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ABSTRACT

Weak organic acids and/or their salts were tested as sail washing or ftushing agents for

the ex- or in-situ remediatioD of soils polluted by heavy metals. Three soils naturally

contaminated with heavy meta1s were used for the test.

The three soüs were charaeterized as a clay loam, loam and sandy clay loam.

Their organic matter, pH, saturated hydraulic conduetivity, cation exchange capacity,

particle density and heavy metal contents were also characterized. The different

retention forms ofheavy metals in aU 3 soils were studied by sequential extraction. The

clay loam was contaminated with Cr, Hg, Mn and Pb while the loam and sandy clay

loam were contaminated with Cd, Pb, Cu and Zn. Weak organic acids and/or their salts

and chelating agents (EDTA and DTPA) were used at different pH, levels of

concentration and leaching time in batch experiments to establish optimum conditions

for maximum removal of heavy metals from the tbree soüs. Citrate and tartarate were

found to be quite effective in leaching heavy metals trom these soils. The rate of

leaching of heavy metals ftom soils with citrate, tartarate and EDTA was modelcd

using two-reaction model at a constant pH and temperature.

Three contaminated soils of different textures were t1ushed in a column at

optimum pH with a salt of weak organic acids, namely, ciuate, tanarate,

citrate+oxalate or a chelating agent such as EDTA and DTPA The citrate and

tartarate (ammonium salts) were found to be quite effective in remoVÏDg heavy metals

from the three contaminated soïls while leaching üttle macronutrients and improving

the soirs structure. An in-situ soil remediation simulation wu also successfially tested

using the sandy clay loam at large scale level in a tub (plastic container) using citrate as

a tlushing liquid. EDrA and DTPA were effective in removing the heavy metals except

for Hg, but these strong chelating agents extraded important quantities of

macronutrients ftom the soil. These chelating agents are alsa known to pollute the soil

by being adsorbed on the sail panicles.

A bioremediatioD process wu developed usins the fimsus Aspergillus niger to

produce weak organic acids (mainly citrate and putly oxalate depending on pH) for
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the leaching of heavy metals from contaminated soils. The fungus was cultivated on the

surface of the three contaminated soils for 1S days at 30 oC and a pH ~ 4 to enhance

the production of citric acid rather than oxalic !Cid which hinders Pb leaching. By

extrapolating the resuJt~ the three contaminated soils were expeded to be sufficiently

remediated to meet the A category (Quebec clean up criteria for cleaning soils

contaminated by heavy metals) after 20 to 25 days of leaching using tbis technique.

FinaUy, the leachate collected following the soil remediation using weak organic

acids and/or their salts~ EDTA and DTPA was treated effectively using granular

aetivated carbon.
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RESUMÉ

Les acides organiques et/ou leur sel furent testées comme agent de lessivage des sols

contaminés par les métaux lourds. Trois sols, contaminés naturellement par le lexiviat d'

un site dt enfouissement sanitaire japonais, furent utilisés pour les essais.

Les trois sols expérimentaux furent caractérisés. Leur texture était d'argile

limoneuse, de limon et de sable argilo-limoneux, respectivement. La matière organique,

le pH, la conductivité hydraulique saturée, la capacité d'échange cationique, la densité

des particules et leur teneur en métaux lourds de ces trois sols furent déterminés. Les

différentes formes de rétention des métaux lourds, dans ces trois sols, furent aussi

détemùnées par extraction séquentielle. L'argile limoneuse était contaminés de Cr,~

Hg et Pb alors que le limon et le sable argilo-limoneux étaient contaminés de Cd, Pb, Cu

et Zn. Les acides organiques et/ou leur sel et deux agents chélateurs (EDTA et DTPA)

furent testés a différents pa différentes concentrations d'agent de lessivage et pendant

différentes périodes de lessivage. Ces essais ont établi les modalités optimumes de

performance des acides organiques testées. Le citrate et le tanarate furent les deux

acides organiques qui ont le mieux performé pendant les essais. Le taux de lessivage des

métaux lourds avec le citrate,le tartarate et le EDTA fut modètisé en utilisant un modèle

à deux équations et en assumant un pH constant.

Les trois sols de texture différente furent lessivés dans des colonnes sous un pH

optimum et avec les acides organiques les plus performantes, soit le citrate, le tartarate et

le citrate-tanaJ'ate ainsi que deux agents chélateurs, le EDTA et le DTPA. Le citrate et le

tanarate (sel dt ammonium) furent très efficaces et ont lessivé la majeur partie des

métaux lourds pour les trois sols expérimentaux. Ces acides ont aussi lessivé peut de

macro-éléments tels le Ca et le Mg, tout en améliorant la structure des sols contaminés.

Un essai insitu fut réalisé dans un bassin et avec l'acide citrate comme agent de lessivage.

EDTA et DTPA lessivaient avec efficacité tous les métaux lourds sauf le Hg. Mais, ces

agents chélateurs lessivaient aussi des quantités imponantes de macro-éléments. Ces

agents chélateurs sont aussi des contaminants de sol puisqu'ils sont absorbés par les

particules de sol et sont dégradés très lentement.
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Un procédé de bio-rémédiation fut développé en utilisant le champigon

Aspergillus niger comme source d'acide, et surtout de citrate avec une petite quantité

d'oxalate. Le champignon produit du citrate à un pH de 4.0 et plutôt de l'oxalate à un pH

inférieur à 4.0. Le champignon était cultivé à la surface des trois sols expérimentaux

pendant 15 jours à 30C et à un pH au-dessus de 4. Avec un pH au-dessus de 4.0, le

champignon produisait plutôt du citrate plus performant comme agent de lessivage que

l'oxalate. De plus, J'oxalate lessive très peu de Pb. L' extrapolation des résultats de

lessivage indiquait que Je champignon pouvait améliorer la teneur en métaux lourds des

trois sols contaminés de facon à rencontrer le plus haut critère québécois de rémédiatio~

soit le critère A., après 25 joun de traitement.

Enfin, le lixiviat lessivé des sols fut traité effectivement avec du charbon activé

granulaire.
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CBAPTERI

INTRODUCTION

1.1 General Introduction

Heavy metal pollution of soils has become one of the most important environmental

problems in developed as weil as developing countries. There is a growing concem about

soil pollution by heavy metals in Canad~ USA, Japan and Europe mainly due to the

Metal mining and smelting industry (Asami 1988). Soils a1so receive large quantities of

heavy metals ftom a variety of industrial wastes and municipal sewage sludge. In most

cases, sail polluted by heavy metals 5uch as Cd, Zn, Pb, Cu, As and Hg is disposed in a

secured landfill. But those systems are always accompanied by a risk of secondary

pollution.

One ofthe negative environmental impacts arising iTom the heavy metal pollution

of sail is surface and groundwater cont8DÙnation due to rainwater nm off or its

percolation through the sail, slowly extraeting metals which eventually reach aquifers.

Acidification ofthe soil by 8Cid rains accelerates this process (Matschullat et al. 1992). In

Quebec, about 50010 ofgroundwater contamination sites result iTom landfills bum in sand

dunes without liners or from the cracking of lining materials such as bentonite (NRCC

1987). The metals contained in the leachate may he highly toxic to bumans, animais and

aquatic life. Conventional remediation techniques are costly when the soil is poUuted by

heavy metals because the metals are tightly bound to various soil fractions. It bas been

estimated that the clean-up cost for one hectare over a depth of one meter ranges

between S0.6 to 3 million depending ofthe poUution load on the soil (Moflàt 1995).

Surface water and sediment poUution have become serious problems in recent

years. This pollution results from either discharge of industrial wastes, run off trom

contaminated sites, or metaI deposition through emission ftom metal smelter, resulting

from Metal mines, Metal smelter, refineries, as weU as Metal processing industries. For

example, the sediments from the Lachine Canal (Montreal) were poUuted by heavy

metals and organic poUutants (Tecsult Inc. 1993). Estimates of the oosts of extraeting
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and treating the contaminated Lachine Canal sediments (122 m3
) vary between Cao S 30

to 43 million.

Superfund (1980) required the US Environmental Protection Agency to prepare

a National Priority List (NPL) for the remediation of poUuted sites to prevent

groundwater pollution, which is a major source ofwater supply in USA (about 500/0). At

that time, the number of sites reached 1250 and it is still growing. Heavy Metal poUution

is found on 18% of the sites, whereas organic and heavy metal contamination is found to

occur at 37% of the sites. The rest of the sites (45%), are contaminated with organic

chemicals. The estimated cleanup cast of such contaminated sites is about US $ 150

billion. The estimated total cleanup oost ineluding other sites nms close to one tenth of

the gross national produet (GNP) ofthe nation (Aera 1995).

In tbird world countries, less than 5% of the solid waste management budget is

typically aUocated to waste disposai, whieh may create problems such as soi) and

groundwater poUution as weB as surface water and sediment poUution. In contrast,

industrialized countries contribute 2S-JOOIO of such budgets to waste disposai (Bartone

and Bernstein 1992). Wastes generated in industrialized countries are more toxie and

produeed in greater quantity than in developing countries. Therefore, more effective

control systems have been implemented in industrialized countries.

Soils are eomplex porous aggregates usually possessing a high metal..binding

eapacity, primarily due to their small, high surface active compoDents such as clay

panicles, organic materials and hydrous metal oxides. Heavy metals may be retained in

the soil as exchangeable metals, carbonates, hydroxides, FeIMn-oxides, or may be bound

ta organic matter. In most cases, beavy metals are retained in the upper horizon of soils

« 0.5 ml, depending on local environmental conditions. The scientific and technological

challenges are to:

i) understand the interactions between soil and heavy metals,

ü) establish a better scientifie buis for deciding:

• what remediation approach to take at a given site

• which heavy metaI forms in the soü are removable

m) develop new cleanup technologies or enhance existing ones
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iv) develop a bioremediation pracess for heavy metals which is cost effective

and environmentally tiiendly.

At a panicular site, it is therefore important ta know how the contaminants are

held in the soil before designing a remediation pracess. Sequential extraction is thought

to be the MOst suitable method to study how heavy metals are retained in different

companents of the soil and to evaluate the relative binding strength and hence the

solubility, mobility and bioavaiJability of heavy metals in contaminated soils (Liu and

Dezfulian 1995).

1.2 Available RemediadoD TecbaolOl)'

Remediation of polluted soils can be carried out eitber by ex-situ or in-situ leaching and

in-situ immobilization (fixation) of heavy metals. Sorne soil remediation options are

illustrated in Figure 1. 1.

Polluted soil

remediaJ action

dilution

ex-situ
remediation

in-situ
remediation

cover

ixing clean sail

soil washing

fixation

flushing

bi(>oremeciiation

Figure 1.1 Options for remediation of polluted soils

1.2.1 Coata.ia.ted lOiI dUutioa ud upJ~over

This method of treating soüs poButcd by heavy metals consists in covering the soil with

unpoUuted clay soils or to düute them by mixiDg witb unpoUutcd soils untü the

concentration ofheavy metals is lowered to ID acceptable limit.

1.2.2 Ex-tita ftIIIediatioa

The soil is tint excavated (duS out) fiom the site lDd tbcn submitted to soil wuhiDS; one

of the malt suitable processes for removing heavy metaIs tram the soil.H~ metaIs are
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mainly retained within few cms ofsurface soil depending on the soil condition, which can

he excavated and treated by soil washing process ta avoid in-situ remediation through

drainage system. The washing solution may contain acids, bases, or chelating agents

(Benschoten et al. 1994). Generally, a soil washing process consists of four basic steps:

i) pretreatment of the contaminated soil (sieving, hydrocyclonation),

ü) extraction of heavy metals tram the soil by washing,

ili) separation ofthe cleaned soil particles from the liquid phase,

iv) cleaning and recycling of the extracting (wasbing) agent.

The contaminants in the extraction solution cao he treated by conventional methods

(Cushnie 1985, Tels 1987) and the extraetant may be reused. This washing process bas

the disadvant:age of using minerai aeids (HCI, HN03) which physically, chemically and

biologically alter soil propenies.

1.%.3 In-situ immobilizatioD

In-situ immobilization or fixation of heavy metals in soil is another remediation process.

Different immobilization agents (such as chelate ion exchange resins, portland

cement/silicate, natural materials-elays, molecular sieves, greensand and other additives

like hydrated lime, silylated sillea ge~ insoluble starch xantbate, ferrous sulfate) can he

added to the soil to reduce the mobility of heavy metals (Liu and DezfuJian 1995;

Czupyrua et al. 1989). This process may create future problems such as the leaching of

heavy metals ioto the groundwater, as a result of subsequent biologieal aetivity or

acidification ofthe soil.

1.%.4 la-situ soil flushm.

Soil washing cao also be carried out in-situ (without digging out the soil). The tlushing

(washing) solution for contaminated sites may be the same as for ex-situ remediation.

This process is the most appealing because it generally minimizes surface damage,

requires a minimal amount of facilities, reduces the potential for human exposure to

contaminants, is less expen5ive and, when effective, reduces or removes contaminants.
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Hawever, this remediation process is limited to permeable soils and C8JU1ot be applied

easily ta clay soils.

t.2.! ID-situ or eI-situ bioremecliaûoD

An increase in heavy Metal mobility can result ftom microbial oxidation or Metal

reduetiOD. This process cao be exploited for remedial purposes. For example, an

insoluble metal sulfide may be oxidized to fonn a soluble Metal sulfate. The solubilized

form of the meta1 when released from the matrix, cao be coUected for subsequent

treatment. Using this type of biological aetivity to increase the mobility would be

analogous to soil washing or a chemicalleaching processes (Wddeman et al. 1994). This

process is only suitable where ail metals are present in the fonn of sulfide minerais; üke

in the case of metal mining, onder anaerobic conditions such as sewage sludge or marine

sediments. Subsequently, the process may create another problem such as the production

ofa strong acid (H2S04) which will disturb soü properties.

The microbial reduetion of sulfate under reduced conditions produces insoluble

metal sulfide precipitates, thereby reducing the mobility of beavy metals. It is impossible

ta remove ail metals from the soil by using such microbial processes because sorne beavy

meta1s will fonn insoluble metal sulfates üke PbS04 and HgS04• Increasingly,

bioremediation is considered to meet the environmenta1 requirements such as reduetion

of contaminants to pennissible level. This process is panicularly useful for wastewater

treatment and is often included in remediatioD either as the sole technique or in

combination with other processes such as soil washing and cbemical extraction.

t.3 Staadards

Saüs cleaned by means of a specifie remediation tecbnology, should meet the faUoWÎDg

standard (Table 1.1). Washed soils are considered to be sufticientJy clean if the heavy

metal concentrations have been reduced to meet A specifications (Ministry of

Environment and Forest, Quebec(MEFQ) 1994). Soil cau he disposed on land when it

meets A level requirements.
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Sorne organic aeids sueh as aeerle, eitrie and oxalic acids have been tested at a

single pH value to treat soils artificially contaminated with heavy metals (Farrah and

Pickering 1978). The advantages associated with the use ofsuch organic acids are:

i) low cast

ü) biodegradability, therefore environment ftiendly

iii) less destructive to sail structure than minerai acid

iv) more specifie to heavy metals and less likely to leach soil macronutrients

v) irnprove sail properties.

Table 1.1 Standard for heavy metals in soil (mglkg)

Soil Cu Pb Cr Ni Zn Cd Hg

A...value 50 50 75 50 100 1.5 0.2

B-value 100 ISO 250 100 500 5.0 2.0

C-value 500 600 800 500 1500 20.0 10.0

Band C values means action is required (MEFQ 1994).

Similar guidelines were a1so used in The Netherlands published by the Ministry of

Housing, Physica1 Planning and Environment based on three category ofsails ~ B and C

values (Assink 1986), whereas USEPA standard for soil are based on leachability of

metals from the soil.

1.4 Objectives

The objectives ofthis study are:

1. Ta cbaraeterize soil samples polluted by heavy metals and to measure the relative

proportion of heavy metals retained by each soil fraction (exchangeable, oxides and

organic matter).

2. To identify the best organic &ciels and/or their SIlts used for heavy metalleaching. Ta

establish their capability to chelate heavy metals and Corm soluble metal complexes which
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can be leached tram the contaminated soil. Synthetic chelating agents (EDTA and

DTPA) were used as bases ofcomparison.

3. To estabüsh optimum heavy metalleaching at different pH and &Cid concentrations.

4. Ta establish the kinetics of such weak organic acids in chelating and leaching heavy

metals trom contaminated saüs using batch and column set ups.

5. Ta model heavy Metal leaching using a two-reaction mode~ the kinetic data obtained

in batch experiments will be utilized.

6. Ta establish the capability of fungus (Aspergillus niger) ta produce weak organic

acids for in-situ and ex-situ bioremediation by means ofa column study.

7. Ta demonstrate that granular aetivated carbon can treat the leachate originating from

the remediation of soils using weak organic acids.

I.S Scope or the Study

The remediation method developed applies to in-situ remediation techniques except the

clay soils if soil is contaminated ta a grater depth by constructing drainage facilities

instead of recovery weU extraction. For clay soils, ex-situ remediation may he used.

The experimental procedure is ümited ta three soils trom soils (clay lo~ loam

and sandy clay loam) contaminated by heavy metals over a period of three years. The

experiments were carried out in laboratory in lapan. The tests are limited to laboratory

batch and column set ups uSÎng 3.5 ta 8.5 g of contaminated soil as weU as a tub set up

ta simuJate field conditions using 7.7 kg of contaminated soil. The experiment tested the

following weak organic acids against 2 synthetic organic chelating agents, EDTA and

DTPA:

1. Citric acid and!or ils salt HOC(CH2COOflhCOOH

2. Tanane acid and/or its salt HOOCCH(OH)CH(OH)COOH

3. Oxalic acid and/or ils salt (COOflh

4. Pyruvic acid and/or its salt CH3COCOOH

S. Fumarie Bcid and/or its salt HOOCCH:CHCOOH

Il 6. Itaconic acid and/or its sah Cdf60..
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7. Formic &cid and/or its salt HCOOH

8. Acetic acid and/or its salt CH]COOH

9. Succinic acid and/or its salt HOOCCH2CH2COOH

10. Phthalie acid and/or ilS salt CJl.(COOh

11. Control using water, NaOH and/or HCL

The process developed improves soil structure and may enhance the in-situ

bioremediation of soils with a low permeabiüty.

A bioremediation proeess using Aspergillus niger was also set up for cleaning these

soils in a eolumn experiment. This process is economieai and cost effective and limited to

sandy clay loam, but aiso applied for clay loun and loam through a very slow leaehate

collection system or in ex-situ remediation.

Granular aetivated carbon (GAC), fenie chJoride solution (FCS) and granular

aetivated alumina (GAA) were tested as treatment media for the leachate.

1.6 Contribution to Knowledgf

The poUution of sails by heavy metals bas become one of the most important

environmental problems in industrialized and developing countries. Our knowledge

toward clean up of sails contaminated by beavy metals are limited. These limitations are

due mainly ta the lack of conceptual understanding ofthe retentioR fonn of heavy metals

in soüs and the lack of environmentally mendly remediation processes for soils ta be

used for agricultural purposes after cleaning. Laboratory experiments were condueted on

three coDtaminated soils. These sails were charaeterized for their relention form ofbeavy

metals. These soils were remediated using weak organic acids and/or tbeir salts and

chelating agents and the level of soi! cleaning wu eva1uated using Quebec's guidelines

for soil contaminated by heavy metals. Based on the results obtained, this research

dissenation oWen the foUoWÏDg major contributions to knowledge:

1. The demonstntion of the quantity of heavy metals held under various retention forms

in three coDtaminated soUs. The sequential extraction of beavy metals ftom these sails

wu found to be a new approacb to understand the interactions between difFerent
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fractions of soils (sueh as exchangeable, oxides, organic matter or silicate clay) and

heavy metals in order ta establish a better scientific buis for whieh fraction of total

heavy roetals are easy or difficult ta remediate. The retention forms examined were

excbangeable, FeIMn-oxides, organie matter and silicate clay minerais. This sequential

procedure was applied for the first rime to soils contaminated by heavy metals for

remediation. Based on retention form of heavy metals, a new clean up technologies can

be designed.

2. The demonstration that weak organic acids and/or their salts can be used as chelating

agents in batch, eolumn or tub studies to form soluble heavy metal complexes and to

leach them from contaminated soils. This approach is new to clean the soil and tbis idea

was generated thinking that thase organic acids are already present in the soil as

metabolites of the organisms and as a result humic acid is formed by the interaction of

these organic acids. Out of ten organic acids, citrate and tanarate were quite effective to

remove heavy metals from soils. This clean up technique meets soil clean up criteria A

for Zn., Cr, B for Pb, Cd, Cu and Mn and C for Hg in 12 h of washing or flushing with

ammonium citrate and tartarate solutions. With the further washing or tlushing, the soils

could reach the category A for ail other metals.

3. A two-reaction model was tested using the measured kinetic data obtained in batch up

to 36 h for heavy metals leaching with citrate, tanarate, EDTA and DTPA washing

solutions. The model fits nicely to the kinetic data obtained in bateh experiment which

was carried out for up ta 36 h of leaching tirne. The model wu quite useful ta

understand the leaching rate ofmetals in arder to design a treatment unit and its cast.

4. The demonstration that weak organic acids can be produced naturally by Aspergillus

niger and CID be produced in sufficient quantities to treat appreciable volumes of heavy

metals contaminated soils and sediments. The approach is innovative and for the first

time Aspergillus niger wu used to clean soils contamÎD2ted by heavy metals. This

technique is very economical and effective to clean soils in order to meet the soil clean

up criteria.

S. Demonstrate the technique's less disturbing cbaracter. The properties ofthe soil is Jess

disturbed by the present technique u compared to strong chelating agents sucb as EDTA
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and DTPA as weB as strong aads (Hel, HNO), H2S0~). Citrate lesches 4 to 5 tilDes less

macronutrients (Ca, Mg) as compared to EDTA

6. The demonstration that the leachate from soil remediation uSÎDg weak organic &cids

and/or their salts cao he successfu11y treated using granular aetivated carbon. This is also

a new way to treat leachate containing soluble heavy metals organic acids/and or strong

chelating agents complexes. The granular aetivate carbon containing heavy metals can

either he recycled or used in ore processing unit.
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CBAPTERl

LITERATURE REVIEW

2.1 Use OrStroDg Acids, Che.stiDI Agents and Neuml Saits for the EItnetion

or Soil Metals

Large amounts of lead (about SOOAt) were extraeted trom artificia1ly poUuted soil using

chelating agents such as diethylenetriaminepentaacetic acid (DTPA) and

ethylenediaminetetraacetic acid (EDTA) at a specific pH (Karamanos et al. 1976). Small

amounts of $Oïl Pb are exchangeable and the majority is combined with organic matter or

present as insoluble precipitates. EDTA and DTPA form extrernely stable complexes

with heavy metals and are considered to &ive a measure of Pb organically bound

although they extraet sorne adsorbed or exchangeable Pb.

Kaolinite, smectite and corresponding organic materials in clay soils

contaDùnated by Cr, Ag and Cu were remediated with HNO], Ca(NÛ3h, EDTA and

fulvic acid at severa! concentrations over 48 h and at room temperature (Flemming et al.

1990). The Metal mobilization or resistance ta solubilization depends on the physical

properties of the organic and clay particle surfaces and on the concentration of the

extraetant. In general, the order of remobilization was Cr < Ag < Cu.

Seventeen dift"erent chemical solutions bave been tested ta evaluate their ability

to leach heavy metals (pb, Z~ Cu, Cd) trom anificially contaminated clays such as

kaolinite, illite and montmorillonite, at either pH S or 7 (Farrah and Pickering 1978). Of

the reagentl used, ooly EDTA (0.001 M, pH 7) quantitatively released ail four metals

ftom the three clays, while oxalic &Cid (0.1 M, pH 3.3) totally displaced al least three

metals from each clay. Other reagents, such as ammonium oxalate (0.1 M), ammonium

nitrate (0.01 M), nitric &cid (0.1 M) and sodium citrate (0.01 M) etfectively displaced

one or more heavy metals tram individual clays.

The selective removal of heavy metals and alkaline-earth metals adsorbed on

kaolinite panicles by four chelating agents such as the nitrilotriacetic acid (NTA),

EDT~ etbyleneglycol-bis 2-amïnoethylether tetreacetic acid (EGTA) and 1,2-
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diaminocyclohexane N,N,N',N-tetraacetic acid (DCyTA), bas been investigated (Hong

and Pintauro 1996). Tbere was a goad selectivity for heavy metal removal by EGTA

when Cd, Ca and Mg were adsorbed on kaotinite because ooly 5-100./ca of Ca and Mg

were leached while > 800./ca ofCd was leached when the concentration ofEGTA was 0.5

J.Utlole. The leaching percentage ofCd and Ca increued to 100 and 4001'0, respectively, as

EOTA concentration doubled and leacbing of Ca and Mg increued further as

concentration increased. Among the four chelators, NTA had the poorest removal

selectivity between Cd and aIkaline-earth metals. The chelating ability of OCy!A was

excellent but its selectivity between Cd and the alkaline-earth metals wu poor. EOTA

appears to he the best chelator, based on its binding ability and selectivity for Cd. When

the concentration of chelator in solution wu insufficient to combine with ail metals

adsorbed on kaoünite, the arder ofmetal removal was Cd > Cu > Pb (for EGTA), Cd >

Pb> Cu (for EDTA and OCyTA) and Cu > Cd> Pb (for NTA).

EDTA and citrie acid were used ta extraet heavy metals such as Cu, Zn, Cd, Ni,

Pb and Cr trom contaminated saüs at a neutral pH (Leidmann et al. 1994). EDTA was

able to mobilize up to 9<JOA. ofCd, Cu, Pb and Zn except for Cr and Ni (25-45%). Citric

acid (0.26 M) could extraet nom 50 to 800A» ofC~ Cd, Zn and Ni, whereas only 30 ta

400A» ofCr and Pb were extraeted at a pH of 7.

When selecting a complexing ligand to mobüize heavy metals trom the soil, the

foUowing should be considere<! (peters and Shem 1992): i) the ligands should be able to

form stable complexes with metals over a wide range of pH, ü) the biodegradability of

metal-complex should be low to prevent release ofmetals ioto the soil pore water, m) the

resulting complexes should have low affinity towards the surface sites or should be non

adsorbable, iv) the ligand should have a low toxicity and a low negative impact on the

environment, v) the reagents should be cost effective.

Severa! researchers bave obtained better metaI removal results trom soils using

EDTA u compared to Hel, while others have reponed the opposite (Tuin and Tels

1990). Generally, metal extraction efficiencies for EDTA are similar to those obtained

for strons acid extractions. Sandy and silty clays artificiaUy poUuted by Pb were

investipted for the mobility of Pb in the presence of EDTA (peters and Sbem 1992).
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Independent of pH between 4 and 12, Pb removal ranged ftom 58 to 64% for EDTA

concentrations of 0.01 to 0.1 M. EDTA was also use<! for Cd adsorption on soils. EDTA

decreases the adsorption of Cd on the soil particle thereby Cd mobilizes from the soil

(La et al. 1992).

The distribution of heavy metals in contaminated soil bas been studied by CaCh

extraction (Asami 1995). It was found that Cd and Zn are more soluble (45%) in the

presence ofCaCh solution, whereas the solubility ofother metals such as Cu and Pb was

below lOOA». The removal order of metals from soil fractions using CaCh and acetic acid

was Cd > Zn > Pb > Cu. Approximately 20010 of the total Zn and Pb and 1(lOlO of the total

Cd and Cu were present in the ftee oxide fractions. In soils and sediments, Hg was

mainly bound to organic matter (Hempel et al. 1995) and mobilization often took place

by degradation ofthe humic substance. Most of the Hg found in the first few centimeters

of the contact surface was probably fixed on organic matter and clay minerais.

