering longitudinal particle tramsport by increasing the settling
velocity of suspended particles. Conclusions are classified accord-

ing to general areas covered in this investigation.
VERWEY-OVERBEEK AND DERJAGUIN-LANDAU CALCULATIONS

Some conclusions which were reached concerning the interaction of

electrical double layers according to the VODL theory are:

1. The VODL theory predicts large interaction energy barriers
for particles of about 1.4 in diameter,

2. The VODL theory quite frequently predicts interparticle
distances of 4 i or less for the location of energy bar-
riers when a 2-2 electrolyte is used as the destabilizing
agent,

3. Physically, predictions 1. and 2, are not regasonable.
Hence the stability factor (ot) in estuarles can not
be predicted from the {nteraction energy calculations

of the VODL theory.




COAGULATION STUDIES: KAQLINITE, ILLITE, AND MONTMORILLONITE

Some conclusions based on coagulation studies (in the laboratory)

ol

of kaolinite, illite, and montmorillonite clays in solutions at various

ionic strengths are: E
]

4. Jar tests indicated that the coagulation of kaolinite -
and montmorillonite is improved in synthetic sea water ;
solutions as compared to buffered NaCl solutions. 'E
5. Jar tests indicated that montmorillonite and kaolinite i
are unstable relative to illite,. ;f
6. The coagulation kinetic studies showed that the sta- =
bility factor ( & ) depends upon chemical parameters :_

and that different clays have different o values,

Destabilization of clay suspensions was improved

{increase in o values) with an increase in ionic

strength and with solutions containing divalent
cations.

7. These results - effects of ionic strength and

i i

valency of cations - are in qualitative accord with
the theory of particle destabilization by double

layer compression, 'K

8. The coagulation rate studies indicated that the sta-

bility of the clays is as follows: 1Illite > Kaolinite >

Montmorillonite. This is in agreement with the results

of the jar tests.

Bttt seuttbtdiibibatntinke il 101 60 M) GNM BTN N6 W
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PAMLICO STUDIES

Some conclusions based on gstudies of sediments collected from the

Pamlico Estuary of North Carolina are:

9.

10.

11,

12.

The clay mineral compositiom based on X-ray diffraction
of the Pamlico sediments showed that; kaolinite 1s the
dominant clay in the upper end of the estvary where
salinity is lowest, and decreases towards the mouth
where salinity is greatest; illite occurs in minor
amounts in the upper end and decreases towards the
mouth, while montmorillonite is present in minor
amounts along the entire length of the estuary, and
chlorite and a chlorite-like intergrade clay comprise
the remainder of the clay fraction.

The distribution of kaolinite and 111ite can be ex-
plained by coagulation. The coagulation rate studies
indicated that kaolinite is unstable relative to il-
lite; consequently, it should coagulate prior to il-
lite and be deposited upstream from illite.

The results of coagulation rate studies using Pamlico
sediments indicated that the upstreéam sediments are
relatively unstable (higher & values) compared to
downstream sediments., This {s in agreement with the
distribution of kaolinite and illite.

Tt is concluded from the adsorbed phosphorus data

that sediments (containing adsorbed P) entering the

estuary in the fresh water {nflow would lose phosphorus

P A

. b 8 Y
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as they are transported through waters of increas-

ing salinity to the mouth of the estuary.

THE EFFECTS OF COAGULATION ON WATER QUALLTY IN ESTUARIES

Some conclusions concerning the significance of the coagulation

process in estuaries are:

13.

14,

15.

The following suggestions are offe

these areas: coagulation of suspe

Tnorganic and organic colleids subjected to coagula-
tion and deposition in estuaries contribute to shoal-
ing of these waters. The organic colloids can have

a direct effect on water quality by exerting an oxygen
demand.

Coagulation and deposition of clays in estuaries can
affect water quality via adsorption and release of
soluble pollutants.

Dissolved substances such as phosphorus, radionuclides,
trace metals, and pesticides may be removed by sorption
processes from turbid fresh waters, transported to and
then released in estuarine regions. Depending upon

the strength of the solid-sclute interactiom, coagulated
materials could serve as a source or a sink for a

soluble substance in estuarine waters.

