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The effects of munictpal (sewage) sludge and crude oil on physıcal and 

mechanical properties of laboratory prepared marine clays were ınvestıgated. 

Contamtnants appeared to ınfluence the development of clay mıcrostructure and thus 

some of the physical and mechanical propertles of sedlmented marine clay. 

A mixture of illite. Ca-montmorillonite, kaolinlte and chlorite 

minerals constltuted the laboratory prepared "marine clay". The samples were 

prepared by allowtng the marine clay slurry to setile in rectangular settling columns 

with sampling ports. Marine clay was premlxed with the predetermined amount of 

centaminant and transformed tnto a slurry using saline water. The slurries were then 

poured into the settııng columns, mixed in place and allawed to settle ina water column 

of 0.6 m of height. When the sedlınentatıon was completed, the water above the 

interface was drained through the sampling ports and undtsturbed samples of the 

sediment were obtained by tnserting a thin walled plastıc tube into the sediment. 

Among the physical and mechanical propertles measured or observed are 

physico-chemical propertles. index properties, microstructure, shear strength, 

stıffness. permeability and compresslbility. The influence of crude oil and sludge on 

these physical and mechantcal propertles and the mıcrostructure was evaluated based 

on ertterta such as flocculatıon, dispersion and Coulombic forces between the particles 

and the contamtnants. 
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INTRODUCTION 

ı. ı. STATEMENT OF PROBLEM 

The pollution of the world oceans has become one of the most linportant 

problems for scientists to solve. The dumping of pollutants into ocean waters may 

adversely affect the marine environment and ocean floor. Contaminants may influence 

the development of clay microstructure and subsequent physical and mechanical 

properties of the marine sediments. Engineers and scienUsts, however. know little 

about such influences. 

The rapid development of industry has resulted in the release of large quantities 

of industrtal waste containing a variety of organic and inorganic pollutants (Geyer. 

1980). Most industrial wastes contain varying amounts of total petroleum 

hydrocarbons (TPH), organic chemicals and heavy metals. These contamınants. in the 

bottom sediments of oceans, lakes and rivers, can change sediment water equilibrium 

and influence the depositıonal process. Furthermore the presence of these 

contaminants affect the physıcal and chemical processes ın sediments after the 

depositton is completed. 

Petroleum hydrocarbon contaminatlon of ocean sediments may occur through a 

variety of sources such as the following: tanker accidents, discharge from coastal 
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facilities, offshore petroleum production facilities and natural seepage 

(Inderbitzen,1976; Jonston,1976; Pearson and Frangipane, 1975). The environmental 

effects of a petroleum spillin the ocean depends not only on the chemical and physical 

characteristlcs ofthe sedmıent but also on the characteristics ofthe petroleum product. 

Petroleum is mostly composed of hydrocarbons which is Jmmisciple with water and are 

chemically inactlve compounds. Hydrocarbons are basically compounds of carbon and 

hydrogen. A component of petroleum is heavy melocular weight crude oil. When 

hydrocarbon such as crude on is released into water, it spreads and floats on the surface 

to form an on slick due to its low specific gravity and low solubility. 011 partides are 

dispersed in the water column and come into contact with suspended day and colloidal 

partides. The suspended clay partides and sea water act as transfer agents of the oil to 

the bottom. If the quantity of suspended partides is htgh, so is the extent of oil transfer 

to the bottom sediments. Clay partides can adsorb large quantities of hydrocarbons 

which increases with salinity. Through this process on wets the day particle surfaces 

and also agglomerates the partides which then subsequently sink to the battom with 

increased rate of sedmıentation. on can penetrate deep into the sediment column and 

remain in the sedmıent for many years after a spil1. A concentual representation of 

how spilled oll gets incorporated into the ocean floor sedmıents is shown in Figure ı. ı. 

One of the most heavily ocean disposed wastes is muntcipal or sewage sludge. 

Sewage sludge, a concentrated semisolid material resulting from sewage treatment. is 

currently disposed of in landfills and in the oceans. Disposal of sewage sludge in 

landfil1s has become more difficult in urban areas due to the scarcity of vacant land. 

the high cost of disposal operation and the possibility of ground water contamination. 

Sewage sludge outfalls can discharge large quantities of heavy metals such as zinc, 

copper, cadmium, lead, mercury, iron and silver in both dissolved and particulate 

forms into the marine environment (Alvi and Lewis, 1987). These heavy metals are 

depositedin the sedmıents and subsequently may affect not only the marine ecology but 

also the physical and chemical properties of these sedmıents. Sewage sludge is often 

thick in consistency, and may have fibrous solid partides in suspension. It has been 

shown to contain organic compounds smıllar in chemical structure to naturally 

occurtng humic substances ın o:rgantc soils (Rashid, 1985). 

Suspended day partides enter the marine environment by rivers. coastal 

erosion, aeolian transport and submarine volcanic eruptions. The physico-chemistry 
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of these partides is important in understanding the behavior of marine sediments 

which cover the sea floor. Physico-chemical interactlons are electrostatic in character. 

These interactlons are responsible for repulsion forces and van der Waals' attractive 

forces between the clay partides in suspensions. Sediment microstructure is a function 

of the clay fabrtc (orientation and arrangement of particles) and also the physico

chemistry of the clay-water system. The geotechnical properties of the resulting 

deposits of clay sediments in tum are strongly influenced by their mtcrostructure and 

physico-chemistry. 

Contaminants may influence the physico-chemistry and the subsequent 

development of clay microstructure and thus their physical and mechanical properties 

(Tuncan, 1989; Pamukcu et al. 1990; Tuncan, 1991; Tuncan and Pamukcu, 1992a; 

Tuncan and Pamukcu, 1992b). Changing environmental conditions such as pH. 

salinity, dielectric constant, electrlcal conductivity, turbidity, solid concentration. and 

particle size distribution in the ocean water column may have significant effects on the 

geotechnical properties of the sedimented ocean bottom clays. The sediment behavior 

can be estimated with sufficient degree of consistency if the fundamental nature of 

these effects are understood better in any given case. Such estimations may be 

important in formulating procedures to prevent the following: ( 1) slope instability in 

the near or offshore areas (2) environmental damage to harbor and underwater 

structures, (3) damages to foundations of offshore oil drilling platforms, oil storage 

reservoirs. 

1.2. STATEMENT OF OBJECTIVE 

The main objective of this research is to investigate the influence of municipal 

sludge and crude oil on the physico-chemistry, microstructure and thus geotechnical 

properties of laboratory prepared marine sediments. Some important geotechnical 

propertles of clays such as permeability, compressibility and strength depend on the 

pore fluid compositlon. Pore fluid influence the thickness of the diffused double layer 

and distance of an arbitrary defined shear plane from the clay particle surface. Changes 

in pore fluid composttion will influence these parameters which control the clays 

physical and geotechnical propertles. 
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It is proposed in this dissertation to develop empirical and qualitative 

relationships between the degree of crude oil and muntcipal sludge contamination and 

important geotechnical properties of marine sediments. The influence of the degree of 

contamination is first studied based on the physico-chemistry of clay-water

contaminant environment whtch reflects upon the sedimentary mtcrostructure. The 

contamination influence is also studied based on certain geotechnical properties of the 

day-water system which is affected by the sedimentary microstructure. Therefore. 

ustng the observatlons made with respect to sedimentary mtcrostructure as qualitative 

confirmations, correlations between the physico-chemistry and geotechnical behavior 

of the day-water systems in environments contaminated with crude oil or sewage 

sludge are established. 

1.3. SUMMARYOFWORK 

In this research, experiments were conducted on artificially prepared marine 

day using a mixture consisting of illite, Ca-montmorillontte, kaolinite and chlorite. 

The contaminants used were crude oil and municipal sewage sludge. The test setup 

consisted of rectangular settling columns with sampling ports along one side. The 

artificial marine day slurry was premixed with salt water and a selected amount of 

contaminant. The slurrtes were transformed into the settling columns and allawed to 

settle. When the sedimentation was completed, the water above the interface was 

drained through the sampling ports and undisturbed samples of the sediment were 

obtained in a thin walled tube. The influence of crude oil and sludge on physical and 

mechanical propertıes and microstructure were evaluated based on the measurements 

of these properties listed in Figure ı. 2. 

In Chapter Two background and lıterature review about day/colloid double 

layer theories and prevıously report ed relatıons between physico-chemistry. cl ay 

microstructure and geotechnical propertıes are presented. Materials and methods used 

in this research are presented in Chapter Three. In Chapter Four, base experiments 

about physıco-chemıcal properties such as specific surface area, cation exchange 

capacity, zeta potentlal, and depositional properttes such as pH, dielectrtc constant. 

conductivity, rate of sedimentatıon ete. are presented in detail. Geotechntcal properties 
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such as consıstency 11mits, permeab111ty, compressıbilıty, shear strength and shear 

medulus are presented tn Chapter Five. Chapter Six ıs about analysis of the measured 

or observed effect of sludge or crude oil on clay microstructure. Correlations between 

the double layer thtckness, the percentage of sludge or crude oil and geotechnical 

properties such as permeabillty and strength were presented in Chapter Seven. These 

correlations are conftrmed with the observed mtcrostructure and fabrtc features of the 

contamtnated marine clay spectmens. Finally, a summary and conclusions with 

recommendatlons for future work ıs presented in Chapter Eight. 
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Figure 1.1 Schematic Diagram of Oil Spill in the Sea 
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Di e ı ec tr i c constant of the suspensi on 
Conduct iv i ty of the Suspens i on 
Turbidity of the suspension 
Particle Size Dist.in Water Column 
Total Diss. Sol i ds in Water Column 
Total Solids Conc. in Water Column 

SURFACE 
CHARGE DENSITY 

POST -DEPOS I TION AL 
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1. Phys i ca 1 Propert i es: 
a. Water Content 
b. Bulk Unit Weight 
c. Atterberg Li m i ts 
d. Porosity 

2.Mechanical Propert i es: 
a. Permeab i ı i ty 
b. Shear strength 
c. Compressibi ı ıty 

d. Max. Shear Mo du ı us. 

Figure 1.2. Flow Chart of the Research 
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BACKGROUND AND LITERATURE REVIEW 

2. 1. PERTINENT THEORIES AND CO NCEPTS USED IN THIS WORK 

Introduction 

Clay minerals are composed of small plate-like particles. The crystal lattice of 

day partides consists of unit layers. Each unit layer consists of tetrahedrally 

coordinated silica sheet which shares oxygen atoms with an octahedrally coordinated 

alumina or magnesia sheet. Clay partides carry a net negative charge because of the 

followtng: (1) isomorphous substitution: isomorphous substitution is the substitution 

of one catlon in the lattice by another of simUar size (e.g., Si4+ by Al3+ in the silica 

sheet and Al3+ by Mg2+ in the alumina sheet) (van Olphen, 1963), (2) the acidic nature of 

day particles: hydrogen atoms of the hydroxyl groups come out in the presence of water 

and therefore gıve the day partides net negative charge, (3) the dissociatlon of hydroxyl 

groups, (4) broken bounds at the edges of the particles. 

The negative charge is balanced by ex:changeable cations. The concentration of 

these ions is highest close to particle surface. Whenaday particle is placed in water. the 

cations and some anions swarm around the particles. The swarm of counterions is 
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called the "double layer". The tendeney of the cations and anions to be attracted and 

repelled by the clay suıface and diffuse away from or toward the surface gives rise to the 

term "diffuse double layer". Double layer surraunding clay partides are responsible for 

the stabUUy of clay suspensıons because of the repulston between similarly charged 

double layers. 

If the cation density in the suspensıon is decreased, the densıty of the cations 

near the clay surface will decrease, and a thicker layer of cations will be needed to 

screen the negative charge on the clay particle and the double layer will be thicker. 

Conversely. if the catıon density in the suspension is increased, the density of the 

cations near the clay surface willincrease, and a thinner layer of cations will be needed 

to screen or to neutralize the negative charge on the clay particle and the dou b le layer 

will be thinner. Water mavement is influenced by the thickness of this double layer. The 

thicker the double layer the higher is the potential at the arbitrary slipping or shear 

plane in front of clay suıface and less rapidly water will move through a soil column. 

Physico-chemistry of partides and the cheiDical environment is important in 

the development of clay fabric (Bennett and Hulbert, 1986). The cheiDical nature of the 

fluid medium during sedimentatıon ıs important with respect to electrostatic 

interactions among clay particles. If the response of the slipping plane potential of 

clay-water micelle to chemical changes in the pore fluid is understood, the interactions 

between sediment partides and various results can be predicted better. Analogous to the 

statement above, if the double layer thickness is known, some engineering properties 

and behavior can be predicted and better understood. 

2. ı. ı. Deftnitlon of Zeta (Ç) Potentlal 

Ç- potential is an important factor controlling the stability of clay solutions. ~

potentıal ıs the electrlcal potentıalin the double layer at an arbitrary interface between 

a particle and the surraunding liquid. The thickness of the double layer affects the 

magnıtude of the Ç-potential. Ç-potentıal is influenced by the type and concentration of 

the electrolytes added to suspensıon. 

H+ and OH- ions are the potentıal determining ions. Therefore a small increase 

of OH- ions increase the negative Ç-potentıal whereas H+ ıons decrease this potential. 
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Adding hydrogen ions increases the concentratlon of the trivalent aluminuro ion in the 

solution. Because hydrogen ion is an exchangable ion which takes up the sites on clay 

minerals and releases catlons such as aluminuro into the solution. Hence the negative 

Ç-potential decreases with the addition of H+ ion because of a shift of counter -ions 

toward the clay particle surface compressing the diffuse double layer. 

At high concentrations of electrolyte or ca tion concentration, the negative Ç

potential decreases because of the increased cations. The negatively charged surface is 

diminished. The thickness of the double layer ıs reduced and therefore reduce the 

surface charge. Riddick (1968) gave the following relations between stability of clays 

and Ç- potential. 

Zeta (0 Potential (mV) 

-S ıto -100 

-61 to -80 

-51 to -60 

-41 to -50 

-31 to -40 

-21 to -30 

-ll to -20 

-5 to -lO 

-ı to -4 

+3to0 

1 1 

Stability Characteristics 

Maximum dispersion 

Exellent dispersion 

Veıy dood dispersion 

good dispersion 

Moderate dispersion 

Plateau of silight dispersion 

Threshold of agglomeration 

and flocculation 

Fair agglomeration and 

Flocculation 

Excellent agglomeration and 

Flocculation 

Maximum Agglomeration and 

Flocculation 



2.1.2. StabUity of Colloidal Systems 

Colloidal stability was independently studied by B.V. Oeıjaguın and L. Landau 

1n the USSR and E.J.W. Verwey and J.Tiı. Overbeek 1n the Netherlands and is called 

"OLVO" theoıy (Verwey and Overbeek, 1948). The basic idea of the theory is that the 

stability of a solution is determined by the sum of attractive and repulsive forces 

between individual partides. The mutual attraction of partides ıs because of the van 

der Waals forces. The mutual repulsion of the partides is because of the interactions of 

the electrlcal double layers surraunding each partide. 

In OLVO theoıy, the stability of collotds ıs treated ın terms of the energy 

changes which takes place when colloidal partides approach each other. According to 

OLVO theory, the thickness of the electrlcal double layer is because of the electrolyte 

concentration and the valence of the ions of opposite sign from the particle surface. The 

double layer thickness is compressed with ıncreasing electrolyte concentration and the 

valence of the counterions which allow partides to approach each other. 

"STABILI1Y" of a colloidal system refers to its state and the particle 

associations. Stable day suspensions exist low salt content conditions. The stability of 

clays can be attrlbuted to repulsive forces between the parttcles. When a colloidal 

solution is dtspersed or deflocculated the system is called "STABLE" and it is called 

"UNSTABLE" when the partides are flocculated or coagulated. Stable systems settle to 

very dense sediments because the partides can roll over each other until the closest 

packing is reached. If the system is unstable, the sediment volume is large and it may 

even fill the whole suspension formatian of a gel. 

Flocculation or coagulation can be accomplished by compressian of the 

electrlcal double layer surraundıng the day particles. The flocculation of suspensions 

is a result of attractive forces holdıng partides together when they colloide. The forces 

between dispersed partides can be changed by the addition of electrolytes. Because 

electrolytes eliminates the repulsive ınteractions and cause the suspension to 

flocculate rapidly. 

Jenny and Retterneler (1935) studted the signtftcance of exchange reactions on 

the stabiltty of colloidal day systems. They showed that there was a close relationship 

between the stability of colloidal system and the zeta potential. The flocculation values 

which were obtained by adding KCl to clays saturated with the various cations were 
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plotted as a function of the zeta potential. The stabllity of a clay suspensions increased 

rapidly with a small r1se in the zeta potential. 

van Olphen (1964) analyzed the flocculation behavior of hydrous clay 

suspensions. He found that clay partides can associate in the fiocculation process ın 

two different ways: (1) face-to-face, leac:Ung to thicker plates, and (2) edge-to-face or edge

to-edge, resulting in fiocs and gels. He observed the effect of salt on the behavior of day 

particles. Addition of salt made the double layers on both edge and face surfaces were 

compressed. The counter ions partially shifted to the Stern layer and the effective 

charge which determines the electrostatic attraction between edges and faces was 

reduced. 

Friend and Hunter ( 1970) reviewed the well known and generally accepted 

theory for the stability of hydrophobic colloids of DLVO. They concluded that the 

theory considered particle interactions for two geometrically-simple systems: (ll the 

interactton between ınftnite fiat plates and (2) the interaction between finite spheres. 

In practice, partides in most real systems are neıther fiat plates nar perfect spheres. 

Depending on the size, shape and ionic envtronment of specific particles. one of the 

above two conditions is assumed to apply. Alumino-s111cate clay minerals have 

uniform fiat plate shapes. The equilibrtum separatıon between the prtmary sheets of 

these materials vartes as a function of solution ionic strength. 

2. ı .3. Double Layer Theortes 

The Structure of the double layer is important to understand the colloidal 

behavior of the suspensions and sediments. Mathematıcal expressions of double layer 

theories were proposed by Helmholtz (1879), Gouy (1910), Chapman (1913). Debye and 

Hunkel (1923). and by Stern (1924). The double layer theory have been discussed in great 

detailin Verwey and Overbeek (1948), Kruyt (1952), Bolt(1955), and van Olphen (1963). In 

here, a short summary is presented. The double layer theories pertinent to the work 

presented here are discussed brtefly below: 
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2. ı .3. ı. Helmholtz Theoıy 

Clay partides are charged and surrounded by a water layer when they are 

suspended In water. Water molecules withln this layer are rtgtdly held by the particle 

and have different character and propertles from those In the dispersion medium. The 

water layer contains cations and anions which play an 1mportant role in determining 

the day behavior. The surface of day partides is negatively charged when suspended in 

a water column. Therefore it attracts cations, and as a result day partides are swarmed 

by positively charged ions in order to maintain electrlcal neutrality. 

Ortginally the structure of this double layer was proposed by Helmholtz (1879). 

Helmholtz was the first one who recognized this 1mportant principle. He dalmed that a 

rtgid double layer was formed in close proxtmity to the day surface. According to 

Helmholtz (1879), negatively charged partides are surrounded by positively charged 

partides ata ftxed distance. This ftxed distance isa monomolecular distance. For two 

unit planes of clay particles, each particle carrying a charge. cr0 • in a medium of 

dielectric constant, D, is separated by a distance, B. For flat surfaces the following 

formula derived by Muller and Abramson (Abramson, ı934) is used to calculate the 

double layer thickness accordıng to Helmholtz theoıy. 

where, 

B= Double layer thickness. m 

Ç= Zeta potential, mV 

e0 = permittlvity ofvacuum = 8.854xıo-12 Coulomb/Vm 

D = Dielectric constant of the medium 

o
0
= Surface charge density, Coulomb/m2 
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CJ0 is gtven by the following expressian (Mitchell, 1976): 

G0 =r•F 
r Cation Exchange Capacity / 2 

= meq m 
Specific Surface Area ' 

F = Faraday Constant=: 96.5 Coulomb' meq 

The general form of this equation is stili in use with the following assumptions: 

1) Particle surface is ıigid and nonconducting. 

2) The thickness of the double layer isa molecular diameter. 

3) The layer of water molecules in contact with the particle surface is not 

movable. 

4) Only a laminar flow of liquid can occur. That is the lines of flow mu st be 

parallel to the axis of the tube or flow channel. 

5) The surface is an insulator and contained liquid has the property of 

electrolytic conductance. 

6) Dielectric constant, D, and the coefficient ofviscosity have the same values 

within the electric double layer as in the liquid in the bulk solution. 

7) The charge distribution in the double layer is unaffected by the impressed 

electrlcal field or by the relative motıon of the particle and the suspension 

medium. 

Applicatıon of the Helmholtz model to clay partides allows the zeta potential to 

be used in the quantıtatıve description of some propertles of clay suspensions and clay 

sediments saturated with water. Consider clay particles suspended in water, if two like 

partides are brought close enough together, they will tend to adhere to each other 

because of the short-range forces that holds the partides together internally. As more 

and more partides agglomerate, they settle from the suspension and form a sediment in 

which all the interpartıcle spaces are ftlled with water. If the Helrnholtz description is 

approprtate, then presence of the counter -ions becomes important in prediction of the 

behavior. 

The thickness of the double layer is affected by the magnitude of the Ç-potential 
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pH and dielectric constant of the medium. Decrease in double layer thickness allows the 

partides to approach each other closely, therefore, they adlıere each other. When the 

double layer is compressed, counter-ions shift to clay surface. In Helmholtz theoı-y 

double layer thickness represents the fictltlous thickness of the firmly attached ionic 

layer. Tiıat's why the calculated double layer thickness values are small close to 

monomolecular thickness. 

2.1.3.2. Gouy-Chapnıan Tiıemy 

Gouy (1910) and Chapman (1913) independently developed a theory to deseribe 

the electrıcal potentlal and ionic distribution in the double layer for electricaly charged 

clay particles. While Helmholtz proposed that the double layer was a monomolecular 

layer thickness, the Gouy-Chapman suggested that diffuse layer extends away from the 

surface. This theory shows how the double layer vartes with the characteristics of the 

suspending medium. The theory also includes same influences of the physico-chemical 

environment on stability of the suspended clay particles. 

Gouy and Chapman proposed that the counter-tons are not held rigidly ata fixed 

distance from the particle surface, as Helmholtz had suggested. However, their 

concentratlon falls off exponentially wtth increasing distance from the surface. In this 

theory, the size of the ions is not taken into account, and they are considered as point 

charges. Particle surface is uniformly charged and the ionic solution is an ideal 

solution. Dielectric constant is considered constant and equal to that of the bulk 

solutıon. Using Gouy-Chapman approach the following formula was derived which can 

be used to calculate double layer thickness (Mitchell, 1976): 

[21 
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Where, 

8 = Double layer thiclmess 

D = Dielectrtc constant 

e0 = Pennittıvıty ofvacuum=8.85xıo-12farad/m 

e = Unıt electrtc charge, 16xıo-20 Coulombs 

Z = Charge of counter ıons 

k = Boltzınan constant. 1.38xıo-I6 erg/°KT 

T= Absolute temperature in OK. 

n 0 = Electrolyte concentratıon 

The Gouy-Chapman Model predicts an ıncrease in the tendeney toward 

flocculation with an increase in the concentration of the electrolyte in the pore fluid, 

valence of the ions in the pore fluid, temperature, or by a decrease in the dielectric 

constant of the pore fluıd. Factors such as size of the hydrated ions, pH, and anion 

adsorption also influence the clay behavior. These factors are not accounted for in the 

Gouy-Chapman theory. However observations have shown that a decrease in these 

factors increases the tendeney toward flocculation. 

2.1.3.3. Stern Theory 

Stern (1924) combined the Helmholtz and Gouy-Chapman models. Stern 

suggested that some counter-ions are held firmly ata fixed distance close to the surface, 

and others are held more loosely at a distance from the surface determined by the 

balance between electrostatic forces which is called Gouy-Chapman layer. The firmly 

fixed ions constitute the "Stern layer" or the "Helmholtz layer", w hile the loosely hel d 

ions constitute the "Gouy-Chapman". Therefore, Stern's double layer is composed of 

two layers, an inner, immobile and an outer, mobile layer. Stern layer thiclmess is 

about the diameter of the adsorbed cation. Beyand the Stern layer the normal Gouy

Chapman or diffuse layer extends into the bulk solu tion. The thiclmess of the di1T use 

layer depends on the concentratlon and the type of ion in the suspension. Increasing the 

concentratioİı of electrolyte in the solution compresses the double layer, decreases the 
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repulsion forces and therefore tends to decrease Stern potentlal. 

