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ABSTRACT

A clay-contaminant compatibility study was performed using: a) two materials:

a kaolinitic clay and a 90% fine sand/JO% bentonite mixture (S/B); b) concentrated

solutions of two heavy metals - Pb and Zn; and c) a flexible wall (triaxial cell) and a

rigid wall (consolidation cell) permeameter. Compatibility was analyzed in terms of

changes in the measured coefficient of hydraulic permeability (k) due to percolation

of the concentrated heavy metal solutions, and in terms of the capacity of compacted

c1ays to retain heavy metals. Testing procedures and sample characteristics were kept

as similar as possible for two apparatuses as a means of comparing their perform·

ances.

Permeability test results indicated that the k·values for kaolinite (2 • 5 x 10-7

cm/s) were independent of the apparatus employed, among several other parameters.

k-values obtained for S/B tested in the rigid wall permeameter remained in the range

of 2 • 6 x 10-9 cm/s independently of the initial hydraulic gradients applied and of the

concentration of the contaminant solution. For S/B tested with the flexible wall,

however, the measured k-values varied significantly depending on: a) the initial

hydraulic gradient applied; b) the saturation and compaction procedures adopted; c)

the concentration of the contaminant solution; and d) type of contaminant used (kz.

> k"b)' Differences in performance between the two permeameters were mainly

attributed to the more efficient saturation of triaxial samples.

Following permeability tests, the samples were sliced and chemical analyses

were performed to evaluate the adsorption characteristics of the compacted materials.

ln the case of compacted kaolinite, adsorption characterlstic curves (ACC) were

constructed. ACC constitute a more realistic approach ta the description of the parti­

tioning of contaminants between the solid and Iiquid phases in a barrier system, as

compared to Iinear adsorption isotherms obtained from batch equilibrium tests (sail

solutions). This has major implications in the definition of the retention parameter

ID he employed in contaminant transport modelling. Retardation factors calculated



baseù on ùistribution coefficients (Kd ) ohtaineù fwm ACe wcrc founù to corrt jatc

betler to those obtaineù ùirectly l'rom hreakthrough curves than rctarùation :'::ctms

calculateù baseù on kd wkt:n l'rom linear aùsorption ismherl11s,

Chemical analyses of hoth the compacteù sampks anù thc kachalt: Cllllcctt:ù

inùicateù that triaxial cell sampks aùsorbeù more contaminant than consoliùation œil

sal11ples. This was assaciateù with the saturation of the sampks. As ohst:rvt:ù in

previous works, ZIl was found to be more mohile than Ph ùue to its lower st:!t:ctivity

for clay surfaces.

For increased reliability, mnss halance calculations were pt:rforl11cù, Small

discrepancies between amounts introduced and detected were atlrihutt:ù to t:xpcri­

mental errors and ta limitations in the 'extracting' procedure followeù. Largcr

discœpancies were associated ta high affinity aùsorption.

1\
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RÉsUMÉ

Une étudt: de compatibilité entre argiles et contaminants a été faite en utilisant

: a) deux types de matériaux, soit une argil~ du type kaolinite et un mélange c:Jmposé

de 'JO % de sable fin et 10 % de bentonite (SIB); b) des solutions concentrées en

plomh et en zinc; c) un perméamètre à paroi souple (cellule triaxiale) et un à paroi

rigide (cellule de consolidation). La cOlopatibilité a été analysée en ce qui a trait:

1) aux changements du coefficient de perméabilité (k) mesuré à la suite de la

percolation des solutions, et 2) à la capacité qu'ont les argiles cllmpactées de retenir

les métaux lourds. Afin de b;~n comparer la performance des deux perméamètres,

la similarité des procédures ,-"périmentales ainsi que celle des caractéristiques des

échantillons a été autant que possible maintenue.

Les résultats des essais de perméabilité ont indiqué que, indépendamment du

perméamètre utilisé et de la variation de certains paramètres de contrôle, les valeurs

de k pour la kaolinite étaient raisonnablement constantes (2 à 5 x 10-7 cm/s). En ce

qui concerne les tests réalisés avec le mélange sable/bentonite, les valeurs de k

obtenues se situaient entre 2 et 6 x 10-9 cmls pour le perméamètre à paroi rigide et

ce, indépendamment du gradient hydraulique initial appliqué et de la concentration

de la solution de contaminant. Cependant, pour les tests réalisés dans le

perméamètre à paroi souple, les v.lieurs de k mesurées varia:ent significativement

selon: a) le gradient hydraulique inJtial appliqué; b) la procédure de C'.;mpactage et

de saturation adoptée; c) la cnncentration du contaminant; et d) du type de

contaminant utilisé (kz" > kl'b)' La différence de performance entre les deux

perméamètres était principalement attribuable à une saturation pins efficace des

échantillons analysés dans la cellule triaxiale.

À la suite des tests de perméabilité, les échantillons étaient tranchés puis

analysés chimiquement afin d'évaluer les caractéristiques d'adsorption des matériaux

cumpactés. Dans le cas de la kaolinite compactée, les courbes caractéristiques

iii



d'adsorption (CCA) ont été dressées. Les CCA offrent une meilleure deseription du

partage des contaminants entre les phases dissoute et partieulaire dans un système

où le matériau se trouve compacté que ne le feraient les isothermes linéaires

d'adsorption obtenues des «batch equilibrium tests». Ceci a des répercussions

importantes sur la définition du (des) paramètres de rétention à employer dans la

modélisation du transport des contaminants. Les facteurs de retardement calculés à

partir des coefficients de distribution (Kd ) obtenus des CCA sont en meilleure

corrélation avec ceux obtenus directement des courhes de percée (<<breakthmugh

curves») que les facteurs calculés en utilisant des Kd tirés des isothermes liné':ires

d'adsorption.

Des analyses chimiques des échantillons compactés et du lixiviat récupéré ont

indiqué qu'il y avait plus d'adsorption dans les échantilluns testés 'Jans la cellule

triaxiale que ceux testés dans la cellule de consolidation. Ceci a été relié à la

saturation des échantillons. Comme il a été observé dans d'autres travaux, le zinc

s'est révélé plus mobile que le plomb en raison de sa plus faible sélectivité pour les

surfaces argileuses.

Pour une fiabilité accrue, des bilans de masse ont été calculés. Les légères

divergences entre les quantités introduites et détectées étaient attribuables à des

erreurs expérimentales ainsi qu'à des limites reliées à la procédure d'extraction suivie.

Les divergences plus considérables étaient associées à des adsorptions dt plus grande

affinité (<<high affinity adsorption»).

iv
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(esu/cm2).

. _ dielectric constant of the bulk solution = 80 (water);

Yd '" scaled potential = (z.e""'oh)/(2.KT);

xvi
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CHAPTERI

INTRODUCTION

"Science can amuse and fascinate us ail, bur
ir is engineering r!lar c!langes r!le world."

Isaac Asimov

1.1 - Statement of the Problem

The contemporary ecological crisis has become one of the most widespread

and pressing issues of the late-twentieth century. The contamination of the

environment by industrial and consumer waste has reached global pro!'ortions and

poses unprecedented challenges; ta scientists in almost ail areas of research, technical

experts hoth inside and outside of industry, policy makers, regulatory agents, and to

the puhlic at large.

The safe disposai of hazardous waste is one important component in dealing

with the glohal environmental problem. This is a complex issue requiring the

intervention of professionais l'rom many different areas of expertise and backgrounds.

The difficulty of addressing the problem of how ta safely and efficiently

dispose of hazardous waste is intimately related ta the increasing volume of such

waste produced hy society: 3.3 million tons/yr in Canada (Gore and Storrie, 1982):
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Th~ main obstacl~ to achkving th~ d~sign and construction of a 'perfect'

barri~r li~s in our Iimit~d knowledg~of th~ compl~x physical. chemical and biological

int~ractions that tak~ place b~tw~~n tb~ myriad of constitu~nts found in any gi"en

landlïll and th~ barri~r material.

Prot~ction barrier design has r~ceived th~ alt~ntion of many researchers in

reœnt y~ars. and is th~ general topie to which the pres~nt r~s~arch work pertains.

1.2 - Scope and Objectives

Th~ most common typ~s of materials ~mploy~d in barri~r construction arc

c1ays and synthetic geomembranes, often used together to provid~ ùoubl~ protection.

Spray-on asphalt and hydraulic asphalt concrete are also ~mploy~d in certain cases

(Rowe, 1988). In this study, only c1ays were considered.

In arder to function properly as a protection barrier, th~ clay must have

specifie physical - ar geotechnical - characteristics (e.g.: low hydraulic conùuctivity,

sufficient shear strength and cohesion, etc.), as weil as specifie chemical characteristics

(e.g., high activity, high cation exchange capacity, high buffering capacity, etc.). These

characteristics determine whethe.r the barrier material is 'compatihle' with the type

of waste leachate Iikely to he generated in a landfill. The structurel of the harrier

The term "structure" of a soi! encompasses the comhineù effects of fahric
(macro or micro), composition, and interparticle forces.
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mat~rial must nlll ht: III/erecl significantly when it intt:racts with the kachate. In otht:r

worùs, th~ir inte~action must not caust: any major illlemai mplllre that would

~v~ntually I~aù to an incrt:ast:ù It:aching of contaminants l'rom tht: prolt:ctt:Ù sitt:. In

g~ott:chnical tt:rms, such kaching rt:sults l'rom an incrt:ast: in tht: hydraulic conductiv-

ity~ of tht: matt:rial.

IllIemal mp/ure is a term which designatt:s: 1) changes in the interlayt:r spacing

hetwt:t:n particks (dut:, for example, to the collapse of tht: elt:ctric double layer sur-

rounùing clay particles, or cracking); 2) changes in the spacial arrangement of groups

of particles (due, for example, to the removal of existing bonds); and 3) changes in

tht: t:quilihrium of forces that define the structurt:.

Among other tests, the physical characteristics of the clay barrier material are

t:valuated hy obtaining the Atterberg limits and by conducting permeability tests. The

cht:mical characteristics, or retention capabiIity, is accessed by conducting chemical

analyst:s with tht: samples extruded l'rom the permeameters, and with the leachate

collected.

Despite the importance of a proper evaluation of the long term integrity and

dfectiveness of the engineered clay liner, common regulatory requirements generally

estahlish an upper limiting value for the coefficient of hydraulic permeabillty (k) of

10- 7 cm/s (Zimmie, 1981; Harrop-Williams, 1985; Eklund, 1985; etc.). These pay

little or nu attention to the many mechanisms of contaminant-clay interactions which

The terms: codficient of hydraulic permeability, coefficient of permeabiIity,
hydraulic permeahiIity, and k-value will be used indistinctively in this text.
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are responsib!e for the attenuation (or accumulation) of contaminants. I-Iow k will

responù to these interactions and attenuation mechanisms. anù how it can he altcred

with time are quite often overlooked.

In light of the above, the main questions that !eù to the development of the

present research were:

1) how and to what extent do the contact between contaminants and

barrier materials affect the hydraulic conductivity (or hydraulic

permeability) of the materials ?

2) how and to what extent is the hydraulic permeability affccted hy the

technique (including the apparatus) used to measure it '!

3) how and to what extent are the contaminants retained hy the harrier

mate rial '?

4) what type of interactions take place, and what are the key elements

interacting "

Compatibility studies must take into consideration: a) the main contaminants

present in landfills that will be dther reclaimed or constructed; h) the various mate·

rials that can operate as protection barriers; and c) the interactions (rate and

dominance) between contaminants and the materials. Depending on certain condi­

tions and types of waste leachate involved, the complexity of the prohlem may
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hccome overwhelming, anù cannot be tackletl in one single research program,

requiring the combinetl efforts of many seientists.

With this in mintl, this work has atlempted to contribute to the solution of the

overall problem of safe lantlfilling of hazartlous wastes. Il is propnsed here to

analyze the compatibility nf clay snils with heavy metal h:~l:hate, in terms of:

1) possible changes in the measured cnefficientnf hydraulic permeability

of a clay due to leaching of concentrated heavy metal solutions; and

2) the capacity of the compacted c1ays to retain the heavy metals: how

and hnw much.

Ta address these questions, two clay sails and two heavy metals were seleeted

and the physics and chemistry of sail-contaminant interaction (compatibility) were

examined in light of some laboratory experimental results, and of the theories related

to the subjecl.

As can be seen in the scheme presented in Figure 1.1, the experimental work

involved mainly: 1) the characterization of the soils in terms of their mineralogical

and physico-chemical composition; 2) the performance of laboratory permeability

tests using two different apparatuses: a rigid-wall and a flexible-wall cell; and 3)

chemical analyses of bath the leachate recuperated and of the sail sampIes. The

results of these analyses were interpreted in light of the various models. principles

and theories commonly employed in geotechnology and in surface chemistry (e.g.:
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Gouy-Chapman's anù DLVO ùiffusc ùouhle-Iayer themies; the Donnan prilll:ipic

applieù to cation exchange; the Freunùlich moùe! of smpticn behavjollf. elc.).

1.3 - Statement of Originality

The most important contributions of this research wmk arc presenteù below.

1.3.1 . Adsorption by Compacted Samples

The partitioning of contaminants between the soliù anù liquid phases is an

important component in the control of contaminant migration thrnugh pornus meùia.

In this research, the use of adsorption characteristics curves of compacted

materials is introduced, and a techmque to determine them is prnposed. This

technique makes use of: 1) the results of chemical analyses of compacted samples

al'ter they have been permeated with contaminant solutions; and 2) c1assical

partitioning models. The adsorption characteristic curve of a compacted mate rial,

which is a more realistic approach in the evaluation of the partitioning of contami-

nants between the solid and liquid phases in clay barrier systems, is then compared

to the adsorption isotherm of the same material (obtained wlth soil suspensions).

At certain points, and due to the Iimited number of resuIts, the subject had to

be analyzed more qualitatively than quantitatively. A brief discussion about the

limitations of adsorption isotherms is presented in Chapter 2.
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1.3.2 . Permeameter Performance

l)

Although this particular suhject is not an original one, it continues to he of

great concern in environmental geotechnology (Dunn, 19H3; Daniel et al, 19H5;

Madsen and Mitchell, 1989; etc.).

The performance of the two most common types of permeameters - the

triaxial and the consolidation ceIls - were compared in an originul fashion. Previolls

studies have been concerned mainly with the ability of a certain apparatus to give the

'correct' coefficient of hydraulic permeability of the soiis (cons idering ail the

parameters that affect it). This study goes a step further and also considers the

results of chemical analyses obtained l'rom both the samples extruded and the

leachate collected. The initial testing conditions were maintained us similar as

possible for a better comparison of performances.

1.3.3 . Permeability and Adsorption

The performance of permeability tests and chemical analyses of hoth leachate

recuperated and soil sampIes are crucial parts of a complete compatibility analysis.

Both were conducted in the present work aiming at a better understanding of the

basic phenomena related to contaminant migration and retention. Special importance

was given to the identification of adsorption modes (precipitation, low affinity and
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high aftïnity typt:s of adsorption). Tht: rt:sults of this two phast: study is an important

stt:p tCl answt:ring tht: four questions mentioned previously.

1.4 - Organization of the Thesis

Tht: thesis consists of 5 chapters and 7 appendices, the contents of which are

as follows:

Chaplt:r 1 - Introduction: the statement of the problem, the scope and objectives

of the thesis, and the statement of originality are presented;

Chapter 2 - a review of the relevant Iiterature on compatibility studies: permeability

testing, and heavy metal retention;

Chapter 3 - presentation of the equipment, materials and methods used.

Chapter 4 - Interpretation of the results obtained l'rom permeability testing, and

suhsequent chemical analyses of the sampies. In the former, the

various parameters influencing permeability measurement are analyzed;

in the latter, the results of the analyses with both compacted samples

and leachate collected are presented and discussed. In order to help

in the interpretation of the chemical analyses and to support the

results, ion mass balances were calculated for several tests;
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Chapter 5 - a summary of the main conclusions of this research wmk is presented.

and a few suggestions for further research are proposcd. A personal

statement concerning the overall problems of ground wakr protection

closes the present dissertation;

Appendix A - X-ray patterns and details of the procedure used III oblain them:

Appendix B - IaboralOry sheets \Vith the results of some geotechnical tests per-

formed with the two materials;

Appendix C - description of the procedure used to obtain the CEe of the mate rials;

Appendix D - details of calculation ,,1' ;'b mass balances;

Appendix E - detaiis of the methodology for sample analysis after Ieaching with

heavy metal solutions;

Appendix F - presentation in tabulated form of: 1) the main physicai characteristics

of ail samples tested in the triaxial cell, before and al'ter permeability

testing; 2) ail permeability test results; 3) ail mass balance calcula­

tions.

Appendix G - 1) background on the theory related to adsorption on to chargcd

surfaces, with special emphasis on high affinity types of adsorption; 2)

calculation of the theoretical amounts adsorbed in the Stern layer and

Gouy diffuse layer (soil suspension), and comparison with experimcn­

tal data (batch equilibrium tests).



CHAPTER2

LlTERATURE REVIEW

"... 01/ kinds of arguments may be re/eI'ant.
A rypical procedure is to examine whether our
tlJeories are consistent with our observations."

K Popper, in "Conjectures and Refutations",
Roueledge, London, 1969

Three subjects of interest in environmental geotechnology are addressed in the

present chapter:

1) compatibility studies are reviewed focusing on how they are perceived

and performed;

2) the development of laboratory permeability tests and the main points

of concern related to choice of apparatus and testing procedure are

reviewed;

3) the most common heavy metal retention modes are identified and

appropriate definitions involving adsorption onto charged surfaces are

given. The use (and misuse) of partitioning coefficients (partitioning

of contaminants between the solid and Iiquid phases) are revised and

its use in the case of compacted material is criticized.
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Literature Review

A brief review about contaminant transport modelling is presented as an

introduction to the topics of permeability testing and heavy metal retentioll. In this

fashion, the importance of permeability and retention is evidenccd in tenns of the

need to develop or perfect laboratory (and field) techniques to obtain reliahlc

parameters to apply to the models.

2.1 . Compatibility Studies

With the advent of engineered clay barriers for ground water protection in

hazardous waste landfills, there has been an increased interest in c1ay-leachate

compatibility' analyses in contaminant migration studies.

By and large, the compatihility of clay barriers with leachate is generally

evaluated only in respect to changes in the coefficient of hydraulic permeability (k)

of the clay, on the assumption that it reflects changes in the index properties and/or

in the internai structure of the soil. If little or no change is obselVed during

permeability testing, and if the k value is below the usual 10-7 cm/s established by

most regulatory agencies, the clay liner may be eventually considered satisfactory.

Here are a few examples:

A1ther et al (1985) studied the influence of inorganic permeants on the

permeability of bentonite. They concluded that, depending on the nature of the ions

See explanation about the term 'compatibility' in Section 1.2.
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in the solution permeated, there was sorne significant variations in the coefficient of

hydraulic permeability of the bentonite.

Lcntz et al (1985) investigated the effec! of bath acidic and caustic permeants

on the k value of kaolinite and kaolinite-bentonite mixtures. Only at very high pH

did the caustic permeant alter the hydraulic conductivity of their test soils. The

authors took the care ta mention that "future reports of permeability changes should

give as much detail as possible about the chemistry and mineraiogy of the sail

studied." They also suggested "that research is needed into possible reactions which

could be induced within the sail pores ta create favourable changes in permeabiIity."

Acar et al (1985) used non-polar and polar organic fluids as permeants during

permeability tests with kaolinite. They observed significant changes in the k value

only when sorne concentrated solutions were percolated. For aIl dilute organic

solutions and sorne concentrated ones, the coefficient of hydraulic permeability

remained unaltered. They explained the variations in flow characteristics "by dif·

ferences in the surface forces of interaction due ta changes in the chemical properties

of the pore tluid."

Bowders and Daniel (1987) obtained similar resuIts with dilute organics

percolated through kaolinite and an illite-chIorite mixture.

Eklund (1985) compared the effects of water and waste leachate on the

performance of sail liners, by the observation of possible changes in the coefficient

of hydraulic permeabiIity. They concluded that the barrier materials were "effective
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in containing the ... leachate", hecause the permcability values were lower than 10-'

cm/s.

Yong ct al (1985) studied the effects of leaching of cnntaminated solutions ,li!

the strength and integrity of a natural clay from Matagami. Ouchec, during crcep

(stress - strain tests). Their results showcd that, depending on the type of lcachate,

there may be fabric/stTUcture reinforcement or degradation, and changcs in the

relationships betwecn sail particles and the pore tluid.

Bowders et al (1986) suggested the determination of the index properties of

the soil prior to permeability testing in compatihility analyses. "If the leachate does

not affect the index properties of the sail, it is not likely to affect the permeahility."

Peirce et al (1987) analyzed the effect of selected inorganic leachate on the

permeability of three natural clays. In order to assess the long term compatihility

between clay and leachate, they permeated as many as 50 pore volumes of the

chemicals through the samples. Only small changes were ohserved, even at rather

high concentrations of nickel nitrate, which the authors expected to cause significant

changes in the measure k value.

Ouigley et al (1988) assessed the compatibility between the Sarnia hrown and

grey clays and domestic waste leachate by means of permeahility tests. According to

the authors, these clays seemed compatible to the leachate, "at least with respect with

hydraulic conductivity",

Storey and Peirce (1989) evaluated the impact of methanol solutions at various

concentrations on the hydraulic permeahility of an iIlitic clay. The compatihility
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analysis was complemented with: the determination of the Atterberg limits; particle

settling tests; and dectrophoretic mobility studies. These were used to determine the

dfects of changing methanol concentrations on clay particle behaviour.

Budhu et al (1991) conducted a series of consolidation tests with three

different types of clays, and calculated the coefficient of hydraulic permeability based

on the consolidation and compressibility coefficients (c,. and a" respectively) obtained.

TI1t:ir samples were prepared by mixing the dry material with organic fluids. They

reportcd a correlation established between dielectric constants and observed changes

in permeability.

It is important to note that, in most of the works mentioned above, there is

a clear concem about the effects of the testing equipment and technique on the

results obtained. This aspect of a compatibility study was also tackled in tbis

research program.

In view of the above, it is dear that the concept of compatibility analysis has

nnt reached consensus yet, i.e., the analysis of the impact of leachate on the

geotechnical characteristics of compacted clay soils is not a closed issue.

ln fact, scientists have been devoting a great effort to the development of

more effective techniques for chemical analyses of test samples and leachate recuper-

ated during permeability tests (or leaching columns). They can serve as powerful

tools to help in the assessment of: a) the long term capability of the clay to retain

contaminants (Warith, 1987); b) the long term stability of the soil in contact with the
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leachate (Yong et al, 191'5); and c) the main mechanisms of n:tention involved

(Alammawi, 1988).

Indeed, the quest of the 'ideal' permeameter, and the dcvelopment of more

sophisticated contaminant transport models have reœivcd considerable mon:

attention than the study and understanding of retention mechanisms. A qualitative

evaluation of the main retention mechanisms, associated with the testing conditions

of this research work, is presented during the interpretation of results.

2.2 . Parameters for Modelling

Several authors have discussed over the years the various aspects of

contaminant transport and retention through porous media. The many details related

to the advective transport of pollutants (including the determination of hydraulic

permeabilities), as weil as their dllTusive transport (hydrodynamic dispersion and

molecular diffusion) have been the subject of numerous reecnt theses and articles

(e.g.: Goodall, 1975; Boynton, 1983; Dunn, 1983; Warith, 1987; Nobre, 19H7; Shackel­

fard, 1988, Weber, 1991, etc.; Crooks and Quigley, 1984; Dunn and Mitchell, 19H4;

Quigley et al a,b, 1987; Yong and Samani, 1988; Yanful et al, 1988; Rowe et al, 19HH;

Barone et al, 1989; Yanful et al, 1990; Sha::e!ford and Daniel, 1991; Yong et al, 1991;

just to mention a few ones).
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The retentinn of contaminants has received increased attention l'rom

researehcrs in cnvironmcntal gcmechnolob'Y. who have been borrowing l'rom soil

scicnccs not only thc thcorics and concepts developed about the matter (e.g.: double

layer thcory). hut also the techniques to obtain the relevant parameters used to

cxplain rctention phcnomena during contaminant transport (e.g.: cation exchange

capacity. distribution coefficients, buffering capacity, etc.)

In order to predict contaminant migration, a series of advection/disper-

sion/diffusion models have been proposed and/or adapted. :nost of them based on the

law of conservation of mass and Fick's first law (Freeze and Cherry, 1979).

Ogata (1970) made sorne modifications to a modeI early proposed by Ogata

and Banks (1961) for granular medium; he included a source-sink term in the advec-

tion/dispersion/diffusion equation to account for mass transfer between the solid and

liquid phases (adsorption). Ils one-dimensional formulation is presented in Equation

(I.~).

where :

Pb '" bulk mass density [M/I}];

n '" porosity;

éJC
=

éJl
(1.2)
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S - mass of chemical constituent adsorbed to the solid phase Ill' the

porous medium per mass of solids [MIM]:

C _ solute concentration [M/L']:

D, _ coefficient of hydrodynamic dispersion:

\1, "" average linear velocity along the tlow line:

"" coordinate direction along the tlowline; and

t "" time.

This model, or variations Ill' it, have been widely used in environmental geote­

cbnology with different degrees of complexity (Crooks and Quigley, llJH4; Desaulniers

et al, 1984; Quigley et al, 1987 a,b; Yong and Samani, 19117 and 1'!1l1l; Rowe, 1'!1l1l;

Rowe et al, 1988; Barone et al, 1989; Yanful et al, 1990; Sbakelford and Daniel,

1991), e.g.:

one- bi- or three-dimensional form;

assumption of constant or variable diffusion/dispersion coefficients and

porosity (Yong and Samani, 1988);

consideration or not of chemico-osmotic effects (Yong and Samani,

1988);

inclusion or not of geochemical models to account for precipitation, ion

exchange, sorption (adsorption/desorption);

etc.
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Gcncralizcù cquatiuns have also been proposed (Nobre, 1987; van Genuchten,

197X; Boast, 1973); ncw terms were aùdeù 10 Equation (1.2) in order to describe: a)

radioactive decay; b) biological activity; c) source/sink of fluid int%ut of the system;

clc.

Mangold and Tsang (1991) made an exceIlent summary of most hydrological

and hydrogcochemical moùels (codes) for subsurface tluid tlow and solute transport.

Thcy presented a criterion for selection of the most adequate model, as weil as an

expianation of their main characteristics.

Independent of the model anù its degree of complexity, there remains the

problem of finding reHable parameters to feed them. Experimental techniques have

to be developed or perfected, either in the field or in the laboratory, in order to

obtain such parameters.

ln this research work, the interest is placed in the advective and retentive

(adsnrptive) characterlstics of contaminant migration. However, the importance of

diffusion and osmotic flow in the study of contaminant migration must not be

neglected. In fact, at low advective velocities (associated with a coefficient of

hydraulic permeability lower than 10-7 cm/s), the principal mechanism of contaminant

transport is likely to be diffusion (Cheung et al, 1985). Flow through porous media

can also be partly due to differences in solute concentration between 2 points in a

clay soil system (Olsen, 1972). The importance of osmotic flow increases with

increasing compaction pressures and decreasing water content (Oisen, 1972). The
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l diffusive and osmotic characteristics of contaminant migration arc not analvzcù in this

thesis.

Velocity is the parameter which descrihes advectivc tlow. amI it can hc

evaluated hy performing permeability tests. The adsorptive capacity is oftcn

expressed in terms of distribution coefficients. which arc ohtained from adsorption

isotherms. In l:~::' following sections it is presented a hrid revicw of thc pertincnt

Iiterature related ta: 1) permeability testing; and 2) the retention characteristics of

charged surfaces (adsorption isotherms and distrihution codficients).

2.3 - Penneability Testing

Bdore the awakening of the environmental prob\em. the main engineering

problems related ta permeability testing were: the stahility of slopes, seepage, anù thc

settlement of c1ays (Lambe, 1958; Mitchell et al, 1965).

More recently, however, the attention has been diverteù to field and lahoratory

permeability testing of campacteù clays, useù in the containment of toxic wastes.

Inùeed, an impressive number of technical articles have heen puhlished ahout this

topic in the past 10 years, e.g.: mast papers incluùeù in the special puhlications STP

746 (1981) and 874 (1985) from ASTM (the former includes a state of the art review

on hydraulic canductivity measurement by Oison anù Daniel, whereas several papers

in STP 874 are dedicated ta the debate aver the best equipment for permeahility
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measllrcment); Madsen and Mitchdl (1989); etc. Several lllhers were cited in the

prcceding sections.

Il must he remarked the increasing interest in the effect of different leachate

in the final results obtained.

According ta existing regulations, most of the responsibility for the quality of

a liner is attributed ta the coefficient of hydraulic permeability of the clay barrier

material. According ta Zimmie (llJR1), "[permeability is] probably the most

important hydrogeologic parameter in a hazardous waste siting study...", and

"estimates of tlow quantities and patterns can only be as accurate as the value of

hydraulic conductivity used ta make them" (Dunn and Mitchell, 1984).

Thus, the development (or perfecting) of reliable methodologies ta obtain k,

either in the laboratory or in the field, is one of the most serious challenges environ-

mental geotechnologists have been facing.

Hydraulic conductivity is one of the most difficult sail parameters ta measure

accuratdy, because of the numerous variables intluencing it, including:

the molding water content, density, method of compaction, and effort

of compaction (they ail affect the structure of the compacted sail,

which also affects k);
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the hydraulic gradient applied;

the size and distribution of clods;

the type and concentration of electrolytes in the soil-water;

the type of permeameter;

etc. (Lambe, 1958, Mitchell et al, 1965; Dunn, 19H3; DUllll and

Mitchell, 1984; Daniel et al, 1985; Boynton and Daniel, 19X6; Madscn

and Mitchell, 1989; Benson and Daniel, 1990; Yong et al, 1991; ctc.).

Il is not our purpose in this chapter either to review the dctails concerning

permeability testing, or to discuss about the advantages and disadvantages of

experimental techniques. The bibliography cited above can he of helter service. lt

needs only to be remarked that the controversy related bnth the validity of lahoratory

permeability results (Mitchell and Younger, 1967) and the choice of the most

adequate permeameter (e.g.: Daniel et al, 1985; Madsen and Mitchell, 19H1) is still

very actual, and involves discussions about problems related to: side-wall leakagc

(e.g.: Edil and Erickson, 1985; Acar et al, 1985), saturation procedures (e.g.: Dunn,

1983; Dunn and Mitchell, 1984; Daniel et al, 1985; Yong et al, 1991), development

of desiccation cracks during testing (Bowders et al, 1986); application of high

confining pressures (Peirce et al, 1986; Boynton, 1983, in Daniel et al, 19R5);

application of high hydraulic gradients to acce1erate tests (Yong et al, 1991), etc.
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2.4 - Heavy Metal Retention
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Rett:ntinn hy charged surfaces involves several chemical processes. Of those,

ion t:xchangt: and precipitation seem to be the most common ones; or rather, the

mnst considt:red ont:s in environmental geotechnology. Quite often, the term

sllrptillR (adsorption and desorption) is used in the technical literature to designate

the two phenomena together. Sorption can also include specifie and high affinity

types of retention (defined later in this chapter). Other retention phenomena, e.g.:

diffusion into the lattice, are not discusst:d in the present text.

The retention of contaminants has received increased attention from

environmental geotechnologists, who are aiming at a better understanding of the

retention capability of clay soils. As evidenced by the results obtained by AIammawi

(1988), the understanding of retention mechanisms can give a better idea of how

'tightly held' the adsorbed species are. In other words, it is possible to evaluate

whetht:r or not the adsorbed ion species will remain adsorbed to the particle surface

inddinitely - due to Coulomb and short range forces acting in the Stern layer (Kruyt,

1952; Yong and Mohamed, 1991) - or if they will be desorbed, in a situation where

a different type of leachate cornes in contact with the soil partic1es.

The rate of retention (adsorption/desorption) term (ôS/ôt) of Equation (1.2)

is oftt:n expressed in the form of Equation (1.3):
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(1.3)

where oSloC represents the partitioning of the contaminant hetween the solid ami

liquid phases.

The partitioning is often quantified hy conducting hatch equilihriul11 tests,

followed by the construction of an adsorption isotherm (often the 'Freundlich

isotherm') of the material to the specific contaminant species. The slope of the linear

portion sometimes obselVed in the low concentration range (initial portion) of the

adsorption isotherm is often used to represent the partitioning, as widely recom-

mended in the geotechnical literature (e.g.: Freeze and Cherry, 1979; Bowders et al,

1986), and by environmental regulatory agencies (EPA, 1987). The slope of the

adsorption isotherm is often designated as the partition. or distribution, coefficient

Rowe et al (1988) describe another technique to obtain the distribution

coefficient. The results of a modified cCJlumn tesl are used to adjust the diffusion

coefficient and Kd• Their model also assumed linear sorption, Le., constant K,p and

reversible sorption.

The hypothesis of a constant Kd (the slope of the 'linear' Freundlich isotherm),

and reversiblc sorption/desorption exchange reactions ta describe the partitioning of

contaminants between the solid and Iiquid phases (Freeze and Cherry, 1979; Desaul-

niers et al, 1981; Bowders et al, 1986; Quigley et al, 1987b; Rowe et al, 1Y8il; Barone
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et al, 1YHH; Barone et al, 19H9; etc.) are two of the most serious limitations of

col11mon transport models employed in environmental geotechnolo!,'Y'

The consideration of reversible reactions implies the acceptance that only low-

affinity physi-sorption, or non-specific adsorption2, takes place in heavy metal reten-

tion phenomena, without paying much attention to high affinity types of physi-

sorption, or specific adsorption3
, and to chemi-sorption4

•

The assumption of linearity of the Freundlich isotherm, i.e., a constant K,p is

a very comfortable attitude that does not reflect reality with exactness (Molinari,

19H6), particularly when one is dealing with heavily contaminated sites (Rcwe et al,

19HH; Shackelford and Daniel, 1991). In sorne cases, the concentration of heavy

metals in landfill leachate may be in the hundreds of parts per million (Clark and

Piskin, 1977; Moore and Luoma, 1990). At such high concentrations adsorption

isotherms are no longer straight lines and the assumption of the contrary can lead to

an erroneous evaluation of the retention capability of a material being considered as

a protection barrier.

Adsorption in the DDL involving only electrostatic forces (Greenland and
Hayes, 1978).

Adsorption in the Inner Helmholtz Plane - IHP - and in the Outer Helmholtz
Plane, where coulombic, ion-dipole, and dipole-dipole interactions take place
(Yong and Mohamed, 1991; A1ammawi, 1988). Higher energies of adsorption
are involved as the ion becomes partially dehydrated close to the solid surface
(Greenland and Hayes, 1978).

[nvolves valence forces acting in coordinate covalent bonds, and electron
transfers (Hayward and Trapnell, 1964).
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Although non-lïnear adsorption isotherms have been considered ami lIsed by

chemists (surface chemistry) and soil scientists for quite a long time now, most con-

taminant transport and retention models still make lise of Iineur adsorption isotherms

ta describe the partitioning. Only very recently have geotechnical literatllre men-

tioned the necessity of using non-linear adsorption isotherms to descrihe more

realistically the partitioning of contaminants between the waste leachate and the soil

partieles of a elay liner material (e.g.: Yong et al, 1991; Shackelford and Daniel,

1991).

