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ABSTRACT 

The concept of soil buffer capacity was used in this study to investigate the c.apacity 

of soil to attenuate hp.avy metals when acid is iDvolved in the soil system. Four soils 

were used in Whl(,.h three of them consisted mainly of clay mineraIs (kaolinit~, illite, and 

montmQrillonite) and one of them was a natura! clay sail obtained from a landfill site in 

Quebec. Determination of soil buffer capacity was done by pH-acid titration. The buffer 

capacity of soil in thi8 study was found ta depend mainly on carbonate content and 

cation exchanf~ capacity (C.E.e.) of soils. The magnitude of buffer :;apacity followed 

the order: illite>montmorillonite>natural clay soi!> > kaolinite. Illite used in this 

study had higher carbonate content than the natural clay soil, and the montmorillonite 

and kaolinite had a very high and low C.E.C. respectively. 

The study of heavy metal retention in soils was performed bath by sail suspension 

tefJ and sail column test. The results showed that as soils received incn:a.sing amounts 

of acid, high amounts of heavy metals (part:cularly Pb and Cu) could still be retained 

if the soiIs hcill a high enough buffer capa.clty to resist a. change in pH such that it will 

not drop to < 5. In addition, a.n increa.sing acid input could Iea..d to the exhaustion of 

soil buffer capacity which resul1.ed in a rapid dep1etion of the amounts of heavy metals 

retained in soils. Illite had the capacity ta retain high amounts of heavy metals for a 

larger range of acid input thar. the other soils. The amount~ of heavy metals retained 

decreased as the application of heavy mttals to soils changed from separately applied 

to compositely applied and to compositely applied with 1eachate collected from the 

landfill site. 

Sequential extraction analyses performed in this study revealed that precipita.tion 

of heavy metals (both by hydroxide and carbonate phases) was the dominant mecha

nism when soil was at high soilsolution pH whereas cation exchange mechaniams pre~ 

vaiiel! at lori soilsolution pH. Sielectivity order of heavy meta! retention in soBs found 



by 8Oillmspension tests followed the order Pb > Cu > Zn > Cd. The arder changed 

to Pb> Cd > Zn > Cu. when soi1s were at low soil solution pH. Relative mobility cf 

heavy metals found irom the soil column test followed the arder Pb < Cu < Zn:::; Cd. 

The heavy mataIs were very mobile in kaolinite whereas they wen less mobile in illite 

and natural clay soil. 

The relation of &:>il buirer capacity and heavy rr~tal retention and movement in the 

clay soils found from this study revealed that the sail buffer capacity was a parameter 

that can be used in the prediction and prevention of heavy metal migration in soil. 

The soil buffer capacity is recommended, as a result of this study, as a parameter that 

should be included in the detenrunation of soil properties particularly for t he IJ~rpose of 

land application and disposaI of wastes with lea.chates that could contain heavy metals. 
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RÉSUMÉ 

Le concept" capacité tampon du sol" a été utilisé dans cette étude sur l'évaluation 

de la capacité du sol pour retenir les métaux lourds quand des acides sont appliqués 

sur le système du sol. Quatre 80ls ont été utilisés, trois d'entre eux étaient composés 

prindp::liement de minéraux (kaolinite, illite, et montmorillonite) et un autre sol prov~

nait d'un site d'enfouissement sanitaire au Québec. La ~étermiTlation de la capacité 

tampou du sol a été obtenue par une titraticn acide du p!1:. Cette étude a démontré 

que la ca.pacité tampon du sol dépend surtout de la teneure en carbonates et la ca

pacité à'échange cationique (C.E.C) du sol. L'ampleur de la capacité tampon a suivi 

cet ordre: illite > montmorillonite > sol naturel> > kaolinite. Le sol illite utilisé dans 

cette étude a un contenu plus élevé de carbonates que le sol naturel. D'autre part, la 

montmorillonite et la kaolinite ont respedivement une très grande et une basse C.E.C .. 

L'étude de rétedion de métaux lourds par des sols a été menée par des tests en 

suspension de sol et des tests en colonnes de sols. Les résultats montren~ qu'au fur et 

à mesure que le sol reçoit des quantités plus grandes d'acide, des grandes quantités de 

métaux lourds (particulièrement Pb et Cu) peuvent être retenues si le sol a une grande 

capacité tampon de ré:ister à. un changement dans le pH sang devenir < :)" Pourtant, les 

résultats montrent qu'en augmentant la quantité d'acide une réduction de la capacité 

tampon du sol est provoquée) laquelle se traduit par une réduction de la quantité de 

métaux lourds retenus dans le sol. L'étude montre aussi que les quantités retenues 

de métaux lourds diminuent si l'application de métaux lourds sur le sol change d'une 

application individuelle à une application mixte 01.1 mélangée avec des lixiviats cueillis 

sur le site d'enfouissement. Le sol de type illite a la capaclté de retenir des qua.nt~tés 

élevées de métaux lourds pour une charge acide de plus grande étendue que pour les 

;),utres sols. 

Des ;2.nalySes d'extraction séquentielle ont permis de révl~er que le mécanisme de 

üi 
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précipitation de métaux lourds (tant pour des phases carbonatées qu' hydratées) est 

le mécanisme dominant de rétention quand le pH du sol est haut. Pour le contraire, 

des mécanismes d'échange cationique sont dominants à. bas pH. L'ordre de sélectivité 

pour la rétention des l1lébux lourds selon les tests en suspension est comme suit: Pb > 

Ou. > Zn > Cd. L'odre chauge à. Pb > Cd> Zn > Cu. quand les sols sont à. bas pH. 

La mobilité relative de métaux loW'ds démontrée selon les tests en colonne est comme 

suit: Pb < Cu. < Zn < Cd. Les métaux lourds furent très mobiles dans le cas de 

kaolinite et peu mobile da.Il8 le cas d'illite et du sol naturel. 

La. relation entre la. capacité tampon et la rétention de métaux lourds et le mouve~ 

ment dans le sol tel que découvertes dans cette étude montrent que la r.apacité tampon 

est un paramètre qui peut être utilisé pour la prédiction et la. prévention de la migra· 

tion des métaux lourds dans le sol. La capacité tampon du sol est recommandée dans 

cette étude comme étant un paramètre qui devrait être indu dans la détermination 

des propriétés du sol, particulièrement dans Pdilisation de terrains pour l'élimination 

finale de déchets contenant des niveaux dangereux de m4taux lourds. 
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1.1 General 

CHAPTER 1 

INTRODUCTION 

The accumulation of waste has greatly intensified in recent years du~ to an increase 

in world population and the rapid expansion of industrial and agricultural ~(;velop

ment. Consequently, land disposai of waste materiaIs, landfilling, and waste contain

ment ponds are increasing. Landfilling ig at present considered as the most economlc;Y. 

and practical means for dispos'.!.l of municipal and industrial 80lid wast es , and as a 

means ftr containrnent of sludges and liq uid concentrates of polluta.nts. However, so

cietal '.:oncerns about the quality of Boil and water have led to cill increased interest in 

the safe containment ;:md disposaI of waste materials on land, i.e. land applicïltion. Re

search~rs have devoted their time te study the potential problems a.8socÎated with land 

application in arder to help minimize the risk of Boil and groundwater contamination. 

In land disposai sites, infiltra.tion of water from rainfaII, snowmelt, and surface 

runoff into the area produces a leacha.te. These leachates contain several contaminants 

originating from the disposed wastes. The migration of the leachates through soil could 

lead ta eventual groundwater contamination. As the leacbates JDove downward, vari

ous contatrLÎnants interact with soil components resulting thereby in sucb pro cesses as 

physisorption, chemisorption, precipitation or complexation. The result is the retention 

of contaminants by soil. However, sail has a limited capaclty to retain contaminants. 

A continued load of contaminated lea.c.bates may diminish the capability of soil to act 

as a buffer against them. 
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The heavy metals form a group of contaminants eommonly found in severa! kinds 

of wastes including 81udge~ and landfilileachates (Stewart and Weber, 1976). Heavy 

metals are a group of conta.nllDants tha" are hlghly taxie to human, animal, and aquatic 

life. Briceland (1976) refelTed to one incident conce;Jung hea.vy metal contaminatiC'n 

that took place in Illinois called "the Byron incident". The j.ncident involveè the dump

ing and burying of severa! barrels of cyanide plating wcwte, oil residues, 801vents, and 

paint waste near the small town of Byron. This action resulted in the de.:'lth of livestock 

that drank from a nearby stream. Monitoring of over 200 private Jrinklng wells ~howed 

excessive levels of various heavy metala. This showed. that heavy metals are conta.n:..i

nant~ that are hidden in several kinds of Wagtes. Insufficient knowledge and improper 

management of waste disposai could lead to eventual groundwater contamination of 

hta.vy metals. 

Soil has been reported to have a. ca.pacity to retain heavy me' Js (Korte et al., 

1976; Haner, 1979; Elliott et al., ]981; Yong et al., 1986). Studies have shown that the 

CalJCt.Clty of soil to retain hcavy metals could be infiu~ '.ced by several fa.ctol'B depending 

on wil coIlBtituents, leachate and waste characteristiC8. The continued load of leachate 

may result in unfavorable conditions and the decrease in the ca.pacity of soil to retain 

heavy metalB. A maj"- concern is that the capacîty oi soil to retain heavy metals may 

be exhausted resulting thereby in the rapid movement of heavy metals to groundwater 

and the increase in its concentration to potentially toxie levels. 

Severa! Rtuclies have shown that soil pa is an important fador in the fate of heavy 

metal reiention and movement in soils (Harier, 1983; Dowdy and Volk, 1983; Elliott 

et al., 19S6). These etudies have indicated that the direct correla.tion between Boil 

pH and heavy metal retention and the change in BOil pH could alter the retention or 

movement of heavy metals in soil. The ability of soil to retain heavy meials, therefore, 
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depends on the resistance of soil to a change in pH or in other words the !lsoil buffer 

capacity'. AUhough 8everaJ studies have been do~e with regard to the effed of soil 

pH on heav./ meta.l reiention, very few have included the soil buffer capacity in ihe 

siudy. RecenUy, an increasing number of siudies have foeused on the effect of acid 

precipitation on soil produciiviiy (Strayer and Alexander, 19tH; Biiton and Boyland, 

1985). In tue field of land disposaI, .: Jt only acid mm but also the presence of adds 

in solid or liquid wastes in landfill would effect the soil ph. Th1l8 the ability of soil to 

reta.in heavy metcili5 depends on the 8usceptibility of soil to change in pH. In th.ia case, 

the soil buffer capacity would be a good parameter to help indicate the rate of heaVj' 

meta.ls in soil 

The present research was underlaken to investigate the raIe of soil buffer capacity in 

the retention of heavy mei,a.ls in soil, with a view to developing a beUer understanding of 

heavy metal retention in soil and its role in the prevention of heavy mt:t;al contamination 

hl soil and groundwater. 

1.2 Statement of Pr6blem 

Severa! siudies have been done in regard to the retention of heavy metals in soil 

(800 e.g., Stewart and Weber, 1976; Frost and Griffin, 1977; Griffin and Shimp, 1978; 

Harier, 1983; EllioU et al., 1986). Stewari and Weber (1976) found thaï heavy metaIs 

tend to persist in surface soil, éLlld that raising soil pH reduces the mobility of Cu, 

Zn, Ni, and Cd. Frost and Griffin (lG '7) found thaï the degree of removal of Cu, 

Zn, and Cd from a landfillleachate by kaolinite and montmorillonite clay suBpenAioIl8 

increased wiih higher pH levels. Griffin and Shimp (1978) performed a column study 

on the attenuatÏon of contaminants in municipal solid waste landfill Ieachate using 

mbctures of sand and clay. Their results showed thaï Pb, Cd, Hg, and Zn were strongly 
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attenuated on the soil constituents. It is noted from the above Btudies that heavy metal 

retention in BOil il! intluenced by pH. 

Dowdy ant: Volk (1983) reviewed siudies on movement of heavy metaIs in BOil when 

sewage sludge was applied to soil. They concluded that heavy metal movem.eni will 

moat likely occur with large application of sewage sludge to a sandy, acidic, low organic 

matter soil which receives high rainfall or irrigation. In the study of lea.chate migration 

through a clay liner by Yong et al. (1986), it was shown that clay liners exhlbit 

better attenuation of heavy metaIs than salts, provided that a high pH environment 

Î8 maintained. However, they 8tated thaï the ca.pability of soil to retain heavy metals 

continued to change with the continued pa.ssa.ge of oontamlnanb. 

n can be seen from the above studies that the reiention of heavy L'letal6 by soil 

is very much dependent on pH. High soil pH is preferable Binee the retention of heavy 

met aIs is enhanced. Considering landfillleachates, in the presence of certain acids in 

solid or liquid wastes in landtill or containment ponds, and also from the occurrence 

of acid min, a leachate with low pH will BOmetimes result. The migration of the 

low pH leachate through soil would affect the soil pH and also the retention of heavy 

metaln in soH. The effect might be small or large depending on the capacity of soil 

ta resisi a change in pH or 80 called ,ail buffer capacity wb' :, is dependent on the 

compositional charaderistics of soil materials. Soils with high lluffer capacity will have 

a high resÎ8tance to changes in their pH valu~, and convemely, 8r,:~ with !ow buffer 

capaciiy are those whîch are easily susceptible to changes in pH (Yong and Warkentin, 

1987). However, if an acidic leachate was to continually pCU3S through soil, then the 

capacity of BOil to act as a buffer would decrease. The resulting decrease in the buffer 

capacity would reduce the ability of the soil to retain heavy metaIs. 
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The concept of p fi buffer capacity in solution chemistry has l1een weil developed 

and has been u.sed in the study of water and wastewater systems (Snoeyink and Jenkins, 

1980). The term soil buffer c.'pacity, based on the SéLIlle concept of pH buffer capacity 

in solution chemistry, has been used for many years in agricultural pradices (Buckman 

and Brady, 1969). These include the studies of soil acidity and soU al}ca.Iinity, the 

application of lime ta soil to increase crop production and the effect of atid precipitation 

on forest and agriculturallands (Shoemaker et aI.,1961j Keeney and Corey, 1963; McFee 

et al., 1977; Federer and Hornbeek, 1985; and Mowbray and Schlesinger? 1988). 

However, in the field of land disposa! of waste, little use has been m2.de of the 

concept of soil buffer capacity in siudying the differences among 80ils in the retention 

of contaminants. AB mentioned. above, for one group of contamlnants such 3.1!: heavy 

metals, the retenti~n of heavy metals in soil is very much dependent on pH. ffeavy 

metaI retention can therefore be directIy correlated with soil buffer capacity. 

In view of the important role of the soil buffer capacity, the present thesis is thu8 

direded towards research in the area of soil buffer capacity and determination of how 

it relates to heavy me,aI retention in soils. In Quebec, a natura! clay soil barrier is 

considered ta be a desirable feature in the siting of a land disposaI site (Yang and 

Warkentin, 1987). The emphasis of the siudy is, therefore, on the relation of soil buffer 

capacity and heavy metaI retention in clay &OW. The study consists of three main 

parls. The first part i! the determina.~~n of soil buffer capacity. The second part 

includes the soilsU8pension study on heavy metaI retenti on avd the third part ineludea 

the soil column study on heavy metaI movement in clay soils. 
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1.S Objective. tmd Tuk. or the Study 

The objedives of the research study were : 

J) To determine the relationship between the pH, the buffer capacity Ctf soil, and 

the retention of heavy metals in soil, and to study the retention mechanisms 

of heavy metals in soil with changes in the buffer capacity of the soils. 

2) To recommend, through the W!e of the cO:'lcept of soil buffer capacity, Q. rational 

approach to the selection andjor m:magement of land disposaI sites in order 

to minimlze lear:bing of heavy meta.ls to grounàwater. 

To implement the objectives, two distinct tasks were strudured : 

Task 1) To study the pH and buffer capacity of soil and the change in the soil buffer 

capacity as a function of acid input 

Task 2) To study the migration of heavy metals in soil column tests as the soil receives 

increaaing amounts of acid input in relation to soil buffer capacity. 

For Task 1, the exp€rÎments eonduded utillised p,oil suspensions sinee these pro

vided ~he kinds of information more amenable for inteipretaticn in terms of relation

ships and mechanisms. Task 2 utilized soil colllIllIlS for the experimenb eonducted. 

1.4 Organisation or the Thuis 

The thesis is a.rra.nged into five chaptel'8 and two appendices. The contents of the 

five chapters are as follows : 

Chapter 1 : is an introdudory chapter which presenb the statement of the problem 

and the purpose of the study; 

Ch'lpter 2 : gives a review of the literature periinent to the present study; 
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Chapter 3 : provides a description of the experiment31 methods; materials, and 

techniques employed in the studYi 

Chaptl!r 4 : presents the resulh and di.scU88Ïon of the laboratory studies on 

i) the soil pH and its buffer ca.pacity, 

ü) the relationshlp of the buffer capacity and the capacity of soil to 

retain hea"/)' mebls in soil suspension test, 

m) the retention mechanism of heavy metalt in soil, 

iv) the migration of heavy metaIs in soil column test; 

Chapter 5 : contains the summary, concluding remarks and suggestions for 

furlh"r Btudies. 

The content of the appendIces are as follows : 

Appendix A : presents the experimenbl results on sail suspension tests and soil column 

tests; 

Appendix B : presents the input :md output of the MINTEQ program used to calculate 

the probable equilibrium composition of heavy metala species present 

in the soil suspension system. 
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CHAPTER 2 

LITERA",~URE REVIEW 

In the following, a brief review of the previous studies concerning soil buffer capac

ity and the retention of heavy metals in soils are presented, together with some general 

remaxks on the etudies. 

2.1 Soil Duffel' Capadty 

In solution chemÎstry, a butter solution is a solution that in some wû.y has the ability 

to maintain a stable composition w hen variOUB components are added or removed. The 

pH buffers (solutions that resist a change in pH on the addition of a strong acid, 

H+, or a strong base, OH-) are the most commonly talked about buttera (Snoeyink 

and Jenkins, 1980). The capacity of a solutic..n to resist a change in pH, or S<r-Called 

Clbuffer capacity", was first introduced in solution chemistry in 1922 by Van Slyke. 

Since then this term has been ~sed widely in the study of solution equilibria, aquatic 

chemistry, water and wastewater chemistry, etc. (Waser, 1967; Laitinen and Harris, 

1975; Snoeyink !Uld Jenkins, 1980; Stumn and Morgan, 1981). The aforementioned 

authoI'8 defined. the term butter capacity, {3, or buffer intensity as it is sometimes called, 

as the moles/liter of strong base, CB, (or OR-) which when added to a solution causes 

a unit change in pH. Thu8 

~ _ dCB __ dCA 
fJ - dpH - ëfiJï 

8 

(2.1) 



------------ -----------------

w.J.ere CA is ihe moles/liter of Istrone: acid (or H+) added. The buffer capacitj can be 

determined experimenblly and by computation <Lt individu al pH values. Experimental 

measurement involves determining a j,itration CUIve thai shows the course of pH change 

with moles of strong add or b~~ addl~. The bufler capacity always has a positive value 

and is proporlional to the redprocal of the slopE~ of the titration curve. 

In the case of a Hoil, there is a distinct reaista.nce to a change in the pH of a soil 

solution, as stated by Buck:man and Brady (1969). They explained th.:.t the resiBta.nce 

to pH change depends on the equ.ilibrium betw,~n the adsorbed H ions on the micelle 

of soil and the H ions in the Boil solution. 

Ad80rbed H jons in soU ;=: H ions in soil solution 

In the case when H ions a.re added to a soil, thls would give a temporary increa.se in 

the fi iOJls in the BOil solution. The equilibrium rea.ction above would immediately shift 

to the left and rnor~ H ions wOllld be(:ome ~80rbed on the micelle. They also explained 

that when limlng materials are added w neutralize the H iona in the soil solution, the 

above rea.ction would be shlfted to tne right, resulting in more H ions moving out into 

the 8Oilsolution. As a consequence, the reaulting pH tise would be neg1:gibly sma.ll and 

would remain 80 until enough Ume had been a.cided to deplete the reserve H iOIlB. The 

resultant pH change in the aoillwlution would be very sma.ll if the 80il has a high buffer 

capa.city. They stated tha.t the higher the exchange capa.city of soil, the greater will be 

its buffer capacity. They acided that a high soil buffer capa.city includes the presence of 

buffering compounds in soilsuch as organic matter, carbonates, and phosphates wlUch 

would enable the soil to resÏ8t an appreciable change in pH. 



Determination of soil buffer capacity can be done by computation and experimen

tation. For computational determination, Van Breeman and Wielemaker (1974a and 

1974b) calculated buffer intensities of soil, based on the assumption that the soil is 

in an aqUeoU8 system. They calculated buffer inte.nsities of a. number of aqueoUB sys

tems involving several soil and rock minerals using thermodynamic equilibrium, and 

expressed the ullit of buffer iniensity in terms of concentration of acid or base/pH 

(equitJalent liter l 'pH-t) as in solution chemistry. They found that silicate mineral.s, 

carbonates, and gibbsite ;?rovide strong buffering upon addition of strong acid under 

slightly alkaline to slighUy acid conditions. 

Sine€: soil is a. mixed system that col18ists of severa! constituents, most of the 8~udies 

involving soil pH and buffer capa.city used experimental means to determine the wil 

buffer capacity. The experiment Îs bared on the same method as in solution chemistry, 

i.e., titration of soil with strong add or base. The buffer capacity of soil is therefvre 

the reciprocal of the alope of the titration curve. Soil titrationa have been made for 

many years on agricultural 80ils 2U one way of measuring the amount of lime required 

to raise soil pH to neutraJ. or some basic value, Le., titration of soil in the base direction 

(Buckman and Bra{}y, 1009). Recently, titrntion of Boil in the acid direction has come 

inio attention (Federer and Hombeek, 1985; Magdoff and Barlett, 1985; Mowbray and 

Schlesinger, 1988), due to the increased interest in the effect of acid rain on 30ils and 

their produdivity. 

Federer and Hombeek (1985) siudied the buffer capacity of fOfeI:lt 80ils in New 

England and the effed of atid precipitation on the oolls. They defined the buffer 

capacity of a soil as the number of mols of H+ or OH- that must be added to raise or 

lower the pH of 1 kg of soil by 1 pH unit. They expressed the unit of soil butTer capacity 
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in mt'~& H+ or OH-kg-l . pH-I. They fouud that the soils have buffer capacity to 

resist a changt1 in pH due to a.cid raln for several years. 

Magdoff and Barlett (1985), and Mowbray and Schleninger (1988) used the same 

definition of soil buffer capacity as Federer and Hombe<".k (1985) in the study of the 

buffer capa.city of organic sons. Since the uniii of "emoZ" is often used in soil studies, 

th-ey expressed the unit of a.cid in the titration carves in cmol H+· kg-lsod and buffer 

capa.city in cmol H+· kg- 1soil· pH-l. These units are consistent with the SI unit. 

Thereiore, in this research, the term cmol H+· kg-l sail and cmol H+· kg-l soil . 

pH-l are 118ed as the units to express the concentration of a.cid applied to soil and the 

magnitude of soil buffer capadty. 

2.2 Heavy Metal Retention in Soil 

Heavy metals form a group of contaminanh commonly found in severa! kinds of 

wastes including sllldges and landfill leachates. Dependbg on the type and origin of 

wastes, the lea.chates gene:ated may have undesirable levels of concentration of sev

era! heavy metals. Heavy metala that have reccived the ffi08t attention with regard 

to accumulation in 8OilB, uptake by plants, and contamination of grounàwater include 

lead(Pb), cadmium(Cd}, copper(Cu), zinc(Zn), nickel(Nl), chromium(Cr), and mer

cury(Hg) (Martin et al., 1976; Dowdy and Volk, 1983). The concentration of these 

heavy metala may range irûm 0-100 ppm in munlc!pal80lid wast es to 100-10,000 ppm 

in sewage sludges, mining wastes, and varÎOUB industrial wastes BUch as those orig

inating from the eledroplating, pulp and paper, and chemical industries (Walsh et 

al.,1976). 

As mentioned in Chapter 1, many studies ha.ve been done regarding heavy metal 
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retenUon and movement in soils. In the following, a su.mmary and review of these 

etudies are presented. 

In a. study involving kaolinite, illHe, and montmorillonite clay suspensions, the 

uptake of heavy metaI ions by the various cla.y suspensions was obs.erved to increa.se 

with pH, with a ma..rked jump in the amount of the metals retained occurring when 

the soil solution pH exceed.ed the value required for precipitation or formation of metaI 

hydroxy spedes (Farrah and Pickf'rilig 1976a, 1976b, 197&, 1977, 1979). Moreover, the 

following order of increasiJ[lg attenuation capacity was observed for the clay mineraIs : 

kaolini\e < illite < montmorillonite. The increase was found to correspond to the 

C.E.e. values of the claya. 

Maguire et al. (1981) studied the influence of pH in heavy me~al uptake by clay 

suspensions that were extracted from natural soils. They obtained the sarne results 

as Farrah and Pickering (1979) in that the amoun; of Cu, Zn, Pb, and Cd sorbed in 

clay soil increased with pH, and that when the pH of the soil solution waa greater 

than 6, few metaI ions were found in the 80i1801ution. The authol's concluded that the 

retention capacity at a. fixed pH is less informative than pH dependence curves. They 

::ùso stated from their study that it would be desirable li the leachates were present in 

an alkaline condition 80 as to enhance the precipitation of metal spacies. 

Tyler and McBride (lG82) studied the mobility of heavy metals ~Cd, Cu, Ni, 

and Zn) in severa! soils by using sol' colUllllliJ. The resuUf:l showed tha.t the least 

mobility of metals was observed in a. mineraI soil with a. relatively high pH, C.E.e., 

and exchangeable base content. tla:rter (19S3) studied the adsorption and desorption of 

Pb, Cu, Ni, and Zn on pH-adjusted soit He found that the amoUllt of ail metals !'etained 

was dependent upon pH of the soilsa.rnple, with retention dramatically increasing above 
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pH 7.0 and 7.5. However, the sorbed metals were subsiantially extractable by 0.01 M 

Hel. 

Yanful e; al. (1988a) s;uclied the heavy metal nlÎEsTation at a 15 year oid landfill 

site in Ontario. They found that heavy metals sud as Cu, Zn, and Pb had migrated 

through soil having pH close to 8 oruy up to 10 cm compared te 130 cm of Na+ and CI

migration. The results obtained correspond to the study by Yong et al. (1986) on a 

landfill site in Quebec, whlch showed that natura! clay liners exhlbit better aUenuation 

of heavy metals than cations (e.g. Na+, K+, and Ca~+) provided that the high pH 

environment is maintained. 

In terms of retenti on mechanisms of heavy metals in soHs, Elliott et al. (1986) 

observed a common pH dependent trend ·)f heavy metal sorption on their soils and 

explained that severa! mechanisms of IDêtal retention axe involved sucb as cation ex

change, precipitation of solid phase (as orides, hydroxides, carbonates, etc.), 801ubility 

and complexation reaction. They stated that the mecilanisms are diiferent at different 

soil pH ccnd1tions which make it difficult to predict the relative retention of heavy met

aIs. Yanful ct al.(1988b) used the selective dissolution or sequential extrac~ion analysis 

method to find the phases of heavy metals that were retainoo in 8Oils. The method is 

ba.sed on the fact thai differeni forms of heavy metals that axe re~a.ined in doil (e.g., 

as oxides, hydroxides, carbonates, bound with organic matter, and etc.) can be ex

traded selectively by using appropriate reagents (Tessier et al., 1979). The method 

can be use<! te investigate the retention mechanism of heavy metals in soil. From this 

method Yaniul et al.(1988b) found that heavy metal6 were retained in theÏI soil in the 

carbonate phase more than in the hydroxide phase and concluded that the presence of 

carbonates in their soil was the important factor whlch reduced the migration rate of 
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the metals. 

n can be 6t.-en from the review above that the experiments in th€' ':Itudy of heavy 

metaJ retention in soila were perfOilIled either by soil suspension tests or soil column 

tests. The soil 8uspell8ion test is legs time consumlng and CaIJ. he used to determine 

the heavy metaI retention capadty of soil and to investigate the heavy met aI retention 

mechanism. The soil column test is considered as a uaeful method for predicting heavy 

metal movement in soBs (Fullp.:, 1977). The results from both tests found from the 

above studies showed that heavy met al re~ention or movement in soBs de pend on pH and 

is hlghly affected by both soil pH and pB. of lea.chat~ or solutioDs involved. However, 

most of the sturues were performed on ~oil at its ambient pH or used pH adjusted soil 

in the experimenta without paying any attention to the resistance in the change of pH 

or the huffcl' capacity of the soil. Moreover, those studies related the reiention of heavy 

metal only with soil pH and did not consider the amount8 of add or base that were 

added to adjust the pH of the soil. In order to ~anrl the knowledge in thls field of 

study, this thesÎs uses the concept of soil buffer capacity in the stud}' of r.eavy metal 

retention in soils. 