The Ç-potentialis usually close to the Stern potentıal ('lfd). Therefore, the shear 

plane is assumed to be located at or near the interface of the Stern layer and the diffuse 

double layer where Ç- potentıal is approximately equal to the 'l'ct· It may be noted here 

that the Ç-potentıalis the potentlal between the mobUe and immobile layers. The total 

charge densıty of the clay surface ıs gtven by: 

[3] 

cr1 is the Stern layer charge density which is gtven by the following equation 

(van olphen, 1963): 

where, 

0'1 = 
1+ 

N 1 = Number of available exchange sıtes 

NA= Avagadro's number= 6.02x1023 

Mw = Molecular weight of water 

n0 = Number of ions/cm3 of the solution 

e = Charge of electron = 6.02xıo- l9 Coulombs 

k = Boltzman constant = 1.38xı0-23 J/K 

T = Temperature in degrees kelvin 

'l'd= Stern potential or Ç-potential 

[4] 

02 is the diffused double layer charge which is related to the Stern layer 

potential gıven by the following equation (van Olphen, 1963): 
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where, D= Dielectrtc constant of the suspending medium 

z = charge of countertons 

e
0 

=permittlvity of vacuum=8.854xıo·l2 Coulomb/m2 
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Figure 2.1 Helmholtz Model of a Charged Clay Particle in Suspension. 
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Figure 2.2 Gouy-Chapman Model of a Charged Clay Particle in Suspension. 
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Figure 2.3 Stern Model of a Charged Clay Particle in Suspension. 
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Grahame (1947) discussed the theoıy of electrlcal double layer. He thought that 

the electrlcal double layer consısted of a layer of electrons. a layer of adsorbed ions. and 

a diffuse double layer. He showed the effect of dielectrtc saturation on the structure of 

the double layer of mercuıy-water systems. The effect was small when the surface 

charge densitywas about ı to 2 x ıo-7 meq/cm2. 

van Olphen (1957) studied the electrlcal double layer of Ca-montmortllonite. He 

found that double ıarer of Ca-montmorillonite was more candensed than Na

montmorillonite. He made some qualitative observations: a divalent cation 

compresses the electrical double layer more than a monovalent cation. a lower 

electrophoretic mobility was observed for Ca-montmorillonite. the higher degree of 

layer association in the case of Ca-montmorillonite indicated less double layer 

repulsion, which was in agreement with a more compressed double layer. 

Shainberg and Kemper (1966) suggested that in the theoıy of the diffuse double 

layer, the ions can be considered as point charges without dtmensions. as long as they 

are far from the particle surfaces and at low concentration. In such case. ton shape and 

size would have little influence on the diffuse double layer. However, in the vicinity of 

the particle surface where the concentration of cations is high, the distance of closest 

approach to the surface ıs tmportant and size of the ions and the energy of hydration 

must be considered to give an accurate description of the cations adsorbed on clay 

particle s. 

~ellander et al, (1988) examined the mechanism of swelling of calcium clays in 

water and in aqueous salt solution. The cıystals of Na-montmorillonite expanded at 

low electrolyte concentratlon because of the development of diffuse double layer 

between the silicate layers of montmorillonite. They alsa showed that Ca

montmorillonite cıystals did not swell to the same extent and have a high perrneability 

even in distilled water. 

2. ı .4. Sedimentatlon Theories 

The soil particles suspended in water settle under their own weight and form a 

layer of soil sediment. This sediment will further be consolidated by the weight of the 

23 



overlaying sedıment. Therefore, the sedtmentatıon has three different phenomena : (ll 

settllng, (2) sediment fonnatıon and (3) consolidatıon. During sedtmentation there is 

no effectıve stress and the sluny behaves like a fluid. When soil partides settle a mass 

of sediment is formed and soil partides internet with each other and form an aggregate 

by particle-to-particle contacts. 

K ynch (ı 952) developed a theoıy for hindered settling. Accordıng to his theoıy, 

the free settlıng of partides is ınterrupted by their mutual collosions and the partides 

settle in the aggregate form. He assumed that the aggregate of settled partides never 

consolidates and he introduced a mechanism for hindered settling. Vniformly 

dispersed partides settle ın the aggregate form and create an ınterface between the 

dispersion and clear water. Therefore, new sediment is formed at the boundary between 

the dispersion and sediment.The uniform settling of partides and the lack of 

consolidation ın the sediment makes it a strafght line. 

Kranck (1980) reported the results of a series of experiments studying the 

settltng behavior of flocculated suspensions. He found measurable difference in settling 

rate of fine grained sediment when settling as part of flocs and when settling as single 

gratns, the former betng faster than the latter. He also studied the factors controlling 

floc formatton and settllng. 

Imal (1981) examined the sedtmentatlon mechanism and sedıment formatian 

characteristics using dilute day-water mixtures. He used sedtmentation tubes of 25 cm 

ın hefght and 5 cm inside diameter. He observed four different modes of settling of a 

day-water mixture. When both the solid concentratıon and the salt concentration were 

low, dispersed free settling was observed ın which dispersed soil partides settle freely. 

When solid concentration was low but salt concentration was high, flocculated free 

settltng took place. When solid concentratlon was hfgher than ın the case of flocculated 

free setling, zone settling occured. Flocs settled ın the aggregate form creating a sharp 

interface. This type of settııng is the same as hindered settling. Finally, consolidation 
ı 

settling was observed under high solid concentration, independent of salt 

concentration. 

Tan et al. (1990) studied the validity of Kynch theory to deseribe the 

sedimentatıon of a clayey sluny. They paid particular attention to the hindered 

sedimentation. They ınvestigated the validity of Kynch's theory that the settling 

velocity is a function of the concentration alone and found that it is also a function of 
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the initial conditlons. They refonnulated the theory and they concluded that the 

penneabllity versus void ratıo relatlonship of the slurry can be detennıned from its 

surface settlement versus time curve. 

2.2. PHYSICO-CHEMICAL PROPERTIES 

The tenns, physical and chemical, are applied to deseribe the interaction of clay 

partlcles. The tenn, physical, is used to deseribe the interactions which are controlled 

by factors such as the size, shape, settling rate, solid concentration, and friction 

between partıcles. The tenn, chemical, is applied to ınteractlons which are controlled 

by factors such as, dıffuse double layer, mineralogy and van der Waals forces. Physico

chemicalinteractıons are expressian of the forces between the clay particles. Physico

chemical propertıes of clay partides are dependent on particle surface characteristics. 

such as particle surface area, cation exchange capacity, surface charge density, zeta 

potential, dielectric constant, and electrical conductlvity. 

2.2. 1. Specific Surface Area 

Surface area of clay partides is an important property influencing the 

partlcles' behavior (Fang, 1989 and Fang, 1991). There are two reasons for this. Firstly, 

flocculation, dispersion and ion exchange depend on surface phenomena. Secondly. 

specific surface area is related to the particle size and shape of a clay mtnerals. Double 

layer thickness is directly related to the surface area of the clay particles, such that 

double layer thickness ıncreases with ıncreasıng surface area. 

The specific surface area of a soU is a fundamental property which has been 

found to carreiate with important phenomena such as CEC, retention and release of 

various chemicals !ncluding certaın pollutants in the environment. retention of water. 

physical and mechanical properties such as strength, penneabUity and plasticity. 

Kelley and Jenny (1936) observed that physical grtnding increased the CEC of clays 

because of the exposure of more exchange sites on their particle surfaces. 

Hammel et al., (1983) investigated the relationship between Atterberg limits and 

surface area to estimate the latter from the fonner. The results showed that there was a 

very strong relationship which allows surface area to be estimated rapidly and cheaply. 
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Sawhney and Gent (1990) demostrated that non-polar hydrophobic compounds 

in vapor phase were rapidly adsorbed on d.ry clay mineral surfaces and diffused ınto the 

mıcropores. The molecules in the micropores candensed on mineral surfaces and were 

slowly desorbed. 

2.2.2. Cation Exchange Capacity (CEC) 

Cation exchange phenomena is important for the fundamental understanding 

of the differences in the nature and development of electrtc charges between the clay 

partıcles which affect the flocculation and dispersion processesin clay systems. 

Cations are attracted and hold onto the surfaces and edges to preserve electrlcal 

neutrality. Tiıese cations are exchangeable cations because they can be replaced by 

catıons of another type. CEC isa measure of the degree of the isomorphous substitution. 

This substitution gives a net negatıve charge to clay partıcles (van Olphen. 1963). Grim 

( 1968) indicated that the magnıtude of the CEC ıs also affected by factors such as 

particle size and lattice distortlon. CEC can be considered a material constant for a 

gıven clay. However. so1l humus plays an important role ın catıon exchange. A 

considerable part of the CEC of so1ls is because ofthe organic substances (Kelley, 1948). 

Holdridge (1966) studied the sorption of heavy metal catıons by a Dorset Ball 

clay. Normal catıon exchange reactions accounted for a limited proportion of the 

sorptıon, particularly with Mn+2• but that preferentıal adsorbtıon on the surface was 

responsible for the removal of catıons from solution in excess of CEC of the clay. 

The organic matter of most mineral solls accounts for about 30-65% of the total 

CEC (Allison, 1973). In sandy and organıc so1ls more than 500Aı of the CEC is because of 

the organıc component of the so1l. The more humified the organic matter the higher is 

ıts CEC. Allison reported that the CEC ofhumus was between 150-300 meq/ ıoog. 

2.2.3. pH 

pH variations influence the behavior of marine sediments. Low pH promotes 
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flocculation and loose sedıments while high pH promotes dtsperston and dense 

sedtments. The slmplest model assumes edge-to-face flocculatlon at low pH, while high 

pH bring about repulsion between negative faces and negative edges and therefore 

dispersion. pH influences the double layer thtclmess and electrochemical forces. Low 

pH reduces the double layer thiclmess and allows the van der Waals forces to become 

dominant. At high pH values particles are seperated, therefore double layer thickness 

increases and repulsion forces become dominant. 

Nicol and Hunter (1970) studied the rheologtcal behavior of kaolinite solutions 

as a function of pH and in the presence of adsorbates. Adsorption of long -chain 

quatemary arnmantum compounds on the day surface at high pH was able to change 

the particle interactlon energy to over a wtde. 

Suchanan and Oppenheım (1972) leached aqueous suspensions of kaolinite 

from Mt Egerton, Victorta, at pH 2.25 and 6.0. More alumintum ions were detected in 

the leachate than predicted from the published cation exchange capacity. 

Rand and Melton (1977) alsa conduded that at low pH values, the edge of the 

kaoltntte partides were positively charged and therefore electrostatic attraction was 

promoted between the edges and the negatively charged faces. resulttng acard-house 

structure. 

Brockert and Rouiller (ı 982) found that the pH of natural soils can vary from 2 

to 10. Between these two extremes, the pH of the majority of the sotls ranged between 4 

and 8. The pH ofweakly acid soils depended mainly on the system water-C02. however, 

in a more acid media the pH was regulated by interacttons between the solution and 

organo-mineral constltuents of soil. The buffertng ability of organtc matter was very 

hıgh whatever the pH was. However, the chemical afftntty of humic compounds for the 

metals Fe and Al modified the potential acidity and buffer power to same extent 

particularly between pH 4 and 5 where the neutraltzation of carboxyles occured. 

Rashtd (1985) showed that pH affected the adsorption characteristics of humic 

compounds and clay minerals. Acidity promotes greater adsorption than alkaline 

condttions. This ıs because of the development of positive charges at the edges of the 

day partides in acid conditions. Low pH conditions alsa affected the electro-chemical 

properties of callotdal partides. Lowering the pH reduced the surface potential of clay 

mtnerals and humic compounds by neutraltzing the negattve charges. 

Lagaly (1989) showed that increasing pH reduced the viscosity and the yield 
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strength of kaol1n1te. Increastng pH breaks down the card-house structure formed in 

acidic conditions previously. 

2.2.4. Organic Matter Content 

Organıc compounds influence the sediments behavior. Their reactions with day 

materials result in formation of organo-clay complexes. These reactions modify 

porosıty, permeability, water holding capacıty, surface area, adsorption 

characteristic;:s. catlon exchange reactlons, and a number of other physico-chemical 

characteristics of sediments. Organo-clay ınteractions affect the flocculation 

characteristlcs of colloidal compounds and rates of sedımentatıon. 

Hedges ( 1977) tnvestıgated the interactıons of simple organıc molecules with 

day minerals settltng through the water column. He found that clay minerals adsorbed 

organic material through the settling water column. Dissolved organic substances 

transported to the underlying sediments through day minerals. 

Rashid (1985) explained the adsorption characteristics of organic matter on 

different clay minerals in the presence of different electrolytes. The quantities of 

humic acid adsorbed on clay minerals was small in the absence of any electrolytes 

because of the increased double layer thiclmess of the clay partides and high level of 

their zeta potential. Addition of electrolytes reduced the repulsive forces between the 

clay partides and organic material so that they could approach each other. When the 

molecules come closer, the van derWaals forces become dominant. Because these forces 

are attractive, physical adsorption occurs between the organic molecules and day 

partides. Physical adsorption increases chemical reactions between humic compounds 

and clay minerals. 

Lagaly (1987) ınvestıgated the adsorption of organic molecules by hydrophobic 

and hydrophilic clay minerals. He showed that organic molecules exerted much 

influence on clay rheological propertıes. This influence was illustrated by the effect of 

cationic and anionic surfactants on the viscosıty of kaolinıte dispersion and of 

polyvinyl alcohol on dispersıons of sodium montmorillonite. 

Brown (1988) showed that organic liquids caused day-rich soUs to shrink and 

crack. Most conunon organic liquids have dielectric constants considerably lower than 
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water which probably caused clay-rtch soU to shrtnk. 

Krumgalz (1989) determined the interaction of trace metals wıth sediments. 

One of the most sJgniflcant parameters influencing trace metal content in the sediment 

was sediment particle size. High concentration of trace metals and organic matter 

content in the sediment fractions were explained by the formatfon of large 

agglomerates. Agglomerates formed from sınaller sediment fraction partides mixed 

with vartous contanıinants kept on their large specific area by adsorption forces. The 

formed agglomerates constst of small partides cemented either by dissolved organic 

matter or by sea salts present in the marine sediment. 

Stockmeyer (1991) studied the adsorptıon behavior of organophilic bentoilites 

in contact with aqueous solutions of organıc compounds. Phenol, aniline, malete acid. 

nitroethane, and acetıc acid were used as test substances. He concluded that the 

adsorption of organic compounds on organophilic clays of aqueous solutions depended 

on several factors. The adsorptıon behavior could be controlled by the adsorbent. the 

kind of the interlayer catıon, and the degree of organophilic exchange. 

2.2.5. Electrlcal Conductivity , 

The electrlcal conductance of a colloidal solution can be considered to be built 

up from contrtbutıons of the charged colloidal partides and the ions present in the 

solution. The electrlcal conductivity can be spUt up into a contribution of the soil 

partides and their counter ions (micellar conductivity) and a contribution of the rest of 

the liquid (intermicellar conductivity). 

Daskhinamurti ( 1960) investigated the ionic diffusion and electrical 

conductivity in sands and clays. The rtgidity of the gel solution was lowered with 

decreasing electrolyte concentration. Below a critica! concentration. the clay 

suspension was deflocculated and the conductivity of the electrolyte solution in which 

the clay was suspended tncreased. 
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2.2.6. Dlelectrıc Constant 

Colloidal partides are electrtcally charged by ftxed or adsorbed ions and are 

surrounded by counterions, fonııtng an eleetne double layer. A shift of ions within this 

layer by an external electrtcal field would result in a dielectric dispersion. Counterions 

on the surface of the htghly charged colloidal particle are strongly bound by the 

electrostatic attraction. They have to overcome a high potential barrier in order to 

diffuse away from the surface into the bulk solution. However, they can move along the 

surface easily. Therefore they will be moved by an external field, polarizing the ton 

atmosphere and producıng an eleetne dipole moment of the particle. 

Dielectrtc constant is frequency dependent phenomena. At very high 

frequencies electrons polarize. At intermediate frequencies, ions and polar molecules 

polarize. At low frequencies, interfacial polarization may be important. If there is a 

considerable difference in dielectrtc constant between the dispersion and the dispersing 

medium, interfacial polarization causes dielectrtc loss and also frequency dependence 

of the dielectrtc constant in the low frequencies. In aquaeous colloidal solutions. the 

presence of electrolyte, even in small amounts in the water should commonly cause 

sufficient conductivity difference. This causes interfacial polarization. At the high 

frequencies, where the effects of conductivıty and interfacial polarization are 

unimportant, ortentation of the c·oııotdal partides is commonly prevented by their 

long relaxation times. 

The electrolyte would be expected to influence the dielectrtc properties in two 

ways. ( 1) its ions may associate and produce ton pairs. (2) the ions or their aggregates in 

the medtum could influence the solvent's molecular interactions. Solvent molecules 

may be ftnnly bonded to the ions and therefore new of molecules of solvation appear. 

The first attempt to develop a theory of the dielectric constant of polar liquids at high 

field strengths was made by Debye (1929). He pointed out that in electrolytes, having 

sali size ions. very intense ftelds would be set up in their netghborhood. 

Schwarz (1962) obseıved that the colloidal partides suspended in electrolyte 

had law dielectric constant. This was because of the polarization of the counterion 

atmesphere araund the partides by an electrlcal field. The displacement of counterions 

in the double layer was shown to be equivalent to the existence of a surface capacitance 
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displaying a diffusion controlled relaxation. This effect could be explained by an 

additional apparent dielectric constant of the suspended particles, exceeding their 

actual dielectric constant at low frequencies by many orders of magnitude. He 

concluded that suspensions of colloidal partides in aqueous electrolyte solutions 

showed usually high dielectric constants at low frequencies. 

Thorpe (1962) studied the dielectric propertles ofbenzene vapors adsorbed on the 

surface of silica. Its dielectric constant was reduced. Consequently reduction in the 

dielectric constant of the suspension of silica in benzene was expected with increase in 

the specific surface of the silica. 

Sachs and Spiegler(1964) made measurements of the dielectric constants and 

electrlcal conductivities of the sofls immersedin distilled water and in Cacı2 solutions 

of different concentrations. They found that wet soils and rocks had dielectric 

constants larger than 1000 whfle the dielectric constants of most dry soils and water 

were lower than 10 and 80, respectlvely. 

Frommer and Ish-Shalom (1966) measured the static dielectric constants of 

suspensions of pyrogenic sllica in organic liquids. It was found that the dielectric of 

sllica increased with increasing specific surface and decreased with temperature. This 

increase was because of the orientational polarization of the OH groups on the surface 

of the sllica. Surface polarization was because of the interaction between the external 

surface of the silica and the dispersing liquid. 

Dukhin and Shflov (1974) reported that low frequency dielectric constant of 

suspensions are strongly dependent on the zeta potentıal of the particles. which po in ts 

to the predominant role of the double layer. Low frequency dielectric dispersion is du e 

to the relaxatıon of double layer polarizatıon. 

Chaussidon (1984) found high values of dielectric constants of clay suspensions 

at low frequencies. This was attributed to the heterogeneity of the medium. 

Chew (1984) gave a method to calculate the response of charged clay partides 

which was immersedin electrolytic solutıons in the presence of an externally applied 

electric field. The large value of dielectric constant of 1000 for the colloidal solutions 

cantaning clay partides were remarkable, since the dielectric constant of water was 

about 80 and that of clıy clay was between 2 and 10. He presented a rtgorous analysis of 

this problem using the technique of matched asymptotic expansions commonly u sed in 

boundary layer theory. The solution was valid for large value of the zeta potentials. 
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Raythatha and Sen (1986) measured the dielectric response of Na

montmorillonite and kaolinite suspensions ın the range of 0.5 MHz to 1.3 GHz. A 

swellıng clay, Na-montmorillonite, showed large values of dielectrtc constants (200 at 

0.5 MHz for 1.5% by weight suspension). The dielectrtc constant showed a monotonic 

increase wıth particle concentratıon, however the conductivity did not decrease 

monotonıcally. The dielectrıc constant of Na-montmorillonite first decreased and then 

ıncreased with sal1n1ty. This was because of the decrease ın double layer thickness. 

When the sal1n1ty of the suspension was ıncreased, the dielectrtc constant agreed well 

with the geometrical model. A dilute suspension of kaolınıte, a non-swelling clay. 

showed no dielectric enhancement, which was expected from ıts low cation exchange 

capacity. However, at high concentratıon, electrochemıcal effects were observed. 

Therefore, both size and the charge effects became fmportant ın this frequency range of 

measurement. 

Myers and Saville (1989) measured the conductivity and dielectric constant of 

the suspensions consisted of0.191-ı.ı.m amphoteric latex partides in 10-4 M HCL Zeta 

potential of these partides ın ıo-4M HCl was roughly 80 mV. They found that there was 

a tremendous change ın the dielectric constant due to the addition of relatively smail 

amounts of colloidal matertal. Dielectrıc constants around 800 (10 times that of water 

were measured) the values decreased as the frequency was ıncreased. At 50kHz. the 

dielectrıc constant of the suspension was veıy close to that of pure water. 

2.2.7. Zeta (Ç) Potential 

Zeta potentıal is a measure of the magnitude of the forces arising from the 

electrlcal charges on the partıcle. Clays contaın counter ions in the colloidal micelle 

that controls the colloidal behavior such as flocculatıon or dispersion. At high 

concentrations of electrolyte or cation concentration, the zeta potential decreases. If 

the number of catıons is ıncreased excessively, they compress the diffuse double layer. 

The thickness of the double layer is reduced and cations ınvade the surface layer and so 

reduce the surface charge. The reduction ın zeta potential causes coagulation. 

Bull and Gortner (1931) showed that the zeta potential decreased with increasing 
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concentration of electrolytes in the aqueous phase. This decrease in the zeta potential 

was because of an increase in the charge on the particle anda decrease in the double 

layer thickness. The thiclmess of the double layer was decreased with increasing salt 

concentratıon. Salt did not reduce the electric charge on the particle to zero. However. 

there was a decrease in the thiclmess of the double layer which allawed the particle s to 

approach each other close enough so that they adhered to each other. 

Jenny and Reitemeier (1934) demonstrated a close relation between the 

electrokinetic potential (zeta potential) of colloidal partides and the amount of 

electrolyte necessary to flocculate the systems. They attempted to clarify the relation 

among ionic exchange, zeta potential, and flocculation value for colloidal clay systems 

and to set up quantitative correlatlons among these three magnitudes. 

Coughanour and Utter (1944) observed the effect of particle size, kaolinite 

concentration, and electrolyte concentration on migratton velocity of the particles. 

Calculations of zeta potential, charge density and total charge were made for the 

various systems. Zeta potential decreased with increasing clay concentration. They 

concluded that the zeta potentlal increased with decreasing particle size having to do 

with the increased surface area on the broken edges. The zeta potential increased wıth 

an increase in concentration of NaOH to a point where the unsaturated bonds are 

completely satisfied. In this work, they showed that the zeta potential increased in 

magnitude with a decrease in particle diameter. 

Fuerstenau (1956) measured the zeta potential of quartz as a function of the 

concentration of various arnınontum acetates by streaming potential technique. He 

showed that monovalent inorganıc counterions can not change the sign of the zeta 

potential. However, it causes it to approach to zero at high concentrations. The total 

double layer potential 'll o at the quartz surface depended on the pH of the solution since 

hydrogen and hydroxyl ions are the potential determining ions for quartz. If the pH is 

increased, the surface will become more negatively charged and the adsorption of 

counterions increases. As the solution pH is increased, experiments indicated that the 

bulk concentratiori at which semi-micelles form is !owered. He found that the zeta 

potential appeared to increase with increastng concentration of electrolyte, although 

zeta potential might actually be decreastng. The zeta potential of quartz measured to be 

-70 mV in water. It tncreased with the concentration of an indifferent electrolyte such 

as NaCl. to a maximum value of about -100 mV in 
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6xıo-5 molar solutıons before decreastng to zero at high concentrations. Electrolytes 

reduce the value of zeta potential by compressing the double layer. The zeta potential 

can change sign by the addition an electrolyte. If the counterions are attracted to the 

surface by the electrostatic forces, they can reverse the sign of the zeta potential. 

Hydrogen and hydroxyl ions are the potential determining ions for quartz and are 

responsible for the existance of the electrlcal double layer around quartz surface. 

