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PARTICLE INTERACTION AND STABILETY OF SUSPENDED SQLIDS
Raymond W. Yong M.ASCE

ADSTRALCT

The physics of particle Interaction which s responsible for the
problem of the apparent tardy settling of suspended solids fn tailings
discharge slurries containing Initlally low concentrations of solids is
examined in this study. The degree to which the solids remain in a
quasi-suspended state is identified as the dispersion stability of the
suspensfon. This study first identifies the basfic elements of the gene-
ral situatfon, and discusses the characteristlcs of interactions of sur-
face-active solids which are common to many typeas of slurries and Funda-
menital to the development of suspensicn properties. The basic princi-
ples establTshed from the physics of interaction of the suspanded solids
ldentify dispersion stabllity as a function of the composition of the
soltds and the chemistry of the suspanding Fluid. The equilibrium cen-
centration of solids remaining in susSpension at any one time can be cal-
culated in terms of the balance of energy {internal and externai) of the
system, The concept of aguilibrium suspension volumes [s testad with
comparisons betwsen theoretically computed and measured values of solids
concentrations.,

INTRODUCT | ON

The phenomencon of settling of suspended soilids (fines] is one which
is common to {a) natural processes In scil sedimentation such as the
initial stages for formation of sedimentary scils, and {b) management of
tailings discharge from mineral resource industries. In both genesral
types of situations, one of the major items of interest is the problem
of prediction of the rate of settiing of the suspended scolids and the
consolidatlon of the sediment layer.

The intent of this paper is to present a view of the phenomencn of
interaction of surface-active solids in a fluld medium which produces
the sltuation commonly {dentified as a solids-suspension. Because of
tha surfaca activities of the solids and their resultant interactions,
the phenomencn of suspended solids occurs in many contalnment ponds
associated with mineral resource industry discharges,

We begin by identifying rthe general situation of pond containment
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and the establishment of a s50l1ids concentration profile in the pond.
This is followed by a discussion of the characteristics of interactions
of surface-active solids which are fundamental to the devalopment af the
suspension properties - with a view to establishing the thesis that the
salids are dispersed in the suspending fluid at a particular aguilibrium
concentration, consistent with (a) the composition of sollids, and (k)
the balance of energy {internal and external) of the system. To demon-
strate the thesis, several types of discharge slurries are examined in
this study. The laboratory methods of compositional analysis and the
pertinent compositional features of the slurries studied are also listed.
Finally, using the concept of the egquilibrium suspension volume des-
cribed by each type of solid which comprises the types of solids prasent
in the system, the thesretically computed solids ¢oncentrations for some
of the s$lturries studied are compared with the actual measured solids
concentraticons.

THE PHY3ICAL PROBLEM

The sclids (fines) concentration by weight, in a solids-suspension
tailings discharge from many mineral extraction process Industries is
generally very dilute - in the range of | to 3%. IF the solids are non
surface~active, and if they are tllc-s7zed or larger, it is likely that
they will settle In accord with the general! predictlons advanced by the
simple Stokesian model. However, If the particles are clay-sizad or
lagss, and if they are surfage-activa In nature, simple Stokesian pre-
dietions wiil not accurately portray the settling bekaviour of the solids,

As tha solids serrle, their concentration will {ncrease to the
point where proximal hindrances bacome significant, Thus, even JF
initial sertling of the suspended solids can be predicted by the simple
Stokesian model, subsequent setthling of the s0lids wlll render the mode!
invalid In application. The problem of the inability of the salids ta
sertle in accord with gravictational mechanisms has been documented pre-
viously ~ e.g. [1,5,25] and will not be repeated here. Ffigure 1 which
shows the essence of the problem portrays the soilids concentration pro-
Flle in a settling pond. This profile is common to the sect!ing per-
formance of initially dilute suspensions From tailings discharge or
natura!l processes after a period of several vyears.

lone A which is sometimes dafFinad as the tep, water laver, (s the
supernatant wager layer. Thls represents the water released in the
Immadiate settling of the discharge tailings slurry plus the accunula=-
tion of the water darivad from the sedimeantation/consolidation processes
occurring in the lower portions of the containment pond. Below Zone A,
the sclids concentratlon appeam to Increase to the point whera a some-
what constant solids concentration is obtained, The transition solids
concentration zone is {dencified as Zone B whilsc the apparent "constant"
solids concentration zone |s labelled as Zone C. This zone is somecimes
called tha stagnant rone - In recognition of the fact that the rate of
salids concentratlion Increase §s remarkably low in contrast to that ob-
served In Zone B.
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Fig, 1 Ideal representation of sertling of suspended solids In a contalinment pond.
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The eransition between Zones [ and D % not well-establishad.
Zone D represents the proper sediment laysr where consol idation i5 known
to occur. However, there is considerable evidence availabla from field
measurements to show that even though the solids concantration in the
lower portion of Zone C might be low, {(void ratlos of about 5 or less},
some success in the application of large-strain consolidation methods of
analyses can be cbtained in the prediction of settling rate. This Is
discussed further in the next Section of this paper.

We should note however that the situation shown in Fig. | represents
the [deal containmant pond in @ stagnant situation, and that the pond
Filling process s assumed to produce an initial uniform distribution of
salids. The reai field situation however is not as easily described.
Figure 2 for example shows the development of a typical pond where the
tailings slurry is discharged from the ‘upper' end of the pond, This
idealized sketch represents the ongoing discharge occurring in saveral
oparations presently undear study. Ralying on the characteristics of the
settling material in combination with natural sclar drying processes
{where appiicabla}, a kind of inclined layering effect is generally
achieved. The coarser particles or solids settle cut In the near end
of the pond whilst the finer fractions will get "transported' to the
further extremes af the pond. In effect therafore, a segregative effect
Is developed.

The three sections identified in Fig. 2 show an attempr in broadly
classifying the apparent segregative effect. Saction I shows the deltra
layering effect. Present experience In the ongoing two studies being
conducted in $.E. Asla and Jamaica shows that with proper sequencing of
tailings discharge, densification of the layars through partial drying
of the tailings discharge tayvers can ba achieved., By moving the dis-
charge pipe From one location to another to allow for thls drying preo-
ce5s to occur, a quasi-stable beach can be formed. Orilling and sam-
pling through some of these beaches have shown that the sclids distri-
bution profile and especially the water content prefile are not uniform,
This it because operactional progedures generally do net permit the time
required for each tailings discharge layer to fully dry before accepting
the next load,

Section II in Fig. 2 shows a greater presence of coarser particles
in the suspansicn in contrast te Section ITII. The coarser particles
whlch sediment more readily in Section II and the other solids remaining
in suspension in Section II are obvicusly influenced by the ilnput con-
ditions at the pipe entry. The settling performange of the suspended
solids in Secrion ITII may be assumed to approach the {deal pond contain-~
ment situatlon shown In Fig. T.

Many terms have been usad to describe the combination of suspended
solids and water, e.g. “slime', "slurry'', "mud", etc. By and large,
these terms have generally been associated with certain industries, pro-
cesses, or types of discharge. The fundamental phenomenon of suspended
fines ar solids however remains the same. For the sake of simplicity in
communication In this presentation, the term "slurry waste" will be used
In discussions concerned with the general solids-suspension phenomencon
assocTated with tailings discharge, However, whare specific ferms have
baan utad in particular Industries, m=.9. red mud for bauxite slurry
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waste dlacharge, these will be usad at the appropriate times.

INTERACTIOH CHARACTERISTICS IN DEVELOPMENT
OF DISPERSION STABILITY OF SLURRY WASTES

Since the composltion and properties of a specific slurry waste is
a direct function of [a} the nature and composition of the host materlal,
(b) the extraction/process variables and techniques used, and {c) the
end product requirement, it is apparent thac considerabie variations in
- exact compositional charactaristics and properties of product slurries
will be cbtained. The preceding notwithstanding, the Fundamental [ssues
concerning the nature of the problem remain somewhat constant, §.e,
nature and characteristics of the suspended solids (generally surface-
active sollds such as clay minara)l particlas), and chemistry of the sus-
pending fluid. Some examples of typical slurry wastes, such as those
considered in this study, inciude: {a) phosphatic clay slimes, {b) baux-
ite red mudy {c} tar sand siudge, (d) humic s)limes, (e} tin mine
slimes, and {f}) clay slimes,

The phenomenon of slow self settling of suspended solids which is

mast likely due to the Increased dispersion stability of the solids in
suspenson can be traced to at least thrae mechanisms:

{i] tHechanism |. Mutual net repulsion caused by the surface-
active nature of the so0lids and the low s5alt c¢concentrations, or predom-
inance of {a) manovalent cations, or (b) potantial determining anions.

{ii} Mgchanism 2. Adscrption or coatlng of amorphous material
{smail Yvophilic colloid) on a large electronegative colleid. The
affinity of amorphous material for water exceeds the netb attraction of
the van der Waals forces,

{1ii) Mechanism 3. Steric hindrance due to adsorption of organic
molecules such as demonstrated [n the tar-sand sludge.

In a suspension containing various kinds of constituents, all three
mechanisms are expected to be present - with differing degrees of influ-
ence - in promoting the dispersion stabilicy of the suspension. It is
indeed likealy that other mechanisms may exist which are complex wariants
of the above thres mechanisms. These have yet to be fully identified
and documented, All these mechanisms contribute not only to the slow
self settling rate of the suspended {or dlspersed) solids, but also to
the suspension volume i.e. stagnant condition in Zone C,

The threae mechanisms and complex variants of the three mechanisms
are basic contributors to the dispersion stability of suspensions, The
surface forges are mainly due to the electrical field developed from the
charge balancing cations - generally identified as counter ijons., The
effect of surface slecirical fields on the properties of adsorbed mole-
cules needs to be understood. Approximate catculations for the surface
electrical fields suggest that they are strong since a unit positive
point charge gway from a surface is about 1500 million volts per cm or
16 wvolts per Angstram Unit.
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In suspensions consisting of lyophobic colloids, such as slurry
wastes, their stability {i.e. dispersion stability) depends on the
characteristics of particle {solid) interaction - i.a. salid-to-salid
Interacrion in the presance of a Fluid medium containing varicus lonic
species. Coileidal theory appears to be most useful in providing the
basis for evaluation of Interparticle action, The quantitative theory
of stability of lyphobic collaids, tdentified as the DLVO theory {after
Ler)agin, Landau, Yerwey and Overbeek), constructs {ts analytical model
on the basis of {(a) electrostatic repulsive forces due to interpenstra-
tion of the diffuse lonic layers, and (b) van der Waals artraction
forces., Met repulslon occurs between particles {colloids] when double
layer repulsion overwhelms van der Waals attraction. The presence of
petential determining anions such as blcarbonates, carbonates, hydro-
xides, phosphates, etc. in the fluid phase, all contribute to the en-
hancement of nat repulsion.

When attractive forces dominare, the system bacomas unstable and
coagulation occurs. At least two factors are important in the coagqu-
tatlon process: {a} Brownian motion of the constituent particles, and
{b) particle interaction. In a system where the repulsive forces are
vanishingly small] and can be neglected, Brownian collision between
particles wlll lead to agglomeratiaon or aggregation of the particles -
thus leading to the production of flog units. Mot every collision how-
ever will result in aggregation. For two different systems, given the
same collision fregquency, the affectiveness of aggregation upon
coliision depends on the properties of the particle surfaces., Under
such circumstances, this kind of phenomenon s identified as "'slow coa-
gulation'.

When the rate of aggregation upon collision no lenger depends on
the proaperties of surfaces, and is conditioned only by the collision
frequency, the process of '"fast coagulation' has been attained. This
state gccurs when the propertiss of the surfaces of the constituents in
the suspension are ineffFective inscfar as collision aggregation s con-
ceraed,

In solids-suspensions characterized by ¢lay minerais, the 2eta po-
tentfal at any given clay:water ratic depends on the concentraticn of
electrolyte In the suspension. The mono-molecufar iayer of the electra-
lyte on the clay surface is formed at a particular concentratich., There
does exist a strong relationship between the dispersfon stability (of
the suspension) and the zeta potentlal of the system, as shown previcus-
ly by Yong and Sethi (1977} - see Table 1.

In considering the dispersion stability of suspensions consisting
ofF solids and fluids, it {s useful to note that the disperstons which
are stable due tc the presence of strong mutual repulsive forces can be
agglomerated or flocculated in one of ar least sin different ways:
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TABLE t - Relation between Dispersion Scabllity of £lays
and Zeta Potential

Average

Stablliry characteristics Zeta pﬁﬁentiar
1. HMaximum agglemeration and precipitation +3 to o
2. Excellent agglomeration and precipitation =] te -4
3. Fair agglomeration and precipitation =5 ta =10
k. Threshold of agglomeration (taciclds or domalns) -11 to =20
5, Plateau of slight stabllity {few domains) =21 o =30
6. Moderate stability (no domains) -3 to 40
7. Good stabllity, i.e. stable suspension -4] te =50
8. Very good stability -5t te -60
9, Exceilent stabllity -8] e -0
0. Maximum stabilicy 8] to ~100

1. Through lowering of the zeta potential of the system to zero
with the use of a strong catlonie elactralyte,

2. Through the use of a strong cationic electrolyte in conjunc~
tion with an apprepriate alkali. ({(Optimum pH is required).