In fact, even the use of non-linear adsorption isotherms is not sutTicient to

describe this partitioning. Liners are made of compacted clay mate rial, and

compaction causes a reduction of the 'effective' exposed surface area of the mate rial

(Yang et al, 1991), which is not the case of a sail in suspension, where ail partiele

surfaces are 'available' for exchange ta take place. This may lead to an improper

evaluation of the effective capability of the compacted sail to retain heavy metals

(Yong et al, 1991).

This subject is discussed in further detail in light of the results ohtained

(Chapter 4, Section 4.2).

Another point of concern is related ta the choice of the appropriate isotherm

ta describe the partitioning. In the majority of the cases in environmental geotechno-

logy, the Freundlich model is used. However, many other models - e.g.: Langmuir's,
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another 'common' model - can eventually better describe the partitioning for specific

cases.

The literature related ta adsorption models is quite extensive. AIthough the

main characteristics, advantages, disadvantages, and limitations of each are not

discussed here, it is worthwhile referring ta sorne of the works we came across:

Helfferich (1962): basic Iiterature on ion exchange and ion

exchangers;

Kipling (1965): basic Iiterature about different types of adsorption: liquid

on Iiquid, liquid on solid, gas on solid, etc.;

Griffin and

Shimp (1976): shows a straightforward example of the use of the Lang-

muir model;

Gregg and

Sing (1982): mostly devoted to the B.E.T. general isotherm;

- Kinniburgh (1986): mostly Freundlich and Langmuir with differ-

ent degrees of sophistication;

.,

- Harter (1986): a very interesting collection of articles, dating from last

century to the last decade, dealing with the evolution of

concepts of adsorption.
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From the present review, a few points may he noted. One is related to the

increasing importance attributed to chemical testing of hoth test samples and leachate

in compatibility analysis. This is a clear recognition that not only the observation of

changes in the physical parameter coefficielll of Izydralllic penneabiliry are of impor-

tance in the evaluation of clay-leachate interactions.

A second point to be noted is that the search for the 'ideal' permeameter and

permeability testing procedure is not a c10sed issue yet, although most researchers arc

not focusing on it now as much as they used to in the early and mid 1980's (Weher,

1991). Lately, the need to weil describe the soil's physico-chemical characteristics, as

weil as the leachate's chemical characteristics, has become more and more important

in the evaluation of clay-Ieachate compatibility and long term stability of clay harriers.

The latter is precisely the next point to be noted: the long term structural

stability of clays in the presence of leachate must b.., viewed also in terms of the

retention mechanisms involved. This is certainly one of the most promising topics

environmental geotechnologists will have to address in the near future.

Another point to be remarked is related to the need of estahlishing testing

procedures for chemical analyses of samples and leachate collected during

permeability testing. As mentioned before, a procedure is suggested in the present

research work.
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Finally, it must be kept in mind one of the main goals of permeability testing

anù chemical analyses of samples and leachate: the prediction of seepage quantities

and rates of plume advancement. If refined models are to be used for that purpose,

the parameters useù in them must rellect, as c10sely as possible, the reality.



CHAPTER3

MATERIALS AND METRODS

"Experience is the liante C"{''J'ont'
~ri\'es to (/rdr mis/ake.t"

Q.,'cilr Wi/clc

The various Sections in this chapter were organized in a sequence that retlects

the order of evolution of the experimental work, as summarized in the scheme

presentect in Figure 3.1. Basically, the experimental work comprises: characteriza-

tion of the materials, performance of constant head permeability tests, and chemical

analyses of the leachate collected and of the samples extruded after the permeability

tests.

Laboratory permeability tests were performed throughout the experimental

phase of this research work using IWo types of soils, three types of permeants, and

IWo types of permeameters.

One of the objectives of this research work WOlS to compare the performance

of two types of permeameters usually employed in the geotechnical practice, and the

results of permeability tests obtained with them. For that purpose tlexible wall and

rigid wall permeameters were used. The initial testing conditions were as similar as

possible for both permeameters; this included: (1) type of soil; (2) type of
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;

contaminant and concentration range in the solution to he tlushed; (3) initial water

content of soil samples; (4) dry density; (5) the method and energy of compaction;

(6) the saturation procedure (in sorne cases only); (7) hydraulic gradients applied;

and (8) the same type of chemical analyses of the samples extruded and leachate

collected.

Their performance will also be judged in light of the results of the chemical

analyses, i.e., by comparing the retention patterns of samples tested with each of the

permeameters for the same set of conditions mentioned above.

Details concerning tests performed \Vith the rigid wall permeameter will be

omitted l , except when they serve the purpose of comparison between the two appar-

aluses (one of the objectives of this research work).

3.1 - Materiats

The two soils chosen, a kaolinitic clay and a mixture of sand and bentonite,

have different physico-chemical properties (Tables 3.1 and 3.2), which affects henvy

metal migration. Water and two heavy metal solutions were used as permeants. The

choice of the two heavy metals (Iead and zinc) is related to their different mobility

Ail the credits for tests executed with the consolidation cell must be given to
Lawrence Weber, a graduate student colleague who completed his M. Eng.
program in 1991. The reader is referred to Weber (1991) for additional
information on the experimental procedures concerning tests with the consoli­
dation cell.
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Figure 3.1 • Scheme of Experimental Work and Data Reduction.

in soils (Phadungchewit, 1990), to the different selective affinity of clay minerais for

these Iwo metals (Mitchell, 1964 and Soong, 1974; in Forstner and Wittmann, 1981)

and tu the fact that these Iwo heavy metals are generally present in hazardous waste

leachates.

As compared to Pb, 211 is more mobile and have a lower selectivity for

charged surfaces (Farrah and Pickering, 1977; Phadungchewit. 1990). A higher

l
••

mobility and lower selectivity implies that the contaminant will no! be retained as
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dfectively by the clay particles, thus the interest in studying these two heavy metals.

This suhject is addressed in more detail in Section 4.2.5.2.

3.1.1 . Soils

A kaoli... 'tic clay, Hydrite PX (Georgia Kaolin Co.) and a mixture of 90% fine

to medium sand (Silica 40) and 10% Na-hentonite2 were tested. Typical

sand/bentonite (S/B) liners in Quebec have bentonite contents in the 5-15% range

(Chapuis, 1990). A1though kaolinite is rarely used in environmental geotechnology

practice as a barrier material, it has been studied and reported on extensively,

thereby permitting one to compare results obtained from this study with other

reported results.

X-ray diffraction results indicated very little amorphous materials and no

quartz, smectites or organics in the kaolinitic soil. Trace amounts of feldspar and

mica were present in the bentonite obtained from Avonlea Minerais Ind. of Saska-

tchewan. The X-ray patterns for both materials and details of the procedure used

are found in Appendix A.

The geotechnical properties of both soils are presented in Table 3.1. The

results of sorne preliminary characterization tests - liquid limits (LL), compaction

curves, and grain size distribution of the kaolinite and Silica 40 sand - are presented

Na is the predominant exchangeable cation of the bentonite, as indicated in
Tahle 3.2.
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l
Property Kaolinite Sand/Bentonite

(90%/10%)

Liquid Limit (LL) 69.0% 355% (bontonite)

LL wl 200 (or 500) ppm Pb-sol 70.5% 328% (bontonite)

IL LL wl 1500 ppm Pb-sol 70.2 -
Plastic Limit (PL) 30.8 55% (belllonite)

Unifiod soil classif. CH CH

Specifie gravity 2.6 2.66

Proctor Maximum dry donsity 13.1 17.2
(kN/m')

Optimum moisture COntont 32.0% 16.0%

% clay size rnaterial (ASTM) 86.0% 1O.(h.

Specifie surface "'o~ ,nt";1 :.~.O H55 ',\I.l"r.1"wi. 19RR) (for
bentoll1te nnly)

Diam. of sand grains (mm) - 0.06 - 0.6

Table 3.1 - Geotechnical and Physical Propenies of Kaolinite Hydrite PX and a
SandIBentonite Mixture (90%/10%).

in AppendÎlt B. The influence of one of the contaminant solutions in the LL of the

IWO soils was verified. Changes in the Atterberg limits (e.g.: either lowering or

increase of the LL) may be used as a first indicator of the effect of a liquid on a sail

(Yong and Selig, 1961; Bowders and Daniel, 1987). A drastic change in the LL

indicates that the structure of a compacted clay may be affected when it is in contact

with the specific leachate.

As expected, the LL of the kaolinitic clay was not affected even by a highly

concentrated lead solution. The slightly lower LL of the bentonite obtained with a
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'';.. 500 ppm Ph-solution (328%, as c:ampareù ta 355% for ùistilled water) indicated that

the structure of the hentonite clay may he affecteù during percolation of concentrated

Ph-solutions.

In orùer to evaluate the dispersibility of the compacted sand/bentonite (S/B)

material, a pinhole test was performed following the methodology described by

Sherarù et al (1976). The effluent had a 'milky' colour in the beginning of the test,

soon passing to very clear. When the sample was taken out and sliced, it could be

noticeù that the 1.0 mm hole created by the needle had expanded to several

millimetres. The need for a pinhole test appeared during the interpretation of sorne

tests that are discussed in Section 4.1.2.1.

The chemical properties of kaolinite and bentonite are presented in Table 3.2.

The cation exchange capacity (CEC) was determined using an adaptation of the

ammonium acetate method as described in Black (1965; in Chhabra et al, 1975),

which also gave origin to the EPA Method 9080 (EPA, 1986). The ammonium

acetate method is "a reference to which other procedures are compared (Chhabra

et al, 1975):'

The results abtained fall weil within the range of reported values (Grim, 1968;

Yong et al, 1986). Details of the procedure used to obtain and ci\lculate the CEC

are described in the Appendix C.

The CEe of kaolinite - a variable charge type of clay - arises from

isomorphous substitution within the crystal lattice, and from hydroxylated edges at
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1 Property 1 Kaolinite 1 Bentonite
1

sail pH (range of 3 tests) 4.3 - 4.7 8.6-8.8

Cation Exchange Capacity (meq/IOOg) 7.00 109.0
index exchangeable cations:

Na' 0.31 63.7

K' 0.48 1.9

Ca" 0.16 35.7

Mg- 0.02 7.5

exchangeable H+ 2.86 -
exchangeable Al'+ 3.23 -

% by mass of: (J,48 NA
AIP3

Fe20 3 (Galvez, 1989) 0.00 NA

Si02 0.70 NA

. .carbonate content NA 0.00

total amorphous content U8 NA

organic content (Galvez. 1989) 0.00 0.00

Table 3.2 - Chemical Propenies of Kaolinite Hydrite PX and a Sand/Bentonite Mixture
(90%/10%).

broken bonds (Uehara and Gillman, 1981). Due to the latter, it is pH dependent;

in the acidic range H+ and AP+ become very important for the calculation of the

total CEe (Grim, 1968). Also, at low pH. the Al is dissolved from the crystal

structure and has the ability to replace index cations on the exchange sites (Duquette

and Hendershot, 1987; Boland et al, 1980). In the present case, the ammonium
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acelale solulion was acidilïed 10 pH = 3.6 by the addition of acetic acid, thus the

percentages of Ii+ and A/J + in the total CEC of the kaolinite are rather high, as can

be seen in Table 3.2. The acidification was performed to increase its extracting

capacity (Farrah anu Pickering, 1978), and because the permeants were also acidified

to this pH (see Section 3.1.3) and these acid conditions should prevail inside kaolinite

samples.

For constant charge types of clays - like bentonite - the participation of these

two ions in the total CEe is negligible. The exchange capacity arises mainly due to

unbalanced charges in the structural unit of the clay that are balanced by adsorbed

cations (Grim, 1968; Grim and Guven, 1978).

A Beckman ~ pH/lSE was employed for pH measurements.

The concentration of the various cations was obtained by atomic absorption

spectrometry (AAS) with a GBC 902 Double Bearn Atomie Absorption

Spectrophotometer. The exchangeable Ii+ was determined u~ing an adaptation of the

method described by Jackson (1967). The procedure is described in the Appendix

C (Section C.11).

3.1.2 - Adsorption Isotherms

To complete the full characterization of the clays, the adsorption of Pb by the

two materials was determined by constructing adsorption isotherms, or quan-
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tity/intensity (Q/I) plots, as preferred hy Barrow (1985), who advm:ates that the latter

designation is a more appropriate nomenclature.

The use and importance of these and other isotherms in the practice of

Environmental Geotechnology were discussed in detail in Seetion 2.4.

Batch equilibrium tests were performed following the procedure deseribed by

EPA (1987) (equivalent to the ASTM standards ES-JO-ilS and D4319, deserihed in

a simplified form in Bowders et al, 1986), in order to construct the materials'

isotherms. Batch equilibrium tests may also be used to "obtain an estimate of how

many pore volumes of flow will be necessary to achieve hre:!kthrough of a constituent

into the effluent liquid (Bowders et al., 1986)." Gnly a very rough estimate can

actùally be obtained (if any at ail !), hecause the adsorption characteristics of

compacted material are not the same as that of soils in a suspension. This is

discussed in detail in Chapter 4 (Section 4.2.3).

Initially, different concentrations of lead solutions were prepared dissolving

lead nitrate (Pb(NOJ)2) in distilled water. Lead nitrate was chll5en hecause it is very

soluhle. The pH was then adjusted to 3.6 for the reasons mentioned later in Section

3.1.3. For kaolinite, the concentrations were: 50. 250, 500, 1000, 1500, and 2000 ppm,

and for S/B they were: 250, 500, 1000, 1500, 2000, and 3000 ppm.

For each concentration a suspension was prepared hy mixing 4 g of soit with

40 ml of the concentrated Pb solutions in Nalgene tubes. The 10: 1 liquid:solid ratio

is recommended by EPA (1987) for batch enuilibrium tests. Triplicates were

prepared to ensure accuracy.
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After mt:chanical shaking was Idt for 24 hours, the tubt:s wt:re centrifuged and

tht: supernatants colkctt:d. Tht:se supt:rnatants and the blank solutions were then

analyzed by atomic absorption for Pb.

Tht: amount adsorbed/mass of soi! (in grams/grams),q, was caJculated for each

value and plotled against the equilibrium concentrations, C, using tht: formula':

q =

wht:re: Co = concentration of b!ank Pb solution

v = vo!um~ of tluid (40 ml in this case);

M = dry mass of soil (4 g in this case);

V/M = 10 mI/g.

(3.1)

Sinet: Co and C are expressed in ppm, a simple conversion was needed to

prest:nt q in more appropriate units, i.e., grams of Pb adsorbed/grams of soil, using

the following formula:

q ; (Co-C) x (10 mllg) x (1xl0-5 glml) (3.2)

.1 the nomenclature q is widely used in the technical (soil science) Iiterature to
designate the amount adsorbed/mass of soil.
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The adsorption isotherms for kaolinite and S/B are presented in Figures 3.2

and 3.3, respectively.

600
'='
'0
G)-0 400
Cl.....
'0
QI
,Q..
0 300G)
'0 •
III
,Q
Il. Power curve IIttlng cquallon:-2000 • b
Cl q • aC (Freundlloh Modetl-Il) where:
1

0 100~ a· 0.000173 b • 0.4162 R2· 0.89•
CT

2600600 1000 1600 2000
Equlllbrium Concentration (ppm)

01-----'------'-------'-----'--------'
o

Figure 3.2 - Partitioning of Lead Between the Solid and Liquid Phases in a
Kaolinite Suspension (Adsorption Isotherm).

The equations shown in the graphs of Figures 3.2 and 3.3 were obtained by

power curve fitting using the Freundlich model: y = kCllp (Helfferich, 1962). This

particular model was selected mainly because it has been widely used in environ-

.... mental geotechnology (Freeze and Cherry, 1979; Bowders et al, 1986: U.S. National
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Figure 3.3 - Partitioning of Lead Between the Solid and Liquid Phases in a
Sand/Bentonite (90%/10%) Suspension (Adsorption Isotherm).

Research Council, 1990) and "is one of the most extensively used in water and waste

water treatment" (Sweeney et al, 1982). According to Hayward and Trapnell (1964),

"the Freundlich isotherm is often obeyed over wide ranges of adsorbed amount".

Other mndels, like Langmuir's can also be used with success to fit experimental data

(Ha~'Ward and Trapnell, 1964).

From the isotherm data, the concentrations of lead solutions to be used in the

experimental program were selected.
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As a verification of the consistency of the results obtained. the maximum

adsorption values of each curve were converteù l'rom g",,/g'''i into mcq/1OOg in orLlcr

to compare them with the respective CEC's of the materials (obtained with the same

aciùilïeù ammonium acetate solution). Equation (C.I) (AppenLlix C) hall to be

aùapteù to the volumes useù ùuring construction of the isotherms, i.e., 40 m\ insteaLl

of 100 ml of ammonium acetate. Using the ùata presenteù in the Appendix F:

1) for kaolinite: (Co·C).,,., = 393.4 ppm = 0.3934 g/I

18//) x 40m/ x 100g x 1000
q<uû = ."..".~--=,.-..,..------=--..,....,---::-=

1000m/ x 4g x equ. weight of Pb
= 3.11 meq/IOOg

This value is 46% lower than the total CEC of the kaolinite (7.00 meq/lOOg).

Two arguments can be resorted in arder ta expiain this difference: 1) part of the

exchangeable A/+++ may have not been displaced oy the divalent Ph; anù 2) the

ammonium acetate may not be 100% efficient as extracting solution (Karamanos et

al, 1976; Farrah and Pickering, 1977). Supposing 100% efficiency of the ammonium

acetate and considering that no aluminum was displaced oy lead, the contribution of

A/+++ to the total CEC· 3.23 meq/IOOg. can be added up to the value founù aoovc-

3.8 meq/1 OOg • and the difference is e1iminated.

2) for S/B: (Co·C)."" = 947.2 ppm = 0.9472 g/I
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q = 0.9472g// x 40m/ x 100g x 1000 = 9.14 meq/lOOg
wb ](JOOm/ x 4g x equ. weigizr of Pb

The CEC of the mixture is approximately 109.0 x 10% = 10.9 meq/100g (the

contrihution of the fine sand is negligible), which differs from the maximum

adsorption calculated above by only 16%. This difference can be attributed to minor

experimental errors and, agair, to the fact that ammonium acetate may not be 100%

efficient.

ln another fmm of cross check, the present experimental results were

compared to the theoreticaJ quantities of Pb adsorbed by montmorillonite, as given

bya modification of the DDL model discussed by A1ammawi (1988) and Yong and

Mohamed (1991). The background theory, references and calculations are presented

in Appendix G.

3.1.3 - Permeants

Tluee types of permeants were used during the experimental program:

distilled water, lead solutions at several concentrations, and one concentrated zinc

solution. In this fashion, not only the intluence of the type of permeant

(contaminant), but also that of the concentration of the contaminant solution, on the

calculated eoefficient of hydraulic permeability is evaluated.
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The greater affinity of clay minaals for Ph, as compared to Zn (Mitchell,

1964; Soong, 1974: hoth in Furstner and Witlmann, 19RJ; Farrah and Pickering, 1977;

Phadungchewit, 1990) suggested the use of these two contaminants.

Il is relevant ta note that the concentrations of the two heavy metals (Ph and

Zn) in very contaminated sites can be as high as the ones used in this research work

(Moore and Luoma, 1990; Clark and Piskin, 1977). From the low 5 ppm of Ph

existing in municipal landtïB leachate (Cartwright, 1984; l'rom various sources) to

695,000 ppm existing in the sail subjacent ta a drum site in Miami (Singh et al, 19R4)

aB concentrations can be found depending on the type of waste. Characteristic

concentrations of Zn in leachate and domestic waste waters may vary l'rom 1 to I,oon

ppm (Cartwright, 1984), and be as high as Il,000 ppm in very contuminated sites

(Moore and Luoma, 1990).

Disti/led Water

Distilled water was used to saturate the samples prior to leaching with the Ph

or Zn solutions. In sorne cases (see description on saturation procedure later in this

chapter), distilled water was actuaBy llushed through kaolinite samples; this gave a

reference permeability of the soil ta water. The pH of the distilled water was in the

range of 5.2 to 5.7.
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Lead Solutiolls

As in the case of the adsorption isotherms, Pb solutions were maùe by mixing

leaù nitrate (Pb{NOilz) and distiIled water.
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Figure 3.4 - Pb·· SoJubility Curves for Different Initial Concentrations (from
Galvez, 1989).

In order ta keep an acidic environment inside the kaolinite samples, il was

decided ta lower the pH of the lead solution ta 3.6 by the addition of nitric acid, for

several reasons:
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Figure 3.5 - Allsorption of Pb++ on Kaolinite as a Function of pH and Initial
Load (from Galvez, 1989).

1) Below pH = 3.6, no significant precipitation occurs, i.e., most of Ph

remains in solution (horizontal lines in Figure 3.4), and the maximum

adsorption of Pb by kaolinite is achieved (indicated by the peak in

Figure 3.5). In this fashion, lead is not adsorbed in the hydroxy form

(Farrah and Pickering, 1979), as can be seen in the schemc of Figure

3.6. Precipitation may eventually cause blockage of the pores (Dunn

and Mitchell, 1984; Yanful et al, 1988);



Materials anu Methous 4R

,..

load .pplied
CI~~---~--------- ---- --------- - -- ---------

. . . .
. . . . . .

•
• •

• •

· .

load precipita!ed •

P6~OH), l- .

pH .

•
.. " • • • 14 • • • • •

1
.......... A '1 • ,. ..

_.,." ..... ~" .
- 1
~ + .== ".. ".& .4 "

PHo
(:t 4.5)

a
o

~
Il

~
'3
ua

Figure 3.6 - Graphie Representation of Lead Forrns (from Galvez, 1989).

2) With increased precipitation at pH > 3.6 the recovery of the adsorbed

ions is not facilitated due ta stronger bonds, i.e. cation and/or hydrogen

bridging, between the precipitate and the clay surfaces (Wang, 1990).

3) The migration of heavy metals is facilitated in acidic conditions (Yanful

et al, 1988a). It was also the purpose here ta create the worst scenario

.,
of contamination.
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Because the natural pH of the kaolinite used is low (see Tablc 3.2), this sim­

plitïcation worked very weil; the pH of the diluent dwpped during Icaching of the

very t'irst pore volumes from 4.7 (values as high as 5.3 were also measured) to 3.5.

The practice of acidifying the contaminant solution was maintained for tt:sts

with the S/B mixture. In this case, however, the natural pH of the mixture was high

(see Table 3.2) - and so was the pH of the collected leachate - indicating that

precipitation may have occurred during leaching (see discussion in Section 4.1.2).

For kaolinite, three concentrations of Ph solutions were sclected based on the

material's adsorption isotherm, which was presented in Secti,lll 3.1.2 (Figun: 3.2).

They were chosen ta cover a wide range of concentrations: the lowest - CI = ± 250

ppm of Ph - was taken l'rom the initial increasing portion of the graph; the

intermediate - C2 = ± 850 ppm - was taken from where the CUlVe begins 1O levcl off;

and the highest - C3 = ± 1750 ppm • from the near horizontal section, at which

point the material is not able to adsorb any more contaminant.

Due to time constraints only two concentrations of Ph solutions were selected

for the tests with the S/B mixture: Cl = ± 600 ppm and C3 = ± 2500 ppm. They

represent the t'irst part and the horizontal (Ievell"d off) section of the material's

adsorption isotherm (Figure 3.3 in Section 3.1.2).
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A Zn solution WOlS maue hy mixing Zn50of 7Hp anu uistilled water to obtain

a Zn concentration of ± 2000 ppm. The solution was also acidified to pH = 3.6 by

addition of concentrated sulphuric acid.

Due ID time constraints, only one sand/bentonite sampie was percolated with

Zn solution.

The Zn solution WOlS prepared to percolate a SfB sample in a test designed to:

1) compare the mobility and retention pattern of the IWO heavy metals (Pb and Zn)

under similar test conditions, i.e, the same type of permeameter, gradient, saturation

proceduœ, confining stress, etc., and 2) evaluate the effect of a concentrated solution

of this heavy metal in the measured coefficient of hydraulic permeability of the

sand/hentonite mixture.

3.2 - Permeameters

Thœe standard triaxial cells were modified to flexible wall permeameters for

this experimental program. A schematic diagram of the cell is presented in Figure

3.7. "Double drainage Iines to both the top and bottom of the specimen facilitate the

tlushing of air bubbles l'rom hydraulic Iines..." (Daniel et al, 1985). The base, top cap,

and hydraulic Iines. were made of Tetlon: the fittings were made of stainless steel ta
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prevent rusting and reaction with the contaminant solution. Siùe-wall leakagc is

minimizeù hy the application of a confining pressure which also simula tes overhurùen

pressure on the sample (Yanful et al, 1990)." The two latex membranes surrounding

the samples were tested in a highly concentrateù kad solution (SOOO ppm), and founù

non-reactive. Figure 3.8 shows the total setup. Regulators were self aùjusteù for

changes in atmospheric pressures.
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Figure 3.7 - Schematic Presentation of the Flexible Wall Permeameter
(Triaxial Cell).

The rigid wall permeameter was a modified consolidation ceIl, as shawn in

Figure 3.9. The outer ring was made of stainless steel, with a Delrin inner ring and

Tetlon top cap. AIl fittings were staiuless steel. Several improvements were made ta

IwO cells which were especially manufaclured for this experimental program (Weber,

19(1).

The advantages and disadvantages relative la Ihese two permeameters, as weil

as Iheir main ~haracteristics were discussed by Daniel et al (1985), Madsen and
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Figure 3.1l • Photograph of the Complete Setup Usetl for Perrneability
Testing with Triaxial CeUs.

Mitchc::ll (1989), Weber (1991), Yong et al (1991), among othel5.

3.3 - Sample Preparation

ln this section details of the methotloloh'Y usetl to mix antl compact samples

is given in the arder of their execution. Care was taken to ensure consistency antl

repeatability.
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Figure 3.9 - Schematic Presentation of the Rigid Wall Permeameter (Con­
solidation Cell).

3.3.1 - Soil Mixing

Ali sail samples were initially mixed with distilled water and left in a humid

ronm for equilibration. In the case of kaolinite samples, a minimum of 24 hours was

alloweù. S/B samples were left 72 hours to equilibrate. The longer time for the

latter samples is due to the bentonite's affinity for water (Grim and Güven, 1978).

To nhtain the best uniformity possible with S/B samples, the Silica 40 sand was first
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mixed with the Na-hentonite (dry mix). and only then water was slowly added without

allowing the formation of pools. This mnforms with most reeommel1ll<:d prol:<:dure

for SfB preparation in aetual field work (Lundgren. llJX 1). lt is nonet hekss illusmy

to assume total uniformity of the sampks.

3.3.2 - Compaction

Sampks were statically compacted on the wet side of the Proetor <:lll>'e. i.e .•

optimum moisture content (OMC) + 2 to 3% for kaolinite. and üMC + 2% for sm.

It was decided to compact wet of the Proctor optimum to minimize the intluenl:<: of

clod size and interclod void size on the hydraulic conductivity of the materials

(Benson and Daniel, 1990; Daniel and Benson. 19l)()). The maximum llry densities

and üMC of the materials are shown in Table 3.1. According to Dunn and Mitchell

(1984) "static compaction induces the lowest level of shear strain. and thus should

produce a less dispersed fabric, with higher hydraulic conductivity", and lahoratory

permeability values of statically compacted samples tend to relate hetter with field

values. Dunn and Mitchell (1984) also indicated that the static compact ion method

"produce[s] replicate samples of the hest ljuality". This is of utmost importance if the

effect of structure on the coefficient of hydraulic permeahility is to he minimized

(Mitchell et al, 1965).

Samples tested in the in the rigid \\Iall permeameter were mmpacted directly

in the cell in two equal lifts, each reljuiring a pressure of approximately 1400 kPa -
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for kaolinite, anu 10,000 kPa - for S/B, to altaÎn the desired height of approximately

1.'1 cm (diameter = 6.3 cm). Compacting directly in the cell minimizes the risk of

side-wall leakage (Weher, 19(1).

An HO cm3 compact ion mold was used ta prepare samples for the triaxial cell.

Ail kaolinite sampies were compacted in 5 lifts requiring a pressure of approxi­

mately 1,475 kPa (per lift) to altain the desired height of 8 cm (diameter = 3.56 cm).

Sorne S/B samples were compacted in 5 lifts, whereas, for comparison, others were

Cllmpacted in 3 lifts.

The sail was scarified hetween lifts for enhanced uniformity. It was particu­

larly difficult tu maintain a constant pressure for ail lifts during compaction of S/B

samples, the ,ariation being mure significant for samples compacted in 5 lifts than

those compacted in 3 lifts. In the former case the pressure varied from approximate­

ly 4,500 kPa in the first lift ta 10,500 kPa in the final lifts. In the latter case the

pressure varied from 8,300 to 12,400 kPa. It is also very possible that these values

vary from test to test, althuugh not significantly.

ln order to assess the uniformity of S/B samples prepared by static

compact ion, a sampie was sliced into 5 sectiuns just after being compacted in 5 lifts.

Contrary to the lack of uniformity found by Mitchell et al. (1965), who statically

Clll11pacted silty clay samples in a mold with the same dimensions as the one usee:! in

this experimental wurk, the results presented in Table 3.3 show very clearly that S/B

samples were, for ail practical purposes, quite uniform.
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1

p
2 tested apart
3 weight of dry soi!

slice => top top-mid middle mid-hot hottom
parameter

Il

W%1 18.8 19.0 18.9 18.9 18.9

vol (cm3) 17.91 15.6H 15.13 15A2 1Cl. Il:!

W (g) 35.IH 30.HI 29.72 3(UO no~

G, 2.66 l

WDS 3 29.61 25.H9 25.00 25.4H 27.HO

eu 0.61 0.61 n.61 n.ClI O.ClI

S% 82.1 82.7 82.4 H2.4 H2.4
W'1o ot the matenal betore com actton - IIU"/o

Table 3.3 - Results of a Test to Access the Uniformity of S/B Samples.

A slurry consolidation test was performed with kaolinitc in a separatc

apparatus, and from the consolidated material ohtained one sample was trimllled.

A permeahility tests was performed with it in the triaxial cell. This test was designed

to evaluate the inl1uence of the compaction procedure on the coefficient of hydraulic

permeahility of kaolinite.

3.3.3 . Installation
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Tht;re are, as yet, no ùefinite specifications for sample dimensions, as far as

permeahiE1Y testing is concerned. Baseù on the literature reviewed, it seems that the

rationak normally used is ta adjust sample dimensions either ta the type of

equipment availahle, or ta the type of test.

ln the' present case, triaxial kaolinite samples were trimmed ta a final height

of 7 cm. The amount of mate rial used was sufficient ta perform aIl the necessary

chemical analyses with the samples after permeability testing l'lith spare material

available for water content measurements. Following the suggestion of Edil and

Erickson (19!l5), who also worked with a sand/bentonite mixture, it was decided ta

trim S/B samples ta a final height ()f approximately 4 cm. In this way, there was

suftïcient material for subsequent chemical analyses (see Appendix D), and high

gradients could be applied with lower driving pressures, thus reducing the risk of

hentonite migration. From the trimmed material, sorne was kept for initial water

content measurements.

After trimming, the sample was weighed, ilS dimensions were measured with

a caliper, and quickly wrapped up in plastic film (cellophane) to maintain the

moisture content.

Installation proceeded under water (in a container big enough ta fit the cell

base) ta minimize the possibility of entrapped air between the first latex membrane

and the sample. Two Whatman filter papers, Grade 1, were placed on each of the

two 3.5 It porous polyethylene (a non-reactive substitute for the usual porous stone)

and mois ned before installing them at each end of the:: sample. Nter the second
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memhrane was in place. 6 ruhher O-rings. :; al each end (top cap ami hase). were

installeù tl1 prevenl leaks. The lines were tïlled with water hy means of a plastic

hOllle with a nozzle to minimize - again - the dfect of entrapped air.

The cell was then mounted on its hase.

In the case of the consolidation cell, trimming was not neœssary, hecause the

sample already haù its t'inal height after compact ion. As a l'Onselluenœ, no excess

mate rial was available for initial water content measurement. After weighing the œil

with the compacted soil, and placing a pornus stone on each end of the sample, with

Whatman filter papers (Grade 1) making the contact between the porous stol'es and

the sample, the cell was mounted on its base, and the top cap was fitted. Further

procedural del'lils are given by Weber (1991).

3.4 - Consolidation

The next step involved the consolidation of the s'Impie tl1 the maximum overall

(contïning) stress ta which the sample would be suhmitted. The cornpletion of

primary consolidation occurred very quickly for hoth materials, hecause cornpact ion

pressures were quite high cornpared to the consolidation pressures applied.

A new consolidation step was perforrned whenever there was an increase in

gradient during testing.
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3.5 - Penneability Testing

60

Constant heau permeahility tests were performeu with inl10w and outl1ow

volume ratt.:s monitnred. Large discrepancies hetween the two are associated with

leaks - causing interruption of the test; small discrepancies may be associated with

continuing saturation of the samples.

The contaminant was introduced from the boltom and collected at the top.

Permeahility testing using hydraulic gradients much higher than actual field

conditiuns can cast doubt on the validity uf laboratory results (Mitchell and Younger,

1967), hecause of particle migration, amung other reasons (see discussion in Section

4.1.2.1 ).

To evaluate the inl1uence of the hydrauIic gradient on the coefficient of

hydraulic permeahility of the suils when heavy metal solutions are permeated, three

different gradients were applied: the lower was Il = 25, which is not much !::gher

than gradients existing across clay barriers in certain waste punds, where values as

high as ~O are the case (Dunn and Mitchell, 1984); the intermediate gradient was 12

= 50, and the higher 13 = 100. Higher gradients (up to 400) were applied in the end

of certain tests to investigate the response of the samples to very high gradients.

3.5.1 - Description of Test Samples
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A nomenclature WolS created to help identifying eacll sam pk. \Vith a kw

exceptions, the designations are wmposed uf:

1) the identification of the permeameter: C for wnsulidatiun .:ell. and T

for the triaxial cell;

2) the identification of the soil: K for kau\inite, and sn fur the

sandlbentonite mixture;

3) the identification of the contaminant: Ph for kad, ami Zn for zitll:;

4) the identification of the initial gradient: Il, 12, and 13 (see description

above). If the gradient is changed during the test, il is indicated in the

graphs with the results;

5) the identification of the concentration of the permeant solution: CI,

C2, and C3 (descrihed previously in Section 3.1.3);

6) an eventual extension may he given. For example, 111' means hack

pressure applied, and NB means no BP applied. The meaning of the

extensicn is always explained in the tex!.

Thus, sample TSBPhI3C3NB was tested in the Triaxial cell using the

Sand/Bentonite mixture, under a gradient 13 = IOU, the concentration of the

permeant solution was C3 = 2500 ppm, and Nu Back pressure was applied, i.e., the

sample was saturated by llushing with apprnximately 2 pv of distilled water. Sample

TSBPbI3C3BP, had the same characteristics, hut was saturated hy Back Pressure.
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3.5.2 • Saturation

62

Kaolinite sampks tested in hoth cells were saturated hy llushing with ± 2 pore

volumcs (pv) of distilkd water, exœpt for two tests performed with the triaxial cell,

for which the hack pressuring was employed. For S/B testcd in the consolidation cell,

the saturation phasc was considered complete after ± 2.5 pV had been leached.