Fuerstenau (1956) showed that as the pH of a quartz solution was lowered below 7 with 

hydrochloric acid, zeta potential decreased because of the reduction in the total double 

layer potential, 'l'o· As the pH was increased above 7 with NaOH, zeta potential 

increased because ofincreasing 'l'o· 

Street (1957) found that when the electrolyte concentration increased, the zeta 

potentıal decreased. This decrease in zeta potentıal caused a decrease in surface 

conductance which was reflected in a decrease in suspension conductance. 

Ho and Handy (1963) measured the zeta potentıals of Na- and Ca-bentonites 

treated with vaıytng amounts of Ca(OH)2. Addition of smail amounts of Ca( OH) 2 to the 

Ca-bentonite suspension increased negative surface charge and zeta potential through 

the dissociation of acidic groups. If more lime was added , Ca2+ adsorption reduced zeta 

potential. 

Hunter and Alexander (1963a) studied the elctrophoretıc mobility of kaolinite 

solutions as a function of electrolyte concentration in NaHC03-Naco3 buffer at pH 

10.4. The positive charges at the edges of the kaolinite partides in acid solution were-no 

longer present at this pH and the partides were negatively charged. Exchangeable 

cations were attached to the partides in a Stern layer. He calculated the zeta potential 

which gave a measure of potential at the outher edge of the Stern layer (diffuse double 

layer potentıal 'Va)· This potential is used to calculate the potential energy of repulsion 

between the partides as a functlon of distance. At pH 10.4 the positive charges on the 

crystal edges are completely neutralized by the adsorption of OH ions. They found that 

double layer tons were adsorbed asa Stern layer on the particle surface so that the 

difiuse double layer potential ('lfa) was qutte low. 

Hunter and Alexander (1963b) calculated the zeta potential and surface charge 

density ofkaolinite at pH 7.4 in mıxtures of NaCl. Chloride ton was also adsorbed at pH 

7 .4, possibly by a physical process. It was assumed that the zeta potential was a direct 
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measure of the Stern potentlal. They concluded that the adsorption of anions in acid 

solution was generally attrtbuted to the existence of positlve sites because of broken 

bonds on the edges of the crystal. Zeta potential increased with increasing NaCl 

concentration in the kaolinite solution. They assumed that the changes in zeta 

potentlal represent changes in the double layer potentlal (that is ~='lfö). They implied 

that the shear or silipping plane was in the double layer at some small distance from 

the particle surface. Chlortte ions were adsorbed onto the clay surface. Because the 

positive charges on the crystal edges existed tn acid solution and also chemisorption 

occured in acid solutıon. 

Cremers (1968) examined the electrtcal conductivtty of clay water systems in 

terms of a formatton factor and surface conductivtty. Surface conductivtty values were 

obtained for montmorillonite, kaolinite, and illite. He used the double layer theory and 

surface conductivtty values to estımate the potential at the slipping plane. The zeta 

potenttals obtained from surface conductivtty were conststent with a slipping plane at 

4-7 Angstrom from the clay surface, the commonly accepted value for the thickness of 

the Stern layer. He found that zeta potentıal and the distance of slipping planes from 

the clay surface increased with decreasing NaCl concentratton of montmorillonite with 

the constant surface charge density of 1.35xıo-7 meq/cm2. Specific results of this work 

ıs tabulated below: 

C lay 

Illit e 

Bentonite 

NaCl conc. 

(N) 

0.02 

0.02 

(meq/cm2) 

1.50 

1.10 

(m V) 

-88 

-78 

ı 

(Angstrom) 

4.0 

5.0 

cr=surface charge density, ~=zeta potential, l=distance of slipping plane from the clay 

surface. 

Yong and Sethi (1977) studied the basic mechanisms of dispersive clays with 

swelling or repulsive forces. They measured the turbidity and zeta potentıal of 

dispersive clays. The light transmittance technique was used to measure the turbidity. 
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The adsorption and desorption measurements of the suspensions at vartous low salt 

eoneentratlon indicated that the desorption of the adsorbed ions from the clay surfaces 

eontributed to clay dispersibllity through inereases in the double layer thickness. 

Chernoberezhskll (1982) studied the zeta potential of some clay minerals. He 

found that kaolinite had a zeta potential of -14.5 at pH 8.44, bentonite had a zeta 

potential of -18.9 at pH 7.8 and quartz had a zeta potential of -64.2 at pH 5.84. 

Thompson and Pownall (1988) invesUgated the eleetrieal state at the calcite 

aqueous solution interfaee using a streaming potential method applied to systems 

eontaning no gas phase. They set up relationship between the zeta potential and 

solution pH. The formatton of new surfaee material whieh modified the physical and 

eleetrical properties of ealeite eıystal surfaees seemed to be a commen feature of 

aqueous ealeite dispersions. 

Xu and Yoon (1989) studied the eoagulation behavior of silica samples using the 

classieal Oeıjaguin Landau Vervey and Overbeek (OLVO) theoıy. It had been found that 

this theoıy was applieable to weakly hydrophobie solids but not to strongly 

hydrophobie ones. They showed that natural slliea samples did not eoagulate at any pH. 

This was diffieult to explain on the basis of the OLVO theoıy. However. methylated 

slliea eoagulation oceured over a wide pH range extending up to pH 10.7. At this pH, the 

zeta potential was as hJgh as -51 mV. These findings suggested that there was a strong 

hydrophobie interaction foree whieh was not eonsidered in the classieal OLVO theory. 

Siffert et al. (1990) established a relationship between the eleetne eharge and the 

stability of heavy oil distillation residues dispersed in organie medium. The origin of 

the eleetrieal eharge is a eonsequenee of an electron transfer between the organic solid 

partides and the liquid organic phase. He eoncluded that the zeta potential strongly 

dependend on the electron donor and aeceptor numbers of the dispersing medium. The 

stability of heavy oil distillation residues was given by the electrtcal charges on the 

surface of the partieles. 

2.3. MICROSTRUCTURE 

Sediment mierostrueture is a funetton of the fabric and the physico-chernistry 

of the clay water system. Clay fabrie is the ortentations and arrangements of the 
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partlcles. Investigation of ortginal clay fabrtc can help to understand the effect of 

contamtnants to the secUments andalsoto detennine certain sediment properties. 

Lambe (1953) showed the microstructure of some clays and suggested card-house 

fabrtc ın a marine clay. Tan (1958) showed a network of edge-to-face oriented day 

partides in dayey secUments. Rosenqvist (1959,1963) published electronmicrographs 

of undisturbed marine Oslo Blue clay. He supported the validity of the card-house 

arrangement tn undisturbed sediment. Push (1962,1966,1968) studied the soft natural 

clays in the electron microscope and concluded that the structure of flocculated 

sediment is characterized by a network of large partlcles tied together by small 

partides arranged ın groups or chatns. 

Bowles (1968) studied marine secUment from the Gulf of Mex:ico and showed that 

the microstructure ofundisturbed marine sediment resembled acard-house or a honey

comb arrangement. Bowles, et.al (1969) suggested that unconsolidated sediments are 

also composed of packets of parallel ortented partides. 

O'Brten and Harrtson (1969) tnvestigated a sensitive Pleistocene day from the 

St. Lawrence rtver valley. The illitic clay had been deposited ın a saline marine 

envtronment caustng salt flocculation and resulting ina fairly randam open structure. 

O'Brten (1970) showed that the fabrtc of uncompressed illite floccules formed under 

saline and salt-free conditions ın the laboratory consisted of an open porous network 

mainly consisttng of randamly ortented domatns with face-to-face flocculated flakes. 

Sides and Barden (1970) demonstrated that as the average day particle size is 

reduced and the colloidal activity increased, the chemical additives became more 

effective in productng dispersed and flocculated structures. Tiıus the chemical additives 

had little visible effect on the structure of kaolinite clays whereas they did in illitic 

clays. In the case of montmorillonite clays definite conclusion col.lld not be reached. 

O'Brten showed (1971) that the repulsive forces between the kaolinite partides 

seem to be minimized so that the partides can attract each other in a face-to-face 

manner under conditions of either a large clay concentration in distilled water or low 

day concentration in an electrolyte solution. O'Brten (1968) also ınvestigated a 

consolidated Pennslyvania shale. lllitic clay was formed ın a dtsperstng envıronment 

caused by the presence of organic matertal. Clay structure was highly ortented paraUel 

to the hortzontal bedding planes. 

Lanier and Jones (1979) showed that sediment concentration (54g and 90 g/9001) 
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and water salinity (0-5.4%/900ml) strongly influenced the flocculation and 

ortentatlon of kaolinite clay sedimented under laboratoıy conditions. They correlated 

the development of graın aggregates and subsequent aggregate-to-aggregate ortentations 

with increastng fluid salinity. 

Pamukcu et al., (1990) studied the influence of municipal sludge, fuel oil, and 

flyash on the microstructure of consolidated and sedimented systems of pure clays. The 

sludge appeared to cause the formatton of clay flocs and coating of these flocs with 

organıc matertal. Specimens mtxed with fuel on exhibited loose and open mıcrofabric. 

Quigley and Fernandez (1990) studied the scanntng electron photomicrographs 

which were obtained on specimens molded with water, alcohol, and benzene. The water 

compacted sample showed a clay platelet parallelism charactertstıc of dispersion 

whereas both the alcohol and benzene molded clays were highly flocculated and 

charactertzed by macroperes that were espectally well developed in the case of benzene. 

2.4. GEOTECHNICAL PROPERTIES 

The knowledge of clay microstructure indicates that the geotechnical properties 

of soft clayey sediments depend on the fabrtc, the particle contacts, and physico

chemistıy. Bennett et al. (1977) showed that the geotechnical properties of sediments 

can be related to fabrtc. Complex interrelatıon between sediment behavior and 

environmental effects can be understood through fabrtc. 

Soil structure changes under different environmental conditions. Interparticle 

forces significantly changes the geotechnical properties of soils. Any changes in the 

soil-water system influence the double layer thickness and therefore effect the 

geotechnical propertles. For example, the following changes usually reduce the shear 

strength of a clay (Lambe 1959): 1) Decrease of electrolyte concentratıon 2) Increase of 

dielectrtc constant of pore fluid 3) Adsorption of anions 4) Increase of pH of the pore 

fluid 5) Increase in water content Geotechnical properties such as Atterberg limits. 

shear strength, penneability, compressibility depend on the pore fluid composition. 

Pore fluid composttion affects diffuse double layer thickness which decreases with 

ıncreasıng electrolyte concentratıon and increasing cation valence, and cation 

exchange capacity. 

38 



Ballou (1955) tnvesttgated the electroosmotic flow of water in kaolinite clay as a 

function of adsorbed counter-ion and the water content of the systems. He showed the 

aplicability of hydraulic permeability with the Helmholtz-Smoluchowski 

electrokinetic equatlons. 

Mesri and Olsen (1971) studied the permeability of clays with polar and non

polar permeating fluids. They found coefficients of permeability of fllite, kaolinite. and 

montmorillonite in water. The 1llite was about 200 times more pervtous than the 

montmorillonite, and the kaolinite was about 200,000 times more peıvious at the same 

void ratio. The permeability of montmorfllonite was about ıo-11 cm/see, kaolinite was 

about ıo-6 cm/see, and fllite was about ıo-9 cm/see, all at void ratio of 2. They 

indicated that the coefficient of permeability are largest for non-polar liquids. smaller 

for polar fluids of law dielectric constant and lowest for water which is polar and has a 

high dielectric constant. Reduction of electrolyte concentration tended to reduce the 

coefficient of permeability. However, the effect of electrolyte concentration vanishes as 

the valency of the cations increases. They alsa showed that the coefficient of 

permeability of the clays was the largest for benzene and tetrachlorite. When a fluid 

such as aleohal was used, the fluid was adsorbed either by the cations by the formatian 

of hydrogen bonds with the surface and part of the flow channels was to be blocked 

which resulted in reduced permeability. However, all the clays had the same 

permeability, at araund ıo·5.5 cm/see, at void ratio of 2 when non-polar fluids were 

used. This attributed to negligible adsorption of nonpolar fluids and no formatian of 

diffuse double layer. The clay partides in non-polar fluids are randamly arranged in 

aggregates which are probably more or less sphertcal in shape. When the pore fluid is 

water, it is believed that aggregates of paraUel particles, domains, are formed. In case of 

Ca-montmorillonite the water is adsorbed between the layers.Because the layers can 

not swell sufficiently to form diffuse double layers. 

Koutsoftas and Fischer (1980) showed that at a given consolidation stress. 

overconsolidated specimens had higher shear modulus than normally consolidated 

specimens. The shear modulus was strongly influenced by the magnitude of the 

ma.xımum past pressure and secondary compression. 

Green et al. (1981) showed that hydrophobic or hydrophilic nature of the solvent 

was tmportant to predict the solvent's rate of flow through clays. They alsa found that 
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bulk densıty of clay was tınportant to detenntne penneability of clay under a gtven 

solvent. Ftnally, they concluded that the effect of organic solvents on the coefficient of 

penneability might be esttmated from the dielectrtc constant of the solvent and bulk 

density of the clay. They dertved the followtng emprtcal relationship to estimate the 

coefficient of penneability: 

log k=l.17(1og(D0.75td7)) -7.23 

where, D ıs the solvent dielectrtc constant and d is the bulk clay density (g/cm3) 

Chasseftere and Monaco (1983) studied the Atterberg limits of marine sediments 

collected in the Mediterranean Sea. They found that the liquid ltınit and plasticity 

index detenntned by using salt water showed a variable drop compared to that of 

distilled water one. 

Heath and Tadros (1983) investigated some characteristics of Na

montmorillonite dispersıons as a function of pH and electrolyte (NaCl) concentration. 

Shear modulus of the clay tncreased with tncreastng electrolyte concentration. This 

was attrtbuted to the reduction of double layer repulsion. If the shear wave velocity is 

related to changes tn microstructure, the rate of shear wave velocity change should 

decrease wıth time. When prtmary consolidation is completed, shear wave velocity 

tncreases because of decreased particle spacıng and hıgher particle contact stresses with 

rearrangement of partıcles. 

Femandez and Quigley (1985) determtned the hydraulic penneability of natural 

Sarnia soils mıxed wıth pure liquids at a void ratio of 0.8 yielded k values that 

tncreased from 5x1 O -9 to 1x10 -4 cm/ s as dielectric constant of the permeant decreased 
! 

i 

from 80 to 2. The higher values of penneability wıth lower dielectrtc constant were 
ı 

attrtbuted to macroperes between flocculation peds and double layer contraction. They 

calculated the double layer thickness assuruing all chemical vartables were held 
ı 

constant except D (dielectric constant) and plotted as a functıon of surface potential. 
ı 

They found that the double layer thickness of monovalent clay ın a dilute water system 

(0=80) was 100 nm and for D=2 ıtwas 15 nm. qn the basıs of Gouy theory and the 

observed fabric of the soils, they concluded th~t for a given void ratio the high 
i 

permeability directly related to low dielectrtc const;ınt values which cause double layer 

contractıon. From electromicrographs they also c~mcluded that the benzene moulded 
ı 

samples are highly flocculated and contatn large macropores compared to more 
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dispersed water molded sample. 

Bowders and Dantel (1987) permeated four organic chemicals through 

compacted specimens of kaolinite and illite-chlorite. They used methanol, acetic acid, 

heptane, and trichloroethylene as organic chemicals. Dllute organic chemicals had 

little affect on the hydraulic conductivity. 

Acar and Olivieri (1989) investlgated the effect of organic fluid permeation on 

the fabric of compacted clay. Consistency limit and free-swell tests on kaolinite, Ca

montmorillonite, and Na-montmorillonite with organic molding fluids indicate that 

the dielectric constant and the pH of the pore fluid strongly influence their interaction 

in these clay minerals. There was a significant decrease in hydraulic conductivity of 

kaolinite and Ca-montmorillonite when low solubllity of organic fluids used. 

Jose et al. (1989) conducted laboratory testson compacted marine sediments to 

study the effect of salt concentration of permeating fluid on tts permeability 

characteristics. They found that the permeability increased wtth inercasing salt 

concentration ata gtven void ratio. 1\vo clay partides begin to repel each other when 

their double layers come to contact each other. Increased electrolyte concentratıon 

depress the double layer which then promotes flocculation. 

Muller-Vonmoos and Loken (1989) studted the shear behavior of kaolinite, illite 

and montmorillonite. They showed that the relatively high shear strength of kaolinite 

comes from the intergranular friction. The shear behavior of Ulite depended strongly 

on the counter ions. The shear behavior of montmorillonite was determined by the 

force by which the layers are held together. 

\\eiss (1989) studied about sealing ofwaste dtsposals by clays. He concluded that 

heavy metal tons and highly charged cations contracted the interlayer space of 

swelling montmorillonites and thus increased permeability. 

\\etzel ( 1 990) gave the following relationships between the Atterberg limits and 

specific surface area: 

Where, 

IL=l.Ol Sg+46.5, 

PL=0.43 Sg + 13.5, 

IL>50 

Pl>20 

LL is the liqutd limit, PL the plastic limit and Sg the speclfic s urfa ce area. 
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MATERIALS AND METHODS 

3. 1. MATERIALS 

In this section, the matertals used for this study are investigated. Certain 

properties of clays, salt water, municipal sludge and crude oil are presented. 

3.1.1. Clays and Saline Water 

The major components of Inarine sed1ments are a complex mixture of different 

clay minerals with difierent properties. Several investigators have analyzed nurnerous 

samples collected from the major oceans areund the world to estimate the relative 

distribution of major groups of clay minerals (Griffin et al., 1968: Rateev et al., 1968). 

The most commen groups of clay millerals found in the marine environrnent are illite. 

montmorillonite, kaolinite and chlorite. 

The distribution of clay minerals in the world oceans is closely related to 

geographical clımate. Some of them, such as kaolinite and rnontmorillonite are formed 

in the zone of development of tropical lateritic soils. Others such as illite and chlorite 

are formed mainly in the soils of moderate and hıgh latitudes. 
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Maı1ne clay used in this study was prepared arUfıcially mix:l.ng 50016 illıte. 21% 

Ca-montmorillontte, 16% kaolinite and 13% chlorite by wetght. The percentages of 

clay mtnerals in the maı1ne clay were based on average percentages of these clay 

mınerals typtcally found ın Atlantic Ocean clays (Emery and Uchupi, 1984). A 

summary of geotechntcal and phystco-chemical properties of these clays are 

gpresented in Tables 3.1, 3.2 and 3.3, respectlvely. Particle size distribution and specific 

gravity are presented in Table 3. ı. Atterberg limits is presented in Table 3.2. and 

physico-chemical properties ın Table 3.3. 

3.LLL Ulite 

Illite is a general term for the mica group of clay mtnerals that occur in many 

soUs. The wide eecurance of Ulite ıs probably a funcUon of the abundance of muscovite 

micas in many coarse grained siliceous source rocks and ıts resistance to chemical 

weathertng. lllite ıs one of the most abundant clay mınerals present ın marine 

sediments where it often composes 50% of the total sediment. 

Illite is composed of a three- layer (2: 1) structural sheets with potasstum ions 

between the layers. A three-layer structural sheet consists of an octahedral sheet 

(alumina sheet) in the middle with one tetrahedral sheet (silica sheet) at the top and one 

at the bottom. The sheets are about 9.6 Angstrom thick. The small clear spacing 

between sheets (0. 76 Angstrom) indicates that the potassium ions (radius= 1.33 

Angstrom) rest parUally within the adjacent sheets. Potasstum ions satisfy the charge 

deficiency and hold the illite sheets by iontc forces. They are dlsttnguıshed from the 

montmorillonites prtmarily by the absence of interlayer swelling with water. 

Interlayer bond in 1llite ıs strong and water and other liquids are normally unable to 

penetrate between the layers. 

Illite clay for this study was obtained by crushing 95% illite bearing shale from 

Fithian, Illinols, to passing No.100 steve size. Illite, whose micelles are tightly bonded 

by potasstum tons, has a moderate surface and edge-bond cation exchange capacity 

(CEC) ranging between 10 to 40 meq/ 100grs of dry clay. It can be seen from the x-ray 

diffraction spectrum in Ftgure 3.1 that illite clay used in this study is a complex of 

siltca. alumtnum, potasstum and ıron. 
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3. 1.1.2. Ca-Montnıorillontte 

Ca-Montmorillonite is a typical weathertng product of volcantc ash on both 

land and ocean floor. Montmorillonite 1s aday mineral whose partides are relatively 

smail, thin and f1lmy. The day mineral is composed of three-layer structural sheets 

with water and exchangeable cations between the layers. The sheets are about 9.6 

Angstrom thick. calcium ıs the predominant ion balaneing charge on the alumina 

silicate lattice of the day partlcles. Ca-Montmortllontte days do not swell and respond 

less sensitıvely to changing water contents than Na-MontmorUlonite clays. The 

magnttude of the attractive forces and their dependence on surface charge prevent Ca

day crystals from swelling extensively. Its stmplest form is ca•AI20ş*5St02•nH2o. It 
can be seen from the x-ray dtffraction spectrum in Figure 3. 2 that Ca-Montmorillonite 

has silica, aluminum, calcium and iron. Ca-Montmortllonite has considerable 

electrical unbalance in the crystal lattlce and loosely held ions on its layer surfaces and 

between layers are rather easily displaced. Its CEC ranges from 60 to 100 meq/ 100grs of 

dry clay. 

3. 1.1.3. Kaol1nite 

The kaolıntte clay mineral is a product of intense weathertng of feldispathic 

rocks in high temperature, high rain fall regıons. Partides of kaolinite are relatively 

large, thick and stiff. Kaolıntte abundance ranges from 10 % to 20 % (average 15 %) of 

the total marine sediment. In kaolıntte clays the pH may be the sıngle most tınportant 

factor controlling the fabrtc of sediments formed from suspension. Kaolinite is 

composed of a two-layer (1: 1) structural sheet. A two-layer structural sheet is a 

combination of a sllica sheet with an alumina sheet. The sheets are about 7.2 Angstrom 

thick. The linkage between adjacent sheets tn a kaolıntte crystal ıs hydrogen bonding. 

The cation exchange capacity (CEC) is rather low because of the extremely small 

degree of ısomorphous substıtutıon. The crystal lattıce of kaolinite clay is electrically 

balanced with a CEC largely along broken edge bonds. Its CEC ranges from 3 to 15 

meq/lOOgrs of dry day. The catıons are located on the extertor surfaces and the 

partides are thick. Kaolintte partides rematn intact tn natural aqueous medium. 

Because the hydrogen bonds between layers hold them together firmly. Its simplest 
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3.1.1.4. Chlortte 

Chlorite is an unstable clay mineral found where erosion is predominantly 

mechanical rather than chemical. Latitudinal dependence is strong and high 

concentratlons of chlorite are found at high latitudes only when chemical weathering 

processes are less ınıportant than mechanical. Chlorite ranges from 10 % to 18 % 

(average 13 %) of the total marine sedıment. 

Chlorite clay minerals are found in high concentration both in the alluvial 

soUs and in marine sedıments. The chlorite minerals occur throughout the silt range. 

Chlorites are structurally related to the four -layer (2: ı: 1) sheets with a brucite sheet 

(magnesia sheet) between the layers. The sheets are 14 Angstrom thick. The x-ray 

diffraction spectrum in Figure 3.3 shows the constituents of chlorite clay mineral. 

Chlorite clay mineral consists of silicate, aluminum, magnesium and iron. Its simplest 

form is 3MgO•.Aiı~·2Sio2•3H20. Its CEC ranges from 10 to 40 meq/ IOOgrs of dry 

clays. 

3. ı. 1.5 Saline Water 

Saline water was used in a number of exper1ments. The saline water solution 

was made by ın1x1ng a commercial product called "instant ocean" with tap water. The 

resulting solution had typical salt concentratlon of 38 g/1. Saline water was used to 

simulate the physico-chemical prospective of marine pore water. The pH of the 

resulttng salt solution was measured 8.2. The contents of "Instant Ocean" product is 

listed in Table 3.4. 
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TABLE 3. 1. Particle Size Distribution and Specific Gravity of Clay Minerals. 

Clay Mineral Partlcle su.e DJstrfbut:Jon Speclfic Gravity 

~samf*ıl slltl%} Claylo/o) 

llLLITE 5 65 30 2.72 

Ca-MONT. 4 66 30 2.50 

KAOLINITE o 8 92 2.60 

CHLORITE 5 85 10 2.69 

MARINE CLAY • 5 70 25 2.59 

• Marine Clay=Illite (50%)+Ca-Montmorillonite (21%)+Kaolinite (16%)+Chlorite (13%) 

TABLE 3.2. Atterberg ltmits of Clay Minerals. 