3. By adding a reagent which results in the formation of an In-
soluble matrix which engulfs and binds the water In the systam.

4. Agglomeration through the addition of sufficient cationic
polyelectrolytas,

5. Agglomeration with long chain or branched-chain anionic poly-
electrolytes,

6. Agglomeration with non-ionic long chain or branched=chain poly-
me=rs.

The protective coating of amorphous material on the surfaces of
primacy minerals and larger-sized solids [24] may result in strong
repulsion between particles, thus rendering stable dispersion conditlions.
In suspension systems derived with' sail particulates, the amorphous
materlal {s seen to be composed of silica with or without sesquioxides.
It has a strong affinity with water and its properties change on drying.

SETTLING/SEDIHENTATION PROCESS

The simplest procedure for description of the total settling/sedi-
mentation and consolidation process Is to trace the "Tife" or status of
a typlcal representative sclld, beginning with its initial state, Fol-
Jowing introduction of the taijings slurry, the solids in the slurry
wil] settle tn a fashlon more or less controlled by either gravitatlonal
forces or by interactive forces dictated by surface-active relationships.
The concentration of solids at this time {s not sufficient to account
for proximal hindrances, and is ldentified in Fig. 1 as Zone A, It
15 Indeed important to stress that the 'line" separating any of the
Zones shown In Fig, |, e.g9. Zone A from Zone B, Is not 3 Vine but will
be a transition Zone of wvariable thlickness,
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When initial settling of the representative solid has proceeded to
tha stage where neighbouring solids begin to interfere because of their
hlghly active surfaces, a hindered sett)ing performance characteristic
becomes evident - shown as Zone B In Fig, 1. Beyond this stage, the
settiing of the representat|{ve solid becomas tedicusly slow and Is
apparently hindered not only by the physical interferences of neighbour-
Ing solids, but aiso by Interactlons controlled by surface active rela-
tlonships. It is not clear where Zone B ends and where Zone C begins.
The kinds of mechanisms operative in these twe Zones are not totally
different. The specific items which separate them are perhaps hetter
thought of in terms of the more or Tass dominant solid-to-solid (i.e.
Interparticle) interactions established via physico-chemical forcas,

Zone C can be said to represent the regicn where even though no
physical contact between solids {5 establithed - vold ratlos of 4 o 6 -
the physical evidence shows that some small value of excess hydrostatic
pressure (pore pressure) can be measured [25], & form of compression
sactling of the solids can be said to be occurring at this staga., Whan
the representative sotid undergoes further settling to the point where
physical contact between adjacent solids is achleved, the conscolidatior
process becomes the dominant meachanism {Zona D).

RECOMCILIATION WITH ANALYTICAL MODELS

Table 2 shows the elements of the settling process in relation to
representat|ve analytical models, The comments made are not meant o be
comprehensive; only the highlights are listed. In viewing the Tabie,
it i5s cbvious that at the present time, total analysis of the problem
can only be achieved by breaking up the problem into the four Zones for
separate analytlcal treatment using available classical models - or their
variants thereof. This procedure might be expedlent, but is by no means
satisfactory. The First significant problem that comes to mind is the
definition of inftial conditions for each particular mode of analysis.
Whilst this might not be especially ¢ritical In eanalysis, it Is decidedly
50 if predictions are to be made! Where does one tramsit from Zone B to
Zone C7  What are the material output values fortheoming from Zone B -
for use as Input values for modelling of performance in Zone {7

Obviously, until 2 unifled (continuous) theory can he successfully
developed, which trespasses the various boundaries, one will be con-
strained to work within the 1imits of the present available thecries,

The problem gbhviously begins with the need te Fully understand the nature
of the interactions preducing dispersion stability. As discussed in the
previous Section, the surface active nature of the solids and the variocus
interactions producing the three possible mechanisms for the suspended
state can indeed provide a very complex system which s not easily
portrayed by standard models (or varlants thereof] which rely on gravi-
tational principles. Tahle 3 For example, lists some relatienships
available for prediction of settling velocity of the sollds as a function
of their concentration [21] - thought to ke applicable to the prediction
of solids settling performance in Zones A and B, Surface active rela-
tionships however do not appear to have been considered directly - except
via "appropriate" constants.
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TABLE 2 - Settling and Theory Applications

Stokesian

Hindered
Theories

Consolidation
Theorlas

Zone A

Mo measurable
Pressures.
{no excess
hydrostatic
pressures)

Ione B

No measurable
pore preéssures

lone C

Detectable
pora prassures

Zone D

Pore pressuras
and effective
stresses,

Limited to non
surface-active
partlcle sus-
pensions,

Mot directly
appl icable,

Not appli-
cable

Mot appli-
cabia

Emplrical models

requlre exten-
sive laboratory
testing for
darivat ion of
corvection
coafFicients,

Same restric-
tions as for
fone A

Hot applicable

Not applicable

Mot applicable be-
cause of absence of
refationships defi-
ning effective stress
and material proper-
ties,

Same restrictions as
for fone AL

Large strain consoli-
dation phenomenon,
Requires accountabi-
lity for non=lipear
relationships and
self-weight,

Classical theories
applicable if self-
weight 15 accounted
for.

The very common quandry facing analyscs and modelfers In the study
of settling ponds or very soft sediments is the sstabllshment of the
point 3t which effective stress can be considered to be operative, {.e,

when pore pressures are measurable in a solids suspension,

Experience

in matching predictions and actual field values suggest that the mgdels
relying on pore pressure development can be satisfactorily used at void
ratics of between & and 5,and less. This can indeed be puzzling since
computations will show that sglid-to-solid contact {thought necessary
for transfer of Intergranular stress) is not establlshed at these high
void ratios. To overcome this apparent inconslstency, it is perhaps
petter to visualize the suspended solids system in terms of the dispar-
sion stability of the suspension.

The ¢ispersion stability of the solids suspension which follows
from tha fact that surface active solids interact in the Fluid medium in
the sense of lyophobic colloids, is indicative of the degree to which
the solids remain In suspension, This is a direct outcome of the water
holding capability of the solids. At a zero osmotic pressure (i.e. zero
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TABLE 3 =~ Relationship between Solids Concentration
and Settling Velocity - From [21]

Equation Source
h.es5 N

v o= voit - xc) Richardson and Fakie (1954}
v o= vo{t - KE}Z . 10-1.32KC Steinour {194L4)
v = v 107 Thomas {1964}
v o ac-b Cole {1368)
v= v [ -2.78(k0)%7] Bond (1360)
v m ch'ac Vesiiind {1963}
v = "'n[l + % KC {1 - EE_?_}}] Brinkman (1948)
v oe vD{I - KE}a Maude and Whitmore (19%8)
v o=y (1-ako) [ - bikc} /3] Oliver (1961)

_ 9 /3 . 3 5/3 _ 2
uﬂ{} ¥ {xe) = (K} I(KCITY

v = Happel (1958)
142 {m:}s‘Er3

whare v = interface velocity of solids concentration, [
v_ = Stokes settling velocity for a single dis¢rete particle,

K = coanversion facior, se that K€ = volume fraction of solids
in the slurry, and
a,b = constants {unique to each eguation]

midplane potential), the volume of water asscciated with each solid or
floc is at its maximum value. Figure 3 shows a mineral particle (solid}
surrounded by its equilibrium shell of water, The thickness of this
shell, or the wvolume of water, can be computed from thecoretical conside-
ratlons using the DLYQ model [26]. The energy-separation distance cal-
culations will] give the most Tikely equilibrium interparticle spacing
and vold ratio of the system. Figure 4, which has been idealized inte a
parallel particle arrangemant toc portray the use of cationic and anionic
retationships, shows the development of the attraction and repulsion
forces for an ideal three parallel-particle system. Obviously, real
slurry Systems will not have ideal parallel] particle arrangements. As
can be seen from the relationships given Tn the Appendix, the DLVD model
permiCs one to consider various modes and configurations of particles
{Flat plates and sphares) in lts computations for equilibrium separation
distances. The relationships shown take into account {a) non-parallel
particle arrangements, {b) mixed minerals in the suspension, and ({c)
salt concentrations in the suspending fluid. Calculations for long
range repulsive and attractive energies corresponding to face-to-face,
edge-to-edge and edge-to-face mede of particle or selld interaction in
the presence of various salt concentrations can be made.
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EQUILIBRIUM VYOLUME
OF WATER "HELD" BY
CLAY PARTICLE
{SUSPENSION YOLUME)

I

Fig. 3 5chematic representation of a water shell surrounding a clay
particle,

SIDE VIEW OF CLAY PARTICLES

ARRERERRRRRN
ARV

ANION CATION
DISTRIBUTION DISTRIBUTION

_Fig. & Schematic diagram showing dispersion of particles and contained
water, MNote that particles are shown in parallei anly to illus-
trate the distribution of ions above, Actual conditions wil!l
show non-parallel particles and flocs.
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If each solid, or If each floc "holds' onte a specific volume of
water as its "equilibrium" shell of water (defined as the suspension
volume} - conslstent with the balance of internat and external energies -
the total stabkle dispersed state of the suspanded solids act a particular
depth Tn the containment pond, will show that the total volume of water
retained in a representative unit volume would be agual to the sum of
the suspension volumes of the individual component solids., In the ex-
periments conducted by Yong and Sethi {1978) ro determine the eguillbrium
{suspension} volume of water associated with specific minerals, the
values obtalned (Table 4) show good correspondence with those computed
on the basis of the thecretical interaction mdel, - provided that proper
accounting is given to the presence of the potential determining anions.

TABLE 4 - Suspension Volume for Warious Minerais

_vl-" o ] lq‘.s B
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“equilibrium' suspension states were achieved prior to measurement of
the solids content in the supernatant., The suspension volume, exprassed
In terms of cublic centimeters of Fluid per gram of mineral solid, has
been calculated from the amount of sglids remalining in the supernatant.
The suspension wolumes measured do not require any preferred orfentation
of solids, and are thus used in comparing theoretically predicted egui-
librium solids concentrations with actual measured values For the slurry
samples studied.

LARDRATORY ANALYSIES OF SLURRY WASTES

To further elaborate on the thesis that surface-active solids par-
ticipate through interparticle action in producing dispersion stability,
and hence siow settling of the suspended solids, laboratory analyses of
various slurry wastes were performed. Attention was pald to the physical,
chemical and mineralogical composition of the stTmes, The total types
and nuombers of tests conducted, by and large depended on the quantity of
sampies received. The following methods were used for analyses;

1. Mineralagy:

The oriented s5]ide used for the X-ray diffraction test was prepared
by depositing & m] of slime, diluted to about 1% sclids concentration
fby weight] onto a glass slide and subsequently air-dried, Harizenrtal
particle crientation s generaliy achieved with this technigue - thus
allowing for anhancement of basal reflections and more ready mineral
identification, Because the slurry sample contalned the suspending
FluTd, no pre-treatment was given to the sample.

In other minaeralogical studies on dried powdered samples, untreated
and treated samples are used. Preparation of the samples for analysis
required 100 mg of the powdered sample to be disparsad fn 1O ml of dis-
tilled warter, from which & ml of the dispersion was deposited on the
glass slide. Subseguent to the first X-ray analysis, the 5lide was
treated with giycerol/ethano! mixture and the test conducted again For
datection of swelling minerals,

The Sieman's X-ray diffractometer with CukKa radiation was used for
al! the tests conducted, The percentage of minerals was generally
estimatad by comparing the peak heights of pure standard reference glay
minerals with the peak heights of the minerals found in the test samples.
This sami—quantitative technigque is by no means accurate, but is usad
primarily to provide an Indication of the approsimate propartions of
mingrals present in the sample.

2. Pare_{Suspension) Flulid Analysis:

The suspension fluid was obtained from the slime samples by vaguum
filtration or through centrifugation and degantation of the clear super-
natant. The fluid was subssgquently analyzed For soluble icns and pH.
The mathods of analysis used includes:

Atomic Absorption Spectrophotometry (Emission): Ha+, K+, Caz+
Atomic Absorption Spectrophatometry (Absorption): ng+
Titration with H 3G, to colorimetsic end point: KO3, cui_‘ el
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Turbidimetry: for sui'

Bechman pH meter: for pH

1. Qrganic Content:

Tince galy the total amount of organic matter fand not species)
need to be determined in the initlal phases of all the studies, and
since precise methods are Tndeed too time consuming and complex, the
simple approximate method of H0; washing was adopted. Two to three
grams of dried and pulverized slime samples were weighed inta a beaker,
to which a smail amount of distilled water was added to wetr the sampte,
Foliowing placement of the beaker on a hot plate at low heat, 30% Hzﬂz
was periodically sdded until no further bubbling reaction was
cbserved. The sample was then centrifuged and oven-dried and the resul-
tant weight compared with the initial dry weight.