Chromium content in clay loam, sand and sludge samples was extraeted in

succession with distilled water, 1 M NIltCl, 0.1 M CuSO.., 0.3 M ammonium oxalate

and citrate-dithionite-bicarbonate (Grove and Ellis 1980). Extraction levels of 45% and

80010 were reached with oxalate and dithionite extraetants, respectively, in clay loam. The

removal of Cr by other extraetants was negligible. The removal of Cr nom sand was 39

and 75 % by oxalate and dithionite, respectively. The percentage extraction of Cr with

oxalate and dithionite was reduced when sands and clay loams were amended with

sludge.

z.z Use ofOrpaie Acids for the EstnctiOD of Metais 'rom Soils

The etfect of different concentrations of citric ICid (common in fteshwater) for the

adsorption of mercury on kaolinite at various pH bas been studied (Singh et al. 1996).

Citrie aad had a significant retarding effect on the adsorption process at a pH above 6

for Hg and bad a significant positive effect on the adsorption process at a pH of4. Low

molecular-weight « 500) organic aeids such as ome, tartaric, citrie, acetie, fumaric and

succinic acids are present in the top layer of soils and CID form complexes with metals,

therefore affecting the metal solubility and speciation (Fox and Comerford 1990). High



16

concentrations of oxalic &cid were found in the sail foUowed by formic, eitrie and acelic

&cids. Organic acids sueh as citrie and oxalic acids fonn more stable complexes with

metals than fonnie and lactie acids.

Biological compounds or organie molecuJes such as glycine, citric acid, tanarie

aad and g1uconic lad have chelating properties and can react with heavy metals (Lo et

al. 1992). When the heavy metals form complexes with organic acid (humic aad), they

fonn stable chelates and lower the mobility of metals. However, the metaI mobility and

bioavailability increases when heavy metals combine with other organic 8Cids such as

acetic aad.

Severa! kinds of organie aads sueb as fonnie acid, acetic acid, malonie acid,

laetic aeid and citrie acid, were used for the extraction of rare earth metals (Matsuyama

et al. 1996). In anaIytical procedures, ledie acid bas been used ftequent1y to replace the

more strongly adsorbed cations ofheavy metals and to extract the "available" Pb fraction

tram soils. This reagent can remove slightly higher amounts of Pb than the excbange

reagents such as ammonium acetate (Karamanos et al. 1976).

%.3 Remediation Tecbniques

Soil washing of heavy metals trom a eontaminated sandy soil was studied to evaluate the

effectiveness of conventional soil washing extradants such as HCI, HN~, H2SO.,

EDTA and NH10H.HCI (Benschoten et al. 1994). Application of the sequential

extraction procedure showed that most of the metals were in the residual fraction

implying that they were bound. Thus, soil surface coatings such u sandy soü coated with

iron oxide may make metal extraction difticu1t. In the presence of such coating,

hydrochlorie acid (HCI) wu more effective than HNOJ or H250. and approximately

equal iD etfectiveness to EDTA. The extraetant, hyroxylamine bydrochloride

(NH~H.HCI) wu tested to determine if reduetive dissolution of iron oxides might also

release other metals, but only smaI1 amounts were released. Soil washing using 2.0 M

Hel for 24 h wu suecessful in removing Pb, Zn and Cu. The kineties were important in

the washing processes. For a 2.0 M Hel, the removal of metals wu increased with

washiDg bme. Soil exposed to 2.0 M HCI for 24 h in batcb tests, resulted in 91, 31 and
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45% removal of Pb, Zn and Cu, respectively while As and Hg were removed at 66 and

27%, respectively. Metal release was greater for HCI than with HN03 extraction,

possibly due to the formation of soluble metal-chlaride complexes (Tuin and Tels 1990).

A disadvantage of using strang acids as extradants is the adverse etfects on the soil's

physical and chemical structure, such as minerai dissolution.

Soil washing or Oushing in columns of a sandy loam anificially poUuted by Pb

was investigated using solutions of HCI, EnTA and CaCh (Reed et al. 1996). Lead

removal efficiencies for HCI, EDTA and CaCh, were 85%,1()()O~ and 78%, respectively.

The HCI at final soil pH (~ 1) increases Pb mobility but decreases soil produetivity

because of the minerai dissolution. Final soil pH for EDTA and CaCh ranged between

4.9 and 5.2. Several washing chemicals such as Hel, EDTA, DTPA and chlorine were

applied at various concentrations ta a soil artificially contaminated with Zn (Davis and

Singh 1995). The etfects ofionic strength, Bow rate and form of Zn contamination were

aJso determined. The most efficient washing occurred using organic chelating agents.

Reducing Oow rate had little effects and washing efficiency wu found to be strongly

dependent on the retention fotm ofZn in the contaminated soil.

Remediation of soils polluted by heavy metals bas been studied by the counter

current extraction process (Masscheleyn et al. 1996). The process involved

decarbonation (removal of carbonates bound metals), acid solubilization of metal,

washing and timing. The removal of Cu and Pb was limited to approximately 15%,

whereas Cd and Zn were removed at levels of85 and 25%, respectively.

In Jap~ agricultural soils bave been poUuted by heavy metals such as Cd, Cu

and As mainly because of &Cid mine drainage carried away by flooding to the lower

portion of river basins. Some sites extending over as many as 7140 ha were poUuted this

way (Tokunasa 1996). Cadmium was the common poUutant while other contaminants

such as Cu and As were much less ftequent. In MOst cases, these sites were located in

volcanic regions or downstream ftom a mining area. These soils were remediated by soil·

covering or by the dilution method. The poDuted soïls were covered witb a layer of nOD

poUuted soil (20-25 cm thick) for sare crop production. The düution method involved

mixing poUuted soïl with unpoUuted soil to reduce the concentration of heavy metals to
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acceptable levels. Cadmium polluted soils were covered with unpolluted soils so that the

rice grown should not comain more than 1 mg Cd/kg of nu. Cadmium in agricultural

land was the main reason for the itai-itai dîsease, a world famous disease due ta soil

pollution. Urban soil pollution in lapIn is mainly due ta inorganic pollutants (62%) such

as Pb, Cr, Hg, Cd, As, CN and Zn. Tecbnologies used ta treat these polluted soils were

containment and stabilization or solidification.

The in-situ remediation of a silt loam contaminated by Pb was carried out using

eleetrokinetic soil flushing (Reed et al. 1995). Acetic acid (HAc), Hel and EDTA were

used as conditioning agents around the electtodes ta enhance the transport of Pb ta the

cathode. By adding 1 M HAc ta the cathode reservoir, 65% ofthe Pb was transported ta

the cathode. When HCI was added to the anode and HAc to the cathode, more than 750/0

of the Pb was deposited on the cathode. Approximately 9()G/O of the Pb was removed in

the EDTA experiment as compared to the HCI-RAc experiment (65%).

There are 12 commercially available soil-washing processes for site remediation,

six from USA and six from EuroPe. The processes were evaluated ta clean up soils

contaminated with heavy metals ftom abandoned chemica1 and pesticide plants in Italy ta

develop the area for residential and commercial complexes (Dennis et al. 1992). These

processes were mostly developed for organic pollutants, however some of them have

been used for both organic and inorganic poUutants. The removal of bath organic and

inorganic poUutants required studies of bench-scale treatability in order ta provide the

reassurance of system performance and scale-up data. Approximately 125,000 m3 of

contaminated sail have been estimated for cleaning operation at an estirnated total cast

of 522 million. This oost excluded excavation, debris removal, treatment and disposai of

residual solids and eft1uents, site restoration, utilities and bench- and püot-scale studies

costs.

2.4 Biore.feliation or Soil 'oUuted by Reavy Metail

Microbial oxidation or reduetion of metals can be used to remediate soils contaminated

by heavy metals. For example insoluble metal sulfides may he oxidized to fonn soluble

metal sulfates by the microorganism Thiabaci/lusjerrooxidans:
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ZnS + 2.5 Û2 + 2Jr -. Zn2
+ + 50.2

- + H20 (2.1)

In natural environment, iron is generally associated with the leaching system of sulfide

minerais where the baeteria oxidize pyrite (FeS2) by the following reaetion:

(2.2)

Except for Pb and Hg, the metal sulfate dissolved from the matrix can be coUeeted for

subsequent treatment. The biological activity used for mobilization of heavy metals is

analogous to soil washing or chemicalleaching (Wtldeman et al. 1994). The bioleaching

process is suitable when metals are present in soils as sulfide minerais such as in Metal

mining or soil under anaerobic conditions foUowing the application of sewage sludge or

sediments. However, this process produces sulfuric acid which disturb soil properties.

Under anaerobic conditions, the microbial reduction of sulfate produces insoluble

metal sulfides, thereby reducing the mobility of heavy metals in soil. Therefore, it is

difficult to remove metals from the soil by such microbial processes. Because, metals cao

be solubilized and then immobilized by su1fur as they are exposed in sequences, ta

aerobic and anaerobic conditions.

Severa! microorganisms such as yeast and several fungi are able to accumulate

considerable amounts of organic acids RIch as citrie, oxalic, malic, tartaric, fumaric and

pyruvic acids (Rehm and Reed 1983). Sorne organisms have high rate of production of

organic acids ranging up ta 9QOA. of the carbon source supplied. Citric acid is a common

Metabolite present in most Hving organisms. General nutritional requirements for the

citrie acid production by Aspergillus niger in surface and submerged cultivation are

incorporated in Table 2.1. These two surface and submerged systems differ considerably

from the etfect of DÏtrogeD, phosphorus, trace metals, pH and sugar concentration. The

nitrogen and phosphorus are the important factors detennining citric acid accumulation

particularly in the case of submerged system (Table 2.1). The production of citrie acid

bas not been intluenced by the presence of these two nutrients in the case of surface

cultivation (Steinbock et al. 1991).
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Nutrient parameters influencing citric acid accumulation by

Aspergillus niger (+ intluence and - no influence)

Culture

Surface Sub~ace

Sugartype +

Sugar concentration +

Nitrogen source and concentration

Phosphate concentration

Metal ions (Mn, Fe, Zn) concentration 

pH +

(Source: Steinbock et al. 1991)

+

+

+

+

+

+

The effect ofpH on the production oforganic acids is demonstrated in Table 2.2.

If the cultivation ofAspergillus niger is carried out at a pH above 4, gluconic and oxalic

acids are formed at the expense of citrate, depending on the availability of nitrogen and

phosphorus. Nitrogen, phosphorus, Doc, manganese and iron have little effect on the

production of citric acid when surface cultivation wu used. The production ofcitric acid

was drasticaUy reduced in the case of submerged cultivation in the presence of trace

metals.

The parameters of major imponance ta citrie acid accumulation are pH as weil as

the concentration and type of sugar (XU et al. 1989). The optimal initial pH was around

4 under surface and submerged conditions (Figure 2.1A). The most imponant finding

was that Aspergillus niger could grow weB at pH values around 2.5 to 3.5 and that citric

acid bad abundantly produced at pH values lower tban 2.0. Most striking fact, however,

was the finding that yields of over 6()O/O could be IChieved within 1 to 2 weeks. At pH

values below 3, citrie acid is the major byproduct, whereas at higher pH values,

substantial amounts ofoxalic and gluconic acids may be produced.
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Relationship ofpH, nittogen and phosphate on the accumulation of

organic acids by Aspergillus nige, (+ indicates the presence of

nutrient)

pH Concentration

N P

Organic acid accumuJated

2 + + Citrie aad

2 + Citrie acid

2 Citrie aad

S + + Oxalic acid

5 + Oxalie &cid and g1uco~c acid

5 Gluconie acid

(Source: Steinbock et al. 1991)

Maximum citric aad accumulation wu observed at 1()DA. sucrose concentration

for bath surface and subsurfaee cuJtivations (Figure 2.18). 0nIy few carbohydrates give

A

Oh

B

Figure 2.1 Cïtric acid production by Â. nip' in submerSed c:ultivation (0) and in filter

pape!' surface cultivatiOD~. A:. e8èct ofiDitiai pH, B: e8èct ofiDitial

sucrose concentrItion (SteiDbock et al. 1991).
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optimum yields of citric acid even at high concentrations. The amoUDt of citric acid

extraeted from the surface cultivation was significantly lower than that secreted under

the same conditions in submerged cultivation. Aeration is extremely critical for

submerged system because the production of citric acid increases with Aeration. This

organism (A. niger) has been used for the commercial production of citric and oxalic

acids (Rehm and Reed 1983).
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CONNECI1NG STATEMENT

The next 7 chapters described seven successive experiments carried out to: i) provide an

overview of the retention fonn of heavy metals in the three experimental and naturally

poUuted soils, ü) evaluate the efficiency of various organic acids ta remediate the

experimental clay loam poUuted by beavy metals, iü) evaluate the efficiency of various

organic salts to remediate the experimentaJ loam and sandy clay loam polluted by heavy

metals iv) Study the kinetics of heavy metal leaching ftom the three experimental soils

(clay loun, loam and sandy clay loam) using citrate, tartarate and EDTA, v) evaluate

organic acids for the in-situ remediation ofsoils polluted by heavy metals by soil flushing

in columns, vi) study the bioremediation of soiIs polluted by heavy metals using

Aspergi/lus niger a fimgus producing citric and oxalic acids and vii) study the treatment

ofleachate ftom the soil washing process using weak organic acids.

The last chapter (cbapter 10) presents the summary and conclusion, while the

complete reference list is presented in chapter Il.

Chapter 3 deals with the retention fonn of heavy metals in three experimental and

naturally polluted sails. The physical and chemical properties were initially measured for

these three soils. Then, the relative proportion ofheavy metals beld by each soil retention

form was measured through sequential extraction. Soüs charaeteristic and retention form

of heavy metals are important ta understand how heavy metals are bound in dift"erent

fractions of soils such as exchangeable, MnlFe oxides, organic matter or residual. This

relationship between soil and heavy metals, estabüshes a better scientific buis for

deciding what remediation approach to take at a given site and to help in developing new

clean up technology.

This paper bas been pubHshed in the Jou",111 ofSoil c.lMlÎlltllitMl998. 7(1):103

119. Authon: Wu.y, S. A.t Barriagtoa, S. ad Tokua.p, S. The contribution of

authors are: i) First author carried out entire experimental work and write up of

manuscript ü) Second AUthor supervised and tecbnical correction ofthe work ili) third

autbor provided bis analyticallaboratory facilities and manuscript correction.
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CHAPTER3

RETENTION FORM OF REAVY METALS IN THREE POLLUTED SOILS

3.1 Abstract

Three sails contaminated by heavy metals were charaeterized as a clay Joam, loam and

sandy clay loam. Their organic matter, pH and saturated hydraulic conduetivity (k.)

ranged trom 5.4 to 9.9010, 4.2 to 6.3 and 1.1 to 4.OxIO'" cm/s, respectively. The metal

content (in mWkg> were: i) Cr :840, Mn: 868, Hg: 1280 and Pb: 1664 for the clay loam,

ü) Cd: 1821 and Pb: 2797 for the loam and m) Cd: 794, Cu: 926, Pb: 1036 and Zn: 1029

for the sandy clay loam. As opposed ta MgCh and CaCh, BaCh was found ta better

exchange the heavy metals in ail 3 saüs. Wrth BaCh 31 to 700/0 of Cd and Zn were

exchanged, while ooly 17 to 200/0 of Hg and Pb were excbanged. By sequential

extraction on all 3 soils, most of the heavy metals were found to be bound to FeIMn

oxides and the organic fraction (30 to 40 %) except for Cd and Zn wbich were mainly

present on the exchangeable fraction (63 to 87 %).

Key Words: Sail contaminated by heavy metals, characterization, sequential extraction,

metal retention in the soil.

3.2 IntreductiOB

The contamination of soils and groundwater by heavy metals is an ongoing problem in

North America, lapin and Europe because of the current anthropogenic praetices of

mining and garbage JandfiUing (Asami 1988). Subsoüs poUuted by beavy metals are

subjected to leaehing leading to the contamination of groundwater reservoirs and

drinkîng water supplies. Furtbermore, leaching cao be acceleratcd by lcid rains

(Matschullat et al. 1992). When accumulated in surface soüs, heavy metals such as lead,

cadmium, coppet, zinc, nieke~ ehromium and mercury cm he present in concentrations

toxie to plants, animais, hUDIIDJ and aquatie Hfe (Martin et al 1976, Dowdy and Volk

1983). To be successfu1 on a specifie site, the remedia1ion technique must be selectcd

according to the fonn of retention of the beavy metaI on the soil particles.
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Heavy metals in soils can he associated with a number of geochemica1 phases or

forms of retention such as exchangeable on clay minerais, bound on iron and magnesium

oxides, adsorbed by organic matter and bound by carbonates (Asami et al. 1995;

Yarlagadda et al 1995). The exchangeable ionic form is easiest to remove ftom a

contaminated sail using standard ion·exchange extraetants such as ammonium acetate

(NIL-OAc), dilute Hel, NaCI and MgCh (Engler et al. 1977). The Mn and Fe oxides,

either single or in combination, play an important role in scavenging heavy metals tram

polluted leachate. Mn and Fe oxides are relatively stable in sails under aerobic conditions

but cao come into solution under anaerobic conditions generated most often by the

oxidation of organic matter by microorganisms. Therefore, Mn and Fe oxides should

wldoubtedly he considered when assessing the risk of heavy metal leaching into

groundwater. Sail organic matter CID loosely chelate heavy roetals or adsorb them tightly

within its humus fraction. The dec:omposition of organic matter mineralizes the beavy

metals. Also, organic matter under anoxic conditions normally CID generate H2S forming

highly insoluble sulfides when in contact with heavy metals. Increasing the sail/sediment

redox potential releases the metals trom the sulfides. Metals can also reaet with solid

carbonates and be incorporated into their soüd lattice rather than purely adsorbed on

their surface. Zinc is adsorbed more strongly on MgC03 than on calcite because the Mg

atom has an ionic radius that more closely matches that ofZn. Cadmium is preferentially

adsorbe<! on calcite and diftùses inside the matrix ofCaCÛ3 (Yong et al. 1992).

Sequential extraction of heavy metals ftom contaminated soüs or sediments is

used to identify the forms ofheavy metals retained in the saü. This technique consists in

submitting the $Oil ta the successive action ofa series of reagents with different chemical

properties. 8eing capable of either creating weak acidic conditions, cbanging the redox

potential of the solution or oxidizing the complexing agents, these agents extract a

fraction of the heavy metals linked to a specific fonn of retention. In recent years,

sequential extraction procedures have been used increasingly for environmental studies

estimating the relative bonding strensths of metals in ditTerent forms of retention. The

knowledgc obtained ftam sucb extractions indicate5 the mobility and the solubility of the
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metals in water (Lake et al. 1984, Tessier et al. 1979, Rule and Alden 1992, Engler et al.

1977J Fiedler et al. 1994, Legret et al. 1988, Oudka and CbIopecka 1990).

Although there were initia1ly sorne doubts as ta the performance of the sequential

extraction technique for heavy metals, it is DOW an acœpted procedure. The selectivity of

the chemical agents and the re-adsorption of trace metals during sequential extraction

were the main aspects initially raising doubts ~trel and Morel 1990, Tessier and

CampbeU 1991). Despite these problems, the use of sequential extraction as a procedure

for the determination of how heavy metals are retained in a soil bas continued ta be

recognized as a valuable tool (Lapez-Sanchez et al. 1993, Tessier et ai. 1979). The

results obtained bave been helpful in identifying the retention mechanisms of heavy

metals under different soil buffering conditions. In 1987, the European Community

Bureau Reference (BeR now Measuring and Testing Program) staned a program to

harmonize the methodology, using single and sequential extractions schemes for the

detennination ofextractable metals trom sails and sediments. A single three step scheme

for the sequential extraction of heavy metals from soils and sediments was proposed and

accepted by European experts for inter-comparison in the BeR program (Lopez

Sanchez and Rauret 1993, Fiedler et al. 1994).

The objective of the present study was therefore to use sequential extraction

procedure to charaeterize the forms of retention ofvlrious heavy metals in contaminated

soils. The results of tbis study cm be quite usetùl in designing a remediation process for

a site contaminated by heavy metals.

3.3 Ma.trials aad Methods

3.3.1 The aperimeatallOÎII aad t..tir prepantioD

Soil samples were obtained nom a site contaminated by various heavy metals at leut for

three years. The moist soil samples were air dried and sieved to remove the particles

greater tban 2 mm. The saü samples were homogenized and kept in plutic bags for

further analyses.
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3.3.2 PbYlicai and chemical cbancterizatioa of the soil

The experimental soils were cbaracterized physica1ly by determining their particle size

(hydrometer and field method), bulk density (core method for disturbed soü), particle

density (pycnometer method), porosity and saturated bydraulic conduetivity, k. (constant

head method) (Klute 1986). The experimental soils were alsa anaIyzed chemically for:

i) water and buffer pH,

ü) electrical conductivity,

iü) cation exchange capacity (CEe),

iv) total sulfur, sol- and S2-,

v) organic matter and

vi) heavy metal content.

The pH and buffer pH of the soils were measured by soaking them in deionized water in

the H20:soil ratio of 2: 1 and in the same ratio of a CaCI2 (0.01 M) solution. The

electrica1 conduetivity (EC: mS/cm) of the sail's supematant in deionized water wu also

measured using an electrical conduetivity meter. The cation exchange capacity (CEe in

cmol(+)lkg) wu calculated by exchanging heavy metals and other cations present in the

contarninated soils with BaCh solution (Hendersbot et al. 1993). Barium does not

interfere with sulfate ion to fonn BaS04 because of Pb or Hg which fonns very stable

sulfate compounds if soluble sulfate is present. AlI metals except Na and K were

determined by ICP-AES (lCPS-l000 fi, Shîmadzu Corp., Kyoto, Japan). Sodium and K

were determined by tlame emission spectrophotometry (perkin Elmer).

Total sulfur, suIfur as sol- and S2-, were determined by the triple aad digestion

method using HN03·HCI04·H~4 (page et al. 1982). The sulfur content present in soil

as sulfate was determined by digesting the saü sample (2 g) in a 6 moVl HC1 solution

overnight with continuous stirring at 60 oC. Suifur present as sulfide wu calculated as

the diff'erence between total and sulfate suIfur (Fiedler et al. 1994). The suIfur

concentration in the solution WIS determined by ICP-AES.

The organic matter was measured by a wet dichromate oxidation technique

(Jackson 1958).
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Except for mercury, heavy metals in the soil samples were extraeted by the hot

acid digestion procedure according to the ASTM D3974-81 A (ASTM 1993). The hot

acid digestion procedure was performed in a Erlenmeyer tlask containing 1 g soil to

determine the content of the most abundant metals in the soil, using a dilute HN03/HCl

mixture at 95 oC. To extraet Hg, the soils were digested cautiously with 25 ml of aqua

regia prepared just prior ta use by mixing 1 part of concentrated HN03 ta 3 parts of

coneentrated HCl. The mixture was heated for 1 min. and 2S ml of 50/0 KMn04 and 2 ml

of 5% K2S2Û. were added carefully. The resulting mixture was aJlowed ta stand for 16

h. The residual KMnO.. wu reduced with 200A» hydroxylamine hydrochloride solution ta

a faint pink color. The mixture was filtered and düuted using a 100 ml volumetrie flask

(Jacobs and Keeney 1974). AU metals extraeted trom the soil samples such as Cr, Mn,

Hg, Pb, Cd, Cu and Zn were determined by ICP-AES.

3.3.3 Duvy metals escbaulable witb MgCl2' CaO: and 8.02

One gram of each experimental soil was suspended in 2S ml of 0.1 M MgCh, CaCh and

BaCh separately in 3S ml polycarbonate tubes. The pH of each solution was adjusted

between 4 to 6 using dilute HCI. The resulting samples were shaken for 2 h at 20 oC and

then centrifuged to separate the soil and liquid phases at 10,000 rpm for 20 min. The

supematant was collected and analyzed for heavy metals. Similarly, the soil samples were

also extraeted in distilled water without the addition ofMgC 12, CaCh and BaCh solution

as a control experiment. AlI experiments were carried out in triplicates.

3.3.4 Sequential fstnctioa of heavy dletals

The heavy metals bound on different fractions of the contaminated soils were determined

by the MOst recentlyaccepted sequential extraction procedure (Fiedler et al. 1994). The

portion of heavy metals bound in four different fractions, HAc-extraetable, Fe-Mn

oxides, organic matter and silicate mineraIs, were determined by extracting in sequence

using four solutions and triplicate soil samples (Figure 3.1). The heavy metals bound

with HAc-extraetable, Mn-Fe oxides and organic matter u weB as silicate minerais

(residual) were extracted in fraction 1, 2, 3 and 4 respectively. In the extractable fraction,
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1Soil samold • 1g soil was extraeted with 40 ml deionized water.

I---------tl:~ Solution ~~---- Water
Extractable

1 Residue 1 • 0.11 molli HAc (40 mJlg) and overnight shaking at 20 oC.

I--------......~ Solution ~~-- ......- Fraction 1
Exchangeable

1 Residue 1 • 0.1 molll NH20H.HCI (pH 2 with HN03) 40 mUg and
ovemight shaking.

~------~ Solution I~_-.... Fraction 2
Oxide-bound

1 Residue 1 • 8.8 molli H202 (pH 2-3 with RN03) ID mIIg (v/w) and
digest at room temperature for 1 h and at 8S oC to reduce
the volume to a few ml.

• Add again 10 mIIg oCreagent and digest for 1h at room
temperature and 8S oC to reduce the volume to a few ml.

• Add 1 moJ/l NlLAc (pH 2 with HN03) 50 mIIg (v/w) and
ovemight shaking at 20 oC.

~------I Solution 1....---.... Fraction 3
OM-bound

1 Residue 1 • Digest with an acid mixture (HCI and HNOl ) at 95 oC.

--------.~ Solution I~--"" Fraction 4
Residual metaJ

Figure 3.1 Schematic diagram of the sequential extraction procedure for the

determination ofheavy metals bound to ditTerent traction of contaminated

soil

metals precipitated or co-precipitated u natural sulfate or sulfide or U oxides were

releascd by the application ofa weak acid such u acetic acid (HAc). The metaIs attacbed

to amorphous or poorly crystaIIized FeIMD oxides were extraeted usina acidic solution

of hydroxylamiDe hydrocbloride (NHJOH.HCl) wbicb does DOt attaek either the silicate

minerais nor the orpIIic matter. The releue of the metaIs bound to the orpnic matter
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was carried out by oxidation of the organic matter by hydrogen peroxide (H2Û2) under

acidic condition. AlI four fractions including residual fraction (treated with strong acids

such as HCI-NH03) were analyzed by ICP...AES to quantify these levels of heavy metals.

AIl experiments were carried out in triplicate.

3.4 Results and Discussion

3.4.1 Pbysical and chemical cbaracterization of the soit

Bath the hydrometer and field rnethods for soil particle size distribution indicated that

the texture of the three experimental soils were clay loam, loam and sandy clay lo~

respectively. The low panicle density of ail three soils ranged from 2.0 to 2.1 g/cm3 and

was explained in part by their high organic matter content ranging from 5.4 to 9.90/0. The

k. of each soil ranged from 1.1 ta 4.0 x 10" cmls and increased in parallel with their

porosity and texture. Ail these soils were acidic in nature with a pH (in water) of 4.2, 5.1

and 6.3, respectively. Ibeir EC decreased with pH probably as a result of soil particles

binding strongly the roetals and salts as soil pH increased. The results of the physical and

chemical characterization of the contarninated soils are incorporated in Table 3. 1.