ClayMineral lJ.quid 1Jm1t, IL Plastic IJrnit, PL Plasticity Index, PI 

00 fl/q f>Aı) 

(measured/literature) (measured/literature) 

ILLITE 31 20 ll 

Ca-MONT. 87/881 58/541 29 

KAOLINITE 70/641692 31/341312 39 

CHLORITE Non-Plastic 

MARINE CLAY 57 32 25 

1 Acar and Olivieri (1989); 2 Lagaly (1989) 
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TABLE 3. 3. Selected Physico-Cheıntcal ProperUes of Clay Minerals. 

Clay Mineral Spectftc Surface Area Catıon Exchange Capacity Dielectrlc Constant 

(measured/literature) 

ILLITE 22/f!/J - 100 ı 

Ca-MONT. 120/85- 160 2 

KAOLINITE 18/10-20 ı 

CHLORITE. 6/5-50 ı 

MARINE CLAY 37/40 5 

(meq/ 100 g dıy c1ay) 

(measured/literature) 

20.1/10-40 ı 

59/60- 100 3 

2.9/3- 15 ı 

6.9/10-40 ı 

22/23.8 5 

(measured/literature) 

8.92/9- 10 4 

11.91/11.9 ı 

8.94/5-12 4 

7.65/7.9 4 

8.29/9.38 5 

ı Grim (1968); 2 American Petroleum Institute (1951); 3 Boyes (1975); 4 Olhoeft (1981); 

5 Calculated weighted average. 

Example: 40=22x(%50)+120x(%21)+18x(%16)+9.6x(%13). 
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Figure 3.1. X-Ray Dlffraction Spectrum (EDS) of Illıte Clay Mineral. 
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T.ABLE 3.4. The Content of "Instant Ocean". 

Major Ions ppm 

Cloride (Cr) 18.726 

Sodium (Na+) 10.374 

Sulfate (SO 4 --) 2.596 

Magnesium (Mg++ı 1.274 

Calcium (Ca++) 429 

Potasstum (~) 387 

Btcarbonate (HC03 ---ı 197 

Borate (B03 ---) 53.7 

Strontium (Sr++ı 10.2 
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3. 1.2. Contaminants 

The contaminants were selected among the conunon products that have been 

disposed or spilled tnto the martne envtrorunent tn the past and those that are being 

permitted for disposal presently. The most important sources of pollutants to the oc ean 

are from municipal discharge and discharge of oil from ships, tankers and frighters. 

Therefore the selected contamtnants included municipal sludge and crude oil. 

3. ı .2. ı. M unicipal Sludı<: 

Sewage sludge, a concentrated semt-solid material resulUng from sewage 

treatment, is often disposed of tn the ocean. In this study, anaerobically digested sludge 

was obtained from the Allentown, Pennslyvania Waste Treatment Plant at Kline's 

Island. Raw sludge is obtained from sewage systems around the city. The raw sludge is 

then treated biologically to flocculate tndividual particles. The particles are allowed to 

settle. The liquid is then removed ustng trtckltng filters. The rematning block mass 

composed of ftbrous solid partides tn suspension is the digested sludge. A summaıy of 

the selected propertles of this materialis presented tn Table 3.5. 

3.1.2.2. Crude OU 

One of the most conunon pollutants tn the marine environment are petroleuro 

hydrocarbons tn the form of crude oll. The crude oll for this study was obtained from 

J.C. Haab Co., Ine., tn Phlladelphia. In recent years there has been a great interest 

dealing with the tnfluence of oil on marine sediments. Crude oil is a form of 

hydrocarbon which is inuniscible with water and chemically inactive. Selected 

propertles of the crude oil used tn this work are gtven tn Table 3.6. 
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TABLE 3.5. Properties of Anaerobically Digested Municipal Sludge. 

Specıftc Surface Area 

Cation Exchange Capacity (CEC) 

Surface Charge Density 

Zeta Potential (0 

Electrlcal Conductivity 

'Wcıter Content 

Total Solids 

Volatile Solids 

pH 

Heayy Metal Contenti 

Copper 

Zin c 

Chromium 

Manganese 

Lead 

Nickel 

Cadmium 

Co b alt 

:4.6m2/g 

: 134 meq/100 g diy sludge 

: 28 Coulomb/m2 

: -1.4mV 

: 5869 micro Sfmens/cm 

: 93 % (by dıy wefght) 

:7.0% 

:73% 

:7.6 

(ppm) 

: 1000-1139 

:992-1147 

:272-360 

:201-243 

: 122-185 

:26-37 

:4.3-6 

:0-4 
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TABIE 3.6. Selected Properttes of A Typical Crude Oil. 

Hydrocarbon Content 

API Gravity 

Viscosity 

Ash Content 

Flash Point 

Pour Point 

Sulphur Content 

Sodium Content 

Vanadiuro Content 

3.2. METiiODS 

3.2.1. Sedimentatlon Tank 

: 93% [C (81%) and H (12%)) 

:ll 

: 173 see. 

:6% 

:185 °C 

:35°c 

:0.93% 

: 16.9ppm 

:68ppm 

In the laboratoıy sedimentation tanks were used to prepare marine sediment 

specimens. The experimental set up consisted of 6 rectangular sedimentation tanks. 

The sedimentation tanks were made up of translucent plastıc sheets of 0.5 cm 

thickness. They were 0.3 m by 0.3 m in cross seetion and 0.6 m in height. They were 

equipped with sampling ports at O. 15 m intervals vertically. A schematıc dıagram of 

the sedimentation tank is shown in Figure 3.4. 

3.2.2. Saınple Preparatlon for Sedimentation 

Typical Atlantic Ocean marine clay was prepared by mixing 50 % of illit e. 2 ı % 

of Ca-montmorillonite, 16 % of kaolinite and 13 % of chlorıte by dry weight. This clay 

was then mixed with saline water to prepare a slurry. The contaminants were mixed 
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into the slurıy in proportlons of 5% and lO% by dıy weıght of the clay mixture. They 

were premtxed into the marine clay with saline water to make a slurıy. 

3.2.3. Testing Procedure 

The slurıy of the manufactured marine clay and contaminant mixture was 

poured into the sedtmentatıon tanks and mixed thoroughly wıth a tall hand-held 

mixer. The amount of solids in the mixture was controlled to attain a predetermined 

concentration when the level of the water in the tank was brought to a set level. The 

solids were allawed to settle under gravity until little vartatıon was obseıved in the rate 

of settlement of the clay /water interface. 

Settlement was measured by obseıving the downward movement of the day 

water interface. When the interface was vague, the downward movement of a region, 

identified as the boundaıy, was obseıved. Samples were collected from the sampling 

ports periodically to deterrnine the slurıy concentration and other depositional 

properties. Finally, at the completion of settlement, water above the interface was 

drained through the sampling ports and undisturbed samples of the sediment were 

obtained. Samples were obtained by insertlng a thin walled PVC tu be into the sediment. 

Vacuum was applied at the end of the tube until the tube was retrteved and setona fiat 

surface. This process helped to retain the serni-solid sediment in the tube with 

m1n1mum disturbance. 
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Ftgure 3.4. A Schematlc Dıagram of the Sedimentation Tank. 
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3.2.4. Preparation of Samples for Electron Microscopy 

The undisturbed samples retrıeved from the clay sediment were used to prepare 

specimens for scanntng electron microscope (ETEC AUI'OSCAN SEM) analysis. 

Preparation of a clay specimen for SEM involves complete drying of samples. Many 

clay soUs show considerable volume decrease when a1r -dried and the fabrtc is affected 

by shrtnkage. Tiıerefore, clay samples were dried by employing "critica! point drying 

method", (CPDM). 

3.2.4.1. Dıyini Methods 

Air-drying, oven-drying and freeze-drying clay specimens distort the fabric 

(Yong,l972 and Naymfk,l974). Yong (1972) showed that air-drted montmortllonite clay 

samples had com flake structure which was observed from photomicrographs. The clay 

flakes curl because of the surface tension at the fluid vapor interface. Naymik (1974) 

showed clearly that a large reduction of pore volume occured during air -drying and 

artıracts of drying formed during freeze drying. He found that the crttical drying 

method was the most efficıent method among them. He reported that there was no 

desiccation shrinkage in the samples by the critical point technique. 

Luyet (1961) observed that ice crystals formed to same degree during the freeze 

drying process. Bound water sametimes do not freeze but dried at low temperature. This 

behavior contributes to a type of pseudo-freeze-drying. 

Gillot (1969) discussed critlcal point drying and freeze drying methodsfor clay 

samples. He said that artıracts might be formed by ice crystallization during freeze 

drying which damages the original fabric. He also observed that clay fabric would be 

affected by shrtnkage during air-drying. 

O'Brien (1970) dried moist, unconsolidated, flocculated clay sediment by 

utilizing the freeze-drying method. He showed that this technique was better than air

drying procedures. 

The freeze drying method was the most satisfactory technique for prepartng clay 

samples for electron microscopy before the development of the crttical point dryıng 

technique (Bennett and Hulbert, ı 986). 
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3.2.4.2. Crttleal Potnt D~ Method (CPPMl 

The crttieal poınt dıying method (CPDM) is used for biological applications to 

preserve membrane tıssues for eleetron microscopy (Hayat and Zirkon, 1973). Kistler 

( 1932) used this technique for silica gel. 

This method lnvolves the replacement of pore fluid from water to liquid co2 as 

desertbed by Anderson (1951) and Cohen et al. (1968). Ata temperature and pressure 

above a erttieal point the physıeal propertles of a liquid and its vapor become 

Indistınguıshable. The two phases are therefore no longer separated by a boundary 

layer and the surface tension forces vanish. Gillot applied this technique successf ully 

to clay sedtments using both aleohal and C02 for crtıeal polnt drying. Bennett ( 1 976) 

used the CPDM technique, followed by sample tmpregnatlon wtth very low viscosity 

epoxy resın (SPURR) under vacuum to prepare samples for Transmission Electron 

Microscope fTEM) analysts. 

At the crttleal temperature and pressure of a liquid, there is no boundary 

between the liquid and gas phase. When the temperature is held above the crttical point. 

the gas may be released untll atmosphertc pressure is reached. Thus the sample is dried 

without having surface tensıon effeets which is harmful for the clay fabric space. 

Acetone, alcohol, and amyl acetate are used as transition liquids. It is necessary to 

ıntroduce these liquids between the aqueous phase of the sample and the liquid co2. 
Marine clay spectmens were drted by using Critıcal Point Drying Appratus 

(CPDA) with liquid co2. Spectmens were initıally treated wtth ethyl aleohal and then 

acetone. A CPDA was used to replace the acetone with liquid co2. The critica! point of 

ro2 occurs at 36°C and 1400 psi pressure. When the temperature is held above the 

crttical potnt, the gas can then be released untll atmospheric pressure is reached. Thus 

the speetmen can be drted without having surfaee tension effects. The specimens were 

then kept ın a high vacuum desiceatar for extended pertods of time to ensure removal of 

all the water from the pore space before SEM observation. These specimens were coated 

with gold prior to SEM analysts to provide conductıvity. Then the specimens were 

observed on SEM. 
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3.2.4.3. Scanntnaı Electron Microşçopy lSEMl 

The instrument used in this study was scanntng electron microscope (ETEC 

AUTOSCAN SEM). The scanning electron microscope is destgned to produce a 

magnified image of a surface. Some of the main advantages of the instrument are as 

follows: ( 1) large depth of focus at high magnifications, which gtves considerable 

perspective to the image, (2) the surface of the specimen is examined directly, (3) 

specimen appears as three-dimensional image, (4) the resolution is 100 Angstrom and 

the magnifıcatıon ranges from 5X to 240,000X from the surface of the specimen for 

more accuracy. 

3.2.4.5. X-Ray DUiraçUon Spectrum lEDSl 

X-ray spectrum analysts shows the distribution of chemical elements in the 

microanalyzer. The process of x-ray spectrum is as follows: x-ray microanalysis is 

based on electronic transmissions between inner atomic shells. An electron from a 

scanntng electron microscope ejects an electron from an inner shell of a sample atom. 

The resulting vacancy is then filled by an electron from a higher energy shell in the 

atom. This vacancy filling electron must gtve up some of its energy, which appears in 

the form of electromagnetic radiation.The radiaUon appears as x-rays. When excited by 

electrons of sufficient energy, eveıy element ina sample will send out a unique and 

characteristic pattem of x-rays. The number of x-rays send out by each element gives 

direct relatıonship to the concentraUon of that element. 

Electronic components convert thesex-ray emissions to analyzable data. They 

produce a digital spectrum of the emitted radiatıon. The x-ray first creates a charge 

pulse in a semıconductor detector. The charge pulse ts then converted into a voltage 

pulse whose amplitude reflects the energy of the detected x-ray. Finally, the voltage 

pulse is converted into a digital signal, which causes one count to be added to the 

corresponding channel of a multichannel analyzer. The accumulated counts from a 

sample pnxluce an x-ray spectnmı like the one in Fıgure 3. ı. 
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3.2.5. Determination of Physico-Chemical Properties 

In this sectlon, procedures and methods used to determtne: (1) CEC, (2) surface 

area, (3) pH. (4) organic matter content, (5) electrtcal conductıvtty, (6) total dissolved 

solids, (7) particle size distribution, (8) turbidity, (9) dielectrtc constant, (10) zeta 

potentlal are presented brtefly. 

3.2.5. 1. Detemıtnation of Catıon Excha.IJie Capacity (CECl 

Catton exchange capacıty (CEC) was determtned by sodium saturation method 

(Chapman, 1965). Ftrst. clay specırnens were saturated with sodium acetate to replace 

the cattons held on the surface and ın the tnterlayer positıons. Secondly. cl ay 

specimens were washed with isoproply aleohal to remove of the excess saturating salt. 

Thirdly, clay specırnens were washed with annnontum acetate, by which adsorbed 

sodium was released tnto the solutıon. The amount of sodium was then determtned by 

an atomic adsorptlon spectrometer. All the measurements were made at pH=7. 

3.2.5.2. Detemıination of Surface Area 

Surface area was determtned ustng a Monosorb Surface Analyzer. The analyzer 

operates by measurtng the quantlty of adsorbate gas adsorbed on a solid face by sensing 

the change 1n thermal conductıvtty of a followtng mixture of adsorbate and an inert 

carrier gas. Usually the adsorbate is nitragen and the inert gas is helium. The 

theorettcal basis upon which the monosorb operates is the Brunauer, Emmett and 

Teller theory (B.E.T. theory) (Brunauer et al., 1938). B.E.T. theoıy is one of the most 

universal applied procedures for determining surface area. This method requires the 

prtor removal of sorbed gasses, usually heattng the specırnen before measuring the 

sorptıon isoterm for the non-polar gas, often nitrogen. 
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3.2.5.3. Detemıination of ıerutable Oreanic Matter Content 

The organıc matter contents of the mıxtures were detennıned by the ıgnition 

loss method. Contamınated clay specımens were pre-drted at 110°C for 24 hours. These 

specımens were then bumed at 550°C for 2 hours. The loss of wetght of the specimen as 

the result of the second heating was assumed to be priınarily due to organic matter 

ignition. 

3.2.5,4, Detennination ofZeta fQ Potential 

In this study, MATEC ESA-8000 system was used to measure zeta potential. 

conductlvity and pH of the laboratory prepared marine clay suspensıons. The MATEC 

ESA-8000 system can characterize colloidal suspensions by their electrokinetic sonic 

amplitudes (ESA). Measurements can be made in concentrated suspensions, up to 50 % 

by volume, and with particles ranging in size from 150 microns to moleculer 

dimensions. Measurements can be made in aqueous or non-aqueous systems as well. 

All measurements were made ina 250 ml capacity teflon beaker at 25 °C. Afler the 

sample was placed in the beaker, it was then mıxed with a stirrer continually during 

measurements. Zeta potential, conductivity, pH and temperature were measured 

simultaneously throughout the experıments as the pH of the system was varied by 

adding concentrated acid or base. 

3.2.5.5. Deteunination of Dielectric Constant 

Dielectric constant measurements were made by using Impedence/Gain-Phase 

Analyzer (Hewlett-Packard Model 4194A). The HP 4194A features eleven iınpedence and 

four gain-phase measurement functions and covers a frequency range of lOOHz to 40 

MHz for impedence, and from 10Hz to 100MHz for gatn-phase. 

A special container was made to measure the dielectric constant of slurry 

specimens. The container was made out of 0.3 cm thick, 1.9 cm by 2.5 cm arcylic sheets. 

59 



Two silver electrodes were placed tnto the contatner wtth a O. 7 cm distance as shown in 

Figure 3.5. Electrodes were connected to the analyzer with wıres. Specimens were placed 

into the container between the silver elecirodes to measure the dielectrtc constant. 

Dielectrtc measurements of suspensions were made at 100 Hz. When an alternaUng 

electrical field is applied to a clay-water-electrolyte system, a response is produced 

which can be measured in terms of a resistance, R, and capacitance, Cs. The measured 

value of the capacitance can then be converted into a quantlty known as the dielectric 

constant, D. The following formula was used to calculate the dielectric constant: 

where, 

c d 
D= -•- = 2.775•C 

Reo s 

D = Dielectric constant 

C8= Capacitance, F 

d= Length ofa sepecimen, 0.7 cm 

A = Crass-Seetion area of specimen, 2.85 cm2 

E0 = 8.85xl0-14 F/cm 
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Figure 3.5. The Scheınatic of the Dielectric Constant Instrument. 
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3.2.5.6. Determinatf.on of Electrlcal Conductlvity and Total Dissolve Solids CT.D.S.l 

Conductivity and total dissolved solids (T.D.S.) of the suspensions were 

measured by Extech Model 695 Combined T.D.S. and ConductMty meter. Conductivity 

can be measured over 5 ranges for maximum accuracy and covers the range O .ı to 

200,000 microstmens/cm. T.D.S. ranges between 10 and 20,000 ppm. 

3.2.5.7. Detennınauon of Particle Size Distribution 

Particle size of the suspension solids was detennined by Particle Co un ter Model 

ILI 1000. This instrument is designed to permit inspection of bottled liquids without 

removing any of the contained liqui~; A laser beam is provided to permit obseıvation of 

smail partlcles by near-forward light scatter. In additlon, a scanning and detection 

system ıs provided to automatıcaily quantify the number of smail particles in one 

milllliter of the contained liquid. Particle size measurement is based on the amount of 

scattered light reaching the collection system. The laser inspection technique is very 

sensitive and pennits observation of very smail particles. This instrument uses basic 

light source of Helium-Neon laser (wavelength 632.8nm). 

3.2.5.8. Determination ofl\ırbidity of the Suspenşion 

1\ırbidity was determined by turbidimeter Model 2100A. This instrument is a 

laboratory nephelometer calibrated for measurtng turbidity in liquids. It is suitable 

for a broad range ofturbiditymeasurement with ranges of0-0.2, 0-l.O, 0-10,0-100 and 

0-1,000 Nephelometrtc 1\ırbidity Units (NTU). 

An intense beam of ltght is directed up through the bottom of a glass cell 

containing the test specimen. Light scattered by partides in the specimen is detected by 

a sensitıve photomultlplier tube at a 90° angle from the ıncident light beam. The 

amount of light reaching the photomultiplier tube is proportional to the sample 

turbidity. The photomultiplier tube converts the light energy into an electrical signal 

which is amplified and displayed on the instrument meter. 
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3.2.5.9. Determination of pH 

pH of the suspensions was measured by pH meter (Fisher Model 900 Accumet). 

The pH of crude oil mixed marine clay and sludge mixed marine clay specimens was 

measured ustng special probesfor oil (Beclanan Electrode 39537 S006A) and for sludge 

(Beclanan Electrode 39848 S002A). 

3.2.6. Detenninatlon of Geotechnical Properties 

In this section, determination of hydraulic permeability. shear strength and 

dynamic propertles are gıven briefly. 

3.2.6.1. Detemıınatıon of Hydraulic Penneabil11y of Marine Sedıment 

Permeability tests were performed usıng a flexible wall trtaxial penneability 

system. Details of operation of this equipment is gtven elsewere (Evans and Fang. 1986). 

Specimens were normally consolidated under lkg/cm 2 pressure. Tests were performed 

ustng saline water as the permeating fluid for saline water mixed marine day mixtures. 

3.2.6.2. Detemıınatıon of Pynamic Properties of Marine sediment 

Shear modulus and shear wave velocity were detennined by piezoceramic 

bender elements (Dyvik and Madshus, 1986). The technique involves the use of 

piezoceramic bender elements at each end of a soil specimen. The bender element at one 

end of the specimen is used to generate a shear wave pulse which propagates along the 

length of the specimen and the other element is u sed to determine the arrtval time of the 

shear wave. The travel time along a known specimen length produces a direct 

measurement of the shear wave velocıty. V s· and, in tum. shear modulus. Gs· for the 

soil. The travel time, t. of the shear wave ıs determined on the oscilloscope as the time 

difference between the rise of a square wave signal and first significant jump in the 

receiver signal. The shear wave velocity. V s· for the soil can be calculated from the 
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where, 

L u=
s t 

L= the length of travel of the shear wave or 

the length of the specimen 

t= the travel time of the shear wave 

The shear modulus, Gs, was then calculated from the expression: 

where p is the bulk unit density of the soil. 

3.2.6.3. Determination of Shear Streıynh of Marine Sediment 

Shear strength of the saturated soft laboratory prepared marine sediment was 

determined using the laboratory vane shear apparatus according to standard procedure 

of ASTM, D-2488. This apparatus includes the use of both conventional calibrated 

torque sprtng units and electrtcal motorized vane. The vane shear test consists of 

inserting a four rectangular bladed vane in the end of an undisturbed tube sample and 

rotating it at a constant rate to determine the torque required to cause a cylindrical 

surface to be sheared by the vane. This torque is then converted to a unit shearing 

resistance of the cylindrtcal surface area. The torque is measured by a calibrated torque 

sprtng that is attached directly to the vane. The shear strength can be determined by: 
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where, 

't= Shear strength 

9 =Deflection in degrees 

R= Equipment constant 

(function of sprtng, stlffness and vane size) 
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BASE EXPERIMENTS 

4.1. PHYSICO-CHEMICAL PROPERTIES OF CLAYS 

4. ı. ı. Components of the Marine Clay 

Four types of clay minerals were used in this study to make up the artificial 

marine clay. These are illite, Ca-Montmorillonite, kaolinite and chlorite. The 

composition of marine clay was 50 % illite, 2 ı % ca-montmorillonite, ıs % kaolinite 

and ı3 % chlorite. Some physico-chemical properties of each of these minerals 

including the marine clay mfxture were investlgated and the results are presented here. 

The relationship between the measured specific surface area (SSA) and cation exchange 

capacity (CEC) based on data for illite, Ca-Montmorillonite, kaolinite, chlorite. and 

marine clay is given in Figure 4. ı. A review of Figure 4. ı shows that increasıng specific 

surface area relates to increasing cation exchange capacity. The greater specific surface 

area of Ca-Montmorillonite is due to its lattice expansion and exposure of intemal 

surfaces, which is not so in the case of kaolinite. Measured specific surface area of illit e 

is significantly less than the literature reported specific surface area of illite (literature 
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reported values are gtven under chapter 3) . This ıs because the illite sample used in this 

work was obtained by on 1111te rich rock to -No 100 mesh size. Therefore. the particle 

sizes obtained may be larger than most naturally found illite clay. The CEC of kaolinite 

ıs rather low (around 3 meq/ 100g dry kaolinite) because of sman degree of ısomorphus 

substitution. 

4. ı. ı. ı. Illite 

It can be obseıved from Ftgure 4.1 that the catlon exchange capacity (CEC) of 

illite ıs smaller than that of Ca-montmorillonite, even though 1llites have a higher 

degree of 1somorphous lattlce substitutlon (van Olphen, 1963). This ıs probably due to 

the large size of 1111te partides used in here. Ç-potential versus pH relationship for illite 

is shown in Figure 4.2. When different concentrations of illite clay suspensions in 

distilled water are titrated with hydrochloric acid, the Ç-potential vs pH curves 

intersect at or veıy close to a coınmon pH point around 4. lnitlal Ç-potential value of 

1llite ıs around -80 mV at pH 9.5. Clays with high Ç-potential contain easily 

exchangeable ions. According to ASTM D-4187 Standart Test Methods for Zeta 

Potential of Colloids in Water and Waste Water, if a colloidal solution has a Ç-potential 

more than -60 mV, its stability is ranked excellent stability. Accordıng to Riddick 

(1968), the stability characterıstıcs of the illite solution may be termed as excellent. 