2.3 General Remarka 

From the review Jf the existing literahre, it Îs clear that heavy metal retention 

in soil is very much dependent on pH whenever the soils used in the experiments 

are pure clay minerais or natural soils that have severa! constituents in them. The 

anl.)unt of heavy metala reta.ined in soil depends on different heavy metals. However, 

the amount retained remains high at near neutral or alkaline pH. The mechanisms 

suggested !rom severa! studies for heavy metal retention include precipitation as solid 
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phases (oxides, hydroxides, carbonates), ion exchange, and eomplexaticn reaction. At 

acidie pH values, hea.vy metals become mcbile and adsorption on to clay &oil particles 

becomes less effective due to competition at the exchange sites from the H+ ions. The 

a.mount of heavy metals retained and selectivity of retention depend on soil and its 

compo8:~ion. 

Recently, an inereasing number of studies have foeused on the effed of a.cid pre

cipitation on soil in order ta determine the change in soil productivity aiter an a.cid 

input (Bitton and Boylan, 1985; De Vries and Breeuwsma, 1987; i.,ilieholm and Feagley, 

1988). Regarding the pH value of acid rain, Likens and Bormann (1974) have noted 

that water in the atmosphere is generally in equilibrium with prevailing CO~ pressure 

and will produc(; a pH of about 5.7. Fisher et al. (1968) report that weekly samples 

of precipitation colleded over a 2 year period at the Hubbard Brook Experimenta.l 

Fbrest were frequently less than 4.0. Mean a.nnual values of 3.9, 3.9, and 4.0 ha.ve been 

reported for three locations in upper New York State (Likens and Bormann, 1974). 

Moreover, pH values as low as 2.1 have been observed in north central New Hampshire 

(Likens et al. , 1972). The increasing occurrence of acid rains could affect soil not only 

in terms of its productivity but aiso in terms of soil as a naturalliner for waste disposal 

containment. In the vicinity of land disposaI sites, infiltration of acid rain into the area 

could produee alow pH leachate. In addition, a low pH leachate f.ould alao be a. result 

of the presence of aciàs in wastes. An increasing input of acid to soil from a r.ontinued 

load of low pH leachate would cauSé the change in th~ soil pH. As mentioned, heavy 

metal retention in soil is very much dependent on pH. Thus the ability of soil to retard 

the mobility of heavy metals depends on the susceptibility of the soil to change in pH. 

The soil hufféf capacity would, therefore, be a reliable parameter to indirectly indicate 
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the longevity of heavy metal reten~ion in soil. 

In the present study, the soil buffer capacity is determined by using the method 

of titration of a soil suspension system. Since the inierest is 0'1 the capacity of soil to 

buffer against acid leachates, and ainee heavy metaJ retention in soils is more affeded 

by acid than by base, only titration in the acid direction is consldered. The pH-acid 

titration is used as a method to detennine the soil buirer capacity. The Btudy of heavy 

metal retention is performed using both soil suspension tests and soil column tests. 

Results from the study of both tests are then related te the soil buffer capacity. 

In the soil suspension test, experimenis are performed to assess the capacities of 

soils to retain heavy metals as they receive increasing known amounts of acid input. The 

pH of the soils are permitted to change according to its buffer capacity characteristics. 

ln tbis way, the relation of heavy metal retention with soil pH and acid input cao be 

compared and rela.ted with pH-acid titration curves in the detelmina.tion of soil buffer 

capacity. The sequential extraction method (Tessie>.' et al., 1979; Yanful et al., 1988b) 

is used to assist in the investi~"3.tion of heavy metal retention mecha.n.ism at different 

soil buffering conditions. 

For the case of soil columu tests, the tests are performed in order to study the 

relation of soil buffer capacity on the movement of heavy metals along the soil column. 

The acidic lea.chates are continually applied to soil columns and the movements of 

heavy metals are determined. The results from the soil column test are then related 

with the soil buffer capacity and the resu1ts from the soilsU8pension test. Details of the 

materials and experimental methods used in the siudy are presented in the following 

chapter. 
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CBAPTER a 
MATERIALS AND METRons 

ln order to achieve the objectives of the research work, the materidls and methods 

used in this study are orgaWzed and divided into 5 dift'erent sections. These sections 

are i) BOUs used and determination of their properties, ü) determination of soil buffer 

capa.city, iii) a study on heavy met al retenti on using soil suspensions, iv) an anaIysis 

of heavy metal retention mechanism by sequentiaI extraction, and v) a study on heavy 

metal movement in soil columns. A 8u mmary of the experimental w'~rk Îs presented 

in the tlow chari shown in Fig. 3.1. The results of a.ll experiments perfonned in this 

chapter are presented in Chapter 4. 

3.1 Soils and Determination of Soil Propertiea 

ln Quebec, a natura! clay soil barrier is considered to be a. desirable feature in the 

siting of land disposaI sites (Yong and Warkentin, lS87). The value of clay soil as a 

physical and chemicaJ barrier 30braÏnst the migration of leachates from disposalsites has 

been recognized due to itslow hydraulic condudivity and its high adsorption capa.city 

(Wa.rith, 1987). In this experiment, the soils that were seleded have clay as a major 

component. Different clay BOBs were used as weil as a na.tura! clay BOil from Quebec. 

Four clay soil types were uaed in this study. They were i) kaolhllte identified as 

kaolin1te hydrite PX obtained from Georgia Kaolin Company, ü) illite identified as seaI

bond obta.ined from Canada Brkk Company, ili) montmorillonite identified as southern 

bentonite (dixie bond) obtained from International MineraIs &; Chemical Corporation 
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(!MC) and iv) a natura! clay soil obtained from an active landfill a.rea (Lachenaie, 35 

km east of Montreal, Quebec), at a depth of 2-3 m and at a point sufficiently remote 

from the actual disposal site to ensure that the clay soil sample was not contaminated 

by municipal solid waste landfilling. 

The soils were air dried and ground to pëU38 the 2 mm sieve. They were sub

jected to a variety of chell1Îca.l and physica.l tests e.g., soil pH measurement, cation 

exchange capa.city determination, surface area measurement, organic content determi

nation, carbonate content determination, amorphous material determination, particle 

size analysis, and mineralogica.l ana.1ysis by X-ray diffraction. 

Soil pH was measured in 1:10 soil:water solutio.l ratio by a Beckman 4)TM 12 

pH/ISE meter. Cation exchange ca.pacities were determined at pH 7 using the sil

ver thiou:-ea method (Chhabra et al., 1975). The surface areas were measured using 

ethylene glycol-monoethyl ether (EGME) , a.ccording to the procedure described by 

E1tantaway and Arnold (1973). The organic contents were dett:rmined following the 

method described by Jackson (1956). The carbonate content determination was per

formed using the titration method (Hesse, 1971). Presence of amorphous materials was 

determined using the method of Segalen (1968). Percent ages of clay were determined 

by the particle size ana.1ysis method which was performed according to ASTM Te~t 

No. D422-54 (1970). For determination of mineraI composition, the sails were pre

pared and analyzed by X-ray diffraction using a Siemens D-500 X-ray diffractometer. 

The preparation and analysis were performed a.ccording to the method described by 

Starkey et a.l.(1934). Results of soil properties determination are giv,m in section 4.1 

of the following Chapter. 
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3.2 Determination or Soil BufFel' Capacity 

As mentioned in Chapter 2, the determination of soil buffer capacity W38 based on 

the tiiration method. Since the intent of thls thesÏ8 is direded towards a study of the 

capacity of soH to buffe'r against acid, only titration in the acid direction was performed. 

ln this experiment, the clay soilsamples were titrated with increa8.1lg amounts of strong 

acid in soH suspension system. Mter the titrai.ion, data on the amounts of a.cid input 

and soH solution pH were ploUed and the soil buffer capacity Wa8 ca.lcula.ted from the 

titration curve. In this experiment, nitric acid (HN03 ) was used as the titration acid. 

The ratio of soil:acid solution waa 1:10. In the pH-acid titration of each clay !Oil, several 

40 ml of acid solutions with concen~r(Ltions of acid from 0, 0.01, 0.02 , 0.03 , ... , to 

0.2 mol· L -1 were prepared and added to plastic tubes. Each tube contained 4 g of 

dry soil. The resultant 8Oilsuspensions obtained with a.cid input ranged from 0 to 200 

cmol H+· kg- 1soil. Mier addition of the a.cid solutions, the resuUant soil suspension 

samples obtained were equilibrated by shaking in an end-o"l!r-end sh .. '~er at 25°0 for 

24 h (equal to the time used by Federer i.Uld Hornbeck, 1985). The samples were then 

centrifuged at 5,000 rpm for 10 minutes. The pH of file soil solutions were measured 

using a Beckman fTAI 12 pH/ISE meter. 

AlI four clay soil! Le., kaolinite, illite, montmorillonite, and natura! clay soil were 

titrated. The titration curves whlch show the relationshlp between soi1solution pH and 

amount of acid input (from 0-200 cmol H+· kg-1Soil) were plotted (e.g., Fig. 4.1). 

From the titration curves, the soH buffer ca.pacity was determined from the negative of 

the inverse slope of the titration curve (as in the relation shown in eq.(2.1)). The buffer 

capa.ciiy, expressed as cmol H+· kg- 1soil· pH-l was then plotted with increasing 
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amounts of add input, and soil solution pH. The results are presented in section 4.2 of 

Chapter 4. 

3.3 SoU Suspension Study on Heavy Metal Retention 

ln the study of contaminant retention in soil, the soil suspension test w.~ used 

because of its simplicity, rapidity, and reprùducibility (Fa..rrah and Pickering, 1977; 

Maguire et al.,1981j and Harler, 1983) . In this research work, the soil8usp~nsion test 

was conduded firat in the study of the relaiionshlp of soil buffer capa.city on heavy 

met a! retention. The experimental procedure was planned based on the same principle 

as in pH-a.cid titration method for determination of soil buffer capa.city. Heavy metal 

solutions were applied to the soils with increasing amounts of acid. The pH of soil 

solutions and amounts of heavy metals retained in som with increasing amounts of 

acid were ddermined. Heavy metaIs that were used in this experiment are Pb, Cu, Zn, 

and Cd. SeveraI soil suspension tests were performed from a simple soil-heavy metal 

solution system to more complex sysiem'3. They were i) soil-Pb solution (with clifferent 

concentrations of Pb applied), li) soil-Pb, Cu, Zn, and Cd solutions (applied separately), 

m) 8Oil-P!~+Cu+Zn+Cd solutions (applied compositely), and iv) soil-Pb+Cu+Zn+Cd

leachate M>lutions (applied compositely with leachate). The an<mgement of these tests 

was ma·je in order that the retention of heavy metaIs in soil ecu Id be easily siudied 

from a simple system to a more complicated system. The details of eac.h test are given 

in the following subsections. 
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1.1.1 Pb Retention in SbiI-Pb Solution 

Three different concentrations of Pb solutions wer:~ applied to each of the clay 

soil samples (kaolinite, illite, montmorillonite, and natura! clay soil) with increasing 

amounts of acid input. The concentration of Pb solutions used are 5.0 x 10-6 , 5.0 x 

10-", and 5.0 x 10-3 mol· L -1. Thf>l:le concentratîons are equivalent to concentrations 

in ppm Pb of ~ 10, 100, and 1000 ppm respectively. These concentrations were aeleded 

because they coyer the range of Pb concentrations which are most commonly found in 

municipal solid wastes, sorne industrial wastes, and sewage sludges. For each concen

tration of Pb, a set of solutions with increa.sing concentrations of a.cid from 0, 0.01 , 

0.02 , 0.03 ,"'1 to 0.2 mol· L-l was prepared. The Pb solutions were 

prepared by UBi:ag Ph in the fonn of lead nitrate (Pb(N03h), and the acid used was 

nitric acid. The solutions of Pb with increasing amounts of a.cid were appliecl to ea.ch 

of the clay soilsamples at 1:10 8Oil:801ution rc1tio, uaing 4 g 01 dry soil and 40 ml of Pb 

solution. 

The application of the three difi'erent concentrations of Pb as above wa.s equivalent 

to Pb applied to soil of 0.05,0.5, and 5 cmol· "g-1 soil in which each concentration of Pb 

applied had increaaing amounts of acid input to ooi! ranging from 0 to 200 cmol H+· 

"g-13oil. Alter the solutions were applied to the clay soils, the soil 8U8pension samples 

were equilibrated by shaking in an end-over-end shaker at 25° C for 24 h, CL time 

previoualy found to be sufficiently for equilibration (EllioU and Liberati, 1981). The 

samples were then centrifuged at 5,000 rpm for 10 minutes. The pH of the soilsolutioUB 

were measured. The amounts of Pb remaining in the l'\upematant were analyzed by a 

GBC902 double beam atonllc absorption spedrophotometer. 
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The amount of Pb retained in the som was calculated as the difference in the 

Pb apJllied and Pb remaining in solution. The amount of Pb retained in each soil at 

dUferent concentrations of Pb applied was then compared and related with the amounis 

of acid input and the soilsolution pH values. The results and discu88ion of Pb retention 

in soil Pb-solution ara given in section 4.3.1. 

3.1.2 Beavy Metal Retention in Soil-Beny Metal Solution 

Four heavy metal solutions were separately applied to each clay soil at increas

ing amounts of acid. The solutiOIl8 used were Pb, Cu, Zn, and Cd solutions. They 

were prepare<! at the concentratiou of 1.0 x 10-3 mol· L-l from their nitrate salta 

(Pb(NOah, Cu(N03h, Zn(N03h, and Cd(NOah). The acid usoo was nitric acid. 

For each heavy metal solution, a. set of solutions with increasing concentrations of acid 

from 0,0.01,0.02,0.03, ... , ~ 0.2 mol L-l WaB prepared. The 

solutions were then applied to each of the clay soBs at 1:10 8Oil:solution ratio, uaing 4 

g of dry soil and 40 ml of the solution. This made the amount of ea.ch heavy metal 

app.'led to each soil equal to 1.0 cmol· kg- 18oil and amounts of acid input ranging 

from 0 to 200 cmol H+· kg-lBoil. 

The soilsU8pension samples were equilibrated by shaking in an eud-over-end shaker 

ai 250 C for 24 h after the solutions were applied to soils. The samples were then een

trifuged at 5,000 rpm for 10 minutes. The pH of the soilsolutions Viere measured. The 

amount oI heavy metal remaining in the supernatant was analyzed by a GBC902 dou

ble beam atomic absorption spedrophotometer. The amount of heé\vy met al retained 

in the soBs was calculated as the difference in the heavy metal applied a.nd remained 

in solution. The amount of hea.vy metal retained in each soil was then compared and 
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related with the amounts of acid input and the soil solution pH values. The results 

and discU88ion on this topic are ahown in section 4.3.2. 

3.3.3 Heavy Metal Retention in Soil-Composite Heavy Metal Solution 

A composite solution of heavy m~tals having concentrations of Pb, Cu, Zn, and 

Cd in their nitrate forms of 1.0 x 10-3 mol· L-l was applied to 80ili at increasing 

amounts of nitric acid. The solution wa.s applied at 1:10 soil:solution ratio by using 4 

g of dry soil and 40 ml of solution. The amount of heavy mehl ~pplied to soils was 1.0 

cmol· kg-18oil with increasing amounta of a.cid input of 0-200 cmol H+· kg- 1soil. 

The methods of pH and heavy retention measurements were the Saffie as in 3.3.2. 

The amountB of heavy metalB retained in each soil were then calculated and compared 

with the increasing amounts of acid input and soil 8OhuJon pH values. Results and 

discu88ion on this 8ubject are provided in section 4.3.3. 

3.3.4 Bellvy Metal Retention in Soil-Heavy Metal-Leachate Solution 

In the adsorption study of heavy metala on clay at various pH values, Frost and 

Griffin (1977) dissolved nitrate saHs of Cd, Cu, and Zn into a. leachate collected from 

the Dupage County, Illinois, sanitary landfill. They found differences in th€- adsorption 

of heavy metalB in pure nitrate sali solution and in the lea.chate. Severa! conatituents 

in the leachaie mterfered and/or c )mpeted with heav1J metals for retention in the soil. 

In this experiment, a leac.hate collecte<! from Lachenaie (an active Imdfill site, 35 km 

east of Montreal) was combined with heavy metals in order to prepare a heavy metal

leachate solution used in the t~t8. The purpose of ihis set of experiments is to work 

with a. leachate that simula.tes a. real field situation. 
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The leachate was collected directIy from the basins designed ta gather the leac.hate 

solution generated at the landfill site. Samples of the lea.chate solution were taken from 

a number of locations withln the leachate basins, and were mixe<! together. To ensUI'e 

that the composition of the leachate solution used in a.ll laboratory tests rema.ined 

constant, CI. large quantity of the solution was colleded. Determination of leachate 

characteristiCB were conduded according ta procedures described by the Environmental 

Protection Service (EPS, 1979), and ASTM Standards (1984). 

Heavy metals in the form of Pb, Cu, Zn, and Cd nitrates and nitric acid were mixed 

into the leachate for the preparation of heavy metal-lea.chate 8olutioIl8 having increasing 

amounts of acid. A set of solutioilS, each solution having the same concentration of 

Pb, Cu, Zn, and Cd at 1.0 x 10-3 mol· l-l but having increa.sing acid concentration 

from 0 ta 2x1O-3 mol· L-l, WJB applied to the soBs at 1: 10 soil:sohtion ratio (4 g of 

dry soil and 40 ml of solution). The amount of each heavy metal applied ta soil as 

described is equivalent to 1.0 cmol . kg-l soil with increa.sing acid input from 0 to 200 

cmol H+· kg- 1 soil. 

The methods of pH and heavy metal retention mea.8Urementa were the aame as 

in 3.3.2. The amounts of heavy metals retained in each soil were then calculated and 

compared with the increasing amounts of acid input and soil BOlutiOl' pH values. The 

results and diocU88ion are given in section 4.3.4 of the following Chapter. 

A sunur"ary of the soilsuspension experiments are presented in a fiow chari shown 

in Fig. 3.2. 
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Soil Suspension Testj 
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Figure 3.2 Experimental flow chan of the soil suspension study on heavy metal retention. 

26 



3.4. Sequential Extraction on Heavy Metal Retention 

The Îorms of heavy metalB retained in soils at different conditions are different 

(Yong et al., 1986). For example, heavy metals may be retained in soils in the form 

of oxideE. and hydroxides, carbonates, exchangeable cations, and/or bound to organic 

matter depending on the soil conditions and soil constituents (Yanful et al., 1988b). 

These fOrmB of heavy metalB cau be exhacted seledively by using appropriate reagents 

(Tessier et al., 1979). The procedure of selective dissolution or as it is often called, 

3equential extraction, for the study of heavy metal retention in soils and 8€dimenta has 

been developed by Chester and Hughes (1967), Gupta and Chen (1975), Tessier et 

al. (1979), and Yaniul et M. (1988b). In this experiment, the sequential extraction 

method developed by the aforementioned was used in order to obtain information on the 

amounts and fOrDl8 of heavy metals that were retained. in the soil samples at different 

conditions of pH and acid input. The resu1ts from the experiment were UBed to help 

explain. the retention mechanisms of heavy metals at different buffering conditions of 

the soils. 

The experiment as in 3.3.4 was again performed but this time with only 1 g of 

dry soil and 10 ml of heavy metal·leachate solution having increasing amounts of a.cid 

were used. Af~er the soil suspension sample was cenhifuged, the 8upernatant was 

removed with a pipet and analyzed for heavy metals and pH. The residue was washed 

with 8 ml of distilled water. The sample was centrifuged again and the washed water 

was discarded. The BOil residue was then u.sed as a material for sequential extraction 

analyses - presented in Table 3.1. AB cau be seen from the Table, the extraction 
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Table 3.1 Sequential extra.ction procedure used in the fractionation of heavy metals 
retained in 8OiIs. 

Reagents and Heavy metal phase 
extraction metho d released from soil 

i) Extraction of soil at room temperature with 8 ml of Exchangeable cations 
of potassium nitrate (KN03 ) for 1 h with 
continuons agitation 

H) Ex~raction of the residue from i) at room Carbonates 
tempera.ture with 8 ml of lM sodium acetate 
(NaOAc) adjusted ta pH 5.0 by acetic a.cid (ROAc) 
for 5 h with continuous agitation 

üi) Extraction of the reaidue from ii) with 20 ml Oxides and Hydroxides 
of 0.04 M hydrrnCflamine hydrochloride 
(NH:lOH.HCl) in 25 % (v/v) HOAc at 96±3°C 
with occasional agitation for 6 h 

iv) Extraction of residue from iü) Bound to organic matter 
l ,t ~ with 3 ml of 0.02 M l1N03 and 5 ml of 
30 % H~O:l adjusted to pH 2 with HN03 at 85±2°C 
for 2 h with occasion al agitation 
2nd • with 3 ml of 30 % H20 1 at pH 2 at 85±2°C 
for 3 h with intermittent agitation 
3rd • with 5 ml of 3.2 M ammonium aceta~e (NH"OAc) 
in 20 % (v Iv) HN03 cliluted to 20 ml at room 
tempernture wHh continuoUB agitation for 30 min 

v) Digestion of the residue from (iv) with a. 5:1 Residual fraction 
mixture of hydrofluoric acid (HF) and perchloric a.cid 
(HOlO.), diSdOlve the residue len from the 
digestion with 12 N hydrochll)ric a.cid (Hel) and 
dilute to 25 ml 
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procedure involved treating a soil sample with the reagent under a certain condition 

and for a certain period of time. 

In tht. first step of extraction, the KN03 solution was adjusted to the same pH 

value as in the original soil solution pH in order to sustain the SaIne condition of pH 

for the extraction of exchangeable heavy metal cations. AIter the t'nt treatment, the 

soil sa.L1.ple was centrifuged at 10,000 rpm for 10 min and the :Jear 8upernatant was 

analyzed for Pb, Cu, Zn, and Cd by atomic absorption spectroscopy (AAS). The residue 

was washed with distilled water, centrifuged and the supernatant was discarded. The 

residue was then passed on to the next stage of the extraction as outlined in Table 3.1. 

The amounts of heavy meta.ls that were retained in ea.ch clay soil by different phases at 

increasing amounts of acid were calculated from the AAS data. The amounts of heavy 

metals retained in each clay seil by diff'erent phases were then plotted as a function of 

acid input and 8I'il solution pH values. 

In addition to this experiment, the computer p~'ogram - MINTEQ (Metal Specia

tion Equilibrium Model for Surface and Groundwater), developed by U.S. 

Environmental Protection Agency (1988) was used to calculate the probable percent

age distribution of different species of heavy metals present in the leachate solution 

at different solutioll pH conditions. This is to assist with the sequential extraction 

experiment in \~valuation of the retention mechaniam of heavy metals in the clay soils 

studied. Thp. results and discussion on sequential extraction of heavy metal retention 

are provided in section 4.4 of Chapter 4. 
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3.& Soil Column Study OD Heavy Metal Mavement 

The soil column tests were conducted in order to study the relation of soil buffer 

capa.c..ity to the movement of heavy metals when a soil column reœives a leachate 

having a.cid and heavy metals in it. Aparl from results and information on heavy 

metal retention received from the soil suspension study, results from the soil column 

test added information on heavy metal migration or movement in soils when they receive 

increasing amounts of acid. The studies by O'Donnell et al.(1977), Fuller (1977), Mer 

(1978), and Yong et al. (1986) inclicated that the soil column technique is a useful 

method for predicting pollutant aUenuation and pollutant m(Jvement in soils because 

of its capa.city to be simple, rapid, reproducible, and rer able. 

In this present study, soi! column experiments were performed following the 

method of FUller (1982) and Yong et al. (1986). A soil column, or as it is some

times called leaching œll, was designed as shown in Fig. 3.3. The cell consists of a 

hollow Plexiglas cylinder with an inside diameter of 5 cm, and a length for soil packing 

of 10 cm. 

A hol1ow Plexiglas cylinder having the sa.me wameter and a length of 5 cm was 

used as a top cap and at the same time as a reservoir for a permeant solution. The 

Plexiglas top cap and a Plexiglas bottom plate were screwed to the top and bot tom of 

a cylinder, and ,ltteci with rubber O-rings to prevent leakage. 

Three clay soil samples were used in this experiment : kaolinite, illite, and natura! 

clay soil. ~ lue to the possibility of swelling in a soil column, montmorillonite was not 

selected. ~ach clay soil was pa.cked into two columns, one for receiving low acidic 
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Figure 3.3 Schematic representation of a soil column used in this study 
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permeant solution and the other one for receiving high acidic permeant solution. The 

size of soil sample u.sed for each column was approximately 250 g of dry soil. This 

amount of soil, when pa.cked into a column, resulted in a po:e volume of around 100 

ml. 

The caleulation of a soil sample size used in order to obtain a pore volume of 100 

ml is based on the relation of soil colu.!"nn pOl'Osity and column volume. li a specifie 

gravity of the soil used and column volume are known, the amount of dry soil used at 

a fixed pore volume can be calculated. In tbis case, the specifie gravity of kaolinite, 

illite, and natural clay soil used in this study were 2.58, 2.68, 2.67 g/cm3 respectively. 

The column volume was known as calculated from its diameter and length of 5 and 10 

cm. For a pore volume of 100 ml, the amounts of kaolinite, illite, and natural clay soil 

used were calculated to be 249, 258, and 257 g of dry soils respectively. 

Packing of soil in Cl column was done according to FUller (1982). A la.yer of air 

dried soil (1 2 cm thick) was spooned into Cl coltlIlll, packed uniformly with a round 

ended durable glass rod and then repeated until the column was filled. In addition, 

pur~ quartz sand was used in the soil column as an inerl - distribution layer at both 

ends of the soil column between the soil and the solution intake and outlet plates. The 

bulk density of the kaolinite soil column was 1.27 g/cm3 whereas the bulk density of 

both the illite and natura! clay soil columns were 1.31 g/cm3 • The porosity of all the 

three soil columns were about 0.51. 

As mentioned earlier, two kinds of permeant solution were used : one with low 

a.cidie solution and the other one with high acidic solution. They were prepa.red from 
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leachate collected from Lachenaie landfill as in section 3.3.4. Heavy metals Pb, Cu, Zn, 

and Cd, in the form of nitrate salta and nitric acid were added to the leacbate. For tbe 

low acidic permeant solution, the solution was prepared such that the concentration of 

each heavy metal was equal to 1.0)t 10-3 mol· L -1 and the concentration of nitric acid 

was 0.025 mol· L -1. For the high acidic permeant solution, the oolution had the sarne 

concentration of heavy metals b'ut the concentration of nitric acid in the solution was 

0.25 mol· L -1. The pH values were about 1.6 and 0.6 for low and high acidic permeant 

solutions respectively. 

The concentrations of acid in the permeant solutions (0.025 and 0.25 mol· L -1 ) 

were prepéiIed such that when one pore volume of lea.c.hlng solutions was colleded at 

100 ml, the amounts of acid input to the BOil coluIIlI' wa.s equivalent to an increment of 

1 cmol H+· kg-lsoil and 10 cmol H+· kg-1soil for low and high acidic permeant 

solutions respectively. This was designed for ease of data compari80n between the 

resuIts of the soil column study and the soil suspension study-at the same increasing 

amount of acid input. 

Each permeant solution was continuousIy leached through each of the soil columns 

that had been prepared. Three columns, each for kaolinite, illite, and natural clay soil 

were leached with low acidic leachate, and another three columns of the same soils 

were leached with high acidic leachate. Distilled water was firat passed through the soil 

columns before leaching with permeant BOlutions. At least 1 pore volume of distilled 

water was used. 
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The permeant solutions were applied on top of the soil. An air pressure was 

applied to the permeant solution basin in order to regulate the flow rate of the solution 

through soil (see Fig.3.3). The pressure applied was equivalent to a hydraulic head of 

6.25 m. This hydraulic head resulted in an effluent fiow rate of around 0.5 pore volume 

displacemeni per 24 h whlch is the fIow rate suggested by Fuller (1982) to be the most 

useful flow rate for gravity control in soi! column test. 

During the leaching period, effluent was colleded b. polyethylene bottles at every 

pore volume and analyzed for pH and concentration of the heavy metals by AAS. 