Several authors, referred lU by PeIrce and Witler (1986), consider that the

saturation phase is reasonably complete after IWo pore volumes of permeant have

heen llushed. In fact, the llushing method is not ideal for fine clays, because partially

saturatcd conditions may exist, therefore rendering the measurement of the

codt'icient of hydraulic permeability more complex: osmotic head and adsorptive

head may have to be considered (Hamilton et al, 1981).

The hack pressure technique was not u;;ed with the consolidation cell because

of the increased ;k of side·wallleakage (Edil and Erickson, 1985). Samples had to

he assumed 'saturated' after llushing with the 2 or 2.5 pv. During saturation, a

signilïcant amount of air was eliminated from the samples. Measurements taken

during this proœdure provided a reference permeaLiiity value of the sail to water,

i.e .. a hasis for comparison to the values measured with the "ontaminants.

The first S/B sample tested in the triaxial cell was also satumted hy llushing

with 2 pv, and Skempton's parameter B (Skempton, 1954) was measured after the

t'irst and second pv had leached. In bath occasions, quite low values 'Nere measured,

indicating that saturation was far from heing complete. It was decided, however, ta
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pmceed with the Ieaching of Ph-solution ln maintain similarities \Vith tests perfmmed

in the consolidation cell.

Due to the above, ail other samples tested in the triaxial cell \Vere saturated

by application of back pressure (BP) to distilled water simultaneollsly at the hollOll1

and at the top. Although this constitutes a signitïcant diffcrencc l'rom lt:sts pt:rformt:d

with the consolidation cell, it was considered that tht: comparison h,~twt:t:n the two

permeameters had to 'ake into considerations the advantages t:adl had. For a

detailed discussion about the diffen:nt methOl;S of BP application tht: reader is

referred ta Dunn (1983).

In this experimeutal program, BP was always applit:d in steps of 34 kPa ('"

5 psi). Accarding ta Dunn (1983), "if back pressure is applied too rapidly, or using

increments which are tao large, with applied effective stress held constant, some 01

the samp!e may be overcansolidated as compared to other portions of the sampie."

The chamber pressure was always 3.4 kPa ('" 0.5 psi) higher than the hack

pressure ta maintain the seal between the sample and the memhrane.

Follawing recammendatian of Edil and Erickson (19X5), it was lirst decided

ta allow 30 minutes for equilibration hetween the first steps. This interval turned out

to he too short: in the first tests, BP as high as 340.0 kPa (= 50 psi) had to he

applied to obtain a B-value of 0.95. It was then decided to increase the intervals for

equilibration, resulting in lower final BP's (136.0 to 170.0 kPa). However, saturation

procedures were rather lengthy, taking almost 5 consecutive:: days. Figure 3.10 shows

the evolution of the measured B-value for a representative test; the time intervals
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Figure 3.10 - Variation of the Measured B-value with Increasing Back
Pressure Applir?tion.

hetween steps are indicate.t.

BP was maintained throughout the tests, otherwise dissolved air would

"immediately hegin to come out of solution, and the measured hydraulic conductivity

wlluld decrease (Dunn, 1983)."
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3.5.3 - Details of Tests

ClS

As mentioned before, the rates of t10w in the burelles ln' and 'out' were

measured throughout the tests ;'"! nrder to verity the steady state condition. The

interval hetween readings was quite short in the heginning of each test so that any

possihle leaks, or other kind of problems could he promptly identitïed. As the

coefficient of hydraulic permeahility levelled off, readings were spaced. When testing

low permeability mate rials, it is preferahle to wait for a dear rise (or fall) in th..:

burelle level, otherwise it can lead to a wrong caiculation of the value of the

coefficient ni hydraulic permeability.

The pr~ssu;e levels were controlled throughout the duration of the tests. The

chamber pressure was always 13.6 kPa ('" 2 psi) higher than the pressure applied at

the hurelle 'IN' in arder ta maintain the seal hetween the sample and the memhrane,

thus avoiding leaks alang the membrane. This levd of contïning pressure does not

seem ta influence the measured value of the coefficient of hydraulic perll1eability

(Boyntan, 1983; in Daniel et al, 1985). It was also sufficient to prevent swelling of

the samples; measurements taken "fler extrusion of the samples did not indicate any

change in sampIe dimensions. A vertical piston placed on top of the triaxial samples

also helped ta prevent vertical swelling.

It is important ta note that the confining pressures applied were weil within

tlle range of actual averburden pressures existing in hazardous waste landtïlls - 60 to

370 kPa (Peirce et al, 1986; from various sources).
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The pressure configuration for a typical test is shawn in the scheme of Figure

3.11.

Leachate was collected approximately after each pore volume had been

perco:<llcd. [t was poured into glass tubes, labelled and stored for future analyses.

To execute this step, the valves had ta be closed for a few minutes.

A~ mentioned in Section 3.4, every time t:le gradient had ta be increased, the

sample \Vas consolidated ta the ne\V level of "i'f::ctive stress to be applied.
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3.5.4 - Termination of Tests

h?

Although the termination criteria suggested hy Peirce and Willcr (l'J~h) was

normally followed (the slope of the curve k versus pore voluilles collected Illust not

differ significantly l'rom zeroJ, the Illllment tll stop a test varied accmding III its

purpllse. Thus, sorne tests were terminated al'ter llnly 4 or 5 pv's had been collecled.

wht::reas others would he terminated after as much as 16.5 pore volumes had been

collected. The latter were designed to evaluate the long term stahility llf the samples

percolated with conccntrated heavy metal solutions. Wheneyer ccII leaks occurred,

tests were terminated immediately.

3.5.5 . Sampie Extrusion

In the context of the present work, extrusilln is the removal of the sam pie

l'rom the permeameter. Once the ccII has heen cllmpletely disassemhled. lines

disconnected, o-rings, top cap and tïller papers removed, the memhranes surrounding

the samples are carefully cut. The sample was then weighed, its dimensions were

measured wi,h a calliper, and then cut into 4 (kaoliniteJor 3 (SIB) sliccs, each heing

weighed. The height of each slice was also measured. Some material was taken l'rom

each for final water content meaSUfement and calculation of the final saturation (S)
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along the sample. They were then wrapped in plastic film and stored in labelled

plastic hags for future analyses.

For the purpose of this experimental work, the slices were designated T, M,

8, and lI(s) - the latter for kaolinite only. B(s) was a very th in slice taken l'rom the

very hottom, where the contaminant solution was introduced. With B(s) it was

possihle to ohtain the concentration of the contaminant very close to the point where

the contaminant was introduced. According to Griffin et al (1976), Warith (1987),

among others, heavy metals are retained in the very first centimetres of clay barriers.

Il was later decided to abandon B(s) for tests with S/B because of difficulties

associated with trimming a thin slice l'rom this particular material.

3.6 - Chemical Analyses

[n this section, the methodology for chemical analysis of soil samples extruded

after permeahility testing, and of the Ieachate collected is presented and dLcussed.

The chemical characterization of the soils and solutions were introduced previously

:'1 this chapter.

Chemical analyses of soi! samples are fundamental for a proper evaluation of

the compatihility hetween soils and contaminams. The methodology presented here

is adequat" for soil samplt:s which were percolated by inorganic contaminants. For
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organie contaminants the approaeh is 'luite ùifferent. anù vary acwrding to Ihe tYl'l'

anù concentration of the elements in question. anlllng other fnctors.

ln orùer to stanùarùize :he saml'les tl1 he analyzeù hy AAS and for enhanccd

efficieney, the pH uf every supcrnatant and leachate was adjllsled lu 3.(, h)' addin~

acetic acid (ur sulphuric acid, in the case uf Z,,). In this fashiun, precipitatiun uf Ph

ur Z" as uxides was minimized (Figure 3.4). SinCè the soils contain no llI'ganÎC mat­

ter. ehelation. or sequestering of the metals was not of conccrn.

3.6.1 • Leachate

The effluent collecteù during permeahility testing was analyzed ehemieally for

the contaminants of interest (Ph and Zn).

When needed, dilutions were made by using distilled watcr with a 1'1-1 of 3.6,

adjusted with concentrated nitric acid (Ph) or sulphuric add (ZIl). When the

concentration in the leachate was within the Iimits of deteetion of the AAS apparntus,

the Ieacha:~ itself was acidified.

The results of these analyses were used to help in the cnlculatl\Jn of Ph mass

balances, and to construct breakthrough cuIVes, which give an indication of the

potential for breakthrough hy a particular contaminant through a soil; they selVe as

weil as too1s for calculation of retardation factors, which are then used in contaminant

transport models (Freeze and Cherry, 1979; Bowders ct al, 19H6). The use of

retardatioll factors obtained from adsorption isotherms is criticized and compared to
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·r

r<:tardation factors ohtained l'rom adsorption characteristic curves of wmpacted

mat<:rial' (Chapt<:r 4).

3.6.2 . Soit Samples

There are, as yet, no delïnite standardized procedures ta analyze sail samples

al'ter lea<:hing with contaminants. A methodoloh'Y is proposed in this research work.

Ils outlines are descrihed helow and the details are specified in the Appendix D. The

results of these analyses serve as touls in the assessment of the long term per­

formance of a protection barrier material.

The material obtained l'rom each slice was first washed with distilled water to

remove the contaminated pore fluid. Washing was performed in two steps, each

involving mechanical shaking and centrifugation. The supernatants obtained Wére

stored in lahelled glass hottles for future analysis by AAS (Pb ++). The soil was then

removed l'rom the Nalgene centrifuge tubes and dried before preparing triplicates for

each slice. Sorne material was spared for the determination of the exchangeable .Ir.

This procedure had to he slightly adapted for S/B samples: due to their

different densities, hentonite and sand do not settle together during centrifugation,

making it very difficult to recuperate the soil l'rom the Nalgene tubes without

changing the ratio 90% sand/lO% bentonite. For this reason, it was decided ta avoid

Term delïned latel in this chapter.
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two steps: removal of the soil from the œntrifuge tuhes and drying. To make up for

the amount of dry mate rial desired (4.0 g). the amount of wet material to he plaœd

in each tuhe was calculated hy adding a surplus equivalent to the final water mntent

of the slice - previously calculated. For example. if the final water mntent was 24~;·.

and 4 g of dry material was specitïed. then 4.'16 g of wet mate rial had to he used.

Kaolinite sampies can he analyzed using the same procedure as S/B samples; thus.

only the procedure used to analyze S/B samples was dcrailed in the Appendix D.

Washing was followed by the 'extraction' procedure. ln the present case.

extraction involved the exchange of the adsorhed contaminant hy ammonium ions

(NH~) by effect of concentration. A concentrated solution of ammonium ace ta te was

used and its pH was adjusted to 3.6 by adding acetic acid. In this fashion metals are

found as ionic species in solution (Figures 3.1.3). Other efficient extractants, e.g.:

silver-thiourea (Chhabra et al, 1975; Phadungchewit, 1\)l)O) were not tested for

comparison due to time constraints. Fortunately, the results of lead mass halances

(presented later, in Section 4.2.5) showed that, in most of the cases, the technique

adopted was quite successful.

Triplicates for each slice were made by mixing the mate rial with a specilïed

quantity of ammonium acetate solution in Nalgene tubes. The mixture was Idt to

shake, centrifuging followed, and the supernatants were collected in plastic hotlles.

This was repeated three times in order to optimize the extraction.
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For tests with kaolinite, the contents of 10 hottles had tn he analyzed by AAS

for Ph' " Na', K" Ca H, M!!.++, and A/l
+; 3 for the Top, 3 for the Middle section,

3 for the HottOln, and 1 for B(s). In the case of SIB, the contents of 9 hottles (3 for

each slice - T, M, and B) were analyzed for the same e!ements, except A/l
+. The

exchangeahle H+ was not measured either - the reasnns for which are explained in

Section 3.1.1.

As mentioned bdore, the hnttles containing the supernatants of the washing

procedure were analyzed only for Pb + +.

The average quantities adsorbed by each slice were plotted against the

concentration in the equilihrium solution, in the same graph used ta plot the

material's adsorption isntherm. Regression analyses (power curve fitting) were

performed and 4 l.ul ,~S were ohtained, one for each kaolinite slice. The Freundlich

mode! was again used. The curves obtained were called 'adsorption

characteristic of compacted materials'.

3.6.3 . Mass Balance Calculations

The procedure for lead mass halance calculations is presented in the

Appendix E. Basically, the amnunt of Pb (or Zn) introduced in the system is
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compared to the sum of amounts found in the system as: adsorheLi species: as ionie

species in the aciditïed kachate. or in the pore Iluid.

"The estimation of Ihese retained ions hy mass halance is of greal importance

in designing the required depth and/or the volume of clay soil which woulLi he re'lui·

red Hl perform effectively as a harrier system in the landtïll site" (Yong cl al. 19H11).

This form of 'book keeping' gives more rcliahility ln the resliits of chemical

analyses. However, there arc several diftïculties - or limitations - associateLi with !cali

or zinc mass halance calculations, the most important heing:

1) Possibility of contamination of the glassware dllring thc nllmefllllS

dilutions when highly concentrated solutions arc beil1g tested;

2) The fact that almost no 'extractant' is IOD% efficient (Kar;oI11anos ct al.

1976; Farrah and Pickering, J977);

3) The occurrence of high affinity adsorption (adsorptiun in the Stern

layer), rendering the metal thus adsorhed less availah!c f()f exchange

(Alammawi, 1988); and

4) The possibk presence of colloids in the supanatant duc 10 imperfect

separation of phases (Gschwend and Wu, 1')1'5; Servos and MlIir,

1989). In this case, some of the adsorhed species would not he

identified by AAS.

These limitations are comillenteù \n de ta il during the presentation of results.
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CHAPTER4

RESULTS AND DISCUSSIONS

"Nature JeemJ to abhor hUlldrrd percelll"
Karl Tenaghi, ill "About Life alld Li"illg"

Geotechllique, 1961

Sorne of the results presented and discussed here were also discussed by Yong

et al (l'J'JI).

Following the arder that the experiments were performed. the results of per-

meahility tests are presented and discussed first, followed by those of chemical ana-

lyses of both leachate and test samples, according to the scheme shown in Figure 4. I.

Test results will often bf: presented in groups in order to simplify the

discussion. In this fashion, the effect of several parameters on the coefficient of

hydraulic permeability of the materials, and on their adsorption capability may be

addressed in a more straightforward manner, avoiding reference to many scaltered

figures.

4.1 . Penneability Tests

In this section. the terms triaxial ccli and consolidation cell will quite

frequently be employed to designate, respectively, the flexible wall and rigid wall
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.,

p<:fJncamcters uscu in this research work; the uesignatioll sand/hentonite mixture will

he ahhreviateu to S/B; anu the terms 'high' m' 'Iow' coefficient of hydraulic

permeability (or k-value, or coefficient of jlermeability, or simply permeability) will

be employed in comparison to the 1.0 x 10-7 cm/s usually required as a minimum

value by environmental agencies for clay barrier materials (Zimmie, 1981; Eklund,

1l)1{5; Harrop-Williams, 1985).

The results of tests performed with each one of the two materials will be

presented separately; for kaolinite, results ob,ained with bath permeameters are

presented together, whereas for th,' S:13 mixture they are discussed separately, i.e.,

on<: section for each permeameter. A comparison of the performance of the two

apparat uses to measure the coefficie-· of hydraulic permeability of S/B samples is

presented.

Some tests were continued ta almost total breakthrough l in order ta access

the long term contaminant/clay compatibility. Continuous monitoring of the sail

permeahility (k) was one of the means used ta detect eventual failure mechanisms

due to physico-chemical interactions in the c1ay-lcachate system (Eklund, 1985).

Chemical hreakdowns, reflected in internai structural changes of the

compacted soils, were partly evaluated by the measurement of the samples

characteristics and dimensions hefore and after testing for permeability, and by visual

The condition C/Co = l, i.e., the concentration of contaminant in the effluent
elJuals that of the input solution.
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inspection of the samples al'ter testing. These characteristi.:s arc sllllllllarized in the

Appendix F.

ln general, the dimensions of the kaolinite and S/S salllpics did not change

signitïcantly due to percolation of contaminant solutions, independently of the Cllnccn­

tration and/or type of contaminant. This indieates that any changes arc Iimited III

internai rearrangements of micro and ultra-microscopic structures (dolllains and c1us­

ters) without affecting the macro structure. In fact, void ratios did nm change

significantly due to percolation; they were always calculated bdme and after testing.

Also, the excess chamber pressure of 13.6 kPa was sufficient to prevent swelling l'rom

occurring, as discussed in Section 3.5.3.

Following sectioning of the samples, measurements taken for each slicc

generally showed Iittle or no difference between water Cllntents. This indicates a

certain uniformity within test samples. The final degree of saturation for each sample

was aIso calculated; the values obtained were always very close to S = 100%, as

opposed ta the 84 ta 88% (kaolinite) and 74 to 79% (S/8) in the heginning of tests.

4.1.1 . k-tests with Kaolinite

From the results of permeability lests with kaolinitt:, shown in Table 4.1, it is

seen that the range of k values for ail tests lies between J.3 x 10-7 cm/s and 6.5 x 10-7

cm/s, i.e., the k value of the materiaI was not suhstantially affecteù hy the introduction

of the Ieaù permeant. These results agree with previous experience with kaolinite
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:;dt"".:;.O' h ellte! '" l'tl : < '0 H,a < '0 pb
[ i(~/."Ill (~c<l.5"rccl o~c ,2 (Ppr.-·l (10" cm/si (10" creis)

7fo:l'l..J!?~! : 6.8 ~.03/:.C'Î ' . '0 250 ].8 ].2~! • .;

:ï-:Pl>j JC: : '/. ~ 0.35/0.96 32.0 :00 250 2.=. .2.7

TKjJi:J;Jc2 :7.2 1. 05/1. GJ 35.6 :00 aoo J.2 J.2

:'Kl'bl ~cJ : 7. J :.0211.:6 3 ft.3 ,5 : 700 4.2 2.0

fKi'bl ;';C) : '] . ,:; N.A. 31. :J ,0 :700 3.0 J.4

TKPbI:!.CJb :7.2 :.04/1.05 35.2 :00 : 700 2.2 2.9

TKPbl Je)y. 17.8 0.94/0.36 J3.2 :00 : 700 6.5 5.0

:'Kl'bI JCJ'fb : 6.2 1.14/1.:0 33.0 :00 : 70C 2.2 2.3

rK?brJC)· 17.3 l.ail/N.l,. 35.5 : 00 :700 - 4. a
:'1< l ]SLURR 16.8 N.f\. ~3. 7 :0 - 4.313.7 -

fKI2BPl : 7 • ::: :11.1\. -: .0 - - -_ ..
:'KPbI3CJBP2 : 7 • 3 J. J9/ .•.. .::. u "," .::.,j 2.4-.- -.-

CKPc12Cl 1,,7.3 0.98/1.0E ·. 'A 250 3.3 3.7

CKPhI3Cl 17 • .2 O. 99/l. al .. :00 250 l.3 l.7

CKPbI2c2 ~7.5 J.96/0.36 ·. ::0 aoo 2.7 2.9

CKPbI3C2 17.3 0.99/1.00 .. ::0 800 l.8 2.7

CKPbIIC3 : 7 . 4 0.99/l.00 .13. J 25 : 700 2.1 3.2

CKPbl2C3 1'7.3 0.99/N.A. ·. 50 :700 3.5 3.2

cKPbI3e3 17. Il J.98/0.38 ·. :00 :700 l.9 2.4

CKPbIJC3· li. il a .'3/1.01 .. :'00 : 700 - 3.6

'II. NO mea.surement was taken: assurneC1 j",.

Tabl~ 4.1 - Hydraulic Conductivity Results for Kaolinite.

(~.g.: Pdrc~ and Witter, 1986) and testify to the relative insensitivity the clay to pore-

water ch~mistry changes, Le. substantial increases in the rate of flow (possibly associ-

ated with 'cracking') are not as severe a problem as in the case of clays with more
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pronounced su~face active forces. This is not totally lInexpected. and can he

explained in terms of the hllffering capacity of the material (Yong ct al. 1')l)O).

The same range of results \Vas found for virtllally ail the variations lIsed - e.g.:

a) samples tested under various Ievels of hydraulic gradient (11 = 25: 12 = 50: and

13 = 100); b) samples compacted to different densitics - TKPhI3C3y. and

TKPbI3C3Yb; c) samples prepared \Vith a 1700 ppm lead solution instead of distilled

Waler - TK.PhI3C3* and CK.PbI3C3*; d) application of hack pressure (TKPhI2B1'I;

TK.PbI3C3B(2); and e) a sample prepared hy slurry consolid'ltion - TKI3SLURR,

for which only distilled water was leached (results also shown in Tahle 4.1). ln

addition, there appears to he no appreciühle difference hetween the k values

measured in the triaxial and consolidation cells, an observation made hy other authors

(e.g.: Daniel et al, 1985; 80wders and Daniel, 1986; Peirce and Witter, 19H6).

Any variations between the actual values obtained in this research program

and those reported by other researchers may he attributed to several factors,

including: the type of kaolinite; the pH and type of the permeant (0.0 IN CaSo4, tap

water, or concentrated organic permeants); the type of compaction; sample water

content and density; etc.

4.1.2 . k-tests with Sand/Bentonite

Contrary ta kaolinite, tests with the 5fB mixture indicated that the coefficient

of hydraulic permeability can be intluenced hy: 1) the testing system; 2) the hydraulic

'.
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gradient applied; 3) the compact ion procedure; 4) the concentration of the

contaminant; 5) the saturaticm procedure; and 6) the type of contaminant leaclwd

through.

4.1.2.1 - S/B Tested in the TriaxiaI Cell

obs.: BP applied in SIOps of 34 kPn
(8xceplfor TSBPbI3C3NB, wnlch
was saluralad by llushing 2 paro

volumos of disllllod Waler)

air bubbles observod in linos
lhroughout dutallon ot IOGl

",
E
u

• • '0 12 " " " 20

Pora volumes 012500 ppm Pb-sol.

• TSBPbI3C3BP

)' .195 KNlrnJ

'm.I.l00
•• 0.62

w ~nl1l. la."%.

+ TSBPbl3CJNB

jI • 194 KN/fn3

11'11 1.100

•• 064
w(IMI_ 19 • .",

"k TSaPbllC313)

)' • HI 2 KNlm3
Ir'll 1.25

•• 063
.. (IMI_ 18 1"l'w

o TSBPbI1C3(5j

'Y .lG2KNlIlC
V'I1 ,.25
•• 062
.. (u''Il). 17:n:.

Figure 4.2 - Variation of the Coefficient of Hydraulic Conductivity of
SandlBentonite Samples Tested in the Triaxial Cell.

In the permeability test resûlts shawn in Figure 4.2, similar lest conditions

were used for ail four tests, i.e.:
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1) the sampies were saturated by back pressure in steps of 34 kPa (except

sampJe TSBPbI3C3NB, which was saturated by tlushing 2 pore volumes

of distilled water) and the permeant solution would not be introduced

bdme B-values close to unity were measured;

2) the concentration of lcad permeant was approximately 2500 ppm (0);

3) the total densities of the samples were very similar, varying between

19.2 and 19.5 kN/m3
; and

4) the confining effective stress used for ail tests was 13.6 kPa.

No!:: that the arrows jmiicate the stage at which hydraulic gradients were

changed. The initial gradient for the top two curves was Il = 25, whereas for the

bottom two curves it was 13 = 100.

Based on the results presented in Figure 4.2 a thorough evaluation of the

effect of many parameters on the coefficient of hydraulic permeability of S/B can be

made:

Effect tif ClIInpactiun Procedure

The equilibrium permeability of sample TSBPbIl0(3), which was compacted

in 3 lifts (upper curve in Figure 4.2), was one order of magnitude greater than that

of s'Impie TSBPbIlO(S),compacted in 5 lifts (k = 5.0 x 10-7 cm/s for the former,

amI k = 7.0 x 10-' cm/s for the latter). Similar results were obtained by Mitchell et
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al (1965) who obsen'ed a two orders of magnitude diflàence in the perllleahility l'f

silty clay samples, due to compaction in different numbers of layers ln the saille final

density and molding water content, and tested in the triaxial cell.

Since the initial water cantent of sampies TSBPbIlC3(3) and TSUI'bIlC3(S)

are very similar and on the wet side of the Proctor optimum, a seductive argument

to explain the difference would oe that a more oriented fabric was obtained with 5

compaction lifts due to a better distribution of the bentonite in the voids of the sand

fabric. Whereas this reasaning might be sustained in a system cOl1lposed uniyuely of

clay, the mixture of sand and clay presents complications in clay distribution that

wauld need further fabric study before final definitive arguments can really be offered

(a few more camments are presented later in this Section).

Effect of Precipitation

Due ta the high pH of the S/B mixture (8.6 to 8.8), precipitation of lead as

axides or carbonates may have occurred. This can eventually cause pore hlockage

(pore constriction), leading ta a decrease in the coefficient of hydraulic permeahility

of the S/B samples. This range of pH is higher than the pH range that hydroxides

of Ph precipitate (3.5 ta 6.0) as ohtained hy Galvez (1989) for various concentrations

of Ph solutions (Figure 3.4). The precipitated amorphous material can form various

types of bonds (H-bond, cation bridging, electrostatic attraction, etc.) with the clay

surfaces (Wang, 1990), eventually giving origin !Cl a more 'tigh!' ~tru:ture.
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According to Farrah and Pickering (1977, 1979) the adsorption oi Pb (and of

ZII) ions increases with increasing pH. Beyond a threshold pH (pH > 6 for Pb)

"virtually ail the metal ion is removed from the aqueous phase, presumably as

hydroxy species adsorhed on the surface of the ... solid particles." As mentioned

previously, this is one of the reasons the ammonium acetate ('extracting') solution ­

and the leachate collected - had to be acidified to pH = 3.6: at this pH, lead is found

as jonic species (Figure 3.4).

It seems that, in this particular case, precipitation did not play a major role in

altering the calculated coefficient of hydraulic permeability of S/8, otherwise it wouId

have been apparent in the results of the permeability tests with sampIes

T8BPbllC3(3) and TSBPbIlC3(S) (Figure 4.2), for which the calculated k value was

not altered significantly, despite the high concentration of Pb in the solution (C3 =

2500 ppm). This agrees with results obtained by Finno and Schubert (1986) who

ohserved precipitation of dissolved metals near the top a liner without any apparent

effect on the tluid conductivity of the barrier material.

Precipitation can eventually be of importance if considered as a compounding

phenomenon to pore restriction due to high gradients applied. Unfortunately, this

couId not he verified in this research work.
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Effect of Hydraulic Gradiellt

Figure 4.2 shows that the equiIibrium permeabiIities of sampks TSIU'h13C3NH

and TSBPhl3C3BP were IWo orders of magnitude lower than the permeabilitics of

the two ather samples described above. The initial gradient applied 10 them (i =

100) was 4 times higher than the gradient applied to sampies TSHPhIlC3(3) and

TSBPbIlC3(S).

Two possible reasons exist for this significant reduction in the coefficient of

hydraulic permeability of samples TSBPbI3C3BP and TSBI'hI3C3NH:

1) densification of the outtlow end of the samples associated with the

application of high hydraulic gradients (Daniel et al, 19H5);

2) displacement of particles and/or groups of particles (particle migration)

due ta seepage forces, thus causing partial pore blockage (Yantul et al,

1988).

1) Densification: the application of a hydraulic gradient result in different

effective stresses along the samples (Daniel et al, 19H5). Thus, nonuniform void

ratios may develop inside the sample (Mitchell and Younger, 19(7) causing an

eventual expansion of the intlow end (higher pore pressure), and the densification

of the outtlow end (higher effective stress). "The importance of this effect may vary

with the magnitude of the hydraulic gradient" (ihid). However, Edil and Erickson
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(1 'm5) made the following remark ahout sand/hentonite mixtures: "Since the sand

grains were cnmpacted inta a very dense configuration, it is doubtful that the

specimens would experience significant differential consolidation l'rom stress

differences hetween the top a:ld the hottom." In this work, the problem was partially

avoided hy shortening the S/B samples (Section 3.3.3), and by trimming the material

l'rom both ends and keeping the central part of the compacted sampIe for pennea-

hility testing.

2) Purticle Migration: the reslllts obtained with samples TSBPbI3C3NB

and TSBPbI3C3BP indicate that the drop in k values occurred very rapidly over the

permeation of the first pore volume (pv) of Pb·solution, with a less rapid but still fast

drop over the suhsequent 3 pore volumes. This contrasts quite dramatically with the

results demonstrated by the other two tests shown in Figure 4.2 (samples

TSBPbllC3(3) and TSBPbllC3(S»), tested under an initial gradient i = 25. Since the

porosity (n) of ail four samples are practically the same, and the calculated k in the

very heginning of the t(~sts were almost the same (k = 10-6 cm/s), it is expected that

the advective velocitil". (vn = vdz.,,/n; where vdz."y = k.i) of the samples tnted under

an initial gradient of 100 be 4 times greater than those found for samples tested

under i = 25.

These initial obselVations indicate that detachment of particles (particle

migration) may have occurred under the initially 'high' gradient of 100 (Mitchell et

al. 19(5). thereby leading to pore constriction (partial blockage). ObselVations of the
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colle::cte::d lc::achate:: did show that the:: dllue::nt l'rom samplcs TSUl'hI3C]IU' (Iowcst

curve:: in Figure:: 4.2) be::came:: c10udy as the:: pe::rme::ability droppe::d from-l.ll X 10-' cm/s.

in the:: beginning of the:: test. ta the:: e::quilihrium value of about l.O x 10-' cm/s.

Ta ve::rify the:: dispe::rsibility of the:: mixture. a pinhole test was performed as a

compleme::ntary investigation (Se::ction 3.1.1). The:: results indicated that this mate rial

is e::asily e::rodible, considering the:: situation e::xisting during the pinholc test. Figure 4.3

shows a photograph of the scctione::d sample::. Il can be:: ohserved that th" 1 mm hole

had increased ta nearly 5 mm due:: to e::rosion.

Il must be noted that an increase:: in the:: hydraulic gradient, once: the

coefficient of hydraulic permeability had stabilized, did not Ie::ad to a significant

change in the k values of the four test samples shown in Figure 4.2. A similar pattern

of results was obtained by Mitchell and Younger (1967), who did not observe

significant changes in k following an increase by four times of the hydraulic gradient.

They attributed it ta the "formation of a stable structure" during the initIai phase of

their test.

In the case of samples TSBPbIlC3(3) and TSBPhIlC3(5) (two upper curvcs

of Figure 4.2), the structure/l'abrie was developed without apparent particlc migration

(l'rom observation of the effluent colle::ction), pore constriction or significant changes

in the calculated k.
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Figurc·U - Cmss section of the S/B specimen tested for dispersihility
(pinholt: test). Note expansion of the 1 mm holt: and the dar·
kening around the holt:.

Other than using the examplt: of the tests performed during the experimental

pmgram. it is possihle to address the pmhlem of pore constriction considering the

ideal situation presented in Figure 4.4. where a sand partiele is surrounded by clay

partieles.

Neglccting the contact between sand particles, the approximate number of

parallel e1ay layers surrounding each sand particle can be calculated based on the

specifie surface area (SSA) of hentonite (855 m2/i!,) and un the average surface area



Rcsults anù Discussions

(a) Ideel situalion neglecting oontaot between partJolee

(b)

•
d • 20 A.

(0)

2 • L • 0.052 mm

(dl ideel SltU.tlC" ,.:"'~rl·;~'lnQ oontee'
(ouDio ••trahearal arrangement; ooord. # • 8 )

d • o.oa mm

Figure 4.4 • Schematle Presentation of an Ideal Arrangement of Particles of
a SandlBentonite Mixture.

of a sand partide. With the sand used in this study, approximately 13,UOO layers of

bentonite would surround each sand partide. If, in an ideal situation, total saturation

is achieved, the bentonite partides will be approximately 20 A apart (van Olphen,

1963; Yang and Warkentin, 1959) filling up almost 65% of the pore sp~.ces (Figure

4.4). In this geometry, partide migration is not very probable because the inter-par-

tide bond strength is several orders of magnitude greater than shcar forces ùue to

seepage (Campanella, 1965; in Mitchell and Younger, 1967). However. this is an
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iùeal situation where the unevenness of pore sizes is nottaken into consideration. In

reality, tÎle sand particles ar~ not perfectly uniform and of the same size, which leads

to a greater ùegrel: of packing, leaving less room for the clay. With the probable

formation of ultramicroscopie structures - domains· and microscopie structures ­

clusters or Ilocs - (Yong and Warkcntin, 1975), amongst which bond strengths are of

a lower order of magnitude than inter-particle forces, only a very small displacement

of a cluSler is required ta cause a pore blockage.

Depending on certain conditions, sorne particles may be carried away over

relatively long distances inside the sam pIe and eventually be lost ta the diluent, as

was the case with the effluent of sampIe TSBPbI3C3BP (commented above).

The effect of possible detachment of particles under initial high gradients, or

high advective velocities, raises sorne very interesting questions concerning the

application of high hydraulic gradients (Foreman and Daniel, 1986; Bowders and

Daniel, 1987; Uppot and Stephenson, 1989; Yanful et al, 1990) during tests with fine

grained materials (c1ays). The implications lIrising from the results, shawn in Figure

4.2. are severe. Judgement based solely on the criteria widely accepted for clay bar­

riers. Le.: k < 10-7 cmls (Zimmie, 1981; Eklund, 1985; Harrop-Williams, 1985), and

using the results obtained with samples TSBPbI3C3BP or TSBPbI3C3NB (k '" 10-9

cmfs), where high initial gradients were applied (i = 100), would indicate that the S/B

mixture tested easily qualifies as an engineered barrier material. However, if the

results obtained with samples TSBPbllC3(3) and TSBPbllC3(S) (initial i = 25; k =
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1.0 lO 6.0 X 10-' cm/s) are cnnsiùereù, the juùgement wOl/lù he highly tempered, and

woulù perhaps leaù ln rejection of the n'a1crial for use as a harrier material.

Effect of Saturation

The intluence anù importance of saturation, which is intimately related to clay­

woter forces (incluùing suction), is discusseù in more ùetail in Section 4.1.2.2. lt is

important to note here that despite the similarity hetween the k values ohtaineù for

samples TSBPbl3C3BP (saturated by back pressure) and TSBl'hl3CJNB (saturateù

by tlushing with 2 pore volurr.es of distilIeù water) - k = 10-" cm/s - the importance

of saturation, which increases with increasing activity of the clay fraction of the

mate rial, should not be diminished. In the present case, the effect of a high initial

gradient, eventualiy leading to pore constriction, possihly prevails over the effect of

saturation.

Effect of Concentration

A sample was tested ta evaluate the influence of a lower concentration of Ph

(550 ppm instead of 2500 ppm) on the coefficient of hyùraulic permeability. The k

value obtained was in the order of JO-8 cm/s, as shown in Figure 4.6. This value is

one arder of magnitude lower than the permeabilities obtaineù in the test series

reported in Figure 4.2 (two upper curves), for the same initial graùient of 25. As

indicated in the grnph, the calculated k·value nf sample TSBPbIlCI was nnt
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signilicantly alTected by an increase, and subsequent L1ecrease, in the applied gradient

(e::xœpt for a minor variation possibly due to pressure adjustments following a change

in il. Tu cunlirm the results, another sampie was installed in the triaxial cell, and

a test with the same characteristics was performed. The total densities of the samples

we::rc 19.1 kN/m l , the initial water contents 18.6%, and initial void ratios 0.65.
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Figure 4.5 - Schematic Presentation of: a) DDL collapse due to cation
exchange; b) the influence of changes in surface potential due
to DDL collapse in flow characteristics.