SUCGESTIONS FOR FURTHER RESEARCH

red for continued research in

nded materials in estuaries and the

role of estuarine sediments on water quality.

|




1,

A theoretical model that can predict stability factors
{ex) for colloidal particles in various ionic strength
waters would be a valuable tool. It is recommended
that the Stern model of the double layer be considered
in any refined models for the interaction of deouble
layers. A relationship between the stability factor
() and the energy barrier is needed. This relation-
ship should be based on particle encounters due to
fluid motion and thus applicable to particles larger
than 1 4.

A mathematical model describing the deposition of sus-
pended sediments in estuaries is needed. An investiga-
tioa which considers the incorporation of rate terms
describing the coagulation process is recommended.

This investigation demonstrated the role of coagulation
ia the transport of soluble pollutants which are sorbed
by clays or other suspended matter. Emphasis in future
research should be placed upon the source and sink pro-
cesses of specific water quality parameters. Specific
research that is recommended:

a) A mass balance of phosphorus in the Pamlico
Estuary is needed. This would be useful in
{1lustrating the sources and ginks of P in
the system as well as helpful to those who
are responsible for assessing the impact of

future development of the Pamlico.

158
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Additional research is needed to elucidate
the interactions of phosphorus and sedi-
ments in estuaries. The effects of iomnic
strength, competing ions, and organic matter
on phosphate sorbed to clay minerals, iron
coated clays, and ferric oxides should be
investigated.

Research concerned with the adsorption and
release of mercury and pesticides associated
with suspended sediments transported into

estuaries is needed.



SYNOPSIS

INTRODUCTION AND SCOPE

The breoad purposes of this research were (1) to determine {in the
laboratory) the coagulation rates of three clay minerals in solutions
at various ionic strengths (salinities), (2) to determine {in the
laboratory) the coagulation rates of sediments collected from the
Pamlico Estuary of North Carolina, and (3) to evaluate the role of the
coagulation process in affecting the fate of soluble adsocrbable pol-
lutants such as phosphorus, radionuclides, trace metals, and pesticides.

Suspended materials consisting largely of colloids are subject to
two different classes of forces in an estuary, viz., hydrodynamic and
chemical. Colloidal suspensions are quite stable {i.e., they have
little tendency for particle aggregation) in fresh waters due to the

repulsion that exists between the electrical double layers surrounding

the negatively charged particles. In accordance with the theory of
colleoid stability developed by Yerwey-Overbeek and Der jaguia-Landau

(VODL theory), the stability of colloidal suspensions is reduced

(particle aggregation is enhanced) by an increasé in ionic strength.

Conditions in an estuary are conducive for coagulation; the collopidal

suspensions are destabilized by the salt water and mixing is provided

by the interaction of the river inflow, tides and winds.

A large fraction of the colloids in natural waters are clay

minerals which have relatively large surface areas and exchange capac-




161

ities, These clay minerals have the ability to concentrate appreciable
quantities of soluble species on their surfaces. Soluble pollutants
may be removed by sorption processes from turbid fresh waters, and then
transported to estuaries where fresh and salt water mix. In estuaries
the sorbed pellutants may be released by the sediments {source)} or they
may be retained and be incorporated into the bottom sediments (sink).
Consequently, the coagulation and deposition of suspended sediments in

estuaries can affect the fate of soluble adsorbable pollutants,
COAGULATION RATE STUDIES

Procedures

Initially, standard jar test procedures were used to evaluate the
effect of ionic strength on the coagulation of clay suspensions. Rates
of coagulation were then determined in the laboratory by observing the
change in clay particle number over time using microscopic counting
and Coulter Counter techniques. Stability values (e¢) were evaluated

from the kinetic coagulation data using Smoluchowski's equation for

orthokinetic flocculation.

dn - -4%P G n [s-1]
dt Tr

Here n is the concentration of particles at time t, particlesfcma, O,
is the stability factor, @ is the volume of colloidal particles per
unit volume of suspension, and G is the root-mean-square velocity gra-
dient, sec”>. A completely destabilized suspension has a stability

factor of 1; stable suspensions are characterized by ™ << 1.
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Kaolinite, Illite, and Montmorillonite

The results of the rate studies using kaolinite, illite, and

iinisin

moatmoriilonite elays are reported in Chapter IV and summarized below.

e =T e

Table S.l summarizes stability values obtained from coagulation experi-
ments using clays with synthetic sea water solutions, These results
demonstrate the effect of increasing ionic strength on particle desta-
bilization, Rate studies conducted in buffered NaCl solutions (pH 8
with NaHC(;) yielded lower o« values (Table 5.2). This is to be expect-
ed since the sea water solutions contain divalent cations which are

more effective in accomplishing particle destabilization. These results
- effects of ionic strength and valency of cations - are in qualitative
accord with the theory of double layer compression and indicate that

the stability of clays is as follows: I1lite > Kaolinite > Montmoril-

lonite. This is in agreement with the results of the jar tests.