The total pore volume colleded in each column was 20 pore volumes. The schematic 

diagram of the soil column study is presented in Fig. 3.4. 

The results of pH ~d heavy metit concentrations in each soil column were then 

related with pore volumes and the amounts of &cid applied by a breakthrough curve. 

The results and information received from tbis soi! column test are presented in sec

tion 4.5. These results were al.so compared and related with the results from the soil 

suspension test and soil buffer capacity determÎnation. 
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Figure 3.4 Schematic diagram of the experimental works used in the soil column study. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter presents the resu1ts of all experiments described in the previous chap. 

ter. Discussion of the results is included in order to expla.in the relation of soil buffer 

capacity to heavy metal retention which is the main purpose of the study. The content 

of the chapter is divided into 5 sections corresponding ta the experimental sections 

given in Chapter 3. The first section contains the results of the tests of the properties 

of the soi1s used whereas the second section gives the results and discussion on their 

buffer capacity. The experimental results with detail'!d discussion on soil 8U8pension 

test, soil sequential extraction analysis, and soil column test are provided in sections 

4.3, 4.4, and 4.5 respectively. 

4.1 Soils and Soil Prope'f~! es 

Selected physical and chemical properties of kaolinite, illite, montmorillonite, and 

natural clay soil art presented in Table 4.1. The mineraI composition of the clay soils 

are a1so included in the table. 

The results from Table 4.1 reveal that illite, montmorillonite, and the naturë.l clay 

soil have higher soil pH values than kaolinite. Among the four clay soils, montmoril

lonlte has the hlghest C.E.e. value whereas kaolinite has the lowest C.E.C. value. The 

ranking of the values of surface area correspond to the ranking shown by the soil C.E.e. 

values, Le., montmorillonite > illite > natural clay soil > kaolinite. 
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Table 4.1 : Seleded properties and compositions of the four clay soils used in the stady. 

Parameters kaolinite illite 

soilpH 4.5 8.2 
(1:10 soil:water) 

C.E.e. 
(cmol( + )·kg-1) 8 40 
(cmol( ++ ).kg-1) 4 20 

surface area 12 92 
(m:<l·kg-1 x 10-3 ) 

organic content 0 0.9 
(% w/w) 

carbonate content 0 14.7 
(% wjw) 

amorphous content 1.2 6.1 
(% wjw) 

clay 86 40 
(% < 2 micron) 

minerai composition kaolinite illUe 
(given in decreasing chIorite 
abundance) quariz 

feldspar 
calcite 
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n is noted fj:om the table that organic ?..:i1d carbonate contents were not detedable 

in the kaolinite. A higher amount of o!'ganic content was found in the natura! clay 

soil than in illite and in montmorillonite. The carbonate contents in illite (14.7%) and 

the natural clay soil (9.7%) were considered to be significant. These high amounts 

of carbonate content may help to explain the high values of soil pH in the illite and 

natura! clay soil. The amorphoUB contents in the natura! clay BOil and illite were larger 

than those in kaolinite and montmorillonite. The hlghest percent age of clay was found 

in kaolini té and the lowest was found in illite. 

'fhe illite clay soil used in tbis study not only has illite clay minera! as a main 

component but aJgo has va..rying amounts of chlorite, quarlz, feldspar, and calcite. The 

natura.! clay soil has severa! clay and non-clay minera..l.s, some of which are also found 

in other clay soils. Kaolinite has only its clay minerai whereas montmorillonite has its 

clay minera.! and quartz as a non-clay minera!. 

The differences in the properties and compositions of these soHs would cause them 

to have different buffer capacities. The resu1ts of theÎr buffer capaclty determination 

are provided in the following sedion. 

4.2 Soil Buffel' Capacity 

As mentioned in the previous chapter, the soil buffer capacity was determined by 

the titration method. The titration curves of soil solution pH versus amounts of acid 

input in cmol H+· kg- 1 sail for kaolinlte, illite, montmorillonite, and natura! clay soil 

suspensions are shown in Fig. 4.1. The titration curve of a blank (a solution in the 

absence of soil) is aIse plotted in Fig. 4.1 together with the tîtration curves of the four 

clay soils. As expected, the figure shows that the addition of acid reduced the pH of 

the soilsolutions. However, the initial pH values and the redudion in the soil solution 
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pH of different soils are different. The kaolinite 3uspension has a lower initial pH (pH 

4.5 at 0 acid input) than the illite (pH 8.2 ai 0 acid input), the monimorillonite (pH 

7.7 at 0 acid input), and the natural clay soilsuspenruons (pH 7.8 at 0 acid input). 

The titration curve of the illite in Fig. 4.1 shows that the illite suspension can 

resist addition of acid with small changes in pH by the slow drop of pH from 8 to 5. 

When thé ammmt of acid input reaches 120 cmol H+· kg- 1 soil the soil solution pH 

drops sbarply from 5 to 2. In the case of the titratio., curve of montmorillonite, the 

soilsolution pH begins to drop sharply from about pH 5 to 2 when the amount of acid 

input exceeds 80 cmol H+· kg- 1soil. The natural soil shows its capacity to resist a 

change in pH until the amount of acid input reaches 60 cmol H+· kg- 1soil. Beyond 

that point the 80il solution pH sbris to drop gradually trom 5 to 2. 

In the case of kaolinite, there is an immeruate drop in the soil solution pH upon 

addition of acid ~o an amount of about 25 cmol H+· kg- 1soil. Beyond this point, 

there is relatively little change in soil solution pH with further addition of acid. The 

curve shows almost the same pattern as the blank except that it Îs slightly displaced 

above the blank and that the pH at 0 acid input of kaolinite ia lower (pH 4.5 ai 0 

acid input). These titration curves reveal that the illi+e has a higher resistance to pH 

changes than the montm./Jrillonite and na.tura! clay soils w hereas the kaolinite does not 

seem to have any resistance to pH changes. 

From the titration curves of Fig. 4.1, the bu{frr capacities of kaolinite, illite, 

montmorillonite, natura! clay soil and the blank can be determined from the negative 

inverse alope of the curves, as shown plotted in relation to both acid input and pH 

in the two dimensional plots in Figs. 4.2 and 4.3 respectively. Th~ buirer capacity of 

illite increases with increasing addition of acid and l'eache! the highest point at near 100 
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cmol H+ ·lcg-lsoil.pH-l at an amount of acid input of 70 cmol H+· kg-lsoil (Fig. 

4.2). The buffer capacity th en begins to decrease and reaches ita lowest point at the level 

of 10 cmol H+ ·kg-1 soil.pH-l when the acid input reaches 135 cmol H+· kg-l soil. 

These highest and lowest points correspond to the soil solution pH values of about 5.5 

and 4 an seen in Fig. 4.3 when the buffercapacity is plotted as a function of soilsolution 

pH. 

The buffer capacity curve of montmorillonite shows a trend similar to the buffer 

capacity curve of illite (Fig. 4.2). !ta highest buffer capacity value is 60 cmol H+· 

Icg-lsoil· pH-l at an acid input of 50 cmol H+· Icg-lsotl which is lower tban the 

highest buffer capa.city value of illite. Itslowest point is about 10 cmol H+· kg-l sO'l.I· 

pH-l which is at the SaIlle level of the lowest point of the buffer capacity value of illite, 

but at a smaller amount of a.cid input, Le., at 90 cmoI H+· kg- 1soil. The highest 

buffer capacity is at a pH value around 6.5, whereas the lowest value is at a. pH around 

4, as shown in Fig. 4.3. 

In the case of the natural clay soil, the buffer capacity curve exhibits a similar 

pattern to the montmorillonite. However, the hlghest buffer capacity value ia lower (35 

cmol H+· kg-l soil· pH-·l at an acid input of around 40 cmol H+· kg- 1 soil in Fig. 

4.2). The corresponding pH value for this highest point is around 6 (Fig. 4.3). The 

lowest point Îa at a.cid input of 80 cmol H+· kg-1Boil, correaponding to a pH value 

of around 4 (Fig. 4.3). In contra.st to the other thr-:!e clay soils, the kaolinite buffer 

capacity curve is at its lowest point near the beginning of the curve, - similar to the 

case of the blank (Fig. 4.2). These lowest buffer capacity points correspond to a pH 

around 4 for kaolinite and 3 for the blank (Fig. 4.3). 
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The relation of soil buffer capacity with amounts of acid input and soil solution 

pH can be clearly seen when the buffer capaci~r is plotted with acid and soil solution 

pH in the three dimensional plots shown in Figs. 4.4a-4.4e. It can be seen from these 

plots that when the soil solution pH is greater than 4, the buffer capacity of illite is 

higher than montmorillonite and natura! clay soil and covers a larger range of acid 

input before the buffer capacity begin8 to decrease. In addition, it may seem to appear 

from the figures that when soil solution pH is lower than 4, the kaoHnite ~as a IDllCh 

higher buffPI capacity than that of the natura! clay soil, montmorillnoite, and illite 

respedively. However, the slow change in Boil solution pH at low pH does not refled 

the high buffer capa.city of the system, Bince the pH is a logarithmic scale and addition 

of acid in the blank provided the same pattern of buffer capacity at low pH, as can be 

sean from Fig. 4.4a. 

The experimental data for all the graphs that plotted in Figs. 4.1-4.4 are provided 

in Tables A-l, A-2, and A-3 in AppencUx A. 

The results shown in Figs. 4.1-4.4 indicate that the illite has a higher buffer 

capacity or higher resistance to pH changes than the montmorillonite and natural clay 

soil respedively. The kaolinite does not have a.ny significa.nt resistance to pH changes. 

One interpretb from the results thai the illite is able to a.dsorb more H+ than the 

montmorillonite and natura! clay soil before producing any significant changes in the 

pH. The adsorption of H+ in the case of the Ume, is not only due to adsorption onto the 

exchange sites but a1.so due to the neutralization of H+ by carbonates that are present 

in significant amounts in the illite. The mechèUlism resembles the neutralization ot acid 

in soil by the addition of lime. Yanful et al. (1988b) also found from their experiment 

that their carbonate-rich soil (containing 37% carbonates) consisienily gave equilibrium 

pH values around 8.2 during pH adjustment, and the amounts of a.cid input had to be 
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very rugh in order to exhaust the carbonates before producing any drop of the soil pH. 

In the case of montmorillonite, the clay soil has a very high C.E.C. value but 

has little or no organic matter or carbonate content. Because of its hlgh C.E.C., the 

resistance to pH changes in the montmorillonite can be expla.ined by the adsorption of 

H+ by cation exchange mechanisms. After the exchange sites are filled with H+, the 

pH of soil suspension then begins to drop down. Farrah and Pickering (1979) Iound 

from experiments on H+ uptake by pure clay suspensions that the amounts of H+ 

uptake needed to lower the pH of clay suspensions down from 6.5 to 3 were greater for 

montmorillonite than for illite and kaolinite clays respedively. Their results showed 

tr.clt the montmorillonite clay suspension had higher resistance to pH changes than 

the illite clay suspension, Le., 400 mmolH+ . kg- 1 were required ta bring the pH of 

the montmorillonite clay suspension down from 6.5 to 3 whereas 150 mmolH+ . kg- 1 

were required in the case cf the illite clay suspension. However, it can be obaerved that 

although the illite used in this study has alower C.E.C. value than the montmorillonite, 

it has a h.igher buffer capa.city than montmorillonite. Tb \s means that carbonates 

present in the illite play an important raIe in buffering of the soil solution pH. 

The natural clay soil, however, has much a lower C.E.C. than montmorillonite but 

does not show a much lower buffer capa.city as might be expected from the C.E.C. alone. 

This is due to th\! presence of sorne amounts of soil constituents parlicularly carbonates. 

As mentioned above, carbonates play an important role in resisting a change of soil 

solution pH. Other soil constituents sush as organic matter and amorphous materials 

present in the natura.l soil have a.lso been mc:ntioned (e.g., Buckman and Brady, 1969) 

as being effective as buffering compounds in soil. 
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The kaolinite has a very low C.E.e. value, and does not have any sig"lificant 

amount of 80il con:1tituent in it, apart from Hs clay minerai. This results in its possessing 

the lowest buffer capacity among the four clay soils. In addition, it was l'-J\lnd that at 0 

acid input, the kaolinite suspensioTl reduced the pH of the solution added from 7 to 4.5 

(Fig. 4.1). Since kaolinite lS a variable charge soil with a zel'O point of charge (ZPC) 

at pH of 4.2 (Yong and Ohtsubo, 1987), the addition of solutions with pH values above 

the ZPC could result in the situation where the soil tends to deprotnnate or surrender 

H+ from its edges, resulting thereby in a reduction of the sail solution pH. 

The results of soil buffer capacity determination above show that the buffer ca

pacity of the soil.s used in this study depends mainly on carbonate content and C.E.e. 

value. The illite has the highest buffer capacity due to its highest carbonate content. 

While montmorillonite does not have any significaIlLt amount of carbonates, it has the 

secord high':'8t buffer capa.city because of its very high C.E.C. value. The natural clay 

soil has a lesser C.E.e. value and carbonate content than the illite, and thus shows a. 

buffer capacity lower than that of the imte and montmorillonite - but still mu ch higher 

than that of the kaolinite which has very low C.E.e. and no significant amount of any 

other soil constituent. 

The differences in the buffer capacity of these clay soils would show interesting 

results in experiments on retention of heavy metalB as they receive increasing amounts 

of acid. The following sections present the results and discussion of the experiments 

invdved in the sail suspension study on heavy metal retention. 
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4.3 Soil Suspension Study on Heavy Metal Retention 

Severa! soil suspension tests were conducted to study heavy metal retention in 

the clay Boils used a.s they received increasing amounts of acid. The first test used 

only Pb in the study (section 4.3.1). The other three tests used a.ll four heavy metals, 

but were applied differendy to th~ soils (sections 4.3.2, 4.3.3, and 4.3.4). The last test 

(section 4.3.4) includes the application of leachate to the soilsuspension. Information is 

obtained not only on the relationsh:p between the soil buffer capacity and the capacity 

of the clay soils to re~ain heavy metals, but al80 on the amounts and selectivity of the 

heavy metals retained as the soils receive increasing amounts of acid. The results and 

discussion on the four soil suspension tests are presented a.s follows : 

4.3.1 Retention of Pb in Soil-Pb Solution 

Three different concentrations of Pb, 5.0 x 1O-~, 5.0 X 10-4 , and 5.0 x 10-3 mol· 

L -1, equivalent to Pb applied to soil of 0.05, 0.5, and 5.0 cmol· kg-l sail, were applied to 

each of the four clay soils at increasing amounts of acid from 0-200 cmol H+ ·kg-1 soil. 

The relationship between the amounts of Pb retained in soil, the amounts of acid 

input, and the soil solution pH is illustrated in the three dimension al plots (Figs. 4.530-

4.5d), using the case of Pb applied to soil equal to 0.05 cmol . kg-l sail. In addition, 

the resulting plot of each clay soil is also compared with the three dimeIIl8ional plot of 

its buffer capacity in the same figures (Figs. 4.53o-4.5d). 

It can be seen from Fig. 4.530 that high amounts of Pb (nearly 100% of Pb applied) 

were retained \n illite as it received increasing amounts of acid until the amounts of acid 

input exceeded 120 cmol H+· kg-lsoil, Le., when the pH of the soilsolution began 

to drop from 5. When the amounts of Pb retained are compared with the soil buffer 

capa.city, it can be oboorved that the retention pattern of Pb in illite is closely related to 
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Hs buffer capa.city pattern. It can be seen from the two graphs in Fig. 4.5a that when 

the buffer capa.city begins to drop rapidly (at a.cid input of 120 cmol H+· kg-l soil), 

reaulting in a drop of pH from 5 to 2, the amounts of Pb retained also decreases rapidly. 

The increase in buffer capacity of illite at low pH does not result iIl. rugh amounts of 

Pb retained in the soil. This means that high amounts of Pb can be retained in illite, 

provided that the soH still has a high enough buffer capacity to resist changes in pH -

so long as the pH remains ab ove 5. 

The SaIlle relationships were found for montmorillonite and natura! clay soil as 

seen in Figs. 4.5b and 4.5c reapectively. High amounts of Pb were retained until the 

buffer câ.pacity of montmorillonite dropped when the a.cid input was 80 cmol H+· 

Icg-l soll. In the natural clay soil, the amounts of Pb retained begêLn to drop at 60 

cmol H+ ·lcg-l soil when its buffer capacity was exhausted. It can also be noted here 

that th*! increase in the buffer capa.city of the soHs at low pH did not result in high 

amounts of Pb retained. In the case of kaolinite w hich has very low buffer capacity at 

high pH range (pH> 4), small amounts of Pb were retained (Fig. 4.5d). High buffer 

capa.city of !molinite at low pH (pH < 4) did not result in high amounts of Pb retained 

in the soil. It can be concluded here that high amounts of Pb cau be retained in the 

clay soiIs used if the soil still has a high enough buffer capacity to resist a change in 

pH to not drop ta < 5. 

The differences in the retention of Pb in clay Boi18 when higher concentrations of 

Pb were applied are investigated. The amounts of Pb retained in the clay 80ils at thrf!e 

different concentrations of Pb applied are plotted as a function of acid input as shown 

in Figs. 4.6a.-4.6c. Tt can be seen from Figs. 4.6a.-4.6c tha.t the amounts of Pb retained 

in a.ll the clay 80ila are higher with increasing concentrations of Pb a.pplied. In addition, 

as the amounts of acid added increase, the amounts of Pb retained tend to decrease. 
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The amounts of Pb retained in the four cla.y soils are different. In the case of kaolinite, 

the amounts of Pb retained is very much less than that of illite, montmorillonite, and 

natural clay soi1. For illite, it is noted that illite retained higher arrlounts of Pb than 

natural clay soil throughout th~ range of acid input. On the other hand, illite retained 

higher amounts of Pb than montmorillonite for a certain range of acid input. 

The amounts of Pb retained at ditTerent concentrations of Pb applied are also 

plotted with the equilibrium soilsolution pH as shown in Figs. 4.Îa-4.7c. The resu1ts 

show that the amounts of Pb retained increased with higher pH levels. When soil 

solution pH is > 5, 100% of Pb applied is retained in the soils whereas when soil 

solution pH is < 5 the amounts of Pb retained decrease rapidly. The amounts of Pb 

retamed in montmorillonite when soil solution pH is < 5 are higher than in tht:. other 

three SGils. 

The results correspond to the studies involving pure clays and natural soil clays 

by Farrah and Pickering (1977) and Maguire et al. (1981). Their results showed 

that at low pH ( ...... 2-4), Pb retention, as is true for most heary met?ls, ia by cation 

exchange with the difference being due to valence and iOnlc size. As the pH increases, 

soluble hydroxy species of Pb are formed and adsorbed onto the clay surface. When 

the pH exceeds the value required for formation of Pb hydroxides (> 5), retention 

is dominated by precipitation mechan.ismB which account for very high amounts of 

Pb being retained. In the partial precipitation region at intermediate pH ( ...... 4-6), 

various hydroxides species are formed, and retention of Pb by cation exchange and 

precipitation mechanîsmB is indistinguishable (Elliot et al., 1981). High amounts of Pb 

retained in soils at high pH could also be due to carbonates that are present in the 

soils. Yanful et al. (1988b) found in their experiments with carbonat~rich sail that 

when pH > 5.2, remo".'ëÙ of heavy metals, and particularly Pb, increased significantly 
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due to precipitation as carbonates. 

It can be observed from Figs. 4.7a-4.7c that the retention curves of Pb in the clay 

soils as a function of varying concentrations of Pb applied and soU solution pH are sim

Har. If the amounts of Pb retained in the soils are viewed in terms of pH dependency 

alone, the relation would not provide much informatif/il regarding the differences be

tween Pb retention in each clay soil. The change in soilsolutioD pH due to the amountp 

of acid input and the soil buffer capacity need to be considered in the investigation of 

the retention capa.city of 80ils for rb. 

Figs. 4.8a, 4.8b, 4.8(;, and 4.8d show the change in equilibrium pH of the soil 

solutions as a function of acid input after different concentrations of Pb were ap

plied to illite, montmorillonite, nat uraI clay soil, and kaolinite respectively. It can 

be seen from Fig. 4.8a that the higher the concentration of Pb applied in illite, the 

lower the resultant pH curves. Ali curves are obviously lower than the 0 mol· L -1 Pb 

added, Le.) the titration curve of th ~ blank shown in Fig. 4.1. This observation can 

aIso be seen in Figs. 4.8b, 4.8c, and 4.8(' in the case of montmorillonite, Datura! clay 

soil, and kaolinite. The redudion in pH of tii~ soil solution with increa.sing additions of 

Pb cOll1d be due to the fact that the higher the concentration of Pb in the solution, the 

higher will be the concentration of H+ obtained due to hydrolysis of Pb::l+ in water, 

according to the following equation : 

( 4.1) 

This eft'ed cau be observed from the redudion in the pH of Pb(N03):J solution at 

hjgher concentrations of Pb prepared before adding to the soils. The pH reduced from 

4.8 to 4.7 and to 4.6 for concentrations of Pb solutions of 5.0 x 10-5 , 5.0 X 10-4 , and 

5.0 x 10-3 mol· L-l respectively. 
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.ft nother cause of the pH reduction of the soil solutions could be the competition 

1) 1- ,. lùn species and H+ for adsorption sites. Since Pb has a higher affinity than H+ 

(Bohn, 1979), the higher the concentration of Pb applied, the higher will be the H+ 

remaining in the; solution. These effects indicate that the presence of Pb in the solution 

applied could affect the buffer capacity of the soils and also l'esult in a reduction of the 

equilibrium soil solution pH. 

From the results shown in Figs. 4.8a-4.8d and Figs. 4.6a-4.6c, jt is noted that illite 

can retain higher a.mounts of Pb than the other clay soils. The amounts of Pb retained 

are as high as 100% of Pb applied when the amount of acid input does not exceed 

120 cmol H+· kg-l sail for Pb applied at 5.0 x 10-5 mol· L-I. In comparison with 

the equilibrium pH of the illite suspension in Fig. 4.8a, when the value of acid added 

do es not exceed 120 cmol H+· kg-Iso,l, the pH values (at Pb applied of 5.0 x 10-5 

mol.L-I) still rema.Îil high enough (> .5) for Pb to be retained in the soil by precipitation 

mechanisms. Beyond these values of a.cid input, the pH of the soil suspension decrea.ses, 

resulting thereby in d. change of the dominant retention mechanism, from precipitation 

to another mechanism such as cation exchange. This causes the rapid reduction in the 

amounts of Pb retailled as the amounts of a.cld input exceed the vallle cited. The Pb 

reteatlon curve of illite thus corresponds ta its sail buffer capacity curve ap prcviously 

shown by the three dimensional plots shown in Fig. 4.5a above. 

However, when the concentrations of Pb applied to illite increased (0.5 and 5.0 

cmol . kg-l soil), the soil retained Pb as high as 100% within the smaller range of 

~id input (0-80 and 0-60 cmol H+· kg-l soil). After that range, the amounts of Pb 

retained decreased rapidly. This could be due to the decrea.se in the soil solution pH 

a.t hlgher concentration of Pb applied as described above. 

For Pb retentlon in montmoriL~nite (Figs. 4.6a-4.6c), the amounts of Pb retained 
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were as high as 100% until the amount of acid input exceed 100, 60, and 30 cmol H+· 

kg-l soil at Pb applied of 0.05, 0.5, and 5.0 cmol· kg-l soil respedively. Beyond these 

points (i.e., amounts of acid input), the amounts of Pb reta.ined decreased slowly but 

were higher than the amounts of Pb retained in illite at higher ranges of acid input. This 
, 

is because montmorillonlte has a higher C.E.e. value than illite. At the higher ranges 

of a.cid input, the decrease in pH of the soil suspension mean8 t.hat cation exchange i8 

the more likely a.dsorption mechanism. The high C.E.e. value of montmorillonite help8 

it reta.in higher amounts of Pb than illite as the sail solution pH decreases. 

In the case of the natural cla.y sail, cha.racteristics similar to those of illite for the 

retention pattern of Pb are demonstrated. The principal difference i8 that the 100% 

of Pb reta.ined occurred within a. sm aller range of acid input, i.e., when the amount of 

acid did not exceed 60, 50, and 30 cmol H+ kg-l S01.1 for Pb applied of 0.05, 0.5, and 

5.0 cmol· kg-l SOlI respedively. The amollnts of Pb retained beyond these acid values 

are also lower, probably due ta the fact tha.t the natura! clay soil has a lower C.E.e. 

value than illite, as shown in Table 4.1. 

In the c...se of kaolinite, the amount of Pb retained i8 very much less than that in the 

other three soils, not only at the onset of acid input, but throughout the entire sequence 

of acid input. This is because the equilibrium pH of the sail suspension (Fig. 4.8d) is 

less than that required for precipitation of lead hydroxide (precipitation pH value of .5 

as cited by Farra.h and Pickering, 1977). Precipitation as a mechanism which can result 

in higher amounts of Pb retained in soil cannat be counted as a domina.nt mechanism 

for Pb retention in ka.olinite. Instead, it would appear that the most likely retention 

mechanism is via. ca.tion exchange. The C.E.e. value of kaolinite islow compared ta thê 

others, as seen in Table 4.1. The amount of Pb reta.Îued, moreover, is far le88 than its 

C.E.e. and becomes gradual1y lower as the amount of a.cid Încrea.ses. This is consistent 

55 



with the situation where under low pH, Al is dissolved from the crystal structure and 

adsorbed on exchange sites (Bolland et al., 1980), thus blocking the adsorption of Pb 

on kaolinite as pH decreases. 

The experimental data of all the graphs that are plotted in Figs. 4.5-4.8 are 

provided in Tables A-4 to A-7 in Appendix A. 

The ab ove results and discussion on Pb retention could be summarized here as 

follows: 

(i) The soil buffer capa.city is related directly with the capacity of the soil to retain 

Pb. As the clay soils receive increasing amounts of acid, h1gh amounts of Pb can still 

be retained if the soil retains a sufficiently high buffer capacity ta resist a change in pH 

- such that it will not drop t'-.) alow pH value where precipitation cannat occur. 

(ii) Pb can be retained, as much as 100%, for a larger range of acid input in illite 

than in montmorillonite and natural cla.y soil due to it8 higher buffer capacity. Kaolinite 

has a very low capacity for retention of Pb. 

(iii) Tt was also found that high concentrations of Pb applied ta soiIs can affect the 

sail buffer capa.city, resulting in a lower percent age of Pb retained in soils than when 

Pb is applied at low concentrations. 

(iv) The results show that the relation of the amounts of Pb retained and pH alone 

cannat fully explain the differences in Pb retention in clay soiIs w·thout consideration 

of the a.mounts of acid involved and the ,Jistance of 80il to pH change, i.e., without 

considering the concept of soil buffer capa.city. 

In addition to the relation of soil buffer capacity and Pb retention found ?bove) 

the relation may also be applicable to other heavy metals 8uch as Cu, Zn, and Cd .3Înce 

these heavy metals have similar pH-retention curves in soHs (Maguire et al., 1981). In 

the next section, the results and discussion on Pb, Cu, Zn, and Cd retention in clay 

soi1s are presented. 
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4.3.2 Retention of Heavy Metals in SoiI-Heavy Metal Solution 

The solutions of Pb, Cu, Zn, and Cd at a concentration of 1.0 x 10-3 mol L-1 

were separately applied ta each of the four clay soils at increasing amounts of acid from 

o to 200 cmol H+ kg-lsoil. The amount of heavy metal appl.ied to soil is equivalent 

to 1.0 cmol . kg- 1 soil in every case. 

In order to compare the amounts of heavy metals retained in all the clay soils, 

the amounts of Pb, Cu, Zn, and Cd retained in the soils are plotted \'Tith increasing 

amounts of acid input, as shown in Figs. 4.9a--4.9d, and with soilsolution rH, as shown 

in Figs. 4.10a-4.10d. It can be seen from Figs. 4.9a-4.9d that as the amounts of acid 

increase, the amounts of heavy metals ret.ained in soils tend ta decreaae, In the Cll.8e 

of Pb retention in soils (Fig. 4.9a), the resultant curves are similar to those obtained 

in the previoua ôection (see Figs. 4.6a-4.6c). Retention curves of Cu (Fig. 4.9b) are 

similar to the Pb retention curves, however, the amounts retained are a lit tle less than 

in the case of Pb. The retention curves of Zn are similar to the retentjon curves of Cd 

(Figs. 4.9c-4.9d). It can be clearly S€en from Figs. 4.9c-4.9d and Figs. 4.9a-4.9b that 

the amounts of Zn and Cd retained in the soils are less tha.n the éilllounts of Pb and Cu 

retained parlicularly in illite and natura! clay soil. The retention curves of the heavy 

metals in montmorillonite decrea.se slowly compared to the retention curves in the other 

clay soils w hich show that the amounts of heavy metals retained in montmorillonite 

are higher than in the other soils as the amounts of acid increase. 