4. Catlon Exchagnge Capacity:

To determine the cation exchange capacity of the suspended solids,
0.25 grams of the dried pulverized slurry sample was weighed into a
centrifuge tube and 40 ml of silver nitrate-thicurea sclutien was added
and shaken overnight, The sample was then centrifuged and the super-
natant was tested for Ag+. A Jarrel-Ash Atomsorb Atomic Abscrption
Flame Emission Spectrophotometer was then used for analysis. The CEC of
a sample determined in this manner corresponds to the amount of Adq ab-
sorbed on the clay surfaces,

5. Determination of Sand, Silt and Clay Fractlons:

Pricr ta determination of tha varicus size fractions in the slime,
15 meq/! sodium bicarbonate was added to the test sample and the com-
bined solution shaken and placed in an ultrasonic bath. This was left
overnight to equilibrate - to ensure dispersion of the suspended solids.
Follewing the 'euring' pericd, the dispersion was then wet-sieved and

?egtgifuged for determlination of sand (»53u), sllt (2 - 53u), and clay
A TH IR

LADORATORY ANALYSES OF SOME SLURRY WASTES

1. Soll-Qreanic Slima:

The source of the soil-organic slime samples examined in this study
was the humates occurring as organic residues cementing sand grains in
locallzed areas in the heavy minerals ore body In Horthwest florida.
With the presance of the organic residues, the slimes obtained as the
shurry waste product of wet milling processes associated with heavy
mineral extraction in that region tan be reasonably expected to contain
soll-organlc acids. |In the samples obtained for examination the primary
compositlonal constituents wers humic acids, fulvic acids and soil mine-
rals (quartz, feldspar, and chlarite}. Since humates are generally com-
pased of the two general classes of soil-organlc acids - {(a} humlc, and
(6} fulvic aclds = It |s therefore to be expected that the slimes obtain-
ed from the mibbing process would consist of these acids.

In preparing the samples used in the study for analysis of humic
substances, the techniques used for separation of humic and fulvic acids
required prewashing with 0.1 N HC! and water to remove the salts, Since
(a) hunic acids are soluble in djlute base but not soluble in alcohol
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and acid, and since (h] fulvic acids on the other hand are water soluble
and are Wnown to remain in solution afrer neutraiizavion and after all
humic¢ aclid has precipitated cut, the separation techniques used followed
procedures which first precipitated the humic aclds.

The two types of samples received for analysis represanted depth
sensitivity of the slimes = (a) near-surface samples whare the solids
concantration was low because of the Initfal settling of the solids
following deposition of the slime, and {b} samples at depth where equi-
librium solids concentratien existed., The assignment of infra-red ab-
sorption bands in the humic and fulvic acids extracted from the test
samples s shown in Tables 5.

TABLE § - Assignment of i.R. Absorption Bands in Humic
and Fulvic Acids

Frequency Present
1/ em AssTqrment in
3400 Hydrogen bonded DH HA, FA"
172% C =0of COH, [ =0 stratch HA

of ketnnis carbanyl
1630 Arpmatic C = C or hydrogen bonded

f = 0 or_double honod conjugared

with COO FA
1610 Same as sample 1630 r:.n-r-1 HA
1460 Aliphatic C=H FA
1400 o0, aliphatic C-H HA
[200 -0 stretch or OH deformation

of EGZH HA
1920 il of silicate Tmpuritias HA

*
HA and FA = humic and fulvic acids respectively.

for the samplas taken at depth where equilibrium sotids concentra-
tion was Clought to exist, analyses conducted showed a sclids concen-
tracion of about 19% by weight fand B12 water). The compositicn of the
sol ids showed, on the average, 6.7% minerals, 72% humic acid and 30,3%
fulvic acld. The minerals present inciuded quartz, chlorite and fleld-
spar, In the samples obtained near the surface, the solids concentration
averaged about 2.0%. In the solids traction, the minerals concentration
was about 3.7%. The humic and fulvic acids were, On the average, about
68% and 28.32% respectively.

2. Fhosphate 5] imes:

The problems and general propsrties of the Florida phosphate s1imes
have received considarable attention, and have been well reported, &.g.
[5]. The results of studies on the composition of the slime Tndicate a
high degree of variability in the proportions of the constituant, ob-
viously dependent on source material (host rock), processing, end product
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requirements, spatial and temporal variational affects in the recovery
of slime sample used for analysis. By and targe, the following minarals
have baen recorded as present [n most s5limes:

Carbonate-flourapatite Quarcz Montmorillontte
Artapulgite Wavelllre Feldspar

Heawvy minerals Do lomi e Kaolinlte
Crandallite Illita

In addition ta the minerals |isted above, the samples analyzed in this
study showed the presence of amorphous matecrfals. The deminant ions in
the suspending fluid Included: )

Calcium Magnesium Sod {um
Fotassium Bicarbonate Sulphate

with pH variation from 7.0 to 8.0.

3.  Aggregate Slimes:

The production of aggregate s)limes arising from wash-extractior of
coarse aggregates from weathered granite canstitutes a major containment
problem. In many regions, because of the scarcity of sources of cpoarse
aggregates, surface layer soils derived from weathering of granite and
other types of rock provide a ready supply of granular material ~ provi-
ded that these materials can be separated from the finer fractions
{usvally clay particles). Wash procedures are commonly ysed to extract
the coarse fractlions In gravitatianal separation processes.

The aggregate slimes which were examined in this study came from
S.€. Asia. Anaiysis of the physical composition of the slimes showed on
the average:

Water - 84.9% by weight
Grganics - 0.4%
Sand - 0.i%
sile - 1.2%
Ctay ~ 13.5%

Analysis of the minerals detected in the X-ray diffractagrams using
the approximate peak height matching technique described farlier, showed
about S4% kaolinite, 35% montmorillonite, and 11% T1lite. These vatyes
are Lo ba considered as approximate wvalyes,

Analysls of the chemistry of the suspension fluid, cbtained by cen-
trifuging the slime, showed the presence of Na*, K*, Cal*, Hg2* and
502, These were in very small quantities, with Na*, at 0.5 meg/] being
tha highesr. The suspending fluid pH = 7.5 and specific electrical con-
ductivity was measurad as 0.101 millimhos.

Analysis of the exchangeable cations and cation exchange capaclty
of the mimeral fractions of the suspended particles showed the presence
of Na*, K¥, {aZ+, HgZ+,th¢ latter two baing mare dominant at 5.4 and 4.3
meq/100gm respectively. Ha" and K' were registered as 2.5 and 1.5 meq/
100gm raspectively, bringing the tortal exchangeable caclans co be 13,7
meq/ | D0om. The cation exchange capacity was determined as 31.1 meq/ i{igm.
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As noted from the above, the exchangeable catians were found to be
composed of malnly divalent cagions, The total exchangeable cations of
13.7 meg/100gm and CEC of 31.1 meq/100gm indicate that only about one
half of the exchangeable cations found Tn the suspended particles are
made up of Ha*, K%, CEZ+, and H92+. The reémaining could be attributed
Eo ?* and A13% - since the pH of the s)ime was found to be acidic (pH =

).

4. Tin Hining 51 imes:

The tin mining <1 imes examined in this study are located Iin areas of
limestone formatlon In S.E. Asia. The tin ore bearing material derived
from erosion of the parent rock was deposited in areas of highly weath-
ered limestone formations. The resultant topography at the interface is
rather comples, consisting of troughs, channels and pinnacles ~ typical
of deeply weathered limestone. The s)ime materflal #xamined came from
gravel -pump mining discharge of che wash material. Because of deposit-
icnal technigques, sand segreaqation occurs at the immediate pelnt of pump
discharge and resultant finer material s)imes are found at the distant
points from plpe discharge. This sltuation is not unlike that represen-
ted in Fig. 2,

The solids concentration {weight basis) far the samples studied
averaged argund 52% - with solids specific gravity of 2.76. Analysis of
the typical X-ray diffractograms obtained for the samples studied showed
estimated mineral compositfonal contents as (about)} 48% kaolinite, 23
gibbsite, 10% mica, 30% gquartz, and 32 other types of solids.

Analysis of the pore water chemlstry revealed the prasence of Na+.
E32+, k¥, and Hg2+, with Caz+, being the dominant cation at 4.7% meg/l.
The settled s1ime at the sotids concentration of 52% dees not provide
any realistic strength for support of any type of load,

5. Bauxite Red Hud:

The samples for examimation of red mud obtalred from the Bayer pro-
cessing of bauxite fFor extraction of aluminium came from Jamaica. The
suspended solids showed at least B0% of the sciids {by welght) smaller
than two migrons. Fraom an analysis of X-ray diffractograms of the sam-
ples, the main minerals appear to consist of hematite, goethite, and
anatase, with some Bayer sodalite. Detailed studies conducted [27] using
both scanning and transmission electron microscopy coupled with electron
diffraction and energy dispersicon analyses, show the system to be quite
complex - especially in the resaolution of whether the minerals are total-
iy crystailine or whether they are indeed surroundad by a degraded amor-
phous shell. Because standard pure sample slides are nat available for
the minerals identified, no passible estimate of specific proportions of
the minerals has been attempted.

The amorphous content determined asing the method previously des-
cribed by Yong et al. {1579} showed: Fe_ 0. = about 50 to 60 mgfg of solid

fraction, .Mzﬂ3 = 40 to 60 mg/fg, with agoat less than T mgfg of Siﬂz.

The pH of the samples varied from about 12.0 to 12.8, depending on
the source of sample - primarity depth. By and large the salids concen-
tration by weight alse varied with respect to depth location, - from
about 30 to 40%,
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Analysls of the chemistry of the suspending Fluld sheowed:

Cacions Meg/| Anions Mag/1
Na* 222 Hc0; 41.5
X 0.58 A 0.25
ca’t 6.07 ccg' 351
2_
S0 1)

&, Clay Coating Slurry:

The clay coating slurries studied came From a clay production indus-
try in the Southeastern part of the U.5. These clays constitute the base
material used in the paper coating industry, and mare specifical'ly in
papar machine wet end processes, Because of the requiraments of the
paper Tndustry, the slurries studied were fairly consistent insofar as
basic properties and compositional constitutents were concerned,

One of the primary problems encountered in the production of the
material for use in the paper Industry is the "economic water content"
of the slurry. By this is meant the maximum amount of water that can be
extracted From the slureies bafore shipment Lo the paper industry $o that
minimum bulk and weight can be attained. Excasslivae energy requlrements
to remove water that is "held" (o the clay material must be considered
in balance with production ¢osts. Thus the samples received for study
represented the solids-suspension equilibrium volume state of interest.

hnalysis of the chemistry of the suspending fiuid showad the pre-
sence of €03-, HCO3, €1, sof7 Na*, Hg®', and Ca®’. Ma*, and 50T were
the largest”amount of ions present at 22.30 and 18.0 meq/] respectively.
The concentration of HCQ, and 5.0 meg/l and the remaining ions showed
concentrations less than | megfl. The specific electrical conductivity

was 2.1Z2 mmhos/cm and the pH was B.69.

The minerals Jdentified in the samples were J1lite, montmarillonite,
mined layer material, chlorite, and quartz. The propertions of the min-
arals which were estimated again on the basis of peak ratlos Indlcated:
(a) montmaritlonite, 6.7%, {b) illite, 5.2%, (<} chlorite, 2.2%. (d}
mixed layer material, 2.1%, and {e) guartz, 23.8%. The solids concen-
tration by weight was 35.5% {water = 64,5%}, and the total mineral con-
tent In the solids was 95.8%. The remaining 4,2% of the solids was or-
ganics,

7. BenaFiciation Slurry:

The coal beneficiation slurry studied which came from Weastern Canada
was the product of procedures jmplemented to clean the clay coatings from
the ore deposits. The solids concentratlon of the slurry was 8.7% by
weight. The slurry remained Tn suspension for an interminable period
without apparent settling ocut of the sslids. The estimated propartians
of the minerals present, determined from the A-ray analysig showed:
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{a) montmorillonite, 42%, (b) 11)ite, 21%, {(c) feidspar, 43, (d} kacll-
nite, 13%, and (e] chiorite, 10%.