1111te is slfghtly soluble in acids. When acid is introduced, it appears that the 

alkaline earths are removed more rapidly than the aluminum or iron (Grim. 1968). 

When the solution pH increases Ç-potentlal of the solution alsa increases. The Ç-pH 

curves show an inversion as pH decreases. This phenomena ıs attrtbuted to "anion 

adsorbtion". This phenomenon will be explained in more detail under the seetion on 

marine clay. Conductivity increases with decreasing solution pH as shown in Figure 

4.3. 
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4. ı. 1.2. Ca-Montmorillonite 

The Ç-potential versus pH relationship for Ca-montmorillonite is shown in 

Fıgure 4.4. A review of Ç-potential is shown to decrease to a minimum value at 

approximately a pH of 2.0. After that the cuıve ratsed to an asymptotic at a Ç=ı2 mV. As 

the concentration of soUds increases, C-potential decreases. Coughanour and Utter 

(1944) showed that the C-potential decreases with increastng particle size and clay 

concentration. At the begining Ç-potential of Ca-montmorillonite is around -ı 5 m V at 

pH 5.5. According to ASTM D-4187 Standart Test Methods for Zeta Potential of 

Colloids in Water and Waste Water. its stabllity is incipient instability. According to 

Riddick (1968). the stabllity of Ca-Montmorillonite may be characterized as at the 

threshold of agglomeration or flocculation. 

The distance between unit layers in Ca-montmorillonite is too small for the 

formatian of a complete diffuse double layer (Kjellander et al., ı988). Divalent calcium 

ions are held more strongly onto the clay, therefore the effectlve net'negaUve charge on 

each clay particle was reduced. In general when calcium is present in sufficient 

quantities, the thiclmess of the double layer is reduced and face to face contact of clay 

partides can occur and form flocs. The formatton of flocs is called flocculation (EPA. 

1984). 

Conductivity increases with decreastng solution pH as shown in Figure 4.5. 

When Ca-montmorUlonite is added to water, it dissociates into a calcium cation and 

bentonite micelle. The conductivity of the cation and the electrophoresis of the micelle 

increase the conductivity of the solution. 

4. ı .ı .3.Kaolin1te 

Kaollnite is less soluble than the three-layer clay minerals in hydrochloric acid 

(Grim, 1968). The solubllity of all clay mineralsis based on their cation solubility. A 

positlve edge double layer is responsible for the adsorption of anions acting as counter

ions. Buchanan & Oppenhetm (1972) showed that at pH=2.25 the aluminum specıes and 

at pH=6.00 the silicon species are the more soluble ions. At low pH the positively 

charged edges and the negatıvely charged faces of the partides can link together to form 
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a card-house structure (NJcol & Hunter, 1970). When pH is increased, OH- ton adsorption 

takes place on both the edges and surfaces of the kaolinite parttcles. Tiıerefore, ~

potentlal tncreases because of the tncreastng electrostatlc repulsion between the 

partlcles. Increasfng pH alsa breaks down the card-house. 

C-potentlal versus pH for kaolinite is shownin Figure 4.6. Ç-potential decreases 

with decreasfng pH, and it decreases with increastng solid concentration. Initial ~

potentlal of kaolinite is araund -13 mV at pH 5.6. Its stabllity ıs incipient ınstability 

according to ASTM D-4187 Standart Test Methods for Zeta Potential of Colloids ın 

Water and Waste Water as Ca-Montmorillontte. Conductivtty increases wtth decreasıng 

pH as shown in F1gure 4. 7. In additlon. when the solid concentration changes. 

conductivtty remains more or less constant. 

4.1.1.4. Chlortte 

Chlorttes are more soluable than kaolinite in hydroclorıc acid. For chlorıte, the 

alumtnum in octahedral coordinatlon is more soluble in hydrochloric acid than the 

aluminum in tetrahedral coordtnation. Chlorttes have very law water adsorptıon 

properties. C-potentıal vs pH relatlonship is gtven in Figure 4.8. Below, approximately 

a pH of 7, C-potential increases sharply with decreasıng pH. This behavior ıs attrıbuted 

to the adsorptıon of chlortde ıons with the addition of HCl. 

C-potentıal decreases with increasing solid concentration. Initial Ç-potential of 

chlorıte is around -30 mV at pH 9.4. Its stabillty is ranked moderate stability according 

to ASTM D-4187 Standart Test Methods for Zeta Potenttal of Colloids ın Water and 

Waste Water. According to Riddick (1968), its stabillty is characterized to be at the 

plateau of slight dispersion. Conductıvıty increases with decreasing pH as shown in 

Figure 4.9. 
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4. ı .2. Zeta (Ç) Potential Measurements for Marine Clay 

The Ç-potential was plotted asa function of pH for different solid concentrations 

of the marine clay as shown in Ftgure 4. ı o and 4. ı ı. Each measurement is the average 

of a number of zeta potential measurements for each pH value. The experimental 

results shown in Ftgure 4.10 and 4. ı ı were obtained by adjustlng the initial pH between 

7 .O and 8.0 and then lowering the solution pH by successive additions of hydrochloric 

acid or nitric acid. The solution temperature was maintained at areund 25 °C during 

these measurements. 

The Ç-potentlal of the marine clay mıxture decreased with decreasıng pH until 

areund pH value of 3.0. This was expected since Ç-potential decreases upon the addition 
' 

of acids due to the shift of counter -ions toward the diffuse double layer. Acid attacks the 

less stable minerals and releases cations such as Ca, Fe, Al, and others into the 

solution (Lambe, ı958). Therefore hydrogen ions alone do not determine the effect of 

the electrolyte on the clay minerals, but also the other cations released from the clays. 

As pH increases, anions increase in the solution. The density of the catlons near the 

clay surface decreases as a thicker layer of cations is needed to screen the negative 

charge on the clay particle and thus the double layer thickness increases. The thicker 

the double layer, the hıgher ıs the Ç-potentıal. 

Ç-potential decreases sharply with decreasing pH solution. Ç-potential is 

expected to decrease with increastng electrolyte concentratıon. The lowering of the Ç

potential as a result of addition of electrolytes is because of a decrease in the diffuse 

double layer. There is no isoelectric point at which the Ç-potential attains zero value. 

but there is aminimum value of Ç-potential in the region of pH (3.0-4.0) for HCl and in 

the region of pH (2.0-3.0) for HN03. When the Ç-potentialis around zero, the adsorbed 

ions are held so tightly that they can not be exchanged. As the solution pH decreases 

beyand these regions, zeta potential starts to increase. 

Beyond the minimum point there is a characteristic turn of the zeta potential to 

more negative values with decreasing pH. This may be called an "inversion" of the Ç

potential -·pH curve. The Ç-pH inversıon can be explained as follows: At high pH values, 

Ç-potential is hıgh because of the hydroxyl ions in the solutıon. High solution pH alsa 

disperses clay partides and increases the negatıve charge on the clay surfaces. which 
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results in increased repulsion between the particles. With decreasing pH, Ç-potential 

decreases sharply because of the adsorption of the cations such as the trivalent 

aluminum ions. Acid then attacks on clay minerals releases aluminum, calcium, iron 

and other cations into the solution. The presence of cations reduce repulsive forces, 

promote flocculation, and compressed double layers. Below a certain critica! pH value, 

the increasing anton adsorption appears to dominate the effect of increasing hydrogen 

ion adsorption onto the clay particles. Below this critical pH the Ç - pH curve inversion 

occurs. Anions tend to enlarge the thickness of the double layer and subsequently raise 

the Ç-potential. Adsorption of anions such as chloride is greatest under strong acid 

environments. 

For example when cı- gets adsorbed onto a clay mineral it interchanges with 

oı-ı-. as follows: 

Clay - OH + HCl---------> Clay - Cl + HOH 

Both HCl and HN03 acids were used to obtain the typical Ç-potential versus pH 

curves. The inversion occured in both case and the trends were similar as indicated in 

Figures 4.10 and 4.11, respectively. Hence the results confirm eadı other. Ç-potential 

versus clay concentration at dtfferent solution pHs are shown in Figure 4.12 and 4. 13. 

When the solution pH is between 3 and 5, Ç- potential decreases with increasing clay 

concentration because of the increasing cation concentration in the solution as 

explained in the previous paragraphs. When the solution pH increases to about 7, Ç

potential of the solution increases at lower concentrations of the solids because of the 

increasing hydroxyl ions. At higher concentrations there is little decrease in zeta 

potential for pH values of 6 and 7. 

The results show that addition of HCl and HN03 to the marine clay solutions 

decreases the Ç-potential of the solutions but increases the conductlvity of the solutions 

as expected. For both of the acids used to vary pH of the clay-water systems, data showed 

that below a pH value in the region of 2 to 4, Ç-potential increases with decreasıng 

solution pH. The tnversion of the curve is attributed to the anton adsorbtion on the cl ay 

in the presence of strong acids such as HCl and HN03. In overall analysts Ç-potential 

decreases with increastng particle siZe, pH and clay concentration. 
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4.1.3. Electrlcal Conductivity Measurements for Marine Clay 

Conductivity measurement results are shown in Figure 4.14 and 4.15. The 

conductlvity of a solution is a measure of its ability to carry an electrtcal current. and 

vartes both with the number and type of ıons that a solution contaıns. Conductıvity of 

marine clay solution increases with decreasing solution pH as expected. When the clay 

concentration is increased, it dissociates ınto ions and clay-water mıcelle. The ions 

and the electrophoresis of the mıcelle increase the conductivity of the solution. At 

higher pH clay fonns a gel and decreases the conductivity of the electrolyte. At lower pH. 

the clay dissociates and increase the conductıvity of the solution (Dakshinamurti, 

1960). 
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4. ı .4. Dielectrtc Constant Measurements for Marine Clay 

Measurement of dielectrtc constant provides an information about the 

thickness of the double layer attached to colloidal particles. Factors which influence 

the dielectrtcal constant can be divided into the following three catagortes: (ı) The 

cheinical composttion of the matertal, (2) The cıystal structure of the material. (3) The 

relationships between the various constituents of the soil. 

The effect of pH on the dielectric constant of of a solution of distilled water 

mixed with marine clay along with distllled water alone is shownin Figures 4.16 and 

4.17, respectively. A review of Figures 4.16 and 4.17 shows that the dielectric constant 

increases with decreasing pH of the solution. Dielectric constant measurements made 

on clay suspensions at low frequencies give strangely high values. This is because of the 

heterogeneity of the medium. Sachs and Spiegler (1964) found that wet soils and rocks 

had dielectric constants larger than 1000 while the dielectric constants of most dry 

soils and water were lower than 10 and 80, respectively. Myers and Saville (1989) found 

that there was a tremendous change in dielectric constant because of the addition of 

colloidal particles. They reported dielectric constant of 800 for a colloidal solution 

which is 10 times larger than that of pure water. Chew (1984) also reported high values 

of dielectric constant of 1000 for a solution of clay partides which was immersedin an 

electrolyte solutions. 

Dielectric constant decreases as the frequency increases. The chemical 

composition of the water affects the dielectric constant because adsorbed water has a 

lower dielectric constant than free pore water. When a heterogeneous system is 

considered such as clay .. water-electrolyte system, current density vartes from point to 

point as charges accumulate at the interfaces between the clay partides and the 

surraunding solution. When the frequency is increased, there will be less time for the 

charges to accumulate at the interface. This decreases the system's ability to store 

electrlcal energy, and thus decreases the dielectric constant. At high frequencies. the 

effects of conductivity and interfacial polarization become less important. 

Polarization is the separation of the posltive and negative charges of a molecule. The 

magnitude of the polarizability of a material is reflected by the dielectric constant. 

Larger partides allow greater displacement of adsorbed cations along the surface and 

therefore their polartzability is larger. 
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Dielectrtc constant increases with decreasing pH of the solution. The double 

layer ıs reduced as a consequence. The adsorbed water structure adjacent to the surface 

may become less vıscous and ions may move paraUel to the surface. Polarization and 

frequency increase. Tilerefare dielectrtc constant ıncreases. Dtelectrtc constant of the 

distilled water increases with an increase in the electrolyte concentration as shownin 

Figure 4.18. The electrolyte would be ex.pected to influence the dtelectrtc properties of 

the solution in two ways: (1) Its tons may dissoctate and produce ton pairs and these ton 

patrs make their own contrtbutıon to the dielectrtc constant, (2) The tons in the 

medtum influence the solvent's malecular interactıons; solvent molecules may be 

ftrmly bonded to the ıons and therefore giving rtse to new characteristic molecules of 

the solutlon. 
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4. 1 .5. Double Layer Thickness For Marine Clay 

Double layer thickness of marine clay was calculated according to Gouy

Chapman theory under changing electrolyte concentratlons (Equation (2)). Increasing 

acid concentratlon decreases the diffuse double layer as shownin Ftgures 4.19 and 4.20. 

In these predictions the pH vartabiUty of the dielectric constant (100KHz) of the 

suspension (approximately 250 g/1 concentration) was incorporated (see Figure 4.16). 

When an acid is added to water. hydrogen ion concentration increases in the solution 

which eliminates the repulsive forces between the particles and the suspension 

coagulates or flocculates. 

Flocculation or coagulatlon occurs because of the compressian of the electrical 

double layer areund the clay partlcles. When the flocculatlon is increased, the system 

will be unstable. Addition of hydrogen ions increases the concentration of cations in 

the solution. Because hydrogen ions are adsorbed on clay exchange sites releasing 

aluminum and other cations into the solution. Therefore, addition of hydrogen ions 

releases cations from the clay surface so that the diffuse double layer is compressed. 

This then causes the Ç-potential decrease as shownin Figures 4.21 and 4.22. The Ç

potential-double layer thickness variatlons were predicted from the previous pH 

dependent correlations. 
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4.2. PHYSICO-CHEMICAL PROPERTIES OF ADDITIVES MlXED 

MARINE CLAY 

4.2. 1. Specific Surface Area 

Specific surface area is an lmportant property of ftnely divided and porous 

solids. The reason for theis are the following: (1) flocculation, dispersion and ian 

exchange depend on surface phenomena, (2) specific surface is related to the particle size 

and shape of day mtnerals. The specific surface area of a soilis a fundamental property 

which has been found to carreiate with lmportant phenomena such as the cation 

exchange capacity (CEC). retention and release of vartous chemicals, retention of water. 

physical and mechanical properties such as strength, permeabilıty, plasticity and 

cohesion of natural clays. 

F:tgures 4.23 and 4.24 shows the relationship between specific surface area and 

percentage of sludge and crude o1l, respectively. Specific surface area decreases with 

ıncreasıng percentage of sludge and crude oil. Organıc matter is assumed to coat and 

agglomerate the day partides (Pamukcu, et al., 1990 and Tuncan, 1989). This brings 

smail partides together creatıng "appearent" large particles. Specific surface area of 

the crude o1l mtxed marine day is considerably lower than that of the sludge mixed 

marine day. The specific surface area of 15% crude o1l mixed marine clay is araund ı 

m 2 /g which is the same as the specific surface offine sand. It has been obseıved that the 

color of crude o1l mtxed day is brownish and clay flocs can not be crushed easily after 

drying, possibly du e to the "gluıng" effect of the oil. This phenomena may be sirnil ar to 

the "sphertcal agglomeratlon" discussed by Puddington and Sparks (1975). 

In the spherical agglomeration process, colloidal partides in liquid suspension 

are treated with a bridging liquid, which preferentıally wets the colloidal partides and 

is immiscible with the water. An lmportant aspect of the spherical agglomeration 

process is the relative wettability of the suspended solids by the two 1mmiscible liquids. 

Anather causes of decreasıng specific surface area ın the sludge mixed material might 

be the inclusion of larger and fibrous partides ın the sludge. A detailed discussion of' 

sphertcal agglomeratıon and the effect of fibrous partides are presented in later 

sections. 
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4.2. ı .2. Cat1on Excbanae Capacıtv CCECl 

Cation exchange phenomena ıs important for the fundamental understandıng 

of the differences ın the nature and development of electric charges between the clay 

particles which affects the flocculation and dıspersıon processes in clay systems. CEC 

ıs a measure of the degree of the isomorphous substitution which gtves a net negative 

charge to clay particles (van Olphen, 1963). Cations are attracted and held onto the 

surfaces and edges to preseıve electrlcal neutrality (Mitchell, 1975). These cations are 

exchangeable cations because they can be replaced by cations of another type. 

The relationship between cation exchange capacity (CEC) and the percentage of 

sludge and crude oıl mıxed maı1ne clay are presented ın Figures 4.25 and 4.26, 

respectively. Cation exchange capacity (CEC) increases with increasıng percentage of 

sludge because of the humic matter in the sludge. Humic matter is an important ca tion 

exehanger ın soils. Organic particles are adsorbed onto the clay mineral surfaces and 

edges and act as exchange locations (Alken, et al., ı 963; Grim, ı 968). Ca tion exchange 

capacity decreases with the ıncreasıng percentage of crude oıl. This is probably due to 

the blanketıng or coating of the clay exchange sites by large hydrocarbon molecules. 

This would inhibit the magnitude of measuredexchange potential. 

90 



30~---------------------------T---, 
llarlııe Clay+Salt Water 

29 

28 

27 

26 

25+---~--~--~--~--~---r--~--~ 

o 5 10 15 20 

Sludge Amount (%by dry weJıbt of marine clay) 

Figure 4.25. catlon Exchange capaclty veısus Sludge Amount 
for Marine Clay 

30~-------------------------------, 
llarlııe Clay+Salt Water 

28 

26 

24 

22 

20 

18 

16 

14 

12 

10+-------~--~--~------~--~--~ 

o 5 1 o 1 5 20 

Crude on Amount (%by dry welght of marine clay) 

Figure 4.26. cation Exchange capacity veısus Crude on Amount 
for Marine Clay 

91 



4.2.1.3. I2Jlitable OJianic Matter Content 

The relatlonship between the organic matter and the percentage of sludge and 

crude oil for marine clay are shown in Fıgures 4.27 and 4.28. A review of Figures 4.27 

and 4.28 show that organic matter content increases with increasing sludge and crude 

oil in the mixture. High specific surface area of clay minerals makes organic matter an 

irnportant constltuent of partlcles. Most organic matter has electrostatic and steric 

catlon retention charactertstlcs. and they are often adsorbed onto clay rninerals due to 

electrostatlc adsorptlon and chernical bonding .. 

The hurnic substances or organic compounds found in sludge which are sirnilar 

in cheinical structure to natural hurnic substances can be adsorbed onto clay partides 

as macromolecular complexes bonded together by di- and trivalent cations or hydrogen 

bonding (Parnukcu. et al. 1990). The adsorptlon of hurnic substances onto kaolinite. 

montrnorillonite and illite clay rninerals increases with increasing salinity and 

dissolved hurnic substance concentratlon. Adsorptlon increases in the following order: 

montmorillonite> Ullte> kaollnite. This order is directly related to the increasing CEC 

ofthese clay rninerals (Alken. et al. 1963). Organic matter also contributes to the CEC of 

the clay minerals. This contributlon comes from the hurnic acids. The greater the 

degree of hurnificatlon. the higher is the CEC due to the retention of catlons onto the 

clay particles. 

Crude oil is a petroleum hydrocarbon. The hydrocarbons contain mainly 

carbon and hydrogen along with some. other elements such as nitrogen. sulphur. and 

sodium. The adsoptlon of high malecular weight components such as the hydrocarbon 

chains of crude oU onto clay surfaces causes wettability to change from water-wet to 

oU-wet (Cristenson. 1987). The adsorptlon of these components creates an adsorbed 

layer araund the particles .. This adsorbed layer is not water soluable and are not 

displaced by water. Thus exchange sites become coated by molecules. This reduces CEC 

of crude oU contarninated clays. 

The vartatlan of specific surface areas with the measured cation exchange 

capactty of the sludge and crude oil contarntnated marine clay mixtures is shown in 

Figures 4.29 and 4.30. The data shows that the specific surface area ranges between O 

and 20 for crude oil contamtnated clay and it ranges between 30 and 50 for the sludge 

contarninated clay. The trend for the crude oU contarninated clay complies with the 
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ftndings reported ın Tables ı and 2, namely as the speciftc suiface ıncrease so does the 

catıon exchange capacity. However, this is not so with the sludge contaminated clay. 

This is because the humic partides ın the sludge attach themselves onto the clay 

reducıng the speciftc suiface, but a1so act as exehangers ın the system ıncreasıng the 

overall cation exchange capacity of the system. It should be noted that the cation 

exchange capacity of the sludge itself is rather high also, on the order of 134 meq/ ı OOg. 

This explatns the trends of surface charge density with tncreasing contamination with 

sludge and crude on. 

4.2.1.5. Zeta "l Potential. Electrlcal Conductlvıty and pH 

The effect of sludge on the measured zeta potentlal of the marine clay and sludge 

mıxture is shownın Figure 4.31. Ç-potential decreases with the ıncreastng amount of 

sludge. This shows that addition of sludge increases the tendeney of the system to 

fiocculate and the suspension becomes less stable. The reduction of Ç-potential with 

sludge content appear to be slightly more with higher clay concentration, which also 

supports the fiocculation tendency. 

Sludge has humie actds. Therefore, solution pH decreases with tncreasıng sludge 

content as shown ın Figure 4.32. Lowertng the pH results ın an ıncreased adsorptlon of 

humic acid on clay mtnerals. Because the clay dissolutionintroduces buffertng capacity 

to the system, the pH reduction is less with the higher clay concentratlon specimen. 

Conductlvity is shown to tncrease with an increasıng percentage of sludge in Figure 

4.33. 
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4.3. DEPOSITIONAL PROPERTIES 

4.3. ı. Rate of Sedimentation 

Settlement-Ume curves were generateel for the marine clay mixtures. Figures 

4.34, 4.35, 4.36 and 4.37. show the sett1ement versus time measurements for marine 

clay (MC) with tap water rıwl and with saline water (SW); marine clay, saline water and 

sludge (5%and 10%); marine clay, saline water and crude oil (5% and l{)ll;b): and also 

combined representatıon of these three curves, respecttvely. 

4.3. 1. 1. MCtlW and MC±SW 

Mtxıng marine clay with saline water promotes flocculation and therefore 

sllghtly faster depasition as obseıved in Figure 4.34. This is because salt removes the 

energy bartler that tends to keep the particles apart. The flocculation of the clay 

partides leads to the depositian of homogeneous (nonstratified) sediments with open 

microstructure. 

On the other hand, m1x:1ng marine clay with tap water promotes dispersion and 

slower deposition. It promotes clay partides to be ortented parallel to each other. 

Because the partlcles must overcome an energy bartler to aggregate, the distance 

between partides is detemıined by minimization of their potentıal energy . The tap 

water nıJxed marine clay a1so has a higher pH value than the salt water mixed marine 

clay, as expected. High solution pH tends to disperse colloidal partides by increasing 

the negatlve charge on clay particles which then increases repulsion between them. 

4.3. 1.2. MCtŞWtSlud~e 5% and MCtSW±Sludfıe 10% 

F:lgure 4.35 shows time versus settlement depth variation for sludge mixed 

marine clay specimens. It can be obseıved that 10% sludge mixed clay has a faster rate 

of depositian than the 5%sludge mixed clay. The lower pH values of the 10% sludge 

mixed marine clay may explain its faster rate of depositian since at low pH values clay 

partides would tend to flocculate. The physico-chemical propertles discussed before 
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also support the flocculation tendeney with sludge and therefore faster rate of 

deposition. 

4.3. 1.3. MCtSWtCrude OU 5% and MC±SW±Crude OU 10% 

Figure 4.36 shows the time versus settlement depth vartatlan for crude oi1 mıxed 

marine clay spedmens. It can be observed that the 10% crude oi1 mıxed clay has a 

faster depositian rate when compared to the 5% crude oi1 mixed clay. OU tends to coat 

and agglomerate the clay particles. nııs increases the apparent particle size and weight 

and thus promotes faster deposition. 10% crude o1l mixture has a lower pH value than 

the 5% crude o1l mixture, which agam may ex:plam the difference in their settlement 

rates. Once agam, the physico-chemical changes discussed earlier support the 

agglomeration and flocculation tendeney of the clay suspension with the introduction 

of crude oilinto the system. 