When the amounts of heavy meta.ls retained are plotted Vt ith Boil solution pH 

in Figs. 4.10a.--4.lOd, it is found that the amounts of ail the heavy metalB retained 

increases with increa.sing soil solution pH. Nearly 100% of heavy metalB applied (1 

cmol· kg-l s011) is retained when Boil solution pH ie ~ 5 and 5.5 for Pb and Cu and 
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~ 7 and 7.5 in the case oi Zn and Cd for the same reslùts. The results correspond to 

the results from the 13tudy on influence oi pH on heavy metal uptake in soil clays by 

Maguire et al. (1981). 

The amounts of heavy metals retained in illite and natura! clay soil at high pH 

are about the same but a little less in the case of montmorillonite (Figs. 4.lOa-4.10d). 

After those pH values (pH 5, 5.5, 7, and 7.5) the amounts of heavy metals retained 

droppedj the amountB of Pb and Cu retained are higher in montmorillonite than in 

natura! clay soil, kaoliniie, and illite respectivel). On the other hand the amounts of 

Zn and Cd retained are higher in montmorillonite than in kaolinite, natural clay soil, 

and illite respedively. 

In the cage of ka.olinite, it can be observed that the retenti on curves of ka.olinite 

in Figs. 4.lOa-4.lOd are short, and end only at pH around 4. This is because when 

heavy metal·acjd solutions were added into kaolinite w hich had initial pH around 4, the 

change in the soil solution pH only went downward in a lower pH direction. Therefore, 

the heavy metal retention eurves in the ease of kaolinlte appeared only up to pH 4 

w hen amounts of heavy metals retained are plotted with the 8011 solution pH. In order 

to extend the curves, a base has to be added instead of a.cid. This will make the 

kaolinite susptnsion system different from the others. This is beyond the scope of this 

study sinee this research is focused only on the titration of 80ils in the aci . direction. 

One cau observe that the resulta of heavy metal retention in the clay soilH are 

apparently different when they were plotted differently. For example, the amounts of 

heavy metals retained in illite w hen plotted with amounts of acid input (Fig. 4.9) are 

higher than those for kaolinite but beeome lower w hen platted with soil solution pH 

(Fig. 4.10). If the results of heavy metal retention in the soils are shawn by plotting 

with soil solution pH alone, li would appear as if illite has a lower capacity to retain 
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heavy metals than kaolinite does. In fact, when kaolinlte and illite received the same 

amounts of acid, illite retained higher amotmts of heavy metaJ ~h~!1 kaolinite did (Fig. 

4.9). 

Since the method of da~a. presentation should not change the physical property 

and response performance of the material, it is clear that if proper interpreta.tions are 

to be made, the various parameters whic.h participate in the relationship w hich describe 

the physical property need ta be accounted for. Thus, it can be seen here that if pH 

control ls only considered, the relation of the amounts of heavy metals retained cannot 

account for the differences observed in respect to he2.vy metal retention in the clay 

soils used. In this case the differences in the change of the sail solution pH due to the 

amounts of acid input (i.e., the sail buffer capacity) have aIso ta be considered along 

with tl: ' retention of heavy metals in the soils. 

The overall results of Pb, Cu, Zn, and Cd retention in illite, montrnorillonite, 

natura! clay sail, and kaolinite can be compared with the soiIs' buffer capacity in arder 

ta observe the relation of heavy rnetal retention in the soiIs and the sail buffer capacity. 

The buffer capa.city and the heavy metal retention curves of each soil are presented as 

Cl. function of bath acid input and soil solution pH in the three dimensional plots for 

illite, montmorillonite, natura! clay sail, and kaolinite respectively (Figs. 4.11 a-4.11 d). 

It can be generally seen from al1 four figures that the retention of heavy metalB in the 

soila is closely related to the sail buffer capacity. High amounts of heavy rnetala are 

retained in the soBs if the soil buffer capacity stiJl remaina high. As the sail buffer 

capacity decreases, the amounts of heavy metala retained also decrease. The relation is 

clearly seen in the cû.Se Qf Pb and Cu. In the case of Zn and Cd, the a.mounts reta.ined 

drop more quickly than for Pb and Cu. Tt can be observed from Figs. 4.l1a-4.lld 

that as the soils receive increa.sing amounts of a.cid, nearly 100% of heavy metals can 
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he retained if the soil buffer capadty still remains high enough to resist a change in 

pH, so long as it does not drop to less than 5 in the case of Ph and Cu and less than 7 

in the case of Zn and Cd. It can also he observed from the comparison that the high 

buffer capacity of soi1s when the soilsolution pH islower than 4, does not result in high 

amounts of heavy metals retained. This indicates that Cl. high soil buffer capacity at low 

pH cannot contrihute to high retention of heavy metals in the soil. As mentioned in 

section 4.2, a high buffer capacity of soil at low pH does not indicate a correspondingly 

high buffer capacity of the system. The results show that a high buffer capacity of soil 

is important for heavy metal retention when the pH of the soil 18 high. The comparison 

between the three dimensional plots of the buffer capacity and the retention of heavy 

metals in the clay soils used in this study (Figs. 4.11a-4.lld) show that a high soil 

buffer cap'~ity can contribute to high retention of heavy metals when the 80il solution 

is at pH 4-8. 

It is noted here that heavy metal retention in the 80118 can be compared with soil 

buffer capacity because they have the same x-y plane of the pH-acid relations (Figs. 

4.11a-4.l1d). These pH-acid relations are the results of the resistance of the soils to 

pH change (the soil buffer capacity) as the soiIs receive increasing amounts of acid. 

In addition, the patterns of heavy metal retention in the soils are the results of these 

pH-acid relations. Therefore, it cau Ge concluded here that the pH-acid titration of 

soil, which was obtained from the experiment, can be used as a representation of the 

soil buffer capacity for prediction of the retention of heavy metals in the soils tested. 

Figs. 4.12a-4.12d show the relationship of the equilihrium soil solution pH (after 

the heavy metal solutions were applied to soils) versus the amounts of acid input, Le., 

the pH-acid titration curves of the 80ils after heavy metals were applied. In the case 

of illite the pH-acid curves resemble the titrati..ln curve of illite (Fig. 4.12a). From 
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the retention curves of heavy me~a.ls in illite as a function of pH (Figs. 4.lOa-4.lOd) 

it is expeded, from the pH-acid titration curves of Jlite (Fig. 4.12a), that illite would 

retain high amounts of heavy metals for a large range of a.cid input before the amounts 

of heavy metals retaine<! begins to decrea.se. Fig. 4.9a shows that illite can retain as 

high as 100% oi Pb when the amounts of a.cid input does not exceed 80 cmol· kg-Isoil. 

This i8 the amoullt of a.cid input where pH of the soil solution begins to drop to legs 

than 5 (Fig. 4.12a). This pH value is the pH that the amounts of Pb retained begins 

to be as high as 100% of Pb applied (Fig. 4.lOa). The same result is obtainoo for Cu 

retention in illite but 100% of Cu retained i8 at ~ 70 cmol· kg-l soil and at pH ~ 5.5. 

In the case of Zn and Cd, it can be observe<! that solution pH of illite drops from 8 to 

less than 7 at the beginning of the curves (Fig. 4.12a). As mentioned earller nearly 

100% of Zn and Cd can be retained if soil solution pH is still ~ 7 and 7.5 respectively 

(Figs. 4.10c and 4.lOd). Therefore, the results show that nearly 100 % of Zn and Cd 

retention i8 only at the begining of a.cid input, and that the amounts retained decreases 

rapidly (Figs. 4.9c and 4.9d). 

In the case of heavy metal retention in montmorillonite, it would be expected from 

the curves in Fig. 4.12b, that the Boil would retain high aInounts of heavy metals within 

the SaIne range of acid inIJut as in the natura! clay soil. This is true for the retention 

of Pb and Cu as seen in Fign. 4.0a and 4.9b respectively. However, it is shown ln Figs. 

4.9c a.nd 4.9d that the amounts of Zn and Cd retained in montI:ùorillonite are highar 

than in the other soils. This could be due to the very high C.E.C. of montmorillonite 

which permits it to reta.ln high amounts of Zn and Cd. 

In the case of the natura! clay soil, the titration curves (Fig. 4.12c) show a sunHar 

trend to the curves of illIte (Fig. 4.12a) but the soil solution pH begins ta drop at a 

smaller range of acid. Th;s results in the drop of amounts of Pb, Cu, and Zn retained 
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in the natura! clay sail at Iillla.ller range of acid input than in illite as seen in Figs. 

4.9a-4.9c. However, there are not many differences in the amounts of Cd retained in 

bath soUs as seen in Fig. 4.9d. This could be due ta higher content of organic matter 

in the natural clay soil than in illite. The presence of organic ma.tter in soils can help 

retain heavy metals, parlicularly Cd (Tyler and McBride, 198~). 

As noted from the results, the solution pH of kaolinite was very low (Fig. 4.12d) 

compared to the sail solution pH of the other soils (Figs. 4.12a-4.12c). The curve 

resembles the pH-acid titration curve of kaolinlte. This low pH resulted in low arnounts 

of heavy metals retained in kaolinite (Figs. 4.9a-4.9d) and small retention curves of 

heavy metals when the amounts of heavy metala retained are plotted with the soil 

solution pH (Figs. 4.10a-4.IOd). 

When the amounts of heavy meta.l.s retained within the Sa.IDe soi! are plotted with 

increasing amounts of acid input (Figs. 4.13a-4.13d) and with Boil solution pH (Figs. 

4.l4a-4.14d), the affinity or selectivity orders of the heavy metals retention in the soils 

can be obtainea. 

ln ~he case of mite, the selectivity order follows Pb>Cu> >Zn~Cd (Figs. 4.13a and 

4.14a). Two different orders were found in montmorillonite which are Pb>Cu>Zn>Cd 

for the first half of acid addition or when pH of the soilBOlution i8 2: 3 and Pb>Cd>Zn> 

Cu for the second half of acid input or wben the pH is ~ 3 (Figs. 4.13a and 4.14a). 

For the natura! clay soil, the order was found to be Pb>Cu>Zn>Cd but changed ta 

Pb>Zn>Cd>Cu at the very end of acid input or at the very low pH (Figs. 4.1& and 

4.14<:). Figs. i.l3d and 4.14d show that the amounts of Pb, Cu, Zn, and Cd retained in 

kaolinite are not much different but can be expressed ln the ord~r of Pb>Cd>Zn>Cu. 

The dissimilarity of a.dsorption sequences is due to the differences in sail and heavy 
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metal properties (Forbes et al., 1974). Table 4.2 shows selectivity orders of heavy metals 

found in different soils and sail constituenta from severa.! studies. It can be observed 

from the table that different seledivity orders were found depending on the soil and 

its conditions. 

Table 4.2 Selectivity arder of heavy metals in different 80ils and soil constituents 

Material seledivity arder Reference 

kaolinite clay (pH 3.5-6) Pb>Ca>Cu>Mg>Zn>Cd Thrrah and Pickering (1977) 

kaolinite clay (pH 5.5-7.5) Cd>Zn>Ni PuIs and Bohn (1988) 

illite clay (pH 3.5-6) Pb>Cu> Zn>Ca>Cd> Mg Farrah and Pickering (1977) 

mO,lltmorillonite clay 
(pH 3.5-6) 

Ca>Pb>Cu>Mg>Cd>Zn Farrah and Picke:ing (1971) 

montmorillonite clay Cd~Zn>Ni Pula and Bohn (1988) 
(pH 5.5-7.5) 

Al arides (amorphous) Cu>Pu>Zn>Cd Kinniburgh et al. (1976) 

Mn oxides Cu>Zn Murray (1975) 

Fe oxides (amorphous) Pb>Cu>Zn>Cd Benjamin and Leckie (1981) 

Geothite Cu>Pb>Zn>Cd Forbes et al. (1974) 

Fulvie acid (pH 5.0) Cu>Pb>Zn Schnitzer and Skinner (1967) 

Humic acid (pH 4-6) Cu>Pb»Cd>Zn Stevenson (1977) 

Japanese soils dominated Pb>Cu>Zn>Cd>Ni Biddappa et al. (1981) 
by volcanic parent material 

Mineral soils (t>H 5.0) Pb>Cu>Zn~Cd Elliott et al. (1986) 
(with no orgawe) 

Mineral soils (containing 
20 to 40 g·kg- 1 organic) 

Pb>Cu>Cd>Zn Elliott et al. (1986) 
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However, to begin an explanation on the arrangement of selectivity arder, the 

ionic size of heavy metals need ta be considered. For divaIent heavy meta..lB, when 

the concentrations applied to soil are the sa.me, a correlation between ionic size and 

seledivity order may be expected. (Elliott et al., 1986). The ease of exchange or the 

strength with which cations of equal charge are held is generally inversely proportional 

to the hydrated radii, or proportion al to the unhydrated radii (Bobn, 1979). Therefore, 

the predicted. order of selectivit:, based on unhydrated radii is Pb'lt- (0.120 nm) > 

Cd2+ (0.097 nm) > Zn1+ (0.O.074m) > Cu1+ (0.072 nm) (Elliott et al.) 1986). In this 

experiment, the sequence is true for the kaolinite soil for the whole range of a.cid input 

but for the latter hill of a.cid input for the lllontmorillonite soil when the soil solution 

pH is S 3, i.e., only when cation exchange mechanismg prevail. 

At high pH levels, aqueous metaJ. cations hydrolysed, resulting in a suite of soluble 

metal complexes according ta the generalized expression for diva.Ient metals as in the 

following equation (Elliot et al., 1986) : 

(4.2) 

This hydrolysis, according to Elliott et al. (1986), results in precipitation of metal 

hydroxides ont a soUs, wùich is experimentally indistinquishable from removal of metals 

from solution by adsorption. The affinity of the hea.vy metals to be retained in Boilg 

cou Id then be related to the pK of the first hydrolysis produd of the rndalB (Forbes 

et al., 1974) where K is the equilibrium constant for the reaction in eq. 4.2 and when 

n=1. When the pK values of Pb, Cu, Zn, and Cd are ranked (Baes and Messmer, 1976; 

Elliott et al., 1986) the order follows Pb(6.2) > Cu(8.0» Zn(9.0) > Cd(lO.l). This 

ordel corresponds ta the seledivity arder of heavy metal retention found in illite, which 

is clearly seen when the soi! solution pH remaina high. This orcier was alw found in 

montmorillon.ij;e for the first hill of acid input, or whtn pH is > 3. 
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In addition ta the precipitation of metal hydroxides anto soHs, retention of heavy 

metals by precipitation with soil carbonates is also involved in the high retention 

capacity of heavy metals in 80ils at high pH. Yan fuI et al. (198Eb) found from their 

results for soil with high carbonates, that at pH 5.5, Pb and Cu removal by carbonate

free sail was 72.5% and 22%, compared to 95% and 77% by carbonate-rich soil at a pH 

of 8.2. This means that Pb has a higher affinity to be retained in carbonate-rich soil 

than Cu does. Taking note that the illite and natura! clay 80il used in this study have 

sorne carbonates in them, the study by Yanful et al. (1988b) supports the results of 

the seledivit:r order of illite and natura! clay 80il, Le., Pb has a higher affinity to be 

retajned in the soiIs than Cu. The faet that the montmorillonite used in this study does 

not have any significant amount of carbonates could be the reason w hy the amounts of 

Pb and Cu retained in illite and natural clay soil at the beginning rar ge of acid input 

(when the pH ia still ~ 5) i8 higher than that for montmorillonite (see Figs. 4.9a-4.9c 

and 4.lOa-4.l0d). 

From the above resu1ts and discussion, sorne pertinent observations can be made 

as follows : 

(i) As the clay soils receive iucreasing arnounta of acid, the amounts of heavy 

lietals retained in the soBs depend on the soil solution pH, which is diredly changed 

according to the soil buffer capacity. The change in the BOil solution pH resulted in 

the change of the dominant retention mechanism of heavy metals in the 8oils. At high 

pH, precipitation mechanisms (by precipitating as hydroxides and/or as carbo lates) 

prevail. As pH decreases, precipitation becomes less important, and cation eXûlange 

becomes dominal\~. High amounts of heavy metals are retained in the soils if the soil 

buffer capacity still remained high enough to resist a change in pH, such that it does 

not drop ta low pH values where precipitation does not occur. 
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(ü) The pH-acid titration of the SOI~.S, which was obtained from the experiment, 

can be used as a. representation of the soil buffer capacity for prediction of the retention 

of heavy metals in the JOila. 

(üi) The illite, montmorillonite, and natura! clay soil have higher initial pH and 

buffer capacity than the kaolinite. This permitted them to retain high amounts of 

heavy metaJs, particulary Pb and Cu, for larger ranges of acid input before the amounts 

retained dropped. 

(iv) The selectivity order of heavy meta! retention in soils depends on the pH of 

soil solution. At high sail solution pH, w hen precipitation prevails, the arder folIow8 

Pb>Cu>Zn>Cd which can be clearly seen in the case of illite, montmorillonite, and 

natura! clay soil. At low soil solution pH, the order follows Pb>Cd>Zn>Cu, as can be 

seen in the case of kaolinite and montmorillonite. 

(v) The preser:ce of carbonates in the illite and natura! clay soils not only enhanced 

the soil buffer capacity, but also helped retain heavy metals in soUs at high pH. Due 

ta the very high C.E.C. of montmorillonite, the drop in the amounts of heavy metals 

retained in the soil at increasing amounts of acid input is slow and becoillP.8 higher than 

the other 80iIs at lower pH when ca.tion exchange becomes more importaJ.lt. 

Ali the experimental data used in Figs.4.9-4.14 are provided in Tables A-8 ta A-Il 

in Appendix A. 

In oroer ta obtain a broader view of heavy meta! retention in soil, an applica

tion of heavy met"\ls ta soil 's changed from separately applied to compositeiy (i.e., 

grouped together) appli .... d. The results and discussion on this subject is prest;nted in 

the following section. 
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4.3.3 Retention of Heavy Metals in Soil-Composite Heavy Metal Solution 

The solutions of Pb, Cu, Zn, and Cd at a concentration of 1.0 x 10-.3 mol· L-l 

were compositely applied to each cla.y BOil at increasing amounts of acid from 0 to 200 

cmol Ht. kg-l soil. The aIil,:mnt of each heavy metal applied ia equivalent to 1.0 

cmol kg-l soil. Competitive adsorption or retention among the heavy metals were 

involved in this case. 

The amounts of Pb, Cu, Zn, and Cd retained in illite, DlontmorilloDite, natura! 

clay BOil, and kaolinite are plotted with increasing amounts of acid as shcwn in Figs. 

4.15a-4.15d and with pH as shown in Figs. 4.16a-4.16d respectively. It can be observed 

from these figures that the retention curves of heavy metals in ea.ch Roil bave sirnilar 

patterns to the retention curvee in Figs. 4.9a-4.9d and Fige. 4.lOa-4.lOd when the 

heavy metals were applied sep arately. The difference lS that the retentio:l cun'~ in 

Figs. 4.15a-4.15d and Figs. 4.16a-4.16d are lower than the corresponding curves in 

Figs. 4.9a-4.9d and Figs. 4.l0a-4.10d for every case. 

Both eeta of retention curves in Figs. 4.15-4.16 show similar trends of heavy metal 

retention in soUs as in Fige. 4.9-4.10. In parlicular, the magnitude of retention varies 

directly with increasing amounts of a.cid input or decreasing pH. High amounts of heavy 

metals are retained at low acid input or wben soil solution pH still remaina high. But 

as the amounts of acid input increased, the pH of the BOil solution begins tl) decrease 

(depending on the buffer capacity of sail) resulting in a drop in the ::mounts of heavy 

metals retained.. 

The lower cu':ves of heavy metal retention indicate that the amounts of heavy 

metals retained are lower w hen the heavy metals are compositely applied ta soil than 
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wh en they are separately applied. This could be C:'le to the competitive effect among 

the heavy metals. In this case, not only competil,ion for adsorption sites but also 

competition for precipitation on to soils need to bl! considered. When heavy metals 

were applied separately, a metal precipitated freely aud competed only with H+ for 

adsorption sites. But when they were applied compositely, different metals competed 

among themselves to precipitate onto 80ils at high pH. They also competed among each 

other and with H+ for adsorption sites, resulting thereby in lower amounts of heavy 

metals retained in this case. The redudion in the amounts of heavy metala retained 

can also be furlher explained by the pH-acid titration curves of the soil.s. 

The equilibrium pH of the soil solutions (after heavy metals were applied to the 

sails) are plotted with the amounts of acid input for illite, montmorîllonite, natural clay 

soil, and kaolinite respedively (Figs. 4.17a-4.17d). H is observed from these figures 

that ail curves are lower than the titration curves of the soil.s when there are no heavy 

metaIs. The redudion in the pH of the soil solution is due tû the hydrolysis reactioü 

of the metals in water according to the same equation shown in eq.4.2. When heavy 

metals were applied compositely, total concentration of the heavy metals was higher 

tha.n when they were applied separately. The higher the concentration of heavy metal 

ions in the solution, the more the readion will shift to the right in arder to adjust itself 

to equilibrium (Laitinen and Harris, 1975). This resulted in higher concentration of 

H+ which lowered the initial pH and the equilibrium pH of the sail solution for the 

whole range of acid input as se en in Figs, 4.17a-4.17d. It can also be observed from 

Figs. 4.17a-4.17d that the rapid redudion or the drop of the 8oi1so1ution pH occurs at 

lower a.rnounts of acid addition th3Jl in the ti tration curves. This means that the 80ils 

have lower resista.nces to pH changes or lower buffer capacities due ta the faster drop 
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Figure 4.17 Equilibrium soil solution pH (after heavy metals were applied compositely) 
as a function of acid input for: (4.17a) illite, (4.17b) montmonllorute, (4.17c) natural 
clay soil, and (4.I7d) kaolinite. 

80 

1 



of the soil solution pH. This redudion of the pH-a.cid curves is similar to the redudion 

of the soi1solution pH when the concentration of Pb applied increGSed as described in 

section 4.3.1. 

As the soilsolution pH decreases, the possibility of heavy metals retained in BOil by 

precipitation also decreases, resulting in smaller amounts of heavy metals retained in 

soils. The redudion curves of the pH-acid relation as shown in Figs. 4.17a-4.17d can be 

used to explain why the amounts of heavy metal retained are lower when heavy metals 

art applied compositely tha.n when they are applied separately. For example, it can 

be e.x:pected from tLe lower pH-acid curve of illite (Fig. 4.17a) that ilUte could retain 

nearly 100% of Pb and Cu whell acid addition did not exceed 60 cmol H+ kg-1 soil 

because this is the point where the sail solution pH starts to drop to < 5 (see Fig. 

4.15a). As compared with the previous section, nearly 100% of Pb 3,;.";' Cu could be 

retained in illite v·hen acid input did not exceed 80 cmoI H+· kg-l soil (Fig. 4.9a). 

In addition, the redudion in pH-acid curves resulted in tlle smaller or ~horter retention 

curves of heër,-y metals when plotted with pH (Figs. 4.16a.-4.16d as ('.om?tm~d with 

Figs. 4.l0a-4.lOd). This is due to the decrease in the initial pH of the soil solutiuns 

and a.l.so to the decrease in the overall soil solution pH throughout the entire range of 

acid addition. 

When the amounts of heavy metals retained within the same soil for illite, mont

morillonite, natural clay soil, and kaolinite are plotted with increa.sing amounts of acid 

input (Figs. 4.18a-4.18d) and with pH (Figs. 4.19a-4.19d), the selectivity orders of 

the competitive adsol-ption of the heavy metal retention in soUs cau be ootained. The 

resulting orders are the same as in section 4.3.2 when heêvy metalF were applied in

dividually. For the illite soil the order was found to be Pb>Cu»Zn2Cd which i8 
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Figure 4.18 Amounts of Pb, Cu, Zn, and Cd retained as a fur:ctioll of acid input. i~ : 
(4.18a) illite, (4.18b) montmorillonite, (4.18c) natural clay sOlI, and (4.18d) j.-.aolml\.~ 
when heavy metals were applied compositely. 
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Figure 4.19 Amounts of Pb, Cu, Zn, and Cd retained as a function of soil solution 
pH in : (4.19a) illite, (4.19b) montmorillonite, (4.19c) natural clay soil, and (4.19d) 
kaolinite when heavy metals were applied compositely. 
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the same oroer fOlmd in the na.tura! sail. In the case of the montmorillonite soil, the 

order of Pb>Cu>Zn>Cd was found in the first hill of a.cid input whereas the order of 

Pb>Cd>Zn>Cu was lùund in the second half of acid input when pH Îs 5 3. For the 

kaolinite Boil, though, the amounts of heavy meta.ls retained were not much different, 

and the order was found to be Pb>Cd>Zn>Cu. 

The results and discussion of tilla section as presented above can be 8ummarized 

here as follows : 

(i) Wh en heavy metals were compositely applied to the Rails, the sail buffer ca.pacity 

was affeded more thatl. when the heavy metals were sepG.l'ately a.pp]jed) as Ca!i. he 

observed from the redudion of soilsolution pH-a.cid curves. The effed Îs similar to the 

redudion of soil solution pH when the concentration of Pb applied increa.ses. 

(ü) The reduction in the Boil solution pH resulted in lower amounts of beavy metals 

reta.ined in the soils. However, the r..eledi\·ity orders of the heavy metal retentîon in 

the suils still rema.ined the same as in the previoUB section. 

It can be seen from the above discussion that as the soil soh;,+-ion system has 

more solution components in it, the competitive effed could be higher. The soil buffer 

capa.city could be affected more, resulting thereby in. lower amounts of ileavy metals 

retained in the soH. 

In the next section, the he::l.vy metaIs were compositely applied to soils together 

with lea.c.hate collected from the La.chenaie landfill site. These resu1ts and discussion 

are presented. 

AlI the experimE".ntal data used in Figs. 4.15-4.19 are provided in Tables A·12 to 

A-15 in Appendix A. 
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4.3.4 Ret~ntion of Heavy Metalu in Soil-Heavy Metal-Leachate Solution 

As mentioned in section 3.3.4, a. leachate collede-d from Lachenaie landfill site 

was combined with heavy metals in arder to prepare a heavy metal-leachate solution. 

Th~ pUrpOSè of the experiments perforIT'ed Îs to form a system that more closely re

sembles the complex sy5tem of a real "field" situation. and to investigate how severa.l 

constituents in a leachate will interfere with soil buffer capacity and the retention of 

hea.vy metaÙ3 in the clay soi!s. 

Heavy rr..dals in the fOrIll of nitrates ;md nitric a.cid were a.ddd ta the leachate 

to prepare the heavy metal-leachate solutions having increasing amounts of acid. A 

set of solutions, each solution having the saffie concentration of Pb, Cu, Zn, and Cd 

at 1.0 x 10-3 mol· L -1 but having increasing acid concentration from 0 ta 2xlO-:i 

mol· L -1, were applied ta the clay soils. The amount of each heavy metal applied te 

the soiIs if ~quiva.lent te 1.0 cmol . kg-l soil wi th incl'easing a.mounts of acid in put from 

o to 200 cmol H + . kg- 1 soil. The soil sU8pension~ in this case thu3 contained severa.l 

compositions that came with the leachate. 

The results of th':! analysis on leachate cha.racteristics are shown in Table 4.3. 1. can 

be seen from the table that the leachate ha.d high biochemical oxygen demand (BOD) 

and chemical oxyg~n demand (COD) values, indicating that the leachate contained 

organic materials. The leachate pH was near neutral whereas the specifie el~trica.l 

conductivity was high which indicated high amounts of ionie components. 