The lower k value obtained with the lower Pb concentration is not unexpected

in the:: Iight of the Gouy-Chapman diffuse double layer (DDL) theory (Yong and
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Figure 4.6 - Variation of the Coefficient of Hydraulic Conductivity of Sampie
TSBPbllCl (Tested in the Triaxial Cell).

Warkentin, 1975; Greenland and Hayes, 1978; Sposito, 1984), which predicts that the

DDL thickness (VelWey and Overbeek, 1948) is inversely proportional to the valence

and ta the square root of the concentration of the participating ions. The schematic

diagram in Figure 4.5 shows the reduction in the DDL due to the replacement of Na

(monovalent) by Pb (divalent) by effect of valence and concentration 'lccording ta the

Donnan principle applied to cation exchange (Greenland and Hayes, 1978).

Interpenetration of the DDL, shawn in the lower diagram, will produce greater or

.~
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Jesser midplane (electric) potentials, depending on the species and concentration of

the dissolved solutes. The magnitude of the midplane potential is indicative of the

resistance to llow through the pore space between the two interacting particles (Yang

and Samani, 1988). In general terms, the greater the DDL collapse, the easier the

solution percolates. In the case of sample TSBPbIlCI (Figure 4.6), percolated with

a 550 ppm lead solution, the collapse of the DDL was not as important as for

s'Impies TSBPbIlC3(3) and TSBPbIlC3(S) (Figure 4.2), percolated with a ± 2500

ppm lead solution. Thus, the calculated k of the former is expected ta be lower than

the k for the latter two, which was in fact observed during the tests.

This can be also visualized by the greater packing of Pb ions near the surface

of the bentonite particles (in the Stern layer) as a result of higher concentrations of

Pb in the contaminant solution (see Apeendix G).

The effect caused by the introduction of a contaminant can aIsa be evidenced

if the results shawn above are compared with those obtained by Fernuik and Haug

(1990), who tested a sand/bentonite mixture (92% Ottawa sand and 8% sodium

bentonite) in a triaxial cell, under hydraulic gradients varying from 25 to 48, ta obtain

a permeability ta distilled water of 4.0 x 10-9 cm/s. Despite the fact that test condi­

tions are similar ta those of samples TSBPbIlC3(3) and TSBPbIlC3(S) (Figure 4.2),

their results are almost \WO orders of magnitude lower, ir.dicating that the concen­

trated Pb solution used here may have affected the structure of the samples due ta

collapse of the DDL, as explained above.
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Effect of Precontamination
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Figure 4.7 • Variation of the Coefficient of Hydraulie Conductivity of
Preeontarninated Sarnples Tested with 80th Perrnearneters.

The effeet of preeontarnination was also evaluated and the results of two lests,

one for eaeh perrnearneter, are presented in Figure 4.7. The results of similar tests

perforrned with kaolinite sarnples are also shawn.
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'. Rather than mixing dry material with distilled water, a concentrated Pb

solution (2500 ppm) was utilized, This is an intermediate situation between batch

equilibrium tests, where ail soil particles are in contact with the contaminant in

solution and the leaching of contaminant through 'non-precontaminated' compacted

sampies.

Samples were compacted to virtually the same density and initial water content

as the other S/B samples. A hydraulic gradient of 100 (13) was then applied to a

concentrated Pb solution (C3 = 2500 ppm).

The results show that the k vnlues of the precontaminated samples were

signifïcantly greater than ail other tests conducted with S/B mixtures. The apparent

difference of less than one order of magnitude in k values obtained with the two

permeameters, after the second pore volume was leached, may eventually be related

to the greater degree of saturation of the triaxial cell sample (refer to Effect of

Sail/ratio/! in Section 4.1.2.2).

Since the soil was mixed with a Pb solution rather than distilled water, it was

expected that the fabric produced after compaction was different, with the collapse

of the DDL due to cation exchange being more effective, leading to a k quite higher

than in the case of the other compacted sampies.

The fact that the high initial gradients applied (13 = 100) did not cause pore

constriction seems to indicate that precontamination lead to the formation of a

different structure (macro and micro) from the other S/B sampIes. Unfortunately,

this remains a hypothesis that could not be verified.
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These tests reproduce the situation where the sand and the Na-bentonite are

mixed with water containing significant concentrations of divalent cations that can

cause collapse of the DOL. In this case, the k value obtained with distilled water in

the laboratory becomes meaningless. These tests can also give an idea of the future

behaviour of a S/B liner in the case it ever becomes overloaded with contaminant due

to intense leaching over the years.

Sample Related Effects

Sample related problems may also affect k. An important one is related to

differences in moisture content inside them, which is very difficult to avoid during

sample preparation, mainly in the case of sand/bentonite mixtures. Non-uniformly

distributed moisture zones may lead to preferential tlow, thus masking the real k of

the material. According ta the results shown in Table 3.3, this seems not to be a

problem here. Compacting wet of the Proctor optimum lessens this kind of prohlem

(Mitchel et al, 1965; Dunn and Mitchell, 1984).

Bacterial growth may also affect tlow (Gupta and Swartzendruher 1962, in

Mitchell and Younger, 1967; Edil and Erickson, 1985; and references cited hy the

latter). Figure 4.8 presents a photograph of sampIe TSBPbllCI afler termination of

test. Dark spots in the region of contact with the membrane may reveal sorne hacter­

ial growth. Due ta the relatively small areas accupied by these dark spots, it is not

probable that bacterial growth has affected the results significantly. Nevertheless, this

effect should be considered in the design of a clay harrier.
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Figure 4.1' . Photograph of sample TSBPbllCl after termination of a
permeahility test that lastt:d 180 days. Dark spots on the edges
of the sample may reveaI hacterial growth.

Effect of Type tif Contaminant

A permeahility test was performed with a concentrated Zn solution ("" 2000

ppm of Zn). This concentration is of the same magnitude of the highest lead solution

concentration ('" 2S00 ppm). The rcsults :lfe shown in Figure 4.9. The sample had

practically the same total density (19.2 kN/m3
) and initial water content (18.3%) of

the other S/B tests. The calculated initial void ratio was also the same. Saturation
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Figure 4.9 - Variation of the Coefficient of Hydraulic Conductivity of Sampie
TSBZnl1C3 (Tested in the Triaxial Cell).

was performed by back pressuring, following the same procedure used for the other

samples. The measured B-value in the end of the saturation phase was 0.93. The

lowest gradient of the range used in this experimental work (11 =25) was applied to

the sampie. The volume rates entering and leaving the sample, as weil as the pres-

sures applied were monitored throughout the tests. The excess chamber pressure of

13.6 kPa ensured that no leaks between the membrane and the sampie could occur.
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The graph in Figure 4.9 shows that the calculal~ù coefficient of hyùraulic

pcrmcahility, rather than cquilibrating at a lowcr value, increaseù ta level off at a

quitc high k "" 3.0 x 10-6 cm/s. In arder ta confirm these results, the test was

repeatcù following exactly the same steps. A total of 4.1 pore volumes were

pcrcolateù anù the stabilizeù kwas 5.7 x 10-6 cm/s.

Considering similar test conditions, Le., Il = 25 and the use of very high heavy

metal concentrations, the k value obtained for the Z/I test (Figure 4.9) is one arder

of magnitude higher than the highest k calculated for S/B tested with Pb in the

triaxial ccli (Figure 4.2)

The higher permeability of S/B sampies ta concentrated ZII solutions can be

partly explained using the Boltzmann equation and the results obtained by AIammawi

(1988).

The Boltzmann equation can be writlen in the following way:

where:

(E -E)
C = C exp[ 2 1 1

1 2 kT
(4.1)

CI '" concentration of cations in the inner Helmholtz plane (ions/m3
);

c.. '" concentration of cations in the outer Helmholtz plane2 (ions/m3
);

k '" Boltzmann constant (1.38 x 10-16 erg/oK);

According to Grahame (1947), the outer Helmholtz plane defines the outer
houndary of the Stern layer, where the Gouy distribution of ions begins.
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T ~ temperature (OK);

kT = DA x 10-20 J/ion at 200C; and

IOll

the potential energies of the ions in the two planes.

.....

Alammawi (1988) calculated the difference (E2 - El) for several clements,

including Ph and Zn. According ta his results, (~ - El) was greater for Zn than for

Ph. 1t can be seen from the Boltzmann equation, that the greater the potential

energy difference, the greater the number of ions in the inner Helmlll,ltz plane (CI)'

This means that, out of the total 4uantity of cations adsorbed, more are adsorhed

close ta the particle surface, in the Stern layer (high nffinity ndsnrptinn), and It:ss are

in the diffuse layer. This implies a smal1er DDL thickness; therefore the potential

in between particles ta be overcome by the percolating tluid is lower, which facilitates

the tlow.

The above can also be explained using the unhydrated ionic radii of Zn and

Ph. Since the first is smal1er than the latter (Elliott et al, 1986), there is a potential

for developing a more packed arrangement of Zn ions very near the surface (inner

Hehnoltz plane) where ions lose part of their hydration shel1 (Grahame, 1947;

Greenland and Hayes, 1978).
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One can argue that the nature of the ligand' might have intluenced the results

(the Zn solution was pn:pared with ZnSO~ 7Hp, whereas Pb solutions were prepared

with Ph(NO;)~. Ligands compete with the charged surfaces for the soluble Zn

(forma~ion of Zn complexes) rendering the metalless available to adsorption (more

mohile). In fact, Farrah and Pickering (1976) presented a series of results indicating

that the presence and nature of the ligand caused a decrease in the Zn adsorbed by

several types of :mils, including montmorillonite. The maximum decrease occurred

in the presence of chelating agents, Iike EDTA.

However, Elrashidi and O'Connor (1982) presented evidence that it is unlikely

that complex formation cause measurable changes in Zn adsorption when the metal

is associated with 0.005 to 0.1 M solutions of Cl-, NOj, or SO~. A 0.1 M solution

of SO; is equivalent ta 9600 ppm, which is a much higher concentration of this

ligand than used in this study.

4.1.2.2 - SfB Tested in the Consolidation CeII

Figure 4.10 presents sorne results of permeability tests performed with the

consolidation cell. Ali samples were compacted ta almost the same total density

(hetween 19.7 and 19.9 kN/m'), and saturated by flushing approximately 2.5 pore

volumes of distilled water.

Ligands are ions or molecules that act as Lewis bases, i.e., electron pair
donors. Example: NOj, SO~, Cl-, elc.
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Figure 4.10 - Variation of the Coefficient of Hydraulic Conductivity of
SandlBentonite Samples Tested in the Rigid Wall Permeameter
(Consolidation Cell).

SampIe CSBPbI3C3 was percolated by a highly concentrated Pb solution (C3

== 2500 ppm) under an initial gradient 13 = 100. Sample CSBPbI3C1 was percolated

by a much less concentrated Pb solution (Cl == 600 ppm) under the same initial

gradient I3 = 100. Finally, sample CSBPbIlC3 was percolated with the more

concentrated (C3) solutioll ;,:nder a lower initial gradient Il = 25.

A common trend couId be identified in Ihe results of ail three tests shawn in

Figure 4.10: the coefficient of hydraulic permeability decreased steadily during
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saturation ln levd off at k = 1.0 x 10-' cm/s at the end of the saturation phase.

Upon permeation of the contaminant, k continued to decrease and stabilized at =

5.U x 10-9 cm/s, for samples CSBPbI3C3 and CSBPbI3Cl, and at = 3.0 x 10-9 cm/s

for sample CSBPbIlC3. These are the same k-values, for ail practical purposes. An

increase in the applied gradient after permeation with 4 pv's of Pb solution (total of

6.5 pv's) caused the k of sample CSBPbI3C3 to increase to approximately 3 x 10-8

cm/s. For the other two samples (CSBPbllC3, tested under a lower i, and

CSBPbI3Cl, tested with a less concentrated Pb solution than sampie CSBPbI3C3)

no changes in the calculated k were observed following increases in the applied

gradient. Yong et al (1991) and Weber (1991) analyzed these tests in more detail.

Effect of Saturation on the k value

The influence of the degree of saturation on k has been investigated ty several

authors.

Yong and Warkentin (1975) and Elzeftawy and Cartwright (1981) find it more

appropriate to relate k to the volumetrie water constant (8), because flow occurs due

to the existence of a difference in soil-water potential (y;)4 within the soil, which in

turn is a function of the soil water content (Yong and Warkentin, 1975). In

y; is a summation of several individual potentials, of which the osmotic, matrie
and gravitational potentials "are most often considered as being sufficient in
describing y; (Yong and Mohamed, 1991)."
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1 unsaturated conditions, the driving forces for tll1\V ln occur must exœeL! the forces

holding water to the soil particles (Yong and Warkentin, 1975). i.e .. the c1ay-water

forcess. Oncc the system is 'satistïed' with water, its free energy is at a minimum

(Yong and Warkentin, 1975), and the internai gradients associated with slletion" arc

no longer acting against t~e tlow of water through and out l'rom the s'Impie.

Mitchell et al (1965) observed that "other conditions being equal le.g.: density

or void ratioJ, the higher the degree of saturation the greater the permeability", with

higher degrees of ~:aturation being associated with higher pore pressures. They

obtained a one order of magnitude difference in k hetween the results of tests with

and without back pressure application.

Klein et al (1983) obtained a several orders of magnitude change in the

calculated k with the increase in the degree of saturation (Figure 4.11) during tests

to estimate the unsaturated hydraulic conductivity of a brown sandy silt (lœss) and

a grey sandy elay (glacial till).

In the case of tests performed in the consolidation ccli, the small differences

in volume rates entering and leaving the samples indicated that saturation continued

s

6

'The presence of these forces, demonstrated in terms of double-layer and
diffuse ion layer water, in effect create immobilized hydrodynamic layers of
water surrounding each partiele, [the thickness of which) depend on the
interaction characteristics of the soil-water system [and) on the driving forces
inducing flow (Yang and Warkentin, 1975)."

Soil suction is numerically equal ta soi! w8ter potential with opposite algebraic
sign (Yang and Warkentin, 1975). Il ineludes matric suctiOll and the suction
due to osmotic gradients. The latter is associated with chemical potentials.
'The matric suction may result l'rom surface tension forces, l'rom forces
binding water to elay minerai surfaces, and l'rom forces holding water to
exchangeable ions (Yong and Warkentin. 1975)."
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to occur throughout the duration of ail tests with S/B. It seems thus clear that the

k-valut:s obtained under such circumstances were not the saturated coefficients of

hyùraulic permeability, and that steady-state conditions were not achieved7•

Considering the results presented in Figure 4.11, and the discussions above,

it st:t:ms thus reasonable to associate the lower k obtained during tests with the

consoliùation cell with incomplete saturation of the samples.

J 7 A significant amount of air was observed in the effluent Iines.
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Even though the calculated final degrees of s<'.~uration were very close to

S = 100% (S = 74 to 79% in the heginning of tests), B-values could not he measured

in the rigid wall permeameter to contïrm the 100% saturation ohtained by calculation.

ln other terms, these lower k-values can he explained in terms of the internai

gradients that develop suction forces, with higher suction associated with lower

degrees of saturation (Chahal and Yong, 1965), or lowcr volumetric water contents

(Chahal and Yong, 1965; Yong and Warkentin, 1975).

It is also expected that the f10w rate during tests in the consolidation ccli

(unsaturated condition) should be lower than that of tests conducted in the triaxial

cell (saturated), ail other conditions remaining equal. Since the Darcy's velocity ­

thus k - is obtained based on the flow rate: k,,,,,,. < k,,,,,,,"/,

The effective porosity - another parameter affecting permeability (Yong and

Warkentin, 1975) - may have changed due to an eventual pore blockage induced hy

the displacement of particles or clusters, which in turn was caused by the application

of high hydraulic gradients. In that case, chemico-osmotic gradients (Olsen, 1972),

which are more significant for active days Iike bentonite, may have had a potential

intluence in the low k-values calculated using the Darcy's law.

Combined Effects of Gradient and Concentration on k

Before increasing the hydraulic gradient of sampIe CSBPbI3C3 to 200, the

calculated k for the 3 samples shown in Figure 4.10 were very similar. Since gradient
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variations with samples CSBPbllC3 and CSBPbl3CI did not lead ta significant

changes in the calculated k-value, it is possihle that the combined effects of

cnnCl:ntration and application of a very high hydraulic gradient (i=200) caused the

one mder of magnitude change in k observed during test with sample CSBPbI3C3.

4.1.3 - Permeameter Performance: k-test

Despite the same initial densities, water contents, void ratios, and hydraulic

gradients applied (i=25), the final k-value obtained for sample CSBPbIlC3 (Figure

4.10) differed hy more than two orders of magnitude from thos~ calculated when the

triaxial cell was used, e.g.: tests with samples ISBPbIlC3(3) and ISBPbIlC3(S)

(Figure 4.2). The consolidation cell sample was 'saturated' by flushing with approxi­

mately 2.5 pore volumes of distilled water, whereas the triaxial cell samples were

saturated hy hack-pressuring. As mentioned above, unsaturated conditions prevail

during tests conducted in the consolidation cell.

Based on the preceding discussions, it can be argued whether incomplete

saturation of the samples - rather, the effect of suction forces - is the most reason-

ah le cause for the persistently low k-values calculated in the consolidation cell for sm
samples.

ln the case of tests with kaolinite, this partieular effect was not as important

hecause the suction forces (matrie and osmotie) involved, are not as important as in

the case of montmorillonite days. Previous studies (e.g.: Chahal and Yong, 1965;
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Yong and Warkentin, 1975) have presented sufficient data imlicating that, for the

same volumetric water content, higher suction are associated with smaller particle

sizes.

If the worst scenario of contaminant transport is to he reproduœd during

lahnralory penneahility testing, it is highly desirahle to achieve the most complete

saturation possihle of the harrier material being tested. In this case, hack pressuring

is the most convenienttechnique, but it cannat be used for consolidation eclls without

the high risk of side wall Ieakage (Edil and Erickson, 1985).

Advalltage.l' alld Disadvalltage.l' of tlle Two Apparatu.l'

Table 4.2 summarizes most of the advantages and disadvantages of the two

cells.

One of the disadvantages of the tlexible wall permeameter is rdated to the

high confining pressures needed when tests are performed under high gradients

(Madsen and Mitchell, 1989; Daniel et al, 1985). According ta Bowders et al (I9H6)

and Madsen and Mitchell (1989), confining pressures in excess of those expected in

actual field conditions will tend to close any possible shrinkage cracks that may be

developed due to clay-contaminant interactions. On the other hand, tests conditions

within rigid wall permeameters are such that these cracks will not he c1osed, and a

very large increase in the calculated k can he noticed.
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1 1
Advantages

1
Disadvantages

1

Flexihle Wall - possihility of complete - equipment more costly";
(triaxial ccII) saturation; - longer tests unless high

- no side wall leaks; gradients are applied (sic)
- control over total
stresses.

Rigid Wall - short duratian of tests; - potential for side wall
(consolidation cell) - less costly equipment. leaks;

- lack of provision for
effective saturation;
- difficulty of performing
tests under low effective
stresses.

• see ohservation by Christiansen (1985) in the end of Chapter 5.

Table 4.2 - Main Advantages and Disadvantages of the Flexible Wall and Rigid
Wall Permeameters (basic ref.: Daniel et al, 1985).

It is relevant ta note that shrinkage cracks have been widely reported only for

tests involving interactions between clays and non-polar organic chemicals (Madsen

and Mitchell, 1989; Bowders and Daniel, 1987; Brutsaert, 1987; Foreman and Daniel,

19H6; Acar et al, 1985; and others). In these cases, a collapse of the DDL may occur

h.:cause most organic compounds have lower dielectric constants than water (Madsen

and Mitchell, 1989).

Only inorganic contaminants were used in this research work, and no shrinkage

cracks were observed following visual inspection of the samples tested in the consoli-

dation ccII.
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4.2 - Chemical Analyses

1III

,'.

Following the extrusion procedure descrihed in Section 3.5.5, samples were

sectioned after termination of permeability tests. Chemical analyses were then

performed with the material of the slices, the pore tluid, and the leachate collected

during permeability testing.

The typP. of chemical analyses presented herein are fundamental in the

evaluation of the compatibility between soil and permeant. They can he used as tools

in the prediction of the retention capahi lity of a soil and how the contaminants are

retained.

The results of these analyses were used to: con:;truct the profile of contamina­

tion of the samples; breakthrough curves for the material; the adsorption curves for

compacted kaolinite; and to compare the performance of the two permeameters in

terms of their ability to reproduce the most realistic profile of retention for the

materials. The profile of contamination is important in the evaluation of the long

term performance of clay barrier materials.

In order to give support to the results obtained, an ion mass balance was

calculated for each test.

The appropriateness of the use of adsorption isotherm parameters in con­

taminant transport modelling is analyzed in light of the results obtained with

compacted samples and soil suspensions.
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Another relevant scientific issue WolS addressed: hased on an adaptation of the

Douhle layer model to account for hydration energies Olt small separation distances

hetwccn particles (Yong and Mohamed, 1991: Alammawi, 1988), the theoretical

concentrations of Pb adsorhed by S/B suspensions were calculated. The results were

cllmpared tll the experimental results in arder ta evaluate the proportions of Pb

specifically adsorbed in the Stern layer (high affinity adsorption). The occurrence of

high affïnity adsorption, which involves high adsorptive energies, can partly explain

the differences ohtained as a result of mass balance calculations (Section 4.2.5).

4.2.1 - Compacted Samples

The material from each sampie slice was first washed with distilled water, in

order to recuperate the contaminated pore fluid: an 'extracting' solution (ammonium

acetate) was then mixed with the material in order to recuperate the adsorbed Pb (or

211) and the remaining Na+, K+, Ca++, Mg++, and AtH (the latter for kaolinite only).

The supernatant obtained after centrifugation was then analyzed by atomic absorption

spectrophotometry (AAS) for Pb++ (or 211++), Na+, K+, Ca++, Mg++, and AtH

(kaolinite only). The exchangeable-H+ was obtained for kaolinite. The pore fluid

was analyzed only for Pb++ (or 211++) ions. The experimental procedures were

described in detai! in Section 3.6.2.

The term 'adsorption characteristic of compacted materials' is proposed as

a suitable terminology to describe the curie representing the partitioning of
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contaminants hetween the solid and liquid phases when thc solid phasc is no! in a

suspension (as is normal when partitioning studies are undcrtaken), hut in thc com-

pacted form. In this fashion, adsorption/desorption phenomcna taking place in an

actual situation is more rtJlistically reproduced.

Triplicates were made for each one of the sliccs of a samplc. Evcry point in

each graph represents the 'lverage of three values.

4.2.1.1 • Compacted Kaolinite

Figures 4.12 and 4.13 present the adsorption isotherms of kaolinite for tests

performed in the triaxial and consolidation cell, respectively. The upper curves in

each figure are the same as the isotherm presented in Figure 3.2, and were ohtained

by performing batch equilibrium tests (sail suspensions used). The others were

constructed using the results of chemical analyses made with the compacted samples.

The equations of ail curves were obtained by power curve fitting using the

non-linear Freundlich model (Helfferich, 1962; Greenland and Hayes, 19711). The

relatively high correlation coefficients (R2) obtained indicate the capahility of the

Freundlich formulation ta model the adsorption characteristics of the kaolinite used

in this study. As mentioned in Section 3.1.2, this model WOlS chosen mainly hecause

it has been widely used in environmental geotechnology.

Adsorption curves of compacted kaolinite were constructed using Ph

adsorption results obtained from the respective slices of the samples (refer to section
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E.l J of the:: Appe::nuix E for an example of calculation). The latter we::re:: uesignated,

in the:: case of the:: triaxial cell: T for top, M for middle, B for bottom, and B(s) a very

slim sliCt: taken l'rom the:: lowest part of the sample. For compacted samples tested

in the:: consolidation cell, Pb adsorption was obtained for the Top and Bottom slices

only, in vie::w of the small sampie thickness.
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Figure 4.12 - Adsorption Characteristic Curves for Compacted Kaolinite.
Tests Performed in the Flexible Wall Permeameter.

Il can be seen l'rom Figures 4.12 and 4.13 that the quantities of Pb adsorbed

by the compacted kaolinite samples at various input permeant concentrations are less
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differences in Ph adsorption are due primarily to availahility of exposed elay partiele

surfaces. This reasoning argues that in soil suspensions, where 'Ill dispersed elay

particles can contact the dissolved contaminant, accumulation processes are at its

optimum. In the case of compacted materials, however, aggregate and eluster forma-

tion will considerably decrease the effective specifie surface area, thus severely

hampering adsorption and/or exchange. The permeant !luid will preferahly !low

around rather than through these clay structures (Olsen, 1962).

The effect of dissolved solutes in the compacted soil system C<ln also be high.

ln the present case, the dissolved solutes are composed mainly by the exchangeable

cations, whose concentrations are relatively high. These cations will compete for the

excahangeable sites, resulting in lower retention of Ph, or a lower Kd ".

Even in the cases where almost total breakthrough was reached, a significant

difference was observed between the maximum quantities adsorbed by the compacted

material (B(s) or B slices) and the soil suspension, as given by the adsorption

isotherm. This is the case of sampie TKPbI3C3b, for which C/Cu = (J.1l5 after 10

pore volumes of the highest permeant concentration (C3 = 1750 ppm) were leached

(Figure 4.15): the B(s) slice adsorbed 26% less than the sail in a suspension. In the

case of sample CKPbI3C3, the Botlom slice adsorbed nearly 35% less than the soil

in suspension after 5 pore volumes were leached ID a final C/Cu = 0.75 (Figure 4.15).

This effect is particularly important in the case of SIB. The discussions that
follow, as weil as the conclusions of Appendix G will make it more c1ear.
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A comparative analyses between the results obtained with the two permeame-

!ers is given in Section 4.2.2 (Permeameler Peiforma/lce: Relelllio/l).
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Figure 4.13 - Adsorption Characteristic Curves for Compacted Kaolinite.
Tests Perforrned in the Rigid Wall Perrneameter.

The difference between quantities retained by soil suspensions and compacted

materials is even more important at low concentration levels (approximately 50% at

CI == 250 ppm). It can also be noted a significant drop in the amounts of lead

adsorbed along kaolinite samples. For example, in the case of the test with sample

TKPbI3C3b, extended until almost total breakthrough was rp.ached (C/Co == 0.85),
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the difference in Ph adsorhed hetween the B(s) section. where the permeant is

introduced, and the Top slice is quite signilïcant (60%), relkctiVl: of the accumulation

processes occurring within the sampk.

The diffen:nce in quantities adsorhed hetween the B(s) layer and the Botlom

sections (in g.djg,oil' to account for size differences) is also nllliceahle; this confirms

the results ohtained by Warith (1987), Griffin et al (1976), among others, who

ohserved that heavy metals are retained in the !"irst centimetn:s of clay harrier

materials.

4.2.1.2 • Compacted SandlBentonite

The Freundlich model was also found to fit the adsorption isotherm for the

S/B mixture, as can be seen in Figure 4.14 (the curve is the same presented in Figure

3.3). The experimental program with this material was nlll as extensive as that of

kaolinite, because of the time requirement to perform permeahility tests with S/B.

Consequently, the results of tests involving both permeameters were condensed in

Figure 4.14. An adsorption curve for the compacteù material was not constructed

due to the limited amount of data available.

Similarly to the results obtained for kaolinite, the compacted S/B sampJes

adsorbed Jess Jead than the quantities which characterize the material's adsorption

isotherm. For example, the Bottom slice of sample TSBPbllC3(3) . a test conducted

until C/Co = 0.7 in the triaxial cell (Figure 4.16, presented later) . retained 20% Jess
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Figure 4.14 - Adsorption of Lead by SandIBentonite (90%/10%).

than the amount adsorbed by the soil in a suspension. The Top retained 23% Jess.

In the case of sample CSBPbI3C3, tested in the consolidation cell, the Bottom slice

adsorbed almost 50% Jess than the soil in a suspension, after C/Co =0.7 and 13 pore

volumes had been percolated (Figure 4.16).

As for kaolinite, the differences in amounts adsorbed by compacted material

and sail suspension are partly due the total exposed surface of clay particles, which

is reduced by aggregate and c1uster formation.
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1
Another possihle exphnation for the ohserved ùifference rekrs to high affinity

aùsorption in the Stern layer (see Appenùix G). In this casc, part of the aùsorhcù

Ph mOlY not he 100% desorbed (or 'extracted') hy the ammonium acetate duc to the

high energy Ievel of adsorption involved: specific adsorhed Ph ions lIlay not he

displaced by NH; ions of the extracting solution. As a consequence. the relllaining

Pb ions are not found in the supernatant ohtained after extraction prnccùure, anù a

lower concentration of Pb is obtained by AAS. Farrah and Pickering (llJ7X)

presented results indicating that ammonium acetate (Olt pH = 7.0) was not ahle 10

extract ail the lead adsorbed on montmorillonite in the case adsorption occurred at

a pH near 7.0 (see also Pb Mass Balance in Section 4.2.5).

The contrast between adsorption of Pb by S/B suspension and colllpacted SIS

samples is more significant at low concentration levels, as is the case for kaolinite.

However, there seems to have a Jess marked drop in the amounts retaineù along the

profile of S/B samples than in the case of kaolinite samples, as indicated hy the

adsorption patterns of samples TSBPbIlC3(3) and CSBPbI3C3. These lests

continued until C/Co = 0,7 (Figure 4.14). The quantities retained in the Top portion

of the samples are not very different from those adsorbed in the Bottom, possihly

because S/B samples are shorter than kaolinite sampies. The Top and Mid slices of

sample TSBPbI3C3BP did not adsorb any lead; ail the lead was detected in the

Bottom slice.
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Although composed of only 10% of bentonite, S/B samples adsorbed

significantly more Ph than kaolinite in absolute terms, i.e., in g"jg,oil' This can be

partly allributed to the higher: a) cation exchange capacity (CEC); and b) specific

surface area (SSA) of bentonite.

The CEC of bentonite is 109.0 meq/lOOg (Table 3.2); thus, in 100 g of the

mixture the CEC is 10.9 meq (the contribution of the fine sand is negligible), which

is more than 50 % greater than the CEC of the kaolinite.

The bentonite used has a SSA of approximately 855 m2lg; thus 1.0 g of the

mixture contains 0.1 g of bentonite and a total exposed surface of 85 m2 (exposed

surface of sand is negligible), against only 24 m2 for 1 g of kaolinite - a ratio of

approximately 3.5.

4.2.2 . Permeameter Performance: Retention

From the results presented in Figures 4.12 , 4.13 and 4.14, it seems that soils

tested in the triaxial cell tend to adsorb more - in absolute terms, i.e., in g.,jg,o;1 - than

those tested in the consolidation cell. The verification is valid if one compares, for

example, the quantities adsorbed by the bottom slices of consolidation cell sampIes

with the bottom slices of triaxial cell samples, for tests with similar characteristics

(gradient, concentration of Pb permeant, final C/C", etc.). The normalization needed

to account for differences in Iength of flow (height of the slices) and cross-sectional

areas is implicitly considered because the results are presented in terms of total mass
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of soliùs useù for the chemical analyses.
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This ùifference in performance can he relateù to the fact that consolidation

cell samples are not l'ully saturated. In an unsatuw'ed condition, the electric douhle

layer may not be l'ully ùeveloped, and the adsorhed cations (with their associated

anions) "are tightly held by the negative charged clay surfaces" as salt precipitates

(Mitchell, 1976), rendering exchange (e.g.: with Pb++) more difficult.

It can be observed in Figures 4.12 and 4.14that, for the highest concentration

of Pb, the differences between the amounts adsorbed by soil suspensions (upper

curves) and the bottom slices of samples tested in the triaxial ccII did not change

significantly, irrespective of the material tested (Ak• o = 26%; AS/Il = 20%). The same

cannot be said about samples tested in the consolidation ccII. From 35% for ksts

with kaolinite (Figure 4.13), the difference increased to 50% for a test with S/8

(Figure 4.14).

As evidenced by the much higher heat-of-wetting associated with smectites

(Grim, 1968)9, saturation affects S/8 more than kaolinite. Also, part of the exchange

capacity of smectites is located in the interlayer region (Grim, 196X; Mitchell, 1976);

if saturation is not complete, the interlayer exchangeabk cations are not easily

accessible. This can also be explained in terms of the greater swelling pressures

associated with high swelling days like bentonite (Yong and Mohamed, 1991; Yong

and Warkentin, 1975; Mitchdl, 1976).

1
• The higher heat-of-wetting is in turn associated with the greater surface area

of smectites, which, in simple terms, need more water than kaolinite to l'ully
develop the DOL.
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4.2.3 - Leachate Collected
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The procedure for chemical analysis of the leachate collected during

permeability tests was described ln Section 3.6.1. The leachate collected was

acidilïed and the concentration of Pb (or ZIl) was obtained by atomic adsorption.

The results were then plotted against the number of pore volumes collected.

4.2.3.1 • Emuent nf Kanlinite Tests

Il can be ohserved in the results of Figure 4.15 that Pb was identified in the

leachate only after 2 to 3 pore volumes of highly concentrated permeant (C3) had

heen collected. As mentioned before, this shows that, despite the low buffering

ca pacity of kaolinite (Yong et al., 1990; Phadungchewit, 1990), Pb retention by

kaolinite ùoes occur.

The pH of the leachate did not change much during the test, remaining helow

approximately 4.4. These results are analyzed in further detail further in the text

(Retell/ioll Modes - Sectioll 4.2.6).

4.2.3.2 - Emuent nf S/B Tests

The hreakthrough curves for three S/B tests are presented in Figure 4.16.

A greater number of pore volumes were necessary in order ta identify any Pb
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in the leachate of S/B tests, 4 to 5, against 2 to 3 for kaolinite samples. This supports

the remark made previously in this text that S/B samples, although composeu of only

10% of bentonite retained more lead than kaolinite, or that Pb is nut very mubile in

the presence of bentonite (Warith, 1987).

The fact that zinc was detected earlier than lead in the leachate cnlIected

indicates that Zn is more mobile than Pb. This agrees with the findings of several

l
authors, e.g.: Farrah and Pickering (1977); Phadungchewit (1990); etc. The greater
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Figure 4.16· Breakthrough CUlVes for Three Representative Tests with
SandlBentonite.

mobility (or lower selectivity) of ZII is discussed in funher detail in Section 4.2.5.2.

The pH of each leachate collected is indicated in brackets in Figure 4.16. It

is interesting to note that the drop in pH is inversely proportional to the intensity of

the increase in the Pb concentration measured. For the test with sampIe CSBPbI3C3

the pH drops abruptly from 7.1 after approximately 5 pore volumes were collected,

to 4.6 after 7 pore volumes accumulated. Concomitantly, C/Co rises from only 0.01

to 0.5 (breakthrough point). This shows that the pH of the leachate might be an
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• indicator of the evolution of the contamination front. Yong ct al (ll)lJO) associatcd

pH reductions of soiI solutions with competition of Pb ions spccies and If' for

adsorption sites. Since Pb has a higher affinity than If' (Bohn ct al, IlJ1'5) it lcads

to a higher concentration of If' in the solution.

ln the case of sample TSBPbllC3(3), however, the pH decrcascd l'aster,

reaching the acidic range much before the breakthrough point. Thus, no dcfinitc

conclusions can be made concerning the use of pH as an indicator of the evolution

of the contaminant front, based on these limited tests with S/B.