Pamlice Sediments

The results of laboratory analyses and experiments using sediments
collected from the Pamlico Estuary are reported in Chapter V. The
composition of the clay fraction of sediments collected from the Pamlico
Estuary as determined by X-ray diffraction is presented in Figure S.1.
Kaolinite is the dominant clay in the upper end of the estuary where F
salinity is lowest, and decreases towards the mouth of the estuary where 3
salinity is greatest, I1lite occurs in minor amounts in the upper end
and increases towards the mouth, while montmorillonite is present in
minor amounts along the entire length of the estuary. Chlorite and a
chlorite-like intergrade clay comprise the remainder of the clay frac-

tion, The distribution of kaolinite and illite can be explained by
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Table 5.1

STABILITY VALUES: SYNTHETIC SEA WATER SOLUTIONS

I. S. Salinity

Mont. Kaolinite Illite

0.036 M 1.8 ppt
0,087 M 4.4 ppt

0.343 M 17.5 ppt

0.0943 + 0.003  0.0445 + 0.002  0.0180 & 0.003
0.113 + 0.019  0.0915 + 0,006  0,0701 + 0.007
0.148 + 0.006

0.138 + 0,009 0.0740 + 0.009

Table S.2
STARILITY VALUES: BUFFERED NaCl SOLUTIONS
o *
I. S. Mont. Kaolinite Illite
0.05 M 0.075 + 0.009 0.0245 + 0.007 0.0128 + 0.003
0.09 M 0.089 + 0.006 0.0308 + 0.004 0.0275 4+ 0.005
0.3 M 0.125 + 0,005 0.0724 + 0.007 0.0455 + 0.005

* The 95% Confidence

Tanterval for o is indicated.
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coagulation, In the rate studies reported above, kaolinite is observed
to be unstable relative to illite; consequently, it should coagulate
prior to illite and be deposited upstream from illite. Further verifi-

ecation that the upstream sediments are more unstable than those in the
tower end of the estuary is illustrated in Figure §.2. Pamlico sedi-
ments #3 (fresh water), #12 (midway down the estuary), and #18 (ncar
mouth of estuary) were subjected to coagulation rate studies and the

results indicate that the upstream sediments are relatively unstable

(higher o values) compared to downstream sediments.

THE EFFECTS OF COAGULATION ON WATER QUALITY

IN ESTUARIES

The significance of the coagulation process in estuaries is evalu-
ated in Chapter VI. Inorganic and organic colloids subjected to coagu-
lation and deposition in estuaries contribute to shoaling of these
waters. The organic colleids can have a direct effect on water quality
by exerting an oxygzen demand. The role of the coagulation process in
affecting the fate of soluble adsorbable polliutants has been classified
under indirect effects on water quality.

The role of the sediments in affecting the soluble phosphorus con”
centrarions in the Pamlico Estuary is reported in Chapter V and is bhased
to a large extent on the work of Upchurch (1972). The amount of "avail-
able" P extracted from the sediments of the Pamlico Estuary was observed
to decrease from 1.6 mg P/gm sediment in fresh water to 0.3 mg P/gm

sediment in water with a salinity of 16 ppt (Figure 5.3). A high degree

of correlation between oxalate-extractable Fe and wayailable"” P was ob-

gerved in the upper reach of the estuary. However, a reduction in the
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pe-P correlation and the decrease in "available" P al
along the len
| gth of
/e estuary are consistent with the su
geestion that P i
is held to sus-
pended clays and sediments by some type of Fe-i
e-inorganic P co
mplex of
limited strength, Clays enterin
g the estuary i
y in the fresh water i
r inflow

would then lose F as they are transported through waters of in i
credsing

salinity.