The concentrations of cationic salts such a.s Na+, K+, Ca2+, Mg1+, and anionic 

salts such as Cl-, HC03" were higher than the concentrations of heavy meta.l.s e.g., Pb, 

Cu, and Zn found in the leach3.te. 
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Table 4.3 Cha.ra.cteristica of leachate colleded from Lachenaie landfill si te 

Parameter ASTM Test No. Concentration Concentration 
(1984) in ppm in mo}·L-l 

BOD D 888 440 

COD D1252 830 

TOC D2579 180 

TC D2579 270 

pH D1293 6.9 (pH unit) 

~tc.Electrical D1125 1.8 x 103 (J.'mho/cm) 
onductivity 

ail &; grea.se D4281 20 

phenol D1783 0.04 

total iron (Fe) D1068 5.0 9.0 x 10-5 

Na+ D4191 140 6.1 x 10-3 

K+ D4192 15 3.8 x 10-4 

Ca2+ D511 170 4.3 x 10-3 

Mg2+ D511 30 i,2 x 10-3 

NH3 D1426 10 5.9 x 10-4 

Cl- D1253 200 5.6 x 10-3 

HC03' D 513 300 4.9 x 10-3 

Ph D3551 1.0 4.8 x 10-8 

Cu D1688 1.8 2.8 x 10-5 

Zn D1691 2.4 3.7 x 10-5 
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In this experiment, equal amounts of heavy metals as in the previou8 section were 

d.dded to the leachate. The amounts of Pb, Cu, Zn, and Cd retailled in soils were mt' ,l.

sured after the mixture (heavy metaIs and leachate) was .lpplied ta soils. The results (,,r 

the amounts of Pb, Cu, Zn, and Cd retained in illite, montmorillonite, natural clay soil 

and kaolinite ?l.re plotted with increasing amounts of acid input (Figs. 4.'lOa-4.2Od) and 

with Boil solution pH (Figs. 4,2Ia-4.21d), The equilibrium soil solution pH :)f lllite, 

montmorillor.:.ite, natural clay soil, and kaolinite a.re also plotted (Figs. 4.22a-4.22d). 

The retention curves in thesc figures reveal that ~he ma.gnitude of retention varies with 

increaaing amounts of acid input or decr~a.8ing soilsolutioll pH. Hlgh amounts of heavy 

metals were retained at tow acid input or when 8oilsolution pH still remained hlgh. As 

the amount of acid in pm increa.sed, the pH of soil solution decreased, the amounts of 

heavy metals retained decreased rapidly particularly in the case of Zn and Cd. 

The amounta of heavy metals retained within t.he Saille soil for illite, montmû

rillonite, natura! da" soil l and kaolinite are plotted with increa,ging amounts ,)f acid 

input and soil solution pH in Figs. 4.23a-4.23d and Figs. 4.24a.-4.24d respectively. 

The selectivity order of heavy metals in eaclt Boil can be seen from these figures. The 

selectivity order of hea'vj metal retention in each soil was the sa.me as in 8e,:tion 4.3.2 

and 4.3.3 when heavy metalB were applied separately and compositely. In addition, it 

can be observed that the retention curves of heavy met aIs in each soi! presented in this 

s~tion have similar patterns to the cOITesponding curves in sectiolls 4.3.2 and 4.3.3. 

However, the differencea in the retention curves are that the curves in this section are 

lower than in I.he previous two sections. This means that the sons retained smaller 

alllounts of he'avy mel,als when lea.chate was involved in the system. 

The amounts of Pb, Cu, Zn, and Cd retained in each clay soil when heavy metals 
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Figure 4.20 Amounts of heavy metals retained in kaolinite, illite, montn:orillonite, and 
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Figure 4.21 Al!lounts of heavy metals retained in kaolinite, lliite, mo.\tmorillonite, and 
natural clay sr.:il as a function ofsoll solution pH for: (4.21a) Pb, (4.21b) Cu, (4.21c) 
Zn, and (4.21d) Cd when heavy metals were applied compositely with leachate. 
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Figure 4.23 Amounts of Pb, Cu, Zn, and Cd retained as a function of i:lcid input in : 
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Figure 4.24 Amounts of Pb, Cu, Zn, and Cd retained as a function of soil solution 
pH in: (4.24a) illite, (4.24b) montmorillonite, (4.24c) naturru clay sail, and (4.24d) 
kaolinite when heavy metrus were applied compositely with leachate. 
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Wf!re separately applied, compoaitely applied, and compositely applied with leachate 

were compared by plot'l.ing with amounts of acid input (see FigB 4.25a.-4.25d, 4.26a.-

4.26d, 4.27a.-4.27d, and 4.28a·-4.28d respedively). The decrease in ~he amounts of 

heavy metal retained in the soils bj each a.pplication C,ill be clearly seen from these 

figures. The reductioH in the retentioll wag low in kaülinite but high in montmorillonite. 

The cause of reduction of heavy met,d retentiGn in soils could be due to several 

effeds which may b,~ described as folloW8 : 

Reduciion of the sou solution pH 

Figures 4.22a-4.22d .,how the relationl:lhip between the equilibrium soil solution 

pH values and the amounts of acid added for diffe:rent soils. It can be seen from 

these figures thaJ. ail curves are lower than the titratlon curves W.l.Lèn heavy metals and 

leachates are not involved. This lndicates that the a.pplication of heavy metal-Ieachate 

solution afftl!c!I3 the soil buffer capac:lty. As mentioned iJl the previou8 sections, when 

higher concent,rations of heavy metaLs were applied to the soils, the buffer capacity of 

the 80ils was ~dIected resulting in the lowering of the pH-acid curves. The reduction in 

the pH-a.cid \~urves resulted in lower amounts of heavy metals retained in the 8oils. It 

can be observed from Figs. 4.22a-4.2?d that the magni1,udes of the reduction in the soil 

solution pH seem to be more or l€8S the same as in Figs. 4.17a-4.17d when heavy metals 

were compositely applied wit,hout leac.ha.te, howevcr, the magnitudes of the redudion 

in heavy metal retention were greater as seen in Figs. 4.25-4.28 particularly Î..l illite, 

illontmorillonite, and na.tura.l clay soil. Therefore, there are sorne other effeds apart 

from the redudion of the soil solution pH rhat are involved in the lower retention of 

heavy metals in the clay soils. 
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Figure 4.~5 Amounts of Pb retained when heavy metals were applied separately, com
positely, Mid compositely with leachate as a function of acid input in : (4.~5a) illite, 
(4.25b) montmorillonite, (4.25c) natural clay soil, and (4.25d) kaolinite. 
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Figure 4.26 Amounts of Cu retained when heavy metalJ were applied separately, com
positely, and compositely with leachate as a function of acid input in : (4.26a) illite, 
(4.26b) montmorillonite, (4.26c) natural clay soil, and (4.26d) kaolinite. 
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Figure 4.27 Amounts of Zn retained when heavy ~etals we::e ~pplie~ separately, .c~m
positely, and compositely with leachate as a functlOn of aCld mput ln : (4.27a) llhte, 
(4.27b) montmorillonite, (4.27c) natural clay soil, and (4.27d) kaolinite. 
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Figure 4.28 Amounts of Cd retained when heavy metals were applied sep&.rately, com
positely, and compositely with leachate as a function of acid input in : (4..28a) illite, 
(4.28b) montmorillonite, (4.28c) natural clay soil, and (4.28d) kaolinite. 
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Effed of Competing CatiofU 

As mentioned in section 4.3.3, when heavy metals were applied compositely, dif

ferent heavy metals competed among themselves to adsorb onto soils. This made the 

amount13 of heavy metals retained in soils, when heavy metals were applied compos

itely, less than when tbey were applied separately. When the leachate was included, 

the leachate had high concentrations of several cations sucb as Na+, K+, Ca2+, and 

Mg2-7 as seen in Table 4.3. These cations abo competed with heavy metals for t,he 

cation exchange sites of the soils resulting in the decrease in the amounts cf heavy 

metals retained in soils as seen Figs. 4.24-4.27. The effect can be seen clearly in mont

morillonite (Figs. 4.25b, 4.26b, 4.27b, and 4.28b) where ca.tion exchange dominates. 

A similar conclusion was reached by Griffin and Shimp (1976) dJld rrost and Griffin 

(1977) in their study on heavy metal adsorption using the mixture of leachate and 

heavy meta.ls. 

Precipitate Prevention by Organic Compound" 

As secn in Table 4.3, the leachate has high BOD and COD indicating a high 

amount of organic materials. These organic materials could interfere with retention 

of heavy metals by preve!lting heavy metals from precipitating. Farrah and Pickering 

(1976, 1077) found that organic moleculea such as oxalate, citrate, and tartrate could 

mask the formation of Pb! Zn, and Cd hydroxides, thug prevent~ng retention of heavy 

metala in BaH by precipitation. This effed ca.n be seeD 1 for example, in the resu1ts of 

Pb retention in illite at different a.pplications of heavy meta.l applied in Fig. 4.25a. 

The results show that 100% of Pb can still be retained in the soil until a.cid input 

exceeded 80 and 60 cmol 11 t . kg-l SOlI when heavy metals were applied separately 

and compositely. But when heavy metals wer~ applied with lea.chate, 100% Pb retention 
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Îs only at the beginning of the curves indicating that precipItation of Pb become less. 

The effect ca.n be seen alBo in Pb and Cu retention in montmorillonite, natura.l clay 

soil, and including illite (Figs. 4.25-4.26). 

Non AdsorptIOn. of A nianse and Uncha.rged Complex Species 

Not only cations or organic corupounds cau prevent reteJ1tion of heavy metalB 

in soils, but anions such as chloride (C1-) can aIno reduce heavy metal retention. 

The presence of chloride in Ieadtate can form uncharged and/or anionic complexes 

with heavy metals. These complexes cannat a.dsorb onto soils which have negative 

charge surfaces. Hahne and Kroontje (1973) found from their calculations that CI

can forro complexes with heavy metalB, particulary Cd, and become an uncharged form 

and anionic forma such as CdCh, CdCl3') CdCl~-. The complexation prevents heavy 

metals from fonning hydroxides or from adsorbing onto sail exchange sites. Farrah Q.D.d 

Pickering (1976) foùnd from their experiments that organic acids sucb as tartaric acid 

and ethylenediarnine tetra acetic acid (EDTA) could also form uncharged and anionic 

complexes with Cu. The formation of these complexas prevellts Cu from adsorbing on 

soils by cation excha.nge. The leachate used in this study had Cl- and may have had 

sorne organic acids that could form anionic and uncharged complexes with the heavy 

metals. The formation cf these complexes when added ta the other effeds mentioned 

above resulted in lower amounts of heavy metals retained in the soils throughout the 

entire range of acid input when heavy metalB were applied with leachate as seen in 

Figs. 4.25-4.28. 

The above discussion in this section can be summarized here as follow8 : 

(i) When heavy metals are compositely applierj with leachate ta the soils, the soil 

suspensions have severa! more solution compositions in the sy8tem than when leacl:late 
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18 net lnvolved. These solution compositions such ~ cations, ;mions, organic molecules, 

etc. affect the soil buffer capacity and interfere with the retelltion of heavy metals on 

the cl'~j" BOils resultillg in lower amounte of heavy metals retained in the soils. 

(ii) Several eff'X.ts such as the reduction in soil solution pH, competition among 

cations, precipitation prevention, and formation of anionic or uncharged complex result 

in tht reduction in amounts of heavy metals retail!ed in soila. Huwever, the selectivity 

orders of the hea.y meta.l retention in the Boils still remain the same as tbose in the 

sedbns 4.3.2 and 4.3.3. 

It can be concluden in this section that the clay soila retain lower amounts of 

heavy metals when severalsolutiùn compositions are involved in the suspensions system. 

However, the fact tl-tat 80il8 can retain high amounts of heavy metals if they still have 

high buffer capacities to maintain their soil solution pH at a high level still remain the 

same. 

From the results of sections 4.3.2, 4.3.3, and 4.3.4 when heavy metaL~ are applied 

differp.ntly, it can be concluded that the capacity of the clay soila to retain heavy metala 

as they receive increasing amounts of à.cid depend on their buffer capat :ty. The degree 

or magnitude of heavy metal retention becomes less as the soil suspension system 

becomes more complex, parlicularly when the solution composition iderferes with the 

retention pro cess. 

As concluded in the above sections, the retention mechanism changoo in accord 

with the decrease in soil solution pH. Tte me- "lanisffiS 8uch as precipitation (as hydrox

ides and carbonates), cation exchange, and complcxation, have been mentioned as the 

mechanisIll8 involv{'d in the heavy metal retentÎon in the clay soiIs used in the study. 

In order to qualify and quantify the retention of hea.vy metals in the soils by different 
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mechanisID8, the method of sequential extraction an~ly8is was used. The analysis was 

performed in order to support, or used as a direct proof for the analysis made on heavy 

metal retention mechanisIlli) in the soil suspension study in the previou8 sections. 

In the following sf'Ction, the results of the sequential extraction analysis are pre

sented and discussed. The results could provide more information on how the heavy 

metals were reta.illoo and how the reteution mechanisms were changed as the clay 80ils 

received increasing amounts of acid. 

Ail the experimental data used in Figs.4.20-4.28 are provided in Tables A-9 ta 

A-19 in AppendlX A. 

4.4 Sequential Extract.ion Analysis on Heavy Metal Retention 

The method of sequential extraction, or selective dissolution, for the study of heavy 

metal retention in soilli and sediments has been developed by Chester and Hughes 

(1967), Gupta and Chen (1975), and Tessier et al. (1979). Yanful et al. (1988b) used 

this method in studying the partitioning of heavy meta!..ô that were retained in the 

natural clay of a landfill site. In the experiments conduded in this part of thE:' thesis 

study, the sequential extraction method was used in arder to obtain information on 

the amounts and forros of heavy metals that are retained in the clay soils at different 

cor ditions of acid added a.nd 8011 solution pH. The details of the m,t,ttod have been 

presented in section 3.4 of the previou8 chapter. The results from thf~ experiments are 

used in the evaluation of the retention mechanisID of heavy metals at different buffering 

conditions of wil. 
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The sequential extraction experiment was performed following hewy 

metal-Ieachate solution ~pplication to the soils. The pH and amounts of heavy met l.is 

retained in 80ils were measured and the soil sam?les were extracted sequentially by 

different reageuts. Heavy met aIs that were first extra::ted by Kl'fû~ are referred to 

~ exchangeable phase, i.e., they were ré~ained in sail by cation exchange mechanism. 

The second extraction using NaOAc-HOAc reagent releastd heavy metals that were re-

tained in thé carbonate phase, i.e., precipitate with carboll1.tes in soil. Hydroxyhmine 

hydrochloride was the third reagent used to extract heavy rodais that were rel,:l.Îned by 

precipitating as hydroxides and! or absorbing on the oxides or arnorphous hydroxides of 

the soil. The fùurth reagent that was used to extract heavy me~als which were retained 

by organic pha.se of sail \Vas H2Û2. The last extraction proceaure included digestion 

of ~oil with shang acids. The heavy metals that were left in this f. tep are referred to as 

the residual phase. This phase refers to heavy metals that a.re ret \.ined by other kind 

of lllechanisms such as specifie :uisorption in the soil minerallattice 

The amounts of heavy roda.ls retained in different phases in the c>a.y soils are plot

ted as shown in Figs. 4.29-4.36. Figures 4.29a-4.29d show the amountE of Pb rdained 

by different phc..ses with increasing amounts of acid input for the illite, mGntmoriilonite, 

natural clay sail, and bolinite respectively. Figureb 4.30a-4.30d show the amOllnts of 

Pb retained by 0.~fferent phases at variou8 soil solution pH values. Figures 4.31-4.32, 

4.33-4.34, and 4.35-4.36 present the plots of the same relations for retention of Cu, Zn, 

and Cd in the soiIs respectivelyo Details of the experimental data for Figs. 4.29-4.36 

are provided in Table A-20 ta Table A-35 in App~TJ.dix A. 
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Figure 4.29 Amounts of Pb retained by different phases at increasing amounts of acid 
input using sequential extraction analysis in : (4.29a) illite, (4.29b) montmorillonite, 
(4.29c) natural clay soil, and (4.29d) kaolinite. 
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Figure 4.30 Amounts of Pb retained by different phases at various sail solution pH 
using sequential extraction analysis in : (4.30a) ilUte, (4.30b) montmorBlonite, (4.30c) 
natural clay soil, and (4.30d) kaolinite. 
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Figure 4.31 Amounts of Cu retained by different phases at increasing amounts of acid 
input using sequential extraction analysis in : (4.31a) illite, (4.31b) montmorillonite, 
(4.31c) natural clay sail, and (4.31d) kaolinite. 

105 

• 



a 
il/ite 

Cu retained (emoI/kg 8011) "'" retamed 
1.2 r-----.:..::.:.....::.:.....:-=-::...::..:.:.:---~.:..:.::.::.:.:.::..:; 120 

1.1 ph ... 
o , .. lduII 

_ o,ganle 

0.9 ~ h)'d,oxida 

CJ carbonal. 

0.8 0 uChanQubl. 

0.7 

0.6 

0.5 

0.4 

03 

0.2 

0.1 

100 

80 

60 

40 

20 

O~-~~~--~--~--~--~--~O 

a 234567 

pH 

c 
naturaJ clay soil 

Cu retained (emoI/kg 8oil) "'" retamed 
1.2 120 

1.1 ph ••• 

o , .. Idual 

_ o,ganle 100 

0.9 ~ h!l'd,o.'da 

CJ carbonala 
08 o uchanqubla 

80 

0.7 

0.6 60 

0.5 

0.4 40 

0.3 

0.2 20 

0.1 

0 a 
0 2 3 4 5 6 7 

pH 

b 
montmorillonite 

Cu retained (emoI/kg 8011) "'" r.tlu,ed 
1.2r---------=--~--~.:..:.::~:..:; 120 

1 1 phi" 

o , .. lauII 

_ orglnle 

0.9 œlJ h)'d/o.Jd. 

c::l ca,bcnal. 

o 8 CJ .ltChlngubl. 