The clay loam, loam and sandy clay loam contained 1088, 846 and 1467 mglkg

of total sulfur, of which 9.9, 13.6 and S1.80/0 was suIfide, respectively. The CEC varied

trom, 2.0 ta 12.2 cmol (+)/kg for the clay loam to the sandy clay loam. Clay loam has

low CEC, rnay be because of exchangeable sites on soil surface is tightly occupied by

heavy metals which is difficult to exchange with BaCh solution. The soil's heavy metal

content was: i) for the clay loam, 840, 868, 1280, 1664 mglkg of Cr, Mn, Hg and Pb,

respectively, ü) for the loam, 2797 and 1821 mglkg of Pb and C~ respectivelyand ili)

for the sandy clay loam, 1036, 794, 926 and 1029 melkg of Pb, Cd, Cu and Zn,

respectively. AIl three experimental soils were found to contain high levels of heavy

metals exceeding the pennissible levels (MEFQ 1994). The fraction of heavy metals held

by either fonn of sulfur is an indication of their fixation. Sulfates are insoluble when

bound to Pb and Hg, but soluble when boUDd to Cu, Zn and Cd. Thus, Pb and Hg are

less mobile in the presence of sulfates. Metals have a strang afIinity for suUides and are

therefore precipitated in their presence. Metal sulfides such as PbS, CuS, NiS, ZnS aud
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Table 3.1. physical and chemical charaeterization ofcontaminated soils.

Soil charaeteristic Clay loam Loam Sandy clay loam

Particle size

% sand 29.0±0.6 49.S±O.S 53.S±O.9

%Silt 36.0±0.4 30.0±1.2 24.0±1.6

% clay 3S.0±I.0 20.7±O.7 22.7±O.7

Bulk density (g/cm3
) O.SiC.a 0.9±O.0 O.9±O.0

ParticJe density (g/cm3
) 2.0±0.0 2.0±0.O 2.1±O.I

Total porosity (%) 4S.4±O.1 44.1±O.2 48.0±0.4

k.(cm/s) l.I±O.lxIO-4 1.3±O.lxIO~ 4.0±0.2xI0-4

EC (mS/cm)-water 9.2±O.2 8.0±0.2 2.3±O.2

pH-water 4.2±O.O 5.1±O.l 6.3±O.I

-CaCh 4.3±O.1 5.2±O.1 6.0±0.0

CEC (cmol(+)/lcg) 2.0±0.2 4.7±O.0 12.2±O.2

Sulfur (mglkg)-total lO88.0±2.4 846.0±2.0 1467.O±19.5

-as sol- 980.0±4.8 731.0±4.8 70S.6±10.5

S2- I08.2±7.2 115.0±2.8 761.S±9.0-as

Organic matter (%) 9.9±O.1 5.4±O.1 7.1±C.I

Heavy metals (mglkg)

Cr (Total) 840

Mn 868

Hg 1280

Pb 1664 2797 1036

Cd 1821 794

Cu 926

Zn 1029
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As2S, are stable under anaerobic cODditio~ but they become unstable and oxidize when

exposed to air al the soil surface. The reaction under aerobic conditions produces

sulfuric acid which increases the solubility of heavy metals and promotes their mobility

(Yang et al. 1992).

3.4.% Sequential extractioD

The results of the sequential extraction of the three contaminated soils are incorporated

in Table 3.2. Heavy rnetals retained in different fraction ofsoils are shown in Figure 3.2.

3.4.%.1 Water loluble

For ail 3 experimental soils, the water soluble fraction was generally small or almost

nonexistent for Zn, Cu. Pb, Cr and Hg. Water extractable Mn in the clay loam was found

to be 21.1 %, wbereas for aU other rnetals it was less than 3.7 0/0. 15.2% of Cd in the

loam was water extractable, whereas Pb was round to he negligible (0.8%). Water

extractable Pb, Cd, Cu and Zn from the sandy clay loam in water medium was round to

be 4.5, 0.70, 1.9 and 0.95%, respectively (Table 3.2 and Figure 3.2).

3.4.%.2 Acetic acid-estnctable

[n the clay loam, the extractable fraction of Pb was found to be 25% of the Pb, but less

then 8% of the other metals. With the 10am, Cd was mainIy bound in extractable (or

excbangeable) fraction (63%), whereas 26% of the Pb was found in extraetable fraction.

The percentage of Cd, Cu. Pb and Zn in the sandy clay 10am, bound ta the extractable

soil particie site was 87, 28, 9 and 670J'o, respectively (Figure 3.2). Because Cd and Zn

are chemica1ly similar, their adsorption on the soil panicles were similar, as expected

(Mat et al. 1994).

3.4.1.3 Metal oside fnctioDl

In the clay loam, the FeIMn oxides accounted for a major portion of the Cr, Mn, Hg and

Pb, which were calculated to be 23, 45, 21 and 31%, respectively. In the loam, 40'10 of

the Pb was round bound to FeIMn oxides, whereas only 12 % of the Cd wu found on
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Table 3.2 Heavy metal concentrations in the geochemical phases of soil

Soil Geochemical phase (mglkg) Total

Water Ex. Fe-Mn oxides Organic matter Residual

Claylum
Cr 2.liO.S 67.0±7.0 190.6±7.0 486.9±7.2 84.0±l.5 832.2±13.0
Mn 183.0±6.6 IO.0±6.4 392.2±12.0 198.9±12.3 84.3±2.8 868.1±2.6
Hg 48.0t1.5 71.7±6.0 266.0±IO.1 766.0±8.4 123.0±2.0 1273.3±21.7
Pb 36.0±2.0 41 1.6±2.0 S09.0±17.8 670.0±9.2 54.4±IO.1 1624.3±26.1

Loa..
Cd 276±IO.1 1144.0±19.2 222.4±7.0 SO.0±1.6 13.2±1.8 1736.0±28.0
Pb 22.4±I.S 731.5±9.5 Ill8.0±1].] 5l6.2±14.] 284.0±6.0 2721.4±32.S

~
CI'\

Sandy clay loam
Cd 5.S±O.3 687.6±7.S 81.4±2.8 12.2±J.2 ND 786.8±3.2
Cu 17.5±1.2 256.1±6.6 27l.2±8.5 287.0±13.5 78.2±3.8 9Il.0±24.3
Pb 46.6±1.9 96.1±IO.3 431.8±16.0 415.1±6.2 8.7±2.0 998.4±21.4
Zn 9.8±O.3 687.0±8.1 178.2±6.4 42.0±8.5 97.0±7.6 IOI3.4±25.6

Water (W): water soluble, Ex.: Acetic 8Cid (HAc)-extractable, the values are the average ofthe triplieates.
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Figure 3 2 Heavy metals in various fractions of polluted soil (water extractable -W.

HAc-extractable (loosely bound)-Ex. ~ln-Fe oxides -Ox. organic matter -

Or. residual -Rs and total-T).

trus fraction. In the sandy clay loam, the Fe~tn oxides had bound 30 and 40~/o of the Cu

and Pb. whereas 15 and 17o,,~ of the Cd and Zn had been bound by tbis fonn (Table 3.2).

Lead tends to have a high affinity for the MnlFe oxides in partially anaerobic condition

(l\1at 111 al. 1994). The oxideslhydroxides of Fe and Mn and organic fractions are

considered to be the most important geochemical components for retaining heavy metaJs

in soils and sediments (Tessier et al. 1985. Rule and Alden 1992, Young and Harvey

1992). However, the adsorption of metaIs by these fractions is largely dependent on their

overall abundance relative ta each other (Young and Harvey 1992).

3.4.2.4 Organic fraction

High levels of heavy metals such as Cr, Mn, Hg and Pb were found on the organic

fractions. In the clay loam, these levels were 58, 23, 60 and 400At, respectively. In the
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Joam, the organic fraction held 32% of the Pb, but only 4% of the Cd. This fraction

retained significant amounts of Cu (31%) and Pb (400Al) in the sandy clay JOint, but

insignificant levels of Cd and Zn (Figure 3.2, Table 3.2). Most metals in anaerobic

sediments are expected to he associated with the organiclsulfide fraction (Rule and

Alden 1992).

The presence of bigh organic matter (5.4 to 9.goAl), may increase anoxic

conditions in sediments (Ahmad 1993). Soils of this nature nonnally have high leveJs of

hydrogen sulfides forming insoluble metal sulfides except for Mn and Fe, which are not

easily exchangeable (Rule and Alden 1992). For the three experimental soils, the

organic/sulfide fraction contain a significantly high levels of Cu (31 %), Pb (400A.), Hg

(60010) and Cr (580/0), ret1ecting its high aftinity for heavy metals because of its ligands or

groups that can form chelates with the metals (YODg et al. 1992). The relevant funetional

groups present in organic matter are amino, imino, carboxyl, phenolic, alcoholic,

carbonyl and sulfbydryl. With increasing pH, the stability of the complexes are likely to

increase because of the increased ionization of the funetional groups. Nevenheless, Cu

will maintain stable complexes over a wide range of pH (Jones and Jarvis 1981). The

order for the stability of heavy metals complexes is as foUows: Cu2
+ > Fe2

• > Pb2
• > Ni2.

> C02
+ > Mn2

+ > Zn2
+. Heavy metals associated with sulfides can be available into

reducible, carbonate and excbangeable fractions after an increase in the redox potential

(Rule and A1den 1992).

3.4.1.5 Residu" fraction

Metals in this fraction are generally considered to be bound within the lattice of silicate

minerais and cao become available ooly after digestion with strong &ciels at elevated

temperature. This ftaction is not considered to he significant1y large and is important

only in completing mus balance calculations. Heavy metals in the residual ftaction were

round to be less than 1()oA. in ail three soils (Figure 3.2). Cadmium wu round to he

undetectable, whereu Pb wu found at levels of I()OA. (means IS0-250 mglkg Pb bound

in silicate minerallattices that are still bigher than clean up criteria ofPb for soil, wbich is



39

50 mglkg). In the Figure 3.2, total heavy metals is slightly less than 1000;0 wbich MaY be

due ta IOS5 in sequential extraction ofdifferent fraction ofsails.

3.4.%.6 ExcbaDgeable fnctioD

Heavy metals in the exchangeable fractions are wealdy bound and expected to he easily

leached out to the groundwater or absorbed by aquatic organisms. To extract the

exchangeable fraction of heavy metals, ammonium acetate, sodium acetate and

magnesium chloride have been used (Tessier et al. 1979). Ammonium acetate bas been

used extensively in the ana1ysis of soil and sediment ta extraet the carbonate bound

heavy metals. Salts such as MgCh, CaCh, and NaN03 are commonly used as ion

displacing extractants ta promote the release of metaI ions physically bound by

electrostatic attraction to the negatively charged sites on the soil particle surfaces. Metal

ions present in the soil in this fonn are considered ta he the MOst "available" to plants

(Soon and Bates 1982). Magnesium chloride, CaCh and BaCh were used for

exchangeable heavy metals from poUuted soils at varying pH to prediet the availability ta

plants and groundwater contamination (Figure 3.3a and 3.3b).

In aU 3 experimental soils, a lesser amount of exchangeable heavy metals was

found with MgCh as compared to CaCh. A high amount of exchangeable heavy metals

was found when using BaCh because Ba has a larger ionic size (1.34 AO) than Ca (0.99

AO) and Mg (0.66 AO). Same valence with increasing ionic size gives greater replaciDg

power (YODg el al. 1992). The concentration of exchangeable metals decreases as pH

increases because metals especially Pb, become more tightly bound to the soil surface.

Therefore, almost negligible amounts of Pb were found in the sandy clay loam, whereas

about 17010 Pb wu round to be exchangeable with BaCh in both the clay loam and the

loam with a more acidic nature (pH 4.2-5.1). The concentration ofPb u weU as those of

other metals decreased as the pH increased (Figure 3.3& and 3.3b). For a soil solution pH

between 4 and 5, Pb wu retained in an exchangeable fonn, but its adsorption decreases

as the pH differed from tbis limit, to the benefits of the hydroxides and carbonates (Yang

el al. 1992). A measure oftbis retentioD capacity is the cation exchange capacity.
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different pH. Clay loam: • Cr, • Hg, Â Mn and • Pb, Loarn: • Cd and

• Pb.



41

80 ;-,-----------,
1

1

60 ~

!

20 Ir·

o ,-'_~__~.&..&::lI!l -

5.0 5.2 5.4 5.6 5.8 6.0

80~-------

•~ .

• 60 ~ ....

i ~
• 40 ~ Sandy clay loam
'fi ' MgCI2
Je

'"#. 20 r ~:

! ! ------a !a 1 _! ..
5.0 5.2 5.4 5.6 5.8 6.0 6.2

1

40 r
Sandy clay JOlm

CICI2

Sindy clay loam
Control

20
1

o IL-:ee-iiiiiiiiiiiiiiiiiiiïiiiiiiiiiii~~
5.8 6.0 6.4 6.8

pH

80 .r---------~
1

1

80 r
!

40

~
"0

o !l--i ---.l~~....._ _____'i
5.0 5.2 5.4 5.8 5.8 6.0

pH

80 ~,---------,

~ 1 ~
: 60 r ".g' i Sandy clay loarn
.: 40 L eaCI2
u '
Je

'""# 20 ~
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3.! Summary Aad CODcluliGas

To evaluate the possible remediation process, three textures of soils poUuted by heavy

metals were tested for forms of retention. The soils were initia1ly charaeterized for

panicle size, bulk and particle densities, porosity, k., electrica1 conductivity, pH, suItùr,

organic matter and heavy meta1s. The soils were characterized as a clay loam, a loam and

a sandy clay loam with an orpnic matter content of 9.9±0.1, S.4±O.l and 7.1±O.1%,

respectively. Thcse soils were acidic, witb a pH between 4.2 and 6.3. The saturated

hydraulic conductivity varied between 1.1 to 4.OxI0" cm/s. Reavy meta1 content in the

contaminated soils were (mslks):

• Clay fOIm. Cr :840, MD: 868, Hg: 1280 8Dd Pb: 1664.

• Laam. Cd: 1821 and Pb: 2797.

• Sandy day IOIDI. Cd: 794, Cu: 926, Pb: 1036 and Zn: 1029.



42

For each of the 3 soils, the heavy metals were extraeted from each geochemical

phase (soil fraction) tbrougb selective means using the appropriate reagents such as inen

electrolytes (MgCb, CaCb and BaCh) for exchangeable metals, acetic acid for the

extraetable fraction, acidic hydroxyleamine hydrochloride for the FeIMn oxides, acidic

hydrogen peroxide for the organic fraction and strong &eids (HCI-IINO]) for the

residual fraction. From 30 to 4()OAt of the heavy metals were bound ta the FeIMn oxides

and the organic fractions except for Cd and Zn which were mainly present as

exchangeable fractions. The heavy metals in the residual fraction were round ta be less

than oxides and organic matter.

Magnesium chloride excbanged Hg and Pb in the clay loam at levels of 20 and

5%, respectively, whereas Cr and Mn were not exchanged. The exchangeable Hg and Pb

in the clay loam were found to he 20 and 1001'0 with CaCh and 20 and 17010 with BaCh,

respectively. Both Cr and Mn were not exchangeable with CaCh and BaCh. In the loam,

SS ta 62% of Cd was exchanged and only 2.4 ta 12.6% of Pb with either electrolytes,

BaCh, CaCh and MgCh. In the sandy loam, 57 to 700;0 and 16 to 31.5% of Cd and Zn,

respectively, were exchanged with these electrolytes. Magnesium chloride was less

capable of exchanging Cd than CaCh and BaCh. A higher amount of Zn and Cd wu

exchanged by BaCh than CaCh while the leut amount was exchanged with MgCh.

The sequential extraction of heavy metals proved a useful taol in understanding

the retention mec:hanism of heavy metals in the soil. For designing the optimum

remediation technique for a specifie site, this method provides a means of assessing how

strongly the contaminants are held in the soil
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CONNECIlNG STATEMENT

After charaeterizing the three experimental soils and their fonn ofheavy metals retention,

the next chapter deals with the remediation of clay loam using various weak organic

acids and/or their salts as compared to the chelating agents (EDTA and DTPA). Chapter

4 dea1s with the experimental clay loam and cbapter 5 deals with the experimental loam

and sandy clay loam. The remediation was carried out in batch experiments at various

pH levels, concentration of weak organic acids or chelating agents and at different lime

intervals. The resuJts were compared with the Quebec clean up criteria ofthe sail.

This paper bas been presented in the Clllladûm Socidy of AgriCliltuNl EIJgi"~m",

Âlln.tII COIIfnmce, Sherbrooke (Quebec). May 27·30, 1997. VoL A:22-31.

This paper bu Mea published iD tbe C""adûm AgriœItNI'tII EIJgill«I'ÏII'. 1998

4O(1):9-1!. Authon: Wuay, S. A., aarrialtoD. S. aDd TokuDa.a, S. The

contribution ofauthors are: i) Fiest author carried out entire experimental work and write

up of manuscript ü) Second autbor supervised and technical correction of the work iü)

third author provided bis anaJyticallaboratory facilities and manuscript correction.
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CllAPTER4

ORGANIC ACmS TO REMEDIATE A CUY LOAM POLLUTED BY BEAVY

METALS

4.1 Abttnct

Weak organic acids have the capabilities of washing heavy metals without seriously

deteriorating the soil properties. A clay loam naturaIly contaminated by heavy metals was

characterized physically and ana1yzed for its content in Cr, Hg, Mn and Pb. At various

pH, concentration and reaction time, several weak orgamc acids and their salts were

used to leach out heavy metals. The optimum pH ranged from 5 ta 7 for citrate, 2 to 3

for tartarate in the case of Cr, Hg and Mn and 2 to 7 in the case of Pb. More than 85%

ofPb was removed with bath citrate and tartarate al a concentration of 0.12 and 0.2 M,

respectively within 24 h. From 86 to 99OA. of Hg wu removed by tanarate and citrate

whereas up to 60'10 of Cr wu removed. EDTA and DTPA were found to be quite

effective in removing Pb but not the other metals. Four citrate or tartarate extraction are

required ta remediate the experimental soil to a category A except Hg. For Hg,

remediatioo criteria are 50 strict that only met the C criteria after !wo extractions, citrate

and tanarate left levels of 32 and 62 mWk& respectively, when a category A ofsoil clean

up criteria requires 00 more than O.Smg/kg.

4.2 Introduction

Sail poUution by heavy metals is a growing concem in Canada, USA, Japan and Europe

as weB as developing countries. It is mainIy due ta metal mining, smelting industries

(Asami 1988), and the production of large quantities of industrial wastes and municipal

wastewater sludge. In most cases, wutes containing heavy metals are disposed in

secured landfiUs, where tbere is always a risk ofsecondary pollution due to leakage. One

of the negative environmcntal impacts, arîsing tram Iandfills (if not Iined properly) is

surface and groundwater contamination due to nm off and percolation of rainwater

through the sail, slowly extracting metals wbich eventually reacb aquifers. Acidification
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of the sail iTam acid rain accelerates tbis pracess by desorption of heavy metals from

contamiDated soil (Matschullat et al. 1992). Metal mining industries dominate in Quebec

where about S()OA. of the groundwater contamination sites result from landfilJs built in

sand dunes without liners or lined with materials, such as bentonite, which are subject ta

cracking (NRCC 1987). The metals in the leachate are highly toxic to humans~ animais

and aquatic life. Romans are exposed to heavy metals in the soil through food chain

transfer. Chronic food chain exposure ofheavy metal are more numerous as compared to

acute toxicity in humans, some fanners in Japan suffered painful bone lasses after the

long-term consumption of Cd enriched rice. The rice bas been grown in paddies soil

polluted by mining and smelting aetivities (Pierzynski et al. 1994). The conventional

remediation is costly when the soil is polluted by heavy metals, because they are tightly

bound to various fractions of the soil. It bas been estimated that the cleanup cost by

current technology (ex-situ or excavation and reburial) for one hectare of soil over a

depth ofone meler (10, 1000 m3
) can range between $ 0.6 to 3 million depending on the

pollution load (MofJat 1995).

Soil poUuted by heavy metals cao he cleaned up using an ex-situ remediation

process. This remediation process requires the excavation of the soil from the site

foUowed by its wasbing. It is one of the MOst suitable processes for removing heavy

metals because mostly heavy metals are retained on the surface of the soil depending on

the property of the soil. The wasbing solution contains eitber acids or chelating agents

(Benschoten et al. 1994, Tuin and Tels 1990). The contaminants in the extraction

solution cao he treated for reuse by convenrionaJ methods (Eckenfelder 1989, Tels

1987). The problem with this washing process, especiaUy witb minerai acids (HCI,

HN~) and strong chelating agents (EDTA and DTPA), is that the physical, chemical

and biological properties of the soil are disturbed. Commercial plants usmg soil washîng

techniques for the remediation of soils contaminated with heavy metals and pesticides

require preliminary bencb scale treatability studies to select the extradant (Dennis et al.

1992).

EDTA and citric acid have bcen used to extraet heavy metals such u Cu, Zn, Cd,

NI, Pb and Cr trom contaminated soils at a neutral pH (Lcidmann et al. 1994). EDTA
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cao extraet up to 90% of Cd, Cu, Pb and Zn, and 25 to 45% of Cr and Ni. Citric acid

(0.26 M) cao extraet ftom 50 to 800A. of Cu, Cd, Zn and ~~ but only 30 to 4()OA. of Cr

and Pb at a single neutral pH. The ability of seventeen ditrerent chemical solutions bas

been examined to displace heavy metals (pb, Z~ Cu, Cd) from artiticially contaminated

clays such as kaolinite, illite and montmorillonite at either pH of 5 or 7 (Farrah and

Pickering 1978). Of the reagents used, ooly EDTA (0.001 M, pH 7) quantitatively

released ail four metals from the three clays, while oxalic acid (0.1 ~ pH 3.3) totally

displaced three metals (Cu, Cd and Zn) trom each clay. Other reagents such as

ammonium oxalate (0.1 M), ammonium nitrate (0.01 M), nitric acid (0.1 M) and sodium

citrate (0.01 M) eff'ectively displaced one or more heavy metals (Cd and/or Zn or Cu)

iTom clays.

Sorne organic acids such as acetic, citric and oxalic acids have been tested for the

remediation of soils artificially contaminated with heavy metals at a single pH value

(Farrah and Pickering 1978). Biological compounds such as glycine, citric acid, tartanc

acid and gluconic acids are known to have chelating properties binding heavy metals and

to occur naturaUy in soils (La et al. 1992, Huang and Schnitzer 1986). Heavy metals are

less mobile when they form stable complexes with humic acid. On the contrary, the metal

mobility and bioavailability increases when heavy metals combine with organic acids

5uch as acetic acid. These organic acids are of low oost, biodegradable and less

destructive to soil structure than strong minerai acids and strong chelating agents.

The present study wu designed to: i) identify the best weak organic acids and/or

their salts and to establish their potential in a batch experiment for the leaching of heavy

metals from a naturally polluted sail and, ü) compare the performance of the best organic

acirls and their salts to the synthetic chelating agents, EDTA and DTPA

4.3 Materi'" and Metbods

4.3.1 EsperimeatallOiI, orpaic acid. Aad cbelatiaca.eats

The experimental soil was obtained ftom a 3 year old polluted site in Japan. The wet soil

sample was air dried and sieved to remove particles grater than 2 mm (No. 10 sieve).

The sail sample wu homogenïzecl and kept in a plastic big for further analysis.



The following organic acids and their salts were used to study the rernediation of

the polluted sail by dissolving in distilled water: citric ICid monohydrate (0.2 M) and

ammonium citrate dibasic (0.2 M), oxalic acid dihydrate (0.2 M) and ammonium oxalate

monohydrate (0.2 M), tartaric acid (0.5 M) and ammonium tartarate (O.S M), acetic acid

(0.11 M) and ammonium acetate (0.5 M), succinic acid (0.1 M) and sodium succinate

(0.1 M), Connic acid (0.2 M), phthalic acid (0.01 M), itaconic acid (0.2 M), formic acid

(0.2 M), pyruvic acid (O. lM) and sodium pyrovate (0.1 M). The chelating agents used as

a base for comparison were EDTA (ethylenediaminetetraacetic acid) disodium salt (0.1

M) and DTPA (diethlenetriaminepentaaeetic acid, dissolved in sodium hydroxide

solution) (0.1 M), Different concentrations of chelating agents were used because of

different cheJating strength. DiJute solutions of hydrochloric acid (0.1 M) and sodium

hydroxide (0.1 M) were used for pH adjustrnent.

4.3.1 Procedure

The contaminated soil was charaeterized for texture, saturated hydraulic conductivity

(k.), pH, organie matter content, cation excbange capacity (CEe) and heavy metal

contents (Klute 1986, Jackson 1958, ASTM 1993) (Table 4.1). Despite ils high organic

matter and elay particJe content, the soil CEe wu low because the exchangeable sites

were occupied by heavy metals. Retention fonn of heavy metals sueh as water soluble,

exchangeable, bound to organic matter, FeIMn oxides and residual in the sail was

studied using a sequential extraction procedure (Wasay et al. 1998a) (Table 4.2). Heavy

metals are mainly present in FeIMn oxides and organic matter of the soil wbich are

difficu1t to remediate as compared to exchangeable form.

As contro~ two series of plastic tubes containing 25 ml of distilled water were

prepared and their pH was adjusted in the range from 1.9 to S.O with 0.1 M Hel and/or

NaOH. Another two series of 2S ml solutions wu prepared using one of the organic

aads or their salts or EDTA and DTPA The pH values were adjusted either with the

appropriate mixture of organic acids and their salts (in mast cases) or by addition of a

small amount of0.1 M HCI and/or NaOH. The volume ofthe solution wu maiDtained Il
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25 ml. ODe gram ofcontaminated soil wu added to each tube and each series served as 1

duplicate. The suspension wu shaken for 24 h at 20 oC, centrifuged (10,000 rpm for 20

min.) and the supematant withdrawn. The residue wu extracte<! once more with 2S ml

of extraeting organic acid solution, chelating agent or distilled water, as used initially.

The supematants were analyzed for metals by the ICP-AES (ICPS 1000 fi, Shimadzu

Corp., Kyoto, lapan).

Ta test the etTect of extraetant concentrations on heavy metal leaching, another

series of25 ml solutions was prepared but a vlrious concentrations ofone of the organic

Table 4.1 Physical and chemical charaeteristics ofcontaminated soil

Soil characteristic Clay loam

Particle size

% sand 29.0±0.6

0/0 silt 36.0±0.4

% clay 35.0±1.O

Bulk density (kg/m3
) O.8±O.0

Particle density (kg/mJ
) 2.0±0.O

Total porosity (%) 45.4±O.1

le. (mis) 1. l±O.lxlO·

pH-water 4.2±O.O

CEe (cmol(+)lkg) 2.0±0.2

Organïc matter (%) 9.9±O.1

Heavy metals (mglkg)

Cr 840

Mn 868

Hg 1280

Pb 1664



•
Table 4.2

Soil

•
Retention fonn of heavy metals in clay loam

Geochemical phase (mglkg) Total

e

Water Ex. Fe-Mn oxides Organic matter Residual

Clay loam

Cr 2.I±O.5 67.0±1.5 190.6±7.0 486.9±7.2 84.0±J.5 832.2±13.0

Mn 183.0±6.6 IO.O±6.4 392.2±12.0 J98.9t12.3 84.3±2.8 868.1±2.6 u-
N

Hg 48.0±1.5 71.7±6.0 266.0±IO.1 766.0±8.4 123.0±2.0 1273.3±21.7

Pb 36.0±2.0 411.6±2.0 509.0±17.8 670.0±9.2 54.4±lO.1 1624.3±26.1
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salts or the chelating agents. Only the pH of the chelating agents was adjusted using

either HCI or NaOH in solution at 0.1 M. One gram of the soü was added ta each tube

and then shaken for 24 h at 20 oC before centrifugation. The supematant was subjected

to ICP-AES for heavy metal analysis.

At optimum pH, determined from the previous experiment (4.3.2), a kinetic study

was carried out for the removal ofheavy metals from the soil as a funetion ofrime. A

series of2S ml solution was prepared in plastic tubes containing either one ofthe organic

salts or one ofthe chelating agents. One gram of the soil was added to each tube and

then shaken at 20 oC for 10 min to 36 h. Theo, each soil sample was filtered and the

supematant was collected for heavy metals quantification by ICP-AES.

