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Weak organic acids andor theù salts were tested as soi1 washg or flushing agents for 

the ex- or in-situ remediation of mils poUuted by heavy metds. Three soils naturally 

mntarninated with heavy metais were used for the test. 

The three mils were characterized as a clay loam, loarn and sandy clay loam. 

Their orgaaic matter, pH, saturated hydraulic conductivity, cation exchange capacity, 

particte density and heavy metal contents were a h  charaderized. The differcnt 

retention fonns of heavy metais in all3 mils were studied by sequemial extraction. The 

clay loam was contaminateâ with Cr, Hg, Mn and Pb wbile the loam and sandy cîay 

loam were contaminated with Cd, Pb, Cu md Zn. Weak organic acids ador their saits 

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

concentration and leaching tirne in batch qeriments to estaôlish optimum conditions 

for maximm removal of heavy met& fkom the threc soils. Citrate and tartarate were 

found to be quite effective in leaching heavy metals fiom these soiis. The rate of 

leaching of heavy metais fiom soils with citrate, tartante and EDTA was modelai 

using two-reaction mode1 at a constant pH and temperature. 

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

optimum pH with a sah of weak organic acids, namdy, citrate, tartarate, 

citratebxalate or a cheiating agent nich as EDTA and DTPA The citrate and 

tartarate (ammonium salts) were found to be quite effective in removing heavy m d s  

fiom the three contanilliliteâ soils while Ieaching tittle macron~tient~ and hproving 

the soil's structure. An in-ritu soil remediation simulation was dm succeshily tested 

using the sandy clay loam at large d e  levd in a tub (plastic container) us@ citrate as 

a flushing liquid. EDTA and DTPA wae c&aive in removing the hcavy metais acept 

for Hg, but these mong chelating q p n t s  extractcd important quantities of 

macronuaients from the soil. These chelating agents are dm b w n  to poilute the soi1 

by king aâsorbed on the soii particles. 

A bioremcdiation process was dcveloped us@ the hgus AqwgiIItls nigDl to 

produce weak oqymic acids (mainiy citnte and par@ odate dependin8 on pH) for 



the leaching of heavy m d s  fiom contaminated soils. The h g u s  was cultivated on the 

sudace of the three contaminated soils for 15 days at 30 OC and a pH 5 4 to aihance 

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

extrapolating the result, the three comamllieted mils were expected to be sufnciently 

remediated to meet the A category (Quebec clan up criteria for cleaning mils 

contamiaated by heavy metals) &er 20 to 25 days of ieaching using this technique. 

Finaiiy, the leachate coilected foiiowing the soil remdation using weak organic 

acids a d o r  their salts, EDTA and DTPA was treated efféctively using granuiar 

activated carbon. 



Les acides organiques etfou leur sel fiirent testées comme agent de lessivage des sols 

contaminés par les métaux lourds. Trois sols, contaminés natureiîement par le lexiviat ci' 

un site d' 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 argdo-limoneux, respectivement. La matière orgaaique, 

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

des partides et leur teneur en métaux lourds de ces trois sols k e n t  déterminés. Les 

diffëremes formes de rétention des métaux lourds, dans ces trois sols, t'went aussi 

déterminées par extraction séquentielle. L'argile limoneuse était contamines de Cr, Mn, 

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

et Zn. Les acides organiques &ou leur sel a deux agents chelatairs (EDTA a DTPA) 
furent testés a difféirents pH, diffërentes 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 tariarate furent les deux 

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

métaux lourds avec le citrate,le tartarate a le EDTA iÙt modelisé en utilisant un modèle 

à deux équations et en assumant un pH constant. 

Les trois sols de texture diffëreate tiirent iessivés dans des colonnes sous un pH 

optimum et avec les acides organiques les plus performantes, soit le citrate, le tartarate a 
le citrate-tartaraîe ainsi que deux agents chélateurs, le EDTA et le DTPA. Le citrate et le 

tartarate (sel d ammonium) kent très &caces et ont lessivé la majeur partie des 

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

mac~o-éIéments tels le Ca a le Mg. tout en amdioront la structure des sols contaminiS. 

Un essai insitu fut rillisé dans un bassin a avec l'acide citrate wme agent de lessivage. 

EDTA a DTPA lessivaient avec efficacité tous les métaux lourds sauf k Hg. Mais, a s  

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

agents chélateurs sont aussi des wntaminams de sol puisqu'iis sont absorbés p u  les 

particules de sol et sont dégradds très lentement. 



Un procédé de bio-rémédiation fut déveIoppC en utilisant le champigon 

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

d'owlate. Le champignon produit du h t e  à un pH de 4.0 et plutôt de roxalate à un pH 

inférieur B 4.0. Le champignon était cuitivd à la surfka des trois sols expérimentaux 

pendant 15 jours à 3ûC et a 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 

I'oxalate. De plus, I'oxalate lessive très peu de Pb. L' extrapolation des résuhats de 

lessivage indiquait que le champignon pouvait améliorer la teneur en mCtaux lourds des 

trois sols contaminés de facon à rencontrer le plus haut critère québécois de rémédiation, 

soit le critère 4 après 25 jours de traitement. 