0.7 

06 

0.5 

0.4 

0.3 

0.2 

0.1 

100 

80 

60 

40 

20 

a 
o 

~~~---J---J--~--~----Uo 

2 3 5 6 7 

pH 

d 
kaolinite 

Cu retamed (emoI/kg SOlI) "'" retBlned 
12 120 

1.1 ph ... 

o , .. ldu.1 

_ o,g.nle 100 

0.9 œlJ h)'d,o.Jda 

c::l ca,bonlla 
08 o a""hlngubla 

80 

0.1 

0.6 60 

0.5 

0.4 40 

03 

02 20 

r.l 

0 0 
0 2 3 4 5 8 7 

pH 

Figure 4.32 Amounts of Cu retained by different phases at various soil solution pH 
using sequential extraction analysis in : (4.32a) illite, (4.32b) montmorillonite, (4.32c) 
natural clay soil, and (4.32d) kaolinite. 
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figure 4.33 Amounts of Zn retained by different phases at increasing amounts of acid 
mput using sequential extraction analysis in : (4.33a) ilUte, (4.33b) montmorillonite, 
(4.33c) natural Cld.y soil, and (4.33d) kaolinite. 
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Figure 4.34 Amounts of Zn retained by different phases at various soil solution pH 
using sequential extraction analysis in : (4.34a) ilUte, (4.34b) montmorillonite, (4.34c) 
natul'al clay -soil, and (4.34d) kaolinite. 
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Figure 4.35 Amounts of Cd ret ained by different phases at increasing amounts of acid 
input using sequential extraction ana.lysis in : (4.35a) illite, (4.35b) montmorillonite, 
(-t.35e) natural cla.y soil, and (4.35d) kaolinite. 
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Figure 4.36 Amounts of Cd retained by different phases at various soil solution pH 
using sequential extraction analysis in : (4.36a) illite, (4.36b) montmorillonite, (4.36c) 
natural clay soil, and (4.36d) kaolinite. 
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In addition !~O the results in the above figures, the MINTEQ program was used 

to ca.lculate the probable percent distribution of precipitated and dissolved apecies of 

heavy metalg that could be present in the lea.c.ha.te solution at various solution pH 

values. Examples of the de:a.i1ed program üutput are provided in Appendix B. The 

results are shawn in Table 4.4. The information obtained from Table 4.4 is used to 

evaluate the re~ :!ntion of hea'ty metals in the soils. 

It can be observed from Ta!Jlp 1.4 that as the pH increases, the forro of heavy metaJ. 

species in the solution changes from a simple ferro te a. more complicated forro. For 

example, about 88% of Pb remains él8 a free cation (Pb 2+) at pH 1-5. At pH 6, 70% 

of Pb precipitate whH.st other species of Pb forro in the solution. As the pH increases 

further, a higher percentage (If Pb predpitates and the percent ages of Pb hydroxide 

species increase. The së.me results are obtained for Cu, Zn, and Cd. However, Zn 

precipitates at a higher pH value than Pb and Cu, whereas Cd does not predpitate 

even at a pH value of 8. It CdIl be expeded from the diBtd~ution oi the heavy metal.s 

that the ,:"ekntion mechanism of heavy metals in BoilB w:luld change accordlllg to the 

difference in the speciation of heavy metals as the soil solution pH changes. 

Figs. 4.29-4.36 reveal that in general, heavy metals were retained in soils by 

different phases. The amounts retained in each phase changed according to the change 

in soH solution pH as the soBs rt."Ceived increasing amounts of acid. 

The results in F:6s. 4.29a.-4.36a. present the retention of Pb, Cu, Zn, a.nd Cd in 

different phases in illite. The resultB show that in the tirst ha.lf of a.cid addition or 

w hen the pH of the soil solution ~ 4, heav y metals were retained in soil by hydroxide, 

carbona.te, and exchangeable phases resulting thereby in high amounts of total heavy 

meta.ls retained. But as the amounts of acid increased or when pH becomes less « 

4) only the exchangeable phase domina.tes, re~ulting in lower amounts of total heavy 

met~ retained. 
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Table 4.4 Probable percent distribution of different heavy metal species present in heavy 
metal-Ieachate solution at various pH as calc.ulated by MINTEQ. 

Metal 
species 

Pb 

1 2 3 4 

pH 

5 6 7 8 

~reent precipitated 0 0 0 0 0 70.4 99.7 100 
pereent dissolved 100 100 100 100 100 29.6 0.3 0 

percent distribution of components among dissolved species 
Pb'l+ 88.3 88.1 88.1 88.1 88.0 88.6 78.8 40.5 
PbCl+ 9.6 9.8 9.8 9.8 9.8 10.1 9.3 4.9 
PbNOt 2.1 2.0 2.0 2.0 2.0 2.1 1.9 1.0 
PbOH+ 1.1 9.9 51.8 
Pb(OH)g 1.7 

Cu 
pere-mt precipilated 0 0 0 0 0 92.5 9~l8 100 
percent dissolved 100 100 100 100 100 7.5 0.2 0 

percent distrihution of components among dissolved species 
Cu~H 99.2 99.2 99.2 99.2 99.1 97.0 43.8 
Cu(OH)g 1.2 52.7 98.6 
CuOH+ 2.9 

Zn 
percent precipitated 0 0 0 0 0 0 0 97.3 
percent dissolved 100 100 100 100 100 100 100 2.7 

percent distribution of compoMnts among dissolved species 
Zn2+ 99.2 99.2 99.2 99.2 99.2 99.1 98.3 85.7 
ZnOH+ 6.4 
Zn(OH)g 6.4 

Cd 
percent precipitated 0 0 0 0 0 0 0 0 
percent dissolved 100 100 100 100 100 100 100 100 

percent distribution of components amO:7.g di.5solved species 
CtP+ 78.9 78.5 78.5 78.5 78.5 77.6 77.3 76.0 
CdCl+ 20.5 20.9 20.9 20.9 20.9 21.7 21.9 22.1 
CdOH+ 1.0 
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It cau be t!een from Ta.ble 4.4 that when pH of the solution Îs high, a higher 

percentage of metals are precipitated and hydroxy species are formed, especidily Pb 

and Cu. This enhances the retention of heavy metals in the soiIs aB hydroxlde pha.'3e. 

Moreover, it cau be observed that the pH at which the heavy meta.ls begin to be retained 

by hydroxide phase is lower than the pH at whkh the metals stan to predpitate and 

form metal hydroxy species. For example, in Fig. 4.30a, Pb begius ta be retained in 

the soil as hydroxide phase when pH ~ 4 whercas in Table 4.4, the calculat10ns show 

that Pb begins to precipit<lte and form hydroxy species when the pH is about 6. This 

means that heavy meta1l tend to easily form hydroxy specles in the presence of soil. 

The results agree weil with the studies by Farrah and Pickering (1979) and Maguire et 

al.(1981). In addi!ion, it was suggested by James and Healy (1972) that the addition 

of an -OH group on the meta.l ion reduces the free energy required for adsorption. 

Adsorbed metal ions hydrolyze more readily with deprotonation of coordina.ted water 

molecules, followed thereafter by hydroxy bridging and polymer formation onto soil 

(Farrah and Pickerir.g, 1979). 

An interesting observaticn found in Fig. 4.30a is the decrease and increase in 

the arnounts cf Pb retained in different phases. The retention of the metal through 

cation exchange mechanism (as seen by exchangeable phase in the figure) increased as 

the pH increased, but decreased after the soil solution pH > 4. As the soil solution 

)H exceeded 4 the aIllounts of Pb retained as hydroxides and carbonates increased. 

This is due to the change in heavy metal speciation as the soil solution pH changed 

as expla.hled earJUer from Table 4.4. In Fig. 4.30a, a.t pH 1-4, Pb was present in the 

solution as a free cation (Ph2+). Therefore, the mechanism of Pb retained in the soil 
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\'las by cation exchange and the amounts retained increased as pH increa.sed. However, 

when the soil solution pH increased to a. certain level, Pb began to form hydroxy species 

which resulted in the beginning of Pb retention on the soil as hydroxides. From this 

point, the amounts of Pb7+ decrea.sed, thus, resulting in the drop of the curve of Pb 

retention by ~changea.ble phase. This phenomenon can aIso be se en in heavy metal 

retention in the montmorilionite, and natural clay soil (Figs. 4.30b-4.30c, 4.32b-4.32c, 

4.34b-4.34c, and 4.36b-4.36c). 

It can be observed from Figs. 4.35-4.36 that the amounts of Cd retained as hy· 

droxide phase were small compared to the other heavy metals. This could be explained 

from the informa.tion in Table 4.4. Cd began to form hydroxy species at .... very high 

pH and no precipita.tion occured even at pH 8. In addition, Cl- which W3i3 present in 

considerabie amounts in the leachate, affected the forma.tion of Cd hydroxy species by 

foI'Illing Cd-Cl complexes. Thisled to less ;unounts of Cd reta.ined in soiIs as hydroxides 

and aIso less total amounts retained in soiIs in compa.rÎson to the other rnetalB. 

In the case of the carbonate phase, when carbonates were present in the soil 

as in illite a.nd the na.tura! clay soil, heavy metals were aIso retained in the soils by 

precipitation as carbonates as seen in Figs. 4.29a-4.36a and 4.Z9c-4.36c. These rcsults 

correspond to those obtained by Udo et al. (1970) alld Yanful et al. (1988b). The 

amounts of heavy metals retained as carbonates in illite were higher than in the natural 

clay soil due to the higher amounts oi carbonates in the illite (Table 4.1). The higher 

the carbonate content of the sd1, the greater is the amount of heavy metals that can 

be retained by carbonate phase (Yanful et al., 1988b). It can aIso be observed that the 

amounts of heavy metal retalned as carbonates in the illite and natural clay soil ceased 
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when the pH decreased to < 4 (see, e.g., Fig. 4.3030). This is due to the tact th30t as 

pH decreases, carbonates tend to dissolve (Buckman and Brady, 1969) resulting in a 

drop in heavy meta] retention as carbonates at low pH. 

In the case of heavy metal retention in montmorillonHe, the resultô shown in Figs. 

4.29b-4.36b revea.l that heavy metaIs were retained in hydroxide phase as much as they 

were as in exchangeable phase when the soil solution pH was ~ 4, and no significant 

aruounts of heavy metaIs were retained in carbonate phase. In the case of Cd retention, 

the area. of exchangeable phase is higher than that of hydroxide phase (Fig. 4.36b). 

It is al80 observed that the amounts of heavy metaIs retained as exchangeable phase 

in the montmorillonHe are higher than those in the other soils (Figs. 4.29b-4.36b). 

These results can be explained by the very high C.E.e. value of the montmorillonite 

soil (see Table 4.1). The L.igh C.E.e. of montmorillonite provides a large number of 

exchangeable sites, thu8 increasing the p08sibility of heavy metaI retention in the §oil 

by exchangeable phase. 

For heavy metaI retention in the natura! cla.y soil, it can be observed from the 

results shown in Figs. 4.29c-4.36c that the retention pattern of heavy metaIs in different 

phases is similar to that of illite. However, higher amounts of hea.vy metals were 

retained in organic phase in the natura! clay soil than in illite (Figs. 4.29a-4.36a). On 

the other hand, less amounts of heavy metals were retained in carbonate phase in the 

natural clay soil than i~ illite. This could be due to the fa.ct that the natura! cla.y soil 

has higher amounts of organic content and has less amounts of carbonate content than 

illite (Table 4.1). 
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In the case of kaolinite, the results from Fig.4.29d·4.36d show that heavy metals 

were mainly retaineà in the soil by exchangeable phase. T~e calculatio1l8 from MINTEQ 

(Table 4.4) show that at low pH (pH 1-5), most heavy metals remain in the leachate 

solution as free cations. This indicates that cation ~xchange mechanism predorllinate,9 

- due to the low pH of the kaolinite roil solution (:::; 4). 

The resu1ts obtained from the sequential extraction analysis support the results of 

the soil suspension study in section 4.3. They may be surnmarized as follows : 

(i) Heavy metals can be retained in the clay soils by several means, such as ex

changeable, carbonate, hydroxide, and organic phases. However, the retention of heavy 

metals in any phase depends on soil solution pH, soil constituents, and heavy metals 

themselve8. Illite, montmorillonite, and natural chy soil can retain heavy metalB by 

hydroxide phase because they have high initial pH and can resist a change in pH for 

larger ranges of acid input. Kaolinite cannat retajn the metals by hydroxide phase bea

cuse of its low initial pH. Retention of the metals as carbonates is possible in illite and 

natural clay sail because of the presence of carbonates in the soils. Montmorillonite 

retains larger amounts of the metals by exchangeable phase due to its bigh C.E.C. 

value. The amounts of Zn and Cd retained in the soiLs by precipitat10n phases are less 

than those of Pb and Cu bec.l.use of their differencea in speciation. Tb.e natural cla.y 

soil retaina higher amounts of Cd than illite does because the naturalsoil has higher or

ganic content than illite. In addition, at high soil solution pH, retenti on of heavy metal 

by precipitation mechanisD:lS prevail whereas at low soil solution pH, cation exchange 

mechanism becomes dominant. 

(ii) The results from the sequential extraction analysis support the conclusion 
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rega.rding the siguificance of soil buffer capacity in relation to heavy ra.etal retention. 

As soils receive increasing amounts of acid, high amounts of heavy metalB can still 

be retained if the soils can resist a change in pH without allowing the pH to drop 

to the point where prtcipitation mechanisIIl.8 do not prevail. The capacity of soils 

to retain high amount8 of heavy metals as they receive increasing amounts of acid, 

therefore, depends diredly on the soil initial pH and on their buffer capa.city. Illite, 

ruontmorillonite, a.nd natura! clay soil retained high amounts of heavy metals when 

retention in precipHation phases were involved, w hereas kaolinite c· uld not retain high 

aruountB because the Boil could not support the retention by precipitation phases due 

to its low initia! pH and low buffer capacity. 

Thus, it can be seen that the results of the soil suspension study from sections 4.2, 

4.3, and 4.4 provided severa! pieceJ of information about the soil buffer capacity a.nd its 

relation to the capa.city of soil to reta.in heavy metals. However, in order to relate these 

findings with heavy metal migration in land disposal sites, a soil column study was 

conduded. The study provided the results of heavy metal movement as soil columns 

received increasing amounts of acid. The results are presented in the next section and 

these results are related to the information obtained from thè soilsUSf;_TIsion study. 

4.5 Soil Column Study on Heavy Metal Movemtmt 

The experiments were performed according to section 3.5 of the previous chapter. 

The results from the tests are then related with the results from the soil sU8?ension 

test. 
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lllite, natura! clay soil, and kaolinite soil columns were prepared. The soil colamns 

were leached witll a.c'dic permeant solutions. The solutioJl.8 were prepared by adding 

nitric acid and heavy metals (Pb, Cu, Zn, and Cd) in the form of nitrate salts ta the 

leachate. The resulting concentration of each heavy met,,] in the solution was 1.0 x 10-3 

mol· L-l which is the Saffie concentration used in section 4.3.4 in the BOil suspension 

test. 

The concentration of acid used in the permeant solution was carefully considered. 

It was desired that the acidic permeant 8Olution, when leached through thp. soil column, 

should give a cumulative a.cid applied of 0--200 cmol H+ kg- 1 sail as the pore v\.'lume 

increased. This range of cumulative acid applied was equinlent t.o the range of the 

amounts of acid added which were used in the soil suspension test. The res~lts from 

the soil column test could, therefore, be readily related ta the results from the soil 

suspension test. 

If the concentration of acid in the permeant solution ha<! been prepared at 2.5 x 

10-4 mol· L-l, the pH of solution would have been around 3.6. This level of pH is 

close to the pH of acid rain (Lilieholm and Feagley, 1988). However, if this solution had 

been used in the test, the numbers of pore volume required to achieve a cumulative acid 

applied of 0-200 cmol H+ kg-lsoil would have been considerably time consurning. 

Therefore, in order ta accerela.te the procesB, the permeant 8olution Wa3 prepared by 

having an acid coucentration of 0.25 mol L-1 with a pH of 0.6. The solution, when 

leac.hed through the sail colum.n, resulted in a cumulative acid applied to soil of 0, 10, 

20, ... ,200 cmol H+· kg-l sail at increaaing pore volumes of 0, 1, 2, .,. ,20. 

Likewise, another permeant solution wa.s also prepared. at a lower a.cid concentra

tion of 0.025 mol· L-1 with a. pH of 1.6. This solution, when leached through the soil 

column, reoulted in a. cumulative acid applied of 0, 1, 2, ... ,20 cmol H+· kg- 1 soil 
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as a pore volume iDcreased from 0, l, 2, ... ,20 respectively. 

In 8ummary, two sets of the three 'IDil columns were prepared. One set was leached 

with permeant solution having an a.cid concentration of 0.025 mol L -1 with a pH of 

1.6 (referred to as a low acidic permeant solution). The other set was ieached with 

a permeant solution having an acid concentration of 0.25 mol· L - i with a pH of 0.6 

(referred to a.s a high acidic p\~rmean, solution). Effluents from the Boil columns were 

colleded at every pore volume up to 20 pore volumes. 1he effluent pH and effiuent 

concentration of heavy metals in every pore volume were measured, The results of the 

measurement are provided in Table A--36 to A-41 of Appendix A. 

Figures 4.37a and 4.37b show t;"~ effluent pH as a. function of pore volume in 

the ïllite soil column when the low and high acidic permea.nt solutions were applied 

respectively. The same relationship is also given for the natura! clay soil and kaolinite 

soil columns as shown in Figs. 4.38a--4.38b and Figs 4.39a-4.39b respectively. Note that 

the corresponding V't1lues of a cumulative a.cid applied for ea.ch pore volume are provided 

at the bot tom of the graphs. The results of heavy metal movement in the illite, natura! 

clay soil, and kaolinite are aIso plottitcl. in the graphs in terms of a relative concentration 

(C./Co) versus pore volume. Note also tha.t the œlative concentration ia the ra.ti') of the 

column effluent concentration (Cs) and the column influent concentration (Co). The 

resultant curve is generally called the "breakthrough curve" and the breakthrough point 

of the curve for a given element ia obtained when the column effluent concentration 

equals the influent concentration and has il. relativ~ concentration value of one. The 

value of one indicates that a Boil column could ne longer retain the element. 

The decrease in the effluent pH 30t increasing pore volume of the illite soil column 

as shown in Fig. 4.37a was small aB compared to the decrease in the effluent pH shown 

in Fig. 437b. When the low a.cidic permeant oolution WaB used, the effluent slowly 
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1 
dropped from 8 to 7 (from pore volume 1 tu 20) whereas the effluent pH dropped from 

8 ta 3 at the sa.me range of pore volume when the high a.cidic solution was used. The 

breakthrough curves of the metals in Fig. 4.3730 are much lower than in Fig. 4.37b 

which mean that the metals were more mobile when the soil columns were leached 

with the high acidic permeant solution than with the low acidic permeant solution. 

The amount of J.Cid input in the sail column when it was leached with the high acidic 

permeant solution is ten times greater than when it was leached with the low acidic 

one, thu8 resulted in a faster drop of the sail pH and a lower retention of heavy metals 

in the soil column, 

In Fig. 4.3730, as the effluent pH slowly dropped from 8 to 7 (from pore volume 1 

ta 20), the relative concentration of Pb and Cu remajned at zero, whereas the relative 

concentration of Zn a.nd Cd began to rise a.t pore volume 10 (Fig, 4.37a). This indkates 

that Pb and Cu cou Id still be retained in the soil column while Zn and Cd began to 

migrate from the column w hen the cumulative acid applied exceeded 10 cmol H+· 

kg-l SOlI. The results correspond to the results from the soil suspension test that the 

illite soil can retain less amount of Zn :ind Cd than Ph and Cu. 

In the sase wh en the high acidic permeant solution was used, the effluent pH 

decreased from 8 ta 5 w hen the cumulative acid applied reached 60 cmol H+ . kg-1 soil 

and from 5 to 3 when the cumulative acid appl1ed exceeded 150 cmol H+· kg- 1 soil 

(Fig. 4.37b). These changes of pH resulted in the changes of movement pattern of hea.vy 

metals. The rela.tive concentratiolls of the metals, especially Pb and Cu, were stilliow 

at pore volume 1-6. After pore volume 6 (when the cumulative acid applled exceeded 

60 cmol H+· kg-lsoil), the effiuent pH dropped to < 5 and the relative concentrations 

of the metals increased sharply, parlicularly Zn and Cd. The relative concentrations 

of Pb and Cu were lower than for Zn and Cd. These results indicate tha.t the mobility 
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order of the heavy metals in the illite soil column follow8 Pb < Cu < Zn ~ Cd. Tyll'! 

and McBride (1981) also found the same trend of heavy metal mobility order in their 

study. AIso, the results correspond to the results from the sail suspension test that the 

selectivity arder of the heavy metal retention in the Boil are Pb> Cu > Zn ~ Cd. 

It can be seen from Fig. 4.37b that the breakthrough points of Pb and Cu 

were around pore volume 12 and 11 when the cumulative acid applied reached 120 

and 110 cmol H+· kg- 1 soil respectively, and the effluent pH became lower than 4. 

The breakthrough points of Zn and Cd were around the same pore volume of 8 (80 

cmol H+· kg- 1 soil) and the effluent pH became lower than 5. These breakthrough 

points reveal that the soil column could no longer retain the heavy metalB. The rela

tive concentration of the heavy metals increased beyond the breakthrough points (i.e., 

Ci/CO> 1), which indicates that the effluent concentrations of the hea.vy metals be

came higher than the influent concentrations. The plausible explanation of these results 

is that heavy metals which had already been retained in the soil became remobile. The 

remobilization of heavy metals could be due ta the dissolution of heavy metals that are 

retained in soil by precipitation mechanisIIU3. Another cause of remobilization includes 

the replacement of the heavy metals which are retained on exchangeable sites of the 

soil by H+ as tho: cumulative acid applied increases. The phenomenon of CI/CO > 1 

was also observed by Warith (1987) but only in the case of cation such as Na+, and 

K+, - when the effluent pH of soil columns were around 7. 

Figures 4.38a and 4.38b show the relationship of effluent pH and heavy metal 

relative concentrations as a function of pore volume in the natural clay soil columns. 

The reductiou of effluent pH of the soil colum.r... when the low a.cidic permeant solution 

was used (FigA.38a) is rumilar to that of iilite. This resulted in the similar curves of 

Ci/CO versus pore volume. Ali Pb and Cu were retained in the soil column !:lut small 
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amounts of Zn and Cd began ta migrate frûm the sail column 3.t pore volume 9 (1 pore 

volume less than illite). The reduction of effiue:lt pH, when the high a.cidic leachate 

solution was leached, Wa.3 higher in the natural clay soil thtm ia Elit\:: (see Figs.4.37b and 

4.38b). The relative concentra.tions o{ the heavy metals began ta increase sharply after 

pore volume 5 or alter the cumulative acid applied exceeded 50 cmol H+ kg-l soil 

w hen the effluent pH dropped to ~ 5. The relCl.tive mobility order of the metals in the 

natural clay roil column followed Pb < Cu < Zn < Cd which 18 the same as for illite. 

The breakthrough points of Pb t1nd Cu were at pore volume 11 and 10 respectively 

whereas the breakthrough points Zn and Cd were at the same pore volume of 7.5. After 

the bre ".kthrough points, the relative co::....centration values of the metals also increased 

as in illite. It cau be se en from the above results that heavy me\.als were more mobile 

in the natura! clay Boil than in illite. Pb and to a. lesser extent Cu were less mobile 

than Zn and Cd. No heavy metal migrated from the soil ,:oluIDns if the cumulative 

acid applied did r.ot exceed 10 and 9 crnol H+· kg-l soil for the illite and natura! 

clay soil respectively (for the low acidic permeant solution :n Figs. 4.3730 and 4.38a). 

A dramatic increase in the mobility of heavy metals (par'ulcù.larly Zn and Cd) occurred 

when the cumulative acid applied. was > 60 cmol H+ . kg-l sail for the illite and > 50 

cmol H+· kg-lsoil for the natura! clay 80il '/hich are the points where the effluent 

pH dropped to S 5. 

For the kaolinite sail column, the changes in effluent pH ôl3 a functian oi pore 

volume and the brea..kthrough curves of heavy metaJa are shawn in Fig!3. 4.39a and 

4.39b. When the lo\\' 1Cidic perDleant solution was used, the effiuent pH decreased 

from 4.5 to 1 as the pore volume increased. from 1 ta 20 (Fig. 4.39a). The effluent pH 

dropped sharply from 4.5 to l at the very begiuning of the curve when the hlgh acidic 

permeant wlution was applied. (Fig. 4.39b). The pH remained at the very low value of 
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< 1 throughout the whole range of pore volume. These drops of pH resulted in high 

values of relative concentration of the heavy metals which indicates the high mobility 

of heavy ... "1.etals :n the soil coluIDD as seen from the breakthrough curves in Fig. 4.39a 

and 4.39b. The mobility of the heavy metals in the soil column is not much different 

from each other. 

It can be concluded from the above results that heavy met ,JB are more mobile 

in the kaolinite than in the natura! clay soil and illite respectively. The differences 

in the movement of heavy metals among the soil columns as the columns receive a . 
continued load of acidlc heavy metal·leacbate solutions are due ta the differences in the 

soil buffer capa.city, i.e., the resistance of the soil to a. change in pH which is caused 