4.3.3 Statisticalanalysis

The SAS procedures used are: i) One-way analysis of variance or randomized complete

black design (RCBD) for pH effect. ü) repeated measures analysis of variance for the

rate of leaching study with lime (SAS 1990).

4.4 Results and Discussion

4.4.1 pH efl'ect oa lacla.bility

The solubility and behavior of heavy metals was significantly affected by soil pH

particularly in the case of organic acids and/or salts (Figure 4. 1a and 4. 1b) but not in the

case ofEDTA and DTPA, and particularly for Pb (Figure 4.1a). The maximum removal

ofCr, Hg, Mn and Pb was found to be 54, 96, 69 and 85%, respectively in the presence

of citrate when the pH ranged between S to 7. The pH range leads to the dissociation of

the carboxyl groups ofcitrate (Huang and Schnitzer 1986).

The leachability of heavy metals with tartarate was also pH dependent except for

Pb. The removal efficiency ofer, Hg and Mn decreased as pH increased, whereas tbat of

Pb remained constant at 86% in the wide pH range of2 to 7. The removal of Cr, Mn and

Hg wu 41, S4 and 84% al pH 4.3, respectively. The dissociation of the carboxyl groups

in tartarate takes place al a pH between 3 to S whereas dissociation of the phenolic

groups takes place at a pH above S. Therefore, Pb reac:ts more with the dissociated
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molecules oftanarate than ether metals.

The removal of heavy metals by oxalate at a difTerent pH wu not promising and

dec:reased with an increasing pH. At a pH of3.7, the removal of Cr, Hg, Mn and Pb wu

41, 43, 54 and 5.6 %, respectively. The nesJitpble removal of Pb resulted &om the

fonnation ofinsoluble Pb-oxalate complexes on the soU surface.
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The removal efficiency of metals by other organic acids such as itaconic, fumaric,

pyruvic, acetic, succinic, Cormic and phthalic acids and/or their salts was low and

decreased as the pH increased (Figure 4.la and 4. lb). The removaJ of Cr, Hg, Mn and

Pb in the presence of pyruvate was 28, 57, 36 and 14%, respectively. These organie

acids and their salts did not form strong chelates as compared to citrate and tanarate.

The removal of metals in the control experiment using water also decreased with pH.

The percentage removal of Cr, Hg, Mn and Pb was found to he 0.3, 10.6, 24 and 4.6%,

respectively at pH 4.4.

EDTA and DTPA had removed 990/0 of Pb (Figure 4.1a). The removal of other

metaIs was pH dependent. EDTA and DTPA are strong chelating agents which can

extraet macronutrients such as Ca, Mg along with heavy metals due ta their high stability

constants as compared to organic acids and/or their salts (Anderegg 1977, Perrin 1979).

Chromium was the least leachable foUowed by Hg and Mn. At pH 4.7, the maximum

removal ofCr, Hg and Mn by EDTA was 14,30 and 45%, respectively. The removal of

Cr, Hg and Mn by DTPA was 13.5, 18 and 13% at pH 5.4, respectively. As compared to

citrate and tanarate, EDTA and DTPA were less effective in removing Cr, Hg and Mn

and were incapable of removing extremely toxic Hg. AlI extractions were carried out in

the soi1:extraetant ratio of 1:25. The extraction may he atTected if soil and Iiquid ratio is

changed provided the concentration ofextradant remain the same.

4.4.1 ReDlediatioD etrect OD soil properties

It was visually observed that washing with organic acids and/or their salts improved soil

structure and the stability ofthe granular aggregate, as compared to the original soil. The

weak organic acids must have directly linked the soil particles according to the soil

stabilization theory (Emerson 1959). The heavy metal reacted with organic acids and/or

their salts, formed negative charge complexes repeUed by the negative charges on the

surface ofthe soil panicles, and as a consequence were leached with the Iiquid fraction.

The soil was aadie in nature (Table 4.1), probably as a result of leaching of

macronutrients and their replacement by heavy metals. The soil also demonstrated a low

CEe because its exchangeable sites were occupied by heavy metals wbicb are difticult to
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exchange using BaCh solution (Wasay et al. 1998a). However, Ca, Mg and Fe were

detected in the leachates of the soil after extraction with cittate and EDTA, but EDTA

was round to leach 4 to 5 times more macronutrients than citrate (Table 4.3).

Table 4.3 Soil minerai extraction with remediation using citrate and EDTA

Chemical Drop in macronutrient content (mglkg)

Ca Mg Fe

Citrate

EDTA

2.00

10.00

0.50

2.50

0.25

1.00

4.4.3 CODceatntion efrect OD leacbability

The removaJ of heavy metals increased slightJy as citrate concentration was increased

ftom 0.04 to 0.1 M (Figure 4.2). Heavy metals removal was round constant with

tartarate concentration above 0.2 M. Other organic acids were not tested because of

their low removal efticiency. EDTA concentration, varied between 0.006 to 0.08 M, had

almost no effect on heavy metal removaJ rate. This may be due to very strong chelating

behavior towards metals. The DTPA removal increased with concentrations varied ftom

0.008 to 0.08 M for Cr, Hg, Mn and Pb.

4.4.4 The kinetic study

At optimum pH, MOst of the beavy metals bound to the soil were released in the liquid

phase within 24 h and in a single extraction. Residual metals in the soil (Ctt) was plotted

as a fimetiOD of time (Fisure 4.3). R.eaction rate wu determined using two-reaction

model for soil (Wasay et al. 1998b). Citrate removed Hg and Pb within 24 h at a level of

89 and 6C)01O, respectively. The removal efticiency of Cr and Mn was only 38 and 48%,

respectively, probably because Cr(DI) is tightly bouDd on organic matter and

cbemisorbed on oxides and silicate clays even at a low pH (MeSride 1994). Oxidation of
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Cr(DI) to Cr(VI) is a difficuJt operation to carry out in the saü but cao occur slowly

under tlooding condition (pardue and Patrick 1995). A small fraction of Cr(DI) in soils

cao aJso he oxidized to chromate at high pH which can be funher promoted by Mn

oxides (McBride 1994). The removal orcr, Hg, Mn and Pb by tartarate was round ta be

29, 70,42 and 66% within 12 ~ respectively. The maximum release ofthese metals was
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Figure 4.2 Effect ofconcentration on the removal ofheavy metals from the clay

loam in a batch experiment after 24 h ofretention tilDe. Symbol: • Cr,.

Hg, Â Mn and • Pb.

obtained within 12 h by EDTA and wu 18, 20, 37 and 90'11, respectively, but EDTA

showed alow dinity for Cr, Mn and Hg. SimilarIy, the removal efticiency ofDTPA wu

not very good for these metals except for Pb. The maximum removal wu reached within

15 h and wu found to be 20,40, 32 Uld 97'10 for Cr, Hg, Mn and Pb, respectively, in a

sinsle extrIdÎon.



59

4.4.S Soil da. ap criteria

Quebec bas guidefines for the use of remediated soil based on three categories, A, B and

C (MEFQ 1994). Remediated soil should meet category A criteria before disposai on

agriculturalland.

After two extractions wim tanarate and citrate, the experimental soü respected

12 1 2
0 Cltr.t. pH 10 10 10 ~ Tlr.lrlt. pH 3.0..

1:- i
ra 8
~
al

6 r e
!.- 4 ~.. 1

U i
2 l.

1o '
0 10 20 30 40 10 20 30 40

i
i

~__•• 1

1

CTPA pH 4.0

10 20 30 40
Tim.(h)

o

12

4010 20 30
T lm • (h)

2 ~
1o 1-
1

------__----J

o

al'

E

o
o
~

:..

--..
u

Figure 4.3 Kinetic study for leaching of heavy metals from the clay loam in a batch

experiment at different intervals of time. Symbol: • Cr, • Hg, • Mn and

• Pb.

the Cr levels required for eategory B and C, respectively, while the Pb levels respected

the eategory B in both cases. A remediated soi! ofCltesory A couId problbly be met for

aU beavy metaJs except Hg, der Idditional two extractions witb citrate or tartlnte.

After two extractions USÎD8 citrate and tartante, Ha levels were stiIIlt 32 and 62 msIk&
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levels far above the 0.5 mw'Jcg required to meet category A. EDTA and DTPA only

removed enough Pb after two extractions to respect the category A requirements. EDTA

and DTPA were ineft'ective in removing the other heavy metals.

4.4.6 Mecbanism olloil and leacbate dan up

Aqueous ligands, such as citrate, tartarate, EDTA or DTPA. compete against soil

particles for heavy metals absorption. The partitioning of heavy metals between the soil

surface groups and a soluble complexing ligand largely depends upon the stability

constants described by the following reaetioDS, where =S stands for the sail:

sS-Metal +

(Contaminated soil)

Ligand~ Ligand-Metal complex

(Soluble chelate)

+ =S-

(Sail surface site)

A chelate (i.e. EDTA) is a complexing ligand that bas two or more electron

groups which fonn more than one bond between the Metal and the ligand. The multiple

bonds rorm a tight ring structure around the Metal ion enabling the chelate ta solubilize

the heavy metals and leach them trom contaminated soils. EDTA and DTPA are

sexadentate and octadentate molecules, meaning that they have six and eight donor

atoms (z) which can coordinate to a single rnetal ion ta produce five and seven (z-l)

chelate rings (Bell 1977). Two and three dORor sites are located on the nitrogen atom of

EDTA and DTPA, respectively, while the remaining four and five donor sites are

negatively charged carboxyl groups (-COOH) which reaet with metal cations when these

sites become deprotonated (-C008 -+ .cOO- + H). Speciation (release of protons) of

EDTA and DTPA depends on pH, with H2[EDTAt- or H2[DTPAt- being the dominant

form in the pH range of 3 to 6 where most heavy metals exist as divalent cations.

Chro~ Hg and Mn are 50 tightly bound ta soil surface sites and these chelating

agents are not able ta fonn complex with them.

Citrate and tartarate carry three and two negatively charged carboxyl groups (

COO-II) which have stronger coordination power (fonn chelate with metals) than their

respective alcobolic OH group [citrate, HOC(CH~OOHhCOOH] and (tartarate,
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HOOCCH(OH)CH(OH)COOH]. The coordination of citrate to a metal ion involves two

carboxyl groups and one hydroxyl group or alcohoüc group (OH), whereas coordination

with tartarate oœurs between one carboxyl group and two hydroxyl groups. The

observed arder of etfectiveness in chelation is: citrate > tartarate > other organic acid

anions. Metal-citrate complexes are more stable than tbose of the other acid anions,

partly because citrate cames three negative charge.

The soilleachate was treated effectively with granular activated carbon (Wasay et

al. 1997) and the recovered heavy metal cao he recycled in ore processing unîts.

4.4.7 Statistical .natylis or the results

The SAS procedures indicated that pH had a highly significant effect (P < 0.0001) on

remediation level except for Pb. When the salts of weak org8DÎc acids were used

(particularly for citric acid), higber pH values gave significantly better removal levels.

Tartaric acid gave significantly better removal levels at lower pH values except for Pb

wbich gave good removal levels at all pH values. The coefficients of variance (CV)

remained under 1.5% for aU removallevels for citrate and between 2 to 3% for tartarate.

The contrast between reaction rime and metal removal tram the soil was

significant (P < 0.05). Among the heavy metals, Pb residues were significantJy highf!r for

ail the reaction limes during the extraction with salts of organic acids. However, Hg

showed the lowest residual of aD heavy metals after 12 h of leaching with bath citrate

and tartarate, whereas residual values for Mn and Cr were intermediate up to 36 h.

Lowest residual values after 24 h were obtained for Cr and Hg with tartarate and citrate,

respectively.

4.5 CODclusioDS

The foUowing conclusions can be drawn:

1. Citrate showed bigh removal capabilities at a pH about 5, as it leacbed 54, 69, 8S and

96% ofCc, Mn, Pb and Hg, respectively. Tartarate removed 86% ofthe Pb under a wide

pH range of2 to 7, whereas it removed 41, 54 and 84% of Cc, Mn and Hg, respectively
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at a pH 4.3. Both citrate and tanarate were very effective in removing extremely toxic

metals such as Hg and Pb.

2. EDTA and DTPA were only effective in removing Pb (990A), but not the other metals,

particu1arly for Hg and Cr « 30010). Because Hg is extremely toxie even at low

concentratio~ EDTA and DTPA were not capable of adequately detoxifying the

contaminated soil.

3. Weak organic acids and/or their salts were found ta offer an environmentally tiiendly

remediation technique because an improved soil structure was observed after treatment.

Furthennore, they leached significantly Jess macronutrients, such as Ca and Mg. Strong

acids and chelating agents are known to disturb the soil properties by extr8Cting

nutrients, destroying their structure and disturbing their biological activity.

4. Four extractions (solid:extraetant ratio is 1:25) with citrate and tartarate would allow

the poUuted soil ta meet the category A requirements, for its disposai on agricultural

land.
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CONNECI1NG STATEMENT

The next chapter dea1s with the remediation of the experimental loam and sandy clay

loam polluted by heavy metals in a batch experiments using salts of weak organic acids,

EDTA and DTPA Various parameters such as effect of pH, concentration and rime

intervals were studied for setting up optimum conditions. Citrate and tartarate as wel1 as

oxalate in combination with citrate are very effective in remediating these two

experimental soils and comparable with EDTA and DTPA. The resu1ts were compared

with the Quebec clean up criteria of soils poUute<! by heavy metals.

This paper bas been published in the EllVÎrtJlllIIDltlli Tdllology. 1991. 19:369-380

Authon: W...y, S. A., Barriaatoa, S. aad Tolla..... S. The contribution of authors

are: i) First author carried out entire experimental work and write up of manuscript ü)

Second author supervised and tecbnica1 correction ofthe work m) third author provided

his analyticallaboratory facilities and manuscript correction.
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CHAPTER!

REMEDIATION OF SOILS POLLUTED BY BEAVY METALS USING SALYS

OF ORGANIC ACIDS AND CBELATING AGENTS

5.1 Abstnet

Various weak organic acids and/or their salts were tested for the remediation of a loam

and a sandy clay loam naturally polluted by heavy metals for over three years against two

strong synthetic chelating agents (EDTA and DTPA). AIDong 7 weak organic acids

and/or their salts, citrate, tartarate and oxalate were found to effectively remove Cd, Cu,

Pb and Zn ftom the two soils in double extractions, at a wide range of pH. Citrate

removed 80 to 99.90/0 of ail four metals within 24 h at pH from 2.3 to 7.5. Tartarate

removed 84 to 99.90;'0 of ail metals from bath soils within 24 h at pH from 2.1 to 6.7.

Oxalate alone is not etTective in removing metals particularly Pb but with ammonium

citrate (1: 1 ratio) removed effectively 82, 70, 99.9, and 99.9',4 for Cd, Pb, Cu and Zn,

respectively at pH tram 2.6 to 5.8. Zinc met the Quebec A level soil clean up criteria

after two extractions whereas Cu and Pb reached the B level. Probably, two more

extractions with these weak organic acids and/or their salts are required to meet the A

leveJ for the soil cielO up criteria for Cd, Cu and Pb. EDTA and DTPA removed 75 ta

99.9010 of the heavy metals within 24 h at pH trom 3.5 ta 9.0 for bath soils. Citrate and

tartarate were round ta remove heavy metals ftom two contaminated soils, as effectively

as EDTA and DTPA. But as opposed to EDTA and DTPA, they were removed 80010

less macronutrients trom the soil and improved its structure. Weak organic acids and/or

their salts cao thercfore be used as an environmentally tiiendly remediation technique.

Key words: Soil remediation, heavy metals, salts ofweak organic acids, EDTA,

DTPA.

5.2 IDtroduetioa

The technology ofsoù washing employed to remediate polluted soils and sediments, uses

two basic approaches. The tint approach immobilizes the beavy metals to minimize their
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migration. Immobilization is achieved with complexing agents, lime and cementing

materials (Anderson and Dee 1994, Czupyma et al. 1989). This technique bas the

negative impact of fixing in the soil aU essential nutrients besides the heavy metals and,

moreover, the heavy metals May slowly leach out as a result of biological activity and/or

by acidification of the soil. The second approach involves the transfer of the soil bound

heavy metals to the liquid phase by desorption and solubilization. Generally strong acids

5uch as hydrochloric, nitric and su1furic acids are used as washing solutions, but the5e

solutions can marked1y alter the chemical, physicai and biological properties of the soil.

Before washing, the soil particles are generaUy segregated because MOst of the

heavy metals are bound to the finer particles. The soil binding mechanisms of heavy

metals are adsorption on FeIMn oxides, clay particles, organic matter and CaC03, or

retained as exchangeable ions (Assink 1986). The pH is an important parameter affecting

the efficiency of any chemica1 agent to release heavy metals from the soil. The

concentration required of these strong acids dePeDds on the magnitude ofcontamination.

At concentrations of 0.1 to 2.0 M, Hel cao remove from 62 to 88% of the soil Pb within

0.5 h (Raghavan el al. 1989). In removing heavy metals, Hel is more effective than

HN03 since it fonns soluble metal..chloride complexes (Tuin and Tels 1990).

Synthetic organic chelating agents such as ethylenediarninetetraaeetic acid

(EDTA) and diethylenetriaminepentaacetic acid (DTPA) remove heavy metals as

etl'ectively as strong acids but with less impact on the physica1 and chemical properties of

the soil (Tuin and Tels 1990). Strong chelating agents such as EDTA and DTPA have a

greater affinity for soil macronutrients like Ca and Mg besides heavy metals and their

metal complexes may be difficuJt ta remove from the aqueous phase by ÜD1e precipitation

because of the negarive charges of Metal complexes. Besides this problem, EDTA is

stable and remains adsorbed in the soil after extraction, this cao malte the soü unfit for

further use because residual EDTA cao slowly leach nutrients from the soil. Therefore, it

can also disturb the soil's physical, chemical and biological properties.

Sail organic matter consists of residues of plants, animais and organisms such as

aetinomycetes and insects. As opPOsed to the non..humified fi"action (weak organic

acids), the bumified organic matter results ftom oxidative degradation and consist of
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compounds such as fulvic and humic acids. Plants and animal tissues contain a large

number of acids, which may be released into the soil during decomposition. These CID

range from simple aliphatic acids to complex aromatic and heterocyclic aeids (Huang and

Schnitzer 1986). These biochemical compounds have chelating charaeteristics and have

the ability to mobilize heavy metals in soil. Simple aliphatie aeids are of special interest as

natura! chelators because of they are ubiquitous and because many of their hydroxy

derivatives are effective solubilizers of metals. The organic aeids MOst effective in

forming stable chelate complexes with Metal ions are those of the di- and tricarboxyüc

hydroxy types, sueh as citric, tanarie and oxalie acids. Organic aads such as citric,

fumaric, malic, maloDic and succinie are most abundant in tree root exudates (Smith

1916). These organic ligands undoubtedly enhance the availability of metals for plants

and in some instances, they reduce or eliminate the toxicity effect of the metal's ionie

forms. The free (hydrated) metal ion is the rnost taxie, whereas metal-organic aeid

complexes are less taxie (Leeper 1918).

Organie compounds otTer sorne advantages as extradants over synthetie

chelating agents such as EDTA and DTPA or strong acids: i) The residual organie

compounds in the sail after cleanîng enhanee the formation of water-stable aggregates

because ofthe fonnation of humified organic matter, ü) Compared to EDTA and DTPA

for example, organic compounds are less selective for alkaline-earth metals such as Ca,

Mg and Fe present in soils. Therefore, organie compounds tend to have less impact on

the sail, as the preferred remediation tecbnology requires ligands with low toxicity and a

limited impact on the environment.

The ideal complexing agent should compete etTectively for heavy metals bound to

soil partieles. The metal panitioning between the soil surface and the organic complexing

agent dependents largely upon the stability constant of the metal-organic complex.

The present study wu designed to i) identify organie acids and/or their

ammonium (NIL1 salts that can potentiaUy he used to remediate soils polluted by heavy

metals with timited environmental impact and ü) compare the perfonnance of organic

aads and/or their NIL+ salts to the synthetic chelating agents EDTA and DTPA
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5.3 Materials aad Metbodl

5.3.1 ne experimeatalsoil

The soil samples were obtained ftom saü contaminated for at least three years. The wet

soil samples were air dried, sieved to remove the particles > 2 mm, homogenized and

kept in plastic bags for further study. The soils were charaeterized physically (Table 5.1)

and the forms of heavy metal retention were determined using sequential extraction and

exchangeable techniques. The sequential extraction was perfonned using a method

described by FiedJer (Fiedler et al. 1994). The ditTerent forms of heavy metals retention

in these soils and heavy metals bound to the soil surface in exebangeable form are

presented elsewhere (Wasay et al 1998 or Chapter 3).

5..3.% Ofluic acidl aad cbelatial a.eau

The organîc &cids and/or their salts and chelating agents used with distilled water were:

citric acid monohydrate (0.2 M) and ammonium citrate dibasic (0.2 M), oxalic acid

dihydrate (0.2 M) and ammonium oxalate monohydrate (0.2 M), tartarie acid (0.5 M)

and ammonium tartarate (0.5 M), acetic acid (0.1 M) and ammonium acetate (0.5 M),

itaconie &cid (0.2 M), fumarie acid (0.2 M), pyJUvic &Cid (0.1 M) and sodium pyrovate

(0.1 M). The chelating agents used were ethylenediaminetetraacetic acid (EDTA) a

disodium salt at 0.1 M and diethylenetriaminepentaacetic acid (DTPA) dissolved in a

sodium hydroxide solution at 0.1 M.

Dilute solutions ofhydrochloric acid (0.1 M) and sodium hydroxide (0.1 M) were

used for pH adjustment. The available heavy metals were assessed iD a batch test using

MgCh, CaCh or BaCh (0.1 M), shaken with the soil for 2 h at 20 oC in a temperature

controUed shaker (Wasay et al. 1998).

5.3.3 Esperimeat I·removal of metals froID sail al • fUDetio. of pB

Remediation of heavy metals tram soil was condueted in a batch experiment to find out

maximum removal at optimum pH. The control CODSÎstcd of four series of plastic

(polycarbonate) tubes holding 25 ml of distilled water with pH adjusted Il Vlrious levels

between 1.9 and 5.0 with 0.1 M Hel, 0.1 M NaOH wu used wben the pH becomes too
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Table 5.1 Physical and chemical properties ofthe soil.

Property Loam Sandy clay loam

Panic1e size

% sand 49.S±.5 53.5±O.9

% silt 30.0±1.2 24.0±1.6

0/0 clay 20.7±O.7 22.7±O.7

Bulk density (glcm3
) O.9±O.O O.9±O.O

Particle density (g1cm3
) 2.0±0.O 2.1±O.1

Total porosity (%) 44.1±O.2 48.0±0.4

k.(cm/s) 1.3±O.lx10"" 4.0±0.2xlO4

EC (mS/cm).water 8.0±0.2 2.3±O.2

pH-water S.l±O.l 6.3±O.1

-CaCh 5.2±O.1 6.0±0.1

CEC (cmol(+)lkg) 4.7±O.O 12.2±O.2

Organic matter (%) 5.4±O.1 7.1±O.1

Heavy metals (mglkg)

Pb 2797 1036

Cd 1821 794

Cu 926

Zn 1029

The ± values is the standard deviation due to experimental error;
le. stands for saturated hydraulic conduetivity; EC stands for electrical
conduetivity and CEC stands for cation exchange capacity.

acidic, otherwise, only Hel was used. Two series received 1 g of the loam while the

second two series received 1 g of the sandy clay loam. The treatments consisted of four

more series of plastic tubes holding 25 ml ofa solution ofone ofthe organic acids and/or
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its salts or one ofthe chelating agents with pH adjusted at various levels between 1.4 and

9.7. The pHs were adjusted by mixing different ratios of organic acids and their NIL·

salts (in most cases) or with small amounts of 0.1 M NaOU. For chelating agents, the pH

levels were adjusted with 0.1 M NaOU and/or with Hel. Ag~ two series received 1 g

of the loam while the second two series received 1 g of the sandy clay (oam. The

suspensions were shaken for 24 h at 20 oC and centrifuged at 7000 rpm for 20 minutes

before withdrawing an a1iquot of supematant. The residue was extraeted once more with

25 ml of the organic acids, and/or tbeir NIL" salts solutions, cbelating agents or distilled

water, as used initially. Bath supematant volumes were anaIyzed for heavy metals by

ICP-AES (lCPS 1000 Il, Shimadzu Corp., Kyoto, Japan). The extraction may be

affected if soil and extraetant ratio is changed provided the concentration of extraetant

remain the same.

S.3.4 Esperimeat l-coacentntion efl'ect 01arpnie.aeids .ad cbelating agenu

Four series ofpJastic tubes (two for loam and two for sandy clay loam) were filled with a

25 ml solution containing various concentration of one of the organic acids and their

salts or one of the chelating agents at optimum pH for heavy metal removal. Each tube

received 1 g of soil and was shaken for 24 h at 20 oC. The mixture in the tube was

centrifuged and the supematant was analyzed by ICP-AES for heavy metals. A single

extraction was perfonned.

S.3.! Kiaetie stady

At optimum pH for maximum removal, determined by the previous test, the removal of

heavy metals ftom the soils was measured at ditl'erent tinte intervaJs. Four series of

plastic tubes were filled with a 2S ml solution containing either one of the organic &Cids

and/or their NIL+ salts or one of the chelating agents at optimum pH level. For four

series, two series each received 1g of loam white the other two series each received 1 g

of sandy clay loam. The tubes were shaken at 20 oC between 10 min. to 36 h. Theo, eacb

soil sample in duplicate wu filtered and the supematant was ana1yzed for heavy metals

by ICP·AES.
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5.3.6 Statiltical anaiy.is

The SAS procedures used are: i) One-way analysis of variance or randomized complete

black design (RCBD) for pH effect. ü) repeated measures analysis of variance for the

rate ofleaching study with time (SAS 1990). Heavy metalleaching al different pH was

analyzed by SAS for the different treatments or combination oforganic acids and/or their

salts and water. The SAS analysis of the raw data gives the optimum pH for maximum

leaching ofheavy metals. The kinetic study of heavy metalleaching was also analyzed by

repeated measurement at different time intervals. The SAS analysis of the raw data gives

the optimum level of organic acids and/or their salts and water (at optimum pH) for the

maximum leacbing of the individual metals.

5.4 Raults and Discussion

5.4.1 RelDoval of lDetais froID tbe soil as • fUDdioD of pH

The heavy metal removal efficiency was determined at various pHs, for the 7 organic

acids and 2 chelating agents (Figure 5.1a, 5.lb and 5.1c). The extraction efficiency was

highly pH dependent for the organic acids and independent for EDTA and DTPA. For

the loam, citrate removed 96% of Cd al pH 2.3 ta 7.3, and 83% of Pb at pH 5.2 to 6.4.

Tanarate removed 92 to 97% of Cd at pH 2.1 to 4.5 and 88% of Pb at pH 2.1 ta 6.7.

For the sandy clay loam, citrate removed 1000.4 ofCd at pH 2.3 ta 7.S, 88% ofCu at pH

2.3 to 6.3, 8()oJ'o of Pb at pH 5.2 to 6.4 and 90 to 96% of Zn at pH 2.3 to 6.3. For the

same soil, tartarate removed 95 to 99.90A. ofCd at pH 2.1 to 5.5, 88 to 970J'o ofCu al pH

2.1 to 4.0, 84 ta 870.4 of Pb at pH 2.1 to 6.7 and 90 to 98% of Zn at pH 2.1 to 5.5.