Analysis of the suspending fluid showed the prescnce of Cﬂz-. HCU;.
' 2+ 4 ng+
]

02 . Ha+, Ca®, K, . The domTfaant lons were SGZ: and Ma+? at
32.5 ang 21.1 megq/T respectively. The specific alectrical conductivity
was 2.27 mmhos/cm whilst the pH was measured as 10.87.

8. Tar Sands S5ludge:

The analyses for the sludge cbtained from the hot water processing
of tar sands in the Western part of Canada for recovery of bitumen have
been reported previgusly by Yong and Sethi {(1978). The typical compasi-
tion of the sludge material is shown in Table & wh'ilst the basic charac-
teristics and mineralogical analysis of some typical samples are shown
in Table 7.

The material is seen to be composed of many types of minarals, with
the major minarals Jdentified as kaolinte, illite and some lesser frac-
tion of montmarillonite, The presence of amorphous materials should alse
te noted,

SUSPENSION VOLUMES AND SOLI0S COMCEMTRATIQNS

Using the vatues shown in Table 4, the thecretical suspension wvol-
urnes (of water] associated with the individual components can be summed
to estimate the "as-is' sollds equilibrium volumetric water content.
These values have been used to compule the thearetical solids concen-
tration and compared with the actual walues of solids concentration de
determined for the samples pbrained from the ponds stwdied., To iilus-
trate the computational procedure, the procedura used in computing the
valuas for the tin mine sampla from 5.E. Asia is cited as follows:

Suspension Volume Specific Yolume in Sample
Hineral cc/gram cc/100 gram
{from Table b}

¥aclinite - 453 1.3 58.5

Hica - 10% j.a 30.0

Gibbsite - 2% 1.0 2.0

Quarcz - Loy 0.14 5.6

Other - 3% 0.15 g.45

Total = 1002 {or 100 gram of solids) 96.5% ¢c/100 gram

of s0lids

Hence, weight of water = $6.55 gram
Tota! weight = {100 gram of solids) + {96.55 gram of water)
= 195.55 gram,

Computed sclids concentration = 100/196.55 = 50.8%
Mzasured solids concentration = 52%

The comparison befween measured and computed sollds concentration
accords weli].



TABLE & ~ Typical Composition of Tar Sands Sludge {frem [23])

Sludge
20" deep 40' deep £0' deep

tomposition, wr, %

Bl tumen 1.3 3.9 4.5

Water 74.7 7o 65.5

Mlneral 220 26,0 30.0
Particle Size, wt. T Hineral

sand (> Lky) 0 ", 0 ", O

shie (2 - W4y) 59 62 £8.%

Clay {< 2u) 41 k1! 41.%
Clay/Water 12 0.14 0.19

TABLE 7 - Haslc Characteristics and HMineralogical Analysls of some Typlcal Samples of Tar Sands 5Tudge [231)
(From [23]

Partlcle 5lze 51udge
Oepth| ODlstrlbutlon Composition Percent MlInerals in Bitumen-~Free Sludge 5ol ids
ife) 1
bt -
- E; E N E _; 'é ¥ £ . v u E]
"Eg = e -1 q =5 = L — - h-EE'IE M g 3 :. -": u _E
— m A c - - — d LI | e B at w — [ - +a a »
m-r -‘;I — — o - — o - o i ) as ™ - u LT] Lt -— O
MA o UV = x 0 2 - L. — —_ o — — b il [ gw
sef o0 ¥ | o we . | 8 T gF 5 ZpER 3 5 3 = ¢ 5 B4
20 1.9 58,7 43,8 24.6 7.7 2,2 oh, & B4 1.4 0.7 1.8 z4.8 1.1 0.9 2.6 0.0 0.0 3.9
45 13.5 51.6 4.9 33.0 62,5 4.5 Lz.B 8.4 .1 0.6 1.5 8.5 {.1 o,B 2. 0.0 0.0 3.5
60 hi.6 31.3 24,0 Ho0,8 s56.4 2.8 27.2 5.8 0.9 0.7 1.6 £5.1 n.9 0.7 1.4 p.0o 0,1 2.2
70 47.5 34,5 18.0 A47.5 51,1 1.4 25.1 k.2 9.5 1.1 0.6 61.8 n.8 a6 1.2 0.0 0.0 2.1

1%

$TICOIN SNOILLYAIMTOSNONOILY INZWIO IS
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Uslng this same procedure, the computed s01'ds concentrations for
the varicus types of samples examined, and the measured valuas are rapor-
ted in Table B. It must be stressed that both the theoretically computed
and measured values must be considered as "average representacive" values
since: (a) the method used for determination of the proportion of various
minerals from X-ray diffractograms, {b) sampling procedures, (c) quality
of samples and how well they repressnt the actual conditions of the mate-
rial in the ponds, are indeed partinent and significant considerations.
The preceding notwithstanding, it |s noted that the theoretically com-
puted values for sollds concentrations deo accord well with the megsured
values, - exgept for the aggregate slime - as seen in the extreme right
hand column in Table 8.

TABLE 8 - Comparisen of Theoretically Computed and Measured
3:7ids Concentration {S.C.) for Samples Studied

Theo., 5.C.

Source Theoretical 5.C. Measured 5.C, Meas. S.C.
4 % 4

Fhosphatlc S51ime 13.4 14 D.96
Aggregate Slime 10,5 14,3 .71
Tin Minlag 51ime £o.8 52 0.48
Clay Coating Slurry 1.8 52.7 0.93
Benaficiation Slurry 9.1 8.7 1.05
Tar %ands Sludge 2,2 b1.9 1.01
Bauxite Aed Mud Mot computed 20=40 '

505 1-Drganic 51 fime ot computed 2-19

Note that since the aquilibrium suspension volumes have nof bean
determingd for the humic and fulyic acids in the scil-organic slimes,
and also for the wvarious components in the red mud, no predicted values
of solids concentrations have been obtained for these two types of waste
slurrfes at this time, Much work remains to be done to assess (a) the
apparent high dispersion stability of the soil-organic slimas, and {b)
the theoretical and experimental values of suspension volumes for the
humic and fulvic acids, and the red mud components.

In regard to the humlc and fulwvic acids which are generally referred
to as humic substances, It is known that they are polycarboxylic acids
with phenolic, alcohollic, and carbonyl groups, and aromatic rings. The
structures for the humic and fulvic acids show properties for metal che-
lation and base exchange, They have a high affinity for protein and a
capability for adsorpticn of many materials.

CONCLUDING REMARKS

From the preceding discussions, it 15 apparent that the nature of
the suspension, at least for Zones A and B appears to be accountable in
part by the water-hoiding capability of the solids - as a physical mea-
sure of the interaction of the salids. The initial settling process (s
clearly dominated by surface-active relationship, and sedimentation
therefore Is not readily described by simple gravitational relationships,
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Thaories which rely on Stokes' principles and solids concentratien, which
have been gencralily used to model the settling process in thase two Zanes
[4 and B] have not necessarily been successful because of the degree of
surface activity {dispersion stabllity} of the solids. Corrections using
a hindrance concept to augment these thearies have also generally been
unsuccessful if the dispersion stability of the suspension is high. The
Inabiiity of the sedImentation models to-account for the surface and
physico-chemical interparticle actieons has by and large been responsible
for the less than accurate predictive capabillty of thase models.

Insofar as the setrling stages where effective stresses are opera-
tive, models relylng on the genera!l principles of consolldation appear
to be capable in predicting settling parformance. The apparent lack of
physical particle (sollid) contact at void ratios of about 5, (for Initiali
consideratlan of consolidation] where successful predictions have been
made fe.g. [25])} does not necessarily mean the absance of "effactive"
stresses, The measurements made from field eaperimentcs show that for the
sectling ponds testad by Yong et al. {19B4], measurable values of pore
pressures were obtiined. |f "effective' stress is defined as the differ-
ance berween total stress and measured pore pressure, {disregarding the
lack of computed physical contact from a void ratio value of 5 or more),
application of the consolidatlon meodel appears as an acceptabis procedure.

The maechanisms describing surface a¢tive relationships and inter-
actions parmit modelling for avaluation of the so-called egullibrium
status of the suspended sollds = i.e. the reasons For the amount of
solids remalning In suspension. Modelling of the settling rate of the
solids can take several forms - collision theory, relative fluxes for
gescription of convection-difFfusion phenomena, and consclidation theory.
Since a continuous theory {i.e. unified model) does not as yat exist
which would cover the entire spectrum of the sertling phenomenon, it 15
necessary to consider appropriate submodels which would overlap in their
predictions of the sett!ling problem over [ts entire range. Two such
theories agre available at the present time: {a) the convection-diffusion
made! which encompasses s¢!ids settling parformance in Zones B and €
(28, 23], ang (b} large-strain consolidation which encompasses the lower
part of Zone  and all of Zone D, [7, 14, 25],

in making predictions of settling performance and comparisaons be-
tween predicted solids concentration profile and measured values, we
should rote that experimental procedures raguire that the suspensions
studied in the laboratory for characterization of the void ratio and
permeability or void ratio and effective stress relatlonships must
realisticatly model the Field conditions. By and large, long ¢olumn
settling tests need to be performed if the proper madelling of setlling
behaviour i$ to be obtained. Lonsclidation testing, using long columns,
will not necessarlily produce the kinds of information needed since the
external stress sltuation can affect the self-settling characteristics
of the susperded solids. This is particularly true if dilute salids-
SUSPENSions are to be examined.

Finally, 't should again be noted that analytical modelling of
setrling of suspendad solids in sedimentartion processes for predicrion
of time-rate of settling of suspended solids, is complicated by several
physical issues related to:
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{a} non-gravicatlonal interactions - i.e, surface-active phencmana,

{t] complications In laboratory measurements of properties of sus-
pensions, and

{c) defining initial conditions and effective stress-void ratioc re-
lationships,

It is important to recagnize the Lbimits of applicability of the to-
ta! settling submode!s in arder that proper predictions of the total set-
tling phengmencn can be made. Application of the concept of suspension
volumes In the develppment of dispersion stabil[ty of the scilds-~suspen-
sion, explains why the suspended solids appear reluctant to settle in
the time frame predicted by gravitational settling thegories. |t should
be noted that whilst the DLVD model, together with the relationships
presenced in the Appendix, ¢an be used to calculate the theoretical sus-
pension volumes associated with the kinds of surface-active solids pre-
sent in the system, the experimentally measured values of suspension
volume given in Table 4 are indesd more appropriate. This is because
the experimentally measured values impltlcitly account for the various
particle {solids} configurations in the suspension, and also the 1ikely
presence of floc formations and interactions = without the need for
tedigus calgulations of interactions involving geometries and floc for-
mation,

Huch more work remains to be done In the study of disparsion stabi-
lity - especially in regard to the magnitude and potentlal for floc for-
mation In suspensiogn. The rasults shown in Table B for the aggregate
slimes suggest very strongly that fFloc formation s indeed much mare pre-
valent than anticipated - as witness the higher measured solids concen-
trationm in contrast to the lower computed wvaluas., Other work that needs
to be done concerns the presence of micro-grganisms in cantained slurries.
Bevelopment ofF gasecus products as a resull of activities associated
with micro-erganisms will undoubtedly affect both dispersion stability
and sett!ling performance of the suspended sollds,
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ARPEND|¥% |,
MET ENMERGIES QF INTERACTIOH
Face-to-F arackion

Long range repulsive energies due to diffuse Jon cloud Inreraction for
constant surface charge density [18]:

v, = 20K 2 ka) (1a)
where 2/2
& 1
Ral7; 2o (16)
e
. _ m 1/2
sinh z = 0{2“ - kT} (1c)
Ve Tﬂ
ot (19)

d = Interparticle half distance

K = Debye-Huckel reciprocal length

2.2 1/2
8
LI

ekT
mzlarity x Avagadro's number
unlt alectranlc charge
effective carion valence
Boltzman constant
temperature (°K)
dielectriclty constant

-~
)

{2)

M — < 3

Long range repulsive energies - for constant surface potential [19]:

o WT 22

Vo = "k[l4exp(-2Kd

Attractive long range interaction energies:

-A 1 1 1
=~ + - (4)
12n [Zdlz E2d+2612 {2d+ﬁ]2

Va

A = Hamaker conscant
4 = thicknass of Interaccing particles

Edge-ro-Fage Intecaction

The relationships developaed for edge-to-face and edge-to=-edge inter-
actions make use of approximations in terms of spherfcal particle inter-
actions.
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Long range repuisive snargies:

2 2
() + ¥ 24y, .
- ER R [ hl yi i i+exp {=2Kd)

e g2 e T I)

Ve + In {1-exp(-txd}}] {5}

2

€ = dislectric constant of the medium

RI'RE m radii of interacting spheres

Tl.?z = surface charge potential of interacting spheres

Long range attractive energies [8}:

2R.R 2R R
==A 12 1.2 X
Vo T8 Bt ron o * i"‘,MRIR:}] (6]

whare x = ﬁdz + hdfﬂl + Rz}

Edga-to-Fdge interaction

tong range repulsive enargies - for constant surface potential [10]:

e R Y |
"|||I'ﬂ __z_o tnl1 + exp{-2Kd}] {71

Long range attractive energies [8):
[zn2 .
Ya ‘E“
whersa HI = R2 = R
X = 4d2 + BRd

2
A () (8)
x+UR, xH4R

FARTICLE INTERACTIOM FQRCES

Long range attractive forces {van der Waals forces)

=1o-Fa Interagtion
2 o .-0 D
30
{2d)} {D_.) 10 730 30
30
where

Dm = static dielectrlc constant of glay particle
D30 = staric dielectric constant of pore fluid

h = Planck's constant

¢ = velaocity of light
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Edge-to-Edge Interaction

g A 2 1 ] 2
Foo == [16R" {d+r) [ + + 1}
a 12 (hg?+8rd) % 4aZ+BRa+4R®  (LdZ+8Rd) 2+uRT (4aZeBRA)

{9p)
R = the effective radius of each interacting particle edge.