4.3.2. Total Sol1ds Concentratlon 

4.3.2. L MC±lW and MCtSW 

Figure 4.38 and 4.39 show the total sollds concentratlon versus depth 

measurements for MCt"'W' and MC±SW mixtures, respectively. While the sediment 

concentratıons from the first three sampling ports decrease, the concentration of the 

forth tap increases in tmıe. This ts expected as the settlement continues. Some 

information is replotted in Ftgure 4.40 and 4.41 in which the vartatton of 

concentratlon in the sedimentatlon tank with tmıe. As observed, the concentration of 

salt water mixed marine clay decreases considerably faster than the tap water mıxed 

marine clay. This difference between the two specimens is evident even with the trend 

of the TSC versus tmıe curve for the last tap at which the concentratlonincreases with 

time. 

4.3.2.2. MCtSW±Slud@ (5%1 and MCtSWtSiudge UQ%) 

Figures 4.42 and 4.43 show the concentration versus depth ıneasurements for 
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the 5% sludge and the 10% sludge, respectıvely. The concentratlons of the top two 

sampling ports decrease faster than that of the third sampling port in both cases. 

The total solids concentratlon versus time cuıves for the 5% and 10% sludge 

mixed samples are glven in Figures 4.44 and 4.45, respectively. As obseıved, the trends 

of the cuıves are veıy similar but wtth slightly more solids accumulated at the forth tap 

at the end of the seventy hours for 10% sludge mfxed materıaı. Organic matter and 

heavy metal 1ons have a h1gh tendeney to be adsorbed onto the clay particles. In 

additlon, organic matter and mucus may coat the partides which would make them 

larger and also heavier. Surface adsorbtlon of ionic species and organic matter also 

promotes fiocculatlon by reductng the repulsion between the particles. Tiıese explatn 

the hJgher concentratlon of solids in the settled mixture of the hJgher percentage sludge 

mixed clay. 

4.3.2.3. MC+SW+Cru<ie OU f5%l and MC+SW+Cru<ie OU (10%) 

Figures 4.46 and 4.47 show the total solids concentratlon versus depth 

measurements for crude oU mixed specimens. Concentratlon of the 10% crude oU 

slurıy column decreases sıgntficantly faster than the 5% crude oU mixed slurıy for the 

first, second and the third ports. OU coats and agglomerates clay particles, apparently 

increastng thetr size and weight and caustng them to settle faster. OU also acts as a 

"brtdgtng agent" which coagulates particles. The solids concentratlon versus time 

cuıves for the crude oU samples gıven in Figures 4.48 and 4.49 confırms the faster 

depositlan for the 10% crude oU mixed clay. The final solids concentration in the 

settled mass ıs also stgnJficantly hıgher ın the 10% oU mixed clay than the 5% oil 

mixed clay. 

4.3.3. pH Vartatton 

pH of solution has a profound effect on the adsorptlon characterısucs of organıc 

matter on clay mtnerals. Acidity promotes adsorptlon because of the development of 

positlve charges at the edges of clay mtnerals in acid conditions. 
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4.3.3. 1. MC+JW and MC+SW 

Fıgures 4.50 and 4.51 show the pH versus depth measurements for tap water 

ı:nJxed marine clay and saline water ı:nJxed marine clay. respectively. Initial 

measurements show that pH tncreases slJghtly with increas:lng depth of the sampling 

ports for both the tap and the saline water samples. While the pH of the first three 

sampling ports change, the pH of the forth sampling port remains more or less 

constant. The reason for this is probably that the solid concentrations of the first three 

sampling ports change considerably while the change at the forth tap is slightly 

incremental over the initial concentration. 

pH of saline water column changes between 7.2 and 8.1, and the pH of the tap 

water column changes between 7.55 and 8.0. The fomıer is slightly a wider range than 

the latter. Figures 4.56 and 4.57 show the pH vartatian with time. In Figure 4.57, the pH 

values are normalized by the ones measured in the corresponding ports in the 

uncontaminated tap water column. There is a consistent trend of pH change with time 

at the level of the top three taps of the sedimentatlon column, as observed in Figure 

4.56. Itapparesas the clay phase settles out of the suspension, there isa steady elirob of 

pH probably due to the down of the dissolved cationic species with the clay particles. 

In salt water, pH again tncreases w1th time throughout the column. However, 

these pH vartations show an oppostte trend to those of tap water column when the pH 

values are normalized with tap water column values, as observed in Figure 4.57. Once 

again, the pH of settled mass stays more or less constant with time, while the pH of the 

upper tap waters ftrst increase and then decrease slightly after 24 hours. It appears that 

the clay particles act as transfer agents for salt ions through the settling column. As 

they become removed downward in the water column, the pH of the column increases 

with respect to the tap water cause. 

4.3.3.2. MC+SW+Sludge 5% and MC+SW+Sludge 10% 

Figures 4.52 and 4.53 show the depth versus pH vartatian during sedimentation 

for the 5% and the 10% sludge mıxed marine clays, respectively. pH increases with time 

and the depth in the settling column. Actlvated sludge is known to become acidic in 

time. Therefore as sludge settles out of the water column it mıght decrease at the pH of 
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the system ın the lower levels. Lowerıng of the pH probably resulted ın an ıncrease in 

the amount of orgaruc matter adsorptlon. 

The normaltzed pH vs tlme curves of the mixtures in the sedimentatlon tanks are 

given in Fıgures 4.58 and 4.59. These pH values are normalized by the pH values 

measured at the corresponding ports ın the uncontaminated saline water column. The 

nonnalized pH values of the 10% sludge mıxed marine clay are lower than that of the 

5% sludge mıxed marine clay. pH decreases w1th increastng time durıng the first 24 

hours. However. the normalized pH starts ıncreastng after the first 24 hours. The pH of 

the forth tap stays constant more or less. During sedimentatlon. partides would tend to 

adsorb the organic substances ın the water column. The partides also exchange ions. 

These nıay be some of the causes of pH variation ın tlme. However. when compared with 

that of salt water column pH. these variatlons appear to be controlled more by the salt 

water and clay interactlon than the organic matter ınteractlons. 

4.3.3.3. MC+SW+Crude OU (5%1 and MC+SW+Crucie OU U0%1 

Figures 4.54 and 4.55 show the pH versus depth variatlon for the 5% and the 

10% crude oU mıxed marine clays. respectively. The pH of the columns increase for the 

top three ports initlally and then stay constant. The pH of the settled mass decrease. 

unlike the other suspensions of the clay mixtures. Clay partides may adsorb 

signıftcant amount of oU onto their surfaces. OU may also envelop partides which 

then settle to the bottom. 

The normal1zed pH versus time curves of the mixtures ın the sedimentatlon 

tanks are given ın Figures 4.60 and 4.61. The initlal reduction of pH in the sedimented 

mass nıay be due to entrapment of some of the ionic species in an ciay-oU-water matrix. 

4.3.4. V artation of Dielectric Constant of the Suspension 

The dielectrtc constant is a measure of the abiUty of .the clay partides to store 

electrtcal potentlal energy under the influence of an electrtcal field. The dielectrtc 

constant of the electrolyte-pore fluid system can influence both the surface potential 

and the double layer thickness of the clay. According to Gouy-Chapman theory the 

thickness of the double layer decreases when the dielectrtc constant of the medtum ıs 
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reduced. Such a reduction can be due to the addition of water miscible solvents. All the 

dielectric constant measurements of the suspenslons made in this work were conducted 

at lOOHz. Suspensıons of callotdal partides in aqueous electrolyte solutıons generally 

have unusually hfgh dielectric constants at low frequencıes. 

In most ftne-grained matertals there ıs a concentration of electrlcal charges 

adjacent to the surface of the particles. This charge depends on particle surface 

structure, the number of unsatısfled surface bonding sites and the net electrlcal charge 

of the particle ıtself. Polartzatıon ıs the separation between centers of positive and 

negative charge at any ınstant. nıe composttion and structure of the matertal 

determınes the magnttude of polartzability. The magnttude of polariZability of a 

matertalts reflected by the dielectrtc constant. 

Increase in electrolyte concentration causes the diffuse cation layer to depress 

toward particle surfaces. The adsorbed water structure adjacent to the clay surfaces 

may become disrupted and less vtscous and ions may have greater freedam for 

mavement parallel to the surfaces. Tiıerefore, polartzation 1ncreases. 

In a media of low dielectric constant, an attractıon may exist between the 

partıcles. Tiıerefore flocculatıon takes place. The dielectrtc constant of the flocculated 

soil is less than the dielectrtc constant of the dispersed soil. This ıs due to the 

differences in the proportion of water to solld in the clusters. 

4.3.4. 1. MCtJW and MC±SW 

Figures 4.62 and 4.63 show the depth vartatton of the dielectric constant of the 

tap water and the sallne water mtxed marine clay, respectıvely. The dielectrtc constant 

of the tap water mtxed marine clay slurry ıs large compared to the salt water mixed 

marine clay slurry. For the tap water mtxed marine clay slurry the dielectrtc constants 

for the first three sampling ports are approximately the same, however it is 

considerably h1gh at the forth sampUng port . 

Dtelectric constant decreases with decreasıng solid concentratıon in the 

suspensıon. Tiıerefore dielectric constant for the top three ports reaches to a constant 

value at approximately 80 in time, as expected (dielectric constant of distilled water is 

80). However, dielectrtc constant increases for the forth tap. Increastng the particle size 

ıncreases dielectrtc constant. Larger partides allow greater displacement of adsorbed 
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cations along the clay surfaces, rendering larger polar1zabflity. 

Dielectric constant of salt water mixed marine clay slurry increases with time, 

whereas it decreases with time for the tap water mfxture. When salt partides are 

dissolved in solution, the dissolved ions separate and are free to move in the solution. 

Cations go into the imıer part of the double layer and their concentration in the diffuse 

double layer decreases. At htgh salinity, the platey shape partides can quantitatively 

explain the large values of dielectric constant. 

4.3,4,2. MCtSW±Sludae 5% and MC±SW±Sludie 10% 

Figures 4.64 and 4.65 show the variation of dielectric constant with depth. 

Dielectric constant decreases sharply with the depth of settling column at the 

beginning of the test for both of the sludge mixed marine clays slurries. There is 

considerable fluctuatlon of the dielectric constant along the length of the column with 

time. This may be due to the fiuctuatlon of pH at the same time. However, there is a 

general decreasing trend in dielectrtc constant with time. This indicates decrease in 

polarizatlon which 1s probably due to reduced electrolyte and particle concentration as 

they settle out of the water column. 

4.3.4.3. MC±SW±Crude 011 (5%) and MC±SW±Crude 011 UQOAıl 

Figure 4.66 and 4.67 show the time variatlon of dielectric constant of crude oil 

mixed marine clays. Dielectric constant increases with time for the top three ports but 

stays constant for the forth tap. The ofl in the water column first decreases the overall 

dielectric constant. As it settles out the dielectric constant increases as it does in the 

saline water, marine clay suspension. 

4.3.5. Electrtcal Conductlvity of the Suspension 

Conductlvity 1s a nurnerical expressian of the ability of a medtum to carry an 

electric current. This number depends on the total concentration of ionized substances 

dissolved in the medium and the temperature at which the measurement is made. 
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4.3.5.1. MC+JWandMC+SW 

Conductlvity of the tap water mixed marine clay increases with the depth of the 

sampling ports. The top three port conductivity values decrease with time as shown in 

Figure 4.68. Clay partides settle carry1ng the electrolytes with time therefore 

decreastng conductivtty. However, conductivity increases with time for the forth tap. 

When the clay concentratıon increases, clays start to dissoctate into ions and day

water micelle. The conductivtty of the ions and the electrophoresis of the micelle 

increase the conductivity of the solutıon. 

Conductivity of salt water mıxed marine clay increases with the depth of the 

sampling ports and with time as shownin Figure 4.69. ConductMty of salt water 

mıxed marine clay is stgnificantly higher than that of the tap water mixed marine clay 

as expected. Conductivity increases with the increased salt ton concentration in the 

solu tion. 

4.3.5.2. MC+SW+Slud2<: (5%1 and MC+SW+Slud~e U0%1 

Conductivtty of sludge mıxed marine clay increases with time, however stays 

approximately constant with depth. Addition of sludge to marine clay decreases the 

conductlvtty of the solution as shown in Figures 4. 70 and 4. 71. This may be du e to 

organic adsorption of ionic species in the water column. As the organtes settle the ionic 

concentration in the water column may increase from dissolution and diffusion of 

battom layers which would then explain the slight increase in the conductMty. 

4.3.5. 3. MC+SW±Crude 0Ul5%l and MC+SW+Crude OU (10%) 

ConductMty of crude oU mixed marine clay decreases with time for the upper 

ports, and increases for the lowest port as shown in Figures 4. 72 and 4. 73. The decrease 

may be caused by the adsorbtlon of salt ions by the oU which settles and removes them 

from the upper water column. 
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4.3.6. Turbidity of the suspension 

Turbidity is a method of determining the quantltles of substances in the form of 

ftne, suspended prectpttates. Turbtdity in water is caused by the presence of suspended 

matter, such as clay partlcles, ftnely divtded organtc matter and other parUcuiate 

substances. Turbtdity is an expresston of the optical property that causes light to be 

scattered and adsorbed rather than transmitted in straight lines through the sample. 

4.3.6. 1. MC+1W and MC+SW 

Turbidity of the tap water mtxed marine clay decreases with depth and time 

except for the forth port as expected (Fıgure 4.74). Turbidity of saline water mixed 

marine clay is slightly hıgher than the tap water mixed marine clay at the lower ports. 

This is probably because of the reduced repulston between the colloids in the presence of 

salt as shown inFigures 4.74 and 4.75. 

4.3.6.2. MC+SW+Slud~e (5%1 and MC+SW+Slud~e (lQOAi! 

Turbidity of the sludge mtxed marine clays are higher than the saline water 

mixed marine clay initially. They reach to about the same distribution as in saline 

water mixture in about two days. Tiıese data are shownin FJgures 4. 76 and 4. 77. 

4.3.6.3. MC+SW+Crude Ofl (5%) and MC+SW+Crude Ofl (lQO;Q) 

' Turbidities of the crude ofl mixed marine clays are higher than the saline water 

mtxed marine clay as shown in Fıgures 4. 78 and 4. 79. The time rate of change of the 

turbidity measurements are similar to those of the sludge mtxed clays. In both cases, 

however, the lower percentages of the centaminant produce higher turbidity initially. 
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PREDICTED MECHANISMS OF INTERACTION OF MARINE 

CLAY BASED ON MICROSTRUCTURE 

Introduction 

Scanntng electron microscope ts an ideal tool to illustrate the features of fabric 

of fine grained soils. Sediment microstructure ts a function of the fabrtc and the 

physico-chemistry of the clay water system. Microstructural units are composed not 

only of slngle clay partides but also compound particles held together by physico

chemical forces. Compound partides are domains, aggregates, floccules, dusters and 

organic compounds. Clay fabric is defined as the orientation and arrangement of clay 

partides and particle to particle relationships. Physico-chemistry desertbes the 

interparticle forces between the particles. Physico-chemical forces are responsible ·for 

aggregatıng clay partides in suspension and holding the sedıment together when the it 

is formed. If the physico-chemtstry and fabric effects on the properties and mechanics 

of marine clay are understood, sediment behavior can be estimated more realistically 

under changtng environmental conditions. 

The behavior of clay partides in the ocean is important to understand the 

130 



physico-chemical properties of marine sediments which cover the sea floor. Suspended 

partides enter the sea by rivers. costal erosion. aeolian transport and submartne 

volcanic eruptlons. Sediment fabrtc can be used to understand the vartous depositional 

environments. Clay fabric is useful to understand the particle-to-particle and particle

to-contaminant interactlons which may be related to their physical and mechanical 

properties. In additlon. the clay fabı1c provide a framework for the behavior of clay 

sediments under statlc and dynamic loads in different environmental conditions. 

The clay microstructure of suspended sediments and sedimentaıy deposits 

depends on the clay type and the environmental conditlons at which they are 

deposited. nıese factors produce the depositional and post-depositlonal sediment 

propertles in time. Clay partides exhibit electrlcal forces on theır surfaces. These 

forces are important in determtnıng the fabric of the sedimented material. When the 

depositlan is completed post-depositlonal processescome into play. The clay fabrtc and 

particle-to-particle and particle-to-contaminant arrangements and interactions 

control many geotechnical properties. The cheiDical environment of clay particles is 

critica! during the depositlonal stage of fabric formatlan in the water column and at 

the sediment-water interface. The cheiDical nature of the fluid medium strongly affects 

the electrostatlc interactions among suspended clay particles. Clay fabrtc are composed 

of not only s1ngle partides but also vartous combination of partides such as domainS, 

aggregates. floccules and clusters. Some key terms used in this work are given below to 

deseribe the fabrtc of marine clay and its interaction with contaminants: 

ı. "P.AIUICLE" is a sıngle clay plate. The particle can be considered as the 

fundamental element of clay fabric. 

2. "DOMAIN" a perfect stack of face-to-face clay plates with some slight face-to

face association. Domain can be formed from flocculatlon, consolidation and during 

the depositian of clay plates in different environmental conditions. 

3. "CLUSTER" isa group of partides which has a random oralmost rand~m 

internal structure. 

4. "CHAIN ORUNKING CHAIN" is a series of particles which are face-to-face and 

edge-to-edge contact. This may terminate in contact between larger units such as flocs 

or larger particles. 

5. "OIL BRIDGE" is a long thin connectlon between a clay particle and oil 

surface. 
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6. "FIBRE • is a solid sludge partlcle. 

Particle associatlons in clay suspensions can be desertbed as follows: 

1. A "DISPERSED" soil structure is one in which the electrlcal forces between 

adjacent partides at the time of depasition produce repulsion. Dispersed structures are 

those in which partides tend to move apart. 

2. A "FLOCCULA.TED" soil structure is one in which the net electrlcal forces 

between adjacent partlcles at the time of depositlan produce attractlon. Tiıerefore, 

flocculated structures are those in which partides tend to join together such as edge-to

edge or edge-to-face associatlon of particles. 

3. The soil structure is said to be "AGGREGATED" If the net electrlcal forces are 

the net attractlve forces during depositlon. Therefore there is face-to-face association 

of several day partlcles. 

4. The soil structure is said to be • AGGLOMERATED" If the clay partides are 

held together by surface tensıon, organıc cohesion and adhesion. This can be spherical 

agglomeration 1n case of oil mixed c1ay partlcles. 

All these structures can be found in natural soils. Their presence depends on the 

type of clay minerals found in the envıronment and the environmental conditions. The 

structure formed is main1y controlled by the surface propertles of the clay minerals. 

When two day minerals approach each other face-to-face or edge-to-edge, similar 

electrostatlc charges come 1nto close contact and a repulsion force is created. 

Increasıng electrolyte concentratlon of the surraunding medium compresses the double 

layer neutralizing charge sites and van der Waals attractlon dominates. If two partides 

approach face-to-edge, the partides attract each other. If the ıons in the surraundıng 

medium are movable, the catlons at the face and anions at the edge are pressed out and 

face-to-edge centacts of the clay partides are formed by electrostatic attraction. 

Therefore, card-house structure is formed (van Olphen, 1956). The porosity of this 

structure is htgh. In nature, card-house structures are formed when the sedimentatlon 

of day takes palace in saline water or sea water. The hıgh electrolyte concentration of 

the surraunding solution copresses the diffuse double layer therefore, face-to-edge 

centacts are formed. 
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5.1. Tap Water Mixed Marine Clay 

If the electrolyte concentratlon 1n a suspension is low, the clay tends to disperse 

and when it settles out the resultlng secUınent is dense and compact. Clays deposited in 

tap water showed dispersed structure and settled with a slower velocity than salt water 

mıxed marine clay. A greater degree of parallel particle ortentation was observed 1n 

these specimens as shownın the micrographs 1n FJgures 5.1, 5.2. 5.3 and 5.4. This 

occurs because the particles first must overcomean energy barrier to aggregate. When 

clay partides approach face-to-face, energy is min1mized due to the lack of electrlcal 

attraction between the particles. At this stage the only attractive force between the 

partides is the van der Waals attraction. Such a system is called colloidally stable or 

deflocculated. More dense and compact structure can be seen in the mtcrograph in 

Figures 5.1 and 5.2. 
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Ftgure 5. ı. SEM Micrograph of Tap water mıxed Marine Clay Sedtmented 
Spectmens (Magnificatlon: 5000X). 

Ftgure 5.2. SEM Micrograph of Tap water mıxed Marine Clay Sedtmented 

Spectmens (MagnJficatlon: 8000X). 
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Figure 5.3. SEM Mıcrograph of Tap water mixed Marine Clay Sedimented 
Specimens (Magntficatlon: 5000X). 

Figure 5.4. SEM Mierograph of Tap water mixed Marine Clay Sedimented 
Specimens (Magnificatlon: 7000X). 
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5.2. Salt Water Mixed marine Clay 

When the pore water electrolyte concentration is high, the soil flocculates into 

agglomerations and settles into an open structure. Diffuse double layers araund the 

clay partides are compressed allowing the partides to approach each other at edge to 

face confJguration. When individual partlcles aggregate together tn flocs, the resulting 

suspension is characterized as colloidally unstable. In the flocculated· state, positively 

charged particle edges may be bound with the negattvely charged particle faces. Such 

edge-to-face orientatlons can be observed in the electron micrographs of the salt 

flocculated marine clay sediment samples shownin Fıgures 5. 5 and 5.6. 

In the laboratory sedimentatlon columns. due to the high electrolyte and high 

clay concentratlon, the double layer of each clay particle may have been compressed 

significantly. In such cases, van der Waals forces of attractlon promote stngle particle 

chatns as tndicated tn Figures 5. 7. The fabric of the sedimented marine clay floccules 

formed tn saline water consists of an open porous network with randamly oriented 

domatns and clusters which can be observed readily. The results of these experiments 

agree with the fabric gtven by others in the honeycomb or cardhouse models of clay 

flocs in saline environments (O'Brten and Harrtson, 1969: O:Brten, 1970; Lanler and 

Janes, 1979). Salt flocculation shows domatns, often contatning a few partides with 

overall arrangement of randam and open structures dominated by large tnterdomatn 

macrovoids and cavities. These features are readily obseıved tn the micrograph in 

Fıgure 5.8. 
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Fıgure 5.5. SEM Micrograph of Salt water mixed Marine Clay Sedimented 
Spectmens (Magntfication: 5000X). F: Flocculation (Edge-to-Face), 
D: Domain 

Figure 5.6. SEM Micrograph of Salt water mixed Marine Clay Sedimented 
Specimens (Magniftcation: 5000X). F: Flocculation (Edge-to-Face), 
D: Domain 
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Fıgure 5. 7. SEM Micrograph of Salt water mixed Marine Clay Sedtmented 
SpecJmens (Magn1flcatlon: IOOOOX). F: Flocculation (Edge-to-Face) 

' 

Fıgure 5.8. SEM Micrograph of Salt water mixed Marine Clay Sedtmented 
SpecJmens (Magniflcatlon: 5000X). F: Flocculatlon, D:Domain, 
C: Chain, M: Macrovoids 
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5.4. Municipal Sludge and Salt Water Mixed Marine Clay 

The municipal sludge contain organic particles, ftbres and humic substances 

which are probably stmilar ın chemieal structure to the naturally occurtng humus in 

son. Organic compounds can be adsorbed onto clay mineral surfaces as 

macromolecular complexes bound with cattons. Humie substances are heterogeneous 

organic substances that are generally characterızed as h:lgh malecular weight 

compounds with negattve surface charge. The sludge ttself had zeta potential measured 

ın the negative millivolts (see Table 3.5) which showed that the overall surface charge 

of the compounds 1n the sludge was negatıve. Stnce sludge compounds and clay 

mtnerals are both negatively charged they are ex:pected to repel each other. However, a 

wide variety of catlons are adsorbed on clay mtnerals by catlon exchange reactions. 

These catlons play an ınıportant role ın adhesion or coating of organic matertal on 

mineral surfaces. In other words, these catlons act as bridges that strongly bind the 

organic and the mineral together. This mechaniSID is given 1n Figure 5.9, which shows 

the tnteractlon of clay particle and municipal sludge through catlons. 