Oxalic acid effectively removed Cu and Zn from both soils but not Pb and Cd at pH 1.4

to 7.0. Heavy meta1s from contaminated soil were solubilized by citrate, tartarate or

oxalate in the fonn of negatively charged water soluble metaI-eitrate, ·tartarate or •

oxalate complexes (Farrah and Pickering 1978). The extraction of Pb and Cd was

improved by using a mixture ofthe citric acid and ammonium oxalate in al: 1 ratio at an

optimum pH of5.8 (Figure 5.1b). The removal ofCd, Cu, Pb and Zn by this mixture was

found to he 82, 99.9, 70 and 99.9010, respectively. The other organic acids such as

itaconic, fimwic, pyruvic and acetic acids (Figure 5.1 a, S.I band 5.1 c) were not effective
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in removing a significant quantity of heavy metals at a pH above 2 because of the lower

stability constant ofthm Metal complexes as opposed to those ofcitrate and tartarate.

Zinc met the Quebec soil clean up criteria of level A after two extractions

whereas Cu and Pb meet B levels (MEFQ 1994). Probably, two more extractions \Vith

these weak organic acids and/or their salts are required to meet the level A of soil clean

up criteria for Cd, Cu and Pb.

5.4.1 Concentntion effect

Concentration eft'ect of tbree organic acids such as citrate, tartarate and oxalate as weil

as EDTA and DTPA on heavy metal extraction ftom soils bas been studied (Figure 5.2).

For the maximum removal of Cd and Pb from the loam, the minimum concentration of

citrate was found to he 0.04 M for Cd and 0.12 M for Pb, whereas for tartarate, 0.2 M

was required for Cd and Pb. The minimum concentration ofEDTA and DTPA was 0.02

and 0.06 M, respectively, for maximum removal of these metals. For the sandy clay

loam, the minimum concentration of citrate wu 0.03 M for Cd and Cu and 0.16 M for

Pb and Zn for maximum removal. The minimum concentration of tartarate was 0.25 M

for ail 4 metals. The sandy clay loam had a lower concentration of metals, thereby

holding heavy metals more tightly and requiring more extradants particu1arly for Pb, as

compared to the loam. Similarly, a higher concentration of EDTA and DTPA (0.08 M)

was required for maximum removal of the heavy metals trom the sandy clay loam as

compared to that of the loam.

CJean up of contaminated soil is directly related to the initial Metal concentration

in the soU as weU as the presence of inorganic and organic compounds. For the same

treatment imposed, sites contaminated by smaIl amounts ofheavy metals are often just as

difficult to remediate as grossly CODtaminated sites because of highest binding energies

associated with low sorption densities (Reed et al. 1995). Also because soils bave

multiple types of surface sites, sma1l quantities of metals would be preferentiaUy

adsorbed by the sites with the highest binding energies, making their subsequent release

difficult. This phenomenon is illustrated especially for Pb Jeaching of sandy clay loam.
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!.4.3 Kiaetic stady

For the three organic aads and cbelating agents, the kinetic experiments indicate that in

mast cases equilibrium was attained within 24 h in both soils for maximum heavy metaJ

removal (Figure s.3a and s.3b).

A summary of the optimum remediation parameters for the removal of heavy

metals ftom both soils are provided in Table 5.2. The order ofdesorption efficiency was
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Table 5.2 Optimum conditions for the rcnlediation of soil polluted by heavy metals

Extraclant Leachablity Loam Sandy clay loam
parameter

Cd Pb Cd Cu Pb Zn

Citrate pl' 2.3-7.3 5.2-6.4 2.3-7.5 2.3-6.3 5.2-6.4 2.3-6.3
Con. (M) 0.04-0.16 0.12-0.16 0.03-0.16 0.03-0.16 > 0.16 > 0.16
Time (h) 6 9 12 24 24 12
%Removal 96 83 100 88 80 90-96

Tartarate pli 2.1-4.5 2.1-6.7 2.1-5.5 2.1-4.0 2.1-6.7 2.1-5.5
Con. (M) . 0.20-0.40 0.20-0.40 0.25-0.4 0.25-0.4 0.25-0.4 0.25-0.4
Time (h) 9 6 12 24 24 24
%Removal 92-97 88 95-99.9 88-St7 84-87 90-98 GO-

EDTA pH 3.8-9.0 3.8-9.0 3.9-9.7 3.9-9.1 3.9-9.7 l.9-9.7
Con. (M) 0.02-0.08 0.02-0.08 >0.08 > 0.08 0.08 >0.08
Tinae (h) 24 24 24 24 24 24
%Removal 97 9S 99-100 90-95 96-99 86-87

DTPA pH 3.5-7.7 3.5-7.7 3.5-7.6 3.5-7.6 3.5-1.6 3.5-7.6
Con. (M) 0.06-0.08 0.06-0.08 0.08 0.08 >0.08 0.08

Time (h) 24 24 24 24 24 24
%Removal 99.8 97.0 98-99.9 76-79 88-96 75-79

Citrate+ pli - - 5.5-5.8 4.30-5.8 5.5-5.8 2.6-5.8

Oxalate Con. (M) ... - 0.20 0.20 0.20 0.20
Time (h) ... - 24 24 24 24
%Removal - - 79-82 96-99.9 70 90-99.9

Con.:concentratlon~ std. devlataons for pli and concentratIon eflects on remêdlatlon are < ± 1 whereas < ± 6 for kmetic study.
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Cd - Zn > Cu > Pb, which is the reverse of that obtained for soil adsorption (Lo et aL

1992). EDTA and DTPA were effective in removing heavy metals trom bath soils. These

chelating agents have strang binding capacities and their stability constants with metaIs

are higher than those of the organic acids and/or their salts (Anderegg 1977~ Perrin

1979). EDTA is 50 strong in faet that it efFectively extraets macronutrients from the soil

such as C~ Mg and Fe species, which are important for plant growth. EDTA extraeted 4

ta 5 times more nutrients than citrate (Table 5.3). Therefore, these chelating agents

have

Table 5.3 Drop in soil macronutrient level after remediation

Soil Chemicai Macronutrient content (mg/kg)

Ca Mg Fe

Loam Citrate 3.050 1.200 0.350

EDTA 14.800 5.000 1.420

Sandy clay loam Citrate 144.001 14.003 20.010

EDTA 471.004 40.020 68.003

Note: This drop in macronutrient levels corresponds ta the amount

ofCa, Mg and Fe leached out trom sails using either citrate or EDTA.

negative side effects compared to salts ofweak organic acids. EnTA is stable, bas a low

biodegradation, and can be adsorbed to a significant extent on the sail panicles

(Tokunaga 1996, Bourg 1988). EDTA remains longer in the soü and as a resuh, can

further leach out nutrients keeping the soil unfit for plant growth. Washing with the salts

(NIL) of organic acids was round ta improve the sail structure. Organic materials

remaining after soü washing, must have formed direct links with the soil panicles

CorminS stable aggregates (Emerson 1958). Ammonium salts of weak organic acids are

preferred because slow release nitrogen fertilizer and 1eacbins Pfoblem may be reduced if
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NH.-N (ammonium nitrogen) compounds are used instead ofNÛJ-N (nitrate nitrogen)

compounds. But increasing nitrification may lead to sail acidification which reduces

leaching loss of nitrate because maximum removal of heavy metals is obtained at pH

about 5. Excess amounts of ammonium nitrogen can he coUected together with heavy

metals in the leachate or drainage system of soil washing processes.

5.4.4 Statistical aaalysis of tbe results

The eifect of pH on soil remediation is bighly significant (P < 0.05) for both sails. For

the loam and ammonium citrate, higher pH values gave significantly higher removal

levels. Similarly, lower pH values with citric acid removed more Cd, whereas for Pb,

removallevels were higher only when ammonium citrate was used. Tartaric acid gave

significantly higher removallevels at lower pH values (2.1 ta 4.1) for Cd, whereas for

Pb, good removal levels were obtained with ammonium tartarate at pH S. 3. Coefllcients

ofvariance (CV) for heavy metal removal for the loam ranged between 0.322 to 0.517%

for citrate and between 0.362 to 2.3400iO for tanarate. With the sandy clay lo~ aU pH

values gave significantly higher removal levels for Cd by either ammonium citrate or a

1: 1 mixture of citric 8Cid and NRtT salt. Removal of Cu and Pb was highest when

ammonium citrate was used, wbereas Zn removal was significantly bigher at bath lower

and higher pH levels (with the use of ammonium citrate and a mixture of citric &Cid and

NH.... salt). For tanarate, significantly higher levels of Cd and Cu were removed al a

lower pH « 3.8), whereas significantly higher levels of Pb and Zn were removed with

ammonium tartarate at a pH of 5.5, and in a 1:1 mixture oftartaric acid and ammonium

tartarate (pH 3.6). The CV ranged between 0.298 to 0.762% for citrate and 0.435 to

1.442% for tartarate.

The contrast between reaction time and metaI removal trom the soil wu

significant (P < 0.05). For the loam, Pb residual wu significantly bigher tban Cd for ail

readion times during the extraction witb ammonium citrate and tartarate. For the sandy

clay loam, Pb residual wu highest foUowed by Cu, Zn and C~ at ail reaction tintes.



s.! Conclusions

1. Out of the 7 organic acids tested, only citrate, tartarate and oxalate were able to

remove, within 24 Il, between 80 ta IOOOAl of the heavy metals (Cd, Cu, Pb, Zn) held by

the two soils. In comparison, the synthetic chelating agents EDTA and DTPA removed

between 75 ta 99.goAl of the heavy metals along with sorne macronutrients such as Ca

and Mg. Zinc levels met the Quebec soil clean up A criteria after two extractions

whereas Cu and Pb levels met criteria B. Probably, two more extractions with these

weak organic acids and/or their salts are required to meet the soil level A clean up

criteria for Cd, Cu and Pb. EDTA is less prone ta biodegradability and it is adsorbed

during soil cleaning, but it may reduce the amounts of sail macronutrients available for

plants. The organic acids or their salts are also adsorbed duri.'8 the sail cleaning process,

thereby improving the structure of the soil and enhancing the fonnation of stable

granuJar aggregates.

2. Soils with low concentrations of heavy metals are the hardest to remediate because

the heavy metals are preferentially adsorbed by the sites of highest binding energies,

which require higher concentration of organic and cbelating compounds for remediation.

3. Salts of weak organic acids (citrate and tartarate) were less disturbing for the

remediation of soils poUuted by heavy metals because they enhanced soil aggregation

and leached only smaU amounts of macronutrients ftam the soil (SO°A» less compared to

EDlA and DTPA).
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CONNECI1NG STATEMENT

Chapter 6 deals with the rate of leaching of heavy metals using a two-reaction (fast and

slow leacbing) model. The kinetic data obtained from the previous two chapters (4 and

5) for the clay loam., the loam and the sandy clay loam, were use<! for detemùning rate

constants for the leacbing of heavy metals with citrate, tartarate and EDTA at constant

pH, temperature, concentration ofextraetants and shaking speed.

This paper bu Men submitted for public.tioB in the 1011",111 of EIlVÎl'OIImelltll1

EllgilJ~erilJg. 1998. Autbon: Wu.y, S. A., aamapon, S., Pruher, S. 0 and

TokuDap, S The contribution of authors are: i) First author canied out entire

experimental and computer modeling and write up of manuscript ü) Second author

supervised and technica1 correction of the work ili) Third author suggested first author

to use cenain computer program for the two-reaction model parameters iv) Fourth

author provided bis analytica1laboratory facilities and manuscript correction.
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CHAPTER6

KlNETiCS OF BEAVY METAL LEACHING FROM POLLUTED SOILS

USINGCITRATE, TARTARATEAND EDTA

6.1 Abst"ct

The rate of leaching of heavy metals from soils with citrate, tartarate and EDTA was

detemùned. A two-reaetion (fast and slow) mode1 was used to describe the rate of

1eaching at a constant pH and temperature. The fast and the slow leaching rates of Metal

were assumed to be irreversible and reversible, respectively and both were of the tirst

order. The fast leaching rate constant (kl ) is in the arder of Cd > Zn> Cu > Pb > Mn >

Hg > Cr. This resulted from the release of the exchangeable fraction of metals especially

Cd and Zn followed subsequently by metals such as Cu, Pb, Mn, Hg and Cr tightly

bound to oxides and the organic fractions. If the slow. reaeting fraction (0.0) is greater

than 0.5, the main component of metals in the soil react slowly and as a consequence,

metal is released slowly. If the value of ao is found to he less than O. S, the leaching rate

is fast. The value of the quasi-equilibrium constant ml was much smaller for Cd, Cu, Pb,

Zn and Hg « O.6I/kg), whereas for Mn and Cr, it had a higher value. Values of ml for

Cr and Mn in clay loam were obtained between 1.1 ta 4.5 with citrate and EDTA, while

lower values were obtained with tartarate, because of the low pH extraction. This higher

values ofml indicated difficulty in removing Cr and Mn from the clay loam.

6.% IDtroductioD

When designing a remediation facility, the leaching rate of heavy metals nom soüs is an

imponant tàetor which determines the size of the leac:hing unit and the total cast of

remediatioD. Kinetics of heavy metals desorption trom soils bave been investigated ta a

limited extent (Griftin and Burau 1974, Ruo and Mikkelsen 1980, Joponyand Young

1987, Bowman et al. 1981) while adsorption and desorption kinetics in saü systems bave

been reviewed (Sparks 1986). Desorption kiDetics of plant nuttients, such as nitrog~

phosphoros and potassium, have been studied extensively. A rigorous matbematical
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treatment of the kinetics of chemical reactions and diftùsion in soils bas been presented

(Sposito 1994). In MOst research wode, desorption of heavy metals from soils was

carried out in a chemical environment close to field soil conditions or in a solution that

was indicative to plant-uptake. A two-reaetion model was developed for the

determination of leaching rate of heavy metals from contaminated soils using a strong

acid (HCI) solution as an extradant with vigorous mixing (Tuin and Tels 1990).

In the present study, a two-reaetion model was used to determine the leaehing

rate of heavy metals from three naturally contaminated soïls using citrate, tanarate and

EDTA as extraetants. The rate of leaching wu determined at a constant temperature,

pH, concentration ofextradants and shaking speed of 100 rpm.

6.3 Theory or Twe-reactioD Kinetic Mode!

Different kinetic models have been used ta determine the extraction of various ions from

soils (Sparks 1986). A tint order rate equation bas been used ta describe desorption of

phosphate and baron (Griffin and Buran 1974, Griffin and JuriDak 1974). It wu found

that the desorption data could he fitted by two or three different slopes. The different

first-order readions were ascribed to the desorption of ions fram two discrete types of

binding sites. The fast desorption sites for K+ wu attributed ta extemal surface sites on

the inorganic and organie phases of the soil while the slow desorption of K+ was

attributed to the less accessible sites of organic matter and the interlayer sites of the 2: 1

clay minerais. A two-rate reaetion model is explained by the adsorption of metal on

specifie and non-specifie soil sites and bas been usefu1 in studying metal behavior (Selim

and Amacher 1997). The less and the more labile fractions of soils minerais are the most

important metal reservoirs (Wasayet al. 1998a or Chapter 3) and can explain the adUa1

processes occurring in the real soil-extraetion system.

Two düferent kinetic patterns were found to explain the removal ofheavy metals

trom soils. The first leaehing pattem is very rapid foUowed by a second mueh slower

leaching. Thus, the leaclùng of heavy metals trom contaminated sails using citrate,

tanarate or EDTA, al constant pH, temperature and concentration CID he represented by

the foUowing two simultaneous reactions (6.1) and (6.2):
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kt

=St-o-M + O-A --+ =Sl-O-A + M-O complex (6.1)

k2 (soluble)
---+

=S2-0-M + O-A +-- =S2-0-A + M-O complex (6.2)

k3 (soluble)

where =S.-O and =S2-0 represent active soil surface binding sites for fast reaetion (6.1)

and the slow reaction (6.2), respectively. O-A represents organic acids (A represents

hydrogeD ion of the organic acid which is replaced by a salt (Na+ or NIl.) of an organic

acid at higher pH), M is the heavy metal attached ta the soil surface site, M-O represents

the soluble metal-organic complex and ka, k2 and k] are reaction rate constants.

Reaction (6.1) is fast compared to the forward slow reaetion (6.2) (~ > k2) and is

irreversible. It represents the exchange of metals bound ta surface sites of various

fractions ofsoils (exchangeable, FeIMn-oxides, organic matter) which were mobilized by

citrate, tartarate or EDTA in the form of complexes. The citrate, tartarate or EDTA

concentration is much greater than the metal that re-adsorption of heavy metals to these

sites is negligible. Reaction (6.2) is s10wer and reversible. In contrast to the multiple

reaetions models (Griffin and Burau 1974, Jardine and Sparks 1984, Selim and Amacher

1997), the two-reaction model involves coupliDg. Therefore, metal-complexes in solution

formed by reaction (6.1) can also be re-adsorbed to the soil according to the backward

reaetion (6.2). Both forward reactions are pseudo first-order and the backward reaction

is also considered to be pseudo first-order for the sake of simplicity. Besides, ka, k2 and

k], a fourth parameter is required to describe the heavy metals reaetion accordiDg ta

reactions (6.1) and (6.2). It wu assumed that a &action <Jo reacts s10wly (reaction 6.2)

while a fraction (1-0.0) reacts quicldy (reaction 6.1).

The mathcmatical rate ofthe two-reaetions CID he expressed u follows:

-Re = k,*Cb

-~=k2*CIdt - k3*Ct

(6.3)

(6.4)
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where R. and a. represent rates of leaching (mg/kglh) according to reactioD (6.1) and

(6.2), respectively, k1and k2represent leaching rate constants (h-l), k3 represent leaching

rate constant (kg liquidlkg soil/h), Cu and Ckb are heavy metal concentrations (mg/kg) in

the sail reaeted according to reactions (6.1) and (6.2), respectivelyand Cl is the heavy

metal concentration (mg'l) in the leachate.

If the initial total heavy metal concentration in the soil is CltQ, then ao is the

fourth parameter:

CuQ = (1~)·CkO

CkbO =CIo ·CtO

(6.S)

(6.6)

where ao is defined at t = 0 only.

A very slow extraction of metals ftom the soil cao take place even after 24 h

(Bowman et al. 1981, Lion et al. 1982). Nickel desorption trom FeIMn-oxides and

organic matter surface takes severa! days with EDTA and Cd desorption also goes on

even after 96 h. Nevertheless, it CID be assumed that a quasi-equilibrium state is reached

after 36 h ofextraction as observed with citrate, tartarate and EDTA solution at constant

concentration, pH and temperature (Wasayet al. 1998b and 1998c).

At quasi-equilibrium, (-~ = Q and Cu eq = 0 and equation (6.4) is reduced to:

(6.7)

where Cttt«) represents the total heavy metal concentration in the saü after 36 b of

extraction and CtC'Q represents the heavy metal concentration in the leacbate after 36 b of

extraction. A linear equilibrium relationship is adopted as foDows:

c~ = m·C~ + d (6.8)
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where m represents a quasi-equilibrium constant that depends on the pH value in the

extraction pracess and the tenn d CID he considered as a residual heavy Metal

concentration that cannot be removed by the citrate, tartarate and EDTA solutions.

Equations (6.7) and (6.8) cao be combined and re-written as foUows:

(6.9)

The following mass balance equation for the heavy metals in the system is:

MtO*CkO + MtO*CtO = Mt(t) [Co(t) + Ctt.<t)] + MAt)·CAt) (6.10)

where MtO and Mt<> are the mass of soil and extraction liquid at time t = 0, respectively

and Mt(t)and Mt<t) are the mass ofsoil and extraction liquid at time t, respectively.

In a batch experiment, the change per unit rime in Mt{t) and Mt<t) cao be

considered insignificant even if the soil weight is increased s1ight1y fi'om the adsorption of

citrate and tartarate, whereas soil weight slightly decreases with EDTA extraction due to

loss of nutrients. The soil to extraction solution ratio is considered constant for citrate

and tartarate at ditferent intervals of rime (1, 12 and 24 hl, the ratio cao be expressed as

foUows:

M (1) Mk
i =constant =[_]

Mt(l) M, --
(6.11)

(6.12)

The final expression for the total metal concentration in the soil u a funetion of time is:

C (I)=C fY (12-kl ) ]*{[a + k.(1-11 Al]e-itAI +[I-a le-kt'}
k i"'l(k

2
A -kl) 0 (k

2
-k

l
> 0

+(1-1/ A)Ck O+(l-1 / A) Mt .C,O(I-e-ktAl )
Mie
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M k M
where A =1+_.t*_3 =1+_1 *""

Mt k2 Mt

The three parameters kl, k2 and (Jo can be determined by curve fitting the data points

[t(h-l), Ck(t) (mg/kg)] ta equation (6.12) using SigmaPlot 2.01x, Window and the resu1ts

can be re-conformed by another program Curve Expert 1.3~ Wmdow.

6.4 Materials and Metbods

6.4.1 Soil characteristics

Three soils naturaUy polluted by heavy metals were characterized for their texture,

density, saturated hydraulic conductivity, organic matter, pH, heavy rnetal content and

retention fonn (Wasay et al. 1998a or Chapter 3).

6.4.2 Kinetic procedure

At optimum leaching pH and at a constant temperature of20 oc (Wasay et al. 1998b and

1998c), the removaI of heavy metals trom soils was measured at different lime intervals.

Six series of plastic tubes were filled with a 25 ml solution containing one of the

extraetant, citrate, tartarate or EDTA. Of the six series, two series each received 1 g of

sandy clay loam, two series each received 1 g of loam while the other two series each

received 1 g of clay loam. The tubes were shaken al 20 oC for 10 min ta 36 h. Theo,

each soil sample in duplicate was filtered and the supematant wu anaJyzed for heavy

metals by ICP-AES.

6.5 Results .ad Discussion

The data of the kinetic experiments were fitted to equatiOD (6.12) of the two-reaction

model and two ditrerent kinetic patterns were found to govem the leaching of heavy

metals trom soils using citrate, tanarate and EDTA solutions. For the sandy clay loam

using citrate, tartarate and EDTA, the leaching of Cd, Cu, Pb and Zn is shown in Figure

6.1a and 6.1b. For the loam and the clay loam using citrate, tartarate and EDTA as

extraetants, the kinetic patterns were similar to that of the sandy clay loam (Figure 6.th,



6.1c and 6.1d). The two-reaetion model gave a good fit for the experimental data in ail

cases for reaetion tinte up ta 36 h. The values of the model parameters ml, k., k2 and ao
are given in Table 6.1. It is clear that Cd leached faster (icI is higher) with ail three

extractants (citrate, tartarate and EDTA) followed by Z~ Cu, Pb, Mn, Hg and Cr at 20

oC. Siower rate of leaching (k2) foUowed the same order observed with the faster

reaetion. This resulted from the release of the exchangeable fraction especially Cd and

Zn and then, the release of more tightly bound metals such as Cu, Pb, Hg, Mn and Cr

bound to oxides and the organic fractions. A general relationship is difiicult to establish

between ao and the Metal fractions in the soïl, determined by sequential extraction

(Wasayet al. 1998a). However, a rough trend was obtained between a.o and the Metal

(Cd, Zn, Cu, Pb, Mn and Cr) fractions in the exchangeable, Fe/Mn oxides and organic

matter. Cadmium showed lower value ofao and tbis value increased in the arder of Zn <

Cu < Pb < Mn < Cr. This means that the leaching ofthese metals becomes more difticult

in tbis arder, because Cd and Zn are mainly retained· in the exchangeable fraction of

sandy clay loam and loam whereas other roetals are mainly bound ta oxides and the

organic ftadion of sails. If the traction ao ~ O.S, the main pan of the soil metal react

slowlyand the quasi-equilibrium concentration is leached slowly.

The fit ofthe data points by the two-reaction model (Figure 6.11, b, c, d) showed

that a reasonable rate description is possible by the IWO process model using different

rate constants. The model describes the metal concentration curves over a tinte period of

36 h with a standard error ofless than 2.1%. The curves and the mode! parameters show

that the individual metals behave difJerently in a single treatment. The value ofthe quasi

equilibrium constant ml is much smaller in the case ofCd, Cu, Pb, Zn and Hg « 0.6 Vkg

), whereas Mn and Cr showed higher values of 1.1 to 4.5 for citrate and EDTA, but

lower values for tanarate because the extraction wu carried out at low pH. This

indieates tbat Cr and Mn are difticult to remove from the clay loam because they are

tightly bound as it was observed (Wasay et al. 1998a). A higher ml value of Cr and Mn

indicate that the removal Ole wu low in a single extraction witb citrate, tartarate and

EDTA even after 36 h. The values of ml for ail sails were very smaU iDdieating a bigh

removal efticiency for the metals. The fast initialleacbing rates are comparable to the
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Kinetic model parameters for two-leaching reaction rate of metals fram

soils

Sail Extraetant Metal ml k1 k2 (Jo StdErr Cor.Caef.

(I/ks) (h-l ) (h- l ) (-) (%) (r)

Sandy clay Citrate Cd 0.141 5.935 0.020 0.201 < 0.555 0.964
loam Cu 0.273 3.229 0.023 0.398 < 0.826 0.955

Pb 0.529 3.989 0.018 0.568 < 1.411 0.969
Zn 0.183 4.024 0.028 0.328 < 0.912 0.963

Tanarate Cd 0.228 5.585 0.020 0.319 < 1.467 0.994
Cu 0.414 4.462 0.017 0.469 < 1.263 0.964
Pb 0.424 4.291 0.025 0.605 < 2.135 0.975
Zn 0.219 4.473 0.027 0.379 < 0.995 0.958

EDTA Cd 0.010 8.649 0.104 0.247 < 1.685 0.992
Cu 0.194 4.788 0.040 0.395 < 1.322 0.979
Pb 0.107 6.070 0.059 0.393 < 1.666 0.979
Zn 0.259 5.039 0.030 0.428 < 1.195 0.985

Loam Citrate Cd 0.133 3.518 0.015 0.163 < 0.446 0.881
Pb 0.529 2.570 0.014 0.489 <0.747 0.918

Tanarate Cd 0.564 4.396 0.006 0.416 < 1.138 0.840
Pb 0.472 3.251 0.010 0.411 < 0.885 0.870

EDTA Cd 0.080 4.360 0.071 0.261 < 0.683 0.983
Pb 0.222 5.232 0.025 0.273 < 1.518 0.885

Clay loam Citrate Cr 1.586 0.405 0.001 0.643 < 0.031 0.998
Mn 1.067 1.154 0.013 0.749 < 0.745 0.982
Hg 0.126 0.506 0.106 1.137 < 2.059 0.988
Pb 0.498 2.589 0.016 0.588 < 0.265 0.999

Tanarate Cr 0.153 1.671 0.061 0.646 < 0.636 0.992
Mn 0.200 1.392 0.054 0.599 < 0.655 0.979
Hg 0.153 3.136 0.012 0.176 < 0.655 0.821
Pb 0.267 3.177 0.017 0.360 < 0.603 0.960

EDTA Cr 4.497 0.151 0.004 0.918 < 0.142 0.988
Pb 0.098 2.226 0.051 0.388 < 0.342 0.993
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magnitude of the excbangeable fraction of metals in soils. The values of the model

parameter k. obtained in the present study for ail metals in polluted soils are in the range

of 0.15-6.1 h·· as measured for Cu extraction using EDTA by Iopony and Young

(1987). The very slow rate ofthe 2nd reaetion and the fairly large fractions (Jo that reaets

according to the slow process indicated tbat prolonged extraction lime will hardly

improve the Metal removal efficiency ftom the soils by citrate, tartarate and EDTA

solutions. The goodness of the curve fit can be seen with correlation of coefficient, r as

shawn in Table 6.1.

6.6 Conclusions

The foUoWÎl1g conclusions can he reached ftom the present study:

1. The rate of leaching of beavy metals ftom soils were anaIyzed using a two-reaction

model based on extraction data obtained with citrate, tanarate and EDTA, at a constant

pH, concentration of extraetants, temperature and shaking speed. The two-reaction

model encompasses two processes, the fast irreversible first-order and the slow

reversible first-order leaching ofmetals.