Edoe-to-Face Interaction

f A 1 i i
FE' =2 (2R R_{Bd +« 4{R +R_)} [ . .
a 12 12 1 2 Z[dli l:z{d]+I+RIR2 zl:d]'z'l-hﬁlﬂztfd}
(8¢}
2(d) = ka® + kd (R, + R,)
RI.R2 = the effective radii of the interacting particle faces and esdges,

Long rarge repulsive farces

Face-to=Face Interaction

The repulsive osmotic pressure P [11]:

Posm = 20, kT{cosh y -1} {10a)

where for constant surface charge, Yo is given by

- 7 n._._ﬂ___
T i TR 4 ow)

and midplane electrical potential can be calculaced by

K {awx ) = 2 explaS) P el
G a0 [1-exp(-2vc5|n $))
*o = starn layer thickness
K = Debye-Huckel reciprocal length
For mixed mono-divalent fon system [3]:
P =8 [n{:"-i} + eh" -7+ [R + 2) e*vc -1}] {11}

osm
B ek LA T Cﬂﬂﬂﬂ'ﬂ fR+1)

R=crc™
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Edge-to-Edge Interactlion

2
e Ke R Tﬂ exp [-2Kd)

R 2 T l4exp=2Kd)

Edge-to-Face {nteraction

2 2
of i€ g n.a_,_w, + 1) 2¢ ¥

1
' FR - I{Hl + Rz] tl-expf;hﬁaﬁ[

2
"F[-l-'l"z

Interparticle Spacing

o d _ 10,000 e
(Angs troms) GE SA

h

SA = spacific surface area {mz gm

One-dimensicnal Theoretical Frae Swell
G .4, (SA)
- —d
a 100 (l+e )
o

Es = specific gravity of sail
e = {nterTal void ratlo of safl

Ad = change in particle separation half distance.

57

f12)

_'—g axp (-2€d} -expl-trd}}] {13}

(14)

(15)
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CONVELTION-DIFFUSION AMALYSIS OF SEDIMENTATION
IN INITIALLY DILUTE SOLIDS-SUSPENSIDNS

* ok
Raymond M. Yong M.ASCE and Diaa $. Elmonavyer]

ARSTRACT

The settling of suspended solids in solids-suspensions is treated
From the viewpolint of the ralative Fluxes establlished as a result of the
upward diffusion of water and the downward convection of the solids. The
convection=diffusion analysis approaches the problem by first calculating
the fluid diffuslon coefficients from actual laboratory sollds-settling
experiments. The calculated diffusion coefficients are then used with
the convection-diffusion relationship to predict the settling rate of
the solids and also the solids concentration profile. Predictions For
various expariments and a field sattling pond are compared with actual
measured values.

INTRODUCTION

The term "solids-suspensian' refers to the physical phenomenon where
a suspending fluid medium contains materia! (generally identified as
solid particles, i.e. solids) which remain in suspension far very long
periods of time. 1f the suspended s0lids do settle at all, they will
settle atf saedimentation rates not readily modelled by classigal Stokasian
or mpdified Stokesian models. Typical sitvations where solids-suspension
behavigur arise include 5l imefsludge ponds, coastal sediments, and wasta-
discharge containment lagoons.

In studying the developrment of sediments such &s those obtained in
5)ime/sluedge containment ponds and in many coastal areas (i.e. as coastal
sediments), their composition and physical/mechanical properties consti-~
tute major items of interest, Recognizing that the physical and mecha-
nical propertias of tha sediments are both sourge and time dependent, it
has been found convenient ro analyre the development of sediment lavyers
in respect to rates of sertling of the solids “‘suspended' in the fluid
mediu. By doing so, the analyses which reguire actual material proper-—
ties input will thus implicicly facrtor in the resolrant effects of source
material in the settling process which leads to the development of the
sediment layers [4,5,7,11],

" William Scott Professor of Civil Engineering and Applied Mechanics,
and Director, Geotechnical Research Centre, McGill University, Montreal,
Canada.

"“Research Assoclate, Geotechnical Research Centre, McGill University.
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When the concentration of solids in suspension is small, as is the
case for many solids-~suspenslions derived from tailings discharge {solids
concentration from 2 tg 5 parcent by welight)], and when these solids con-
tain surface-active material, Yong and Sethi (1978) have shown that the
dispersion stability and settling kehavicur of the solids are controlled
more by surface-active relationships {i.e. by interactions between sur-
face-active solids) than by gravitational mechanisms. The protlem of
imodel develgpment which would permit one to evaluate and predict the con-
" tinuous solids-settling process In Initially dilute solids-suspensions,
from solids sedimentation (suspenslon "thickening''} tc compact sediment,
remains one cf the more challenging problems facing analysts in this
field. Present analytical methods uslrg Stokestan, Kynchian and large-
strain consclidation modets (1,3,4,5,6,9] as separate and Individual
models far analysls of the varigus "'stages" of solids sedimentation,
testifies to the prasent state of predictlon capabilities and reinforces
the need to provide a batter means far overall prediction of the continu-
cus process of sediment Formation.,

In ehis study, the recently developed convection-diffusion method
of analysis of solids~settling in initially ditute salids suspension {10],
is used to predict sclids-setcling performance of mixed clay mineral sus-
pensions. Comparlsons are made between predicted settling parformances
and actual laboratory measured values, The method of analysis permits
one to address the entire solids concentration range heretofore covered
by: {a) the Stokesian model - far the more dilute solids concentration,
and [b) hindered fall methods of analysis ~ for higher solids concentra-
tion., When the actual sediment layer (5 formed, large strain consolida-
tion analyses can be applied successfully to predict consolidation per-
formance,

CONVECT ION-DIFFUSION ANALYSIS

Denoting the various known and unknown internal driving forces in
the solids suspension in terms of a resultant potential difference Ap
acting between two arbitrary points separated by a distance &5, the rela-
tive fluid flux 9., - i.e, upward flux of fluid past the suspended
solids which are themselves moving downward In the opposite directicn to
the Fluid flux - can be expressed as:

Relative Fluid flux D = - %? {1}
3y
'kaﬁ
q
fs _ 2, 9y

whare k = proportionallty constant.

The net result of the relative fluxes astabl ished because of the
downward movement of the settling solids and upward movement of the fluld
will be physically demonstrated in terms of the time-rate settling of the
solids-liquid (Fluid) interface as shown in Fig. 1. For simplicity [n
viewing, ane might consider the tatal Inltial sclids-suspenslon as a
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stacking of an infinite number of thin "compressible" solids-suspension
layers with sclids congentration varying in the fashion shown on the LES
drawing in Fig. 1. The supernatant layer that (s formed above the solids-
liquid interfage at any one time is the result of the relative fluxes,

and is the accumulation of the fluid-release from the infinite number of
"compressing layers', as scen in the RHS drawing in Fig. 1.

i X 4

ET T2 supernatant ]
g agﬂi 5%%33\ supernatant
L] 2:°a% 8oty i
-— 425 g “on o Qg O, i
Ol Pe%le FoREe_ 0% 057G
o A 50 % 8 00 Lo P st g
c | [Sade® SO ) AN TR T
£ adetql ‘0% © %00\
5l Br8sd PR,
81 [eS3al R

| RS b RO, Ry

| ol

Volumetric Concentration

Volume of Supernatant = tatal! sum aof fluld
2o diffused cut of all layers as a result of diffusion

T v
M
']

\'\ solids and conveclion mechanisms

lngreasing of
salids concentration

Fig. ) Schematic representation of the solids sertlement and super-
natant development processes

Jo elavorate further on the so-called "compressible' nature of the
solids-suspension layer, Fig. 2 shows a more detailed iflustration of the
Flukes developed in the solids settling pracess {n a control unit volume
in & typlcal solids-suspension layar. The quantity of fluid volume 2,
released in a unit time is the resulr of the upward fluid flux g¢, rela-
tive to the downward flux of selids q;. The volume of fluld associated
directly with the solids consists essentially of wo parts: {a} the gart
that remains apove the datum |ine separating layer Ch-1 from Cn, and (b}

the part that moves im concert with the salids flux 95 in the settling
process, bringing them below the datum line into lavyer Cn - a5 shown in

Fig., 2. The fluid associated with the salids represents that volume of
fluid held by the solids because of surface-active forces [11], and (s
determined by the balance petween the intermnal and external energy of the
lTacal element.
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Representing B as the volumetric cantent of the fluid associated
with the conwvecting solids, i,e. voiume of fluld directly tied in with
the convectlng solids in a unit solids suspension volume [Fig. 2} divided
By that same suspension volume, the total Flux of fluid assocliated with
the settling sclids passing below the datum separation inta layer Cp will
be given by Bg, = @, . The total change in volumetric fluid content in
the control volume after time At is due to f{a) lass of fluid represented
by the relative fluid Flux qf, and (b) the loss of fluid associated with
the convecting solids as represented by the flux By as shown in Fig, 2,

o ditfusing fluid

é ' solids Mux with associated fluld
[

.
- 3

Helght

Fig., 2 Schematic representation of developed fluxes in a control
wolume, showing fluid flux relative to solids g < fFlowing in the upward
side direction, and q solids flux l=aving the control volume with asso-
ciated fluld qu = aci. Mote that fluid Flow due to S ey

The toral fluid volume which diffuses to the top of the seccling column
ar pond to form the clear [soclids-free) supernatant is the accumulation
of all the o gquantities from the individual layers., Because a., moves
beiow the datum plane, the solids-liquid interface movement that will be
visually evident is the result of the sum of all the @, and @, quanti-

ties. The resultant flaid flux Q¢ has been previously given [10] as
follows:

qf a qu + E'-IS {3:'

fluid fluxs,

L
-
n

9. = flusx of fluid relative to the convecting solids,

i ]
I

flux of solids, and

4]
]

volumetrTc content of fluid directly associated with the con-
vecting solids.

ConsTdering the movement of fluid in the I direction, [Fig. 2}, the
continuity condition can be written as:
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2 _ 39, i B(QFS + Sqifl
At ;% a5
3q 3(fq )
R T W)
g 14

Wi e

& = the upward positive spatial coordinate with origin of axis
at the base,

a=ga, +o
d cv'

a, = volumetric cantent of fluid lost (released} due to diffusive
flow, and
acv = yvolumetric content of fluid lost due to convactiva flow,

Recalling Eq.(2):

aqfﬁ - - H{RB ]
4z AL ag

g v dgy
-3 L
i "aad 3

- () (5]
where 0 = coefficlent of diffusion of the diffusing fluid = k(ﬁggﬂ
d

Combining £qs.{4) and {5), we obtain the governing relationships pre-
viously given by Yong and Elmonayeri (1984}

oes dq
da _ 3 dy _ g & - , 98
t  AcC ma;] T (6}

we should note that the applicability of chis relationship ta full
account for sediment consalidation after sediment formation and inival
comprassion, wil] need to be critically examinad - espacially when actual
interparticla contact becomes a significant issuve, In its present form,
axperiments show that the convective-diffusive relationship can model
sedimentation of the pure clays-suspensions tested - to void ratios of
about 3.

DETERMINATION OF DIFFUSION COEFFICIENT

S$ince the convective terms on the RHS of Eq.{f) deal with the solids
flux and associated effects, datermination of the fluids diffusion co-
efficient D can be readlly accomplished by considering gonly the diffusive
term on the RHS, - 50 long as the Peclet number, which refers to the
ratic of the convective velocity to the diffusion constant over the
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domain of interest, is small. The property of maxlmum principle which

is well-demonstrated when the Peclet number ramains small, s indeed
Impogrtant {F non-oscillating numerical solutions are to be sought. it

is useful to note that the standard diffusion model is also tha genericg
model used In the derivation of the ctassical consolidation relationship.