Further related studies, e.g.: Yong et al (1990), who carricd out a research on

the buffering capacity of clay soils and its relation to heavy metal retention, can

eventually cast more light on this particular problem.

4.2.4 . Comments on Adsorption hy Compacted Clays

From the results of chemical analyses performed with the diluent collected

during sorne tests with kaolinite, including the two shown in Figure 4.15, the

retardation factor, R, which represents the retardation of the front of contamination

relative ta the bulk Ilow of water (Freeze and Cherry, 1979), can he ohtained hy a

simple set of calculatians, using the equation helow (Freeze and Cherry, J979) :

.,.
.,.,.

-
R =

VI
= 1 +-

V,
(4.2)
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where:

v is the average Iinear velocity of the solution along the flow line;
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v, i~ the vclocity of the C/C" = 0.5 point on the concentration profile of the

retarùeù constituent;

Ph i~ the ùry ùensity of the porous medium;

n is the porosity; and

Kd is the distribution (or partitioning) coefficient, which represents the partition­

ing of the constituent between the solution and the ~oil particles (aq/aC).

As can be seen, different K;s may be obtained, ùepenùing on:

1 - the curve selected: (a) adsorption isotherm (upper curve on Figure 4.12

or 4.13); (b) one of the adsorption characteristic curves for the

compacted material (other curves);

2 - the level of equilibrium concentration (C) at which the Kd is measured

(Kd is the tangent to the curves).

Here are same examples of different K;s (and retardation factors R) that can

be ohtained baseù on Equation (4.2), depending on the 'choices' made:

1 - curve: adsorption isotherm (upper curve on Figure 4.12);

tangent taken at: the initial 'linear' portion (secant) => Kd = 10 ml/g;

R = 27;
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l
note: this is the common 'choice' in Environmental Geotechnology

practice (Freeze and Cherry, 1979; Bowders et al.. 19H6; EPA. 19H7;

Rowe, 1988; Barone et al, 1989; National Research Council (U.S.).

1990);

2 - curve: adsorption characteristic curve for B(s) (second curve l'rom the

top in Figure 4.12);

tangent taken at: the initial 'linear' portion (secant); = > K. '" 3.4

ml/g; R = 10;

3 - curve: same as above;

tangent taken at: the region where C = 1700 l'pm;

'" > Kd '" 0.9 ml/g; R = 3.S;

note: at the level of concentration selected ail curves for compacted

kaolinite are rather parallel, i.e., approximately the same K. can be

obtained independently of the curve chosen;

4 - curve: adsorption characteristic curve for B (consolidation ccli Figure

4.13);

tangent taken at: the region where C = 1700 l'pm;

= > Kd '" 1.11 ml/g; R '" 3.9.

For comparison, it is possible tu calculate R expressing the velocities in terms

of the total volume collected at breakthrough point (C/C" = O.S), Vp, and the volume

of voids of the sample, V,. R is obtained hy dividing Vp hy V,. In other words, it
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consists of the numher of pore volumes needed ta achievc C/C" = 0.5. In this case,

it is neccssary ta assume that the breakthrough curve obeys the mathematical solution

of the longitudinal dispersion cquatian in granular medium (error functian model),

as prescnted by Ogata and Banks (1961) and later adapted by Ogata (1970) ta

account for adsorption processes. For the kaolinite test TKPB130b, shown in

Figure 4.15, R = 4.5.

From the ahove calculatians, it becomes evident that the most reasonable

re::tardation factor for kaolinite was obtained by taking the tangent ta the adsorption

characteristic curve of compacted kaolinite at the level of concentration actually used

during thc permeability test, i.e., the 3'd and 4th 'choices' above.

Making the same assumptions and the same set of calculations for S/B

samplcs, the retardation factor, R, was obtained based on Equation (4.2) (R = V!V.

at C/C" = 0.5) and found ta be approximately 7 for test CSBPbI3C3, and 7.6 for test

TSBPbll0(3). On the other hand, if the approximately linear portion of the mate­

r:al's adsorption isotherm (C ;S; 100 ppm) is taken, ~ '" 60 ml/g and R = 273 !

Unfortunately, due ta the limited amount of data, it was not possible ta

calculate R using the ~ obtained from adsorption characteristic curves for compacted

S/B.

This scems ta indicate that: a) as far as modelIing of contaminant transport

is concerncd, the adsorption characteristics of eompacted samples may yield more

reasonahlc values than isothcrms construeted with soi! suspensions; and b) Kd must

hc ohtained from the tangent of the adsorption characteristic curve at the level of
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conœntratÎon to be found in an actual probkm.

128

The present results and comments (for both kdolinite and SIB) raist: sorne very

interesting points about the widespread use of constant partitioning codficients

(Freeze and Cherry, 1979; Bowders et al, 1986; EPA, 1987; Rowe, 1988; Barone et

al, 1989; National Research Council (U.S.), 1990), often obtained l'rom 'linear'

adsorption isotherms (e.g.: Freeze and Cherry, 1979; Bowders et al, 1986; National

Research Council (U.S.), 1990; ASTM ES-IO-85 and 04319), in contaminant

transport modelling10
•

The fact that several different Kd's may be obtained, depending on the

isotherm selected (adsorption isotherm or the adsorption characteristic CUIVes of

compacted materials) and where the tangent is taken, have severe implications in the

prediction of contaminant transport. For example, the simplification 11:

as/ac = constant (linear isotherms)

may lead to an improper evaluation of the adsorption/desorption component ta he

used in the advection/dispersion models (Equations (1.2) and (1.3». as/ac =

.y-'
~

10

II

Only recently non-linear adsorption isotherms were reported in the geotech­
nical literature (Shakelford and Daniel, 1991). The authors obtained
cUIVilinear isotherms for the adsorption of Zn, Cd, and K onto kao\inite.

According to the nomenclature employed here, aq/aC should he used. q is the
amount adsorbed in grams per grams of saiL
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constant ùo~s not apply in ail cas~s and d~p~nds on th~ natur~ of hoth th~ charged

surface and th~ contaminant itself.

Th~ fact that th~ amounts retain~d by compacted materials ar~ low~r than

thos~ adsorb~d hy soil susp~nsions, as sugg~sted hy the results ohtain~d with kaolinite

and th~ S/B mixtur~, shows that, hy using adsorption isotherms, adsorption and

accumulation processes can he overestimated. This is of key importance in the

evaluation of the capahility of a protection harrier to contain heavy metals over its

~xpected Iifespan.

When adsorption characteristic curv~s are used, the effects of precipitation,

dissolution from the solid surface, effective exposed surface area, c1uster, and ped, as

weil as particle migration are taken into consideration. This does not hold when soil

suspensions are used, since the solid:liquid ratio does not reflect the reality of a

compacted clay harrier.

For example, the pH of an acid Pb·solution will not he altered as dramatically

when in contact with a few grams of S/B as it will when it is percolated through the

compacted S/B materiaI. In the latter case, the precipitation Ievel is more intense,

thus it is expected that the partitioning hetween the two phases will he dictated by

the compounding effects of cation exchange and precipitation. AIso, aggregate and

c1ust~r formation, as discussed before, cause a decrease in the exposed surface area,

thus lowering the exchange capacity of the soil, which may no! be the case with soil

suspensions.
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1
Considering the above, non-linear adsorption characteristic curves of

compacted materials seem ta be more appropriate to represcnt the partitioning of

contaminants between the solid phase and the percolating liquid.

Finally, cUrve filling is also of fundamental importance, and the type of model

chosen (Freundlich, Langmuir, B.E.T., etc.) will dictate the quality of the correlation.

ln the present case, the non-linear Freundlich model was used with success.

4.2.5 . Ion Mass Balances

Vpon termination of chemical analyses, lead mass balances were calculated

for most samples, following the procedure outlined in the Appendix E.

The limitations associated with mass balance calculations are described

concomitantly with the present<'tion of results.

4.2.5.1 - Ph Mass Balance

Tables 4.3 and 4.4 present the mass balances for kaolinite samplcs tested with

the triaxial and the consolidation cells, respectively. Tabh:s U and 4.6 present the

mass balance results for S/B samples tested in the triaxial and the consolidation ceIls,

respectively. Values in grams represent the summation over the quantities found for

each individual slice, except for the total Pb input.

8asically, the amount of lead introduced in the system was cmnpan:d to the
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Tcst Ph Ph adsorbcd Ph in Ph in Total a
(C, in ppm: input (g) porcs Icachatc (g)
final C/C,,: (g) (% lot) (g) (% lot) (g)
lot # pv's) (% lot)

TKPbl2CI 0.044 0.040 0.007 0.000 0.047 7%
i =50

C, = 250 (85%) (15%)

C/C, =0.00
5 pv's

TKPht3C1 0.037 0.031 0.0 16('?) 0.000 0.047 27%
i =100
C, = 250 (66%) (34%)

C/C, =0.00
5 pv's ..

1

TKPht3C2 0.165 0.lU5 0.024 0.006 0.135 18%
i =100
C, = 850 (78%) (18%) (4%)

C/C, =0.17
5 pv's

TKPhIlC3 0.300 0.147 0.077 0.076 0.298 2%
i =25

C, = 1750 (49%) (26%) (25%)
C/C, =0.02

5 pv's

TKPht3C3b 0.601 0.187 0.078 0.302 0.567 6%
i = 100
C, = 1750 (33%) (l4o/c) (53%)

C/C, =0.85
10 pv's

NOlC: quantilies in grams werc obtained by adding the amounts of each individual slice (except for Pb
input). a = discrepancy bctwccn Pb input and lotal idenlified in the system.

Tabl~ 4.3 - Lead Mass Balance Results for Kaolinite (Triaxial CelI).

SUffi of amounts found in the adsorbed form, in the pore fluid. and in the leachate

colI~cted.
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1

....

TeSl Pb Pb adsorbed Pb in Pbm ToUl! <1
(C in ppm: input (g) porcs leachale
final C/Co; (g) (% lot) (g) (g) (g)
lOt # pv's) (% tot) (% lot)

CKPbllC3 0.250 0.131 0.059 O.OM 0.254 2%
i =25

C = 1750 (52%) (24%) (26%)
C/Co =0.63

5 pv's

CKPbI2Cl 0.019 0,015 0.002 0.000 0.Ql8 9%
i =50
C = 250 (80%) (11%)

C/Co =0.00
3 pv's

CKPbI2C2 0.096 0.063 0.003 0.003 0.069 28%
i =50
C = 850 (6M'é) (3%) (3%)

C/Co =0.10
4 pv's

CKPbl2C3 0.196 0.100 not 0.002 0.102 48%
i =50 mcasur.
C = 1750

C/Co =0.03
4 pv's

CKPbI3CI 0.033 0.022 0.004 0.000 0.026 20%
i =\00
C = 250 (60%) (140/0)

C/Co =0.00
5 pv's

CKPb13C2 0.130 0.078 0.024 0.013 0.115 11%
i =100
C = 850 (60%) (l9ck) (10%)

C/Co =0.24
5 pv's

CKPb13C3 0.290 0.125 0.(165 0.109 0.299 2%
i =100
C = 1750 (43%) (22~'" ) (37%)

C/Co =0.74
5 pv's

Note: quantities in grams were obUl!ned by adding the amounts of each individual slice (e.cept for Pb
input). 6 =discrepancy between Pb input and toUl! reeupcratoo in the system.

Table 4.4 - Lead Mass Balance Results for Kaolinite (Consolidation Cdl).
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.. As shown in Tables 4.3 to 4.6, the greatest percentage of lead was always

found in the adsorbed form, with the Botlom slices adsorbing more Pb than the

Middle and Top slices (Figures 4.12 ta 4.14). This confirms the results obtained by

Yong et al (1987), who observed that heavy metals are retained in the initial sections

(in the present case, the botlom part) of sail samples.

Test Pb Pb adsorbed Pb in Pb in Total <1
(C in ppm: inpUt (g) porcs leachate (g)
final C/C,: (g) (% tot) (g) (g)
tOI # pv's) (% lot) (% 101)

T5BPbllC3_3 0.657 O.·l31 omo 0.268 0.709 8%
i =25
C ~ 2500 (61%) (1%) (38%)

C/C, = 0.70
16.5 pv's

T5BPb13C3BP 0.188 0.168 0.005 0.000 0.173 8%
i = 100
C ~ 2500 (97%) (3%)

C/C, ~ 0.00
5 pv's

T5BPbllCI 0.069 0.048 NA 8.0 E-3 0.056 18%
i =25 (70%) (12%)
C ~ 600

C/C, ~ 0.00
8 pv's

T5BPbllC3_5 mass balance not calculated

Note: quantilies in gmms were obUlined by adding the amounlS of each individual slice (except for Pb
input): bd! = below deteclable limilS. <1 = discrepancy beLwcen Pb input and lotal identificd in the
syslem.

Table 4.5 - Lead Mass Balance Results for SandlBentonite (Triaxial Cell).
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l

The small ùiscrepancies hetween the quantities introùuceù anù identified in

the system can be attributeù hmh to the fact that ammonium acetate mav not he able

to extract 100% of the aùsorheù (specilïcally or not) Ph (Karamanos et al, llJ76;

Farrah anù Pickering, 1978; sec also the Appenùix G), anù to experimental errors.

Concerning the latter, dilutions of highly concentrated solutions are very ùelicate: a

simple spike more, or Jess, can lead to erroneous results.

Another possible source of these small discrepancies, in the case of S/B tests,

may be associated with the presence of colloids in the supernatant. Gschwend and

Wu (1985) and Servos and Muir (198lJ) used much higher centrifugai forces and

longer centrifugation periods than those used in this research and still iùentified

collaids in their supernatant. In the present case, sorne of the heavy metals (ionic

species) 'extracted' when the acidified ammonium acetate solution was mixeù with the

soil can eventually be adsorbed onto these colloids and will not be detecteù by AAS.

Large discrepancies were normally associated with cell leaks (c.g.: CKPbI2C3,

Table 4.4), and ta contamination of test tubes or glassware (e.g.: sam pie TKI'bI3CI,

Table 4.3).

4.2.5.2 • Zn Mass Balance

The results of the mass balance calculated for the sampIe percolated with Zn

solution (shown in Table 4.6) did nat show a pattern similar to those obtained for

tests with Ph. The concentration of Zn is uniformly distributed along the sampie (the
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T\st Pb Pb adsorbcd Pb1l1 Pb in ToUl! 6
(C in ppm: input (g) porcs Icachalc
final C/C,,: (g) (% tOt) (g) (g) (g)
lot fi pv\) (% loti (% tOl)

CSBPhl3CI 0.058 0.019 0.002 0.000 0.021 64%
i = 100
C = 500 (33%) (3%)

C/C, = 0.02
6 pv's

CSBPb13C3 0.662 0.470 0.033 0.223 0.726 10%
i = 100

C = 2500 (71%) (5%) (34%)
C/C, = 0.70

13 pv's

NOle: qoaI1lities in grams were obtained by adding the amounts of each individual slice (except for Pb
inpot).6 = discrepancy bclwccn Pb input and toUl! recupermcd in the system.

Table 4.6 • Lcad Mass Balance Results for SandlBentonite (Consolidation Cell).

Top, Middle and Bottom sections adsorbed practically the same amounts of Zn), and

most of the ions were identified in the Ieachate (68%), whereas only 28% was in the

adsorbed form. Moreover, Zn was detected in the leachate collected much earlier

than Pb, for tests with similar characteristics (Figure 4.16).

This can be mainly associated with the lower selectivity (or higher mobility)

of ZIl as compared to Pb for most clays and modes, at various system pH (Farrah and

Pickering, 1977; Phadungchewit, 1990). Selectivity, in turn, can be explained by the

ionic size (Elliott et al, 1986). According to Bohn et al (1985) "the ease of exchange

or the strength with which cations of equal charge are heId is generally inversely

prnportional to the hydrated radii, or proportional to the unhydrated radii" (in

Phadungchewit. 1990).
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Test Zn Zn adsorbed Zn III porcs Zn in Total <l
(C in ppm: inpUl (g) 19) leachale
final C/C,: (g) (% lot) (0/( 10l) (g) (g)
lot # pv's) (% loll

TSBZnlIC3 0.438 0.093 O.ül5 0.232 0.340 "''''0'__ ,()

i = 25
C = 2000 (28%) l4%) (68%)

C/C, = 0.79
13.6 pv's

NOle: quanlitics in grams wcrc obtaincd by adding the amounlS of cach individual slice (C'CCPI

for Zn inpul). Il = discTepancy belween Pb inpul and 10lnl idel1lificd in the system.

Table 4.7 - Zinc Mass Balance Re~:lIlts for SandlBentonite (triaxial ccli).

The greater mobility of ionic ZIl can be also explained in terms of the greater

activity of ZIl and based on the standard Gibbs free energy (aGO) of the system,

defined as (Sawyer et McCarty, 1978; Bohn et al, 1985)12:

where:

aG O = -RT ln K

R '" universal gas constant;

T '" absolute temperature in OK; and

(4.3)

12

K '" equilibrium constant of the reaction describing the

exchange phenomena.

The negative sign means that energy is released and the system becomes more
stable. The higher the absolute value, the more 'spontaneous' is the reaction
(Bohn et al, 1985).
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If only ionized or ionizahle species are involved, and assuming that only two

cations arc involved in the process, the exchange reaction can he written as (adapted

from Schweich and Sardin, 19H6):

wHM" + 2EC"'-c1ay ;:! 2Ee...• + wHM"-c1ay (4.4)

where: == divalent heavy metal (Pb or 211); and

EC == exchangeable cation of valence w.

Considering the exchange of Pb++ (or 211++) for Na+, the equation constant

(K) may he described as (Krishnamoorthy and Overstreet, 1949):

K =
[Pb "]ad> (Na ')2

(Pb"),ol [Na']2
(4.5)

in which the hrackets refer to the concentrations present in the exchange

phase (adsorbed) as exchangeable ions, and the parenthesis denote the

activities of the ions in the equilibrium solution.

According to Schweich and Sardin (1986), the equilibrium law associated with

the reaction given by Equation (4.4) is described by the selectivity coefficient D.

Thus. Equation (4.3) can be written as follows:
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AG 0 = -RT ln D (4.11 )

Sinet: the selectivity of Ph is higher than that of ZII (Fanah and Pickering.

1977; Phadungchewit, 1990):

A positive variation of the free enerh'Y can he also related to the activity (a)

of the solute according to Equation (4.7):

AG = RT ln a

th us. a7.. > a"b or (ZII ),01 > (Ph ),01

Comparing the two selectivity coefficients:

(4.7)

= [Ph] (Naf
(Ph) [Naf

> D 7..
= [ZIIJ (Naf

(Ph) [Naf

and given that the exchangeable system is the same:

[Ph 1""
D =--

l'b (Ph )"" > D 7..
[ZIlL.

= -;-:=--,--
(ZII ),>0'
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1

It can he seen that the ahove relation will hold only if [Pb l,., > [ZIl],." which

corresponds tu the results obtained in this research.

It is important to note that the high tlow rate of the test with ZII (as compared

10 those with Pb) may have had some intluence on the adsorption of this ion by

bentonite surfaces.

Since precipitation of ZII (or Pb) could occur due to the high pH of the sail

mixture, "the affinity of the heavy metal ta be retained in soils could then be related

to the pK of the first hydrolysis product of the metaIs ..." (Phadungchewit, 1990), with

the pK of Pb being higher than that of ZII bath for iIlite and montmorillonite (Baes

and Messner, 1976; in Phadungchewit, 1990; ElIiott et al, 1986).

The difference in amounts of ZII introduced in the system and recuperated

during chemical analysis (ll = 22%) can be partly attributed to experimental errors

(many dilutions were necessary in order to obtain the degree of accuracy needed for

atomic ahsorption analysis). It can also be explained by the occurrence of high

aftïnity adsorption of ZII onto the bentonite surface (refer ta Effecl of Type of

CmllamÙ/l1ll1 in Section 4.1.2.1). In this case, the concentrated ammonium acetate

solution may no! be capable of 'extracting' ail the ZII from the particle surface

(Farrah and Pickering, 1978), as is the case with Pb.
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4.2.5.3 • Tutal lun Mass Balance

!-Ill

T
J

Another form of cross checking (or ion mass halance) was triel! hy wmparing

the total quantity of Ph ++ aùsorheù hy the clay particles to the total amount of Na'.

K+, Ca++, Mg++'AL3+ (kaolinite only), anù H+ (kaolinite only) exchangel! hy Ph' '.

This was dCJIle by calculating the differenet:s between the contributions of each

individual ion to the total CEC of the mate rial and tht.:ir wncentration in the

superr.atant obtained from the 'extraction' phase; these differences we~e sllmmed IIp

over ail index cations and compared to the total conet:ntration of Ph ++ in the same

sllpernatant. This can be better visualized with the following equation:

where:

CEC" = contribution of ion M to the total CEC;

[M]"m = amount of M remaining on particle surface afler exchange

reactions have taken place, i.e, after termination of test; or [M]",,, =

the concentration of M (ionic form) in the supernatant afler 'extrac-

tion' with acidified (pH = 3.6) ammonium acetate (4 g in 40 ml);

[Ph]""" = concentration of iOllic Ph++ (Figure 3.4) in the acidic super-

natant (pH = 3.6) after exchange hy NH; ions ('extraction'); i.e, it rep-

resents the amounts of Ph that actually 'extracted' the other ions.
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Unfor!unately, this cross checking was not successful in most cases (especially

for S/B), because it cannot be guaranteed that the full CEC of the materials were

actually 'available' for exchange with the percolating Pb solution: sorne particles did

not participate in the exchange process due to particle agglomeration. The formation

of c1usters and other micro and ultra-microscopic structures are very difficult to

control and the structure changes from sample to sampIe despite the good

repeatability of the statie compaction procedure (Dunn and Mitchell, 1984).

Other concurrent phenomena may also render the total ion mass balance very

diflïcultto cak'ulate and interpret, e.g.: the dissolution of aluminum from the crystal

structure of kaolinite at low pH, and subsequent replacement of index cations on the

exchange sites by the dissolved Al ions (Duquette and Hendershot, 1987; Boland et

al, 19i!O). The rate of dissolution, and the intensity of this type of exchange are very

difficult to evaluate, and they vary significantly from system to system. Thus, changes

in the system during lead percolation are very different from those whieh occurred

when the CEC of the materiai was obtained, rendering the total ion mass balance

rather inaccurate.

Il may be observed that, although the affinity of clay minerais for aluminum

is higher than that of lead due to the higher valence of Al (Scheffer and Schachts­

chabel, 1966; in Forstner and Wittmann, 1981), Pb can 'extract' theAI from exchange

sites by effect of concentration, according to th~ Donnan principle applied to cation

exchange. ln fact, in quite a few cases of mass balance calculation for kaolinite

sampks. it was observed that, sorne AIH was exchanged by Pb + +.
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4.2.6 - Retention Modes

4.2.6.1 • Retention of Pb by Kaolinite

142

The exchange capacity of kaolinile is mainly due 10 hroken honds al the edges

of the clay minerais (Grim, 1968), and is recognized to he low compared to almost

ail other types of clay minerais. The results presented in this chapter show that

kaolinite is able to adsorb lead despite:

a) its low buffering capacity (Yong et al, 1990; Phadungchewit, 1990);

b) the fact that at pH's lower than 4.5 - the approximate isoelectric point

of kaolinite (Yong and Ohtsubo, 1987) - kaolinite devdops a net

positive surface charge.

Il is not very probable that signilïcant precipitation of Ph occurred inside

kaolinite samples, due to the low pH of the kaolinitic clay (pH = 4.3 - 4.7) and of the

Ph solution introduced (pH = 3.6). In the low pH range, Ph is normally found as a

dissolved species (Figure 3.4), or ions, that can readily displace other ions in the

diffuse double layer by effect of concentration and valence, according to the Donnan

principle applied to cation exchange (Greenland and Hayes, 1978).

Il can thus be concluded that the prevailing retention phenomena in this case

is physisorption (cation exchange) to kaolinite edges (mainly) and surfaces (Yong et
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al, 1'1'10). Physisorption, or nonspecific adsorption, is a particular case of adsorption

involving only clectrostatic forces. According to Sposito (1984), physisorption is the

chief mechanism governing the adsorption of metal ions.

4.2.6.2 • Retentinn nf Pb by Sand/Bentonite

Significant precipitation must have occurred due ta the high pH (8.6 to 8.8)

existing inside S/B samples in the beginning of the tests 13
• This is partly responsible

for the higher retention of Pb by S/B as compared to kaolinite. In this particular

case, lead may have precipitated as hydrous metallic oxides species (lead hydroxide •

Ph(OHJ2' as shawn in Figure 3.6), or as lead nitrate (Pb(NO)~ itself.

The precipitate may coat fabric units (Yong et al, 1979; Wang, 1990) and

intcract with the clay by: electrostatic attraction (coulombic) forces; cation bridging;

hydrogen honding; water bridging; and van der Waals forces (Wang, 19'10).

As evidenced by the results presented in this study (e.g.: adsorption

characteristic of compacted soils, mass balances, etc.), Pb is still found as a dissolved

species, or ions, that can readily displace other ions in the diffuse double layer.

The results of mass balance calculations and the theoretical calculations made

in Appendix G suggest that high affinity adsorption may also occur when bentonite

interacts with solutions containing lead ions.

1.' In sorne tests, the pH dropped ta the acidic range after a few pore volumes
had heen Icached (see, for example, the results presented in Figure 4.16 in
Section 4.2.3.2). For others it remained relatively high (pH =: 7.0).
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J

ln view of the ahove, and due III the very high: CEe. specifie surfaœ area. and

high pH of heoltonite (Tahks 3.! and 3.2), it can he postulated that adsorption as

ionic species (physisorption), precipitation. and high affinity adsorption are the prevai­

Iing retention modes for Pb, in the case of the sund/hentonite mixture. This is in

agreement with observations made hy Harter (1983) concerning retelltion of Pb hy

montmorillonite.

The precise proportions of each (precipitate, physisorhed, and specifically

adsorhed), can be assessed experimentally by using the sequential extraction

technique, which was employed hy Phadungchewit (1990), among others. Unfor­

tunately, a thorough eva1uation of these proportions could not he made within the

scope of the present experimental program. A partial evaluation (precipitation

phenomena excluded) was made using the double layer theory and the results of tests

with soil suspensions (Appendix G). In the case of compacted c1ays, further

investigations would be needed.

Finally, the minor quantities of Pb identified in the leachate (rcfer to Ph mass

balance in Section 4.2.5) indicate that Pb was not very mohile in the S/B system.

4.2.6.3 • Retention of Zn by Sand/Bentonite

As discussed previously in Section 4.1.2.1 (effect of type of contaminant), ZIl

can he adsorbed in the Stern layer, where the cnerb'Y of adsorption is higher than in

the diffuse layer (physisorption). Based on his own results and other data l'rom
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on sorne portion of the exchange complex...", although the retention of ZIl hy precipi-

tation cannot he discarded due to the high pH of the sail mixture.

As revealeù by the mass halance calcu1ation for the ZII test (Section 4.2.5), a

great proportion of the ZII was detected in the leachate. This seems ta indicate that

the transport of this heavy metal can be much more important than in the case of

lead, which confirms the affinity arder - Pb > ZIl - obtained by several researchers,

e.g.: Forbes et al (1976; in Nriagu, 1978), Farrah and Pickering (1977), Harter (1983),

Phadungchewit (1990), etc.. Due ta the high flow velocities associated with high

hydraulic conductivities, it is also possible that precipitate species may be carried out

of the sampie ta be collected in the leachate.

The precise proportions of ZIl adsorbed as ionic species, as precipitate, and

transported as complexes or in the precipitate form was not evaluated in this study

and are heyond its scope.

4.2.7 - Summary of Results

The results presented in this chapter are summarized in Figures 4.17 and 4.18.
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CHAPTER5

CONCLUSIONS

5.1 - General

This research work has focused on sorne important aspects of Clll11patihility

studies involving heavy metals and clay soils.

Compatibility was analyzed in terms of changes in the coefficient of hydraulic

permeability of the two clay soils, due to percolation of concentrated heavy metal

solutions, and in terms of the capacity of clImpacted clays to retain heavy metals.

The use of adsorption characteristic curves of compacted mate rial, instead of

adsorption isotherms, was introduced as a more realistic approach to the description

of the partitioning of heavy metaIs between compacted clays and the liquid phase.

5.2 - Penneability Tests

Several k-tests were performed with the two materials. Sorne lasted for only

a few weeks, others several months, depending on test conditions. The responsc to

changes in the fabric/structure arrangement observed during k tests were interpreted



Conclusio ilS 149

1
has~d on th~ fundam~ntals of soil-contaminant int~ractions. Th~ main conclusions

ar~ as follows.

5.2.1 - k-tests with Kaolinite

Th~ r~sults of lahoratory p~rm~ahility tests agr~~ with pr~vious ~xperience

with kaolillit~ in regard to th~ relative 'ins~llsitivity' of th~ clay to por~-water

ch~mistry chang~s, as far as th~ co~ftïci~nt of hydraulic p~rmeahility is conc~rned.

They indicat~d that Iittle or no differenœs ~xist h~tw~~n th~ k-values obtained for

kaolinite samples tested in eith~r p~rmeameter - llexib1e-wall or rigid-wall. This has

also h~~ll contïrmed by other research~rs and testifi~s to the relatively "inactive"

nature of kaolinite, as compared to active c1ays Iike bentonite.

5.2.2 - k·tests with sin

The results of p~rmeability t~sting with S/B in the triaxial cell show~d a c1ear

dependency on (refer to Figuœ 4.2): a) th~ initial hydraulic gradient appli~d; b) the

saturation proœdur~ chos~n; c) the conc~ntration of th~ percolating solution; d) the

typ~ of contaminant; e) the compaction en~rb'Y appli~d to prepare the samples; and

t) th~ typ~ of apparatus us~d.
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a) The application of high initial hydraulic gradicnts 10 S/B sampks kd to par­

ticle migration and consequent pme constriction (or porc hlockage). l'ore hlockage

causes a reduction in the d'fectiv<: pmosity - another paramcler affccting permeahility

- of the sampies, constituting another possihle cause for thc significallt drop in Ihe

calculated coefficient of hydraulic permeahility ohtaincd \Vhen high hydraulic

gradients \Vere applied (lo\Ver curves in Figure -l.2).

The implications arising l'rom this ohservation arc severe. If the criteria \Videly

accepted - k < 10-7 cm/s (Zimmie. IlJXl; Harrop-Willial11s, IlJX5; etc.) - is usetl, the

low k-value (k = 10-' cm/s) ohtained \Vith S/B sal11ples tested under an initial gradi­

ent of 100 (Figure 4.2) \Vould qualify the S/B to he employetl in an engineeretl harrier

(as far as the parameter 'permeahility' is concerned). Ho\Vever, the high k-value (k

> 10-7 cm/s) obtained for the other two triaxial samples (upper eurves in Figure -l.2),

tested under a much lower gradient, would Iead 1O the rejeetion of the material fur

use as an 'impermeable' barrier. In this case, relatively mohile conta minants (e.g.:

ZII) may reach the ground \Vater at concentrations higher than those accepted hy

water quality legislation.

According to the results obtained, once the permeahility (k-value) has

stabilized, the salTIple (i.e.: its fabric/structure arrangement) seel11S tu he less

vulnerable to the effects of changes in the applied hydraulic gradient. Mitchell and

Younger (1967) attributed this fact to the "formation of a stahle structure". A slight

hydraulic gradient path dependency was ohserved in one S/S s'Impie tested in the

consolidation ccII (Fig. 4.10).
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h) The dfect of sall1ple saturation is illustrated by coll1paring the results of

two S/B tests performed in the triaxial cell, suhll1itted to a hydraulic gradient of 25

(Figure 4.2), with a test performed in the consolidation cell under the same gradient

(Figure 4.10). The final low k-value calculated for the consolidation cell test - more

than two orders of magnitude lower than those conducted in the triaxial c::11 - was

mainly related to incomplete saturation of the sample, and the consequent higher

suction forces due to osmotie and matrie potentials (Section 4.1.2.2).

[n the case of kaolinite, suction forces are not as important. As a conse­

quence, incomplete saturation of consolidation cell samples did not lead to significant

differences in the calculated coefficient of hydraulic permeability of the material, as

compared with those obtained as a result of tests with the flexible wall permeameter

(Tahle 4.1).

c) Il was verified that the higher the concentration of Pb in the solution, the

higher the k-value. This was explained using the DDL theory, which predicts that the

higher the concentration - and the valence - of the contaminant in the pore fluid, the

greater the collapse of the double layer, which facilitates percolation (Effect of

CO/lcelltratio/l in Section 4.1.2).

d) k calculated during the test with a concentrated Z/l solution was almost one

order of magnitude higher than the highest k obtained for a S/B sample tested for Pb

in the triaxial cell. This was explained in terms of the DDL thickness and high
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aftïnity adsorption in the Stern layer (E.fjec! of Type of COIII11II1Ùllllll in Section

4.1.2.1). and/or in terms of a more packed arrangement of ions near the sllrfarc of

a l'article duc to the lower ionic radius of ZII ions. The more packed the DDI-. the

easier the percolating solution llows through. The higher mohility of ZII is discllssed

furthcr in this chapter.

e) The results ohtained for s'Impies TSRl'bIlC3_3 and TSUI'hIlC3_5" (Fig.

4.2) indicated that the methodolo!,'Y to prepare samples must he chosen carefully if

actual field conditions are to he reprodllced in the lahoratory. Depending on the

compact ion ener!,'Y applied, different fahricl structure arrangements :lre ohtained,

with major implications in the final coefficient of hydraulic permeahility calclliated.

t) Finally, it was ohserved that regardless of the initial gradient applied, or the

concentration of the contaminant in the percolating solution, the coefficients of

hydraulic permeahility obtained with the consolidation ccII were two orders of

magnitude lower than those obtained with the llexible wall permeameter (Figure

4.10). Il seems that insufficient saturation prior to leaching of the contaminant (rder

to b ahove) is the controlling factor leading to this difference.

1·..

14 SIR samples tested in the Triaxial ccII, under an initial hydraulic gradient Il
= 25, and a concentration of Ph solution C3 = 2500 l'pm. The first was
compacted in three (3) lifts, whereas the second in five (5) .
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For the two sm tests performed in the rigid wall œil under higher hydraulic

gradi<:nts (i = JOO), the dfect of saturation couId not he interpreted independently

l'rom the dfects of concentration and pore hlockage.

5.3 - Chemical Analyses

From the chemical analyses with: the compacted mate rials, the pore l1uid, and

the kachat;; collected, it was possihle to draw the following conclusions.

5.3.1· Kaolinite

Despite its low buffering capacity, Pb retention hy kaolinite does occur. In

terms of percentages of the total input, most Pb was found in the adsorbed form, with

some found in the pore !luid, and negligible amounts found in the leachate colleeted

al'ter 4 to 5 pore volumes had been leached (Tables 4.3 and 4.4). Evidently, for the

two tests designed to last until high concentrations of the contaminant were detected

in the leachate collected (ClCu dose to unity), the proportions of Pb in the leachate

\Vere higher.

Compacted kaolinite did not adsorh as much Pb (in grams adsorbed per grams

of soil) as the soil suspensions, even for the tests that lasted longer. This was

intcrpretcd in terms of the availahility of exposed clay particle surface (duster
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formation). The difference increaseu with uecreasing solution cquilihrium conccntra-

tion (Figure .J.12).