2. Cadmium leached out faster (higher kt) with all three extradants (citrate, tartarate and

EDTA) foUowed by Zn, Cu, Pb, Hg and Cr at 20 oC. The same arder wu obtained with

the slower leaching rate (kz). This resulted ftom the release ofthe exchangeable fraction

of metals especially Cd and Zn and then the release of the more tightly bound metals

such as Cu, Pb, Hg and Cr bound to oxide and the organic fraction ofthe soü.

3. The values of ml were very smal1 indicating high removal efticiency of metals from ail

soils.

4. If the fraction of slowly extraetable metals (00) is greater than O.S, most of the metals

in soils leach slowly and the quasi-equilibrium concentration is reached slowly. But for

CIo < o.S, the leaching ofMetal is fast.
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CONNECI1NG STATEMENT

The last three chapters (4, 5 and 6) dealt with setting up the remediation technique and

measuring the kinetic parameters for the clay lo~ the loam and the sandy clay loam in

batch experiments. The oext chapter (chapter 7) deals with the remediation of soils in a

column experiment using citrate, tartarate, citrate+oxalate, EDTA and DTPA as tlushing

solutions and in a large scale level in a tub using citrate as a tlushing solution. The

optimum conditions established in the previous chapters was used for the maximum

leaching of heavy metals trom the experimental soils. Each pore volume fram the

column and tub at different rime intervals was collected and analyzed for heavy metals.

This paper bas bftn submitted for publicatioD iD the 1000miÛ of W4Iter, Ai, Md

Soif PoIllltiOll, 1997. Authon: Wa.ay, S. A.t Barri.lton. S. Ind TokunaRa. S. The

contribution of authors are: i) First author carried out entire experimental work and

manuscript write up ü) Second author supervised for technical input and correction of

manuscript m) Third author provided bis analytical laboratory facilities and manuscript

correction.
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CBAPTER7

ORGANIC ACmS FOR THE IN-SITU REMEDIAnON OF SOILS

POLLUTED DY BEAVY METALS: son, FLUSHING IN COLUMNS

7.1 Abstnct

Three soils of different texture and polluted by heavy metals were washed in a series of

columns at optimum pH with a salt of weak organic acids, narnely citrate, tartarate or

oxalate+citrate or a chelating agent such as EDTA and DTPA. For the clay loam, Cr,

Mn, Hg and Pb were removed by citrate and tartarate at levels of 43 to 45, 37 to 41, 91

ta 92 and 75%, respectively. EDTA and DTPA effectively leached only Pb after 20 pore

volumes. For the loam, citrate leached out 98 and 89OJ'o of Cd and Pb after 20 pore

volumes, respectively, while tartarate leached out 91 and 87% of Cd and Pb. EDTA and

DTPA removed these metals between 93 to 97% after 20 pore volumes. For the sandy

clay loarn., Cd, Cu, Pb and Zn were removed between 84 to 91, 73 to 84, 56 ta 70 and

72 to 81%, respectively using citrate and tartarate. EDTA and DTPA removed these

metals between 93 to 97% after 20 pore volumes. An in-situ soil remediation simulation

was also tested using the sandy clay loam in a tub. Cadmi~ Cu, Pb and Zn were

removed by citrate washing solution at levels of 81, 82, 73 and 90%, respectively after

six pore volumes, each retained for 12 h. EDTA and DTPA were etTective in removing

heavy metals except for Hg because of their strong chelating power. But these strong

chelating agents extraet important quantity of nutrients from the soil and pollute the soil

by being adsorbed on the $Oil particles. The salts ofcitrate and tartarate were found to be

quite effective in removing beavy metals ftom the three poUuted soüs while leaching tittle

macronutrients and improving the structure of soils. Each type of soil reached to C and

8 level of soil clean up criteria after lOto 20 pore volumes within lOto 15 h of flushing

time.
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7.2 Introduction

Two in-situ remediation techniques are used to remediate soils poUuted by heavy metals:

i) in-situ immobilization or fixation of heavy metals in the soil where different

immobilization materials (such as chelates, ion exchange resins, portland cement/silicate,

oatural materials-clays, -molecular sieves and -greensand and other additives like

hydrated lime, silylated silica gel, insoluble starch xanthate, ferrous sulfate) can be added

to the soil to reduce the mobility of heavy metals (Liu and Dezfulian 1995, Czupyrua et

al. 1989). This pracess may lead to future leaching problem of heavy metals into surface

and ground waters due to biological aetivity or acidification of the soil ü) in-situ soil

f1ushing ta leach out heavy metals trom paUuted soil. The soil tlushing solution may he

an acid or a chelating agent. This process is the MOst appealing because it generally

creates less surface damage, requires a minimal amount of facilities, reduces the potential

for human exposure to contaminants, is less expensive and, when effective, reduces or

removes the contaminants. However, tbis remediation process is most suited for

penneable soils.

Soil f1ushing in columns ofsandy loam artificially poUuted by Pb was investigated

using HCI, EDTA and CaCh as tlushing solutions (Reed et al. 1996). Lead removal

efficiency was 85%, 1000/0 and 78%, with HCl, EDTA and CaCh, respectively. Several

flushing solutions such as acid, EDTA, DTPA and chlorine were applied at various

concentrations to an artificially Zn contaminated soil contained in a column to determine

Zn remediation efficiency (Davis and Singh 1995). The etTects of ionic stren~ t10w

rate, retention forms and levels of Zn contamination were also studied on remediation.

Complete Zn removal was obtained with EnTA and DTPA at the lowest and highest

flow rates. Removal efficiency wu strongly dependent on the retention form ofZn in the

soil. The chemicals used for washing either destroyed the soü properties or were

inetTective in removing heavy metals.

Various nonhumified (weak organïc acids) and bumified (humic and fuJvic acids)

organic acids have been identified in soils. Nonhumified acids such as citric, tanaric,

oxalic, formie and fumaric acids are present in the soil due to the deœy of plants, animais

and microbial tissues (Tan 1986). Thcse natural weak orpnic acids have cbelating
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eharacteristics which can mobilize heavy metals. These Datural chelators are

biodegradable and form humified substances which can solubilize heavy metals. These

oatural organic acids were found to be abundant in tree roots exudates to enhance the

availability of rnetals to plants. Sorne organic acids were used for leaching out Zn from

mine tailings in a column study (Bruckhard et al. 1995). The highest Zn concentration

was occurred in the leachate with the highest citric acid concentration (10 mM). The

amount ofZn leached out from the column was similar to that leached out by formic and

succinic acid solutions. Oxalic acid leached süghtly more Zn than fonnie and succinic

acids.

The objective ofthe present study was ta test salts ofweak organic acids to leach

heavy metals from soils held in laboratory columns. The leaching efficiency of these salts

was compared to that of chelating agents (BOTA and DTPA) and the leaching effect of

agents on the sail properties was evaluated.

7.3 Materials and Metbods

7.3.1 Esperimental soil sample

Each soil sample was obtained from a site polluted for 3 years by heavy metals (Table

7. 1). The soil samples were air dried and sieved ta remove the particles greater than 2

mm because about 90% of the contaminants are present on particles smaller than 2 mm.

The soil samples were homogenized and stored in plastic bags for further study. Soils

were characterized physically and chemically and their forms of heavy metal retention

was determined uSÎng sequential extraction (Wasay et al. 1998a).

7.3.1 Materials

Soü tlushing solutions were prepared and their pH was corrected for maximum leaching

according to an earlier study (Wasay et al. 1998b, 1998c). A tlushing solution was

prepared using ammonium citrate (0.2 M) and its pU was corrected to 5.0 using NaOU

(0.06 M) in a ratio of 4:1 (ammonium citrate:NaOH). Another tlushing solution was

prepared by mixing tartarate (2:1 ratio of tartaric aad and ammonium tanarate, 0.3 M

each) and water in a ratio of 3 : 2 to obtain a desired pH of 3.6. An admixture of
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Table 7. 1 Physical and chemical charaeterization ofcontaminated soils.

Sail charaeteristic Clay loam Loam Sandy clay loam

Particle size

% sand 29.0±0.6 50.0±0.5 53.S±O.9

%Silt 36.0±0.4 30.0±1.2 24.0±1.6

% clay 35.0±I.O 21.0±0.7 23.0±0.7

Bulk density (g/cm3
) 0.8±O.O 0.9±O.0 O.9±O.O

Particle density (g/cm3
) 2.0±0.0 2.0±0.0 2.1±O.1

Total porosity (%) 45.4±O.1 44.1±O.2 48.0±O.4

k.(cm/s) 1. I±O. 1xl 0.-1 l.3±O.lxIO'" 4.0±O.2x10'"

EC (mS/cm)-water 9.2±O.2 8.0±0.2 2.3±O.2

pH-water 4.2±O.O 5.I±O.1 6.3±O.1

-CaCh 4.3±O.1 5.2±O.1 6.0±0.O

CEC (cmol(+)lkg) 2.0±0.2 4.7±O.0 12.2±O.2

Orgarùc matter (%) 9.9±O.1 5.4±O.1 7.1±O.1

Heavy metals (mw'kg)

Cr (Total) 840

Mn 868

Hg 1280

Pb 1664 2797 1036

Cd 1821 794

Cu 926

Zn 1029

ammonium citrate (0.2 M) and ammonium oxalate (0.2 Ml in a 1:1 ratio wu prepared

and corrected to a pH of S.8. Soil 8usbing solutions of ethyIenediaminetetraaeetic acid

(EDTA) and diethylenetri_c acid (DTPA) (0.1 M) were dissolved in
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NaOH solution (0.1 M) in a ratio of4: 1 ta obtain desired pH ofat least 5.5.

'.3.3 Pore volume

The total pore volume of the soil columns was determined using an air dried soil sample

of 40 g. This sample was weighed in a moisture cao and a known amount of water was

added until saturation was obtained. This point is reached when the soil paste g1istens as

it reflects light, tlows slightly when the container is tapped and the paste slides freely and

c1eanly off the soil spatula. Free water should not colleet on the soil surface nor should

the paste stiffen markedly or lose its glistening appearance on standing. If the paste does

stiffen or loses it glisten on standing for an hour or more, it is remixed with additional

quantity ofwater. The total porosity (t) was determined by the foUowing formula:

f= V
V + V,

M
V =-

1 P,

(7.1)

(7.2)

where V (ml) is the volume ofwater added, Vs (ml) is the volume of the soil panicles, M

(g) is the mass of the dry soil and P. (g1ml) is the density of soil panicles. The pore

volume of the soil was measured by the foUowing formula:

(7.3)

where Vp (ml) is the pore volume ofthe soü column, r (cm) is the radius ofthe colU1llD, h

(cm) is the height ofthe soU column and fis the total porosity of the soil.

7.3.4 Method

Three of soil columns, 2 cm in internai diameter and 4 cm in height were packed with 5.0

ta 8.5 g ofone ofthe 3 contamiDated soüs (Figure 7.1). Three columns eacb holding one
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of the 3 different soils, were connected to a 1.0 L reservoir holding a solution of either

one of the salts of organic aads (NHa and Na), one of the two chelating agents (EOTA

and DTPA) at an optimum pH or a control solution of deionized water. Each flushing

solution was allowed ta pass through the soil column and each volume equivalent to that

of the soil pore was coUected with time. The tlow rate of the flushing solution througb

the soil column was maintained between 4 to 10 mI/h. The pore volume was coUected

periodicaUy for heavy Metal anaIysis. AlI experiments were carried out in triplicate.

OS/OA DW
CA

Soil in columns
....-I~r:t- .....~....-nrt--...........

Pore volume collection

Figure 7.1 Schematic diagram for the soil flushing in a column
experiment. Soil Oushing Iiquid: organic salt (OS), organic aad
(OA), chelating agent (CA). Control: deionized water (DW).

7.3.5 Larwe IUle esperilDellt

A large scale expeI iment wu condueted with the SIDdy clay loam in • tub to simulate in

situ conditions. The tub contained 7.7 kg of the soil contaminated with Cd, Cu, Pb and

Zn. The surface of the sail wu irripted witb • 0.16 M unmonium citrate solution

(washing solution) at a pH of S.O. The wasbing solution wu applied to the soil surface

and aUowed to $Oak in the soil for 12 h before beÎDS drained. This procedure wu

repeated 6 times. &ch pore volume wu coUected by gravity thraugh 4 perforated weBs

after a 12 b retention lime (Fisure 7.2). The volume ofleachate coUected wu measured
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in terms of the soil' s pore volume and sampled to determine ilS heavy Metal content

After flushing the soil in the tub, residual metaIs were determined by acid digation.

Gravity tlow
system

Impe~able layer
29 cm

u
Leachate

Figure 7.2 Schematic diagram for soil flushing in a tub experiment.

7.3.6 Statistical analysis

The SAS repeated measure anaJysis of variance procedure was used for the leaching rate

ofheavy metaJs fram the column (SAS 1990).

7.4 Resulu and Discussions

7.4.1 Soit ftushinl esperimeat

The amount of heavy metals removed with time for each soil pore volume for the clay

loam, is ilIustrated in Figure 7.3a. Each pore volume (Ieachate) for clay loam was

equivalent to 3.8 ml per 5.0 g of soil and it took 0.5 to 0.7 h to leach one pore volume.

For the clay loam., Cr,~ Hg and Pb were removed al levels of 11, 31, 20 and 95%,

respectively, using EDTA and DTPA after 20 pore volumes. With ammonium

citrate(O.16 M), the leaching of Cr, Mn, Hg and Pb reached levels of 43, 37, 92 and

75%, respectively, also after 20 pore volumes. The percentage removal ofer, Mn, Hg
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Figure 7.3a Soil flushing in a column for an in-situ remediatioD.• Cd,. Hg, Â Mn

and. Pb.
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and Pb was found ta be 45, 4t, 91 and 75% using ammonium tartarate (0.3 M),

respectively. The heavy metals leached out by the water in the control treatment was

round to he 0.54, 5.78, 1.97 and 2.83% for Cr, Hg, Mn and Pb, respectively, after 20

pore volumes. The optimum conditions such as pH, concentration of salts of organic

acids and chelating agents and amount of clay loam washed are shown in Figure 7.3a.

Because the heavy metals were tightly bound on the clay loam, it was difficult ta remove

particularly Cr(lll) and Mn by both the weak organic salts, such as citrate and tanarate,

and the strong chelating agents, such as EDTA and DTPA

For the loam, levels of heavy lnetals removed with time for each soil pore volume

are illustrated in Figure 7.3b. Each pore volume was equivalent to 3.6 ml per 5 g of soil

and it took 0.5 to 0.63 h to leach one pore volume. Ammonium citrate at optimum pH of

5.0, removed 98 and 890.Ic» of Cd and Pb, respectively after 20 pore volumes which

required a total time of9.6 h. At 7 pore volumes and 3.5 h, removal efficiency was round

to be 83 and 62% for Cd and Pb, respectively. This fraction of heavy metals was mainly

released tram the easily exchangeable form of metals. After 7 pore volumes, heavy

metals were released more slowly because they were moderately to tightly bound to

oxides and organic matter. For this soil, Pb was mainly bound ta oxides and the organic

fraction of the soil, whereas Cd was mainly present in exchangeable fonn (Wasay et al.

1998a). Therefore, citrate easily leached Cd as compared to Pb. With tartarate, Cd and

Pb were leached at levels of91 and 87%, respectively in 20 pore volumes and after 12 h,

at an optimum pH of 3.6 to 4.0. At 10 pore volumes, the removal of Cd and Pb was

found to be 82 and 600J'o, respectively and was alsa much slower thereafter. EDTA and

DTPA leached out 93 to 97010 of Cd and Pb after 20 pore volumes, at optimum pH of

5.5 ta 7.5. At 10 pore volumes and 5 ta 4.3 h, the leacbing of Cd and Pb was 86 and

81% for EDTA and DTP~ respectivelyand was mueh slower thereafter. For the control

treatment (with water), the leaehing of Cd and Pb reached levels of 13.2 and 0.95%,

respectively after 20 pore volumes.

For the sandy clay loam, levels ofheavy metal removed with rime with eaeh soil

pore volume are sbown in Figure 7.3e. Each soil pore volume was equivalent to 5.2 ml

per 8.5 g ofsoü and it took 0.72 to 1.0 h ta leach out one pore volume. Leaching ofCd,
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Figure 7.3b Soil flushing in a column for an in-situ remediation.• Cd and. Pb.
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Figure 7.3e Soil tlushing in a colurnn for an in-situ remediation.• Cd,. Pb, ~ Cu

and 0 Zn.
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Cu, Pb and Zn by ammonium citrate was found to reach levels of 91, 84, 70 and 810/0,

respective1y after 15 pore volumes and Il h. At 10 pore volumes and 7.3 h, the release

of Cd, Cu, Pb and Zn reached levels of 84, 73, S6 and 72%, respectively. Tartarate

released Cd, Cu, Pb and Zn at levels of 83, 73, 89 and 7go.IcJ~ respectively, after 1Spore

volumes and 14.7 h. At 10 pore volumes and 9.6 h, the leaching of Cd, Cu, Pb and Zn

was found to he 69,63, 77 and 67010, respectively. For EDTA and DTPA, the leaching

of Cd, Cu, Pb and Zn ranged between 96 to 98, 90 to 94, 92 to 99.6 and 85 to 87%,

respectively after Il pore volumes and a leaching lime of8.6 to 9.7 h.

80th EDTA and DTPA were found to he significantJy effective in removing

these rnetals because oftheir strong chelating propenies as compared to natural chelators

such as citrate and tartarate. Therefore, EDTA and DTPA also extraeted alJ other

nutrients trom soils, thereby decreasing the chemical value of the soil. Furthermore, the

chelating agent cao be adsorbed on the soil surface (Bourg (988). Recause EDTA

resists biodegradation and is adsorbed on the soil panicles, soils remediated by such

chelating agents are unfit for agricultural use. The salts of organic acids, such as

ammonium citrate~ etfectively removed heavy metals from the soil while being adsorbed

on the surface of the soil particles. But these natura! chelators are biodegradable and

produce humified substances 50ch as humic and fulvic acids, which cao improve the

structure of the soil by cementing the soil particles into water stable aggregates.

Three soils reached category C and B levels of soil clean up criteria after lOto 20

pore volumes within lOto 15 b of ftushing tinte uSÏDg citrate, tanarate, EDlA and

DTPA. Soils require more tlushing to reach A level of soil clean up criteria before

disposai on agricuJtural land. For all 3 comaminated soils, the loss of macronutrients,

50ch as Ca, Mg, Fe, by EDTA and DTPA was round to be 4 to 5 times bigher than that

of the citrate. EDTA and DTPA form strons chelates with soU macroDUtrients wbose

stability constant is very bigb as compared ta citrate or tartarate (Ben 1977). Tberefore,

EDTA and DTPA have a negative impact on the soil pollution and soil nutrient content.
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7.4.2 Lal'le sc.1e fsperilDeDt

The release of heavy metals from the sandy clay loam using ammonium citrate (O. 16 M)

was plotted as a funetion of retention time (Figure 7.4). The leaching of Cd, Cu, Pb and

Zn was found to be 81, 82, 73 and 90 % of the total 6.114, 7.130, 7.977 and 7.923 g of

20

Ct
Ct 16 -...
«
~

CI 12 
E......

Sandy clay loam 7.7 kg
~ Citrate 0.1 M
~ pH 5.8

~
~8 -

4 -

•...,•
~

a
a 24 48 72 96 120

lime (h)

Figure 7.4 Sail flushing in a tub for an in-situ remediation.• Cd, • Pb, i1 Cu

and =Zn.

contaminants in the saü, respectively after six pore volumes, each retained for 12 h. The

soil still retained 0.306, 1.070, 1.835, and 0.713 g of Cd, Cu, Pb and Zn, respectively

after 6 pore volumes. 8y extrapolating to 10 pore volumes, Cd and Zn are expected to

meet the clan up criteria Oevel A) whereas Cu and Pb could have reached the clean up

criteria for agricuJtura1 soils (Ievel 8) whicb requires more tlushing (MEFQ 1994). The

release ofPb wu the slowest among ail other heavy metals, whereas Zn and Cd were the

fastest.

7.4.3 Statisdcal .aalylÎl

The ftushing solutions had a highly significant effect on the rate of leacbing of the heavy

metals (P < 0.0001). For the clay loam, EDTA and DTPA leached out Pb fut« and

decreased Pb to a minimum amount iD 8 pore volumes foUowed by citrate and tanarate.
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Manganese was removed faster by EDTA foUowed by tartarate, citrate and DTPA.

Chromium wu leached out faster by citrate and tartarate as opposed to EDTA and

DTPA. Mercury was tlushed out faster trom the clay loam by citnte followed by

tartarate, EDTA and DTPA. For the control using water, the leaching of aU metals was

found to be minimum as compared ta ail other treatments. The coefficient of variance

(CV) varied between 1.8 to 7.()OAt for ail metals, at different time intervals.

For the loam and for the first 2 pore volumes, Cd leaching was faster by citrate

followed by EDTA and tanarate or DTPA and thereafter t&nuate removed Cd faster as

compared to other cbemicals. Leac:hing by water (control) wu found to he the leut

effective. For Pb leaching, EDTA and DTPA were the most effective, followed by citrate

and tartarate. The coefficient of variance (CV) was round to range between 1.26 and

4.53% for both Cd and Pb.

For the sandy clay loam, Cd leac:hing was Caster for the first pore volume, with

EOrA foUowed by citrate+oxalate, DTPA., citrate and tartarate. Ailer four pore

volumes, the leac:hing of Cd wu better with tanarate foUowed by citrate, DTPA, EDTA

and citrate+oxalate. Deionized water wu the leut effective in leacbing Cd.

Citrate+oxalate leached out Cu faster than EDTA foUowed by DTPA, citrate and

tartarate for the tint 2 pore volumes. EDTA and DTPA bad a better efficiency for Cu

until 5 pore volumes, and thereafter citrate and tartarate ac:hieved the best efficiencies.

For Pb and Z~ EDTA and DTPA demonstrated the highest rate whereas tartuate,

citrate and citrate+oxalate demonstrated a slow rate for both metals. The coefficient of

variance (CV) ranged between 1.28 to S.7,..4 for all metals at each pore volume.

7.5 Coadulio••

The foUowing conclusions are;

1. For the clay lalm, the removal of Cr, Mn, Hg and Pb by citrate and tartarate ranged

between 43 to 45, 37 ta 41, 91 ta 92 and 75%, respectively. EDTA and DTPA could

only remove Pb etfectively whereas for Cr, Mn and Hg, they were found to be less

efFective after 20 pore volumes.
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2. For the loam, ammonium citrate at optimum pH leached out 98 and 8go~ of Cd and

Pb, respectively after 20 pore volumes. Ammonium tartarate leached out 91 and 870;'0 of

Cd and Pb, respectively after 20 pore volumes. EDTA and D1'A also removed Cd and

Pb between 93 and 97%, al 20 pore volumes.

3. For the sandy clay loam, the leaching of Cd, Cu, Pb and Zn ranged between 83 to 91,

73 to 84, 56 ta 70 and 72 ta 81% with citrate and tartarate, respectively. The removal of

these metals by EDTA and DTPA ranged between 85 ta 980/0 after 15 pore volumes.

4. The removal ofCd, Cu, Pb and Zn in the large scale experiment (tub) reached 81, 82,

73 and 90°;'0, respectively after six pore volumes, each retained for 12 h.

S. Three soils were reacbed to C and B level of sail after IOta 20 pore volumes within

lOto 15 h of soü flushing using citrate, tartarate, EDTA and DTPA. Soils require more

flushing to reach A level of soil c1ean up criteria before disposai on agriculturalland.

6. EDTA and DTPA were effective in removing ail heavy metals except for Hg because

of their strong chelating properties. But they also extraet aU other important nutrients

trom the soil and they paUute the soil by being adsorbed and non biodegradable on the

surface ofthe sail particles.

7. Organic salts such as ammonium citrate and tartarate, are also quite effective in

removing heavy metals trom poUuted soils. Even if the salts of these organic acids are

also adsorbed on the surface ofthe soil particles, they improve the soil structure and help

in forming water stable aggregates.
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CONNEcnNGSTATE~NT

The next chapter deals with the bioremediation of soils poUuted by heavy metals using

the fungus, Aspergillus niger. After successfully studying the effectiveness of weak

organic acids such as citrate ta remediate soils in bath batch and column experiments

(chapter 4, 5, 6), a bioremediation process was developed using Aspergillus niger to

generate citrate in-situ to funher minimize the cast of remediatioo. Ta generate citrate,

Aspergillus niger was grown on the surface of the contaminated soil fed sucrase as a

carbon source and rest at a constant temperature under aerobic condition. The leachate

in the form of pore volume was collected every day from sail column while Aspergillus

niger was continuously supplied citrate.

This paper bas been accepted ror public.tioD iD the JOIImal of BiordlNültiOll,

1998. Authon: Wasay, S. A., a.rrioltoD, S. and TokuD..a, S. The contribution of

authors are: i) First author carried out entire experimental research work and manuscript

write up ü) Second author supervised research work and manuscript correction iü) Third

author provided bis analyticallaboratory facilities and manuscript correction.
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CHAPTER8

BIOREMEDIATlON OF soas POLLUTED BY BEAVY METALS USING

ASPERGILLUS NIGER

8.1 Abstnct

A bioremediation process was developed using tbe fungus Aspergillus niger to produce

weak organic acids for the leaching of heavy metals from contaminated soils. The fungus

was cultivated on the surface of three contaminated soils (a clay loam., a loam and a

sandy clay loam) for 15 days al 30 oC and at a pH < 4 to favor the production of citric

acid ratber than oxalic acid which hinders Pb leaching. For the clay loam, Cr, Mn, Pb and

Hg were leached to levels of 37, 41, 85 and 91%, respectively. For the loam, the

leaching of Cd and Pb was round to reach levels of 99.7 and 83%, respectively. For the

sandy clay loam, C~ Cu, Pb and Zn were leacbed ta levels of 99, 94, 58, 99010,

respectively. The three contaminated soils could have been remediated to an A category

after 20 to 25 days of leaching using tbis technique.

Key words: Soil pollution, heavy metals, bioremediation, leaching, Aspergillus niger,

column experiment.

8.% IDtroductioa

Soil pollution by heavy metals is a growing concem in Canada, USA, Japan, Europe and

vlrious developing countries. The metal mining and smelting industries are the main

sources ofheavy metal pollution (Asami 1988). Sail cleauing is expensive because heavy

metals are very tightly bound ta sail particles. The estimated clean up cost of

contaminated saüs ranges between US $ 8 ta 12 per head in industrialized countries

(Ellis and Mellor 1995). It bas hem estimated that the clean up cost by current

technology (ex-situ or excavation and reburial) for one hectare of soil over a depth of

one meter cao range between US $ 0.6 to 3 million depending on the pollution load

(Motrat 1995).
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Earlier studies showed that strong acids (HCl, HNÛ3 and H2S04), strong

synthetic chelating agents (EDTA and DTPA) and microorganisms are effective in

leaching heavy metals from poUuted soils and sewage sludges facing major disadvantages

(Tuin and Tels 1990, Benschoten et al. 1994, Cline and Reed 1995, Davis and Singh

1995, Strasser et al. 1994 and Wong and Henry 1985). Both strong acids and chelating

agents CID disturb the properties of the soil by extraeting important macronutrients.

From 8 to Il% by weight of the total soil material was dissolved in 0.1 M Hel after 30

min and about 13-14% by weight after 24 h of extraction (Tuin and Tels 1990).

Therefore, strong acids tend to destroy soils because their higber tendency to lose

protons as compared to weak organic aads. Four to 5 rimes more macronutrients were

lost with EDTA as compared to citrate extraction (Wasay et al. 1998a and 1998b).