Solving Eq, (6} in the usual form of a diffusion equation, by drop-
ring off the last two convective terms on the RHS, Yong and Elmonayeri
{1984} have used a similarity solution technique Lo obtain the relation-
ship between the diffusion coefficient of the fluid D with the total
fluids concentratlon at any ane Lime, HNote that the fluld concentration
8 is gTven in terms of a volume ratic = f.e. volume of fluid per unit
volume of total solids-suspension - and is also easily identifiable as
the porosity n. The diffusion coafficient 0 is ocbviously a variable
since it is directly related to the propoertion of solids present [i.e.
solids concentration), The relationships for D for varlcus suspensions
are glven lager in Fig. 5 - in terms of the wvolumetric water content.

The procedure used to obtain the necessary information for calcula-
tlon of the diffusion coefficient for any one particular solids or Fluid
concentration in the sollds-suspension, requlres experimental input
which descrites the rate of fall of the suspended solids. {onsequentiy,
laboratory settling column experiments similar to those previously con-
ducted [J0] were used. These consist of essentially producing solids-
suspensiaons of varicus initial s0lids concentrations, using pure clay
minerals dispersed in 15 meq/1 NaHCO4., The settling columns which con-
sisted of lucite tubes measuring 208 mm diameter and 600 mm high had
sampling ports located at various heights of the column - to permit
periocdic sampling of the sclids-suspension for determination of solids
or fluids concentration profile. Since the wvolume of suspension removed
via a macro-hypodarmic syringe was considered to be miniscule in relation
to the toral volume of suspension matearial tested, Ao corrections were
considered necessary in measuremznts of the height of the sollds-1liguid
interface. A listing of the experiments conducted is gliven in Table i,
Since it was easier to weligh the basic constituents, the fluld concentra-
tions were reported in terms of water contents instead of the volume con-
centrations used in the calgulation procedures. With known specific
gravities, It was an easy procedure Lo convert the water <ontents to
volumetric fluid concentrations,

The typical kind of solids-settling information obtained in exper:-
mentation i5 shown in the top and LES drawings shown in Fig. 3. The
profiles drawn can be in terms of density variation or solids congcentra-
tion variation with height of settling ¢olumn, For convenience in cal -
culation of the diffusion coefficients, the Information presented in
Fig. 3 1s given in terms ¢f volumetric concentrations, e&.g9. volume of
solids divided by the tota! suspension volume (Fig. 3a) for the velume
element under scrutiny, 5ince the sampling ports provide information
with respect to fluid or solids concentration, Fig. 3b can be determined
directly. This corresponds with Fig. 33 since the sum of these [wo con-
centrations should provide one with the total solids-suspension volume,
By measuring the fluid concentrations at various times and locations, ‘i
is possibie to produce information concerning the diffused fluid concen-
tration at any particular time pericd {Fig. 3c}). This represents the
quantity referred to in the procedure for calculation given in Fig. kL.
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TAALE 1 - Tests Conducted for Solids Setrling

1 2 ] b 5 f
InitTal
Experi- Mass of Solids Water Initial Duratian
men t Suurce (particles} Content Height of Test
g wiw men hr
1 1012.1 1900%
2 1222.1 1566, 7%
3 GRC 1435.1 1328.6%
Y Experimant 1667 1150% £00 15.5
5 jer #1 2568 733.33%
& 511.5% &13.9%
Fi GRC £52 Lgg. 5%
8 Experiment 835 - T16.6% 150 zh .0
9 Set 42 1078.5 257%
10 1170.% 233.3%
] duys
D + DSB8
13 0 + hYy7.8 Jo9h . 2%
14 £3.5 + 593.% "
15 107.5 + 539.% "
16 160.5 + 485 & n
17 215, 8 + L1164 "
18 GRC 269.8 + 377.7 a
19 Experimant 323.7 + 32¢9.7 " &00 4.0
20 Set ¥3 377.7 + 269.8 E
23 431.61+ 215.8 Y
22 LA%.6 + 180.5 "
23 539.5 + 107.5 "
24 £93.5 + 53.5 "
25 Y7 + O L
* FD = Hydrite Flat O Kaclinite ["pure' kaolinite)

g DsSe bomtar Sealbond

To caleulate or predict the sertling rate of the Tnterface esgab-
lished by the supernatant lying atop the solids-suspension {due to con-
tinuous accumulation of diffusing fluial, the fluids diffusion coeffi-
cient [, which Is obtained as a Function of 0y the diffused fluid volu-
metric content, is used to enter into the sglutlon of the convection-—
diffusion eguation - given previously as Eq.(6}. At this time, the total
equation {togethor wlth the convective terms} is used in the calculations.
This 75 identified in Fig. 4. The output information from soiution of
the egquation permits one to view settling rate, fluid or solids concen-
tration profiles at any specified time, and obviously sediment Formatio~.
Note that the calculation procedure used in Fia. b sraps when the solids
concentration reaches 40%, This paint s arbitrary in that we #xpect
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that particle contact forces will begin to become relevant issues ang
perhaps will need separate consideration. This is not to say that the
gqoverning eguakbion will not operate beyond this region. However, much
work remains to be done to further elaborate on the convective-difFfusive
phenomenon when particle contact stresses and excess pore waler oressures
become significant.

CONCLUDIKG D SCUSSION

The diffusion coefficients previously calculated for tests &, 5 and
12 in Table 1, and included In calculations with other rest material
types used for comparison with field test results [10] have been shown
te apply for all the kaolinite suspension test results obtaimed in this
study. This Is not surprising, since the tests were all concerned with
the same type of clay material. The diffusion coefficients are shown
in Fig. % - together with comparisons with other suspensions reported
previousTy. HNote that by and large, the slopes of the various 0 rela-
tionships are essentially similar. The relationship calculated for D
using the test results reported by Been and Sills {1981) is basically
identical Tn sTope to the kaolinite test series obtained In this study.
The same can be faid for the D values caiculared for actual field experi-
ments conducted [10].

Using tha kaolinite 0 valuas reported Tn Fig. &, predictions for
settling rate can be made and compared with test measurements - as for
example For tests % and & in Table 1. The close agreement between mea-
surement and prediction shown in Fig, & is evident for all the samples
studied, A better summary is given in Fig. 7 where the slopes of the
initial settling curves {i.e. setrling velocity] represented in Fig. 6

X
4 typical slurry density profiles
= -— — — Idealized profite
o
Jui ]
F s z
= $ 4
L Density
B e -
7 \ ‘ /
A / a
E ! 'Erl'+1 C
g
{ i
- ! - 4 .
{a) Scllda Concentration (b) Fluid Concentration {c) Diffused Fluid
{valumetric) {volumetric) Cangentration

{volumetric)

Fig. 3 tdealized representation of solids settling at any one time,
together with distribution of solids, fluid and diffused fluid.
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EXPERIMENTATION:
Settling column test for:

- so0lids content prafiles
- settlement height at different
time inctervals

-

oY

Fluid ar solid diffusion coefFficiants
v, released floid volumetric content, @

p o= fix)

¥

GOVERN NG EQUATION

tlu] d
Bu 3 D as _ 33
TR T L vl Bl 2 Tl B v,
¥

OUTPUT INFORMATION
- The amount of fluid released, o, from each element

- The volumetric fluid content &(g, t) = B. - a

interface height vs. time can be calculated as:
M~

h = hG - darea

where v o= A x [Total ¥aluma)

Fluid concentration praofile from the abtained & ws.
depth and time

So0lids concentration profiles, 55, as:
E'g(l-’” t] = ] - E{‘:i t}

hO

Fig. b

Saolids concentration = LQZ

cchematic diagram illustrating procedure for calculation
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for example, are plotted against the initial solids concentration of the
solids-suspension, This shows the effact of inTtial selids goncentration
on the velocity of scttling of the solids-liguids interface. Although
not directly shown, the ¢iose accord represented in Fig. & between pre-
dicted and measuvred values is obvicusly repeated for Fig. 7.

To further test the applicabiiity of the method of analysis, two
other mixtures {reported in Table 1) were used, These consisted of a
mixture of kaoclinite and i1lite minarals. The hydrite flat O kaoclinite
was mixed with i1l17te, identified as Domtar seal bond, in two proportions
as shown in Fig. 8, The diffusion coefficients used were the ones cal-
culated from experiments with the mixtures, and the resultant predictions
are shown together with the measured rate of fall in Fig. 3. Whilst che
agreemant betwecen grediction and measurement s not as good - in compari-
son with the pure kaglinite samples - it 15 nevertheless acceptable.

The bottom boundary effect in constraining sadimentation can be seun in
the lower portions of the esxperimental curves.

&0 o predicted
& measured
a0 -
A
20
| ] l
) 80 160 240

S o predicted

& measured

Solids - Liquid Interface Halght, cm

20 -

| | |
O a0 160 244

Time, min

Fig. & Comparison between predlcted and mcasured settling rates for
Tests 4 and §, reparted in Table 1.
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Fig. 7 fetationship between the interface settling rate and it{s con-
centration for different initial uniform salids concentracion
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Fig. 8 Experimental and predicted height of interface Ffor kaclinite
and [T1ite mixtures
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Much work remainsg to be done to further develop the rethod of ana-
lysis - as witness the test/prediction results in Fig. 8, Because of
the addition of a more surface~active material component {illite}, com-
plete demarcation between pure supernatant and sollids-suspensicn is not
always achieved, j.e. the solids-liguid interface is not clearly evident
A slightly turbid supernatant is develocped and some of the more active
component material remains in the supernatant. Thus visual observations
of the first part of the inltial settling process tends to lag behind
predictions 1f visual comparisons are made with predictions - since ab-
servations can only be made by viewing the interface which is visible
because of the more deminant settling component {kaclinite). The process
is akin to the more drastic "'sertling-out" phenomenon seen in sand-clay-
fluid suspensions, where the granular component segregates out of the
total suspension and settles through the suspension to fForm the sand
sediment layer. Bottom sediments showing the general gradation of coarse
fractions at the very bortom, grading to the very fine fractions {silts
and c¢lays) at the top testify to this phenomenon.

As time progresses, a '‘catching-up'' process occurs because the
inftial higher sattling rate due to the more dominant setcling component
{kaclinite and coarser fractions of illite} obviously reaches the stage
where the lagging component (V11ite} Finally secttles out of the slightly
turbid supernatant. The interface which now can be better distinguished
will be more representative of the toral mixture of kaclinite and iliite.
|f the general modelling approach is indeed viable, the differences be-
tween prediction and measurement should become diminishingly small as
time progresses. This appears to apply for the study conducted-on the
mixed system, |t would indeed be interesting to see if one could predict
the settling rate of the varicus components in a mixed solids-suspension.
This would permit one to anticipate the layering and gradation phenomencn
in sediment formation. Further study will need to be performed to ad-
dress this and other problems concerned with large cenvective effects,

Figure 9 shows the prediction aof solids distribution in tar-sand
sludge pond {abeut 2 km long and | kn wide) using the information given
by Yong and Eimonayeri (1984). The procedure used is cutlined Tn Fig. &,
and the valuas for b were determined from laboratory settiing colomn
tests on samples obtained at various depths in the actual pond. The
mixed sclids components {sand, silt and various kinds of clay minerals;
in the pond have all been lumped together as a general ''solids' content,
It is useful o note that the void ratioc of 4.3, which corresponds to a
solids concentration of 19% is well within the L40% cut-off paint shown
in Fig, &, Agreement between predicted and measured void ratios f[as
determined from actwal sampling in the Fleld pond) shown in Fig. 9 is
indeed good.
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ABSTRALT

The stability of solids suspensions 15 determined by the dispersion
stability of the solids suspended in the suspending medium. In cases
where the solids are extremely small {fina), the inactive splids situa-
tion permits calculations to he made along the lines of [nterparticle
collision, When surface-active forces become dominant, the calculations
for energies of interaction ot the long-range repulsive and attractive
forces permit description of the interaction stability of the suspended
particles. Dispersion srability, which is not a time-infinite state,
can be evaluated ang determined as a variable decreasing stable state
[with time) using methods of calculations based on interpartizle colli-
£ion and/or energies of interaction.

INTROUUC T 0K

The term "‘solids suspensions'', used in this presentation, refers
to various kinds of suspended solids {in the micron and submicron size
range) in a dispersed state in an agueous medium. The reluctance of the
suspended solids in many Kinds of sutpensions to settle in 3 timely
fashion, in accord with predictions based on models relying on gravity-
driven nechanisms, has been well documented, {Yong {1}, Bureau of Mines
{21]. Consigerable interest has been focussed on predictions of thic-
kening, sedimeantation, sett1ing, and consclidation, - especially in the
Field of slurry and s)lime waste disposal - because ot several ecanomic
and envirponmental pressures.