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

granulaire. 
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INTRODUCTION 

1.1 GeneraJ Introduction 

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

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

soi1 poilution by heavy metais in Canada, U S 4  Japan and Europe mainly due to the 

metal mining and smelting industry (Asami 1988). Soils also receive large quantitia of 

heavy metals fiom a variety of industriai wastes and municipal sewage sludge. In most 

cases, soi1 poUuted by heavy metals such as Cd, Zn, Pb, Cu, As and Hg is disposed in a 

secured lansnll. But those systems are always accompanied by a nsk of secondary 

pollution. 

One of the negative environmentai impacts arising from the heavy metal poiiution 

of soi1 is surface and groundwater contamination due to rainwater rwi off or its 

percolation through the mil, slowly extracting maais wliich evennially reach aquifers. 

Acidifkation of the soi1 by acid rains accelerates this proces (Matschullat a al. 1992). In 

Quebec, about 5W of groundwater contamination sites resuh fiom landfills built in sand 

dunes without liners or fiom the cracking of b g  materiais such as bentonite (NRCC 

1987). The metals contained in the leachote may be highly toxic to humans, a n h d s  and 

aquatic life. Conventional remediation techniques are costiy when the soi1 is polluted by 

heavy met& because the metais are tightiy bound to vuious soü hctions. It has been 

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

between S 0.6 to 3 million dcpending of the pollution load on the mii (Moffit 1995). 

S u & m  wrter and Sediment pollution have becorne serious problems in recmt 

years. This poUution r e d s  fkom either discharge of industrial wastes, nin off fiom 

contaminated sites, or d deposition through mission fiom maal smelter, rdting 

fiom metal mines, mad smeltcr, refheries, as weli os maal processing industries. For 

exampie, the sediments from the Lachine C d  (Montrai) were pdluted by heavy 

metaîs and organic poîiutants (Tecsuît Inc. 1993). Estimates of the costs of cxmchg 



and tratuig the contaminatecl Lachine Canai sediments (122 m3) vary bnween Can $30 

to 43 million. 

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

a National Priority List (NPL) for the remdation of poliuted sites to prevent 

groundwater pollution, which is a major source of water supply in USA (about 5W). At 

that time, the numbct of sites rcached 1250 and it is dl growing. Heavy metal poiiution 

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

occw at 37% of the sites. The rest of the sites (45%). are contarninated with organic 

chrniicals. The estimateci clmup cost of such contarninated sites is about US S 150 

billion. The estimatecl total cleanup cost including other sites r u s  close to one tenth of 

the gross national produd (GNP) of the nation (Acra 1995). 

in third world countries, less than 5% of the solid waste management budget is 

typically docated to waste disposal, which may create problems such as soi1 and 

groundwater pollution as wefi as surface wata and sadimm pouution. In wntrast, 

indusvialized countries contribute 25.30% of such budgets to waste disposal (Bartone 

and Bernstein 1992). Wastes generated in industrîaiized corntries are more toxic and 

produced in greata quamity than in developing cotmtries. Thadore, more &&e 

wntrol systems have been implernnited in mdustrializeû countries. 

Soils are cornplex porous aggregates usuaiiy possessing a high metal-binding 

capacity, primsrily due to th& d, high surface active components such as clay 

particles, organic materials and hydrous metal oxides. Heavy metais may be tetained in 

the soii as exchangeable metals, carbomtes, hydroxides, Fem-oides, or may k bound 

to organic matter. In most cases, heavy metda are r*aiacd in the upper horizon of mils 

(< 0.5 m), depaiâing on local environmental conditions. The s c i d c  and tcchnologicai 

challenges are t O: 

i) understand the interactions bctween soi1 and heavy metals, 

ü) establish a Mer scient& basis for deciding: 

wha remdation approach to take at a given site 

which havy rnetai f o m  in the soii are rcmovable 

üi) d d o p  acw cieanup tecbno1ogies or enhance ariahg ones 



iv) develop a biorexnediation process for heavy metais wliich is cost &&le 

and environmcntaiiy tnendly. 

At a particular site, it is therefore important to know how the contarninants are 

held in the soi1 before designing a remediation process. Sequential extraction is thought 

to be the most suitable methoci to study how heavy metals are retained in diffmnt 

compohmts of the soi1 end to evaluate the relative binding strength and hmce the 

solubility, mobility and bioavailability of heavy metals in contamlliated soils (Liu and 

Derfulian 1 995). 

Remediation of poliuted soils can be carrieci oui atha by ex-& or in-situ leachg and 

in-situ immobiiization (fixation) of heavy metals. Some soi1 remediation options 

illumated in Figure 1.1. 

bi~remediation 

art 

Figure 1.1 wons  for rmediation of polluted s d s  

1.2.1 Cootimiaateâ anil düutioi and uplcovcr 

This method of treriting soils poIhited by hayr mctrls c h s i s  in CO* the soil witb 

unpoiiuted chy sob or to dilute than by mking witb unpoUutd mils wnil the 

concentration of heavy metrls is l o w d  to an icccptiMe bit. 