Furthermore, EDTA is generally adsorbed on the surface of soil minerais and makes the

soil unfit for further use because it is relatively non biodegradable (Tokunaga 1996).

The microbial oxidation or reduetion of metals bas been used to remediate soils

or sludges contaminated by heavy metals. Microorganisms sueb as Thiohacillus

je"ooric/ans and sulfate reduCÎDg baeteria are capable of leaching heavy metaIs from

contaminated soils and sewage sludge. T. fe"ooxic/ans oxidize most metal sulfides to

soluble Metal sulfates except for those of Pb and Hg. The bioleaching process is suitable

when metal mining waste or heavy metals are present as sulfide and conditions are

anaerobic. Therefore, it is difficult to remove all metals tram soüs by such microbial

proœss. Currently, bioleaching processes are used to leach metals ftom mining ores

(Means and Hinchee 1994). However, the sulfuric acid produced by the microbial

pracess aIso leaches the nutrients along with the heavy metals by lowering the soil pH. A

secure disposai facility is required afterwards to protee! groundwater against

acidification. Biological activity used for the mobilization ofbeavy metals is anaIogous to

soil wasbing or chemica1 leaching because microorganism produce strong acid such as

sulfuric &Cid (Means and Hinehee 1994). Therefore, environmentally fiiend1y

technologies are required for bioremediatioD.

Cîtric acid and/or its salt, among other weak organic acids, is quite effective in

remediating soils poDuted by heavy metals (Wasay et al. 1998a and 1998b). The
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importance of using weak organic acids and/or their salts are: i) less destructive to soil

properties as compared to strong acids (HC~ HN03, H2SO..) and strong chelating agents

(EDTA, DTPA) ü) improve the soil propenies by enhancing the fonnation of stable soil

aggregates.

Several microorganisms such as yeast and fungi accumulate considerable amount

of organic acids such as citric, oxalic, malic, tartaric, fumaric and pyruvic acids (Rehm

and Reed 1983). Some organisms have conversion rate of organic acids reaching up to

900/0 of the carbon supplied (Steinbock 1991). Citric acid is a common metabolite in

most living organisms such as Aspergillus niger and the factors influencing its

accumulation are pH, time and concentration and type of sugar.

The objective of the present study was to test the capability of the fungus

Aspergillus niger in producing weak organic acids for heavy metal washing tram

contaminated sails.

8.3 Materials .ad Metbods

8.3.1 Soil cll.ncterizatioa

The experimental soils (a clay loam, a loarn and a sandy clay loam) were charaeterized

physically for their particle size, bulk and particle densities, porosity and saturated

hydraulic conduetivity, k. (Carter 1993, Klute 1986) and chemically for their pH,

electrical conductivity, cation exchange capacity (CEC), organic matter and heavy metal

content.

The soil pH was measured by soaking in deionized water al a ratio of 1:2. The

electrical conduetivity (EC: mS/cm) of the soil supematant in deionized water was

measured usmg an electrical conduetivity meter. The CEC was calculated by exchanging

heavy metals and other cations present in the contaminated soils with a BaCh solution

(Caner 1993). AIl metals were determined by ICP-AES (lCPS-looo II, Shimadzu Corp.,

Kyoto, Japan), except for Na and K which were determined by tlame emission

spectrophotometry (perkin Elmer).
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8.3.% Medium for fUDluS

The growth medium for the Aspergillus niger was prepared by dissolving the following

constituents in sterilized deionized water: (NIL}2S0.. 1.0%.. K2HPO.. 0.3% ..

MgSO.a.7H20 0.05%.. KCI 0.05%, FeS04.7H20 0.001%, Sucrase S.O%~ Agar 2.00.IcJ, pH

6.0.

8.3.3 Microbes culture prepantioD

Pure dry spores of Aspergillus niger (IFO, lapan) mixed with a few ml of sterile

deionized water and a few drops of this culture was transferred to a slanted tube

containing agar and autoclaved growth medium. The Aspergillus niger was grown in the

slanted tube for Sdays at 30°C.

Medium

Microbes

Soil

Control

SoU

Leachate

Tbennostat

Refrigerator

Figure 8.1 Schematic diagram for bioremediation of soil. Cultivation ofAspergillus
niger on the surface ofcontaminated soil column.
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8.3.4 RemediatioD procedure

Three experimental soil columns and a control column for each soil were set up for metal

t1ushing study (Figure 8.1). Either 3.5, 5.0 or 5.0 g of clay lo~ loam or sandy clay

loam was used ta fil) each column, respectively. The bottom and the top of the column

was sealed with glass wools to prevent the migration of fine particles. The soil columns

were leached with 2 pore volumes of deionized water to remove the air trapped in the

soil pores. The top surface of the soil was covered by a few cm of coarse straw. The

Aspergillus niger culture prepared in the slanted tube was mixed with 10 ml of medium

and transferred to the soil columns and kept al a constant temperature controUed by an

air conditioning system. Each column was directly connected to a reservoir containing

the medium. The Aspergillus niger produced mainly citric acid and sorne oxalic acid

which was slowly percolated through each soil column. The leachate in terms of pore

volume was collected every day trom each column for heavy metals analysis. The citrate

production was also tested using p-dimethyl-aminobenzaJdehyde in acetic aad to

develop pink color with citric acid indicating its production in the system (Rohr et al.

1979). After ftushing soil column, the residual heavy metals in the soil was also

determined by acid digestion as discussed in Chapter 3.

8.3.5 Statistieal aoalylil

The SAS repeated measures anaIysis of variance procedure was used to compared the

rate ofleaching among different heavy metals at a optimum pH condition (SAS 1990).

8.4 Reluits aDd DiseullioDS

8.4.1 pH efl'ect OD the o......ie acid production ofA,pnrillu ";'e'

The organic acids produced by Aspergillus nige,. decreased the pH of the leachate to 2.

Thus, NlLOH wu added to the growth solution in sufficient quantities to maintain the

pH of the leachate between 3.8 to 4.0 (Figure 8.2a, 8.2b and 8.2c). A pH of 5.0 would

have lead to the production of oxalic and gluconic acids wbich may have immobilized Pb

rather tban enhance leaching. Also, about 20 to 30010 more leachiDg ofmetals occurred at

a pH about 4 as opposed to a pH 2. The optimum pH for maximum heavy metalleaching
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ranges between 5 and 7 but only 5 to 10010 more Pb extraction is achieved at the

optimum pH range as compared to a pH 4 (Wasay et al. 1998a and 1998b). AJso the pH

range of 3.8 to 4.0 optimizes the production of citric acid by Aspergillus niger, rather

than oxalic and gluconic acids.

- 0.8 0.8
CI'

! (.) CI.y lo.m 3.1 g

'V 0.6 - • 0.6 .. fb) Clay toam 3.5 g
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Figure 8.2 Leaching ofheavy metals trom clay loam with time. (a) by Aspergillus

niger, (b) control without Aspergillus niger and (c) pH change in

experiment (a).• Cr,. Hg, Â Mn and. Pb.

8.4.2~ ,,;,et' .ad heavy .etal Dlobilizatioa

The three experïmental soüs are described in Table 8.1. According to the Quebec

guidelines (MEFQ 1994), these soüs cannot be disposed on agricultural land because

!heir IUgb heavy metaI content. The growtb of Aspergillus niger for citric acid

production is quite sensitive to beavy metals (Steinbock 1991). Aspergillus nip' CID be
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grown under either submerge or surface cultivation. Submerge cultivation is useful only

when their is no contamination ofheavy metals in the soil otherwise surface cultivation is

preferred.

Table 8. 1 Physical and chemical characterization of contaminated soils.

Soil characteristic Clay loam Loam Sandy clay loam

Particle size

0/0 sand 29.0±O.6 SO.O±O.S 53.5±O.9

%Silt 36.0±O.4 30.0±1.2 24.0±1.6

0/0 clay 3S.0±l.O 21.0±O.7 23.0±O.7

Bulk density (g/cm3
) O.8±O.O O.9±O.O O.9±O.O

Particle density (glcm3
) 2.0±O.O 2.0±O.O 2.1±O.1

Total porosity (0/0) 45.4±O.1 44.1±O.2 48.0±0.4

k.(cm/s) 1.1±O.lxlO'" 1.3±O.lxlO" 4.0±0.2x10"

EC (mS/cm)-water 9.2±Q.2 8.0±0.2 2.3±O.2

pH-water 4.2±O.O S.l±O.l 6.3±O.1

-CaCh 4.3±O.1 S.2±O.1 6.0±0.O

CEe (cmol(+)lkg) 2.0±0.2 4.7±O.O 12.2±O.2

Organic matter (0/0) 9.9±O.1 S.4±O.1 7.1±O.1

Heavy metals (mglkg)

Cr (Total) 840

Mn 868

Hg 1280

Pb 1664 2797 1036

Cd 1821 794

Cu 926

Zn 1029
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About 90% of the sugar fecl to Aspergillus niger cao be converted to citrate

(Steinboc~ 1991). Therefore, a 5% sucrase solution was presumed suflicient to produce

enough citrate (about 0.2 M) for the leaching of heavy metals ftam these contarninated

sails. The optimum concentration of citrate ranges nom 0.03 to 0.16 M for maximum

heavy metalleaching (Wasay et al 1998a and 1998b). The effect oftime and heavy metal

mobilization for the three soils is shown in Figure 8.2, 8.3, 8.4. Cadmium, Zn, Cu, Pb

and Hg showed simiJar leaching behavior while Cr and Mn showed relatively slow

leaching behavior.

For the clay loam, Cr, Mn, Pb and Hg were leached to 37, 41, 85 and 91%,

respectivelyafter 15 days at 30 oC (Figure 8.2a). The leaching of Pb and Hg was round

to peak at day 4 with the maximum yield ofcitric acid by Aspergillus niger at about pH

4 (Figure 8.2c). After 15 days of leaching, soil Pb levels reached the B soil criteria of the

Quebec guidelines (MEFQ 1994). Lead is the least mobile of aU heavy metals, especiaUy

in soils under reducing condition. Lead bas a particularly high affinity for Mn oxides and

Pb(ll) oxidized to Pb (IV) is quite insoluble (McBride 1994). The level of Hg met ooly

the C soil criteria ofthe Quebec guidelines. By extrapolating the results, at least 20 to 21

days of leaching are required ta reach the A soil criteria level for bath Pb and Hg.

Chromium and Mn leached very slowly and thus, an even longer period would he

required ta reach the permissible A soil criteria level. Chromium is usuaUy present in

soils in its trivalent state (Bartlett and Kimble 1976). The organic matter of polluted soüs

can reduœ Cr(VI) to Cr(III) (Grave and Ellis 1980, James et al. 1983). Chromium (Ill)

fonns chromium hydroxides and ultimately, the very insoluble ehromium oxide, Cr203.

The possible formation of polymerie chromium hydroxy complexes reduces its solubility

even more (Wilkinson 1987). This may he the reason why Cr leached slowly with citrate.

When Cr is present in soil as Cr(llI), an oxidizing agent is the preferred extraetant. The

Cr(VI) is known to be mueh more mobile in soils, although it CID be reduced back ta

Cr(III) by organie matter. The slow leaching of Mn may result from the formation of

Mn·Fe oxides. In this experiment, Mn wu probably released slowly from the soil by

spontaneous dissolution or cation exebange, especially under acidic or reducing
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conditions. The control experirnent leached ooly 0.7, 2.5, J.9 and 6.7% of Cr, Mn, Pb

and Hg, respectively trom the clay loam (Figure 8.2b).

For the loarn, Cd and Pb were leached ta 99.7 and 8J%, respectively after 15

days at 30 oC, whereas for the control treatment, Cd and Pb were leached to only IJ and

20/0, respectively (Figure 8.3a and 8.3b). The Cd leaching peaked at day 4 with the

production of citric acid by Aspergilills niger. At the beginning, Pb removal was very

slow as oxalic acid was produced. When the pH droppe<! below 5 (Figure S.Je), citric

acid production staned and Pb leaching reached a peak al day 7. Ta improve Cd levels

from the B to the A soil criteria, an additional 5 clays of leaching was required. Lead
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Figure 8.3 Leaching ofheavy metals from loam with time. (a) by Aspergillus niger,

(b) control without Aspergillus niger and (c) pH change in experiment

(a).• Cd and • Pb.
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levels met the B soil criteria after 15 clays and the A soil criteria was expected after an

additional 8 to 10 days.

For the sandy clay loam, C~ Cu, Pb and Zn were leached to 99, 94, 58 and 99010,

respectivelyafter 15 days at 30 oC whereas for the control experiment, ooly 3 to 5% for

aU these metals were leached (Figure 8.4a and 8.4b). The leaching of C~ Cu and Zn

peaked at clay 4 with the citric acid production by Aspergillus niger and then slowly

decreased to meet the A soil criteria al clay 15. The leaching of Pb was slow at the

beginning as oxalic acid wu produced. When the pH dropped below 5 (Figure 8.4c), Pb
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Figure 8.4 Leaching of heavy metals nom sandy clay loam with time. (a) by

Aspergillus niger, (b) control without Aspergillus niger and (c)

pH change in experiment (a).• Cd,. Pb,.& Cu and 0 Zn.
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leaching was enhanced. Cadmium level was still high after 15 days, and an additional 7 to

8 days of leaching would have been required to meet the A criteria for soils by applying

kinetics for preduetion. Copper and Zn both met the A soil criteria after 15 days. Lead

levels met the B soil criteria and was expected ta meet the A soil criteria after an

additional 10 clays of leaching by applying kinetics for preduetion.

The extent of saü contamination is directly related to the initial metal

concentration in the soil as weil as the presence of inorganic and organic compounds. If

the sarne treatment levels are irnposed, sites contaminated by smaIl amount of heavy

metals are open just as difficult to remediate as those grossly contaminated because the

binding energies associated with low sorption densities are large. Assuming that soils

have multiple types of surface sites, small quantities of metals would he preferentially

adsorbed by the sites with the highest binding energies, making their subsequent release

difficult (Reed et al. 1995). This phenomenon is illustrated by the slow release of Pb

from sandy clay loam.

8.4.3 Statistical aaaiysis

Citrate produced by Aspergillus niger had a highly significant effect on the rate of

leaching ofheavy metals from ail three experimental soils (P < 0.005).

With the clay loarn, Hg leaching by Aspergillus niger was faster for the first 5

days foUowed by Pb, Cr and Mn. From day S to 13, the leaching of Pb was predominant

foUowed by Hg, Mn or Cr. After 13 days, Mn leached süghtly faster than Hg but still

more slowly than Pb. Wlth the loam, Cd leached out raster than Pb for the first S days

after wbich Pb leaching dominated. With the sandy clay loam, Zn, Cd and Cu leaching

was predominant for the first 7 clays, after which Pb was leached more slowly as

compared to the other three metals.

8.! Co.dulio••

The foUowing conclusions were reacbed:

1. A bioremediation process using Aspergillus niger wu proven to he effective for the

leacbing ofheavy metals ftom three soils naturally contaminated by heavy metals.
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2. Alllevels of heavy metals cao meet the A soil criteria after 20 to 25 days of leaching

rime, al optimum pH of3.8 to 4.0, and at 30 oC.

3. Most metals (Cd, Hg, Cu, Zn) reached peaked at day 4 with continuous supply of

citrate by Aspergillus niger. The maximum leaching rate for Pb was reached after 5 to 7

days when oxalate supply by Aspergi//u niger was reduced as pH dropped below 4.

Chromium and Mn were leached very slowly by citrate and took more time ta meet the

B soil criteria.

4. For the clay loam and after 15 days, Cr, Mn, Pb and Hg were leached ta 37, 41, 85

and 91%, respectively. For the loam and also after IS days, Cd and Pb were leached to

99.7 and 83%, respectively. For the sandy clay loam and after IS days, Cd, Cu, Pb and

Zn were leached to 99, 94, 58 and 99O/G, respectively.

5. This bioremediation process was found ta be environmentally friendly as compared ta

the leaching process using the bacteria T. fe"oaxidans. strong acids or chelating agents.
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This final experimental chapter deals with the treatment aspects of leachate generated in

the previous cbapters (soil washing) using granular aetivated carbo~ ferrie chloride

solution and granular aetivated alumina. Granular aetivated carbon was found ta be quite

effective in removing Metal chelates ftom the leachate. The treatment of the leachate was

carried out at different pH levels ta optimize the condition for maximum removal of

metal chelates. The kinetic and adsorption capacity of granular aetivated carbon for

metal chelates in the leachate were alsa studied at optimum pH and constant

temperature.
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CHAPTER9

TREATMENT OF LEACHATE FROM SOIL WASRING PROCESS

9.1 Abltr.lct

Granular aetivated carbon (GAC), granular aetivated alumina (GAA) and a fenie

chloride solution (FCS) were tested for the treatment of leachate contaminated by heavy

metals. The leachate was coUected following the remediation of soUs using weak organic

acids and/or their salts, EDTA and DTPA. Only GAC was found to effectively remove

heavy metals (Cd, Cu, Cr, Hg, Mn, Pb and Zn as chelates) trom the leachate. At

optimum pH ranging from 5.4 to 6.9, 970/0 of Hg was removed while at optimum pH

ranging from 6.9 to 8.0,78 to 96% ofCd, Cu, Mn, Pb and Zn were removed. Some 77%

of the Cr was removed at optimum pH of 5.4. The brown color of the leachate tumed

colorless after GAC treatment.

9.2 Introduction

Heavy metals are etIectively washed from polluted soils using weak organie acids and/or

their salts (citrate, tartarate and oxalate) and chelating agents EDTA and DTPA (Wasay

et al 1998b). The recovered leachate contains heavy metals in the form of Metal chelates

fomùng negatively charged complexes which are hard to treat by lime precipitation.

For wastewater treatment, various techniques have been used to remove heavy

metals. Heavy metals are generally precipitated as hydroxides by adding lime or caustic

soda and raising the pH until reaching minimum solubility and maximum precipitation.

Heavy metals may al50 be precipitated as sulfides and in sorne cases as carbonates or by

ion exchange processes (Eckenfelder 1989). GranuJar aetivated carbon (GAe) remoVe5,

by adsorption, orpDic materials, such as dichlorophenol. Adsorption is a common

process in water and wastewater treatment and in the transport process of chemical

species in aquatic systems. Aqueous solutions of Hg are often treated by various

combinatioDS of aetivated carbon, EDTA, tartaric acid, citric acid and calcium. ID the
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presence of these chelating agents, activated carbon is even more effective (Thiem et al.

1976).

The objective ofthe present study was to test the efficiency of various adsorption

media in treating leacbate containing heavy Metal chelates generated from the

remediation of soils uSÎDg weak organic acids and/or their salts, EDTA or DTPA.

9.3 Materi'" and Metbods

9.3.1 Leach.te .amples

Leachate samples were collected ftom the three soils extracted with weak organic acids

and/or their salts~ EDlA or DTPA(Wasay et a/.~ 1998a and 1998b). The leachate

samples were stored at 4 oC in retiigerator. The leachate samples were analyzed for

heavy metals content using ICP-AES (lCPS 1000 IL Shïmadzu Corp., Kyoto, Japan).

9.3.1 Adsorbent!

Granular activated carbon (GL-H, Wako, Japan) was pretreated by soaking with dilute

HCI (0.1 Ml al 40-50 oC for 25 h, washed severa! times with distilled water and then

dried in a vacuum desicator for a week before it was used as an adsorbent for metal

chelates. A granular aetivated alumina (GAA) and a 5% fenic chloride solution (FCS)

were a1so used for the treatment of metal chelates in the leachate but they required no

pretreatment.

9.3.3 Procedure

A 22 mlleachate sample wu taken in four sets of tubes and each set of tubes comains

four plastic tubes in triplicate. After adjusting the pH of each tube between 5.4 and 8.0

using a few drops ofNaOH solution (1 M), the total volume in each tube was adjusted

to 2S ml. A 2 g of GAC wu added to each tube of the tint set while each tube of the

second and third sets received granular aetivated alumina (2.0 g) and ferric chloride (2

ml), respectively. Similarly the fourth set of tubes received no adsorbent aDd wu used as

a control. The tubes were shaken for 12 h at 20 oC. The mixture wu centrifuged al

10,000 rpm for 20 min. (in remseratcd centrifuged machine) lDCl the final pH of the
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supematant was measured in each tube and analyzed for heavy metals by ICP-AES. The

final pH was plotted as a funetion of% removal ofheavy metals in Figure 9.1.

A set of six tubes was prepared in triplicate with leachate sample for the

measurement of adsorption kinetics. A 2 g of GAC was added to 18 tubes containing 25

ml ofleachate at optimum pH. After 15,60, 120,240, 360 and 780 minutes ofshaking at

100 rpm and 20 oC, 3 tubes were taken out and filtered ta anaiyze heavy metals content

in the supernatant by ICP-AES.

Another set of tive tubes was prepared in triplicate with leachate sample (25 ml at

optimum pH) for the etTect of quantity of GAC for adsorption capacity. A 0.25, 0.325,

0.500, 1.013 and 1.5 g of GAC was added to each tube containing 25 ml leachate in

triplicate. The set oftive tubes in triplicate was shaken for 12 h at 100 rpm and 20 oC in

a shaker. Theo the tubes were filtered and filtrates were anaIyzed for heavy metals by

ICP-AES.

9.4 Raults and Discussion

9.4.1 CbaraderizatioD of leach.te

The leachate from the saü washing process using weak organic acids and/or their salts,

EDTA or DTPA, was found ta contain 36.4, 15.0, 7.4,2.5, 32.5, 76.3 and 13.8 mgll of

Cd, Cr, Cu, Hg, Mn, Pb and Zn, respectively. The color of the leachate was dark brown

and its pH was 4.4.

9.4.2 pH efl"ect on the re.ov" or .etal chelates

The removal of heavy metals from the leachate by adsorption on GAC was highly pH

dependent because pH affects the surface charge of the adsorbent and the degree of

ionization and speciation of adsorbent (Figure 9.1). Dy increasing the pH trom 5.4 to

6.9, Hg removal reached 97% but feU to 89010 as the pH was further increased to 8.0.

The removal of Cd, Cu, Mn, Pb and Zn increased as pH increased tram 5.4 ta 8.0. The

removal efticiency increased trom 55 to 88% for Cd, SO to 86% for Cu, S9 to 78% for

Mn, 69 to 95% for Pb and SS to 84% for Zn u the pH wu iDcreased ftom 5.4 to 8.0. As

pH increased ftom S.4 to 8.0, the removal of Cr wu decreased ftom 77 ta 18%. The
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adsorption of metal at the solid surface may be governed by the presence of metal

complexes rather than free Metal ions (Wasay et al. 1995, Bourg 1988, Thiem et al

1976). Other adsorbents (GAA and FCS) were a1so used for the removal ofthese heavy

OAC 2.0 SI

100

80
'i
>
0 60 r
E i

• 1
CI:

40 r'#

20 r
o 1

4 5 6
pH

7 8

Figure 9.1 pH etTect on the removal ofMetal chelates by GAC
Cd .,Cr., Cu A, Hg. Mn., Pb. and Zn O.

metal chelates. Removal by GAA at pH 8.0 was 27% for Cd, 904 for Cu, 31% for Cr,

58% for Hg, 33% for~ 36% for Pb and 34% for Zn. Dy adding ferrie ehloride (2.0

ml) ta the leachate, heavy metal removal reached levels of Il% for Cd, 40% for Cu,

14% for Cr, 82% for Hg, 16% for~ 18% for Pb and 14% for Zn al optimum pH of

6.8.

For the control experiment without adsorbent, hydrolysis (precipitate) of metal

chelates was found to range between 5 and 8% in the pH range of 5.4 ta 8.0. Even at a

pH of9.S, removal rate was found to be 16, 9, 10, 52, 15, 15 and 12% for Cd, Cu, Cr,

Hg, Mn, Pb and Zn, respectively.

The adsorption of heavy metals on GAC resulted trom the development of

positive charges on the surface of the carbon and the presence of negative charged on

the metal chelates of the leacbate. The fimetional oxidized groups present on the surface

of the carbon panicles play a major raie in removing metal chelates tram the leachate

(Wasay et al. 1995). The mecbanism involved at the granular aetivated carbon water

interface is:
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CxO + H20 --. ex2+ + 201{'

Cx<h + H20 --. <:S02+ + 20lf

The adsorption reaction may take place in the foUowing manner:

(9.1)

(9.2)

(9.3)

(9.4)

where MY represents the Metal chelates in the leachate.

9.4.3 Adsorption rate CODltaat

The rate constant for the adsorption of metal chelates on the GAC was detemùned using

Lagergren's equation (1898):

kœ·t
Iql~ -q)=(logtle)-

2303 (9.5)

where qe and q (bath in mgll) are the amount of Metal chelates adsorbed at equilibrium

and at time t (min), respectively, and k.. (mïn·1
) is the rate constant for adsorption of

metal chelates. The value of ka.. was measured at 20 oC ftom the slope of the linear plot

of log(qc·q) vs rime, for the total metal content of the leachate and was found to be 0.01

minI (Figure 9.2).

9.4.4 AdIOrptiOD iJotherm

The anaIysis of the equilibrium data for the adsorption of metal chelates on GAC bas

been carried out in the tigbt ofthe rearranged Langmuir adsorption model:

(9.6)
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Figure 9. 2 Lagergren plot for the adsorption rate of Metal chelates.

where Cc (mgll) is the equilibrium concentration of Metal chelates and QO (mg/g) and b

(l/mg) are the Langmuir constants related to the capacity and energy of adsorptio~

respectively. In Figure 9.3, the linear relationship between Ce/qc and Cc, at 20 oC,

suggests the applicability of the above model for the present system. It also suggests the

formation ofa monolayer ofmetal chelates at the outer surface ofthe GAC (Gupta et al.

1990). This was also experimentally confinned by extending the time of adsorption from

780 ta 1440 min, wherein the amount of adsorption remained the same and no multilayer

curve was obtained. The adsorption capacity (Qo) and b at 20 oC were round to be 19

mg/g and 0.315 Vmg, respectively.

After treatment with GAC, the brown color of the leachate had disappeared

leaving a colorless liquid.

9.5 CODclasioDs .ad Sam.ary

The foUoWÏDg conclusions may he drawn from the present investigation:

1. GAC can effectively adsorb Metal chelates present in the leachate following sail

remediation with weak organic acids and/or their salts, EDTA or DTPA, whereas GAA

and FCS were inetTective.
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Langmuir plot for the adsorption capacity ofMetal chelates.

2. With GAC, optimum pH for maximum Hg removal was found to range ftom 5.4 ta

6.9 whereas for Cd, Cu, Mn, Pb and Zn, it was found ta range trom 6.9 ta 7.7.

Maximum removal of Cr occurred at a pH of S.4 ta 6.2. Metal chelates removal

efficiency ranged trom 77 ta 970Aa, at these optimum pHs.

3. The present data fits the Langmuir model and therefore confirms the formation of a

monolayer of Metal chelates It the outer surface ofthe GAC.

4. The values of k.., QO and b were found to be 0.01 min-l, 19 mglg and 0.315 Vg,

respectively.

S. The leachate solution was also treated to a colorless liquid during its treatment for

heavy metals removal.
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CBAPTERIO

SUMMARY AND CONCLUSIONS

For the leaching of heavy metals trom three naturally polluted soils, a study was

undertaken using weak organic aads and/or their salts. The performance of these acids

was compared against that of synthetic chelating agents, EDTA and DTPA. Based on

the findings of this study, the following final conclusions were drawn:

1. Ta evaluate the possible remediation process, three soils of different texture, polluted

by heavy metals were tested for forms of metal retention. The soils were initially

charaeterized for partiele size, bulk and particle densities, porosity, saturated hydraulic

conductivity, electricaJ conduetivity, pH, sulfur, organic matter and presence of heavy

metals. The heavy metals in the sail were bound tightly to MnlFe oxides and the organic

fractions except for Cd and Zn which were mainly present in an exchangeable fonn.