A peview of the literature (Chapter V1) indicated that the follow
ing trace metals and radionuclides are not released from sediments in
vaters of increasing salinity: Cr, Cu, Pb, Znes, M°® and Zr>>, The
fate of sorbed pesticides and mercury on clays is not known when these

clays are transported from fresh waters into estuaries

CONCLUSIONS
The transport of colloidal suspensions from fresh waters into

estuari i i . .
aries is accompanied by a reduction in particle stability resulting

i .
» coagulation. The role of coagulation is one of hindering longitudinal

ettling velocity of suspended

particle transport by increasing the S

particles.

The coagulation kinetic studies showed that the stability factor

hat different clays

{oc
} depends upon chemical seolution parameters and C

h .
ave different o¢ values. Destabilization of clay suspensions was im-

proved (increase in ot values) with an jncrease in ionic strength and

The stability of the clays

with :
solutions containing divalent cations.

1n addition it

is as follows: TIllite > Kaolirite 7mntmorillonite.

W . -
2s found that ot could not be calculated from interaction enersy cal

rer I11); howevel.

Ty of particle dest

the laboratory T€~

c .
ulations of the VODL theory {(Chap
abiliza-

sl
ts are in qualitative accord with the theo
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tion by double layer compression. The results of coagulation rate
gstudies using Pamlico sediments indicated that the upstream sediments
are relatively unstable (higher o< values). This is in agreement with
the clay mineral distribution of kaolinite and illite in the sediments,
The coagulation and deposition of clays in estuaries can affect
water quality via adsorption and release of seluble pellutants. The
strength of adsorption of P on clays is apparently low, so that the
suspended clays or sediments in estuaries may he a source cf P, Estu-
aries may be a sink for pollutants which can be strongly adsorbed, such
as some trace metals and radionuclides., The strength of the adsorption
of mercury and pesticides on inorganic colloids when transported from
fresh waters into estuaries is not known. Depending upon the strength
of the solid-solute interaction, coagulated materials could serve as a

source or sink for a soluble substance in estuarine waters.
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APPENDIX A

Basic Data Pertaining to Ward's Clays

A. Clay Types and Locaticns (Obtained from Ward's Natural Science
Establishment)

Kaolinite #3, Macon, Georgia
1ilite #35, Fithian, [llinois

Montmorillonite #21, Polkville, Mississippi

B. Basic Structures

Schematics of the basic structures from which these clay

minerals are derived are presented in Figure A.l. ]

C. Properties (Determined in this Research)

; 1. Cation Exchange Capacities

957 Confidence Interval

f meq/100 gm ?
4 Kaolinite #3 8.96 % 0.39
Illite #35 26.0 + 2.83
; Montmorillonite #21 94,3 + 6.8 |
é 2. Particle Densities
i Kaolinite #3 2.61 gm/ca?

Iillite #35 : 2.72 gm/cm?

A
i
A
3
4
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Two-Layer Mineral Three-Layer Mineral
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Pyrophyllite: Alg SiwOzc (OH)a

Two-Layer Clay: Xaolinite

Three-Layer Clays: TIllite
Mentmerillonite

Figure 4.1l Schematics of the Basic Structures of Two-layer
and Three-Layer Clay Minerals.
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D. Chemical Structure (from API #49)

Kaolinite #3 Structure not given, generally:

Alg 812 010 (0H)s with some substitution.

: o 3+ 2+
f Il1lite #35 (Alz‘aa Fe 0.90 Fe 0.40 MgO.30 Tio-oa)

(Sig g6 Al] 34 O20(0H)s (Ky 14¥ag 10C20.14)
Montmorillonite #21 (A12.98 FEO‘ls Mgl.ﬂﬁ) (Si?'a AIO.Z)
0y (OH)s  (Nag o4 Cag,35)

E. Standard Curves Used for Jar Tests

Standard Curves indicating the response of absorbance to
clay concentration for each clay mineral at a wavelenpgth of
400 mut are preseated in Figure A.2.