The SEM photo micrograph of solid partides of sludge is shown in Figures 5. 10, 

5.12. From these micrographs it can be obseıved that sewage sludge passesses large 

partides (50-500 ımı) and ftbrous substances. In entlrety. sewage sludge consisted of a 

law concentratlon of these organıc partides suspended ın water with heavy metals in 

the parts per million range concentratlons (see Table 3.5), and a1so dissolved organic 

compounds. The x-ray diffractlon spectrum (EDS) of sludge partides (Figure 5.10) and 

sludge ftbre (Figure 5.12) are shown in Figures 5.11 and 5.13. lt can be seen that the 

municipal sludge used ın this study have fallawıng tnorganic elements predomtnantly: 

aluminum, silica, cobalt, cadmium, copper, chromium, sulphur, manganeze, zinc and 

ıran. 

Fibrous partides attract the clay partides and act as reinforcıng members· or 

"brtdges" between the flocculated domalns (Fıgure 20). The mechaniSm is gıven in 

Figure 5.14, which shows the interactlon of clay particle and ftbrous particle through 

catlons. The SEM photo micrograph of sludge mixed marine clay is shown in Figure 

15.The x-ray diffractlon spectrums of sludge mix.ed marine clay as indicated by an x in 

Figures 5.16 and 5.18 are gtven 1n Figures 5.17 and 5.19, respectively. The EDS in 
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Figure 5.17 shows predominantly silica on a selender shaped particlesThis indicates 

that fibrous particle of sludge is probably coated by clay particles. The EDS in Figure 

5.19 shows elements stmilar to those occurtng in solid sludge particles, which indicates 

that the selendez: particle is probably sludge fibre. The constituents of sludge alsa seem 

to promote face-to-face agglomeratlon of the partides in an oriented fashion as shown 

in Figures 5.21 and 5.22. Sludge agglomerates and ·gıues" the particles into domains 

such that these partides are cemented or bounded together by dissolved organic matter. 

Municipal or sewage sludge consists of organic particles suspended in water. The 

natural organic particles in municipal sludge contain heavy metals and synthetic 

organics that:.ıare present in all foods, the human body, and human wastes. The humic 

substances or organic compounds have sfmilar chemical properties to the humic 

substances present in the sludge. Humic substances are the heterogeneous organic 

substances that can be characterized black in color and high molecular weight. Those 

substances can be adsorbed onto clay mineral surfaces as macromolecular complexes 

bound with some cations. 

Sludge compounds and clay minerals are both negatıvely charged. They are 

expected to repel each other. Positively charged metals neutralize the charges and link 

the clay partides and sludge compounds together. The mechanisms of reactions 

between the sludge compounds and clay minerals are varied and many. Both, physical 

and ch emical forces may take place in the formatlan of sludge-clay complexes. 

CheiDical Bonds 

The chemical bonds formed between clay minerals and sludge compounds might 

be ionic bonding and hydrogen bonding. 

Ionic Bonds: The cations are adsorbed on clay minerals by catıon exchange 

reactıons. These exchangeable cations play a leading role in binding organic matter. on 

mineral surlaces. Polyvalent cations such as iron and aluminuro provide good and 

stable linkages. They can act as bridges between sludge compounds and clay mineral 

surlaces. Cation exchange capacıty of sludge is h1gh at around 134 meq/ ıoogr diy clay. 

Sludge has a1so heavy metals. When sludge compounds react with clay minerals in the 

presence of exchangeable cations. catıon bridging is probably the dominant 
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mechanism of reactlon. Catlon brtdge formatian can also help the adsorption of 

uncharged polar organtes by clay minerals. 

Hydrogen Bonding: Hydrogen bondings are formed between tlıe molecules of 

organic substances and clay mineral components. Sludge · compounds are linked 

through exchangeable catıons by means of hydrogen bondıng or water brtdge. Hydrogen 

bonding to the clay surface ıs strong ın tlıree-layer clay minerals. 

In addition to these main mechanısms of chemical reactlons between organic 

matter and clay mineral surfaces, otlıer chemical bondings such as covalent bonds 

might also be formed. Covalent bonding ıs a type of linkage where tlıe reacting atoms 

contrtbute one electron each, forming a two electron bond. 

Physıcal Bonds 

Organic compounds can be held on clay mineral surfaces by physical forces as 

well as chemical forces. One of tlıe physical forces ıs tlıe ıntermolecular attraction or 

linkage by van der Waals forces. van der Waals forces are tlıe mutual attraction of 

positively and negattvely charged partides forming dipoles. 

If electrolytes are ıntroduced 1n tlıe solutıon. tlıey modify tlıe colloidal 

propertıes of clay mtnerals and organic matter. Electrolytes decrease tlıe electrostatic 

repulsion between the clay mınerals and sludge components which promotes physical 

ınteractıon. Physical reactıons improve the conditions for chemical bond formatian 

betweeİı the sludge and charged sites of the c1ay minerals. Since the presence of cations 

act as a linkage between sludge material and clay minerals, the dıssolved salts of 

marine waters play an important role ın adsorbing of organic matter on clay mınerals. 

141 



Cations 

Figure 5.9. A Schematlc Representatlon of Predicted Interaction Between Clay 
and Municipal Sludge Particles. 
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FJgure 5.10. SEM Micrographs of Solid Municipal Sludge Partides 
(Magn!ftcation: 100Xl. P: Particle (Sludge). F: Fibre 
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FJgure 5.1 ı. X-Ray Diffraction Spectnım of Solid Sludge Particle at Location X. 
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Fıgure 5.12. SEM Mtcrograph of Muntcipal Sludge (Magniflcatıon: 70X). 

F: Fibre (sludge). X: X-Ray Dtffractıon Spectrum Locatıon. -
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Fıgure 5.13. X-Ray Dıffractıon Spectrum of Ftbrous Sludge Particle at Locatıon X. 
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Figure 5.14. A Schematic Representatlon of Predicted Interaction Between Clay 
and Fibrous Partide. 
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Figure 5.15. SEM Micrograph of Municipal Sludge + Salt Water Mixed Marine 
Clay Sedimented Specımens (Magnificatlon: 1000X). 

Figure 5.16. SEM Micrograph ofMun1cipal Sludge +Salt Water Mixed Marine 
Clay Sedimented Specımens (Magn1ficatlon: lOOOX). 
F: Fibre , D: Domain 
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FJgure 5. ı 7. SEM Micrograph of Munıcıpal Sludge + Salt Water Mıxed Marine 
Clay Sed1mented Specımens (Magnificatıon: 2000X). 
F: Fibre (coated by clay partıcles), X: X-Ray Dıffractıon Spectrum 
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Fıgure 5. 18. nıe X-Ray Dıffractıon Spectrum of Sludge Mixed Martne Clay + Salt 
Water at Locatıon X. 
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Ftgure 5. 19. SEM Micrograph of Salt Water + Sludge Mıxed Martne Clay 
SecUmented Specimens (Magnifi.catlon: 5000X). 
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Figure 5. 20. X-Ray Diffraction Spectrum of Sludge Mixed Marine Clay at Lacatlon X. 
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Figure 5.2 1. SEM of Salt Water + Sludge Mixed Marine Clay Sedimented 
S~:ctmem,(Ma~~w~~·ı~~. 

Figure 5.22. SEM of Salt Water + Sludge Mıxed Marine Clay Sedimented 

Specimens(Magntilcation: lOOOX). D: Domain. A:. Agglomeratıon 
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5.3. Crude Oil and salt Water Mixed Marine Clay 

When an on ls released :lnto water, it often spreads and floats on the surface to 

form an oil slick due to its low spedfic gravtty and low solubtlity. 011 partides are then 

dlspersed in the water column and come :lnto contact w1th suspended clay and colloidal 

particles. The suspended clay particles and sea water act as a transfer agent of oil to the 

bottom. Clay partlcles can adsorb large quantitles of petroleum hydrocarbons. This 

adsorptlon increases with salinity probably due to the catlonic bridges formed between 

oil and m:lneral surfaces. If the quantlty of suspended partlcles ls high, so is the extent 

of oil transfer to the battom sediments. Approximately 50 % by wetght of oil is 

volitalized. Some part ls digested by bacteıia and some part is deposited on the 

sediment layer where they may rema:ln there for many years. 

on wets the clay particle surfaces promoting flocculatton and agglomeration of 

the partides which subsequently sink to the battom with an increased rate of 

sedimentatlon. The adsorbtlon of oil components onto day partides causes the 

wettabtlity to change from water-wet to oil-wet. The adsorbed layers increase the 

vtscosity of the oil near the surface. This adsorbed layer can not be replaced or removed 

by water. The resulting :lnteractlon between clay and oil :In water has been characterized 

as "spherical agglomeratlon" (Puddington and Sparks, 1975). 

5.3.1. Mechanism of Spherical Agglomeratlon 

In the spheıical agglomeratlon process. clay particles in liquid suspension are 

treated with a bridglng liquid which wets the clay partides and is 1mmiscible with the 

first liquid. An important aspect of the spherical agglomeration process is the relative 

wettability of the suspended clay particles by the two immiscible liquids. When the 

bridgtng liquid is water, it is adsorbed on the surface of the clay partides. When two ör 

more suspended clay partictes collide, adhesion occurs formıng water bridges between 

the particles. The bondıng force between the clay particles ls due to the :lnterfacial 

tension of the liquids involved. Larger spherical particles need more bridging liquid for 

their formatlon. The amount of bridgtng liquid required for the agglomeration depends 

on the geometıy of the particles. Fiat surfaces require less brtdglng liquid to have a very 
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strong adhesive bond than sphertcal surfaces. If water is the suspending medium, the 

most suitable bridging liquids that would cause spherıcal agglomeration are organic 

compounds such as oil which is fnsoluble ın water. The surface of the solid must be 

hydrophobic to form an agglomeration. Clay minerals are hydrophobic and therefore 

will form spherical agglomeration ın presence of oil ın a water suspension. 

nıe clay particles ın water tmmfscible liquids are believed to be randamly 

arranged and the agglomerations are more or less spherıcal ın shape. When oil drops 

and clay particles are mechanically agitated as ın the case of prepartng oil mixed water 

suspensions of clay ın the settl1ng columns, the total energy of ınteraction between the 

double layers together with the forces due to particle and oil drop motion is responsible 

for brtnging the o il drops and clay partides ınto sufficiently close proxtmity. This 

mechanism is given ın Fıgure 5.23. 

The mechanism of ınteractions between oil and clay constltuents in a given 

mixture can be understood with a simple diagram shownın Fıgure 5.24. 

At equilibrium: 

Where, 

Tco- Tcw = T0 wCos 9 

Tco = Surface tension at the ınterface of the clay and oil. 

Tcw = Surface tension at the ınterface of the clay and water. 

Tow = Surface tension at the interface of the o1l and water. 

9 = Contact angle measured ın the Uquid. 

nıe following conditions may apply : 

ı. If 9<90°, the particle will tend to be drawn into the aqueous phase. 

2. If 8=90°. the particle will tend to remain concentrated at the ınterface. 

3. If 8>900. the particle will tend to be drawn into the oil phase. 

Spherical agglomeration occurs when contact angle, e. is greater than 90°. In 

this case, the clay particles :mJgrate into the oil phase becoming absorbed by the oil. 

This starts the agglomeration process which can be evidenced ın the photomicrograph 
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given in Figure 5.25. In this flgure an oil drop is partlally coated by clay particles. A full 

coatlng could be presented by the diagram in Figure 5.26. A good example of such 

coatlng is evident in the photomicrograph in Figure 5.27, where the inside of a 

sphertcal shell of clay is exposed when the inner oil drop was reınoved, probably during 

sample preparatıon. This is a good example of particle adhesion and adsorptlon by oil. 

Crude oil mJxed marine clay, appeared to have loose and ·spongy" structure in 

general as observed in Figure 5.28. Studying the photomicrographs of oil contaminated 

clays, it appeared that several mechanisms of interactlon between clay and oil may be 

occurtng smıultaneously. One mechanism is the spherical agglomeratlon as discussed 

before. Micrographs in Figures 5.29 and 5.30 present more examples of the 

agglomeratlon. The average diameter of these spherical drops range from a fraction of 

a micron to several microns. The coatıng of oil surfaces with clay partides is checked 

by EDS analysis of the surface marked by X in Figure 5.31. As observed the x-ray 

diffractlon spectrum records in Figures 5.32 and 5.33 of the ·so called ·on surfaces 

indicate no dominant presence of a mineral and therefore are interpreted as oil. There 

is a characteristlc arching of the record which was associated with pure oil earlier. 

It can be seen from Figures 5.34 and 5.35 that oil brtdges may form between oil 

surface and clay particles. Tilere is also adhesion between these oil brtdges and clay 

partides forming a different type of agglomeratlon referred to as • rod • agglomeratlon 

ın this work. 

Anather mechanism of clay-oilınteractlon is when the oil is ıncorporated in 

the sediment as an trregular shaped mass or a thin layer of matertal, as shown in 

Figure 5.36. There is adhesion between these oil surfaces and the clay particles. X-ray 

diffractlon spectrums of the oil surface and the clay surface shown Figure 5.36 are 

given in Figures 5.37 and 5.38, respectively. It can be seen from these records that x-ray 

of oil surface and x-ray of clay surface are significantly different. Oil surface has small 

amount of silica, aluminum and fron. This is because of the small fractions of clay 

partides on the oil surface or the ash present ın oil. The shape of the x-ray for oil 

exhibits the characteristlc archıng, while the x-ray of clay surface is very similar to 

that of illite clay (Figure 3.1). 

The micrographs of more oil surfaces with associated EDS records are 

presented in Figures 5.39 through 5.50. The x-ray diffraction spectrums for Figure 5.41 

are given in Figures 5.42, 5.43 and 5.44. A hole was detected on the oil surface which was 
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conftımed by the stgnature obtained in the EDS records, where barely any response was 

recorded. Therefore, these records show the difference between a hole and on surface 

clearly. The x-ray of on bridge (Ffgure 5.44) is stmilar to that of on surface given in 

Ffgure 5.42. This record support that the ffiament is an on surface. Representative 

photomicrographs of on surfaces showing vartous mechanisms of interaction with 

clay are presented in Ffgures 5.45 through 5.52. 

Such on surfaces blanket the void spaces and prevent water from flowing 

through the son, therefore result in the net effect of lowered permeabillty. Finally. 

visual observation and handling of the crude on mixed marine clay specimens 

indicated that crude on reduced the cohesionness of the clay, probably due to the 

agglomeration of clay into flocs and stgnificant reduction of the effective specific 

surface area of the material. 
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Figure 5.23. The Mechanism of Adhesion between 011 Drop and Clay Partide. 
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Ftgure 4.24. The Mechanism of Spherical Agglomeration between Oil 
Drop and Clay Particles. 
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Fıgure 5.25 SEM micrograph of Salt Water + Crude 011 Mıxed Marine Clay 
Sediınented Specimens (Magnıficatıon:9000X) C: Clay Partlcle, O: Oil Surface 

CIAYPARTICIES 

OR..DROP 

Fıgure 5.26. The Mechanism of Coated OU Droplet by Clay Particles. 
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Figure 5.27. SEM micrograph of Salt Water+ Crude Oil Mfxed Marine Clay 
Sedimented Specimens (MagnJftcatlon: lOOOX). S: Sphertcal agglomeration 

Figure 5.28. SEM micrograph of Salt Water + Crude 011 Mfxed Marine Clay 
Sedimented Specimens (Magntfication: lOOX). S: Sphertcal Agglomeration. 
0: Oil Surface 
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Figure 5.29. SEM micrograph of Salt Water+ Crude Oil Mixed Marine Clay 
Sed.Jmented Spectmens (Magnification: 2000X). S: Sphertcal Agglomeration 

Figure 5.30. SEM micrograph of Salt Water + Crude Oil Mixed Marine Clay 
Sedimented Spectmens (Magnification: 5000X). S: Sphertcal agglomeration 
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Ftgure 5.31. SEM mıcrograph of Salt Water+ Crude 011 Mıxed Martne Clay 
Secl1mented Specımens (Magnifl.catlon: 5000X) X: X-Ray Diffractlon Spectrum 
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Ftgure 5.32. X-Ray DiffractlOn Spectrum of the surface of a Sphertcal 
AgglomeratlOn tn Figure 5.3 ı. 
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Ffgure 5.33. X-Ray Diffractlon Spectrum of the Surface of the Selender 
Feature (Oil Filament) in Figure 5.31. 

Ffgure 5.34. SEM mierograph of Salt Water+ Crude Of1 Mixed Marıne Clay 
Sedimented Specımens (Magnıflcation: 1600X). O: 011 Brtdge, C: Clay Particle 
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Fıgure 5.35. SEM micrograph of Salt Water + Crude Ofl Mfxed Marine Clay 

Sedimented Specimens (Magnification: lOOOX). O: Ofl Surface 

Fıgure 5.36. SEM micrograph of Salt Water + Crude Ofl Mfxed Marine Clay 
Sedimented Spectmens (Magnillcation: 300X). O: Ofl Surface, C: Clay Particle 
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Fıgure 5.37. X-Ray Diffractlon Spectnım of Clay surface in Ffgure 5.36. 
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Ffgure 5.38. X-Ray Dlffractlon Spectnım of Oll Surface in Ffgure 5.36. 
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Ftgure 5.39. SEM micrograph of Salt Water + Crude on Mfxed Marine Clay 
Sedtmented Spectmens (Magntflcatıon: 400X). C: Clay partlcle, O: Oil Surface 