The hottom sections of kaolinitc samplcs (whcrc thc contaminanl was

introduceu) adsorhed signitïcantly more Ph than the top sections. a rcl1cction of thc

accumulation process occurring inside the mate rial. This was morc c"idcnt at low

concentration IcveIs, hecause the hottom part had not heen 'satistïcd' yct, i.c., it stili

had the capadty to retain Pb.

Due to the low pH of hoth the soil and the contaminant solution. and hascd

on the results of Pb mass halance calculations, it could he concluucd that lowaffïnity

physi-sorption is the main retention mode in kaolinite/Pb-solution systems. Precipita­

tion was minimized by keeping the pH of the system low. The possihility of some

high affinity adsorption is not excluded, and could explain the small discrepancies in

the mass halances calculations (Tahles 4.3 and 4.4). Unfortunately, this wald not he

verified for kaolinite in the present study.

5.3.2· SandlBentonite Mixture

As in the case of kaolinite, compacted SIB adsorhed less Ph than soi!

suspensions (Figure 4.14), and this difference was aiso explained in terms of a lower

'effective' exposed surface area (c1uSler formation). The difference hetween amounts

adsorbed by compacted material and soi! suspensions was also greater at lower heavy

metal concentration levels.
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Besith:s experimental errors, tl,e small discrepancies in the Ph mass halance

caicuiations (Tahles 4.5 and 4.6) can he allrihuted to the occurrence of high affinity

adsorption. In such cases, the ammonium ions of the 'extracting' solution are not

ahle to displace the Ph ions that are situated in the Stern layer hecause of the high

energy level necessary for the exchange to occur. In order tu support this suggestion,

the theoretical concentrations of Ph adsorbed (high and low aflïnity types of

aJsorption) onto day particles of a sail suspension were calculated and compared

\Il experimental values (Appendix G). An adaptation of the DLVO theory (DOL

model) was employed (Alammawi, 1988; Yong and Mohamed, 1991).

Other Ph n'tention modes of importance for S/B were precipitation and low

affinity physisorption. The first is due ta the high pH of the mixture, which causes

the Ph ln precipitate as Ph(OH) 2 species (Figure 3.6), and the second is due ta simple

replacement of the exchangeable cations by Ph by effect of valence and concentra­

tion. as predicted by the double layer theory (also evaluated for sail suspensions in

the Appendix G).

Zinc was found ta be more mobile than Pb which agrees with the selectivity

order of heavy metal retention in soils found hy several authors (e.g.: Farrah and

Pickering, 1977; Galvez, 1989; Phadungchewit, 1990). The breakthrough point for

tests with ZII not only occurred earlier than aIl other tests using Pb, but the percen­

tage of ZII found in the Ieachate was higher than that of Pb for a test which was

performed under similar houndary conditions and a similar final CICu (Figure 4.16).
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Other Remarks about Retention by Cnllllmcted Materials

•

The faet that the adsorption hy compacted mate rials is Imver than the

adsorption hy soil suspensions is fundamental when selecting the appropri:lle

formulation to represent the partitioning of a contaminant hetween the soliù anù

liquid phases in moùds deserihing the advective-ùispersive transport of retarùed

speeies through porous media. Irrespective uf the mudel chusen, the differences

between the compacted soil system and soil suspensions must be respected.

The use of non-linear adsorption characteristic curves, instead of linear

adsorption isotherms obtained l'rom batch equilihrium tests, must he ,~ncourageù as

a more realistic approach ta clay-contaminant partitioning in clay harrier ùesign.

As demonstrated in this study, the indiscriminate use of linear adsorption

isotherms in ail cases, or more precisely: the assumption of a constant distrihution

coefficient K<!I may lead to an imprecise evaJuation of the adsorption eapahility of

the compacted sail.

The appropriate equation to describe the aùsorption eurve itself is also of

concern. In this study, the non-linear Freundlich model was useù with success to

descrihe the adsorption isotherms of hoth mate rials, and the adsorption characteristie

curve of eompaeted kaolinite. However, this particular model may not be the most

appropriate for ail systems.
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Th~ dlïciency of the two permeameters was evaluated considering: a) its

s~nsitivity tn det~cl fahric/structure changes due 10 clay-contaminant interactions

during kaching; h) its performanœ in measuring lh~ cndficienl nf hydraulic

p~rm~ahility nf the materials; and c) its abilily 10 reproduœ the accumulation process

nccurring inside the harrier material.

5.4.1 - k· tests

The basic difference in terms of the ability of the two permeameters to

measure the laboratory codficient of hydraulic permeability of clay soils was related

tn the eftïciency ta saturate the sampIe. Since the application of back pressure is not

r~cnmmended for rigid wall permeameters (the risk of side-wallleakage increases),

suctinn forces due to osmotic and matric potentials may induce lower tlow rates

cmning out of the samples, i.e., lower calculated k-values (Sectip~; 4.1.2.2).

As mentioned previously, the effects of saturation on the coefficient of

hydraulic permeahility ohtained from tests performed in the rigid wall permeameter

may have overshadowed the effect of varying the concentration of Pb in the

contaminant solution. The latter effect was identified very c1early during the

exp~rimental program with the tlexibk wall permeameter.
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Consiùering the abo\'e, anù if proper saturation is ùesired 10 reprmluee the

worst scenario of Cllntamination. the cllOice of dficient saturation procedures (e.g.:

back pressuring) is inevitablt:. The results presenteù have suggested that llushing the

sample with ùistilleù water prim to perClllation of the contaminant solution is not an

dficient saturation proceùure. As a conseyuenœ, the use of triaxial eclls . or other

aùaptations of llexible wall permeameters, are recommenÙeù for the permeability

phase of a Cllmpatibility stuùy. The use of the rigiù wall œil is nonethelcss aùvisablc

as an aùùitional information. especially when performing cllmpatibility stuùies

involving clay soils anù mganic contaminants of low ùiclectric Cllnstants. The

interaction between organic contaminants anù compacteù clay samillcs may lcaù to

the formation of cracks (Acar et al, 1985; Mitchell and Madsen, l'Jl;<)), which arc

better iùentifieù in the rigiù wall œil.

5.4.2 . Retention

In the Pb retention analyses, it was seen that the amounts of Pb adsorbeù per

gram of soil for both kaolinite anù S/B samples were greater as a result of tests with

the triaxial ce Il. This was related to the higher degree of saturation of triaxial cell

samples (Section 4.2.2).

For the high kwl of concentration (0), the difference between Pb adsorption

by compacted material and soil suspensions did not change significantly as a result

of triaxial cell tests with either kaolinite or S/B. However. the rt:sults of tests
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conùucteù in the rigiù wall permeameter showeù an increase t'rom 35% (kaolinite)

to 50% (S/BJ. This was interpreteù in terms of the greater sensihility of S/B to the

cffcct of saturation (Section 4.2.2).

5.5 - Suggestions for Further Studies

Penneahility testing is far l'rom bcing a c10sed issue. Many impruvements can

still he made at various levels: equipment, saturation procedure, saml'le preparation

(a stuùy of the most effective means to prepare sandlhentonite mixtures at various

perccntages of bentonite is in order), compaction, etc.

The development of an experimental procedure to test the permeability of clay

soils under controlled swell is certainly a very challenging subject. Various types of

contaminants can be leached through the samples, including heavy metals and polar

and "'In polar organic contaminants, with low or high dielectric constants. Such a

study can make a significant contribution to the present knowledge of the behaviour

(geo!echnical and physico-chemical) of engineered landfill covers and liners made of

clay materials.

Flow characteristics in unsaturated porous media have been the subject of

several theses and papers. Il is nonetheless another open issue in environmental

geotechnolob'Y. The development of new in-situ or laboratory techniques to obtain

the unsaturated permeability of clay soils is needed. Becoming acquainted with
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alr~ady ~xisting t~chniqu~s can also h~ a very interesting suhject for a Masters

prngram.

Som~ proœdural d~tails d~scrih~dhy Warith (llJH7) can he col11hined with the

~xp~rim~ntal procedur~ prnpos~d h~r~ to cr~at~ a v~ry dficknt means of descrihing

th~ ~volution of th~ contamination front in syst~ms where eithcr diffusion or

adv~ction pr~dominat~s. In this cas~, a tkxihle wall p~rm~ameter (triaxial ccII) would

b~ ~mployed. In syst~ms wh~r~ diffusion pr~dominat~s, diffusion coefficients <:an he

ohtain~d, using th~ mode! prnpos~d hy Warith (19R7), with increas~d dficiency.

Furth~r inv~stigation with compact~d clays would possihly facilitate the

dev~lopment of a correlation b~tw~~n th~ amounts of lead adsorhed hy compacted

samples and sOli suspensions using th~ "dfectiv~" ~xposed surfaœ area as input. This

can b~ quit~ relevant in the ~valuation of th~ adsorption capacity of a (compacted)

barrit:r material in th.. tï~ld. AbD, tht: r~sults of batch ~quilihrium tests could he used

with more accuracy.

Furth~r s'Jdi~s on the ~valuation of th~ amounts of various contaminants

adsorb~d in the Stern layer (high aftïnity adsorption) is also of great importance. The

work develop~d here and thos~ of Alammawi (19R8) and Yong and Mohamed (1991),

as wdl as s~veral important refer~nœs on double lay~r theory (~.g.: Kruyt, 1952;

Grahamt:, 1947; van Olphen, 1963; Yarif and Cross, 1979; Sposito, 19H4; etc) can be

of great hdp.
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Besiùes aùsorption, other retention phenomena must he accounteù for in

contaminant migration stuùies. A speciation stuùy (Phaùungchewit, 1990; Yong et

al, l 'J'JO) can complement the compatihility study hy inùicating the amollnts aùsorbed,

precipitated, complext'd, etc. Speciation may he a very effective means of evaluating

the mohility of heavy metals in compacted material~; with time.

5.6 - Personal Statement

Before finalizing the text of this thesis, 1 wou1d Iike ta express sorne personal

ideas (opinions) about the global prob1em of ground water protection in engineered

landfill sites. These ideas were developed during the period 1 have been in contact

with this extremely seriaus problem, which is sometimes treated as a simple engineer-

ing (gcotechnical) prob1em.

A remark made by J.F. Christiansen (in the discussions of a paper l'rom Daniel

et al (1985), wl1ici. 1 came across in the early stages of my work) was perhaps the

starting point of a s~ries of fruitful discussions 1 have had with Dr. Yong and sorne

graduate student colleagues, about the philosophy of the work we have been trying

tll ùeve!llp, lt seems appropriale to reproduce that remark here:

"Over Ihe years, il lias beell dislressillg la see pllrporledly seriOlIS research

CIJ/ldllCted lVitil appara/l1S pridi,:;; itself ill simp/iciry alld ease of operalioll, alld
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[Izell heillg applied (() 01/1' of [Ize mos[ complex ami po[ell/ia/~1'serioll.\' pml>/ems

we Izlll'e, [Iza[ 1.1', [Ize cm/wil/mell[ of Izazardolls was[e.

OurprimaI}' ohjec[Ï\'e mus[ he (() aclziel'e il/creased aCCllmLT il/ predioillg .l'l'l'page

ql/all/ilies alld raIes of plume adval/cemell/.

50, ill deve/opil/g apparalIIs al/d leS[ procedures, /e[ us COl/œll/m[e 011 redllc/I/g

[Ize magl/ill/de of [Ize mal/Y emJrs wlzicl/ CClI/ he ill/roduced il/ [Ize lahIJrlIlOlY."

Indeed, an engineered barrier is something like the impelViouJ core of a large

earlh dam; if it does not perform properly, piping may develop, eventually causing

the total rupture of the dam. There is no need to discuss the cost - in .enllS of lives

and money - associated with such a catastrophe. In the case of a barrier, no

appare'.It (or evident to the eyes) rupture occurs, but the threat is immense in termr

of :;;rr und water pollution.

Before construction of an earth dam begins, many years are needed for the

research of the appropriate borrow materials - among many other design details.

Their geOlechnical properties must be very weil known; there is no such a thing as

a quick two month period of tests in this type of construction.

1 believe that protection liners should receive the same kind of treatment. In

fact, many years are m:eded before a site is approved for landlïlling (as much as 10

years in the Toronto area, for example). This seems more than sufficient for

government authorities, or the private sector, interested in the economical exploration

of the landfill, to develop the necessary characterization of the site and of the con-
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struction materials: hyùrogeological conùitions. amounts anù 4uality of the borrow

materials availahle. extensive in situ and laboratory permeability tests with ail possible

materials that can he employeù in tl'e protection harrier, thorough compatibility

analyses, determination of ùiffusion p'rameters. etc.

There shuuld be very limited cumpromise in terms of the custs and time-

requirement for the completion of these necc::ssary tests hecause, as Christiansen

( IlJH5) insists, "[we are ùealing with] one of the most complex anù potentially serious

prohlcm wc have, that is, the containment of hazarùous waste."

Thc houom linc of ail this is simple: there is still a lot of roum fur the

ùcvc::lopmcnt of techni4ues to evaluate the 4uality of potential barric::r materials in

lanùlïll sites, not ln mentiun the place reserveù for the development of the scientific

hackgrounù rd'lted to the problem of grounù water protection. As stated above, only

vcry limiteù compromise must be made in terms of the custs involved in the

performance of these tests.

Wc can priùe ourseIves on our ability to develop sophisticateù mudels to

ùescrihe contaminant transport anù retention, but if the parameters that feeù these

moùels are not weil unùerstooù anù technically weil determined, the moùels will be

anything but usefuI.
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Appendix A - Mineralogical Characteristics

A.I - Kaolinite

Th~ min~ralogical characteristics of the kaolinite was obtained by diffraction

analysis with a Siemens diffraclOmeter with copper radiation. Previous c:o:perience

with lliis material has indicated that no smectite should be present in the kaolinite,

which simplilïed sampie preparation.

Sorne material was ground with a mortar and pestle, and 100 mg were placed

in a 10 ml volumetrie flask. Approximately 5 ml of distilled water were added, and

the Ilask was placed in an ultrasonic bath for 5 minutes to allow for dispersion. The

llask was then filled to the mark with distilled water. From this mixture, 4 ml were

pipetted onto two glass slides (4 cm x 4 cm) and allowed to air dry.

A special slide was prepared to confirm the presence of kaolinite. The slide

was heat(~d to 550 oC in a muffle fumace for JO to 40 minutes. At this temperature

ail k<'.(J1inite peaks are 'destroyed', i.e., kaolinite becomes amorphous to X-ray (Tan,

1982).

The results are presented in Figure A. I. The samples showed the distinctive

kaoIinit~ peaks at 7.2 and 3.6 A. The heated sample displayed no peaks, thereby

conlïrming the presence of kaolinite.
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Â.2 - Bentonite

18~

1

A Phillips APD 1710 X-ray ùiffractometer with copper radiation was used to

perform the X-ray analysis of the bentonite useù in to make the sand/bentonite

mixture. The procedure for sample preparation was identical to that of kaolinite,

with the ,l'Jdition of a supplementary slide: once the dry slide had been analyzed, a

10% glycerol solution was sprayed on the sample to shift the peak value.

The X-ray patterns are presented in Figure A.2. The air dry samples shows

a peak at 12.8 À, a value that indicates the presence of sodium bentonite. The

glycerol treated sample shows a peak shift to 18 À, as weil as a minor peak at 8.9 À.
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Appendix B - Geotechnical Test Results

with Both Materials

B.l - Kaolinite Hydrite PX

,. Puuulng olay 1 1111 1

..,1----
.'-'

/- .. /' . .. . ...

l-

I ....

, .

.' ...

..

, , , , , , ,
"

, , ,

100

90

80

TO

60

60

40

30

20

10

o
0.0001 0.0010 0.0100

Purtlcle SIm (mm)
0.1000 1.0000

.teplad lrom Q_lvet \lale) BauC! on Srltlln 5011 Clau,lrcallen SVlllm ICfalg. 111831

Figure B.I • Grain size Distribution Curve for the Hydrite PX Kaülinite.
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B.2 - Silica 40 Sand (90%) / Bentonite (10%)
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Appendix C - CEC Determination

The Cation Exchange Capacity (CEC) was determined using an adaptation of

the ammonium acetate method described by Black (1965; in Chhabra et al, 1975).

C.l - The ammonium acetate solution was prepared under a fumehood by adding

57 ml concentrated acetic acid and 68 ml concentrated ammonium

hydroxide to 700 ml distilled water. Since the desired pH of the solution

was 3.61, acetic acid was added to bring the pH down;

C.2 - Four grams of soil (kaolinite or bentonite) were carefully weighed into a

plastic 40 ml centrifuge tube (Nalgene). Triplicates were prepared, sa a

total of 12 grams of sail was needed. ;

C.3 - To each of the three centrifuge tubes, 33 ml of the ammonium acetate sol-

ut ion was added. The tubes were then placed in a mechanical shaker for

approximately :. hours;

ln order to create an acidic condition; see explanation in the text of
Chapter '!.
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CA - Following shaking, the tubes were placed in a high speed Damon IEC Hl'

centrifuge for approximately 10 minutes (30 minutes for sm mixture). The

supernatal1l was then decanted into a IOll ml container;

cs - Steps C3 and CA, 0.3.5 were repeated two more times llJ make a total of

100 ml of supernatant collected;

C6 - The supernatal1l was then analyzed for Na, K, Mg, Ca, and Al (kaolinitc

only) using a GBC 902 double hcam momie absorption spcctrophotometer.

In some cases dilutions may be needed in order to keep the atomic

absorption reading in the most accurate range. The analysis involvcd

measuring the concentrations (in ppm) of ail cations in the supernatant, as

weil as their background concentrations both in the ammonium aet:tate

solution and in the distilled water used for dilutions. These background

concentrations must be subtracted l'rom the average concentrations (l'rom

triplicates) ta give the final concentration of each ion;

C7 - To canvert l'rom ppm to meq/IOO g, the formula bdow (Cl) was used:

meq/lOOg =
[gIL1 x IOOml x 100g x ](JOO

IOOOml x 4g x equ.weigll/ofcalioll
(C 1)

'f'.' '.'
where: [g/L] '" concentration of the ion in grams per litre;
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100 ml -> amount of ammonium acelale;

1000 ml -> IOOO ml in 1 lilre;

4 g -> amounl of ury soil; anu

100U -> 10 converl from equivalents 10 miliequivalents.

194

Cg - The value in meq/100 g for each of the cations was summed up to

ùetermine the CEC of the material.

C <) - Since kaolinite is a variable charge type of minerai, it is important to

consiùer the pH of the system. In the present case, not only the kaolinitic

clay is acidic, but the ammonium acetate solution was prepared at pH =

3.6. Thus, the exchangeable H+ (see procedure below) and Al+++ have to

be incluùeù in the total CEC (see discussion in Chapter '?).

CIO - ln the case of bentonite, the exchangeable H+ and Al+++ are not

consiùered in the total CEC.

Cil - Determination of the Exchangeable-H+ (aùapted from Jackson, 1967):

2.5 g of kaolinite were mixed with 25 ml of ammonium acetate solution.

The pH of the solution was nearly neutral, and was recorded before
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addition of the clay (pH,,). The mixture \Vas shaken intermittently over a

one ho ur time span. After one hour, the pH of the mÎ;.;ture \Vas measured

(pH,). The exchangeahle-I-t+ content, in meq/100g, \Vas calculated

according to the Formula :

-,..,~

exclz. Izydr. (meq/IOOg) = (pH" -pH,) x 22 (C.2)



Appendix D- Sample Preparation

for Chemical Analyses

0.1 - Preliminary Observations

O.l.l -

0.1.2 -

0.1.3 -

0.1.4 -

This procedure is used to evaluate the adsorption capability of clay

samples which have been percolated by heavy metal solutions. In the

case trace metal concentrations are used, this procedure may have to

be slightly changed (use of super-quality distilled water, use of a graph­

ite furnace instead of !lame atomic spectrometry, greater care during

washing of the glassware, etc.);

This procedure may not be the ideal when more than one ('ontaminant

species are being tested;

This procedure applies to samples extruded from most types of

permeameters. In sorne specifie cases, e.g.: sampIes tested in double­

ring permeameters (Anderson et al, 1985), a different procedure may

be required.

For a given: a) diameter; b) specific weight of the material; and c)

compacted density, each slice must be thick enough, so that triplicates

can be made of them. Each one of the triplicates has to weigh 4 g

when dry, in order to keep the liquid:solid ratio of 1:10 (EPA, 1987)
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D.1.5 -

197

ùuring the extraction procedure. Example of calculatiol1 of the

minimum weight of a slicc:

given that the final water content of the slice Ï:; w,% = 24% anù

that ± 2.0 g will he useù for water content ùetermination:

W, = [4.0 g x 3 (triplicates) ± 2] x 1.24 = 17.4 g,

say: 20.0 g, for eventual lasses;

When testing kaolinite for acidic contaminant solutions (see Section

3.1.1), 2.5 g per slice have III be aùdeù. This mate rial is used 10

determine the amount of exchangeable-H+ (see the procedure

described by Jackson (1967) in the Appendix C). If bacteriological

analyses are in demand, the samples may have to he prepared with

more material.

D.2 . Preliminary Procedures

D.2.1 -

D.2.2 -

D.2.3 -

Extrude sarnple, weigh it and measure ùiarneter and height. Carefully

wrap it up in plastic film in between steps 1 and 2;

Slice it ta the nurnber of sections ùesired. In this procedure, we will

be referring ta 3 slices;

Weigh each section;
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0.2.4 .

0.2.5·

1911

Spare some soil from ea~h se~tion for water ~ontent (w%) measun:·

ment;

Keep the material of each slice in a separate plastic hag. Label the

bags with the designated name of the slice (e.g.: B for bottom). If not

proœeding immediately to the next step, gather them in another bag,

tight it and store it in a humid room. If bacteriological analyses are to

be executed, store it in a freezer.

D.3 - Washing Procedure

•

0.3.1 .

0.3.2 -

0.3.3·

0.3.4 .

0.3.5 -

Label nine 40 ml centrifuge Nalgene tubes (or equivalent), 3 for each

slice (e.g.: 81, 82, ...T2, and Tl), and three 250 ml (or more) glass

bottles (e.g.: T, M, and 8). For kaolinite, a 101h tube is necessary in

order to obtain the exchangeable-H+.

If the final water content of a slice is, for example, 24%, pour 4.0 x

1.24 = 4.96 g into each of the 3 Nalgene tubes relative to that slice.

Repeat the same calculation and procedure to the other slices;

Add 40 ml of distilled water to each tube;

Allow them to shake for 1 hour on a end-to-end mechanical shaker;

Centrifuge them for 30 min at 10,000 g. This.<3.t and centrifuge force

are sufficient to settle the bentonite (or to have dear supernatants),
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0.3.6 -

0.3.7 -

D.3.H-

D.3.'J -

according to our experience. The;:lt and the œntrifuge fmœ can he

reduced to 10 min and 1000 g in the case of kaolinite:

Carefully empty the contents of the three tuhes of each slice in the

same glass botlle (Tl, T2 and T3 -> T.... ) without losing any of the

soi!. The supernatant of the 10'" tube (the material for calelliation of

the exchangeable-H +) may be discarded;

Repeat steps 0.3.3 through 0.3.6 once again. At the end of the

washing procedure, each one of the 3 glass botlles will have 240 ml of

diluted pore fluid (40 ml x 3 (triplicates) x 2 (repetition));

The diluted pore lluid is then analyzed for the specific contaminant hy

AAS. In certain cases, further dilution may he required in order to

achieve the degree of accuracy of the AAS apparatus;

Do not dispose of the sail in the tubes. The mate rial of the 10"' tube

is dried and used for the evaluation of the exchangeablc-H " following

the procedure described by Jackson (1967).

D.4 - Extraction Procedure

004.1 ­

0.4.2 -

Lahel nine 100 ml Nalgene houles: Tl, TZ, .... 82 and 83;

Prepare 3 (triplicates) x 3 (slices) x 100 ml = 'JOO ml (say 1 1) of

ammonium acetate ('extractant') by adding Hl ml of concentrated
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D.4.3 .

D.4.4­

D.4.5 •

D.4.6·

D.4.7 -

D.4.X·

D.4.9 -

zoo

acetic aciù anù 97 ml of concentrateù ammOnium hyùroxiùe, anù

completing it to 1 litre;

ln the present research, the pH of the ammonium acetate was lowereù

to 3.6 for reasons given in the text. In this case, concentrateù acetie

aciù was aùùeù until the pH reacheù the ùesireù 3.6;

The same 9 tubes with the washeù out soil will be employeù here;

Aùù 34 ml of the extractant to each tube;

Execute the same procedure as those of steps 0.3.4 anù C.4, D.3.5;

Pour the contents of each centrifuge tube in a separate bottle (TI in

Tl, T2 in n, ...);

Repeat steps 0.4.5 through 0.4.7 two more times (add 33 ml, instead

of 34 ml of extractant);

In the end of the extraction procedure, each one of the 9 bottles will

have 100 ml of the supernatant. In sorne cases, dilution is required, in

arder to evaluate the concentrations of the specifie contaminant in

these supernatants.
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Appendix E - Pb Mass Balance Calculation

E.l - For a hetter unùerstanùing of the proœùure ùescribcd in this appemlix. il

is recommenùeù the reaùing of Appenùix D.

E.2 - The actual proceùure useù to calculate mass balanœs with kaolinite

samples was sEghtly ùifferent, hut the one ùescriheù below can he perfectly

applieù;

E.3 - Al'ter the sampIe preparation phase, there are 3 hottles containÎng the porc

tluiù (T, M, anù B), 9 bottles containing the supernatant l'rom the

'extraction' phase (triplïcates for T, M, anù B), anù severaltuhes containing

the leachate collecteù ùuring permeability testing. The concentration of Ph

in each one, and in the Ph-solution introùuceù arc ohtaineù hy AAS. For

accuracy, the concentration of Ph in the aciùifieù ùistilleù water useù for

ùilutions anù in the ammonium acetate solution ('extraction' phase) were

also obtaineù ('background' concentrations);

EA - The average concentration in the supernatants - in g/L - was useù in the

following steps;
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E.5 - The first step in the mass balance calculation involved the determination of

the input yuantity of kad: the actual concentration in the Pb-solution

llbtained l'rom AAS was multiplied by the size of one pore volume (volume

of voids of the sampk);

E.6 - The amount of kad adsorbed by the clay was obtained for each one of the

slices using the formula (E.!):

massofPb (g) = [g/L] x WDS x !ODm/
!OODm/ x4g

(E.! )

where: [gIL] == average concentration of lead in the supernatant;

WDS == total weight of dry sail for the slice;

100 ml == amount of ammonium acetate added ('extraction' phase);

1000 ml in 1 L;

4 g == weight of dry sail used during the 'extraction' phase;

E.7 - The amount of lead found in the pores of each slice was obtained using the

formula (E.2) :

massofPb(g/L) =
[g/LL x WDS x 24Dm/

WDS x !ODDm/...
(E.2)

,
1 wherc: [gIL] == concentration of Pb in th:: pore fluid;
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WDS == as above (formula (E.l));

240 ml == volume of ùistilleù water used ùming the 'washing';

WDSw == 4 g (weight of ùry soil useù) x 3 (triplicales) = 12 g;

1000 ml in ! L;

211.'

E.8 - The amount of Pb found in the leachate collecteù was calculaled by sill1ply

multiplying the concentration in ppm obtaineù by AAS for each tube, by ils

respective volume. The total Pb in the Ieachate is the sUIl1Jllation of ail

inùiviùual values;

E.9 - The final mass balance equation is;

Pb. =Pb +Pb +Pb
UIlroduud ad.wriud port's /t'lJCMlr

(E3)

The causes of discrepancies between the amounts introùuceù anù iùentilïeù

in the system were discussed in Chapter 4.

E.IO - Example of mass balance calculation (sample TSBPbIlC3_3):

E.! 0.1 - Preliminary data:

1
T : AYG [g/L] = 0.287; AYG [glL]w = 0.0094;
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M : AVG [g/L] = O.llJO;

B : AVG [gIL] = O.2lJ5;

AVG (gIL]w = (J.{)025;

AVG (gIL]w = 0.0107;

204

T : Weight = 35.36 g; w% = 23.2% => WDS = 28.70 g;

M : Weight = 29.67 g; w% = 22.3% => WDS = 24.26 g;

B: Weight = 18.55 g; w% = 24.7% => WDS = 14.88 g;

E.1O.2 - Amount introùuccd:

16.45 pv's collected. 1 pv (V.) = 16.5 ml (calculated)

[blank] = 2419 ppm = 2.419 g!L

=> 2.419 g!L • 0.01645 1 • 16.5 = 0.657 g introduceù;

E.1O.3 - amount adsorbed:

T: (0.287· 28.70 • 100)/(1000 • 4) = 0.2059 g

M: (0.190· 24.26 • 100)/(1000 • 4) = 0.1152 g

B: (0.295· 14.88 • 100)/(1000·4) - 0.1097 g

total adsorbed = 0.4308 g

E.IO.4 - amount in the pores:
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T: (0.0094 * 2R70 * 240)/( J2 * 10(0) = 0.0054 ~

M: (0.0025 * 24.26 * 160')/(R * 1(00) = 0.0012 g

B: (0.0107 * 14.88 * 240)/(12 * 1000) = 0.0032 g

total in pores = 0.0098 g

E.1O.5 - amount in the leachate:

pv #1 : 0.0015 g/L * 0.0165 L = 2.5 * IO-s g;

... pv#14, and

pv #16.45 : 1.7 g/L * (0.0165 L * 2.45) = 0.0687 g

total in leachate = 0.2682 g

E.IO.6 - total amount found in the system:

total Pb = 0.2682 (Ieach.) + 0.0098 (pores) + 0.4308 (aùs)

total Pb = 0.7088 g

E.l 0.7 - discrepancy: [(0.7088/0.657) - IJ * IOU '" R%

0.

E.II - The amounts of 1ead found in the adsorbed form, shown in the preliminary

data of the example above, were plotteù in the same graph as the

only duplicates were prepared for the Mid section
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adsorption isotherm. In the ease of kaolinite, the number of values plotted

WolS suflïcientto draw a curve linking the amo!,nts adsorbed by the B(s), B,

M, and T slices of the various samples. This curves were named

"adsorption charaeteristics of eompaeted mate rial".

Befme plotting, it is neeessary to eonvert the values to grams of Pb

adsorhed/grams of soil (Y-axis Gi the adsorption isotherm graph) using the

formula (E.4) :

x V(Co - C)
q = ---"---;,-:---

M

where: (Co-C) '" concentration of Pb in the supernatant;

y = volume of ammonium a.:etate (= 100 ml); and

M = mass of soil used during the 'extraction' phase = 4 g;

(E.4)

1

Here is one example with the Botlom slice of sample TSBPbIlC3_3:

(Co-C) = AYG [g/L] = 0.295 = 2.95 • 10-4 glml;

y lM = 25 ml/g;

= > value in g/g = 25 • 2.95 • 10-4 = 7.4 • 10-3 glg.
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1

Cell Tests

F.I - Sample Characteristics BeCore Permeability Testing

SAMPLE_ID 0 "R~A Y_TOT ~_T ~_H ~_S U_BS w w w ._f 5

(<m) (rn!) (g) (9) (9) (9) (9) T (X) H (X) 8 (X) Ave Ave ('.)
~........-.........•............-............_-_.-._ ............ - ............ __ ....... _-
TKPbl2C3 7.30 9.65 127.S5 0.00 0.00 0.00 0.00 41.4 42.5 43.4 1.04 100.0
TKPbl2Cl 7.30 10.26 133.99 44.00 0.00 0.00 0.00 40.6 0.0 0.0 1.04 100.0

TKPbllC3 6.54 11.22 128.47 41.00 41.22 38.54 7.61 41.3 45.5 46.4 1.06 100.0
TKPbl3Cl 6.92 10.29 129.62 45.06 42.51 35.34 6.53 35.2 41.0 41. 1 0.96 100.0

TOIXO 6.90 10.00 125.97 0.00 0.00 0.00 0.00 40.4 0.0 0.0 0.98 100.0

TKPbI3C3· 0.00 0.00 0.00 0.00 0.00 0.00 0.00 45.0 0.0 0.0 0.00 0.0

TKPbI3C3_b 6.67 0.00 124.48 41.24 38.41 37.06 7.89 38.S 40.0 40.0 0.00 0.0

TKPbl3C2 7.11 10.29 130.30 44.0841.13 37.38 7.0S 40.2 38.9 38.0 1.03 98.0

TKPbI3C3GAHS 6.81 10.12 119.63 37.16 36.43 37.36 S.68 40.4 40.4 40.4 1.10 95.5

TKPbI3C3GAHA 6.99 10.35 132.59 43.~7 43.ao 38.,8 7.29 :!8.4 38.4 3S.6 0.96 '00.0

TSSPS 13C3HS 4.20 9.95 85.39 22.1 25.0 0.61 100.0

TSSPSllC3_5 4.03 10.07 81.73 21.S 21.8 22.3 0.61 95.0

TSSPSI3C3· 3.94 10.07 79.53 23.7 23.724.5 0.64 99.8

TSSPSllC3_3 4.09 10.40 85.35 35.36 29.67 18.55 23.2 22.3 24.7 0.63 96.7

TSBPBI3C3BP 4.00 10.14 82.27 24.82 30.71 26.46 22.0 22.3 22.7 0.61 97.3

TSS2nllC3 3.71 10.00 76.01 29.00 24.29 22.69 23.3 23.5 23.9 0.61 100.0

TSBPbllCl 3.85 10.00 77.29 26.54 29.81 20.64 22.3 22.6 H.A. 0.62 96.5

F.2 - SampIe Characteristics Aller Permeability Testing

5AMPLE_ID H AREA rOT_VOL ~ WS G eO S Vv w

(<m) (cm2l (cm3) (9) (9) (X) (cm3) (X)

....................................... _........ _- ....... - .............. - ..
a.b12C3 6.99 9.93 69.55 121.90 93.00 2.60 0.94 as.z 33.63 30.8

TKPbl2Cl 7.16 10.29 73.70 123.99 94.40 2.60 1.03 79.0 37.40 31.3

lKPbt lC3 7.07 10.15 71.76 124.20 92.44 2.60 1.02 86.0 36.24 34.4

TKPbl3Cl 6.95 10.24 71.14 124.95 94.66 2.60 0.95 S7.2 34.73 32.0

TNlxa 6.87 10.00 68.76 121.06 90.68 2.60 0.97 89.733.86 33.5

TKPbI3Cl* 6.73 10.21 68.76 118.90 87.75 2.60 1.04 88.0 35.05 35.5

TKPbI3C3_b 6.86 10.21 70.07 120.80 89.35 2.60 1.04 88.0 35.72 35.2

TKPbl3C2 7.05 10.21 72.03 124.0691.44 2.60 1.05 88.0 36.89 35.6

TKPbl3C3GAHB 6.83 10.15 69.29 112.36 84.35 2.60 1. 14 76.0 36.85 33.2

TKPbl3C3GAHA 6.90 10.29 70.98 126.34 95.00 2.60 0.94 91.0 34.40 33.0

TSSPBI3C3HS 4.25 10.07 42.80 82.97 69.49 2.66 0.64 80.6 16.70 19.4

TSBPBI1C3_5 4.08 10.07 41.09 79.05 67.39 2.66 0.62 74.2 15.70 17.3

TSBPBI3C3* 3.96 10.07 39.88 76.76 64.83 2.66 0.64 76.5 15.60 18.4

TSBPBllC3_3 4.13 10.35 42.72 82.37 69.75 2.66 0.63 76.4 16.50 18.1

TSBP813C3BP 4.05 10.15 41.09 80.02 67.60 2.66 0.62 79.0 15.70 18.4

TSB2nl1C3 3.81 10.07 38.38 73.51 61.93 2.66 0.65 76.8 15.10 18.7

TSBPbl1Cl 3.89 10.15 39.43 75.43 63.60 2.66 0.65 76.2 15.50 18.6
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F.3 - "Isotherms" of Adsorption

F.3.1 - Freundlich Adsorption Isotherms

(Co-C) * V
q =

M

208

(F.!)

where:

Obs.:

v = volume = 40 ml;
M = mass = 4 grams => V/M = 10 ml/g;
Cu = initial concentration of Pb in the solution (ppm);
C = equilibrium concentration of Pb in the solution (ppm).
(Cu-C) is the amount adsorbed; this was obtained directly from the
supernatant after the "extraction" procedure.