by severa.! soil constituellta. The heavy metals are le88 mobile in t.he illite which has 

higher buffer capacity t han the natura! clay soil. ffjgh mobility of heavy metals occura 

in the kaolinite because the BOil has low initial pH aud buffer capacity. 

The relation between the 80il buffer capacity and the heavy metalB movement in 

soils can be clearly seen when the results from the soil suspen8ion test are compared 

with the results from the Boil column test. Fig. 4.40 compares the results of the pH

acid titration curves (Fig. 4.22a), the amounts of heavy metê.ls retained as a function 

of acid addition (Fig. 4.23a), and the breakthrough curves (Figs. 4.37a-4.37b) of the 

illite. 

It can be seen that the reduction of the soil solution pH when heavy rnetal and 

leachate 18 inv~')lved (Fig. 4.22a.) is similar to the redudion of the effluent pH of 

the soil column (Fig. 4.37b). For example, the pH reduced to 5 when acid applied 

reached 60 cmol H+· kg-l sail and from 5 ta 3 when acid applied exceeded 160 

cmol H+· kg-1soil. The reteJltion curves of heavy metals (Fig. 4.23a) correspond 

to the breakthrough curves (Fig. 4.37b) in that heavy metals are less mobile when 
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high amounts of hea.vy metals are reta.ined in the soil. Nearly 100% of Pb a.nd Cu 

a.re reta.ined when the amount oÏ a.cid added do es not exceed 60 cmol H+· kg-lsoil 

(Fig. 4.2330) which is at the same point of cumula.tive acid applied when ~he mobility 

of Pb and Cu begin to increa.se sharply (Fig. 4.37b). This point i8 a.lso the point 

that the soil 8olution pH and the efIiuent pH drop to < 5. In the case of Zn and Cd, 

nearly 100% vf them retained only at the a.cid added of 1-10 cmol H+· kg-l soil (Fig. 

4.23a) whil~ Zn a.nd Cd begin to migra.te from the soil column as the cumulative acid 

applied exceeds 10 cmol H+· kg-lsoil (Fig. 4.3730). This value of cumulative acid 

applied corresponds to the effluent pH of ::; 7. In addition, th~ mobility order of the 

heavy metals in the soil column follow8 Pb < Cu < Zn S Gd which corresponds to the 

seledivity order found in the illite in the soil suspension t~8t (Fig. 4.2330). 

Figure 4.41 compares the results of the pH-acid titration curves (Fig. 4.22c), the 

a.Mounts of heavy meta.ls retained as a fundion of acid addition (Fig. 4.2&), and the 

breakthrough curves (Figs, 4.383,-4.38b) of the natural clay Boil. The same relationship 

between the results from the Boil suspension test and the soil column test was found 

as in the case of illite. For example, the redudion soil solution pH (Fig. 4.22c) and 

effluent pH (Fig. 4.38b) are similar. The drop of Pb and Cu retention from 100% 

retained and a dramatic !ncrea.se LI the mobility of Pb and Cu occur at the same acid 

applied, i.e., 50 cmol H+· kg- 1 soil (Figs. 4.23c and 4.38b) where the soil solution 

pH and effluent pH decrease to < S (Fig. 4.22c). Zn and Cd begin to migrate from the 

soil column at the cumulative acid applied of 8 cmol H+· kg-lsoil (Fig. 4.38a) w here 

the amountB (lf Zn and Cd reta.ined drc p sharply (Fig. 4.23c). The mobili"}' order of 

the heavy meta.ls in the soil column follow8 Pb < Cu < Zn ~ Cd which curresponda 

to the selectivity order found for the na.tural clay soil in the soil suspension test (Fig. 

4.2&). 
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Figure 4.42 compares the results of the soil suspension test of kaolinite (Figs. 4.22d 

and 4.23d) with the results from the soil column test (Figs. 4.39a-4.39b). It can be 

seen from the above figures that ~he drop in effiuent pH of the kaolinite soil column 

(Fig. 4.39b) conesponds to the drop in ~he kaolinite soil solution pH (Fig. 4.22d). As 

expected, the low initial pH of kaolinite and the dramatic decrease of the soil solution 

pH a.nd the effiuent pH result in the low retention and high mobility of ~eavy metals 

in kaolinite (see Figs. 4.23d, 4.393, and 4.39d). 

It can be clearly seen from the above comparison that the determination of the soil 

butter capacity by pH-acid titration could give us sorne idea of how heavy metals might 

be retained or migrate in the soil. In addition, the study on heavy metai retention by 

soilsuspensior test could be used to predict the heavy metal movement in Boil column. 

The above results and discUBBion can be summarized as follows : 

(i) The capa.city of the soil column to retard or attenuate heavy metals as it receives 

a continua! heavy metal·leachate solution depends on the concentration of acid in the 

solution and on the buffer capa.city of the soil. 

(H) Movement of heavy metals in the clay Boils foilows the order illite < natural 

clay sail < < kaolinite which corresponds to the results from the soil suspension test, 

Le., the retention of heavy metals in the clay soiIs follows illite > natural clay Boil> > 

kaolinite. 

(iii) Mobility of heavy metals follows the order Pb < Cu < Zn ~ Cd in the illite 

and Pb < Cu < Zn ~ Cd in the natural clay soil whereas the mobility of heavy 

metals in the kaolinite does not show much difference for ea.ch heavy metals. The order 

corresponds to the seledivity order found in the soil suspension test. 

(iv) The comparison of the results from the soilsuspension test and the soil column 

test shows a very close rela.tion of the results. This indicates that the soil suspension 
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test could be used ta predict the heavy metal movement in soil. In a.ddition, the 

determination of son buffer capacity by pH-acid titration could give a gener2J view of 

the change in the sail pH if the sail receives increasing amounts of acid. 

(v) Without the experiment on heavy metal retention or heavy metal movement, 

the pff-acid curve could give us some idea of how heavy metals might be reta:lled 

or migrate in the soil. Results of the experiment 011 heavy metal retention by sail 

suspension test or heavy metal movement by soil column test performed in this study 

confirm that the retention or movement of heav:, llletals in soil could be predicted by 

the pH-acid titration curve of the soil. 

(vi) The results obtained from the determination of soil buffer capacity, the exp er

imellt on soil suspension test, the sequential extraction analysis, and the experiment 

from soil column study provide a good picture of the role of soil buffer capacity on the 

retention of heavy metals in soils. 

(vii) An observation which could be drawn from these soil suspension and soil 

column tests is that if the pH of the leachate remains high (?:: 7), the heavy metal 

migration would not likely occur. TLis observation is also found in the study by Yang 

et al. (1986) and Yanful et al. (1988a and 1988b). However, if the pH of leachate is 

aff~cted, for example by acid rain, the migration of heavy metals would possibly occur. 

The de~ 'ee of migration depends on leachate pH, soil pH and its buffer capacity. The 

determination of soil buffer capacity would give information which cou Id describe the 

susceptibility of the soil to reta.in heavy metals. Moreover, the detenu1nation of soil 

buffer capacity could help in. the selection of a landfill site, along with other geolcgical 

and physical {a.ctors that ha.ve to be considered in the site selection. 
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5.1 Concluding Remarka 

CHAPTER 5 

CONCLUSIONS 

This r~earch work concentrated mainly on the study of the significance of pH and 

Boil buffer capacity in the retention of heavy meta.ls by clay soils. Due ta an increased 

interest in the effect of acid rain and acid wastes on soHs, the emphasis of the study 

was on the capacity of soil to ret::Jn heavy metals as 80ilB received increasing amounts 

of acid. The investigation of the relaticm of soil buffer capacity and the capacity of 

soil to retain heavy metals was conducted bath by soil suspension test and soil column 

test. The experiments for both kinds of tests gave several useful resu1ts which were 

discussed in the previous chapter. The interes~ing observations and conclusions of the 

study may be drawn here as follows : 

(1) When soH receives increasing amounts of acid, changes in the soil pH could 

be small or large depending on the buffer capacity of the soil. Determination of soil 

buffet. capacity by pH-a.cid titration gives uBeful informa.tion on the resistance pattern 

of the soH to pH changes. The buffer capacity of sail in this study depends mainly 

on 80il carbonate content and oùil C.E.e. value. The kaolinite used in this study has 

a low initial pH and very low buffer capacity due ta its low C.E.e. value, and has 

no significant amount of any other sail constituent. The illite has a hig!: irütial pH 

and the highest butfer capa.city because of its hlgh carbonate content - in relation ta 

the other clay soils used. The montmorillonlte does not have any significant amount 

of carbonates; howev~r, it has the ~ond highest buffer capa.city due ta its very high 
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C.E.e. value. The natura! clay soil has sorne significant amounts of amorphous and 

organic content but has less C.E.e. value and carbonate content than illite. The buffer 

capacity of the natural cla.y soii is lower than tha.t of illite and montmorillonite but 

much higher than that of kaolinite. 

(2) The capa.city of sail to retain heavy metals ~ the soil receives acidic heavy metal 

1301ution depends directly on its buffer capacity. The sail with high buffer capacity lIas 

the capacity to retain high amounts of heavy metalB for a larger range of acid input 

or for a longer period of tirne compC:.\I'ed ta sail with low buffer capacity. However, 

soil has a limited capacity ta rehin heavy metals if its buffer capacity diminishes. An 

increasing load of a.dd ca.n leM ta exhaustion of soil buffer capacity which results in 

rapid redudion of heavy metal retentiQn in soil. It was found from this study that 

high amounts of heavy metals (partîcularly Pb and Cu) can still be retained in soils 

as long as the soils can resist a cha.nge in pH without allo\,ring the pH to drop ta 1e88 

than 5. In a.ddition, the retention curves of heavy metals presented. as a function of Boil 

solution pH alone cannot fully explain the differences in heavy metal retention among 

soils wlthout considering the concept of soil buffer capacity. 

(3) The buffer capacity of soi1 and the capa.city of soil ta retain h~avy metals are 

aft'ected when the solution of heavy metals applied has several solution compositions 

within. The amounts of heavy metals retained in sails decrease as the application 

of heavy metal solution ta soils changes from separately applied to compositely ap

plied and compositely applied with 1eachate. Competitive effects among heavy met

aIs and interference of severa! components from the leachate are invülved. However, 

the selectivity arder of heavy metal retention remains the same. The order follow8 

Pb> Cu> Zn> Gd in illite, montmorillonite, and natura.! clay soil pa.rlicularly when 

the soils are at rugh pH. The arder follows to Pb > Cd > Zn > Cu in kaolinite and 
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when montmorillonite soil is at low pH. 

(4) Sequential extraction analysis performed in this study reveals that the domi

nant retention mechanisffis of heavy metals are precipitation mechanisms when soil i8 

at high pH. It was found that as snil pH decreases, precipitation mechanisms become 

le88 important; cation exchange mechanisil1 becomes more dominant resulting in the 

reduction of amounts of heavy meta.ls reb.ined in sail. Heavy metals ca.n precipitate as 

hydroxides and/or carbonates dependiD~ on soil componeiLts. Precipitation of heavy 

metals by both phases are responsible for high amounts of heavy metals retained in 

the illite and natura! clay soil whereas precipitation by hydroxide and cation excha.nge 

phases are respousible for high ahlounts of heavy metals retained in the montmorillonite 

soil. 

(5) It was found from the soil column study that the capacity of soil to retard or 

attenuate heavy metals as it receives continuai heavy metal-leachate solution depends 

on the concentration of acid in the solution and the buffer capacity of soil. Migration 

of heavy metals iB very high in the kaolinite soil compared to the other 8Oi18. Heavy 

metals are less mobile in the illite soil than in the nah1ral soil. No movement of heavy 

metals out of the sail colullln occurs while the effiuent pH of the soil columù is still high. 

Relative mobility of the metals in soil columns follows the order Pb < Cu < Zn ::; Cd. 

The results correspond to the results of heavy metal retention in the soil suspension 

test. 

(6) The experiments on soi1 buffer capacity detennination, heavy metal retention 

by soil suspension test, and heavy llletai movelllent in soil column test provided the 

relation of Boil buffer capacity wjth the capaclty of soil to :::.ttenuate heayy met aIs when 

acid is involved. The resuHs obta.int.d reveal that dctermination of soil buffer capacity 

by pH-acid titration can be used as an indirect tool to predict heavy metal migration 
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in soil. 

From the ab ove conclusions, it i8 recommended from thi8 study that the soil butrer 

capacity is a parameter that should be included in the determination of soil properties 

along with other parameters su ch as C.E.e., pH, surface area, mineraI composition, 

etc. The determination of soil buffer capa.city by pH-acid titration is basically simple, 

less time consumiug, and reliable. This recommendation i8 àirected primarily toward 

the determination of wH properties for the purpose of la' . 3poSal site selection where 

the effect of acid rain or acid. wastes could be involve- . Île recommendation i8 also 

toward land application of sludge, waste streams ar leachate, where changes in pH and 

accumulations of heavy metala in topsoiIs are likely to aceur. 

In addition, the experimental method for heavy metai retention by 80il suspension 

test perfonned in this study could be applicable in the prediction and prevention of 

groundwater contamination. This i8 a contamination that could be caused by disposaI 

of industrial and municipal wastes to landfills, where the wastes may drastically alter 

the pH and composition of leachate. 

5.2 Suggestions for Fnrther Studies 

(1) The concept of soil buffer capacity should aIso be applied to other groups of 

contaminants in which their retention in soil could be affacted by pH such as organic 

a.cids. 

(2) Thel'e could be an extension of the present work on the buffer capacity of the 

other groups of soiIs such as organic soiIs. 

(3) As weil as physical and chemical parameters that are used in the development 

of a mathematical model for predictive purposes of heavy metal migration in soil, the 

136 



----------------------------- ---- - ----- --- -- ---

, 
additi",: 01 the Boil buffer capacity in the modelshould be exercised. The model would 

Fl, .de better results of heavy metal movement in soil. 

(4) The concept of soil buffer capacity could be used in the study of the effect of 

simulated a,cid rain on soils and Hs capacity ta attenuate contaminants. 

(5) Further study should be perfarmed on the use of soil with high buffer capacity 

in the treatment of acid wastes such as mining wastes or sorne indus trial wast es with 

considerable concentration of heavy metals. 

(6) A study on the application of materials such as lime to increase the buffer 

capacity of soil which act as a barrier in a. landfill site could be further conduded. 

131 



STATEMENT OF ORIGINALITY 

To the best of the a.uthor's knowledge, this study represents the following contribu

tion toward the pra.ctical approa.ch in the area of heavy metal contamination problem 

in land application and disposaJ of wastes : 

(1) The concept of soil buffer capacity was first applied in the field of land disposaI 

to investigate the capacity of soil.s to attenuate heavy metals. 

(2) The soil buffer capacity was found to be diredly related with the retention of 

heavy metals in soils w hen acid is involved in the system. 

(3) The use of sequential extraction analysis provided a clear picture of how heavy 

metals were retained in soil a.t different soil bufferring conditions. 

(4) The soil buffer capacity was recommended as a parameter that should be 

included in the determination of soil properties for the purpose of land application and 

disposa! of ',vastes. 
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Table A-1 : pH-acid titration data of the four clay soils 

acifl in?u. pH of soil solution 
(cmolH+ jk(}8oil) 

blank Kaolinite illite montmorillonite natural soil 

0 1.00 • .43 8.17 1.11 1.82 
1 3.00 •. 00 7.82 7.44 

10 2.06 2.44 6.91 6.93 
211 1.15 1.93 6.45 6.64 6.39 
30 1.52 1.71 6.07 6.07 
40 1.40 1.60 5.88 6.56 5.15 
50 1.30 1.46 5.73 5.38 
60 1.22 1.39 5.65 6.01 5.11 
70 1.15 1.33 5.58 •. 32 
80 1.10 1.29 5.44 5.33 3.85 
90 1.05 5.28 4.01 3.36 
100 1.00 1.22 5.17 2.87 2.72 
110 0.96 4.92 2.49 
120 0.92 1.14 4.82 2.03 2.31 
130 4.48 
140 0.85 1.08 3.57 1.72 2.10 
ISO 2.96 
160 0.80 1.00 2.79 1.51 2.01 
180 0.74 0.96 2.31 1.34 1.72 
200 0.70 0.93 1.82 1.29 1.65 
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Table A-2 : Add input and buffer capacity data of the four clay sow. 

acid input(I)l and buffer capacit)'(2)2 of soils 

blank kaolinite illitp montmorilloni te natura! soil 

(1) (2) (1) (2) (1) (2) (1) (2) (1) (2) 

0 0.1 0 3 0 5 0 13 0 15 
5 15 5 6 5 9 20 42 5 12 
10 30 10 15 10 12 ~O 72 10 14 
15 40 15 35 15 11 GO 56 15 18 
20 55 20 50 20 24 80 1G 20 22 
25 75 25 70 25 37 90 8.5 25 28 
30 90 :>ü 90 30 52 100 15 30 34 
35 100 35 100 35 G6 120 40 35 35 

{O 72 140 75 40 35 
50 90 170 120 45 34 
60 97 200 200 50 31 
10 97 55 28 
80 83 60 22 
90 64 65 15 
100 55 70 12 
110 50 75 10 
120 41 80 10 
130 15 85 11 
1~ 9 90 13 
150 28 95 19 
160 50 100 30 
170 57 105 U 
180 70 110 60 
190 77 ll5 85 
200 82 120 100 

1 unit = cmol H+ . kg- 1 soil 
2 unit = (emoi/kg soil)/pH 

ISO 
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Table A-3 : pH aJld buffer capacity data. of the four clay soils. 

pH(I) anà buffer capacity(2)· of soils 

blank kaolinite ùlite montmorillonite natural ,>oil 
-

(1) (2) (1) (2) (1) (2) (1) (2) (1) J?) \M 

151 100 1.70 100 1.82 82 1.40 100 2.31 100 
1.52 90 1.71 90 2.31 70 1.80 75 2.49 60 
1.68 50 1.90 50 2.79 50 210 40 2.72 30 
1.90 30 2.44 15 2.96 28 3.00 15 3.36 13 
2.10 20 3.00 (5 3.57 9 3.90 8.5 3.85 10 
2.25 12 4.43 3 4.48 15 5.10 16 4.32 12 
2.50 5 4.82 41 6.10 56 5.11 22 
3.00 1 ~.92 50 6.50 72 5.38 31 
7.00 0.1 5.11 55 6.80 42 5.75 35 

5.28 64 7.80 13 607 34 
5.44 83 6.38 22 
5.58 97 6.93 14 
5.65 97 7.39 12 
5.73 00 1.82 15 
5.88 72 
6.07 52 
(H5 24 
6.91 12 
7.41 9 
8.17 5 

• unit = (emoI/kg sOil)/pH 
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Table A-oi: pH and Pb retention in illite at different concentrations of Pb applied ta the soù and at 
increasing amounts of acid input. 

5.0 x 10-5 5.0 x 1O-~ 5.0 x 1O-~ 
add input (0.05 emol·kg- 1 sail) (0.5 cmol kg- 1 sail) (5.0 cmal-kg- 1 sail) 

(emoi/kg sail) pHI retainffi1 pHI rctained2 pHI retained~ 

0 7.76 0.05 723 05 1.06 50 
10 6.86 0.05 6.67 0.5 6.59 50 
20 6.oi5 0.05 6.21 0.5 6.10 5.0 
30 6.18 0.05 5 g() 0.5 5.90 50 
40 5.97 0.05 5.76 0.5 5.63 5.0 
50 5.82 0.05 5.61 0.5 5."9 5.0 
60 5.68 0.05 5,47 0.5 5.26 ~ 95 
70 5.59 0.05 516 0.5 5.03 4 15 
80 5,42 0.05 4.85 0.49 4.63 4.5 
90 5.33 0.05 4.68 046 4.30 4.05 

100 5.09 0.05 4.40 0.415 4.03 2.9 
110 4.83 0.05 4.12 0.385 3.98 2.2 
120 4.72 0.05 3.90 0.31 3.11 1.85 
140 3.50 0.04 3.12 0.24 2.H 1.1 
160 2.60 0.025 2.05 0.18 1.87 0.75 
180 1.96 0.015 1.75 0.12 1.54 0.6 
200 1.67 0.01 1.54 0.09 1.42 0.4 

1 of sail solution 
2 amount of Pb retained in cmol·kg- 1 soil 
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Table A-5 : pH and Pb retention in montmorillonite a.t ditrerent concentrations of Pb applied to the sail 
and at incrE'asing amounts of acid input. 

5.0 x 10-5 5.0 X 10-· 5.0 x 10-3 

acid input (0.05 cmol·J.g-l SQil) (0.5 cmol·kg- 1 soil) (5.0 cmong- 1 soil) 

(emoI/kg soil) pHI retamed~ pHl retruned2 pHl retained2 

0 1.53 0.05 1.15 0.5 6.98 5.0 
10 1.16 0.05 0.91 0.5 6.84 5.0 
20 684 0.05 6.bl 0.5 6.56 5.0 
30 6.59 0.05 6.41 0.5 6.38 4.g 
40 6.47 0.05 6.36 0.5 6.19 4.8 
50 6.30 0.05 6.04 0.5 5.95 4.1 
GO 5.98 0.05 5.87 0.5 5.77 4.6 
10 5.72 0.05 5.55 0.48 5.41 4.5 
80 5.31 0.05 5.21 0.45 5.08 4.2 
90 3.99 0.05 3.95 0.43 3.82 3.1 

100 3.21 0.049 3.02 0.39 2.97 3.2 
120 2.43 O.O~ 2.15 0.34 2.14 2.1 
ua 2.17 0.035 2.01 0.31 1.98 2.3 
160 2.01 0.029 1.09 0.26 1.81 18 
180 1.88 0.027 1.74 0.23 1.66 1.6 
200 1.65 0.024 1.53 0.20 1.50 1.4 

1 of sail solution 
2 amount of Pb retained in cmol·kg- l soù 
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Table A-6 : pH and Pb retention in natura] clay soil at differeut coucentratious of Pb applied to the sOlI 
and at incrl'.asing amounts of aeid input. 

5.0 x 1O-~ 5.0 x 10- t 5.0 x 1O-~ 
acid input (0.05 cmol'kg- 1 soil) (0.5 cmol·kg- 1 soù) (5.0 emo!·kg- 1 soil) 

(emoi/kg soil) pHI retained~ pHI retained~ pHI retained~ 

0 7.50 0.05 7.14 0.5 6.48 50 
10 6.84 0.05 6.53 0.5 5.73 5.0 
20 6.13 0.05 6.08 0.5 5.29 49 
30 5.87 0.05 5.67 0.5 5.01 4.75 
.0 5.57 0.05 5,45 0.5 4.134 455 
50 5.23 0.05 5.11 0.5 433 405 
60 ~.83 0.05 4.71 0.48 4.16 3.8 
70 4.23 0.049 4.12 0.45 3.134 3,4 
80 3.47 0.048 364 0,40 .1.51 2.8 
90 3.25 0.045 3.09 0.36 3.03 2.45 

100 3.05 0.04 2.77 0.33 263 1.9 
110 2.62 0.035 2.59 0.27 2.54 1.55 
120 2.46 0.03 2,42 0.22 2.40 115 
UO 2.21 0.02 2.19 0.17 2.17 065 
160 2.09 0.015 2.05 0.12 1.96 0.5 
180 1.87 0.01 1.82 0.08 1.69 0.4 
200 1.63 o.oos un 0.06 1,48 0.25 

1 of soil solution 
2 amount of Pb retained in cmol·kg- 1 soil 
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Table A-7: pH and Pb retention in kaolinite al diff'erent conce.'trations of Pb applied to the sail and at 
increa.sing amounts of ar.id input. 

5.0 x 10-.5 5.0:< 10-4 5.0:< 10- 3 

add input (0.05 cmal·kg- l soil) (0.5 cmo!·kg-1 sail) (5.0 cmol-kg-1 soil) 

(emoI/kg sail) pHI retained~ pHI retallled2 pHI retamelP 

0 4.11 0.045 3.82 038 3.43 2.40 
10 2.H 0.015 2.11 0.19 2.08 1.130 
20 1.79 0.01 1.15 0.135 1.15 1.10 
30 1.64 0.008 1.60 0.105 1.56 0.95 
40 1.47 0.005 1.45 0.09 1.42 0.85 
50 1.40 0.005 1.38 0.07 1.35 0.75 
60 1.30 O.OOS 1.21 0.065 1.25 0.65 
70 1.24 0.005 1.21 0.06 1.18 0.55 
80 1.15 O.OOS l.a 0055 1.12 0.45 

100 1.07 0.005 LOS 0.05 l.02 0.35 
120 0.96 0.005 0.93 0.045 0.93 0.25 
140 O.g:! O.OOS 0.9 0.04 0.9 0.2 
160 0.87 O.OOS 0.84 0.035 0.84 0.15 
180 0.82 O.OOS 0.81 0.03 0.8 0.1 
200 0.78 0.005 0.17 0.025 0.15 0.015 

1 of soil solution 
Z amount of Pb retained in cmol·kg- 1 soil 
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Table A-8: pH and heavy metal reteution in illite at increasing amounts of add input wheu heavy 
metals were applied separately. 

Pb Cu Zn Cd 
add input 

(cmol/kg soLI) pHl retained~ pHl retaiued~ pHi retained:J pHi retaine<P 

0 7.27 1.00 735 1.00 7.65 100 796 096 
10 6.52 1.00 G.91 1.00 G.60 099 G85 0.9G 
20 6.23 1.00 6.61 1.00 636 0.95 6.35 088 
30 6.02 1.00 6.01 100 6.08 0.92 6.15 0.78 
40 5.71 1.00 5.75 100 5.89 0.88 5.91 0.70 
50 5.58 1.00 5.64 0.99 5.73 0.80 5.77 000 
GO 5.38 0.97 5.33 0.96 5.50 0.70 562 055 
70 5.28 0.96 5.29 0.93 5.37 041 5.47 0.50 
80 4.94 0.91 5.11 0.83 5.36 029 5.38 0.43 
90 4.78 0.78 5.10 0.76 5.24 0.23 5.22 033 
100 4.60 0.66 5.04 063 5.17 021 4.97 021 
110 4.30 0.59 4.72 0.50 5.00 O.lG 472 0.15 
120 4.14 0.48 4.63 0.38 4.82 0.14 4.52 0.13 
140 3.41 0.23 3.« 0.18 3.6G 0.12 3.56 0.00 
160 2.57 0.18 2.84 0.13 3.01 0.10 3.01 005 
180 2.06 0.14 2.30 0.10 2.74 0.06 2.75 0.04 
200 1.65 0.08 2.10 0.06 2.14 0.03 2.51 0.03 

i oC soil solution 
2 amount retained in cmol·kg- 1 soil 
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Table A-9 : pH and heavy met al retention in lUontlnorillonite at incre:s.smg amoullts of acid input wheu 
hesvy metals were applied 5eparately. 

Pb Cu Zn Cd 
acid input ------

(emoi/kg soil) pHI retain ed ll pHI retained ll pHI retained~ pHI retained ll 

() 6.65 1.00 126 0.91 139 1.00 1.45 0.96 
20 6.213 0.98 6.31 0.95 6.56 0.98 6.65 0.86 
40 6 . .1 ( 0.91 623 094 6.24 0.91 6.26 0.18 
130 5.67 0.96 6.06 0.92 6.00 0.86 5.52 0.12 
80 5.05 089 5.56 0.89 5.63 0.81 5.32 0.71 
90 3.75 0.83 4.01 0.80 4.26 076 382 0.69 
100 :::.94 0.77 2.68 0.61 2.90 0.68 2.84 0.61 
120 2.07 0.71 1.91 0.58 2.08 0.60 1.92 0.62 
HO 1.76 0.64 1.82 0.51 1.84 0.56 1.7! 0.58 
160 1613 0.56 !A9 0041 1.56 0.49 1.34 050 
120 157 051 1.46 042 1.41 0.« 1.24 0.46 
200 .\..31 0.45 1.39 0.36 1.21 0.31 1.13 0.38 

1 of soil solutioll 
\1 amount retained w cmoJ.kg- 1 soil 

Table A-10. pH and heavy metal retentioll in llatural clay soil at increasÎllg amounts of acid input wh eu 
heavy mt·tais were applied separately. 

Pb Cu Zn Cd 
acid input 

(cmol/kg 'l0l1) pHi retained2 pHI retained ll pHI retamed ll pHI retaine<P 

0 110 1.00 1.15 1.00 1.11 1.00 1.19 0.98 
10 627 100 6.41 1.00 6.49 0.93 654 0.92 
20 588 1.00 6.13 1.00 6 1J9 0.87 5.99 0.89 
30 5.64 1.00 5.82 1.00 5.82 0.84 S.78 0.75 
40 5.31 1.00 5.51 1.00 5.58 0.14 5.49 069 
50 4.89 1.00 519 0.98 5.25 0.63 5.23 0.60 
60 4,41 0.96 4.85 0.90 4.97 0.51 4.71 0.50 
70 357 0.83 3.73 065 3.99 0.45 4.42 0.43 
80 3.40 078 3.42 (' ~3 3.48 0.35 3.75 0.26 
90 3.12 0.10 3.09 0.31 3.18 0.29 3.32 0.16 
100 2.78 0.55 2.59 0.26 2.90 0.25 3.01 o.a 
110 2.51 0.41 2.52 0.18 2.74 0.18 2.90 0.11 
120 2.42 0.31 2.36 0.11 2.51 0.14 2.73 0.06 
140 2.19 020 2.18 0.06 2.34 0.13 2.52 0.05 
160 1.99 0.11 1.92 0.03 2.16 0.11 2.33 0.04 
180 1.83 0.12 1.13 0.03 1.96 0.08 2.16 0.03 
~OO 1.68 0.07 1.57 003 1.81 0.04 2.01 0.02 

1 of soil solution 
'2 amount retailled in cmoHg-t soil 
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Table A-ll : pH and heavy metal retention in kaolinite at increa.'!ing amounts of acid input when heayy 
metals were applied separately. 

Pb Cu Zn Cd 
acid input 

(emoI/kg soil) pHi retainedl pHI retained~ pHI retruned~ pHI retained'l 