Ftgure 5.40. SEM micrograph of Salt Water+ Crude on Mfxed Marine Clay 

Sedimented Specimens (MagnJficatlon: 300X). O: on surlace 
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Figure 5.41. SEM micrograph of Salt Water+ Crude 011 Mixed Marine Clay 
SedJmented Spectmens (Magnıflcatlon: ı OOOX) O: 011 Surface, H: Hole on the 011 
Surface, X: X-Ray Diffractlon Spectrum 
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Figure 5.42. X-Ray Diffractlon Spectrum of 011 Surface in Figure 5.4 1. 
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Ftgure 5. 43. X-Ray Dıffractıon Spectrum ofHole on the 011 Surface in Figure 5.41. 

~~~ 

g~ 

sızı 

71Z! 

c.rı 6~ 
ı-
z 

s~ !lu ::J 
o 
u 4!ZI 

31Z! 

21Z! 

1~ 

4 6 8 ı~ 12 14 16 18 2~ 

ENERGY CkeV) 

Ftgure 5.44. X-Ray Dıffractıon Spectrum of 011 F1lament in Figure 5.41. 
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Ftgure 5.45. SEM Micrograph of Salt Water + Crude OU Mixed Marine Clay 
Sedimented Specfmens (Magnificatlon: 400X). O: on Surface 

Ftgure 5.46. SEM nıicrograph of Salt Water+ Cnıde on Mixed Marine Clay 
Sedimented Specfmens (Magn.Ulcation: lOOOX). O: OU Surface 
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Ffgure 5.47. SEM mıcrograph of Salt Water+ Crude Oll MJxed Marine Clay 
Sedimented Specimens (Magniftcatlon: 300X). O: Oll Surface 
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Ffgure 5.48. SEM mıcrograph of Salt Water + Crude Oll Mixed Marine Clay 

Sedimented Specımens (Magniftcatlon: 400X) O:Oll Surface, H:Hole 
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Ftgure 5.49. SEM micrograph of Salt Water + Crude On Mixed Marine Clay 
Sedimented Specimens (Magn.filcation: 200X). O: on Surface 

Ffgure 5.50. SEM micrograph of Salt Water+ Crude Oil Mixed Marine Clay 
Sedimented Spectmens (Magnification: 400X) 
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Figure 5.51. SEM Micrograph of Salt Water+ Cnıde 011 Mfxed Marine Clay 
Sedimented Specimens (Magnification: 2000X). 

Fıgure 5. 52. SEM Micrograph of Salt Water + Cnıde 011 Mfxed Marine Clay 
Sed:lmented Specimens (Magnification: 3000X). 
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GEOTECEmnCALPROPERTms 

lntroductlon: 

A number of physical and mechanical properties characterized as geotechnical 

propertles were measured for the contaıninated sediments. Tiıese propertles were 

measured to investigate the influence of microstructure and physico-chemical changes 

on the physical and mechanical behavior of the sediments. The measured index and 

mechanical propertles of the sediments are ·given in Table 6.1 and 6.2, respectively. 

Tiıese propertles were measured using the core specimens retrteved from the 

sedimented mass. 

6. 1. Index Propertles 

6.1.1. Water Content 

The water content of soil shows the amount of water present in the voids 

relative to the amount of solids. As observed in Table 6.1, marine clay, salt water and 

10% crude oil mıxture has the hıghest water holding capacity compared to the others. 

Marine clay and tap water mıxture has the lowest water content due to its denser 

structure. 
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6. ı .2. Bulk Density 

The bulk denstty of the sedJments were determlned from the retrteved core 

specimens ın which üıe natural structure of the sedıments were assumed to be 

undisturbed. The 5% sludge mixed speclmens exhibited the h:lghest average bulk density 

whne üıe 10% crude on mıxed speclmens showed the lowest average bulk density. 

However. ın overall analysis, there was little variation 1n the bulk densittes of the 

speclmens with contaminants at üıe percentages mixed. 

6. 1.3. Speciflc Gravity 

Speciflc gravity of a crude on contamınated marine clay was lower than the 

sludge contaminated marine clay. In either case, addition of the ~ludge and crude oil 

decreased the specffic gravity of the clay mtxtures. 

6. 1.4. Atterberg Llmits 

The water contents that correspond to the bonndartes between vartous states of 

consistency are the Atterberg l1mits. Atterberg l1mits depend on üıe type and amount of 

clay fractıon, exchangeable cations and pore water chemiStry. Addition of salt to pore 

water decreased the plastıcıty index of the clay mtxtures as shown ın Table 4. 

Chassefıere and Monaco (1983) observed a s1m1lar occurance where the liqutd limit and 

plasticity 1ndex of a clay determlned by using sal1ne water as m:ix1ng water decreased 

compared to those of distilled water mtxed clay. As obseıved from Table 4, addition of 

sludge 1ncreased the plasticity of marine clays sUghtly, whereas addition of crude oil 

decreased the plasticity, which may be attrtbuted to loss cohesion in latter case. 

6. 1.5. Ignitable Organic Matter Content 

Organic content was determined by the ignition loss method. Sediment samples 

were pre-drted atı05°C for 24 hours. nıese samples were then heated at 550°C for 2 

hours. The loss of we:lght as a resuh of üıe second heatıng was assumed to be due to loss 

of organic matter only. Ignitable organtc matter content tncreased with addition of 
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sludge and crude oll as ex:pected. nııs ıncrease was larger wtth the crude oll. Organıc 

content also appear to correlate well wtth the measured water content. As organic 

matter tncreases so does the water content which may be due to entrapment of water 

inside oil-clay or organic matter-clay domains. 

6.1.6. pH 

pH of the pore fiuid 1nfluences the behavior of sediments. Low pH promotes 

flocculatlon and causes the formatlan of loose structures while htgh pH promotes 

dispersion and dense sediments. Although a sJgnificant change in pH was not observed 

wtth contaminatlon. some general trends could be detected. For example. saline water 

mixed marine clay had the lowest pH and tap water mixed marine clay had the highest 

pH and it ineressed wtth increasing organic matter content. 

• 
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Table 6.1 Measured Index Propert1es of Contam1nated Sed1ments 

Water ~pecific Liquid Plasticity 
ı gni tab le 

Content Bul k 
pravity Li mit Index 

Organ i c 
M1xture (by dry Density Content 

weight) (%) (%) 
(by dry 

(%) (g/cm3) weight) 
(%) 

MC+ TW 82-99 1.42-1.62 2.63-2.65 51-53 20-21 5.36 

• 

MC+ SW 89-96 1.52-1.60 2.50-2.53 48-50 16-17 6.50 

MC+ SW + 5~5 97-105 1.56-1.60 2.30-2.45 49-50 17-20 7.29 

MC+ SW + 10~5 91-99 1.42-1.53 2.46-2.49 51-53 20-24 8. 11 

MC+ sw + 5~co 100-101 1.47-1.50 2.21-2.25 45-47 15-17 10.1 o 

MC+ 5W + 10XCO 102-120 1.44- 1.49 2.37-2.40 42-44 12-14 12.00 
- ---ı...... 

MC•Mar1ne Clay, S•Siudge, CO•Crude 011, TW•Tap Water, SW•Salt Water 

pH 

7.45 

6.70 

6.75 

6.80 

6.90 

7.1 o 
----ı....-..----



6.2. Mechanical propertles 

6.2. ı. Shear Strength 

Shear strength fs a vartent property of the contamınated sedfments. The shear 

strength parameters of ftne gratned sediments are influenced by void ratio, water 

content. ınterparticle forces or cohesive bonds and a1so pore fluid chemtstry. The shear 

strength of the marine clay samples were determtned by laboratory vane shear tests. 

The sedfmented loose marine clay had vırtually no sheartng resistance. Therefore 

these samples were tnitially consolidated under a trıaxıal consolidatıon pressure of 14 

kPa. 

The shear strength of themaı1ne clay, salt water and crude oil samples are 

s1gn1flcantly smaller than the others as shown in Table 6.2. This is maJnly because of 

the reduced cohesion tn the presence of hydrocarbons. However, marine clay, salt water 

and sludge samples ex:hibited the hfghest shear strengths which is probably due to 

increased interparticle bonding between the clay partides and also the reinforcing 

effect of fibrous inclusions in the clay matrix. Shear strength of marine clay with salt 

water is higher than marine clay with tap water. as expected. This is attributed to salt 

flocculation. 

6.2.2. Coefficient of Permeabllity 

Permeabllity is a soil property which desertbes how fast the water flows 

through soil. Pore fluid migratlan through clays isa complex: phenomenon because of 

the electrochemical tnteractlons between the partides and pore fluid constltuents. In 

the case of contamınated pore fluid the complex:ity probably tncreases due to the 

induced changes in the chemical envıronnıent. 

Permeabllity tests were conducted ustng tr1ax1al permeabllity apparatus (Evaps 

amd Fang, 1986). Samples were 1sotrop1cally consolidated under 14 kPa. All tests were 

performed ustng saline water as the penneattng fluid except for the tap water mixed 

samples. 

Salt water mıxed samples ex:hibited the highest permeabllity probably because 

of the open structure produced by salt flocculation marine clay, salt water and crude all 

samples ex:hibited the lowest coefficient of permeabllity. approximately one ord er of 
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magnitude lower than that of marine clay and saline water mixture. This is because oil 

tends to trap water and create discontlnuous channels by blocking · the voids. The 

presence of sludge tends to reduce the net negative charge of particles, therefore they 

may move closer together in a face-to-face arrangement reductng the space for free 

water flow. Acar and OlMeri (1989) showed stmilar results in which there was a 

decrease in hydraulic conductivity of kaolinite and Ca-montmorillonite when low 

solubility organic fluids were permeated through compacted sample_s of these clays. 

6.2.3. Compressibillty 

The compresston charactertstıcs of a sediment can provide an understanding of 

its depositional process and stress history. The compressibillty of the sediment sample 

were determtned by means of a standard consolidatıon test in which a sediment volume 

is compressed by applying different known stresses ax1ally while the sample is 

constrained laterally. The sediment compressibility is quantified by the compresston 

index, Cc. 

Compresston tests were carrted out on undisturbed samples of the sedımented 

clays. The marine clay and tap water sediment samples exhibited hfgher 

compressibility than the marine clay and salt water sanıples as shownin Table 6.2. 

This may again be due to the salt flocculatıon of the latter one. Compresston index 

appears to decrease slJghtly with the addition of sludge and crude oil to the marine clay, 

which is probably due to flocculatıon and agglomeratıon caused by these two agents. 

The more compressible the material ıs, the more pronounced the effect of 

adsorbed catıons and the electrolyte concentration. During consolidation, the partides 

come closer together. causıng an increase in the interpartıcle forces. As two soil 

partides approach each other. their exchangeable catıons repel each other. However, 

when partides are close enough. any reduction of particle spacing results in an increase 

of attractive forces. As a result. less compressible structures tend to be flocculated, often 

with an edge to face configuratıon. 

6.2.4. Porosity 

Porosity is a fundamental property of sediments. The porosity of sedıments 
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when correlated with other geotechnical parameters may reflect the compositional and 

deposıtıonal envıronment of the sediments. Changes ın the porosıty may also reflect 

the changes ın some basic physical propertıes such as consistency and compressibillty. 

The computed porosity for the samples tested ın this work d1d not show appreciable 

vartatlon. In the overall analysis. however. addition of tncreased percentages of sludge 

and crude o1l 1ncreased the porosity of samples sUghtly. 

6.2.5. Shear Modulus 

Dynamie son propertıes such as shear modulus and shear wave velocity are some 

of the basic son propertıes required ın the design of foundatlons for offshore structures. 

Many marine sediments have low strengths and high compressibilities that require 

accurate evaluatıon for design purposes. Shear moduli of the laboratory prepared 

marine sedıments appeared to be strongly tnfluenced by the presence of sludge and 

crude on ın theır matrix. Shear moduli of the marine clay samples with and without 

contaminants. as detenntned from unconsolidated undrained (UU) and consolidated 

drained (CD) tests are given ın Figures 6.1 and 6.2. respectively. These tests were 

conducted using piezo electric elements (Bender element) tnstalled at top and bottom 

plattens of a triaxial cell. a wave generator and a storage oscilloscope. Principles of 

ustng this test set-up to measure shear modulus are gıven elsewhere (Dyvik. and 

Madshus. 1986 ). 

When tested ın the unconsolidated undrained conditlon, shear moduli of the 

clays decreased with the ıncreasıng confining pressure and percentage of crude oil and 

sludge as well. These tests were conducted by first allowing the retrteved specimeris to 

consolidate under 14 kPa. Following consolidatlon, the confining pressure was 

tncreased ın steps and the modulus measurement was made at each pressure inerement 

whlle the sample was kept under undrained conditions. The tap water mixed manne 

clay exhibited the lowest shear moduli, whereas the crude on mixed marine clay 

exhibited the hıghest shear moduli as observed ın Figure 6.1. Essentıally little or no 

vartatton was observed in shear moduli with ıncreasing conftnement for the tap water 

mtxedclay. 

In the consolidated drained condition for which the specimens were allawed to 

consolidate at each pressure ıncrement, densificatlon of the specimens resulted in an 
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increase in the value ·of shear wave velocity. This is due to the decreased particle 

spacing and larger percentage of particle to particle contact area. Shear moduli with 

and wıthout contamination increased with increasing consolidation pressure but 

decreased with sludge or oil contaminatlon. In this case, crude oil mixed marine clay 

exhibited the lowest shear modulus values. 

The response of shear moduli to confining stress in the undrained testing is 

affected by progressive pore pressure buit up. As the confining stress effect d1m1nished 

with pore water pressure built up, the shear moduli decreased sfgnificantly. The 

interestıng phenomenon obseıved was the initlal peaking of the moduli values due to 

the confinement only, which indicates little or no effect of pore water pressure at low 

confining pressures. The higher values of moduli obtained for the oil and also sludge 

mfxed clays may be attributed to the agglomeratlon of partlcles in presence of these 

substances. When partides agglomerate and form domains, they may act as large size 

partides in the range of silt and sand stzes. Since in the UU tests no volume change was 

allowed, the soil matrix remained the same with increasing confinement but 

progressively build up pore water pressure. Therefore the initial response of high shear 

moduli to apparent increased particle size drops with the increasing pore pressure 

response. 

Comparing the moduli values obtained from the undrained and the drained 

tests, the shear modulus of clay with 10 % oil is on the order of 2000 MPa at 400 kPa 

confining pressure for the UU tests, whereas it is on the order of 4000MPa at the same 

confining pressurefor the CD test specimen. Initlally, however, these values are on the 

order of 5000 MPa and 1500 MPa for the UU and the CD tests. respectlvely at the 

confining stress of 50 kPa. This is because, under the increased compression, the 

agglomerations and domains crush and break apart releasing the oil from within these 

domains, which results in the lower shear modulus. However, as compressfon and 

densificatlon contlnues, it progressively increases to around 4000 kPa. The increası:: of 

Gmax with consolidatlon pressure is an expected behavıor. It is interestlng to note the 

signifi.cant vartatton of the moduli response between the salt and tap water mixed 

specimens which is probably due to the slightly higher density of the fonner, and their 

flocculated structure which results in edge to face proximity of the particles. 
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Table 6.2 Measured Mechan1ca1 Propert1es of Contam1nated Sed1ments 

Vane Shear coert. or Compresston coerr. or 
Strength Permeabt11ty Index Consoltdatton 

M1xture kx10-7 Cc cv 
CkPa) Cem/s) Ccm2/mtn) 

MC+ TW 21.72 
1.15 0.75 

0.05 

MC+ SW 35.37 
3.10 0.51 0.06 

MC+ sw + s:ııs 36.20 2.96 0.52 0.1 o 

MC+SW+lO:rıS 43.44 1.60 0.56 0.06 

MC + sw + s:ııco 19.31 0.66 0.52 0.04 

MC + s w + 1 o~co 14.46 0.32 0.53 0.15 

MC=Martne Clay, ~·Sludge, CO=Crude 011, TW=Tap Water, SW=Salt Water 

Porostty 
n 

(~) 

69.7 

67.6 

67.5 

69.3 

ı 

66.5 

70.7 
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THE INFLUENCE OF CRUDE OIL AND SLUDGE ON THE 

DOUBLE LAYER TmCKNESS OF MARINE CLAY 

Introduction 

Finally, the 1nfluence of municipal sludge and crude on on the thickness of the 

computed thickness of the clay double layer is examined. The empirical relationships 

between the degree of crude on or municipal sludge contammation and the double layer 

thickness are developed. In addition the empirical and quaııtative relatıonships 

between the double layer thickness and clay microstructure, strength, and penneability 

properties of marine sediments are also developed. 

The qualltative influences of crude oil and municipal sludge on clay double 

layer thickness and geotechnical properties are summarized in Table 7. ı. These 

correlatlons are also confirmed wtth the obseıved microstructure and fabric features of 

the contammated marine clay sed1ments, as discussed in the previous two chapters. 

Thickness of the double layer ıs calculated based on the Helmholtz theory. 
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Table 7.1. The Proposed Effects of Salt, Sludge and Crude 011 on Propertles of Marine Clay 

MIXTURE* Do u b 1 e Lay er C lay 
Strength Permeab111ty Th1ckness M1crostructure 

Mr+!=;W 
OPEN FABRIC Add1t1on or Salt DECREASES LOOSE SEDIMENT INCREASES INCREASES to MC+TW 
FLOCCULATION 

Mr+!-=;W+!-=;1 ı mr,ı= 

...A. 

CD 

CL OSE F ABR 1 C Add1t1on or DECREASES DENSE SEDIMENT INCREASES DECREASES Sludge 
AGGLOMERA T 1 ON to MC+SW 

...A. 

Mr+!=;W+rı:nmF OPEN FABRIC 
Add1t1on or LOOSE SEDIMENT 
Crude 011 to DECREASES AGGLOMERATION DECREASES DECREASES 

MC+SW LARGE OIL 
SURFACES 

*MC: Marine Clay, SW: Salt Water, TW: Tap Water 



Appllcation of the Helmholtz theoıy to clay partides allows the double layer 

thickness to be used in the quantitative description of certain properties of clay 

suspensions and clay sediments. The fallawing equatlon, which is alsa gf.ven in chapter 

2, was used to calculate the double layer thickness. 

where, 

Ö= Double layer thiclmess, m 

Ç= zeta potential, mV 

€c,= permittlvity ofvacuum = 8.854xıo-12 Coulomb/Vm 

D= Dielectric constant of the medtum 

0 0 = Suıface charge density, Coulomb/m2 

o0 is gıven by the fallawing expressian (Mitchell. 1976): 

CJ0 =r•F 
r Cation Exchange Capacity 

1 
2 = , meq m 

Specific Surface Area 

F = Faraday Constant= 96.5 Coulomb'meq 
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7 .1. The effect of Municipal Sludge and Crude Oil on Double Layer 

Thickness (DLT) 

7. ı. ı. The Effect of Munieipal Sludge 

The effect of municipal sludge on the double layer thickness is sıiown in Figure 

7.1. The salt water modU1es the propertıes of sludge partides and clay minerals. The 

electrolytes compress the thickness of the double layer and decrease the repulsive 

forces but increase the van der Waals forces. The van der Waals forces are attractlve 

forces which brtng the molecules closer. This would result in greater physical 

adsorption. This initial physical adsorptlon allows the subsequent chemical reactions 

between the sludge compounds and clay minerals. Dffferent catlons act as brtdging 

ions. The polyvalent catlons such as iron and aluminum play an effective role in 

binding the organic and inorganic molecules. The divalent catlons such as calcium and 

nıagnesium, which are abundant in salt water, also play an effective role in the 

adsorption of organic matter on clay minerals. When the adsorptıon reaction 

progresses, the sıze of the sludge mıxed marine clay complex: increases forming flocs. 

This means that speciftc suıface area of marine clay decreases with increas:lng amount 

ofsludge. 

The heavy metals present in the sludge and the electrolytes present in the salt 

water neutralize the negative charges on the clay partıcles. Neutraliz:lng the charges 

allows the sludge partıcles and clay minerals to come in close prox1ınity to each other 

formıng flocs. Contact develops between heavy metals, electrolytes and clay partides 

in such a manner that flocculatlon and coagulatlon occurs decreas:lng the thickness of 

the double layer. ·lt is predicted that sludge compounds are associated with day mineral 

suıfaces through foımatlon of clay-metal/salt ion-sludge complex:. Clay partides and 

sludge complex: are negatively charged. Positlvely charged metal and salt ions 

neutrallze the charges and at the same time link the clay partides and sludge forming a 

complex: together. 

Rashid (1985) calculated the thickness of the double layer for both kaolinite 

clay and humic acid. He found that ın a 35 g/1 sodium chloride solution the thicknesses 

of the double layer of kaolinite and humic acid were 12 and 8 Angstrom, respectively. In 
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this study, it was found thatina 38 g/1 salt solution (predonıinantly sodium chloride) 

the thickness of the double layer of marine clay only and marine clay with 5% sludge 

and 10% by weıght sludge added are 9, 6.8 and 6.1 Angstrom, respectlvely. 

7 .1.2. The Effect of Crude Oil 

The effect of crude oil on the thickness of double layer ıs shownin Figure 7.2. It 

can be seen from this flgure that increasing percentage of crude oil decreases the double 

layer thickness signfftcantly more than does sludge. Clay minerals adsorb petroleum 

hydracarbons. Adsorption increases with salinity, because salinity concentrates the 

clay partides in the o1l phase. Ina saline water-on mıxed system, catlons dtssolve tn 

the o1l phase and chloride ions rematn in the water. This causes the o1l phase to be 

positlve with respect to water. Adhesion occurs between the clay particle surface and 

oil. Therefore. clay particle surfaces become wetted by oil. The large specific surface 

area of the marine clay and its composttion also affect the oil retention on clay 

particle surfaces. Among the clay constltuents 1s 1llite which is parttcularly active to 

oil retentlon. The EDS records of the clays adsorbed on the o1l surfaces showed that 

sim1larttıes to pure 1llite records which strenthens this conclusion. Therefore, 

agglomeratlon and flocculatlon are increased. 

Agglomeratlon brings smail partides together creating large particles. The 

specific surface area of a mixture of crude o1l and marine clay ıs approximately ı m2 /g 

which is s1m1lar to the specific surface area of fine sand. This is because of the 

spherical agglomeratlon and large oil surfaces on the clay particle surfaces. That 1s 

why the double layer thickness of the crude oil mıxed marine clay 1s so low compared to 

that of sludge mıxed marine clay. The forces at the oil-water-clay interfaces are 

wettability, adhesion and surface tension forces. Scanning electron micrographs of 

mixture of crude o1l and marine clay support these explanatıons. 
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7 .2. Correlatlons between the Double Layer Thickness and the 

Geotechnical Properties 

7 .2. 1. Strength 

Shear strength decreases with tncreasing double layer thiclmess as shown in 

Ffgure 7.3. Addition of sludge to salt water mixed marine clay increases the strength 

and decreases the double layer thickness as ex:pected. Clay microstructure of sludge 

mixed marine clay also shows that the fabric is denser and tlghter compared to that of 

uncontaminated clay. There is an interparticle bonding between the clay partides due 

to the organic matter. Sludge increases the cohesion between the day partldes. There is 

also bonding between the flocs because of the flbrous partides in the sludge. Fibrous 

partides act as reinforcing members between the clay partides and the flocculated 

domaıns. Therefore. the strength of the sludge marine clay mixture is increased. It was 

also observed that when the sludge mixed samples were oven dried. they remain intact 

and did not pulverized easily. This indicated that sludge probably promoted 

cementation between the clay partlcles. 

Addition of crude oU decreases both the shear strength and the double layer 

thickness of marine day as shown in Ffgure 7 .4. Addition of crude oU to marine clay 

reduces the coheston by increasıng particle size and reducıng the specific surface area. 

Crude oU mixed marine clay appeared "spongy'" with loose, open fabric and porous 

structure which were evident in the micrographs. Oven dried specfmens of crude oil 

mixed clay pulverized easily which indicated destruction of cohesion between the clay 

particles. 

7 .2.2. Permeability 

Permeability of sludge mixed marine clay decreases as the double layer 

thickness decreases as shown in Ffgure 7 .5. The presence of sludge reduces the net 

negatıve charge of clay particles. Therefore clay particles move closer to each other ın a 

face to face arrangement reductng the space for free water flow. 

Addition of crude on to marine clay also reduces the permeability and do u b le 
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layer thickness stgnJficantly as shown tn Fıgure 7 .6. Cnıde o1l traps water and creates 

discontlnuos channels. It can be seen from micrographs that there are large o1l surfaces 

which may block the water channels. Even though the c1ay fabric is open and porous, 

the permeabillty of cnıde o1l mixed spec:lmens were low probably because of these o1l 

blocks. Study also shows that the peımeabillty of the sediment decreases further when 

the crude o1l percentage ıs fncreased. 
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7.3. Conclusions 

A clay particle double layer thickness is fmportant to its mechanical and 

permeability behavior. The double layer thickness is both a measure of the amount of 

immobilized fluid arnund the particle and also a measure of the repulsive force between 

particles. The chemical nature of the fluid medium during and after sedimentation ıs 

fmportant with respect to electrostatic interactions between clay particles. If the double 

layer thickness is known, mechanical and hydraulic engineering properties and their 

effect on matertal behavior can be predicted and better understood under changing 

envtronmental conditions. 

Crude oil has significant influence on the thickness of the double layer. 

However, munictpal sludge does not have as much influence. Crude oil interactions 

create btgger partides because of the sphertcal agglomeration and there are also large 

oil surfaces in corporated in the clay both which work toward decreasing the specific 

surface area available for chemical or physical exchange. These were confirmed with 

the observed microstructure of the contaminated marine clay sedfments. 

Addition of municipal sludge to salt water. mixed marine clay promotes 

formatton of dense sediment with close fabric. However, addition of crude oil to salt 

water mixed marine clay creates loose sediment with open fabrtc. Vane shear strength 

of the clay increases in the case of sludge ın1x1ng while it decreases in the case of crude 

oil mixing. Sludge increases the cohesion and reinforces the domains, however, crude 

oil destroy the cohesion between the particles. Hydraulic permeability decreases for 

both cases. In case of crude oil, this reduction is significant because of the void blacking 

action of oil surfaces. 

In Ftgure 7.7, the coefficient of hydraulic permeability, k, versus DLT data for 

sludge and crude oil mıxed clays are superimposed to derive an emprical correlation 

between the two properties. This correlation is gıven below, which is based on the fitted 

curve to the data. The goodness or R2 value of this ftt is 0.938. It should be noted that 

this correlation is valid for clays prepared and tested in the manner desertbed in here 

and should not be generalized to other cases. 
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where, 

k= 0.338x10 [O. 1 19(DLTHxıo-7 

k= Coefficient of Hydraulic Permeability, cm/ see 

DLT= Double Layer Thickness, (Angstrom) 
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CONCLUSIONS AND RECOMMENDATIONS 

In this study, physico-cheınical, microstructure and geotechnical properties of 

municipal sludge or crude oil contaminated marine clays were studied using laboratory 

prepared mıxtures of pure clays. Correlations between the percentage of municipal 

sludge or crude oil to the thiclmess of the double layer and geotechnical propertıes were 

established. nıese correlations were confirmed with the obseıved microstructure and 

fabric features of the contaminated marine clay specimens. 

This study shows that there are significant influences of disposed or spilled 

waste products on the geotechnical properties of marine clay sediments. Emphasis was 

gtven to the impact of sludge and crude oil on physico-chemical properties and 

microstructure formation which subsequently influence the followtng geotechnical 

properties: strength, permeability, compressibility, shear strength, plasticity and 

porosity. 

8.1. Physico-Chemical Propertles 

Addition of municipal sludge to salt water mixed marine clay· increases the rat e 
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of depasition as shown ın Table 8. ı. Decrease ın pH, dielectrtc constant and electrlcal 

conductlvity and lncrease ın turbidity, particle size distribution and cation exchange 

capacity values of sludge mtx:ed marine day can explain its fast deposition. Clay 

partides tend to flocculate at low pH values. The flocculated sediment settles out of 

water faster than the dispersed one. Addition of sludge to marine day also increases Ç

potentlal thus decreasıng the thiclaıess of double layer. Addition of sludge to marine 

day appears to promote agglomeration through coatlng of the partides and also 

decreasıng the double layer thiclmess of the day partides. Decrease in double layer 

thiclmess allows the partides to approach each other closely and adlıere to each other. 

Addition of crude oil to salt water mixed marine clay increases the rate of 

sedimentation as shown ın Table 8. ı. Crude oil tends to agglomerate and coat the clay 

partldes. This increases the apparent particle size, turbidity and decreases specific 

surface area and cation exchange capacity signillcantly. The larger particle size and 

decrease in pH explatn fast deposıtion of these days. Addition of crude oti also 

decreased the double layer thiclmess considerably, because of agglomeration and 

retention of specıfic surface area. 

8.2. Geotechnical Propertles 

Addition of sludge to salt water mixed marine day increases the plasticity, van e 

shear strength, compressibllity, porosity. However, ıt decreases penneabllity and shear 

modulus as shown ın Table 8.2. Addition of sludge lncreases interparticle bonding. 

Presence of sludge tends to reduce the net negatlve charge of clay particles. Clay 

partides move doser ın a face to face arrangement reductng the space for free water 

flow. Fibrous partides of sludge also appeared to promote cementation and bonding 

between the day partlcles. 

Addition of crude on to salt water mtx:ed marine day increases compressibility 

and porosity, but decreases considerably the plasticity, vane shear strength, 

penneabllity and shear modulus as shown ın Table 8.2. Addition of crude oil to marine 

clay tends· to destroy the cohesıon between the partides which results in the strength 

reduction. Therefore the strength of the clay decreased. Additon of crude oil also 

decreased the permeability due to large on surfaces blocking the water channels in the 
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sediment. Addition of crude oil appeared to cause the formatian of a looser and more 

porous structure with increased water holding capacity in marine day sediments. 

8.3. Clay Mlcrostructure 

Addition of sludge to marine clay appeared to promote face to face 

agglomeration through coatlng and cementing of the partides with humic substances 

and dissolved organic matter. Sludge mixed marine day showed a tlghter structure and 

more ortentation. The ftbrous partides reinforced the day causıng increased strength 

and stlffness relative to those measured with oil cotaminated clay. 

Addition of crude on appeared to cause the formatian of an open "spongy" 

structure with a number of mechanisms of interaction between clay and oil evidenced 

in the micrographs. Two types of adsorption mechanisms were observed. One is the 

adsorptlon of clay partides by the oil and the other one is the adsorption of oil by the 

day particles. As a result of these mechanisms there different interactions were 

observed between oil and clay partides. These were the spherical agglomeration of clay 

partlcles, clay coating of of the oil drops and adhesion of oil layers or sheet structures 

to clay surfaces. 

SUMMARY AND RECOMMENDATIONS: 

This study has generated fundamental information on the physico-chemical 

internetion of clay constltuents of marine sediments with two selected organic 

contaminants: municipal sluge and crude oil. The information is evaluated on the 

basis of the impact of these contaminants with respect to the physical and mechanical 

properties of a typical marine clay sediınents. The two most important conclusionş of 

this study are that: 

1) The organfes contaminants influence clay through surface interactions and 

therefore specific surface area becomes one of the crttical factors in evaluation of the 

impact on day behavior. 

2) The organic contaminants influence water column chemistry with respect to 

dielectrtc constant and ionic concentration the most. 
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Based on these general conclusions, it ıs reconunended that further studies on 

geotechnical propertles of contamınated clays be focused on the influence of the 

specific suıface area, dielectrıc constant and ionic concentratıon of pure clay and 

organıc compound systems. 
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Table 8.2. The Proposed Effects of Munlclpal Sludge and Crude 011 on Geotechnlcaı Propertles of Marine Clay 

MIXTURE 
Strength Permeablllty 
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