In seeking to develop predictive models, and especially in Tnstances
where specific treatments are contemplated ror enhancement of the
dewatering capabillty of the suspenslon, there exists a need to obtain
a bstter understanding of the various issues that define the stability
of the suspensions in the "natural’ state. |n this presentation, the
dispersion stability of the suspended salids {particles) is studied -
in terms of interaction of inactive and surface-active solids, oy
"surface-active' solids, we mean solids which possess active surfaces.)



SUSPENSIUN STABILITY

The stability [i.e. dispersion stability) of a suspension can be
defined or assessed in several ways. The si-plest =method is te focus
an some significant (measurable) properties or characteristics, - e.g.
settling rate, flocewlation or coagulation, andfor viscosity-time
relatioaskip. [t is acknowledged that even in 3 supposedly stable
calloidal solution [s501), settling ot the suspendes solids will indeed
occur - albeit at an extremely slow rate. Pertect dispersion stability
fi.e. inrinite=-tire stability) wilt not really exist, pri-arily because
ot ageing eftects - e.q. insufficient repulsion between very small
solids (partictes), atteration and trarsformation or some ofF tre solids,
cransport of ratter from smalter particles to the larger ones, and
development of flocculates. In a slurry waste system consisting of
various xingds of constituent solids, ana in the presence ot a cnerical
environment, the preceding kinds of ageing pheaomena coupled with otner
processes associated with biglogical activities and hiockemical reac-
tions, will eventually destabilize the initially stable suspension,
and demohstrate itselt in terms of observed sedimentation of the solids,

The demonstrated slow self-settling characteristics of tne suspes
nded solids which are indicative of the dispersion stanilliy of the
suspension, [and atse of the degradation of ¢ispersion stability), can
be attributed to ot teast Four mechanisms: {1} Interaction ot the
s61ids with the molecules of the medium resulting in Yrownian motion;
(2} Mutual ret repolsion caused by the surfaceractive pature of tre
s3lids and the low salt concentrations, ar preadominance of ~onowvalent
cations, and/or potential determiring anioms; {3 Adsorstion of coating
of amorphous material fsmall lyopbilic ecolloid) on a large electro-
negative colloic = since the affinity of amorphous meterial for water
uxceeds the net attraction of the van der Waals forces; [4} Steric
RWindrance due to gdsorption of an arganic m~olecule,

The four mechanis—s and their corplex variants cannot be easily
quantified Tnsotar as calculations for determination of the degree of
dispersion stability are concerned. We can kowever separate the
problem into Lwo parts rof £ase in viewing the results of interaction
of the spspended selids, To do so, we recognize that the suspended
salids are under tre influence of at least three different kinds of
forces: (a) gravitational ferces, (b)) interaction ferces developed
when the forces of callision of tFe rolecules of the redium begin o
overpower gravitational forces, ard (c} rutual interaction of the solids
becguse af the surface active nature of the solids - via electrostatic
reoulsions and attractiocns.

In examining dispersion stability, we will initially consider the
system in tarms of interactive forces - developed either by collision
or by clectrostatic means, This provides the cpportunity to develop
the analysis in terms of resultant energies. The simplest sequence in
analysis considers the sJdspersion to be made up of very fine inactive
solits or particles susceptible to Brownian agtivity. Qne studies
thereby, the collisicn freguency and the evolution of the distridution
functiagn in ti-e dug to exterral forces and interparticle colflision,

Proceeding therefrom to consideration of surface-active solids,



the guantitative tneory @t stability af lypkobic collaids, identified as
the DLVO tneory {after Uerjagin, Landau, Verwey and Overbeek), which
constricts its analytical madel on the basis of [a) electrostatic repul-
sive Forces due Lo interpenatratior of tre diffLse jonic lavers, and

fb] wan der Waal's attraction forces, appears to provide a reasonahle
set of calculations which could provide a cualitative measure of the
problem at hand., |t i5 noted that in considering net repulsion ocgur-
ring between particles whan double layer repulsion overwhelws van der
Waal's attraction, the presence of potential cetermining anions such

as bicarbanates, carbonates, hydroxides, phosphates, ete, 1n the fl.id
phase, all cortribute to the enhancement of net repulsiorn.

Several probliess should be rated Tn application of tre above type
of mogelling procedure. Tne presence of amphoteric surfaces, which
is indeed likely in many waste slurries, is not gemerally factored in
considerations for analyses - partly because compositional analyses
generally do not pay much attention to the problem, and partiy because
af the extreme difficulty in assessing the charge characrerization of
the surfaces, As anothear set of problers, 1t should be roted that toe
cystem pecomes unstanle and coagulation pocurs wnen attractive forces
become very dominant. Thus, wren repilsive forces are vanishingly
small and can be neglected, Brownian collision betwaan particles may or
may ot lead to agglomeration or aggregation of the particies,  Hot
every collision results in aggreqation. For two different systams,
given the same collision frequency, the effectivensss of aggregation
upon collislion depends on the properties of the particle surfages,

Yong and Sethi {3} bave shown that there is a strong relatiorsnip
between the dispersion stability {of the suspension] and the zeta
sotential of the system {(Table 1),

TABLE 1 - Relation Hetween Dispersion of Clays
and Zcta Patentiol

5tacility Characterlstics Average Zeta
Potential, mv,

I, HMaximum agglomeration and precipitation + 3 to O
2. Excellent agglomcration and prechpltation -1 to -4
3. Fair agglomeration and precipitation - 5 ta -i0
L. Thraeshold of agglomeration (tacteids or cdomains) -11 to =20
5. Plateau of stight stability (few domains) =21 to =39
A, Mocerate stapility iro domains) =3l to =47
7. Good stabhility, i.e. stable suspensron =41 te =50
B. Very good stability -51 to -60
5. Exceilent stability -&1 te -850
10, Maximum stapility -4 o -100

It is pertirent to note that dispersion stability which is
characterized by strong mutual repulsive forces car be reduced or
gliminated by agglomeration or Flocculation via:

I. Reduction of the zera potential of tme system with strong
cationic electrolytes = to achieve the effect shown n
Table I,



2. Additier of a strong cationic electralyte in corjunction with
an apnropriate alkasi {Sperimum pH is reguired).

3. By addirg a reagert waich results in the faor-atior of an
insoluble —atrix whicn enqulfs ard nines tne water in the
system.

L, Agglomeration with long chaln or branched-chain arionic
polyelectrolytes,

5. Agglomeration wikth non-lanic long choar ar branched-chain
polymers.,

INTERFARTICLE COLLISIEN

Toe corsicer dispersion stability in terms of interparticle calli-
sion, we begir by specifying a distribution function fir,u.t] wrigh
describes the number of particies at a positien r, naving a velocity u
at timeg £, The evolution of this function over the course of time arc
diffarart positions r needs to be stuciec. The ruvber dersity of the
particles at r and t will be given by:

n{r,t) = ff{r,u,t} du {1

where tha integration is over all possible values of u. The fungtion
n{[,t] can he normalized by:

¥ = fnlr,t} dr {2)

whara N is the total number of particles in the eantire suspension
under consideration. The average velocity v{r,t] can now be given as:

vir,t} =*r-']-fyf{_r4.y_,t} d (3;

Ak

and the particle energy elr,t} as:
2
efr,t} = %-I 1/2 mu fir,u,t} du [4)
Bocause of tne freguent collizions of liguid malecules, the

particle veleocity u will be fluctuating about a mean value Yo wWith

a mean flucktuation time T&.  Sisce T 2% TY wé can wrika:

E: +£' {5]’

u
-

where u' is the fluctuatirg value. We now obtain:

- 2 .2
- Waf u'® 3°F
Flraust) = F (U 00 + Uis—+ = — * - {b)
-0 gL
-0

where FDEL,Eo,t} is the stable part of the distribution function

unaffected by the fluctuations. This is nat gererally considerec to
crange in a time scale of the orcer of T%. Uhen f. is averaged over
a time scale of T, we Fave: !



i | A, r | ¥
averageofF:F-f +?-§E—O-' u'ac'+ = ——E.I" u dt {2}

Using the ergodic theorem snd the law of equiparciteon of energy
to express the integral in terms of the Boltzmann constant k and tempe-
rature T, we obtain

dt'= <u'"> = ensemble average

A=

U outde'= g it u'2 4
o o

= EL31 << 1 For micron-
sizea particles (8)
Thus, f = foIEJEo’t} indicates that it is now possible to define

a distribution function averaged over the Brownian Fluctuations as a
Function of average velocity u, Using the same procedure, the net

Foree F acting on a partlcle, CDI'I!.I!.tlng of the gravitattonal force
mgZ acting along the vertical direction 2, and liquid particle inter-

action expressed as -F—lnt can be obtained. Expressing Fi ¢ as:
Eint = Eo + F', we note that since the average force of interactions

due to liquid molecules Eo ¢an be expressea as: Eo = -Ewnago, and F'
is a Fast oscillacing Function whose average over a time scale always
vanishes, the net external force F will be given by:
Pl
- 1 L]

F = (m'g ~ émay,) 2 (9)

where m' is the submerged mass of the particle In the liquid.
When this farce is zero, we note that the particle attains the

velocity V given by:

Va2l & {19}

For a typical two=particle ¢ollision system, the Boltczmann
equation, which is a microscopic avolution eguation which describes
the evolution of the discribution function in time due to external
forces and interparticle collisions, can now be invoked {[Chapman and
Cowling [4}}):

-
(-5

==

3

+ “ +

= C(F) {11}

L ]

n:lm
-4y
=
g

wnere C(f) = fluigjL'}12{F{L,g.t}f{£.u O -F{rul e} (cuit)]

x &(mu + LT mu' - '“E;l
x s(1/2m? + 1s2mg? - 1/2me' - 1samgy?) (12)

X d_r;' d-'-"-i dﬂf dg'



The First term or tThe [hs of Eguation {11} describes the time
evolution, the secord term is due to the position variation, the third
term is the change due to the external force, and the rhs C{F} is the

interparticle cellision term given by Eguatior L12). The Junprimed and
orimed notations refer to before and afrer collision. The delta
functions assJre corservatior of ~omentum ard energy during the cel'i-
sion and v is the collisior potential. Wote that the collision tere

describes two-particle collisions and igneres triple and higher arder
callisions. Such a situatian is walid only in dilute syste-s. Far
higher concentrations where nighar arder coilisions can acgur, It
becomoes necessary to consider simultaneous ~ultiple collision teras.

The equation obtained For the physical quantities averaged over
the Brownian motion collision, and averaged over a large time period
compared to T8 will be given as:

» L] 3 ! 1 . 1

JF(} {LI:G-'E! fu e dfn '*_'Eg't‘ «ali - E—j dfu [L':ﬁ't’

dt == dr 9 Voogu

= C(f ]
(f,) {13}

The collision term C{Fo} is pbtained from its definition given in
Eguatinn |12} by replacing all § by fo' and u by u. Note that

although tha Beltzmann eguation describes the concentration increase
of the particles and the transports associated with the ghenomenan,
the axtraction of infaormation 1s guite cifficult - primarily due to
the existence of the collision tarm. several methocs of solutions
cxist which ¢an tackle the prodlem - g.g. the {hapman-Eskog method
{Chapman and Cowling (4]}, Hawever, these methocs are in themselves
Fairly involved., Instesd of seeking a perfect but complicated solution
in which important aspects of the problem might be lost, we now secek
a simple but significant and relevant solution to the problem by
applying aspproximate methods., We begin by writing the simoler Form of
the equation, using the so-called relaxation time approximation techni-
que. In this approximation, we assure that the system is only slightly
away from the local equilibrium, anc that the collision term can be
replaced by:

Fleu,t) - F9 a0

- z i1d)

wkich gives the approximate rate of change of the distribution function.
For notational convenience, the subscript o has been dropped from
Fguation {I4; and hereafter. The local equilibriom function F29 s

the cguilibrium Maxwell-Beltzmann distribution Function giver by:

2
rnt) = alom=) e - P (15)

Fo5y
The tewperature T of the mediun can be a function of r oand t,

With the relaxatior time approxi—atian, Eguation (13} can now be
given as:



Jf if , Yz, af _ _ f-f%9 ,
ER R A A T tis)

Thaugh T Fas a significance relative ta the average ti—e helween
cailisions, it attains the status of 2 parameter of the particie oroper-
ties. Instead of using an explicit poetential Tn which constants need
tc be adiousted to suit the gblained resulfs, we use a 511g9le parameter
1. Ohwiowsly, tne success of Ehe approximatien technique depends an
how well it can describe physical chservations.

INTERFARTICLE COLLISTON AND SETTLING VELJCITY

The dependence of the settling velocity of fine particles er
solids on the concentration is based on twa aspects: (1) As the
concentration increases, the apparent viscosity of the medium will
increase and the particle velocities will change, and 12} concurrently,
particle ~otion will he hindered oy the collisions dys Lo the gresence
of other particles. These two contribubtions ¢an be calculated fro—
Equation [13].