0 3.70 0.65 378 045 385 0.49 395 051 
10 2.46 0.33 2.24 0.12 2.43 013 2.45 032 
20 2.12 0.17 1.92 0.12 2.05 012 210 0.14 
30 1.92 0.16 178 0.12 1.86 0.11 1.93 013 
40 1.81 0.15 1.66 U 12 1.73 009 181 011 
50 1.70 0.10 1.56 0.11 1.65 008 1.69 011 
fO 1.63 0.10 148 0.11 1.57 008 160 010 
10 1.59 0.08 1042 0.11 1.53 0.08 1.56 009 
80 1.49 0.07 136 0.08 1.45 0.07 150 009 
100 1.42 0.07 1.3.'. 0.07 1.36 007 l.U 008 
120 135 0.07 1.23 006 1.28 0.07 1.33 006 
140 1.2G 0.06 1.15 0.05 122 0.06 1.29 0.05 
160 1.24 0.05 1.12 0.04 1.19 0.06 125 005 
180 1.21 Q.04 1.07 0.03 1.12 004 121 004 
200 1.18 003 1.02 002 1.09 001 117 003 

1 of soil solution 
2 amount retained in cmol·kg- i sni! 

Table A-12: pH and heavy llletal retention in ùlite at iucreaslug alllouuts of add mput wheu lleavy 
metals were applied compositely. 

amount retained lU emoI/kg soù 
add input pH 

(cmol/kg SOlI) Pb Cu Zn Cd 

0 6.39 1.00 1.00 1.00 0.88 
10 587 100 1.00 0.86 0.62 
20 5M 1.00 0.98 0.17 0.52 
30 5.32 1.00 0.94 065 0.44 
40 5.21 100 0.92 0.45 0.37 
50 5.14 1.00 0.90 0.35 034 
60 5.01 0.99 0.17 0.27 0.29 
70 4.82 0.89 0.70 0.18 023 
80 4.67 0.78 0.51 017 0.20 
90 456 0.68 0.44 0.13 0.17 
100 4.35 0.50 0.38 0.12 0.13 
110 4.15 043 0.27 0.11 0.10 
120 4.08 0.41 0.22 0.10 0.06 
140 3.32 0.27 0.11 007 0.05 
160 2.74 0.16 0.10 0.06 0.03 
180 2.39 0.10 0.06 0.04 0.02 
200 2.15 006 0.03 0.02 0.02 
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Table A-13 : pH Wld heavy metal reteution in moutmorillonite at increasing amount'3 of acid input whell 
heavy metals were applied compœitely. 

amount rp.tained in emoI/kg sOlI 
acid input pH 

(emoI/kg 5011) Pb Cu Zn Cd 

0 6.19 1.00 0.95 0.98 0.93 
20 5.85 0.98 0.92 0.88 0.13 
40 5.61 0.94 0.89 0.80 0.64 
60 5.OS 0.90 0.84 0.65 0.56 
80 4.94 0.83 0.72 0.60 0.48 
90 3.81 0.61 0.56 0.51 0.46 
100 2.91 0.55 0.46 0.43 0.40 
120 2.01 OA4 0.37 0.36 0.34 
140 1.69 0.39 0.23 0.29 0.30 
160 1.46 0.33 0.18 0.27 0.26 
180 1.35 0.25 0.12 0.19 0.19 
200 1.27 0.24 0.06 0.09 0.15 

Table :\-14: pH ar-l ~eavy metal retelltion in natura! clay soil at increasing amounts of acid input when 
beavy metals were applied eompositely. 

amount retained in emoI/kg soù 
acid input pH 

(emoi/kg sail) Pb Cu Zn Cd 

0 6.33 1.00 1.00 0.96 0.90 
10 5.73 1.00 1.00 0.78 0.75 
20 5.40 1.00 0.97 0.64 0.62 
30 5.14 0.99 0.93 0.52 0.50 
40 5.00 0.98 0.90 0.36 0.40 
50 4.71 0.97 0.87 0.25 0.36 
60 4.39 0.94 0.70 0.21 0.30 
70 3.15 0.80 0.52 0.19 0.21 
80 3.39 0.12 0.39 0.17 0.18 
90 333 0.59 0.34 0.15 0.15 
100 2.78 0.41 0.20 0.12 0.13 
110 2.60 0.34 0.16 0.11 0.10 
120 2.47 0.31 0.09 0.09 0.07 
140 2.36 0.24 0.05 0.01 0.05 
160 2.14 0.14 0.02 0.04 0.03 
180 1.96 0.10 0.02 0.03 0.02 
200 1.91 0.06 0.01 0.03 0.02 
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Table A-15 : pH and heav-:' metal retention in kaolinite at intreasing amounts of add input wheu he.avy 
metals were applied compositeIy. 

acid input pH 
amount retained in emoi/kg soil 

(emoI/kg soil) Pb Cu Zn Cd 

a 3.57 0.43 0.22 034 037 
10 2.29 0.19 0.13 011 0.11 
20 2.02 0.11 0.11 0.10 0.10 
30 1.83 0.12 0.08 0.09 0.09 ... 
40 1.69 0.12 008 0.08 0.09 
50 1.59 0.11 0.06 0.01 0.08 
60 1.~9 0.11 0.06 0.01 0.08 
70 1,42 0.10 0.06 0.06 007 
80 1.37 0.09 0.05 0.05 0.06 
100 1.27 0.09 0.03 004 0.05 
120 1.22 0.08 0.03 0.04 0.05 
140 1.14 0.08 0.02 0.03 0.04 
160 1.09 0.07 0.01 0.02 0.02 
ISO 1.04 0.07 a 0.01 0.01 
200 1.03 0.03 0 0 0 
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Table A-16 : pH and heavy metal retention in illite at increasing amounts of acid input when heavy 
metals were applied compositely with Ieachate. 

amount rètained in emoi/kg soil 
acid input pH 

(emol/kgsoil) Pb Cu Zn Cd 

0 6.29 1.00 091 0.95 0.83 
10 5.64 0.98 0.95 0.82 0,55 
20 5.46 0.96 0.93 0.72 0.47 
30 5.15 0.95 0.91 0.55 0.36 
40 5.04, 0.93 0.89 0.42 0.32 
50 '.87 0.89 0.79 0.28 0.2' 
60 4.80 0.88 0.71 0.20 0.21 
70 4.70 0.80 0.53 0.18 0.17 
80 '.61 0.75 0,43 0.15 014 
90 4.49 0.71 0.37 0.13 0.11 
100 4.42 0.62 0.3oi 0.10 0.10 
110 '.23 0.57 0.26 0.10 0.09 
120 4.03 0.42 0.23 0.08 0.06 
aD 3.21 032 0.12 0.06 0.03 
160 2.19 0.20 0.08 0.03 0.02 
180 1.77 0.07 0.06 0.02 0,01 
200 1.48 0.02 0.02 0 a 

Table A-17 : pH and heavy metal retention in moutmorillonite at increasing amounts of acid input when 
heavy metnls were applied compositely with leacbate. 

amount retained in emoi/kg soil 
a.cid input pH 

(emoI/kg soil) Pb Cu Zn Cd 

0 6.81 1.00 0.94 0.98 0.91 
20 6.36 0.98 0.91 0.82 0.69 
40 6.06 0.92 0.82 0.68 0.57 
GO 5.49 0.84 0.75 053 0.47 
80 4.~ 0.73 0.61 0.48 0.42 
90 4.00 0.57 0.48 0.39 0.38 
100 2.98 a.38 0.38 0.32 0.35 
120 2.09 0.30 0.27 0.23 0.24 
ua 1.73 0.25 0.23 0.21 0.23 
160 1.55 0.19 0.12 0.14 0.11 
180 1.36 0.13 0.06 0.09 0.12 
200 1.31 0.11 0.04 0.06 0.10 
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Table A-18: pH aIid heavy metal retentioll in natura] clay soil at increasing amounts of acid input when 
heavy metals were applied corr ]ositely with leachate. 

amount retained in emoi/kg soU 
add input pH 

(cmol/kg soùj Ph Cu Zn Cd 

0 6.24 1.00 092 0.92 0.87 
10 5.76 0.97 0.91 0.68 0.72 
20 5.38 0.95 0.89 0.48 0.57 
30 5.11 0.93 0.87 0.38 0.41 
(0 4.89 0.90 0.19 0.34 0.38 
50 4.55 0.87 0.70 0.23 0.30 
60 4.18 0.84 0.62 0.19 0.20 
70 3.73 0.80 0040 0.12 0.15 
80 3.34 0.71 0.34 0.09 0.11 
90 3.22 0.61 0.20 0.08 0.09 
100 2.90 0.40 0.15 0.07 0.08 
110 2.68 0.30 0.08 0.06 0.07 
120 2.36 0.27 0.05 0.05 0.06 
140 2.16 0.23 0.03 0.03 0.03 
160 1.98 0.10 0 0.02 0.02 
ISO 1.76 0.04 0 a 0.01 
200 1.67 0.02 0 0 0 

Table A-19 : pH and heavy metal retention in kaolinite at increasing amounts of add input wheu heavy 
metals were applied compositely with leachate. 

amount ret3.llled in emoI/kg soU 
add input pH 

(emoI/kg soU) Ph Cu Zn Cd 

0 4.50 0.53 C 29 0.31 0.34 
10 2.32 0.20 0.12 0.10 0.11 
20 1.84 0.16 0.11 009 0.10 
30 1.62 0.12 0.09 0.08 0.09 
40 1.« 0.12 0.08 0.07 008 
50 1.35 0.11 0.07 0.01 0.08 
60 1.28 0.10 0.06 0.06 007 
70 1.20 0.09 0.06 0.06 0.06 
80 1.16 0.08 0.05 0.05 0.05 
100 1.02 0.05 0.03 0.03 0.04 
120 0.94 0.03 0.02 0.02 0.02 
140 0.92 0.02 0 0 0 
160 0.89 0.0 a 0 0 
ISO 0.85 0.0 0 0 0 
200 0.80 0.0 C 0 0 
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Tablp .'\.-20 : Pb retention in illite in different phases by sequential extraction .Ulalysis when heavy metals 
were appüed compositely with leachate. 

amonni retained in diJferent phases in emoi/kg sClil 
acid input pH 

(emoi/kg soil) exehangeable carbonate hydroxide organie residual 

0 685 0.17 0.50 0.31 0 0.03 
20 6.21 0.18 OA8 0.28 0 0.03 
40 5.93 0.20 0.45 0.23 0 0.04 
60 5.19 0.23 0.41 0.17 0 0.03 
80 4.59 0.21 0.28 0.11 0 0.03 
100 4:.41 0.31 0.10 0.18 0.01 0.03 
120 4.05 0.32 0 0.04 0.03 0.04 
UO 3.24 0.24 0 0 0.02 0.05 
160 2.21 0.11 0 0 0.01 0.02 
180 1.18 0.08 0 0 0 0 
200 1.50 0.02 0 0 0 0 

Table .\-21 : Pb retention in montmorillonite in diff'erent phases by sequcntial extraction anal)'sis when 
heavy metals were applied eompositely with leachate. 

acid input pH 
amount retained in different phases in emoI/kg soil 

(emoi/kg sol1) exchangeable carbonate hydroxide organic residual 

0 6.83 0.41 0.01 0.52 0 0 
20 6.55 0.43 0.05 0.41 a 0.02 
40 G.29 0.46 0.03 0.41 0 0.02 
60 5.48 0.46 0.01 0.33 0 003 
80 4.93 0.44 0 0.17 0 0.03 
100 3.37 0.36 0 0.02 0 0.0' 
120 2.15 0.29 0 a 0 0.03 
HO 1.80 0.23 0 0 0 0.02 
160 1.55 0.18 0 0 a 0.01 
180 1.34 O.H 0 0 0 0.01 
200 1.30 0.11 0 0 0 0 
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Table A-22 : Pb retentiou in natural clay soil in düferent phases by sequential extraction analysis when 
heavy metals were applied compositely with Ieachate. 

acid input pH 
amount retained in düferent phases in emoI/kg soil 

(emoi/kg soil) exehan geable carbonate hydroxide organie residllal 

a 6.29 0.17 0.37 0.46 0 0 
20 5.36 0.18 035 0.42 0 0 
40 4.93 0.21 0.29 0.37 a '0.01 
60 4.15 0.22 0.23 0.30 0.03 0.05 
80 3.35 0.25 0.12 0.29 0.04 0.05 
100 2.92 0.26 0.03 0.03 0.03 0.05 
120 2.34 0.24 0 0 0.01 0.01 
140 2.17 0.16 0 0 a 0.01 
160 1.99 0.10 a 0 0 0 
180 1.77 0.05 0 0 0 0 
200 1.64 0.02 0 0 0 0 

l'able .'\-23 : Pb retentio!! in kaolinite in difrerent phases by sequential e.,xtraction analysis wheu heavy 
metals were applied eompositely with leachate. 

amount retained in different phases in emoI/kg soil 
acid input pH 

(en.ol/kg soil) exchangeable carbonate hydroxide organic residual 

0 4.52 0.35 0 0.09 0 0.12 
20 1.86 0.15 0 0 0 0.02 
40 1.42 0.11 0 0 0 0.01 
60 1.25 0.08 0 0 0 0.01 
80 1.15 0.07 0 0 0 0.02 
100 1.01 0.05 0 0 0 0.01 
120 0.92 0.03 0 0 0 0.01 
140 0.91 0.02 0 0 0 0.01 
160 0.88 0 0 0 0 0 
180 0.86 0 0 0 0 0 
200 0.81 0 0 0 0 0 
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Table A-U: Cu retentior in illite in different phases by sequential e.xtraetion analysis when heavy metals 
were applied compositely wlth l('.aehate. 

amount retained in differeni phases in emoi/kg soil 
adll input pH 

(emoi/kg soil) ('xchan geable carbonate hydroxide organie residual 

0 685 0.17 0.46 039 0 0 
20 6.21 0.18 0.43 0.36 0 0 
40 5.93 019 0.33 0.35 0 0.03 
60 5.19 0.21 0.20 0.29 0 0.02 
80 4.59 0.22 0.12 0.15 0.02 0 
100 4.41 0.22 0.04 0.02 0.02 0.02 
120 4.05 0.16 O· 0.03 0.01 0.01 
HO 3.24 0.12 0 0 a 0.01 
160 2.21 0.08 0 0 0 0 
180 1.78 0.05 0 0 0 0 
200 1.50 0.02 0 0 0 0 
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Table A-26 : Cu retention in natura! clay soil in differeui phases by sequential e."(traetion aualysis whe~ 
heavy metals were applied composltely with lea.chate. 

amount reta.lned in different phases in emoi/kg 50\1 

a.cid input pH 
(emoi/kg sotl) t'xchangeable carbonate hydroXlde organic miduaJ 

0 629 0.19 0.29 0,45 0 0 
20 5.36 0.20 0.25 0,43 0 001 
40 4.93 0.21 0.19 0.35 0.02 001 
60 4.15 0.22 0.10 0.30 0.02 001 
80 3.35 0.20 0.03 0.02 0.02 0.02 
100 2.92 0.17 0 0 0.01 a 
120 2.34 0.05 0 0 0 a 
140 2.17 0.02 0 0 0 a 
160 L.9\) 0 0 0 0 0 
IBO 1.77 0 0 0 0 0 
200 1.64 0 0 0 0 0 

Table A-21: Cu retention in kaolinite in different phases by sequential extraction aualysis wh ~ll hcavy 
metals w{'re applied compositely with leachate. 

amount retruned in different phases in emoi/kg soil 
a.cid input pH 

(emoi/kg ~oiI) t"xch an geable carbonate hydroXlde organic mldual 

0 •. 52 0.20 0 007 0 0.01 
20 1.86 0.10 0 0 0 001 

40 1.42 0.07 0 0 0 0.01 

GO 1.25 0.05 0 0 0 0.01 

80 1.15 0.04 0 1) 0 0.01 

100 1.01 0.03 0 0 0 0.01 

120 0.92 0.02 0 0 0 0 

140 0.91 0 0 0 0 0 

160 0.88 0 0 0 0 0 

180 0.86 0 0 a 0 0 

200 0.81 0 0 0 0 0 
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Table A-28: Zn retention in illite in diH'erent phases by sequential extraction analysis when heavy metals 
were applied compositel)' with leachate. 

amount retained in different phases in emoI/kg soil 
acid input pH 

(cmol/kg soù) exchangeable carbonate hydroxide o rg-dIl IC residual 

0 6.85 0.12 0.30 0.54 0 0 
20 6.21 0.11 O.U 0.38 0 0 
40 5.93 0.20 0.02 0.08 0.01 O.O~ 

GO 5.19 0.1~ 0 0 0.01 0.03 
80 459 0.08 a a 0.01 0.02 
100 4.41 0.06 a 0 a 0.01 
120 4.05 0.04 0 0 0 0 
140 3.24 0.03 0 0 0 0 
160 2.21 0.01 0 0 a 0 
180 1.18 0 0 0 a 0 
200 1.50 0 0 0 0 0 

Table A-29: Zn retention ill montmorillouite iD different phases by sequelltial extraction analysis when 
heavy metals were applied compositely with leachate. 

amount retained in different phase!! in emoI/kg soil 
acid iDput pH 

(cmol/kg 5011) t'xchangeable carbonate hydroxide organic residual 

0 6.83 0.35 0.07 0.58 0 0 
20 6.55 0.36 0.05 0.39 0 0.02 
40 6.29 0.37 0.03 0.25 0 0.02 
GO 5.48 0.38 0 0.16 a 0.01 
80 4.93 0.33 0 0.10 0 0.03 
100 3.37 0.24 0 0.06 0 0.02 
120 2.15 0.21 0 0 0 0.03 
HO 1.80 0.17 0 0 0 0.04 
160 1.55 0.13 0 0 0 0.02 
180 1.34 0.08 0 0 0 0.02 
200 1.30 0.05 0 0 0 0 
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Table A-3D: Zn retention in natural clay soil in different rhases by sequential extraction a!l,ÙYslS wheu 
heavy metals were applied eompositely with leachate. 

amount retained in different phases in emoi/kg soil 
acid input pH 

(emoi/kg soil) exchangeable carbonate hydroxide orgaUic resldua! 

0 6.29 0.11 02. 0.58 0 0 
20 5.30 0.12 0.15 0.18 0 0 
40 4.93 0.13 0.L7 0.07 0.03 001 
GO 4.15 0.14 0.02 0.02 0.04. 0.02 
80 3.35 0.13 0 0 0 0.01 
100 2.92 0.10 0 0 0 0.01 
120 2.34. 0.01 0 0 0 0.01 
140 2.17 0.05 0 0 0 a 
160 1.99 0.03 0 0 0 0 
ISO 1.77 0.02 0 0 0 0 
200 1. 64. 0 a 0 0 0 

Table A-31 : Zn retentiou in kaolinite in diB'erent phases by sequential e:dractlOn analyslS wheu heavy 
metals were applied eompositely with Iea.chate. 

amount retained in dlfferent phases ln emoI/kg SOlI 
acid input pH 

(emoi/kg soil) exch3ngeable carbonate hy cl roxi d e orgalllc rrsIClual 

0 4.52 0.31 0 0 0 0 
20 1.86 0.08 a 0 a 0 
40 1.42 0.07 0 0 0 0 
GO 1.25 0.06 0 0 0 0 
80 1.15 0..05 0 0 0 0 
100 1.01 0.lJ2 0 0 0 0 
120 0.92 0.01 0 0 0 0 
140 0.91 001 0 0 0 0 
160 0.88 0 0 0 0 0 
ISO 0.86 0 0 0 0 0 
200 0.81 0 0 0 0 0 
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Table A-32: Cd retention in illite Î.Il different phases by sequential e.xtraction analysis when heavy llletals 
were applied compositely with leachate. 

amoun\ retained in different phases in emoI/kg soil 
acid input pH 

(emoI/kg 5011) t'xchangeable carbonate hydroxide orgauie residual 

0 6.85 019 0.24 0.32 0 0.03 
20 6.21 0.20 0.12 0.03 0.01 0.02 
40 5.93 0.20 0.03 0 0.02 0.02 
60 5.19 0.21 0 0 0.02 0.02 
80 4.59 0.15 0 0 0.02 0.02 
100 4.41 0.10 0 0 0.01 0.01 
120 .t.OS 0.07 0 0 0.01 0 
140 3.24 004 0 0 0 0 
160 2.21 0.03 0 0 0 0 
180 1.78 0.02 0 0 0 0 
200 1.50 0 0 0 0 0 

Table A-33 : Cd retelltion in montmorillonite in different phases by sequential e.xtraction analysis whell 
heavy met ais were applIed eompositely with leachate. 

amount retained in different phases ID emoi/kg soil 
acld input pH 

(emoI/kg 'l0l1) ex('nan gt'able rarbonate hydroxide organic residual 

0 6.83 0.45 0.07 0.36 0 002 
20 6.55 0.46 0.02 0.17 0 0.03 
40 G.29 0.45 0 0.05 0 0.05 
60 5 . .t8 0.45 0 0 0 0.03 
80 4.93 0.36 a 0 0 0.04 
100 3.37 0.30 a 0 0 0.04 
120 2.15 0.24 0 0 0 0.02 
140 1.80 0.19 a 0 0 0.02 
160 1.55 0.15 0 0 0 0.02 
180 LM 0.10 0 0 0 0.02 
200 1.30 0.08 0 0 0 0.01 
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Table A-34 : Cd retention in natura! clay soù in different phases by sequential e.xtraction a1jalyslS wheu 
heavy metals were applied compositely witb leachate. 

amount retained in different phases in emoi/kg soil 
acid input pH 

(emoI/kg soil) pxchangeable carbonate hydroxide OJ'ganic r!:'sidual 

0 6.29 0.24 0.30 0.32 0 0 
20 5.36 0.27 0.10 0.07 001 008 
(0 4.93 0.28 0 0 0.08 007 
60 4.15 0.18 0 0 0.02 1) 

80 3.35 0.12 0 0 0 
100 2.92 0.08 0 0 0 
120 2.~ 0.07 0 0 0 Ü 

140 2.11 0.05 0 0 0 0 
160 1.99 0.03 0 0 0 0 
180 1.71 0.01 0 0 0 0 
200 1.G4 0 0 0 0 0 

Table :\.-35 : Cd reteution in kaolinite in düferent phases by sequential e.'\iraction aualYS1!l wheu heavy 
metals were applied compositely with leachatt>. 

amount retamcd in di1ferent pbases in emoI/kg soil 
acid input pH 

(emoi/kg soù) (>xchangeable carbonat(> hydroxide organic f('Sld ual 

0 4.52 0.35 a 0 0 0 
20 1.86 0.09 a 0 a 0 
40 1.42 0.08 0 a 0 0 
60 1.25 0.07 a 0 0 0 
80 1.15 0.06 0 0 0 0 
100 1.01 0.05 a a a 0 
120 0.92 0.02 a 0 0 0 
140 0.91 0 a a a 0 
160 0.88 0 0 0 0 0 
180 0.86 0 0 0 0 0 
200 0.81 0 0 0 0 C 
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T:ible ..\-36 : Results of soil columu study 011 illitt; wheu illite soil column was leached with low addic 
permeant solution. 

cumulative Ct/Cô 
pore acid input pH 

volume (emoi/kg soil) Pb Cu Zn Cd 

1 1 8.36 0 0 0 0 
2 2 8.23 0 0 0 0 
3 3 8.21 0 0 0 0 
4 4 7.96 0 0 0 0 
5 5 1.95 a 0 0 0 
6 6 1.62 0 a 0 0 
7 1 1.51 0 0 0 0 
8 8 1.47 0 0 0 0 
9 9 7.34 0 a a a 

10 la 1.30 0 a a 0.01 
11 11 7.25 0 0 0 0.02 
12 12 1.22 0 0 0.02 0.04 
13 13 1.21 a a 0.03 0.04 
14 14 1.19 0 0 0.03 0.05 
15 15 1.16 0 0.01 0.05 0.01 
16 16 1.16 0 0.01 0.06 0.08 
17 11 1.15 0 0.01 0.09 0.10 
18 18 1.14 a 0.01 0.13 G.1S 
19 19 7.14 a 0.02 0.19 0.21 
20 20 7.13 0 0.02 0.23 0.23 

• CI = effluent concentration 
Co = influent concentration 
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Table A-37 : Results of soil column study on illite when illite 5011 columu was leached with high acidic 
permeant solution. 

cumulative CI/C~ 
pore add input pH 

v{llume (emoi/kg soil) Pb Cu Zn Cd 

1 10 8.34 0 001 001 004 
2 20 7.48 0.02 0.07 008 0.14 
3 30 7.12 007 0.09 0.11 011 
4 40 6.65 0.12 0.13 0.19 019 
5 SO 6.01 014 019 021 032 
(3 60 5,42 0.16 0.24 0.29 0.57 
7 70 4.68 0.19 0.34 0.72 085 
8 80 4.35 026 0.59 104 090 
9 90 4.07 0.35 072 113 109 
10 100 3.85 0.38 079 115 116 
11 110 3.79 0.61 084 113 119 
12 120 3.58 1.14 1.21 127 1.21 
13 130 3.46 l.19 1.30 115 1 11 
14 140 3.35 1.18 1.38 1.19 1 13 
15 ISO 3.13 1.35 1.40 1.13 1.12 
16 160 2.49 1.38 1.41 116 1 13 
17 170 2.01 1.32 137 1.09 1.12 
18 180 1.87 1.29 1.28 1.08 1.18 
19 190 1.72 1.21 1.26 1.07 117 
20 200 1.52 1.18 1.20 109 1.14 

• C, = effiuent concentration 
Co = influent concentration 
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Table A-38 : Results of soil column study on kaolinite when kaolinite soil column was leached with low 
acidic penneant solution. 

cumulative C,IC6 
pore acid input pH 

volume (emoi/kg soil) Pb ('1" v ... Zn Cd 

1 1 4.43 0 0 0.03 0.09 
2 2 3.64 0.17 0.34 0.35 0.41 
3 3 3.16 0.36 0.88 0.89 0.93 
-4 4 3.02 0.66 0.81 0.88 0.90 
5 5 2.59 0.73 0.86 0.85 0.90 
6 6 2.34 0.78 0.88 0.81 0.81 
1 1 2.09 0.82 0.86 0.89 0.94 
8 8 1.92 0.83 0.86 0.85 0.89 
9 9 1.89 0.80 0.84 0.81 0.904 
la 10 1.66 0.82 0.88 0.93 0.97 
11 11 1.60 0.82 0.88 0.94 0.95 
12 12 1.53 0.78 0.86 0.93 0.93 
13 13 1.44 0.80 0.83 0.88 0.90 
14 14 1,48 0.18 0.91 0.99 LOI 
15 15 1.44 0.80 0.84 0.95 0.95 
16 16 1.37 0.80 0.81 0.94 0.91 
11 17 1.23 0.81 0.91 0.95 093 
18 18 1.01 0.83 0.90 0.98 0.92 
19 19 C.99 0.84 0.93 0.98 0.97 
20 20 0.90 0.85 0.94 0.99 0.96 

• C, = etHuent concentration 
Co = mfiuent concentration 
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Table .0\-39 : Results of soil colurun study on kaolinite when kaoliuite soil column was leac.hed with high 
acidic penneant solution. 

cumulative CI/Cô 
pore acid input pH 

volume (emoI/kg soil) Pb Cu Zn Cd 

1 10 1.30 016 0.36 030 033 
2 20 0.89 0.85 0.95 0.75 0.80 
3 30 0.77 1.07 1.10 0.82 0.91 
4 40 0.76 1.02 1.03 083 0.92 
5 &0 0.73 1.14 110 0.81 093 
6 60 0.73 1.08 1.10 0.83 0.94 
7 70 0.75 1.02 1.16 0.88 0.96 
8 80 0.71 0.97 110 086 0.94 
9 90 0.73 1.07 116 0.89 0.98 

10 100 0.74 0.98 1.12 0.96 1.17 
11 110 073 1.00 1.03 103 1.20 
12 120 0.73 1.00 103 1.01 1.20 
13 130 0.72 1.00 1.04 1.02 1.15 
14 140 0.70 1.00 1.05 0.98 1.10 
15 150 0.71 1.00 103 1.01 1.08 
16 160 0.70 1.00 1.03 1.01 109 
17 170 0.70 0.99 1.02 1.00 LlO 
18 180 0.69 1.01 102 1.01 III 
19 190 0.67 0.98 1.00 1.01 109 
20 200 0.69 0.99 1.01 1.00 110 

• C, = effluent concentration 
Co = influent concentration 
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Table A-40 : Results of soil column study on the natura! clay soil when the natural clay soil column was 
leached with low acidic penneant solution. 

cumulative CI/Cô 
pore acid input pH 

volume (emoI/kg sail) Pb Cu Zn Cd 

1 1 823 0 0 0 0 
2 2 1.99 0 0 0 0 
3 3 1.90 0 0 0 0 
4 4 1.81 0 0 0 0 
5 5 1.19 0 0 0 0 
G 6 7.56 a 0 0 0 
7 7 1.43 0 0 0 (j 

8 8 1.33 0 0 0 0 
9 9 7.19 0 0 0 0.04 
10 10 1.09 0 0 0.05 0.06 
11 11 1.05 0 0 0.06 0.08 
12 12 6.97 0 0 0.06 0.09 
13 13 6.95 0 0.01 0.07 0.10 
14 a 6.92 0 0.01 0.08 0.10 
15 15 6.83 a 0.01 0.08 0.11 
16 16 6.82 0 0.01 0.10 0.14 
12 12 6.91 0 0.01 0.11 0.17 
13 13 6.95 0 0.02 0.18 0.20 
14 14 6.92 0.01 0.02 0.20 0.28 
15 15 6.83 0.01 0.02 0.23 0.31 

• C. = effluent concentration 
Co = llltluent concentration 
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Table A-·U : Results of soil column study on the natural clay soil when the natural clay soù columll was 
leacl!ed with high acidic permeant solution. 

cumulative Ct/Cô 
pore acid input pH 

volume (emoi/kg soil) Pb Cu Zn Cd 

1 10 1.96 0.01 0.01 0.08 0.12 
2 20 7.01 0.02 O.O~ 0.21 0.29 
3 30 6.81 0.08 0.10 0.27 0.32 
4 40 6.63 0.13 0.17 0.33 039 
5 50 5.29 0.2~ 0.36 0.41 041 
6 60 4.84 0.29 0.40 0.55 060 
1 70 3.13 0.36 0.76 0.96 087 
8 80 3.43 0.53 0.91 1.05 0.97 
9 90 3.16 0.54 0.98 1.02 1.16 

10 100 2.98 0.14 1.01 1.12 1.30 
11 110 2.34 0.90 1.~ 1.15 1.33 
12 120 2.24 0.95 1.13 1.18 1.41 
13 130 2.19 0.91 1.20 1.2~ 1.48 
U 140 2.15 0.96 1.23 1.27 146 
15 150 2.09 1.08 1.21 1.26 133 
16 160 1.98 l.B 1.21 1.21 1.31 
11 170 l.90 1.29 1.30 1.24 1.29 
18 180 1.17 1.32 1.24 1.20 1.26 
19 190 1.13 1.36 1.26 1.21 1.25 
20 200 1.69 1.31 1.20 1.23 125 

• Ct = effiuent concentration 
Co = iufluent concentration 
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APPENDIX B 

Example of MINTEQ Program Output 
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i ' 

EXA~lFLE 

E,(l 

----------------~---------------------------------------------~-------------

TEmperature (Celslus): 25.nn 
~nlts of concentratlon: MOLAL 
Ion1c strangth to be computed. 
If spec1fl.ed. total carbonata concentratIon represants toc",l lnCrç~,l1C c.,r"J(( 
Do not .~I.·torn",tH:ally tli!rmlnata If charge lonbal",ncG e 'ce,ds :(1". 

PreC1~1tatl0n 15 allowEd for ail SOllds ln the thermod~n",mlc database and 
the prlnt optlcn for SOllds 1S set to: : 

The ma:.lmlun r,umber of l.teratl.ons l.S: ':(11) 
The method Lsed te compute actlvlty coefrlClents 15: Deb~e-Huclel equatlon 
Prlnt the full specles database lnclud1ng gram-formul", welght5 and Debye-HLcl 

parùmeters. 

:un !l.~l(lE-(J:: -:.:1 
411l Il.78!lE-\):'' -:.4~ 

l':ll 11.1-:'('E-II: -':. :7 
40(-/ (1.1::1 JE-u: -:?9: 
1211 1).2bllE-tl::: -:.:5 
t,,1 '1) t).lUt.:'::-,-)': -:.nn 
~71 tl.l(ltJE-(I: -:'.UO 
o=,~ 1 tl.lunE-V: -: • (JC) 

161) t''l.lt'llE-O:: -::.t}I) 

:.-:u tl.l'ltlE-1l6 -7.(Hl 

49~ Il. :î)()E-I)~ -2.5::: 
::S() !1.9tH.E-t,4 -6.IH) 

49,", fi. 591'\E-I'~ -5.')11 

H:O HAS PEEN INSERTED AS A CGMPONENT 
1 

::1) 7.1J(\nn n. () _"-jl) 

INFUT DATA PEFORE TVFE MODIFICATIONS 

ID NAt1E ';CT l Ij!TV GUESS 
2tll) 14a+J. 6.1:6E-·17 
411) ,+1 :: .80:::E-04 
15tl Ca+:: 4. :66E-tl7 
4~t) Mg+~ 1.:n:E-r>7 
19\1 Cl-1 5. 6~7E-( l7 

6·1n F b 0-:: l.t.(){IE-t)7 

::::1 CLtT': 1.t,tlt'E-<:: 
95tl Zn+:: !..tllHIE-I)-: 

L6" Cd+:: 1.(JtJtlE-t)::; 
::1) H+l l.tHJtlE-t)ï 

49: NO:-l -: .. (l:nE-O:: 
~e(l Fe+:: l.tltltlE-n6 
49tl NH4+1 1 • t lt Jt 'E -t):; 

H':O 1. 'H)11E+tl() 
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LOG GUESS P.NAL TOTAL 
-:.:111 b.l IH'E-tI7 
-:.4:"1 - .8·){)E-·14 -
-:.7ïll 4. .. "7IH'E-IY: 
-::.9:" 1.:'iIIE-I)7 
-:. :51) 5.61'I'E-'l: 
- -: .. (1I1t' 1 t,fIl E- '::-
-: .IILt) 1 Ilt'l E-tl: 
-: .llIlll 1 .. '11)1 IE- 11 7 
-: .n!1I1 1 .. ('1 fIC-t': 
-7.11 ltl 1 .. t l( '1 E-t17 

- : 5:1) - .IJtH ~-t': 
-ü.tlt)t) q.IJ(J(IE-u5 

-5.()cHI 5. 1()(/E-liol 

t) .. ()! 11 1 \). \ JI l( E-' Il 



PEF,Cl::NTAGE DISTRIBUTION OF COMPONENTS ';~IONG dJ.ssolvad and ;:;dscrbad s 
Cl.es 

Na+l 
100.11 FERCENT BOUND IN SF::CIES *' e(u) Na+l 

K+l 
1011.0 PERCENT POUND m SF'ECIES # 41(1 '-+1 

Ca+:: 
100.0 PERCENT BOUrm IN SF'ECIES *' 15\) Ca+:: 

Mg+2 
1(1).0 PEF.CENT SOUND IN SPECIES *' 461) Mg+:::: 

Cl-l 
95,9 PERCENT SOUND IN SPECIES 1* lBn Cl-1 

::::.9 PEF,CENT BOUND IN SFECIES ~161118'-"-' CdC 1 + 

NO-:=:- l. 
99.9 PERCENT E'OUND IN SFECIES # 49:: NO:-l 

Fe+:: 
99.S F'ERCENT SOUND IN Sf"ECIES li :8t.1 Fe+: 

Zn+2 
98.:- FERCENT BOUND IN SFECIES # 950 Zn+: 

Cd+:: 
77.:- F'ERCENT BOUND lN SPECIES # 161) Cd+:: 

:::1.9 PERCENT BOUND lN SFECIES #161)1800 CdCl + 
NH4+1. 

99.5 PEF.CENT BCUrJD IN SFECIES # 49n NH4+1 

Pb+::: 
78.9 FEF.CENT POUND IN SFECIES # 6(1) Pb+': 

9.:- PERCENT BOUND IN SPECIES #6')('1900 FbC 1 .... 

9.9 F'ERCENT POUND IN SFECIES 116< Il)':::-0,, PbOH .... 

1.9 PERCl::NT BOUNO IN SPECIES 1*6'" '49::') PbNO: .... 

CLI i':: 
4::.9 F'EF.CENT BOUND IN SFECIES # ::::1 Cu+: 

:.9 F'E:RCENT I?OUND lN SFECIES #::'1 ::(u) CulJH .... 

5=.7 F Er::. CEri ~ r~~u:"JO IN 2PECr:::S Il::: 1 ::: '1 CulOH :: r.c 
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H:O 
1.4 PEFCENT 120U~JO IN SF'EC lES 4:(3' ':::ÜO FeOH + 

1:.: PEi=\CENT I?wl..!~JD IN SFECIES #::1::t.11 Cu(OH):: AO 

~'3.o FEF.CENT 120L'rm IN SPECIES t~95\)-=-:()O inOH + 

10.9 FEF,CEUT 20U~m IN =PEC IES ~9C:ll:::-1 '1 Zn (Ol·n:: Al1 

6.6 F'EF.CENT 20UNu Hl SFECIES li9:::n 18'-'.1 ZnOHCl AD 

:::.1 FEF,CENT I?OIJND IN SFECIES # 16IY:-::j)n SdOH + 

5. '~ FEF\CErn fOUND IN SFECIES 1I16n180: CdOHCl AD 

::.4 F'ERCErn SOGND IN SFECIES #~ ('le l::-t '0 F'bOH + 

H+1 
17.8 FE;;CENT E-OU~m !rJ SFECIE3 Il::::(149('11 NH:: AD 

1.: F'EF\CENT 80L:tm IN SFECI2:S ti:SI 1:7' HJ Fe:OH + 

11l.9 FEF\CErn ["our ID Hl SFECIES #:: 1 :::i)! Ckl(OH):: AD 

45.: FERCErn 20UNO IN SFECIES »9:,~1::-1 ln ZnOH 1-

8.9 FEF\CENT 80UND Hl SPECIES 119~1)::(.>1 Zn(OH):: AD 

5.4 PERCENT 80U!,I:) :N SFECIES 1I9')1l13' 14 ZnOHCl AD 

~.6 PERCENT BGUND IN SFECIES #lùc '::-:')0 CdOH + 

4.8 PEF.CENT 80u:m m SFECIES #16\)180: CdOhCl AD 

::.n PERCENT 80UND IN SPECIES #61 h ':::01) F'bOH + 

----------- EOUILI2RATED MASS DISTRl2UTION -----------

IDX NAME DISSOL'JEO SOf-\8ED F'F\EC IF' FATED 
MOL/"G FERCENT MCLn G r'EF.CENT MOLnG F'EF.CE~r 

51)1) Na+1 6.!(lnE-f): ll}( 1. () (1. CH li 'E-t)l /).() n. nl)1 'E-' '1 ~ j • () 

·un ~ +1 : .E( ('E-04 11)1) .. 0 ().I)lu,E-I)l n.o ü.IH)()E-()! t).() 

1~1) Co\+'2 4. :"CE-Il: l(ln.\) t I.I'I.H IE-t)l (). ') 1 •• nn(,E-Ol n • .:' 
40n Mg+: 1. :onE-(>:; l' H)." Cl.f/u'JE-Ol n.,. Il. rlllOE-t) 1 0.1) 

le" Cl-1 5. 6<)':E-' 1:; 1I).,.t) Il .IH .nE-nl () • 1) , • 1)( HJE-') 1 !J.I) 

49:: NO:-l 7. t 1t)('E-n: ll)1 l. () t).(HH1E-'-11 n.t) .ntlOE-()! Il .. () 

:3(1 Fli1+: 9.1)(HIE-<)5 li H) .. () !l.IIIHIE-Cll 1) .(1 (1.<J('I.E-(ll l) .. t) 

950 Zn+: 1.00nE-<):; 1 (I(l. I) Il. ('()I IE-IJi o.n ,). 'HHlE-nl (.l. CI 

16<) Cd+: 1. 'JI H"lE-(I:": l' H).' 1 (). (I(H ,E-\) 1 1) .. ' ) (.1. ,)onE -l) 1 ') . '. 
491l NH4+1 5.9<,(E-n4 1nl', () (l.(ItHIE-I)l Il.n Il. <lCH lE -( 1 1 p.t) 

~t)n Pb+':: ::.:::::::F.;-n6 tI.:- 1.I.tll)IJE-(- 1 C) .. Il 9.9!>8E- 1.l4 9°.7 
::1 Cu+: 1. b4::E -116 1).= Il.t''-11 E-,'IJ t) .. t) Cf .98.a.E-()~ 9';.:; 

::: H:O 1. :1~E-"5 11 li) .. Il fl.I)(JIJE-il! 0.1. Il.tIlH)E-I)l () ... ) 
::,., H+l -l.l:>(lIIE-(,C, t, )' 1 .. t) ').' tIl'E-Ill 1'.0 (1.llIH'E-,'l Il .. ) 
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