F, TIdentification gj_Ward's Clays

The results of the X-ray diffraction analyses are presented

in Tables A.1, 4.2, and A.3.
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: Table A.l
_ Table of d-sracings vs. intensities Kaclinite 73
Jample Preparation feference Data
¥g, randonm Yaolinite Kaolinite
well-x1 discrdered
7,16 - 10 7.16 - 10 7.d0 - 10
hohs hnhé - h h.hb - 10
L.3b bo36 = 5
4.16 L,18 = F Zand
3. 09 hll} - 3
3'53 30&4 - 3
3,57 - 10 3.57 - 10 3.58 - 10
2'56 2.56 - b 2c56 -0
2.53 BTriplet 2,53 = L _ }
¢.L9 2.49 - ¢ 2.50 - ¢
2,37 2,38 = 6 2,39 - ¢ . E
20311 203]4 - 9 } .
2425 2.29 - 8 2-3h .'
cocl =18
1.99 1.99 - 6 1.99 =43 ?
1.78 |
166
1.66 } 1.66 - 7 1,67 =58
1.62
149 1.4 - 8 1,48 - 10

emarks: Kaolinite #3 was verified to be 2 fairly well crystailized

Kaolinite., No impurities were found.
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Table A.2
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g, random

Mmascovite, M

Disordersd Illite
Miscovite, 1 Md

wellexl Ilite
Muscovite, 1M

10,1 =57
7.11 - 1
G.0 - 72

f..hb -7
Lo?25 = 2

3,08 - 1
3483 - 1

3,70 -1
3.08 -1

3.3L - 10
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1.01 -
1.50
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10.01 - 103
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W

3.89 - h

3,74 -

Lk

=
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3,21 =
300 -
2.6? -
2459

2.5:)
2.56

| I I |
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N’

2,01 =

=

1.5 - |y

10.07 - 10
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L]
~0
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10
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2 S
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1.6 - 2

13

10,07
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o) -
-
FErP.

: - . .. i ities
iemarks: Iliite ;20 was verified to be a muscovite, Yo 1mpuritlie

were found,
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Table A.3

[able of d-spacin.s vs. intensities

fontrorillonite
amle Preparation deference Data
Pg’ O.A. Mg-glycol, O.A. Pg’ !bnt. }g-glycol, Mont,
16,0 - 10 16,9 - W
15 - 10 14-15 - 10
345 .
} -1B bl
T.9 ;
1,52 = 3 1 TS 1
5.55 -23 5.6l }
bl - 2 5.0 - b
30?5 - ‘
251 -13 250 -

3 rillenite.
emarks : sontmorillonite #2l was verified to be BT

No impurities were {>und.

———
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APPENDIX B

Root -Mean-Square Velocity sradient

The root-mean-sguare velocity gradient was evaluated by expressing

Equation [4-17 ] in the following form:

N y
(1) c=(lw)
eV

. . -1 .
where G is the root-mean-sguare velocity gradient (sec ), T is the net

torque (dyne-cm), @ is the angular velocity of the rotating paddle
(rpm), A4 is the fluid viscosity (gm per cm=sec), and V is the fluid
volume (cms).
Sample Calcularion:

The following sample calculation is based on data collected for

Experiment K-3.

Torque (reactor full): 9,75 dyne-cm

Torque (reactor emphy): 0.1 dyne-cm

Fluid Volume: 2 liters

Fluid Temperature: 24.5° ¢

Fluid Viscosity: 0.9039 x 107° gm/cm -sec

Paddle speed: 50 rpm
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o ¢ = [ {9.65) (505 (2T (980) )

(,9039) (1077) (2000) (60)
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APPENDIX C

Data: Coagulation Rate Studies

The following figures contain data from the coagulation rate

studies and are not presented in the text.



(part/ml)

n

3 x 10°

6
2 x 10

1 x 10

! I |
. c= 135.8 mgf]_
$ = 5.20 x 10°
G = 52.3 sec” ! -

(K~4, K-5, K-6)

I | I—

0 10 50

Time (minutes)

30 40

gulation for Kaolinite

Rates of Co&
Solutions

Figure C.1
in Buffered NaCl
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(part/ml)

n

-1 T
4 x 10°_ ¢ =193 mg/l -
‘p = 7.1 x 10 !
¢ = 53.0 sec”
(1-4, 1-5, I-6)
3 x 106 | m
6 —
2 x 10
1 x 10° ] | ]
O 10 20 30 40

Time {(minutes)