F.3.1.1 • Knolinite

1

Cu

1

Co·C

1

C

1

q

1
(mg/l) (mg/l) (mg/l) (g/g)*lO-s

131.5 70.5 61.0 71.0

161.5 95.7 65.8 95.7

346.5 185.! 161.4 185.0

708.6 279.5 429.1 280.0

1185.2 284.0 901.2 284.0

1354.0 393.4 960.6 393.0

1802.5 345.7 1456.8 346.0

1807.7 342.0 1465.7 342.0

2321.0 376.4 1944.6 376.0

2369.0 326.5 2042.5 327.0
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The regression analysis gives the following parameters for the power CUNe

fitting (Equation (F.2)) :

a = 0.000173;

R2 = 0.89.

F.3.1.2 . Sand/Bentonite

b = 0.4162; and

(F.2)

Co Cu·C C q
(mg/l) (mgll) (mg/I) (g/g)*lO-s

442.4 386.6 55.8 387.0

1076.1 641.3 434.8 641.0

1451.9 778.9 673.0 779.0

1776.6 888.4 888.2 884.0

1971.2 812.5 1158.7 813.0

2336.5 774.0 1562.5 774.0

2531.1 947.2 1583.9 947.0

2903.9 823.7 2080.2 824.0

3664.6 874.7 2789.9 875.0

The regression analysis gives the following parameters for the power CUNe

fitting (Equation (F.2)) :

a = 1.74 * 10-3;

R2 = 0.955.

b = 0.216; and
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F.3.2 • Adsorption Characteristic Curves for Compacted Kaolinite

2JO

.'

The Freundlich mode! (Equation (F.2» was also used to draw the 4 adsorption

curves drawn for sampies tested in the triaxial cell: one for each slice. For those

tested in the consolidation cell, see Weber (1991». In the present case:

V = JOO ml; M = 4 grams => V/M = 25 ml/go (Equation (F.1»

Sample Slice Co Co·C C q
(mg/!) (mg/!) (mg/!) (g/g)*lO-s

TKPbI1C3 B(s) 1678.6 89.3 1589.3 223.3

B 75.0 1603.6 187.5

M 69.2 1609.4 173.0

T 50.6 1628.0 126.5

TKPbI2C3 B(s) 1783.8 100.5 1683.3 251.3

B 86.1 1697.7 215.3

M 62.3 1721.5 155.8

T 37.8 1746.0 94.5

TKPbI2C1 B(s) 235.1 31.4 203.7 78.5

B 24.5 210.6 61.3

M 11.6 223.5 29.0

T 0.0 235.1 0.0

TKPbI3C3rb B(s) 1735.7 98.6 1637.1 246.5

B 83.8 1651.9 209.5

M 61.2 1674.5 153.0

T 48.1 1687.6 120.3

TKPbI3C3r. B(s) 1735.7 111.4 1624.3 278.5

B 88.1 1647.6 220.3

M 58.6 1677.1 146.5

T 45.5 1690.2 113.8
(,;onlmues
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Sample Slice Co Co·C C li
(mg/l) (mg/l) (mg/I) (g/g)* 10- 1

TKPhI3C3 b B(s) 1690.0 115.2 1574.1\ 21\H.0

B 103.4 15X6.6 25X.5

M 72.5 1617.5 IX 1.3

T 70.8 1619.2 177.0

TKPbI3C3 B(s) 1783.8 93.0 1690.H 232.5

B 83.6 1700.2 209.0

M 41.4 1742.4 103.5

T 19.5 1764.3 4R.I\

TKPbI3C2 B(s) 893.1 85.4 807.7 213.5

B 57.7 835.4 144.3

M 38.4 854.7 96.0

T 33.3 859.8 83.3

TKPbI3Cl B(s) 215.5 29.6 IX5.9 74.0

B 24.0 191.5 60.0

M 13.7 201.1\ 34.3

T 3.1 212.4 7.X

Equation by slice:

Slice Parameters for Equation q = a.Cb

a b R2

B(s) 4.2 X 10-5 0.557 3.950

B 2.51 x 10-5 0.60 0.975

M 5.86 x 10-· 0.747 0.930

T 2.71 x 10-9 1.74 0.810
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FA - Perrneability Test Data

TSBZnllC3: penmeBbility test data

DT BUR_IN SUR_DUT VOL. IN VOL. DUT K IN K DUT P. VOL.DU hydr.

Cm;n) (ml) (ml) (cm/s) (cm/s) ACCUM. (m grad.

21.BO 0.10 25
331 16.05 5.60 -11.2 10.9 -2.26E-06 2.20E-06 0.75
293 10.85 10.70 -10.4 10.2 -2.37E-06 2.32E-06 1.46
311 15.00 8.45 '15.6 15.3 -3.34E-06 3.28E-06 2.50
410 4.95 10.30 -19.7 19.4 -3.20E-06 3.15E-06 3.85
189 17.05 5.85 -10.9 10.7 -3.84E-06 3.77E-06 4.59
417 7.05 15.70 -20.0 19.7 -3.20E-06 3.15E-06 5.94
424 5.00 19.0~ '36.8 36.6 -5.79E-06 5.75E-06 8.47
380 13.40 10.25 -20.8 20.2 -3.65E-06 3.54E-06 9.86
305 6.10 17.10 -13.6 13.6 -2.97E-06 2.97E-06 10.80

61 22.10 2.30 -3.6 3.6 -3.93E·06 3.93E-06 11.04
246 14.50 9.70 -9.6 9.4 -2.6OE-06 2.55E-06 12.00
251 7.80 6.60 -13.4 13.4 -3.56E-06 3.56E-06 13.00
ln 3.40 11.00 -8.8 8.8 -3.41E-06 3.41E-06 13.60

TSBPbllC3_5: pe.....abllity test dote

DT BUIUN BUR_M '101.. IN 'IOL. M II: IN II: M P. 'IOI..tlJ "TOR.
(min) (.u <mil <ClVel <CIV.l ACClIl. GRAD

10.60 5.55
203 9.30 6.80 ~2.6 2.5 -8.48E-Or B.15E-Or 0.159 1 D 25
196 23.25 r.35 -1.2 1.1 ·4.05E-Or 3.72E-Or 0.229
947 21.55 9.00 -3.4 3.3 -2.36E-Or 2.31E-Or 0.439

1457 18.B5 11.65 -5.4 5.3 -2.45E-Or 2.41E-Or o.m
1477 16.75 13.70 -4.2 4.1 -1.BBE-Or 1.B4E-Or 1.038
1401 15.00 15.35 -3.5 3.3 -1.65E-Or 1.56E-Or 1.248
2023 12.60 3.10 -4.B 4.B -1.57E-Or 1.57E-Or 1.554
1273 Il.20 4.40 ·~B 2.6 -1.46E-Or 1.35E-Or 1.720
1040 10.20 5.55 -2 2.3 -1.27E-Or 1.46E-Or 1.866
3094 r.35 8.45 '5.7 5.8 -1.22E-Or 1.24E-Or 2.236
1424 15.30 12.00 -7 7.1 -1.6OE-07 1.65E-07 2.688 1 =50
1630 Il.25 16.10 ·B.l B.2 -1.64E-07 1.66E-07 3.21~

1019 9.00 3.85 -4.5 4.5 -7.30E-08 7.30E-QB 3.497 1 =100
1482 6.15 6.75 -5.7 5.8 -6.40E-Q8 6.50E-QB 3.866
1393 3.40 \1.60 -5.5 5.7 -6.50E-08 6.80E-Q8 4.229
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TSSPbI1C3_3: permeability test data

DT BUR_IN BUR_OOT VDL. IN VOL. OOT K IN K OOT p. VOl.CO hydr.
(min> (ml) (ml) (CIll/S) (CIll/S) ACCUN. grad.

19.50 8.15
117 18.20 9.50 -2.6 2.7 -1.43E-06 1.49E-06 0.16 ; = 25
326 15.30 12.50 -5.8 6 -1.15E-Q6 1.19E-06 0.53
631 11.25 16.65 -8.1 8.3 -8.27E-07 8.47E-07 1.03
170 21.40 1.45 -2.4 2.4 -9.09E-07 9.09E-07 1.18
370 19.10 3.85 -4.6 4.8 -8.01E-07 8.36E-07 1.47
752 15.15 8.10 -7.9 8.5 -6.77E-07 7.28E-07 1.98
403 12.90 2.35 '4.5 4.7 -7.19E-077.51E-07 2.27

1104 7.40 8.25 '11 11.8 -6.4ZE·07 6.88é-07 2.98
297 5.85 1.70 '3.1 3.3 -6.72E-077.16E-07 3.18

1223 0.00 7.90 -11.7 12.4 -6.16E·076.53E-07 3.93
1607 9.80 10.40 -19.5 20 -7.azE-07 8.02E-07 5.15
1202 16.00 7.70 '14.8 15 -7.93E-07 8.04E-07 6.05
1449 8.05 8.25 '15.9 16.3 -7.07E-07 7.25E-07 7.04
1189 15.60 8.55 -16.4 16.6 -8.88é-07 8.99E-07 8.05
1386 8.25 7.60 -14.7 15.1 -6.83E-07 7.0ZE-07 8.96

251 16.20 2.65 -5 ~.2 -6.4ZE-07 6.o7E-·J7 9.'=8 i ;:l 50
275 13.50 5.40 -5.4 5.5 -6.3ZE-07 6.44E-07 9.61
414 9.65 9.35 -7.7 7.9 ·5.99E-076.15E-07 10.09
339 6.40 3.65 -6.5 6.5 -6.18E-076.18E-07 10.48
242 4.05 6.10 -4.7 4.9 -6.25E-07 6.5ZE-07 10.78

1000 14.10 15.95 -19.2 19.7 -6.18E-076.34E-07 11.98
38S 9.45 5.15 -9.2 9.6 -3.SSE-07 4.02E-07 12.56 1 • 100
958 11.05 18.10 -25.2 25.9 -4.24E-07 4.35E-07 14.13
501 4.90 6.65 -12.3 12.9 -3.95E-074.15E-07 14.91
929 11.35 19.50 -25.2 25.7 -4.37E-07 4.45E-07 16.47

TSBPbllCI: penneablllty test data

DT BUR_lN BURJlJT \'01.. IN VOL. OOT K IN K OOT P. VOL.OO hydr.
(min) (Ill) . (ml) (CIll/s) (anis) ACCUN. grOO.

20.60 0.10
141 18.00 2.75 -1 1 -4.66E-07 4.66E-07 0.25 1=25
193 17.60 3.15 -0.8 0.8 -2.73E-07 2.73E-07 0.30
lln 16.35 4.35 -2.5 2.4. -1.40E-07 1.34E-07 0.45
2879 15.75 5.00 -1.2 1.3 ·2.74E-08 2.97E-08 0.54
1523 15.50 5.15 -0.5 0.3 -2.16E-081.30E-08 0.55
2859 15.15 5.50 ·0.7 0.7 -1.61E-08 1.61E-08 0.60
2993 14.85 5.75 -0.6 0.5 -1.32E-081.10E-08 0.63
2081 14.60 6.00 '0.5 0.5 -l.58E-08 1.58E-08 0.66
5700 14.05 6.50 1.1 1 -1.30E-08l.15E-08 0.73
n61 13.45 7.10 -1.2 1.2 -1.0ZE-08 1.02E-08 0.81
6652 12.95 7.60 -1 1 -1.00E-08 1.00E-08 0.87
4382 12.6U 7.95 -0.7 0.7 -l.05E-08 1.05E-08 0.92.'11' -, 0.9 -1.14E-081.03E-08:J!. 5nO 12.10 8.40 0.97
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6013 9.65 LlO -1.9 1.a -2.0aE-Oa 1.97E-OR 1.09
5324 a.95 I.a5 -1_4 1.5 -I.73E-Oa I.a5E-Oa 1.19
4425 a.45 2.35 -1 1 -I.49E-Oa 1.49E-Oa 1.25
4136 7.95 2.a5 -1 1 -1.59E-Oa 1.59E-Oa 1.32
5799 7.30 3.50 -1.3 1.3 -1.47E-Oa 1.47E-Oa 1.40
4439 6.aO 4.00 -1 1 -1.4BE-Oa 1.48E-Oa 1.46
9992 5.rs 5.00 -2.1 2 -1.3aE-Oa 1.32E-Oa 1.59

lOOa9 4.70 6.05 -2.1 2.1 -1.37E-Oa 1.37E-Oa 1.73
7680 3.90 6.80 -1.6 1.5 -1.2aE-Q8 1.2aE-Oa 1.83
al61 1.95 a.ao '3.9 4 -3.14E·Q8 3.22E-Oa 2.08 1=100
293 23.45 0.45 ·0.3 0.5 -1.68E·Oa 2.80E-Oa 2.12

1134 22.90 1.00 '1.1 1.1 -1.59E-Q8 1.59E-Oa 2.19
3162 21.45 2.45 '2.9 2.9 ·1.5IE·Q8 1.5IE·Oa 2.S7
5441 19.15 4.a5 ·4.6 4.a -1.39E·Q8 1.45E-Oa 2.68
6114 16.65 7.30 -5 4.9 ·1.34E·Q8 1.32f·Q8 3.00
4000 15.05 8.90 -3.2 3.2 ·1.31E·Q8 1.3IE·Q8 3.21
5a59 12.80 2.50 '4.5 4.7 ·1.27E·Q8 1.32f·Q8 3.51
570a 10.55 4.65 '4.5 4.3 ·1.30E·Q8 1.24E-Q8 3.79
4225 a.80 6.40 -3.5 3.5 ·1.36E·Q8 1.36E·Q8 4'.01
5760 6.60 8.iO -4.4 4.6 -1.26E·QlI 1.:IE-oa 4.31
8667 3.25 12.15 '6.7 6.9 ·1.27E·QlI 1.31E·Q8 4.75
7609 19.70 3.70 '6.9 7 ·1.49E·Q8 1.51E·Q8 5.21
5367 17.30 6.10 ·4.a 4.8 ·1.47E·QlI 1.47E-Q8 5.52
8830 13.45 10.05 '7.7 7.9 ·1.43E·QlI 1.47E·Q8 6.03
4543 11.40 12.05 '4.1 4 ·1.4lIE·QlI 1.45E·Q8 6.28
6736 8.50 15.00 '5.8 5.9 ·1.42E·QlI 1.«E·08 6.66
2910 23.10 1.00 '1.3 1.2 ·2.7OE·QlI 2.1OE·Q8 6.74 1-25
4315 20.80 3.35 '4.6 4.7 ·7.00E·QlI 7.15E·08 7.05
5660 19.40 4.70 '2.8 2.7 ·3.24E·Q8 3.13E-Q8 7.22
4451 18.40 5.75 ·2 2.1 ·2.95E·QlI 3.10E·Q8 7.35
4312 17.40 6.65 -2 1.8 ·3.05E·QlI 2.74E·OB 7.47
5620 16.40 7.70 '2 2.1 ·2.34E·QlI 2.46E·OB 7.61
4259 15.60 8.45 ·1.6 1.5 ·2.47E·QlI 2.32E·OB 7.70
7152 14.30 9.70 '2.6 2.5 ·2.39E·QlI 2.30E-OB 7.86
7423 13.05 11.00 ·2.5 2.6 -2.21E·QlI 2.30E·OB 8.03
7346 11.85 12.10 '2.4 2.2 ·2.15E·OB 1.97E·OB 8.17

TSBPbI3C3BP: pe.....oblll ty test data

DT BUR_'~ ,l\lR_OOT 'IOl. 1N 'IOl. OOT K IN K OOT P. 'IOl.OO hydr.
(min) (Ill) (ml) (cm/S) (cm/s) AtCUII. grad.

14.aD 0.25
102 13.6'J 1.25 -2.40 2.00 -3.86E·07 3.22E-07 0.13 i = 100
223 13.12 1.60 -0.96 0.70 ·7.07E·OB 5.15E·OB 0.17

1107 12.<.1) 2.40 '1.84 1.60 -2.73E-08 2.37E-Oa 0.27
426 11.95 2.55 -0.50 0.30 -1.93E·OB 1.16E-Oa 0.29

1284 11.30 3.10 -1.30 1.10 -1.66E-Oa 1.4IE-Oa 0.36
J 2491 10.45 3.aD -1.70 1.40 -I.12E-Oa 9.23E-09 0.45

4B7 10.30 3.95 -0.30 0.30 -I.OIE-oa I.01E-oa 0_47
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i
1269 9.90 4.30 -0.80 0.70 -1.04E·08 9.06E·09 0.52
1192 9.45 0.45 -0.70 0.70 ·9.64E·09 9.64E-09 0.56
1764 8.85 0.90 '1.20 0.90 -1.12E·088.38E·09 0.62
5450 7.40 2.30 '2.90 2.80 ·8.74E·09 8.44E-09 0.80
2880 6.65 3.00 -1.50 1.40 -8.55E-09 7.98E-09 0.89
2876 5.95 3.65 -1.40 1.30 -7.99E-09 7.42E-09 0.97
4276 4.92 1.08 -2.06 1.96 -7.91E-09 7.53E-09 1.09
2861 4.22 1.68 -1.40 1.20 -8.04E-09 6.89E-09 1.17
7152 2.65 3.15 '3.14 2.94 -7.21E-09 6.75E-09 1.36
2967 15.40 3.50 -1.20 1.00 ·6.64E-09 5.53E-09 1.42
7206 14.30 4.45 -2.20 1.90 -5.01E-09 4.33E-09 1.54
1424 13.92 0.40 -0.46 0.40 -5.30E-09 4.61E-09 1.57
7230 12.90 1.30 -2.04 1.80 -4.63E-09 4.09E-09 1.68
4272 12.30 1.80 '1.20 1.00 ·4.61E·09 3.84E-09 1.75
4335 11.78 2.15 '1.04 0.70 ·3.94E·09 2.65E·09 1.79
5624 11.00 2.75 -1.56 1.20 -4.55E-09 3.50E-09 1.87
4376 10.40 3.20 -1.20 0.90 -4.50E-09 3.38E-09 1.92
5930 9.60 3.80 '1.60 1.20 -4.43E·09 3.32E-09 2.00 i 1:1 200
4196 8.fS 0.80 -1.90 1.60 ·3.72E-09 3.13E-09 2. :0
5362 7.50 1.65 -2.30 1.70 ·3.52E-09 2.60E-09 2.21
3878 6.60 2.20 -1.80 1.10 -3.81E-09 2.33E-09 2.28
4322 5.75 2.75 -1.70 1.10 -3.23E-09 2.09E-09 2.35
4702 4.60 3.30 -2.30 1.10 -4.02E-09 1.92E-09 2.42
5275 3.50 4.00 -2.20 1.40 -3.42E·09 2.18E-09 2.51
1301 21.20 0.65 -0.80 0.70 -2.52E-09 2.21E·09 2.55 1 • 400
4661 20.10 1.70 -2.20 2.10 -1.94E-09 1.85E·09 2_69
3089 19.40 2.30 -1.40 1.20 -1.86E-09 1.59E-09 2.76

10964 16.95 4.35 -4.90 4.10 ·1.83E·09 1.54E·09 3.03
4305 15.70 0.85 -2.30 1.50 -2.19E-09 1.43E-09 3.12
5738 14.70 1.85 -2.00 2.00 -1.43E-09 1.43E-09 3.25
8686 13.20 3.20 -3.00 2.70 -1.42E·09 1.28E·09 3.42
7598 11.60 4.25 -3.20 2.10 -1.73E-09 1.13E-09 3.55

12626 9.15 5.95 -4.90 3.40 -1.59E-09 1.11E·09 3.77
6445 8.15 6.85 -2.00 1.8 -1.30E-09 1.14E-09 3.89
3387 7.50 7.35 -1.30 0.9 -1.60E-09 1.09E·09 3.95

10095 16.30 1.7 -3.80' 2.5 -1.55E-09 1.02E-09 4.11
10100 14.75 3 -3.10 2.6 -1.26E·09 1.Q6E·09 4.28
10076 13.30 4.25 '2.90 2.5 -1.18E·09 1.02E-09 4.37
10078 11.95 5.5 -2.70 2.5 -1.10E-09 1.02E-09 4.6
7217 11.05 6.35 -1.80 1.7 -1.02E-09 9.67E·10 4.7

10062 8.80 7.4 '4.50 2.1 -1.84E·09 8.60E·10 4.83
7210 7.30 8.15 -3.00 1.5 -1.71E-09 8.50E-l0 5.02

14377 4.40 9.6 '5.80 2.9 -1.66E-09 S_30E-l0 5.12

tot_ln- -105.76 ml tot_out = SO.35 ml
delta (Y_in· v_out) c25.41 ml

1
(le~k in 8 secondary line lM (not leeding ta ccll)
discovered when cle8ning up equipment).
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F.S - Mass Balance Calculations Data

TKPbI3C1: results of Pb mass balance

AVG [ppml (11-13) = 3.05
AVG [ppm] CHl-H3) = 13.67
AVG [ppm] (81-83) = 23.97
[ppm] 8(S) = 29.58

Wof top part = 45.069
\IX top = 35.2 (at end)

WOS(top) • 33.339 and WOSwashed =308/1.352 =22.19

Wof mld part • 42.519
\IX mid = 41 (at end)

WOS[mid) .30.15; and WOSw • 21.289

Wof bot • 35.35;
\IX bot. 41.1 (ot end)

WOS(bot) • 25.05; and WOSw • 21.260

Wof bIs) • 6.53;
use \IX for bot
WOS(b[s» • 4.63; • WOSw

Mess Balance for Pb:

1. AIlInomt of Pb Introduced :

~ pore vol...... 34.73 • 5 • 173.65 ml
(blankl. 215.5 mo/I (0.2155 ;/1)
thus, 0.2155· 173.65/ 1000 • 0.0374 ; of Pb were introduced

(or 0.36 meq)

2. Ao<MJnt Collected as leachate:

Nothing wa. ldentifled ln the leachate

3. AnxxJnt adsorbed on the clay surface:

mass in 8roms = [;/11 • WOS[t,m,b, or bIS»~ • 100 / (1000 • 4)
(4 9 of drled solI, 100 ml of Amm. Ac. 1000 stonds for 1 liter.)

omo in the top = 0.00254 9
om. In the mid • 0.0103 9
om. in the bot = 0.015 9
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am. in the b(s) =0.003429
total adsorbed = 0.031 9

4. amount in the pores:

mass in 9 (t-b) = [g/l] • \JDS (of the slice) • 400 (or 160)

UDSW (of the slice) • 1000

( 400 ml were used to w8sh each slice; 1000 stands for 1 liter)
(ln the case of 8(5) only 160 ml were used to wash the soil)

am. ln the top c 0.00118
am. in the mid c 0.0058
am ln the bot c 0.0074

am ln the bIs) =0.0017
total in the pores = 0.0161

5. Summlng up:

0.0161 (pores) + 0.031 (adsorbed) c 0.0471 9

(0.155 "'"'1) + (0.300 "'"'1)' (0.455 "'"'1)
thls value is 27X HIGHER than the IlI1IOU'It introduced ln th•.ystem,

(0.0374 g).

6. 085.:
1) the pores contalnee! 34:1: of the Pb fOln:l ln the system;

2) 66:1: was adsorbed;
and the rest leachad through.
3) the IlI1IOU'It adsorbed does net exceed the value obtained

for the adsorption lsotherm (3 meq!100g at 1700 ppm)

TKPbI3C2: results of pb mas. balance

AVG [ppml (Tl-T3) = 33.33
AVG [ppml (Hl-H3) c 38.39
AVG [ppml (81-83) = 57.68
[ppml B(S) = 85.39

~ of top port = 44.08g
w~ top = 40.2 (at end)
~S(top) = 31.44g and ~Sw.shed = 309/1.402 = 21.40g
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u of mid port = 41.139
w% mid = 36.9 (ot end)

UOS(mid) =29.61 and UOSw =21.609

U of bot =37.369
w% bot =36.0 (ot end)
UOS(bot) = 27.099 and \oIlSw = 21.749

U of b(s) = 7.069
use w~ for bot
UOS(b(s» =5.139 =UOSW

Hess Balance for Pb:

1. Anmount of Pb introduced :

5 pore volU1leS = 36.69 • 5 = 164.45 ml
[blonkl = 693 mgll (0.693 g/l)
thus, 0.893· 164.45 1 1000 = 0.165g of Pb wcre introduced

(or 1.59 meq)

2. A/IIOlIlt eollected as Leachat.:

for PV=1 (alla. 0.98):
M. Pb u negllg.able

for PV=2 (alla. 1.85):
Am. Pb • negligeabl.

for PVc3 (alla. 3.07):
M Pb • negllgeable

for PVc4 :
Am. Pb • 8.76 • 36.69 1 1000 • 0.323 mg c 0.000323 9

for PVc5:
Am. Pb c 152.25 • 36.89 1 1000 c 5.62 mg • 0.0056 9

total of Pb collected in the l.achate = 0.006 9

3. ArnoUlt adsorbed on the cley surface:

mass in grams = [S/tl • ~S(t,m,b, or b(s» * 100 1 <1000 • 4)
(4 9 of dried soil, 100 ml of Amm. AC. 1000 stands for, lit.r.)

omo in the top = 0.0262 9
Dm. ;n the mid ; 0.02849
omo in thr bot =0.0391 9
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Dm. in the bIs) = 0.010959
totol adsorbed = 0.104659

4. amount in th~ pores:

mass in 9 (t-b) = [9/l] * \IllS (of the sl iee) * 400 (or 160)

UD5w (of the slice) • 1000

( 400 ml were used to wash each slice; 1000 stands for 1 liter)
<in the case of 8(S) only 160 ml were used to Nash the sail)

omo ln the top = 0.0089 9 ( (0.01506*31.44*400)/(21.4*1000)
omo ln the mid = 0.00413
om in the bot = 0.0091
Dm ln the bIs) = 0.0021

total in the pores = 0.024 9

5. SU1Il11 n9 up:

0.024 (pores) + 0.1047 (adsorbed) • 0.006 (leoch.) = 0.135 9
(0.23 meq) + (1.01 meq) + (0.058 meq) = (1.3 meq)

thls value i. 11ll: lower thon the lII1lOI'It introduc:ed in the system.
The dlff. cao Oe ottrlbuted to experimental errors.

6. OBS.:

1) the pores contolned 17.1ll: of the Pb fDllld ln the system;
2) 77.7'1. wo. adsorbed;
and the rest leoched through.
3) the ......,t adsorbed doD. not exceed the value obtained
for the adsorption l.otherm (2.9 meqt100g ot 893 ppm)

TKPbI3C3b: resul t. of Pb-mass bolonee

AVG (ppml (TI-T3) = 70.79
AVG [ppml (HI -H3) = 72.47
AVG (ppml <Bl'B3) = 103.37
[ppml 8(5) = 115.17

~ of top port = 41.24 9
w% top = 38.8 (Dt end)
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\/oS(top) = 29.71g and \/OSwashed = 30gf1.388 = 21.61g

U of mid part = 38.41 9

wX m;d = 40.0 (ut end)
\/oS(mid) = 27.43 and \/osw = 21.439

1/ of bot = 37.06 9
WX bot = 40.0 (assumed = Hid)
\/oS(bot) = 26.479 and \/OSw = 21.439

1/ of b(s) = 7.89 9
use w% for bot
\/oS(b(s» = 5.649 = IoIlSw

Mess Balance for Pb:

1. AIm>ol.nt of Pb introduced :

10 pora vol..... = 35.72 • 10 = 357.20 ml
[blankl = 1690 mg/l (1.690 9/1)
thus. 1.690· 357.20 / 1000 = 0.601 g of Pb wara introduced

(or 5.83 meq)

2. AnKMJnt Collected 8S leechate:

for PVc1 :

Am. Pb = 0.88 • 35.72 / 1000 • 0.0314 mg • 0.00003149
for PV=2 :

Am. Pb. 1.19·35.72 / 1000 • 0.043 mg • 0.000043 9
for PY-3 :

Am. Pb • 176.2 • 3~.72 / 1000 • 6.294 mg = 0.006294 9
for PV04 :

Am. Pb =795.9 • 35.72 / 1000 =28.43 mg =0.02843 9
for PVcS

Am. Pb = 925.2 • 35.72 / TODD = 33.05 mg = 0.03305 9
for PVc6 :

Am. Pb • 1043.2 • 35.72 / 1000 = 37.26 mg • 0.03726 9
for pVa7 :

Am. Pb • 1327.2 • 35.72 / 1000 = 47.41 rrg = 0.04741 9
for PV=8 :

Am. Pb = 1375.8 • 35.72 / 1000 = 49.14 mg = 0.04914 9
for PV=9 :

Am. Pb = 1475.4 • 35.72 / 1000 = 52.70 mg = 0.05270 9
for PV=10 :

Am. Pb = 1322.4 • 35.72 / 1000 = 47.24 mg = 0.04724 9

total of pb collected in the leachate ; 0.3016 9
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3. Amount adsorbed on the clay surface:

mass in grams = (Sil] * ~S(t,m,b, or b(s» * 100 1 (1000 • 4)
(4 9 of dried soi l, 100 ml of Amn. Ac. 1000 stands for 1 liter.)

am. in the top = 0.0526 9
am. in the m;d = 0.0497 9
am. in the bot :; 0.0684 9
am. in the b(s) = 0.01623 9

total adsorbed = 0.1869 9

4. amolUlt in the pores:

mass in 9 (t-b) = [9/11 * IIDS (of the si ;ce) * 400 (or 160)

IIDSw (of the sllce) * 1000

( 400 ml were used to Nash eBch slfce; ~~OO stands for 1 liter)
(ln the case of 8(S) only 160 ml were used to wesh the soil)

am. ln the top = 0.027 9 ( (0.04944*29.72*400)/(21.61*1000) )
am. ln the mld • 0.0233 9
am ln the bot • 0.022
am in the b(s) • ~.0061

total ln the pores = 0.0784 9

5. SUTlning up:

0.0784 (pores) + 0.1869 (&dsorbed) + 0.3016 <leach.) = 0.567 9
(0.757 meq) + (1.804 meq) + (2.911 meq) = (4.79 meq)
thls value ls qui te similor to the omount ;ntroduced ;n the system,
le, 0.6037 9 (only 6% lower, whlch can be attrlbuted to experlmental
errors).

6. 08S.:
1) the pores contalned 13.8% of the Pb found ln the system;
2) 33% was adsorbed;
3) 53.2% l.oched through.
3) the amount adsorbed does not exceed the value Obteined
for the adsorption isotherm (3.50 meq/l009 at 1690 ppml

TKPbJ1C3: results of Pb mass balance

AVG [ppm) (Tl-T3) = 50.6
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AVG [ppml (Hl-M3) = 69.24
AVG rppml (81-B3) = 75.0
rppml B(S) = 89.29

~ of top part = 419

w% top = 41.3 (at end)

~S(top) =29.029 and ~Swashcd =309/1.413 =21.239

~ of mid part = 41.229
wX mid = 45.5 (at end)

~S(m;d) = 28.33 and ~Sw = 20.629

~ of bot = 38.549
wX bot = 46.4 (Dt end)

~S(bot) = 26.339 and ~Sw = 20.499

~ of bIs) • 7.619
use wX for bot
~S(b(s» • 5.20 • ~Sw

Mess Balance for Pb:

1. Amnou1t of Pb 1ntroduced :

5 pore vol....... 36.24 • 5 = 181.2 ml
Cblankl = 1679 mg/I (1.679 9/1)
thus, 1.679· 181.2 / 1000 • 0.3040 of Pb wcre Introduced

(or 2.94 meq)

2. Arnount Collected a. leachate:

for PY=0.5 (aIle. 0.78):
Am. of Pb • negllo.able

for PY=1 (alla. 0.98):
Am. Pb = negl19.able

for PY=2 (alla. 1.96):
Am. Pb • 5.65 ppm • 35.6 ml / 1000 ml = 0.2mg (2.0E-4 9)

for PY=3 (alla. 2.96):
Am Pb = 59.52·36.4/1000 = 2.17 mg = 0.00217 9

for PV=4 :
Am. Pb =815.5 • 37.46 / 1000 = 30.54 mg = 0.0305 9

for PV=5:
Am. Pb = 1190.5·36.24/1000 = 43.14 mg = 0.043 9

total of Pb collected in the leBchate = 0.076 9

3. Amount ~dsorbed on the clay surface:
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mass in grtlntS ::: [g/l] • \JOSCt,m,b. or b(s» • 100 1 <1000 * 4)

(4 9 of dried soil, 100 ml of Amn. Ac. 1000 stands for 1 liter.)

am. in the tep::: 0.0367 9
am. ;n the m;d ::: 0.049

am. in the bot = 0.0494
am. in the b(s) = 0.0116
total adsorbed = 0.1467 9

4. amount in the pores:

mass in 9 (t-b) = [g/ll * IIlS (of the slice) * 400 (or 160)

IIlSw (of the slice) * 1000

( 400 ml were used ta wash each slice; 1000 stands for 1 liter)
(ln the case of 8(S) only 160 ml were used ta wash the sail)

am. in the top = 0.0205 9 ( (0.0375*29.02*400)/(21.23*1000) )

am.. in the mid = 0.0242
am ln the bot = 0.0276
am ln the b(s) = 0.0049

total in the pores = o.om 9

5. SlI1IIIl ng '4':

o.om (pores) + 0.1467 (adsorbed) + 0.076 (leach.) = 0.300 9

(0.745 meq) + (1.42 meq) + (0.734 meq) = (2.90 meq)

thls value 1. qui te slmllar (2% dlfferance) to the am<>unt introduced
in the system, I.e., 0.304 g.

6. 08S.:
1) the pore. contained 25.7% of the Pb found in the system;
2) 48.9l: was adsorbed;
and the rest, 25.3%, leached through.
3) the amount adsorbed does not exceed the value Obtained
for the adsorption isotherm (3.5 meq!100g at 1700 ppm)

TKPbI2Cl: resutts of Pb mass balance

, .. Amnount of Pb introduced:

5 pore vol. ::: 187 ml
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[blonkl .235 mg/I (.235 9/1)
~~S • 95.36 g (total sample)
~s ( B(s) only ) • 4.51 g

thus: .235 00) 1000 x ~ 0.043(or 0.424 meq) of Pb
x··> 187 mwere introduced in the sample

2. Ammount coLlected as Leachate (total)

Nothing was colLected after 5 pv's

3. Amount odsorbed by th. clay (AVO between top and bottom):

General AVG = 16.86 ppn (See ubaye)

mass in grams = 19/1l • YOS • 100 1 (1000 • 4)

thus, 0.04 9 were adsorbed by the cLay.