Since the systen is close to local cguilibrium, we can assume:

fe 9 4 fr where £' << £° (17)
sa that the normalizatian relation remalns undesturbed, i.e.
g =15, g ‘1K
H—E._fdid_u_ E'f du dr {1H]
ir the steady state, the distribution furction will no longer
be an explicit function of t and if we consider a homogeneous medium,
then it wil]l also not be a function of r. This leave Equatian [16)
s u #le) f(u)
s - == - (15)
Using Equation {17), we can write {approximately):
I
(1 -z 300 i (20
4 VY oz T !
2
Making use of Eguation (I5), we sptain:
g Yz eg
f' D — I - — T ) ]
ard hence:
L
- S R eq {221
flu) = £ u; + af) = Fu, f {22)
The average velocity will be given by:
Lo eful o .
¥ '-’.uz> 5 '.Iz J{E_J oy 123}

Taxing note of the Fact tnat the wiscosity of tra suspension




changes as solids concentrarion changes, wWwe invake the Boltzmann rela-
tionship in relaxation rime approximation to aobtain:

no o=, +okTT = n_ + 0, {24
It can be shown that with Eguatians {10), {22), (23} and L24), that:

= m /2 2 . 2InkT _ gmv imng 2
v =g (557 vo (1 {-——-no i AR ™ Vo17) [25)

Trnis relatiensnip has been used to avaluate the actual laboratory set-
tling experimeénts conducted on a bauxite red mud waste (Yong and Wagh
{5.6,) and a standard kaslinite slurry suspension - 3s shown in Figure
I, The analysis requires that ope seeks a relationship between the
relaxation time T and the concentration n. Simple kinetic arguments
indicate that the relaxation time should wary as the reciprocal of the
concentration. In the bauxite red mud, bacause of the greater presence
af very fine particulates, the last term in the square bracket In Egn.
{25] becomas dominant while in the kaolinite suspension, this term is
smail .
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INTERACTION ZHEZRGIES

When the ermergies of Tateraction of the suspended solids deperd
on tke charged surfaces and interparticle forces, the ckhexical composi-
tion of ere fluid medium, solids composition, as «ell as the —ade of
particle interactian become important cansideratigns. Changes in the
suspendirg fluid chemistry, chkarged surfaces and particie arrange~ent
will alter the internal force system needed to establish dlspersion
stability of the suspension. Assuming the suspenged salids tg be plate-
like ir skape, the three principal mades of two~particle interactiaon
Inciude: face-to-face, edge-to-edge, and edge-to-face. For each mode
of interparticle configuration, a relationship between net intersection
energy and particle separation distance can be obtained. If repulsive
energies dominate, input énergy must equal or exceed the maxi—um
repulsive energy ir order that dispersion stabilicy can be overcome -
b.o. in order to destabilize the system. {onversely, if attractive
energies dominate, irput energy must egual or exceed the =aximu~ attra-
ctive enargy tF tne system is to ce destabilized.

It is pertinent to rote that whilst it is possible to aredice the
distribution of icns hetween particles using the Gouy-Chapman theory,
apclied to canstant surface potential {Kruyt (7)), or constant surface
charge {van Olphen {H]) medel: in 2 suvspension system containing a
homoionic symmetric electrolyte, ng exact method is available to
account for heterovalent systems. For purposes or ¢algulatien, a
weighting procedure for estimation of the effegtive valence of cations
in the system can be used. In the mixsed mineral partigle interactian
scheme used ir this study, the modes of particle interaction have been
chosen as shown in Tagcle 2, for mont=arillorite (=}, iliite ¢1},
and kaglirite tX}, in the combinations as noted in the Tahle.

I1ASLE 2 Interparticle Configuration

tode of Particle Interaction Hineralogical Corbination
Face-to-Face {F-F} M-M, K=X, (=1, H-1, M=%, i-K
Edge-to-Face [E-F) M-M, B-%, 1=, H-1, 4=K, i-K, I-H,
K-F, K-1I
Edjge-to-Edge {E-£} MeM, K=K, tel, m=1, M-&, K-|

In addition to the above particle configuration scheme, two effactive
cabron valences computed as |.0QF and 1.76 are used in the computaticors
perfar~ea to illustrate development of interaction erergies., TRese
twa effective valences have been identified as "low salt™ and "high
salt'' respectively in the graphical results shown as Figures 2 through

7-

To calgulate the long range repulsive energies berween suspended
particles, we reed to determine the Dedye-Huckel reciaprocal length K
as folliows:

2
&ne uz 1/2

K = (=55——) [25)

. o =1
Hesuming £ = 78 and k'Y = 0.5 x 15 3 ergs at room te-perature, the
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value of K s computed to be 1,922 x Iﬂﬁ em™) and 8.5 x b cm!
corresponding to the 1ow and high s&lt concentrations. For a constant
surface potential model, the 1ong range repulsive energy tor the F-F
confFiguration is given as (Kruyt {7)):

2
bnkTz~ exp {-Kd)
K{l+exp(=2Kd)} {27}

UR -

For F-F attractive long range Interaction energies (Ludwig {9)):

-4 1 1 l

V, = [ + - ———]
AT T2n '((zd) [2d+za}f- (244+6)°

{28)

in the case of E-F interaction, the long range repulsive snergies
become;

2 2
v = AR () 20y, Frexp{-2Kd)

R 172 4(R 4Ry} ¢f+¢§ I Toexeiakay * inll-exp(-4kd)]]

{29)

The corresponding long range attractive energies for E-F configuration
can be calculated From:

2R R 2R, R,

A |2 Y2 b
Yot St EmE T SRy (30)

wnere x = gd + ud[R|+ R.,)
[

In the t-E contiguration, the long range repulsive energies are
calculatad From: 3
ERY

Vo =—2—°-£n[1 + exp {=2Kd)} (31)

and the corresponding long range attractive anergy calculations will
use

2
v w . AR

A & " %

2
E 4 tn—25)1 (327
A+4R x+4R

where x = hdz + BRJ.

Using tne minaralogical parameters shown 1n Table 3 energy inter=
action diagrams such as those shown in Figures 2 through & can be drawn.
The zeta potentials shown in Taple 3 are based on measurements of
surface and edge potentiats {Ludwig (9); Sethi, Yong and Jorgensen {10))
for the tnras different clay minerals {M,%,1)., Tha zeta potential
specified on the edges has been assumed to be one-fifth that on the
face, in accordance with the observation by Ferrls and Jepson {11).
Gross errors with respect te the assumption of the magnitude of the
edge potential are seen in terms of alteratlons in the magnitudes of
net energies of interacticn rathar than in interparticle configuraticons.

The calculations which are represented in graphical! form in
Figures 2 through o indicate that under low salt conditions, represented
by the effective cation valence of 1,05, dispersion is best achiewved



TARLE 1 Mineralogica) Paraméters Used n Computations

Clay Mineral Surface Edge Surface Particle Particle
Fotential Potentlal  Charge Diameter Thickness
Depslty
my my esufcm ANgSLroms angsiroms
Montmari | lonite 5 5 3 x §0 2004 a0
Ilite 20 4 Ix 10 2000 110
Kaalinite 15 3 I x 10 20000 gog

when particles are aligned in an ¥-F gontiguration - especially For
interactlons of particles with the highest surfFace areas such as
montmurillonite and iliite, The resuits indicate tnat che influsence of
effective valence of cations irepresented as low and high salts) 1s
mest evident for the F-F interaction mode and for particies with large
specific surface areas. Interaction energies developed by particles
with small specific surface areas will show some dapendance on suspen-
sien salt composition in the F-F mode {i.e. dispersad}, but not as
much in the other modes of interaction. For the high salt condition
shown in the diagrams, the DLYQ theory indicates that the particles
will tend Co stabilize into tactoids with F-F intaraction.

CUNCLUD ING REMARKS - THE HEAL WOHLD

The stability of suspensions {i.e., slurries, slimes, etc.) which
ts getermined by Cne dispersion stability of tne suspended solids,
cannct be characterized in terms of & unique value, i.e. disparsion
stability is not & static phenomenon, The level {or degree) of disper-
sion stability is dependent on the energies of interaction devaloped
within the system at any one time. Because of the thrae different
kinds of forces acting on the suspended salids {particles)}, and becauss
of ageing processes, destabilization of the suspenslon [which cccurs
gradually] through self-flocculation and agglomearation mechanlsms wili
demons:rate itself in observed settling of the selids. <Calcolations
for prediction of sedimentation, thickening and consclidation, deal
with the observed settfling and comprassianseonselidation behaviour of
the 'solids'. However, Tt is useful to bear in mind that what is
observed in this stage of calculations is essentially the results of a
destacilization process. By providing the framework for conslideration
or the temporal dispersion stability of the suspension (system) in
terms of {a) interparticle collision for inactive solids, and {b)
energies of inteéraction for surface-active solids, a better apprecia-
tron of the capapilities of the varigus sedimantationsconsolidation
models would be cotained, Additionally, the requirements for treat-
ments for initiating or accelerating destabilizing mechanisms can be
better elucidated,

In the real world however, we recognize that multiple collisions
gccur In concert with the various intaractions established between the
electrostatic forcas of repulsion and attraction. Yong {1) has shown



that the dispersion stability of the solids suspension which follows
from the fact that surtace active solids ingeract in tne Fluid megium
via collision and electrostatic forces can be viewed in terms of the
water-holding capapility of the solids. At a zero osmotic pressure
{i.e. zero midplane potential), the volume of water associated with
each solid or Floc is at its maximum value. This walume of water can
be computed from theoretical considerations using the DLVO model, as
mentianed in the preceding, where the energy=separation distance
calculations will give the most likely equilibrium interparticle
spacing and void ratio of the system. Since real slurry systems will
rat have jdeal particle arrangements, and since local agglomeration
will indeed occur, one can resort to control experiments designed to
measure the equilibrium water-holding capacity of specific types of
minerals (or solids).

In parforming equilibrium suspension experiments, the rationale
established considers that if each saolid, or if sach Floe "holds"
onto a specific volume of water as it: "equilibrium' shell of watar
{defined as the suspension volume}, consistent with the balance of
intarnal and external energies, the total stable dispersed state of
the suspended solids would be equal! to the sum of the suspension volumes
of the individusl component salids. [In the experiments conducted by
Yong and Sethi {10} to determine the equilibrium {suspension) volume
of water associated with specific minerals, the values obtained (Table
4) show good correspondence with those computed on the basis of the
thecretical interaction model, - provided that proper accounting is
given to the presence of the potential determining anions. As seen
From the extreme right hand ¢olumn of Table 4 the merhods for deter-
mination of the suspension volume for the various mineral required
suspension/setting experiments in long settling columns, left in a
conirolled temperature-humidity chamber for periods of from 18 ta 36
months. The suspension volumes measured do not require any preferred
ortentation of solids, and can be used in comparing theoretically
predicted equilibrium solids concentrations with actual measured
values for the slurry samples studied.

TABLE 4 Suspension Volume far Various Minerals and Method
of Their Determination

Sample Mineral Suspension Vold  Specific Hethod of
No. Vo lume Ratic Gravity Detarmination
t Kaalinite 1.3 3.44 2.65 settling of pure

keolinite in MaHCO
for I8 months.

2 IMlite 3.1 8.15 2.65 settling of kaoli-
nite:iliite (L4u:by)
in NaHtQ For 18

3

months

3 Montmorillonite 21,5 57.0 2.65 settling of Na-mon-
tmorillonite For
36 months

it smorphous Fe203 0.5 82.4 L.oo settling ot Fe103+

kaalinite:;illite
for 8 months



lakle 4 Continued

5 Gibbsite 1.0 Z2.65
E Hita 3!0 ?"‘55
Fi fluartez o.14 0.37
8 Orharss 0.42 h.12

2.65

2.65
2.65
2.65

containing 4.5%
Fezﬂ3.

estimatad from
kaclinite experi-
ments,

egstimated from

illice axperiments
estimated trrom Theory
of Mixture

assumed

t  Includes teldspar, calcite, ankerite, sigerite and pyrite.
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HOTATIONS

Elfo}

< 1 Jc e

=

>

o

=

coliision term

average of f

average force

goltzmann constant

Debyre-Hukel reciprocal length

mass of parcicle

submarged mass of particle in liquid
number density of particles

total number of particiss

position vector

time

absolute temperature

velocity

mean value of u

fluctuation value of u

average velocity

Stokesian velocity

unit vector

dielectric constant

viscosity

relaxation time of interparticle gollisions
potential

radius of interacting spheres or particles
total yolume of the system

viscosity of the pure fluid
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