2. Citrate and tartarate showed high removal capabilities within 12 h of retention time.

Their efficiency wu dependent on pH for the clay 10801 and especially for the leaching of

Hg and Pb whereas EDTA and DTPA were ineffective ta remove Hg within the same

pH range studied. Other metals such as Mn and Cr were difficult ta remove because they

were tightly bound to the soil fractions, but citrate and tartarate removed them more

etfectively than EDTA and DTPA. Four extractions with citrate and tartarate would

allow the POUuted clay loun ta meet the Quebec category A for its disposai on

agricultural land. Weak organic acids and/or their salts were found to offer an

environmentally fiiendly remediation technique because an improved soil structure was

observed after treatment. Furthennore, citrate desorbed significantly less macronutrients

(Ca and MS), compared ta EDTA.

3. For loam and sandy clay lo~ citrate and tartarate, and oxalate together with citrate,

were able to remove Cd, Cu, Pb, Zn etTectively witbin 12 h of retention time. Desorption

or leaching efficiency of heavy metal wu round to be pH dependent. In comparison, the

synthetic chelatiDg agents EDTA and DTPA also removed these heavy metals

etfectively. Wtth these olJlDÏc salts and EDTA, Zn levels met the Quebec soit clan up
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criteria (A level) after two extractions whereas Cu and Pb levels reached to B. Probably,

two more extractions with these weak organic salts are required to meet the Quebec

level A soil c1ean up criteria for Cd, Cu and Pb. EDTA is less prone ta biodegradability

and is adsorbed during soil cleaning process leaving the soil polluted after cleaning. It

aIso removed higher amounts of soil macronutrients as compared to citrate. The organîe

acids or their salts are adsorbed during the soil cleaning process. However, due to their

low molecular weight, biodegradability and nomoxie in nature, they are environmentally

friendly for soil remediation as well as improved the soil structure and enhanced the

formation ofstable granular aggregates.

4. The rates of leaching of heavy metals trom the three soils were analyzed usmg a two

reaction model based on the extraction data obtained with citrate, tartarate and EDTA

solutions at a constant pH, concentration of extraetaDts, temperature and shaking speed.

For the high leaching or desorption rate (k l ), Cd leached faster with aU three extradants

(citrate, tartarate and EDTA) foUowed by Zn, Cu, Pb,~ Hg and Cr at 20 oC. The

slow leaching rate (k2), the same arder of leaching wu foUowed by these metals. The kt

rate results trom the release of the exchangeable fraction of metals especially for Cd and

Zn and then the k2 rate results ftom the release of metals such as Cu, Pb, Hg, Mn and Cr

more tigbtly bound by oxides and the organîc fractions of soils. The values of ml (quasi

equilibrium constant) for aU sail! were very smaU indicating high removal efficiency of

metals trom ail soils. A rough trend was obtained between CJ() and the metaI leaching

depending on the retention form of metals in the soil. The value of(Jo < O.S indicated the

fast leaching of metal, whereas ao is pater than 0.5 for Pb, Cr and Mn indicated

difficuJt to leach out fonn the soil.

S. The three experimental soils were flusbed in columns using citrate, ta..rt~rate,

oxalate+citrate, EDTA and DTPA as flushing solutions. The clay loam and loam were

remediated to C and B level of the soil clean up criteria after 20 pore volumes within 10

ta 15 h oftlushing time. Similarly for sandy clay loam, heavy metals in soil reached to C

and B level of the soil clean up criteria after lOto 15 pore volumes witbin 9 ta 1S h of

tlushing tinte. Therefore, more ftusbiDg is required ta mect the A level of soil clean up

criteria.
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6. A bioremediation process using fungus, Aspergillus niger was proven effective for the

leaching of heavy metals fram the three naturally contaminated soils. Wrth A. niger ail

levels of heavy metals can meet the A criteria for soils after 20 to 25 days of leaching

time, al optimum pH of 3.8 to 4.0 and 30 oC. Chromium and Mn were very slowly

leached out by citrate and took more tinte ta meet the B criteria for soils. This

bioremediation process was round to be environmentally fiiendly and cost effective. The

roughly estimated cost of present bioremediation is at Can S 2 to 3 of substrate per ton

of soil as opposed to stroug acid (HCI) for the present standard techniques (Cao $ 70

depending on the pollution load).

7. Granular aetivated carbon was found to be the most effective adsorbent for metal

chelates present in the leachate following sail remediation with weak organic acids

and/or their salts, EDTA or DTPA. The metals were removed between 77 ta 970.Ic» trom

the leachate by GAC. The brown leachate solution was also changed ta a colorless liquid

after treatment indicating that the wastewater containing metal chelates is c1eaned

enough to discharge into water body.

10.1 Recommead.tioD for Future Raearcb

This research is iimited to three lapanese soils namely clay loam, loam and sandy clay

loam because laboratory facility was used in lapan. The laboratory research was

successfully condueted only at a sma1I scale level in batch and column experiments.

Various experimental conditions were optimized for maximum removal of heavy metals

trom soils. Bioleaching experiment using A.spergillus niger had also been studied

successfully to remediate these saüs. The encouraging resuJts of this study suggest that

the research in future should be pursued as follows:

1. A large scale level experiment should he condueted for a site contarninated by heavy

metals in Quebec using natura! materials such as citrate and tartarate in a taboratory

column as weB as in field.

2. Since bioremediation is cost effective and environmentally mendly, further studies on

bioleaching ofsoil poUuted by heavy metals using A.spergillus niger should he condueted
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on a large scale level in a laboratory column and in field by growing the fungus on the

surface ofthe soil.



ISO

CBAPTERII

REFERENCES

Acar, Y. 8. 1995. Geoenvironmental Engineering: trends, developments and needs. In

Geoenvironmenta/ Issues Facing the Americans, eds. E. 1. Macari, 1. D. Forst

and L. F. Pumarad~ 51-61. New York, USA: American Society of Civil

Engineers.

Ahmad Abu-Hilal 1993. Observations on heavy metal geochemical association in marine

sediments of the Jordan Gulf of Aqaba. Marine Po/lution Bulletin 26:85-90.

Andereg& G. 1977. Critical survey of stability constants of EDTA complexes. New

York, USA: IUPAC chemical data series No. 14, Pergaman Press.

Anderson, W. C. and Dee, P. E. 1994. Sile Remediation Technology: Slabi/izationi

Solidification. Annapolis, USA American Academy ofEnvironmentai Engineers.

Asami, T. 1988. Sail pollution by metals iTom mining and smelting aetivities. In

Chemistry and Bio/ogy ofSo/id Waste, eds. W. Sakomons and U. Forstner 143

169, New York, USA: Springer-Verlag.

Asami, T., Kubota, M. and Orikasa, K. 1995. Distribution of ditferent fractions of

cadmi~ zinc, lead and copper in unpoUuted and polluted soils. Water, Air and

Soi/ Pollution 83: 187-194.

ASTM. 1993. Annual book of ASTM standards. Il.02: 593, Philadelphia:American

Society for Testing and Materials.

Assink, J. W. 1986. Extractive methods for soü decontamination, a general survey and

review of operational treatment installations. In Contaminated Soi/, eds. J. W.

Assink and W. 1. van den BrirJc, First International TNO Conference on

Contaminated Soil, November 11-15, 1985. Boston, M. A., The Netherlands:

U1trec:ht, Matrinus NijohotTPubUshers.

Bartone, C. R. and Bernstein, J. D. 1992. Improving municipal saUd waste management

in tbird world countries. Resources Conservation andRecycling 8:43-54.



1S1

Bartlett, R. 1. and Kimble, 1. M. 1976. Behavior of chromium in soils: ll. Haxavalent

forms. Journal ofEnviTonmental Quality 5(4):383-386.

BeU, C. F. 1977. Principles and applications ofmetal chelation. Oxford: Clarendon Press.

Benschoten, 1. E. V., Reed, B. E., Matsumoto, M. R. and McGarvey, P. 1. 1994. Metal

removal by soil washing for an iron oxide coated sandy soil. WateT Environment

Research 66: 168-174.

Bourg, A. C. M. 1988. Metals in aquatic and terrestrial systems: sorption, speciation and

mobilization. ln Chemistry and Bi%gy ofSo/id Waste, eds. W. Salomons and U.

Forstner, 2-32. New Yor~ USA: Springer-Verlag.

Bowman, R. S., Essington, M. E. and O'CoMor, G. A. 1981. Soil sorption of nickel:

Int1uence of solution composition. Sail Science Society of American Journal

45:860.865.

Burckhard, S. R., Schwab, A. P. and Banks, M. K. 1995. The effects of organic acids on

the leaching of heavy metals trom mine tailings. Journa/ ofHazardous Materials

41:135-145.

Carter, M. R. 1993. Sail Sampling andMethod ofAnalysis. London: Canadian Society

of Soil Science, Lewis Publishers.

Cline, S. R. and Reed, B. E. 1995. Lead removal trom soils via bench-seale soil wsshing

techniques. Joumal ofEnviTonmental Engineering 121(10):700-705.

Cushnie, G. C. 1985. Electroplating Wastewater Pollution Control Technology. New

Jersey, USA: Noyes Publications, Park Ridge.

Czupyma, G., Levy, R. D., MacLean, A. 1. and Gold, H. 1989. In-situ Immobilization of

Heavy Metals..contaminated Soils. New Jersey, USA: Noyed Data Corp., Park

Ridge.

Davis, A. P. and Singh, J. 1995. Washing of zinc (D) tram contaminated soil column.

Journal ofEnviTonmenta! Engineering 121(2): 174-185.

Dennis, R. M., Dworkin, D. and Lowe, W. L. 1992. Evaluation of commerciaUy

available soil-wasbing processes for site remediation. Hazardous MateriaJs

Control 5(3):47-57.



152

Dowdy, R. H. and VoUe, V. V. 1983. Movement ofheavy metals in soils. In Proceeding

ofAmerican Society ofAgronomy and the Soil Science Society ofAmerica, 229

239. Atlanta, Georgia.

Dudka, S. and Chlopecka, A. 1990. Effect of soil-phase speciation on mobility and

phytoavailability in sludge-amended soïl. Watert Air and Soil Pollution 51: 153

160.

Eckenfelder, Jr. W. W. 1989. Industrial water poUution control. 2nd 00. New Yor~

USA: McGraw-Hill.

Ellis, S. and MeDor, A 1995. Soi/s andEnlIironment. New York, USA: Roulledge.

Emerson, W. W. 1959. The stnIeture ofsoü crumbs. Journal ofSoil Science 10(2):235

244.

Engler, R. M., Branno~ 1. M., Rose, J and Bigham, G. 1977. Practical selective

extraction procedure for sediment charaeterization. In Chemistry of Marine

Sediments, ed. T. F. Yen, 163-171. Michigan, Ann Arbor, USA: AnD Arbor

Science Publisher Inc.

Farrah, H. and Pickering, W. F. 1978. Extraction of heavy metal ions sorbed on clays.

Water Air and Soil Pollution 9:491-498.

Fiedler, H. D., Logez-Sanchez, J. F., Rubio, R., Rauret, G. and Quevauviller, Ph. 1994.

Study ofthe stability ofextraetable trace metal contents in a river sediment using

sequential extraction. Analyst 119:1109-1114.

Flemming, C. A, Ferris, F. G., Beveridge, T. 1. and Bailey, G. W. 1990. Remobilization

of taxie metals adsorbed to bacterial waU-clay composites. App/ied

Environnrental Microbiology 56(10):3191-3203.

Fox, T. R. and Comerford, N. B. 1990. Low-molecular-weight orgme acids in selected

forest soils of the southeastern USA Soil Science Society ofAmerican Joumal

54:1139-1143.

~ R. A., and Burau, R. G. 1974. Kinetic and equilibrium studies of boron

desorption ftom soil. Soil Science Society American Proceeding 38:894-897.



IS3

Griffin, R. A. and Jurinak, 1. 1. 1974. Kinetics of the phosphate adsorption and

desorption by Jake sediments. Soil Science Society American Proceeding 38:75

79.

Grove, 1. H. and Ellis, B. G. 1980. Extraetable chromium as related to soil pH and

applied chromium. Soil Science Society ofAmerican Journal 44:238-242.

Gupta, G. S., Prasad, G. and Singh, V. N. 1990. Removal of chrome dye from aqueous

solutions by mixed adsorbents: Flyash and coal. Water Research 24(1 ):45-50.

Hempel, M., Wtlken, R. D., Miess, R., Hertwicb, 1. and Beyer, K. 1995. Mercury

contaminated sites--behavior ofmercury and its species in Jysimeters experiments.

Water, Air and Soil Pollution 80:1089-1098.

Hendershot, W. H., Lalande, H. and Duquette, M. 1993. In Soil Sampling and Methods

of Analysis, ed. M. R. Carter, 141-144 and 167-170. Boca Raton: Canadian

Society ofSail Science, Lewis Publishers.

Hong, 1. and Pintauro, P. N. 1996. Selective removal of heavy metals from contaminated

kaolin by chelators. Water, Air and Soil Pollution 87:73-91.

Huang, P. M. and Schnitzer, M. 1986. Interactions of sail minerais with natural organic

and microbes. Special Publication No. 17. Madison, Wisconsin, USA: Sail

Science Society of America.

Jacobs, L. W. and Keeney, O. R. 1974. Aqua regia for quantitatively recovery of

mercwy sulfide from sediments. Environmental Science and Technology 8:267

268.

Jackson, M. L. 1958. Soil ChemicaJ AnaJysis. Englewood Clitfs, NJ, USA: Prentice Hall

Inc.

James, B. R. and Banlett, R. J. 1983. Behavior of chrolDÎum in soüs. VU. Adsorption

and reduetion ofhexavalent fOnDS. Joumal ofEnvironmental Qualily 12(2): 177

181.

Jardine, P. M. and Sparles, D. L. 1984. Potassium-aluminum excbange in a multireaction

soil system. 1. Kinetics. SoiJ Science Society ofAmerican JoumaJ 48:39-45.



154

Jones, L. H. P. and Jarvis, S. C. 1981. The fate of heavy metals. In The Chemistry of

Sail Processes, eds. D. J. Greenland and M. H. B. Hayes, New York, USA: John

Wtley and Sons Ltd.

Jopony, M. and Young, S. D. 1987. A constant potential titration method for studying

the kinerlcs of copper desorption ftom soil and clay minerais. Journal of Soil

Science 38:219-228.

Karamanos, R. E., Bettany, 1. R. and Rennie, D. A. 1976. Extractability ofadded lead in

soils using lead..210. CanadianJoumal o/Soil Science 56:3742.

Klute, A. 1986. Methods of Soil Analysis. Part 1, 2nd ed. Agronomy 9, Madison,

Wisconsin, USA: American Society of Agronomy.

Kuo, S. and Mikkelsen, D. S. 1980. Kinetics of zinc desorption from soils. Plant and

SoiI56:355-364.

Lake, D. L., Kirk, P. W. W. and Lester, J. N. 1984. Fractionation, characterization and

speciation ofheavy metals in sewage sludge and sludge amended soils: A review.

JOIImaJ ofEnvironmental Quality 13: 175-183.

Lagergren S. 1898. Bil K. Svenska Ventenskapsakad. Handl. 24 as cited by Triv~ H.

C., Pate~ V. M. and Patel, R. D. 1973. Adsorption of cellulose triacetate on

calcium silicate. European Polymer Jouma/9:525-S31.

Leidmann, P., Fischer, K. Nublein, F. and Kettrup, A. 1994. Removal of heavy metals

from poUuted soU with grass silage juice. Chemosphere 28(2):383-390.

Legret, M., Divet, L. and Juste, C. 1988. Movement and speciation ofheavy metals in

soil amended with sewage sludge containing large amount ofCd and Ni. Water

Research 22:953-959.

Leeper, G. W. 1978. Managing the Heavy Metals on the Land. New York, USA:

Marcel Dekker IDe.

Lion. L. W., AItmanD, Il S. and Leckle, J. O. 1982. Trace metal adsorption

charaeteristics of estuarine paniculate matter: evaluation of contributions of

FeIMn oxide and organic surface coating. EnvironmentDl Science and

Techno/ogy 16(10):660-666.



lSS

Liu, D. K. and Dezfulian, H. 1995. Charaeterization and remediation of soils

contaminated with copper. In 2000 Geoenvironment, GeotechnicaJ Special

Publication No. 46, eds. Y. B. Acar and Danie~ D. E. 1:228-241, New Orleans,

Louisiana, USA: American Society ofCivil Engineers.

Lo, K. S. L., Yang, W. F. and Lin, Y. C. 1992. Etfects oforganic matter on the specifie

adsorption of heavy metals by sail. Toxicology and Environmental Chemistry

34:139-153.

Lopez-Sanchez, R. R. and Rauret, G. 1993. In Proceeding of the Worlcshop on the

Sequential Extraction of Trace Metals in SoUs and Sediments, eds. J. Albaiges,

G. Rauret and Ph. Quevauviller, Special issue No. 1-4 International Joumal of

Environmental A!Jtllytical Chemistry 51 :113-121.

Masscheleyn, P. H., Tac~ F. M. and Verloo, M. G. 1996. Feasibility of a counter

current extraction procedure for the removal of heavy metals from contaminated

soils. Water, Air and soil Pollution 89:317-335.

Matsuyama, H., Azis, A., Fujita, M. and Teramoto, M. 1996. Enhaneement of extraction

rates by addition of organic acids to aqueous phase in solvent extraction of rare

eanh metals in presence of diethylenetriaminepentaacetic acid (DTPA). Journal

ofChemical Engineering ofJapon 29(1): 126-133.

MatschuUat, J., Andreae, H. Lessmann, D. Malessa, V. and Siewers, U. 1992.

Catehment aeidification-from the top down. Environmental Pollution 77: 143

150.

Mat, 1., Maah, M. J. and Johari, A. 1994. Trace metal geoehemical associations in

sediments from the culture-bed of anadara granola. Marine Pollution Bulletin

27:319-323.

Martin, W. P., Gast, R. G. and Meyer, G. W. 1976. Land appücation of waste

materials:unresolved problems and future outlook. In lAnd Application of Waste

l\{aterial, 300-309. Ankeny, Iowa, USA: Soil Conservation Society of America.

McBride, M. B. 1994. Environmenta1 Chemistry of Soils. New York, USA: Oxford

University Press Inc.



156

Means, L. 1. and Hinchee, R. E. 1994. Emerging Techno/ogy for Bioremediation of

Meta/s. 13-25. London: Lewis Publishers.

MEFQ. 1994. len years of restoration of contaminated sites. Quebec City, Canada:

Quebec Ministry ofEnvironment and Wtld Life.

MotTat, A. S. 1995. Plants proving their worth in toxic metal c1ean up. Science 269:302

303.

NiceJ, P. M. V. and Morel, F. M. M. 1990. Technical note: Pitfalls of sequentiaJ

extractions. Water Research 24: 1055-1056.

NRCC. 1987. Workshop on soil barriers to control groundwater contamination at

landwaste disposai sites, Montreal. Ottawa, Canada: National Research Council

ofCanada.

Page, A. L., Miller, R. H. and Keeney, D. R. 1982. Methods of Soil Analysis. Part 2

Agronomy 9, SOI, Madison., Wisconsi~ USA: American Society ofAgronomy.

Pardue, 1. H. and Patrick, Jr. W. H. 1995. changes in metal speciation following

altemation of sediment redox status. In Metal Contaminated Aquatic Sediments,

ed. H. E. Allen, 170-185. Michigan, USA; AnD Arbor Press Ine.

Pe~ D. D. 1979. Stability constants ofmetal-ion complexes: Pan B. New Yor~ USA:

IUPAC, Pergaman Press.

Peters, R. W. and Sh~ L. 1992. Adsorptionldesorption charaeteristics of lead on

various types ofsoil. Environmental Progress 11(3)234-240.

Pierzynski, G. M., Sims, J. T. and Vanee, G. F. 1994. Soils and Environmental Quality.

Lewis Pubüshers.

Raghavan, R., Coles, E. and Dietz, D. 1989. Cleaning excavated sail using extraction

agents. A state-of-the-an review. EPAl600/2-89/034. Cincinnati, OH, USA Risk

Reduction Engineering laboratory, Office of Research and Development, U. S.

Environmental Protection Agency.

Rehm, H. J. and Reed, G. 1983. Biotechno/ogy-A Comprehensive Treatise in 8

Volumes. Vol. 3, Floriela: Veriag Chernie.



lS7

Reed~ B. E.~ Berg, M. T.~ Thompson, 1. C. and Hatfield~ 1. H. 1995. Chemical

conditioning of electrode reservoirs during electrokinetic soil t1ushing of Pb

contaminated süt loam. Journal ofEnvironmental Engineering 121(11):805-815.

Reed, B. E., Carrïere, P. C. and Moore, R. E. 1996. Flushing of a Pb(ll) contaminated

sail using HCI, EDTA and CaCh. Journal of Environmental Engineering

122(1):48-60.

Reed, B. E., Moore, R. E. and Cline, S. R. 1995. Soil t1ushing of a sandy loam

eontaminated with Pb(ll), PbS04 (5), PbC03 (5) or Pb-naphthaiene: Column

results. Journa/ ofSoiJ Contamination 4:243-267.

Rohr, M.~ Stadler, P. J., Salzbnmn, W. O. 1. and Kubice~ C. P. 1979. An improved

method for charaeterization of citrate production by conidia ofAspergillus niger.

Biotechnology Leners 1:281-287.

Rule, J. H. and Alden ID, R. W. 1992. Partitioning of Cd in geochemical fractions of

anaerobic estuarine sediments. &tuarine Coastal She/fScience 34:487-490.

SAS Institute. 1990. SAS/STAT, User's Guide. Vol. 2, 4th Ed. Cary, Ne, USA: SAS

Institute IDe.

Selim, H. M. and Amaeher~ M. C. 1997. Reactivity and Transport of Heavy Meta/s in

Soi/s. New Yor~ USA: CRC Lewis Publishers.

Singh, J., Huang, P. M., Hammer, U. T. and Liaw, W. K. 1996. Influence of citric acid

and glycine on the adsorption of mercury (U) by kaoÜDÎte under various pH

conditions. Clay and Clay Minerais 44:41-48.

Smith, W. H. 1976. Charaeter and significance of forest tree root exudates. Eco/ogy

57:324-331.

Soon, Y. K. and Bates, T. E. 1982. Chemical pools of cadmium, nickel and zinc in

poUuted soüs and some preliminary indications of their availability to plants.

JOII17IDI ofSoil Science 33:477-488.

Sposito, G. 1994. Chemica/ Equilibria and Kinetics in Soi/s. New York, USA: Oxford

University Press.

Spartes, D. L. 1986. Soil Physical Chemistry. Florida, USA: CRC Press.



IS8

Strasser, H., Brunner, H. and Schinner, F. 1995. Leaching of iron and taxie heavy metals

from anaerobically-disgested sewage sludge. Joul7ll:ll of Industrial Microbiology

14:281-287.

Steinbock, F. A., Reid, 1., Choojus, S., Harmsen, H., Rohr, M., Kubicek..Pranz and

Kubicek, C. P. 1991. Regulatory aspects of carbohydrate metabolism in relation

to citric acid accumulation by Aspergillus niger. Acta Biotechnology Il :571 ..581.

Tan, K. H. 1986. Degradation of soil minerais by organic acids. In Interactions of Soil

Minerais with Natural and Microbes, Special Publication NO. 17, eds P. M.

Huang and M. Schnitzer, 1-27. Madison, Wisconsin, USA: Sail Science Society

ofAmerica.

Tessier, A., Campbell, P. G. C. and Bisson, M. 1979. Sequential extraction procedure

for the speciation ofparticulate trace metals. Analytical Chemistry 51 :844-850.

Tessier, A., Rapin, F. and Carignan, R. 1985. Trace metals in oxic lake sediments:

possible adsorption onto iron oxyhydroxides. Geochimica Cosmochimica Acta

49: 183-194.

Tessier, A and CampbeU, P. G. C. 1991. Comment of"pitfalls of sequential extractions"

by Nirel, P. M. V. and Morel, F. M. M. Water Research 25: 115-117.

Tels, M. 1987. Advances in testing heavy metals containing wastes. Resource

Conservation 14:71.

Tecsult Ioe. et roche Ltee. 1993. Environmental evaluation of the Lachine canal

decontamination project. Vol. 1 &. 2, Montreal, Canada: Old Port of Montreal

Corporation IDe., Parles Canada.

Thiem, L., Badorek, D. and O'Connor, 1. T. 1976. RemovaJ of mercury from drinking

water using aetivated carbon. Journal of Amerlcan Water Work Association,

August:447-451.

Tuin, B. 1. W. and Tels, M. 1990. Extraction kineties of six heavy metals trom

comaminated clay soils. Environmental Technology Il :541-554.

Tuin, B.1. W. and Tels, M. 1990. Removing heavy metals from contaminated clay $Oils

by extraction with hydrocbloric acid, EDTA or hypochlorite solutions.

Environmentlll Technology 11:1039-1052.



lS9

Tokunaga, S. 1996. Soil pollution: stlte-of-the-an in Japan and soil washing pracess.

Cleon Technology 11:1039-1052.

Wasay, S. A., Amfalk, P. and Tokunaga, S. 1995. Remediation of a soil polluted by

mercury with acidic potassium iodide. Jouma/ Hazardous Materials 44:93-102.

Wasay, S. A., Barrington, S. and Tokunaga, S. 19981. Retention form ofheavy metals in

three poUuted soils. Journal ofSoil Contamination 7(1): 103-119.

Wasay, S. A, Barringto~ S. and Tokunaga, S. 1998b. Organic acids to remediate a clay

loam polluted by heavy metals. Canadian Agricu/tura/ Engineering. 40(1):9-15.

Wasay, S. A, Barrington, S. and Tokunaga, S. 1998c. Remediation of soils polluted by

heavy metals using salts of organic aads and chelating agents. Environmenta/

Techno/ogy. 19:369-380.

Wasay, S. A., Barrington, S., Prasher, S. O. and Tokunaga, S. 1998d. Kinetics of heavy

metal leaching from poUuted soils using citrate, tartarate and EDTA. Submitted

for publication in Journal ofEnvtronmental Engineering.

Wasay, S. A., Barrington. S. and Tokunaga, S. 1998e. Treatment of leachate tram soil

washing process. Submitted for publication in Water, Air and soil Pollution

(Acœpted).

Wildeman, T. R., Updegraft: D. M., Reynolds, J. S. and Bolis, J. L. 1994. Passive

bioremediation of metals from water using reactors or construeted wetlands. In

Emerging Techno/ogy for Bioremediation ofMetals, eds. L. J. Means and R. E.

Hincbee, 13-25. London, England: Lewis Publishers.

Wilkinson, G. 1987. Comprehensive Coordination Chemistry. Vol. 3, New York:

Pergaman Press.

Wong, L. and Henry, J. G. 1985. Biological removal and chemical recovery of meta1s

ftom s1udges. In 39th Purdue Industrial Waste Conference, 515-520. Boston:

Butterwonh Pubüshers.

Xu, D. B., Madrid, C. P., Rohr, M. and Kubicek, C. P. 1989. The influence of type and

concentration of the carbon source on production of citrie acid by Aspergillus

niger. App/iedMicrobiology Biotechnology 30:553-558.



160

Yarlagadda, P. S., Matsumoto, M. R., VamBenschoten, 1. E. and Kathuria, A.1995.

Charaeterizations of heavy metals in contaminated soils. Journal of

Environmenta/ Engineering 121(4):276-286.

Young, L. B. and Harvey, H. H. 1992. The relative importance ofmanganese and iran

oxides and organic matter in the sorption of trace metals by surficial lake

sediments. Geochimica Cosmochimica Acta 56:1175-1186.

Yong, R. N., Mohamed, A M. O. and Warkentin, B. P. 1992. Principles of Contaminant

Transport in Soils. New Yor~ USA: Elsevier.