Figure C.2  Rates of Coagulation for Illite
in Buffered NaCl Solutions
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Figure .3  Rates of Coagulation for Kaolirnite i

in Synthetic Sea Water Salutions
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4 x 10° T 1 J
c = 138.5 mgi’lE
p = 5.09 x 10‘1"
G = 53.0 sec’
3 10c (1-10, I-11, I-12)
x L pu—

2 x 10°

10° i | |
0 10 20 30 40

Time (minutes)

Figure C.4 Rates of Coagulation for Iliite in
Synthetic Sea Water Solutions
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APPENDIX D

Statistical Apalwvses: Coagulation Rate Studies

L, Description
A mathematical model describing the aggregation of particles

where collisions are due to fluid motion was developed by

Smoluchowski:
( 1 ) _d__ﬂ - -l o Cbﬂ
dt w

where: ® is the volume of solids per volume of fluid,
G is the root~mean-square velocity gradient, ti.meﬂl,
n is the number of particles per fluid volume,

o. iz the stability factor,

and t is the time.

inexperimental investigation was performed in which the decrease in
mrticle number over time was wmeasured. In this investigation  and G
wre kept constant and if it is assumed that e is constant during the

fperiment

j"gg_ . LGP Et
n n ﬂ

5

2
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(2) 1o n/ng = -4PGet

or lnn=1a np- 4fG t

T

The objective of this phase of the research is to obtain stability
values (®) for the clays. The stability factor (e¢) depends on the
degree of destabilization (ionic strength of the system); consequently,
for a constant ionic strength, # and G do not (theoretically) affect
the of value for that clay. Equation (2) was rearranged in order to
compare & values obtained from two independent experiments for the same

clay at constant ionic strength but at different values of § aud G.

(3) (§2.303) ?f\) log n = (2. 303! (7 }) log ng - &t
4 9 G

The data was plotted on semi-log paper and a least squares regression™

was used to obtain the line of best fit. The slope of this line is the

stability factor (o).

B. Least Squares Regressjon

Sample Calculations: Experiment K-3

Kaolinite

e = 230 mg/l
= 8.81 x 10°
G = 52.4 sec?

Tonic Strength: 0.3 M (NaCl Solution)

* See Dixon, W.J. and Massey, Jr., F.J., Introduction to Statistical
Analysis, Chapter 11, McGraw-Hill, N.Y., (1969).



(4a)

Let y = #(2,303) log n
4 p G

Linear Regression of 9{2.303! log n

4 ¢ G

(4b) 7 (2.303) _ #(2.303) min
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A PG 4 (8.81) 10 °(52.4) sec > (60) sec 6.530
n time {(x) .
part/ml log n ¥ minutes X y Xy
2.76 x 10°  6.441 42.060 0 0 1769.044 0
2.32 x 10° 6.365 41,563 6 36 1727.483 249,378
2.0 x 105 6.301 41,146 14 196 1692.993 576.044
1.646 x 10° 6.215 40,584 19 361 1647.061 771.096
1.36 x 10° 6.134 40.055 27 729 1604.403  1081,485
1.08 x 10° 6.033 39,395 37 1369 1551.966  1457.615
T 244 .803 103 2691 9992.950  4135.618
(5) § = Ty = 244.803 = 40.801
n 6
(6) S, = Zx- - (Fn)°
n
= 2691 - (103)° = 922.833
3
(7) S, = Iy° - (Ep)°
vy = Y =
= 9992.950 - (244.803)% = 4.865
3
(8) Syy = I - Ex)(Ey)

(9)

(10)

n

r = Sxy = -0.997

\!sxx syy‘

z
r

= .995

6

£135.618 - (103)(244,803) = -66.834
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A A
(11) o¢ = Sxy = -0.07242 (¢ is the sample estimate ofe)
SXX
2 o _
(12) Sy.x ~ Syy = o¢ Sgy = 0.00622
n-2
(13) sy.x = 0,078870

Linear Regression Equation

(14) 5, = F+&(x - 0

40,801 - 07242 (x - 17.167)

40.801 - .07242x + 1,243

Yx = 42.044 - .07242x

95% Confidence Interval for the Slope &<

(15) & + t s
& = 50,975 "¥'X . with (n-2) degrees of freedom

Sxx (Dixon and Massey, p. 198).

-0.07242 + 2.776 (.07887)
d922.833

thus 0.0724 + 0,007 are boundaries of a 95% confidence

interval for & .