4. amount in th. por.s (wa.hcd out)

AVG (tob) = 3.29 ppn (.ce abov.)
ma.s in gr_(tob) a [g/ll • (YOS·4.51) • 400 1 (21.35 • 1000)

• 0.0056 9 wcr. in th. por•• of th. thrce sllc.s

400 ml r.f.rs to th........t of O·...t.r used for washing, and
21.35 i. th. omount of dry .oil washed ( • 30g/(1+wX) )

mass in groms( b(s) ). llllll • 4.51 • 120ml 1 (4.51 • 1000) (++)

• 0.00103g wcr. ln th. pores of th. bottCllll sile.
(++) 1 uscd ail ~h. mat.rial 1 eut frcxn th. SlIIIl'le

slllllling UP. 0.0066 9 of Pb wcre fe><rd in the pore solution.

5. SlIIIlling up•••

0.0066 + 0.04 a 0.0466 9 wcre fe><rd ln th. system.

this value is quite similllr to the 8IJXU'\t fntroduced in the system,
I.e, 0.0439 g. Th. dlff.rence (7%) can be attributed to .xperimental

errors.
6. O8S.: 1) The pore fluid contained only 13.7% of the total Pb

Pb found in the .ample
2) Host of the exchangeable Pb ;5 retained in the bot tom

part of the sampLe.
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TSBZnllC3: results ~f Zn mass balance

1. Preliminary data:

AVG [~ (T'-T3) = 56.3
AVG [~ (H2) = 62.5
AVG [~ (Bl-63) = 66.3

y of Top = 29.0 9
\IX top = 23.3%
YOS (T) = 23.529; YOS washed = 4•• 3 = 12.00 9

y of Hid = 24.59 9
\IX mid = 23.5 %
YOS (H) = 19.67 9 ; YOS washed = 2 * 4 = 8.0 9

y of Bot = 22.69 9
\IX bot = 23.9 %
YOS (9) = 18.3 ; YOS washed = 4 * 3 = 12 9

2. Anmount of Pb introduced:

13.6 pv's at 15.09 ml each = 205.2 ml
[blankl = 2135 ppm (2.135 9/1l AVERAGE
thus, 2.135. 205.2/1000 = 0.438 9 of zn were introduced

3. Ammount Collected as Leachate :

for pv # 1: Amm. zn = 1.1 ppm * 15.09 mlll000 ml = 0.016 mg
for pv # 1.8: Amm. zn = 46.1*0.8*0.01509 = 0.557 mg

for pv # 3: Amm. zn = 9.145 mg
for pv # 4.1 : Amm. zn = 10.32 mg
for pv # 5.4: Amm. zn = 19.3 mg •
for pv # 7.0 : Amm. zn = 33.9 m,
for pv # 10.5 : Amm. zn = 84.61 mg

for pv # 12.2: Amm. zn = 43.0 mg
for pv # 13.6 : Amm. zn = 31.4 mg

total collected in Leachate c 232.24 mg = Oe232 9 of Zn

4. Amount adsorbed on the clay surface:

mass in grnms (for each slice) = AVG (g/l)*VDS·100/(1000*4)
(49 of dried sail, 100 ml of Amm. Ac.; 1000 stands for 1 liter)
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Amm. Pb on Top =0.0563*23.52/40 =0.033 9
Amm Pb on Hid = 0.031 9
Amm Pb on BottOlll = 0.029 9

total adsorbed =0.093 9

5. ~t in the pores:

mass in 9 for each slice = (g/l) • WQS * 240 ml (160 for Mid)

IoIlS washed * 1000

(240 ml were used to wash each slice ; 1000 stands for 1 liter)

omm. on Top = 0.0123 * 23.52 • 240 / (12 ·1000) = 0.0058 9
omm. on Hid =0.0115 • 19.67 • 160 / (8 • 1000) =0.0038 9
omm. on BottOlll = 0.015 • 18.3 • 240 / (12"1000) =0:0055 9

total ln th. pore. =0.0151 9

6. Summlng up total. :

0.01~1 9 (pores) + 0.093 9 (le.ch.) + 0.232 9 (ads.) =0.34 9

Thl. value 1. lnferior ta the 0.438 9 of zn introduced by 22X

TSBPbJ1C3BP: resuits of Pb mass balance

1. Prelfminnry data:

AVG [~ (Tl-T3) = 0.0 • thus AVG [9/11 =0.0
AVG [~ (Hl end H2) =9.B ppm, thus AVG [9/ll =0.0098
AVG [ppml (Bl-B3) =297.1, thu. AVG [9/1l =0.297

~ of Top =24.82 9
w% top = 22.0%
IoIlS (T) =20.349; \oIlS washed =4 " 3 = 12.0 9
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~ of Mid = 30.71 9
"X mid =22.3 X
WS (M) = 25.11 g; \JOS washed :: Z * 4 :: 8 9

227

~ of Bot = 26.74 9
"X bot =22.7 X
WS (B) =21.79 ; WS "ashed =4 * 3 =129

2. Anmount of Pb introduced:

5 pv's at 15.7 ml .ach • 78.5 ml
Iblankl = 2391 ppm (2.391 9/1) .
thus, 2.391 * 78.5/1000 = 0.1877 9 of Pb ..r. introduced

(1.814 meq)

3. Mtnount Collected as l.achate :

for pv # 1.5 : ..... Pb = 0.66 ppm*15.7 ml/l000 ml = 0.01 llQ

for pv # 2 : Am. Pb • 0.005 mg • O.S*E·S 9

for pv # 2.5 : Am. Pb • O.Q36S llQ = 3.6S*E-S 9
for pv # 3 : Am. Pb • 0.04 '1lI • 4.*E·S 9

for pv # 4 : Am. Pb • 0.008 mg • 0.8*E-S 9
for pv # 5 : Am. Pb • 0.013 :TIll • 1.3*E·S 9

total of Pb collected as leachate' 0.0001125 9

4. AnxxJnt adsorbed on the clay surface:

mass in groms (for .ach sllce) • AVG lV/Il * IollS * 100/<1000*4)
(49 of drled soil, 100 ml of Am. Ac.; 1000 stands for 1 liter)

Am. Pb on Top = 0.0 9
Am Pb on Hld = 0.0098 * 25.11 / 40 • 0.0062 9
Am Pb on Bottem = 0.297 * 21.79 / 40 • 0.162 9

total adsorbed = 0.1682 9

5. Atrmount in the pores:

mass in 9 for .ach slic. = 19/11 * IollS * 240 ml (160 for Mid)

UDS ~ashed • 1000

(240 ml were used ta wash eech slice ; 1000 stands for 1 liter)
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Mm. on Top =negligeable
omm. on Hid = 0.002 " 25.11 " 1601 (8" 1000) = 0.001 9

omm. on Bottem = O.OOBl " 21.79" 240 1 C12"1000) = 0.0035 9

total in the pores =0.0045 9

6. SUTming up tataLs : .

0.0045 9 (pores)+0.0001125 9 (leach.).0.1682 9 (ads.)=0.1728 9

(0.043 meq) (0.0011 meq) (1.624 meq) (1.668 meq)

This value is inlerior to the 0.1877 9 (1.814 meq)

introduced by 8".

7. final Cooments :

a) the pores conteined 2.6" 01 the Pb lOIoIld in the system;
b) 97.3" wa. adsorbed. Of the total adsorbed, 96.3" was

adsorbed by the bott....

TSBPbllC3_3: Pb maso balance

1. Prellminary data:

AVG (~ (Tl'T3) • 286.9 • thus AVG (U/ll • 0.2869
AVG (~ (HZ) • 190.0 (Hl dlscarded), thus AVG [U/ll • 0.19
AVG (~ (BI-83) • 295.4, thus AVG (g/ll • 0.295

y 01 Top • 35.36 9
wX top • 23.2X
~S (T) • 2B.7U; ~S .ashed • 4. " 3 • 12.00 9

y 01 Hid • 29.67 9
wX mid • 22.3 "
YOS (H) = 24.26 9 ; YOS .ashed • 2 " 4 • 8.0 9

y of Bot = 18.55 9

." bot • 24.7 "
YOS (B) = 14.88 ; ~S .oshed • 4 " 3 = 12 9

2. A.rrrno\mt of Pb introduced:

16.45 pv" at 16.5 ml .ach = 271.43 ml

228
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[blonkl = 2419 ppm (2.419 9/1) AVERAGE
thus, 2.419 * 271.43/1000 = 0.657 9 of Pb were introducL~

(6.35 rœq)

3. Anmount Collected aS Leachate ~

for pv # 1 omm. Pb=I.5ppm*16.5ml/l000m1=0.025 mg (Z.5*E-5 9)
for pv # 2 Amm. Pb = 0.13 mg = 1.3*E-4 9

for pv # 3 Amm. Pb = 0.46 mg = 4.6*E-4 9

for pv # 4 Amm. Pb = 0.87 mg = 8.7*E-4 9

for pv # 5 Amm. Pb = 10.4 mg = 0.0104 9

for pv # 6 : Amm. Pb = 15.44 mg = 0.01544 9
for pv # 7 : Amm. Pb = 19.23 mg = 0.01924 9

for PlI # 8 : Amm. Pb = 20.38 mg = 0.0204 9

fe pv # 9 , Amm. Pb = 22.49 mg = 0.0225 9

for pv # 10 Amm. Pb = 21.53 mg = 0.02153 9

for pv # 12 : Amm. Pb = 39.1 mg = 0.0391 9
for pv # 14 : ._. Pb = 49.39 mg = 0.0494 9
for pv # 16.45 : Amm. Pb = 68.n mg = 0.0687 9

totol of Pb collected o. le.ch.te • 0.2682 J

4. Amol.nt adsorbed 00 the clay surface:

ma", in 9rams (for each sllce) = AVO [gfll~S*100 1 (1000*4)
(49 of dried soH, 100 ml of AllIll. Ac.; 1000 stands for 1 liter)

Amm. Pb 00 Top • 28.7*0.2869/40 = 0.2059 9
Amm Pb on Hld = 0.1152 9
Amm Pb 00 Bottom = 0.1097 9

totol odsorbed • 0.4308 9

5. Ammount in the pores:

mass in 9 for each stice = [g/ll * ~s • 240 ml (160 for Mid)
........... ---_ ... -_ .. _--_.

YOS woshed * 1000

(240 ml were used ta wash each slice ; 1000 stands for 1 liter)

omm. on Top = 0.0094 * 28.7 * 240 1 (12 *1000) = 0.0054 9
omm. on Mid = 0.0025 * 24.26 * 160 1 (8 * 1000) = 0.0012 9
omm. on 80ttom = 0.0107 * 14.88 * 240 1 (12*1000) = 0.00318 9

total in the pores = 0.0098 9
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6. Summing up tatals :

0.0098 9 (pores)·0.2682 9 (leach.)+0.4308 9 (ads.) = 0.7088 9
(0.0946 meq) (2.59) (4.16 meq) (6.844 meq)

This value is superior ta the 0.657 9 (6.35 meq)

introduced by 8%.

7. Final Comments :

a) the pores cont8ined 1.1% of the Pb fOllld in the synterni
b) 61.0% was adsorbed;
c) the remalnlng 37.9% leached through.
d) the aoount adsorbed by each sllce

(the hlghest 1.7.13 meqll00g)
docs not e.ccod the value obtalned for the _1_

absorption on the adsorption Isotheno of the S/8 (soil
suspension) ""'ch 1. 7.95 meq.tl00g. This is expected•
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Appendix G - High Affinity Adsorption of

Pb by a S/B Mixture

G.l - Background

This brief review is partiy based on Alammawi' s Ph. D. thesis (1988), who

developed a model to predict the adsorption mechanisms of heavy metals next ta the

montmorillonite clay particle surfaces.

Basically, Alammawi (1988) re-examined the limitations of existing theories

describing ion exchange equilibrium and mechanisms (e.g.: the Gouy-Chapman diffuse

double layer model), and those describing the interactions between water molecules, ionic

species and clay surfaces (e.g.: the DLVa theory and model). The author proposes' the

consideration of repulsive and attractive short range forces in the diffuse double layer

model and in the DLva theory in terms of hydration energies of ion species very close

to the particle surfaces.

The works of Norrish (1954), Boit (1956), Warkentin and Schotïeld (1962),
Ottewill (1977), Pashley (1981), Israelachvili (1982), and rush (1982) are
classical and important referenœs given hy Alammawi (llJ88) as support to
the proposed mode!.
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,,

Accurùing tu Yung and Muhamed (1991 J, a better agreement between experimen-

tal observations and computed values is possible by considering the Stern and

Grahame' suggestions in the elassical double layer mode!. In other words, "the charged

partiele surface and the immediate adjacent layer of counter ions need ta be considered

in the determination of the additional energy term required [for] ... the extension of the

DDL model" ta small partiele spacing (2d < 3 nm). The authors tested the capability

of the modified energy model (ineluding hyd.ation energy) in a study of partiele

interaction during wetting of unsaturated expansive elays. They compared the

experimcntal results obtained by Alaml11awi (1988) to those of Boit (1956) and ta

calclllated values obtained using the GOlly-Chapman mode!. The results only differed at

very elose partiele spacing, where the proposed mode! agrees better with the

experimental observations.

ln relation ta the present work, this model is an useful tool in predicting and

explaining the physi~al mechanisms of adsorption-desorption of heavy metals next ta

l11ontl11orillonite surfaces, ineluding low-affinity adsorption in the diffused layer and high

aflinity adsorption in the Stern layer (inner and outer Helmholtz planes)3.

The concept of the Stern layer is elassical and will not be explaim:d here. The
Grahame (1947) suggestion consist cf the partitioning of the Stern layer into
two parts: an inner Helmholtz plane (IHP) with potential "'u., and an outer
Helmholtz plane (OH?), where the potential "'oh equals the potential at the
l'mntier between the Stern layer and the Gouy's diffuse layer.

Sec Chaptcr '! for more ùetails on low and high affinity types of adsorption.
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The hypothesis, limitations. supporting thcoretical considerations and del'c1opment

of the referred model are neither introduced nor discllssed here, and can he found in

various references, e,g.: Kruyt (195:!), van Olphen, 1963), Yong and Warkentin (1975).

Bohn et al (1979), Alammawi's Ph.D. thesis (1988), and in Yong and Mohamed (1991).

G.2 - Governing Equations4

The concentration of ions at the outer Helmholtz plane can be Cllmputed from the

Boltzmann relationship:

where:

z.e'.'"
C = C exp( "')

2 , KT
(G.l)

C2 '" concentration of c~.tions in the second layer of water. or outer

Helmholtz plane (ions/m3
);

C, '" concentration of the cation in the bulk solution (ions/cm');

z '" valence of the cation;

e' '" electron charge = 4.8 x 10- 10 esu;

"'oh'" electric potential in the second layer (esu); and

KT '" 0.4 x 1020 J/ion at 20°C (0.4 x 10-'3 erg/ion).

Main references: Kruyt (1952); Alammawi (19101101); and Yong and Mohamed
(1991).
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1
From the Boltzmann law, the concentration of ions in the IHP (CI) can be found

if the potential energies of the ions in the tirst and second layers of counter-ions are

known (E, and El' respectively):

El-E,
C, =C,.exp( )

- KT
(G.2)

The energy term E:! is composed of severai 'individual' energies: a) the energy

loss of the water resulting l'rom ion-dipole interactions; the energy due to: b) coulombic

forces; c) dipole-dipole interactions (reduces the potentiai due to ion-dipoIe interactions);

and d) dipole-negative site interactions.

In order to calculate C, and Cl' the potentiai enrrgies El and E:!, and the eIectric

potential "'oh must be first obtained.

In the present work, El and E:! were taken l'rom computations made by Alammawi

(1988; Table 6.1). "'oh can be obtained in the foUowing way:

..,
1
1

a) (Jt = (J, + (Jd

where:

(G.3)

Ut a total surface energy density (esu/cm/) = CEC/SSA; where

SSA = specifie surface area of the clay particles);

U, a charge density of partiaily hydrated adsorbed cations
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a, = z.e' ..lx,C I (where..lx i~ the thickne~~ of a water layer

= 2.8 x 10-' cm);

a. - charge den~ity of hyùratel! ad~orbed cation~ in the diffuse

layer (esu/cm2
).

a. is given by the Gouy-Chapman equation:

l:
t.CIl z.(;.1/;,..,

ad = [Z.EKT C .exp(__') - 1]"·',.lI' KT

or, in a more simple form (Kruyt, 1952):

C.da
ad = ('z )O~ . [exp(}',,) - exp(-Y)]

.71"

(GA)

(G.5)

where: "", dielectric constant of the bulk solution = 8U (water); and

Y. '" scaled potential = (z.e'.y,..J/(2.KT).

lfapproximately 2% ofaccuracy is lost, for Y. > 1 (Alammawi, 1988), Equation

G.5 can be simplified to:

where:

L
2

= exp(}')

~ = [(C,.·..KT)/271")]O\

(G.h)

l
Combining Equations G.I, G.2, G.3, and G.6 :
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Thus:

where: LI = z.e' .Âx.C,.exp[(E,-EI)/KT]

exp(Y) (G.7)

With y. obtained (ail other parameters are known), C2 can be calculated using the

Equation below (similar to Equation G.I):

C2 = C,.exp(2.Y)

and linally CI can be calculated using Equation G.2.

(G.8)

ln order to calculate the distribution of the electric potential if;i at any point distant

Xi from the surface of the charged particle (in the diffuse double layer), the following

relationships, proposed by Kruyt (1952), can be used:
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ze'1jI. ' ...
[exp--' + 1] • [exp ze 't'oh - 1]

') KT uerx . x = LN[----=-.:=..-----==-=-=-----)
ze'1jI. ze'1jI

[exp--' - 1] • [exp oh + 1]
2KT 2KT

:'].7

(G.lJ)

The electric potential If; can thus be calculatcd at a distancc X,. and so can the

concentration at this point by using the Boltzmann relationship (Equation G.l):

z.e'·Ifc = C exp(_-'), , KT

G.3 - Theoretical Capacity of the Stern Layer

Total capacity of the Stern layer = CI + C"

where:

CI = concentration of Pb in the inner Helmholtz plane OHP);

C, = concentration of Pb in the outer Helmholtz plane (OHP);

(G.IO)

1

Given: the ion type (Pb), size (0.09 nm), and valence (z = +2); CEC (109

meq/lOOg) and SSA (855 m'/g); exp[(E1-E,)/KT] = 0.20841 (Alammawi, 1988; Table

6.1); and C, (concentration of Pb in the equilibrium solution), CI and C, can be
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calculatcd in the following order (Alammawi (1988) made similar calculations for Na ion

in his Appendix 111.8):

1) a, = CEC/SSA = (1.09* 10-4 equ.lg)/(855*10' cm2/g) = 1.27*10- 10 equ.lcm2

2) LI = z.e' .Â,.C,.exp[(~-EJ/KT]

3) L2 = [(C,.c .KT)1271"]01

4) exp (Vd) = [-L2 + (L22 + 4.Ll.aJ"·I]/(2.LI)

5) C, = C, * exp (2. VJ

6) CI = C2 * exp [(~-EI)/KT]

For any given C, the values of C, and C2 can be obtained, e.g.:

For C, = 55.8 ppm (Co = 442.4 ppm)

207.2 g -----> 6.02 * 1023 atoms (M.W. of Pb = 207.2)

0.0558 g ---- > C, = 1.62 * 1020 ions/litre

C, = 1.62 * 1017 ions/cm3

LI = 2*4.8*1O-lo*2.8*1O-~*1.62*1017*0.20841 = 0.9075

L2 = [(1.62*1017*80*0.4*10-'3)/271")]°.1 = 287.24 (erg/cmY1

exp (Vd) = 97.603 => Vd = 4.58 => 2,Vd = 9.1618

=> C, = 1.54 * 1~' ions/cmJ
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=> CI = 3.22 * 10'· ions/crnJ
•

G.4 - Theoretical Concentrations at Varions Distances (x) frolll the Snrface

The concentration at a distance x, Ci' can be ealculated in the following order:

1) X = [(87r.C,.(e')'.z')/(e.KT)]U5 ;

2) "'oh = LN (C,/C,) * (KT/z.e') ;

3) "'i is obtained by trial and error using Equation G.9

where x = distance from the surface (nllmber of water layers);

4) Ci = C, . exp[(z.e' ."'J/KT]

G.5 - Comparison Retwccn Theory and Experiments: calculatiolL~ \Ising adsorption

isotherm data for the SIR mixture.

The concentrations (in ppm) used here can be found in the Appendix F.

G.5.1 - Case 1: C, = 55.8 ppm; Cu = 442.5 ppm; C", = 386.6 ppm

C, = 1.62 * 1017 ions/cmJ
; C", = 1.12 .. 10" ions/cmJ

Following the order given above:
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1) X =

240

[(811". 1.62* 10"*(4.8* 1O- 1O)2*22)/(80*0.4*1O- 13)]U5 = 1.082 * 106

2) !/Joh = LN(1.54 * 1021/1.62*10") * (0.4*1O- 13/(2*4.8*1O- 1U» = 3.82*10-4

The theoretical concentrations at various distance, ,~an now be ca1culated :

3.1) for x = 5 water layers from the surface (= 5*0.28 nm = 1.4*10-7 cm)

x·x
1] [ _.,.2_*4.:..:..=8_*:..:10,--_IO_*:..:3•.=82=--..:*1:.:°:..--

4
+ * exp-

2*0.4*10-13

1] [
2*4.8*10-1°*3.82*10-4- .. exp

2*0.4*10-13

- 1]

]

+ 1]

= 0.1515

1
;

by trial and error: !/Ji = 2.04 * 10-4

= > Cs = 21.6 * 1018 ions/cm3

3.2) for 3 water layers: C3 = 51.4 * 10" ions/cm3
;

3.3) for 10 water layers: CIO = 6.37 * 1018 ions/cml ;

3.4) for 20 water layers: C2U = 1.70 * 1018 ions/cml ;

3.5) for 200 water layers: C2UU = 0.163 * 1018
.. C••s

The number of water layers needed to have Ci = C, is a function of C, (sec
calculations bc:low).
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4) Calculation of the number of ions (thcorctical and cxpcrimcnta1):

4. 1) ln the Stern layer:

For the lHP, the number of ions per unit arca is:

A" = 322 * IO IK ions/cm3 * 2.8 * 10-' cm = 0.9 * 10" ions/cm'

For the OHP, the number of ions per unit area is:

A2, = 1540 * IO IK ions/cm3 * 2.8· 10-' cm = 4.3 * 10" ions/cm'

Thus, for the Stern layer: A, = 5.2 * lOB ions/cm2

The total number of ions in the Stern layer (If,) is:

If, = A, * SSA * mass in grams of bentonite'

If, = 5.2*1013 ions/cm2 * 855*10' cm2/g *0.4 g '" 1.78*10'" ions

241

.•;

,.

• Only the bentonite adsorhs metals; the participation of the sand grains is
negligible. In 4 grams of the mixture (quantity used during hatch cquilihrium
tests for the determination of the adsorption isotherm J, 0.4 g of hentonite
were used.
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4.2) Gouy diffuse layer:

242

•

If a curve is drawn to represent the fall of Pb concentration with the distance from

the surface, a sharp logarithmic curve wouId be obtained for x > 2 water layers. The

integralion ovcr the distance (area below the curve) between x = 3 and x = 200 gives

the number of ions per unit area in the Gouy diffuse layer. An equation is needed before

the integralion can be made. In the case above, the equation: y = e (14.1/58/'1 was found

for a correlation coefficient, R2 = 0.997. Thus:

A = j200Y(X).dt =390.54 • 1018
• 2.8 * 10-8 = 1.09 * 1013 ionslcm 2

g 3

The total number of ions in the Gouy diffuse layer (#,) is calculated as follows:

#, = A, * SSA * mass in grams of bentonite

#, = 1.09 * 1013 * 855 * 10' * 0.4 = 3.73 * 1019 ions

4.3) Theoretical total number of ions (#J:

#, = #, + #, = 17.8 * 1019 + 3.73 * 1019 = 21.3 * 1019 ions

4.4) Experimental number of ions (#,):
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#, = C", * volume of soil suspension lIseù

#, = 1.12 * 101' ions/cm-' * 40 cnr' = 4.48 * 101" ions

4.5) Analysis:

Thus the real number of ions in the Stem layer is given by:

This corresponds ta = 4% of the total capacity of the Stern layer (1.78 * 10'''

ions)? These ions were specifir.aIly adsorbed in the Stern layer (high affinity

adsorption), and are more difficult to be displaced by competing Î0!1S'.

Since 40 ml, or 40 cm3, were used to prepare the soil suspensions:

[Stem] = 0.75 * 1019 /40 = 1.875 * 1017 ions/cm'

[Stern] = 1. 875 x 1020 ions/litre

207.2 g/I - > 6.02 x 1023 atoms/I

[g/l] _> 1.875 x 1020 ionsll => [gllJ = 0.0646

y,
l

;

,
The rest of the Stern layer is still occupieù hy Na, Ca. MI!" anù K ions.

e.g.: NH; ions of the 'extracting' solution (ammonium aœtate) useù ùuring the
experimental program to recuperate the Ph ions aùsorheù hy compacled S/B.
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[ppm",..] = 64.6 ppm (14.6% of C,,; or 17% of C'd' = 386.6 ppm)

207.2 g - > 6.02 * 10') ions

x -> 0.75 * 10" ions = > x = 2.58 * 10- 3 g

J

or using the Equation (F.I):

q (g/g) = [C'd. * V]/M = [(64.6*10- 3 g/IOOO ml) * 40 ml]/4 g

q (g/g) = 6.46 * 10-4 g/g.

G.5.2 - Case 2: C, = 434.8 ppm; C" = 1076.1 ppm; C.", = 641.3 ppm

C, = 1.26 * 10" ions/cm); C.d, = 1.86 * 1018 ions/cm)

1) X = [(8'l1'.1.26*1O'8*(4.8*10'1")'*2')/(80*0.4*IO- I)]".5 = 3.02 * 10·

2) if;••• = LN [1.54 * 10'1/1.62*1017) * (0.4*10-')/(2*4.8*10- 10)] = 2.96 * 10-4

Theoretical concentrations at various distances:
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3.1) for x = 3 water layers from the surface (= 3*0.28 11111 = 8.4* 10' cm)

x . x
exp[12oo Ijr.l + 1

= LN [ 1

exp[1200 Ijr il - 1
* .::ex:.:!p"'[.::12=.OO::.::....•..:2:.:.:.9:..::6:.::3_•..:.IO:..'_4l!.----=.1 1

exp[12oo .2.963 *10-4] 1
0.254

T

by trial and error:

if;; = 1.66 * 10-4

= > C3 = 67.9 * 101' ions/cm3

3.2) for 5 water layers: Cs = 26.6 * 10" ions/cm);

3.3) for 10 water layers: CIO = 7.64 * 10" ions/cmJ
;

3.4) for 20 water layers: C20 = 2.60 * ID" ions/cm);

3.5) for 100 water layers: C IOO = 1.26 * 101' = Co'

4.1) Stern layer (same values as in the previous case):

A, = 5.2 * 1013 ions/cm2

#, = 1.78*1020 ions

4.2) Gouy diffuse layer:
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In the present case, the equation: y = eIS.0297lz was found for a correlation

codlicient, R' = 0.9986. And:

f IlXJy(x).dx = 292.42 • 1018 • 2.8 • 10-8 = 0.82 • 1013 iOlls/cm 2
)

Ue = 0.82 • 1013 * 855 * 10" * 0.4 = 2.80 * 1019 ions

4.3) Total number of ions (UJ:

Ul = U, + Ue = 17.8 * 1019 + 2.80 * 1019 = 20.6 * 1019 ions

4.4) Experimental number of ions (U,):

U, = C.d, * volume of sail suspension

U, = 1.86 * lOI' ions/cm3 * 40 cm3 = 7.44 * 1019 ions

4.5) Analysis:

U; = U, - Ug = 4.64 * 1019 ions

" 'orresponds to == 26% of the total capacity of the Stern layer.
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[Stern] = -1.64 • 101' / -la = 1.16' 10" ions/cm'

[ppmS"m] = -100 ppm (37.2 % of Cil: or 62 % of C"j, = 6-11..1 ppm)

(g",!gSIII)",m = -1.0' 10-' g/g

G.5.3 - Case 3: C, = 673.0 ppm; Cil = 1451.9 ppm; C"j, = 77':'..9 ppm

C, = 1.955 • 10" ions/cm3
; C". = 2.26 • 10" ions/cm'

1) X =

2) "'oh =

3.76 • 10
6

2.78 • 10-"

Theoretical concentrations at various distances:

3.1) for 3 water layers: C3 = 7ü.O • 10" ions/cm';

3.2) for 5 water layers: Cs = 27.4 • 10" ions/cm':

3.3) for 10 water layers: CIO = 8.15 • 10" ions/cm':

3.4) for 20 water layers: C2U = 3.16 * 10" ions/cm';

3.5) for 90 water layers: C", = 1.955 • 10" = Co'

4.1) Stern layer (same values as in the prcvious case):
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A, = 5.2 • 10" ions/cm'

4.2) Gouy diffuse layer:

ln the present case, the cquation: y = é"uwx was found for a correlation

coefticient, R' = 0.9987. And:

fOy(x).dx = 285.46 • 1018
• 2.8 • 10-8 = 0.8 • 1013 iOlls/cm 2

il, = 0.8 • 101.1 * 855 • 10' * 0.4 = 2.74 * ID" ions

4.3) Total number of ions (ilJ:

il, = il, + il, = 17.8 * 1019 + 2.74 * 1019 = 20.54 • 1019 ions

4.4) Experimental number of ions (il,):

il, = 2.26 * 101' ions/cm) • 40 cm) = 9.0 * 1019 ions

4.5) Analysis:
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d: = d, - d, = 6.20 • lOlo ions

This corresponds ta = 35 % of the total capacity <JI' the Stern lawr.

[Stem] = 6.26 • lOlo / 40 = 1.57' 10" ions/cm'

[ppm in Stern] = 540 ppm (70% of C",)

(g.,/gS/II),km = 5.39' 10-' g/g

G.5.4 - Case 4: C, = 888.2 ppm; Co = 1776.6 ppm; C", = 888.4 ppm

C, = 2.58 • 101' ions/cm'; C." = 2.58 • 10" ions/cm'

2-11)

1) X =

2) Vtoh =

4.32 • 10·

2.665 • 10-'

Theoretical concentrations at various distances:

3.1) for 3 water layers; C, = 70.8 • 101' ions/cm';

3.2) for 5 water layers: Cs = 28.0 * 10" ions/cm';

3.3) for 10 water layers: CIII = 8.60 • 101' ions/cm';

3.4) for 20 water layers: ClO = 3.65 * 10" ions/cm';
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3.5) for 80 water layers: C", = 2.58 * 10" = Co'

4.1) Stern layer (same values as in the previous case):

A, = 5.2 * 10" ions/cm!

U, '" 1.78*102
(1 ions

4.2) Gouy diffuse layer:

250

ln the present case, the equation: y = e1S.31921x was found for a correlation

coefficient, R2 = 0.9978. AnJ:

rOy(x).dx = 281.17 .. 1018 • 2.8 .. [0-8 = 0.79 • [013 iOlls/cm 2
3

U, '" 0.79 * 10" • 855 * 10' * 0.4 = 2.69 * 1019 ions

4.3) Total number of ions (UJ:

U, = U, + U, = 17.8 * 1019 + 2.69 * 1019 = 20.50 * 1019 ions

4.4) Experimental number of ions (U,):
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#, = 2.58 • 10" ions/cm' ...0 CI11) = 10..\ • 10'" ions

4.5) Analysis:

This corresponds to = 43% of the total capacity uf the Stern layer.

[Stem] = 7.61 • 10'0/40 = 1.90' 10" iuns/cm'

[ppm in Stem] = 655 ppm (74% uf C,.,)

(g••,!gs/Il),,,m = 6.55' 10-' g/g

G.5.5 - Case 4: C, = 1583.9 ppm; Cil = 2531.1 ppm; C,., = 947.2 ppl11

C, = 4.6 * 10" ions/cm3
; C,•• = 2.75 * 10" ions/cm'

1) X =

2) "'oh =

5.77 * 10'

2.42 * 10-'
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Thcorctical concentrations at various distances·:

3.1) for 3 water layers: C, = 74.5 * 10" ions/cm';

3.2) for 4 water layers: C. = 44.6 * 101" ions/cm" ,

3.3) for 5 water layers: C, = 29.9 * 10" ions/cm);

3.4) for 7 water layers: C, = 17.1 * 101" ions/cm';

3.5) for 10 water layers: CIO = 10.0 * 101' ions/cm';

3.6) for 15 water layers: CIO = 6.5 * 10" ions/cm';

3.7) for 20 water layers: C20 = 5.4 * 10" ions/cm';

3.8) for 60 water layers: C60 ,= 4.60 * 10" = C,.

4.1) Stem layer (same values as in the previous case):

A. = 5.2 * 1013 ions/cm2

U, '" 1.78* 1020 ions

4.2) Gouy diffuse layer:
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1

ln the present case, the equation: y = eI5
.....

I
• was found for a correlation

coefticient, R2 = 0.9964. And:

More values \Vere needed in nrder ta l1btain a good regr.:ssion.
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f60y(x).dx ~ 286.1 • 1018
• 2.8 • 10-8 ~ 0.8 • 1013 iOlls/cm ~

J

d, = 0.80 * 10" * 855 * la' * 0.4 = 2.74 * 101" ions

4.3) Total number of ions (dJ:

d, = d, + dg = 17.8 * 101' + 2.74 * 101" = 20.50' lUI" ions

4.4) Experimental number of ions (d,):

d, = 2.75 * 1018 ions/cml * 40 cml = 11.0 * la" ions

4.5) Analysis:

d: = d, - dg = 8.26 * la" ions

This corresponds to = 46% of the total capacity of the Stern layer.

[Stem) = 8.26 * 10" / 40 = 2.06 * la" ions/cm'

[ppm in Stern) = 711 ppm (75% of C",)
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G.6 - Summary of Results and Conclusions

The amounts of Pb adsorbed in the Stem layer were plotted with the adsorption

isotherm of the S/8, as presented in Figure G.!.
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Figure G.! - Adsorption Isotherm of S/B and Adsorption in the Stern Layer
(high affinity adsorption).

Il can be observed that, at the peak of adsorption, approximately 75 % of the Pb

adsorbed is packed in the Stem layer.

1
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The presence of such high amounts of Ph in the Stern layer ean partly explain the

differences in the mass balance ca1culations presented in Section 4.2.5.1. Some of the

lead is tightly bonded to the clay particles and will not be exehanged very easily by the

ammonium ions of the ~xtracting solution, because of the high energy needed for the

exchange to occur (this subject has been also addressed in the text of Chapter 4). Indeed.

as obtained from the calculations abave, even at very high concentrations of Ph only as

much as 50% of the base exchangeable cations were displaced by the Ph (11)/1, "" 54%

for C, "" 1583.9 ppml, evidencing how strong the bonds between the eharged surfaces

and the adjacent layer of ions are.