Sample Caleulations: Experiment K-6

Kaolinite
c = 135,8 mg/l
= 5.20 x 107
G = 52.3 sec *

Ionic Strength: ©€.3 M (NaCl Solution)



] time (x)
rtlJml log n y minutesg xﬂ
L0y 10° 6.301 69.805 0 0 4872.738 0
E I
L x 10 6.265 69406 6 36 4B17.193 416436
L6 % 10° 6.225 68.963 13 169 4735.895  896.519
L4 % 10° 6.170 68.354 18 326 4672.269  1230.377
L6 X 168 6.134 67.955 25 625 4617.882  1698.875
x10° 0 6.093  67.501 32 1024 4556.985  2160.160
T 411.984 94 2178  28292.363  6402.362
(16) ¥ = Iy = 411,984 = 68.664
n &
(17) Sy, = 2178 - (94)° = 705.333
6
— 2 —
(18) Sy, = 28292.363 - (411(.)934) = 3.894
(19)  Sxy = 6402.362 - (94) (411.984) = -52,056
6
(20) r = -0.993
(21y r°= 0,987
Fal
(22) & = 5, = -.0738
SXX
(23) sj.x = 0.013106
(24) sy.y = 0.11447

Linear Regression Equation

(25) Y

1}

i}

¥ +8(x - %)
68.664 - 0738 (x - 15.667)

69.820 - .0738x

< e Tyt = W bt ey

e T——
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?% ; 95% Confidence Interval for the Slope &

A
(26)ex * tg g75 Sy.x
JSXX

~0.0738 + 2.776_(0.11447)

WL e

J705.33 7
s thus 0.0738 + 0.012 arc boundaries of a 95% confidence
Lot interval for o« .
D. Comparison of Slopes (Alpha Values): (Dixon and Massey,
pp. 206-209)

Sample Calculation: Compare Oﬁ} (Experiment K-3) wvs CKZ

(Experiment K-6)
I, Ho: O - 0% = 0, level of significance = 0.05,
A A
(n1 + oy - 4) d.f. where 0‘1 and% are the estimated

slepes,

II. Reject Ho if |t| Z 2.306
III. From the data

Pooled variance is

2
(27) s%y.4.p = (0 = D) 52y1_x (o, - 2) sPy
ny + np - 4
= 4(.00622) + 4(.013104) = .009662
8
M A
(28) t = °‘1 '°‘2
1+ 1
Sy-X-p Sxxl Sxxz

= -.0724 - (-.0738)

(.098295)\’ 1 1 '
922.833 705.333
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[t} = 0.281

A -
IV. Accept Ho. The observed slopes (% and &;) do not differ

significantly at the 5% level of significance.




191

LIST OF SYMBOLS

Symbol Description

Hamaker constant

Angstrom
a Particle radius
c Concentration (weight)
D Einstein diffusion coefficient
d Particle diameter
du/dz Laminar velocity gradient
E Eddy diffusivity coefficient
Ep van der Waals attractive energy between two
spheres
En Net interaction energy
Eg Energy of repulsion between two spheres
e Elementary charge
G Root -mean-square velocity gradient
Gp Absolure velocity gradient
H Distance between two spheres
L Collision frequency between particles
(perikinetic flocculation)
I.8. Lonic Strength
Jij Collision frequency between particles
i (orthokinetic flocculation)
é k Boltzmann constant
E; mj Molar concentration of species 1
%. n Particle concentration
i: n Concentration of ions




Yy ¢ & k2 X ™ m

9 % %
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Description

Power input

Radius of particle

Sources or sinks

Absolute temperature

Time

Velocity component, x-direction
Fluid volume

Velocity compenent, y-direction
Volume of particle i

Fluid velocity

Velocity component, z-direction
Distance

Valence

Stability factor

Total energy dissipated per unit time and
unit fluid mass

Dielectric constant
Reciprocal of the double layer thickness
Micron

Fluid viscosity

Kinematic viscosity

3.1416

Fluid density

Particle density

Surface charge density

IS -
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Symbol Description
™~ Torque
ga‘ Total work input per unit of time divided

by the fluid volume
Floc volume fraction
Electrical potential

Surface potential

Stern potential

E o€ ¢ € ©

Angular velocity

- R
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