1.2.2 Ex-ritu remedirtioa 

The soü is k s t  ex~~~vated ( h g  out) b m  the site and thcn submined to soü wasbg; one 

of the mosi suitable procesacs for maoving heavy maais h m  the soi. Havy iiwtils are 



mainly retained within fm crus of Surface soi1 dependiag on the soil condition, wtiich can 

be acavated and treated by soi1 washing process to avoid in-situ remediation through 

drainage systern. The washhg solution rnay contain acids, bases, or chelating agents 

(Benschoten et al. 1994). Generdy, a soi1 washing process consists of four basic steps: 

i) prmeatment of the cmtaminated soil (sieving, hydrocyclonaîion), 

ii) extraction of heavy metals fiom the soi1 by washing, 

üi) separation of the cleaned mil particles from the liquid phase, 

iv) cleaning and recycling of the extracthg (wasliing) agent. 

The contaminants in the extraction solution can be treated by conventional methods 

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

the disadvantage of ushg minerai acids (HCI, HN03) which pnysically, cheniidy and 

biologically aiter soi1 properties. 

1.23 hri tu  immobiiizrtioa 

In-situ immobilization or fixation of heavy metais in soi1 is another remediation process. 

DifFerent immobüization agents (such as chelate ion exchange resins, portland 

cement/silicate, natural rnatenals-clays, moleailar sieves, greensand and other additives 

Wre hydrated lime, silylated sTca gel, insoluble starch mthate, farous sulfate) can be 

added to the soi1 to reduce the mobility of heavy met& (Liu and DezfÙlian 1995; 

Czupynia et al. 1989). This process m y  mate fiinire problems such as the Iwhing of 

heavy metals into the groundwater, as a resuh of subsequent biological a*Mty or 

acidification of the soil. 

1.2.4 In-situ mil fliisbin~ 

Soil washing can also be carricd out in-situ (mtbout digging out the soii). The flushing 

(washing) solution for contaminated des may k the same as for ex-situ remediation. 

This process is the rnost appeaîing because it gaierdy minimizes surfiice damage, 

requires a minimai amount of faciîities, reduces the potmtid for humui exposure to 

contaminms, is less expensive and, when cffêctive, reduces or removes comsminaats. 



However, this remediation process is limited to permeable mils and cannot be applied 

eady to clay soils. 

1 . 2  In-situ or ex-situ bionmedhtion 

An increase in heavy metd mobility CM result from microbial oxidation or metal 

reduction. This process can be exploiteci for rernedial pirposes. For example, an 

insoluble metd suüide may be oxidized to fom a soluble metal sulfate. The solubilLed 

form of the metal when released fkom the mahk, cm be coUected for subsequent 

treatment. Using this type of biologicai activity to increase the mobility wouid be 

analogous to soii washing or a chanical leacliing processes (Wiidcman et ai. 1994). This 

process is only suitable where all m d s  are present in the form of &de minerais; like 

in the case of mctd mining, under a~erobic conditions such aa sewage sludge or marine 

seâiments. Subsequdy, the process may create mothm problem such as the production 

of a strong acid (WSQ) which will disturb soü propcrtits. 

The microbial reduction of suifâte under reduced conditions produccs Uwoluble 

metal sulfide precipitates, thereôy reducing the mobiiity of heavy m d s .  It is impossible 

to remove al metais from the soii by using such microbial processes because some heavy 

metals will fom insoluble metal sulfiites Wre PbSO, and HgSO,. hcreasingîy, 

biorernediatioa is considered to men  the environmental requir~ments such as reduction 

of contaminants to pcrmissible level. This process is p d d a r l y  uJaul for wastewater 

vatment end is 0th included in remcdiation either as the sole tahique or in 

combination with other processes such as soü w&g ad cbemical extradon. 

3 Standmis 

Soils c l e ~ e d  by meaas of a specific remediation techology, shauld men the foUowing 

standard (Table 1.1). Washed 904s are cunsidc~eâ to k ioufficinitiy clan if the hcavy 

marl concentrations have been rcduced to meet A specifications (Maiistxy of 

Envkonmmt ind Forest, Quebec(MEFQ) 1994). Soi1 can k disposai on luid d e n  it 

rneets A levd requircments. 



Some organic acids such as acetic. citric and oxalic acids have been tested at a 

single pH vabe to treat soils artificially contminated with heavy metais (Fanah and 

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

i) low cost 

ü) biodegradabiiity. therefore environment friendly 

W) less destructive to soi1 structure than minerai acid 

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

v) improve soi1 properties. 

Table 1.1 Standard for heavy metals in soil (mgkg) 

- -  - - -  - -- 

B and C values means action is required (MEFQ 1994). 

Similar guidelines were also used in The Naherlands published by the Ministry of 

Housing, Physical Planning and Environment based on thret category of soils A, B and C 

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

metals fiorn the =il. 

1.4 Objectiva 

The objectives of this study are: 

1. To characterize soi1 samples polluted by heavy metals and to measure the relative 

proportion of heavy metais retallied by each soil fiaction (exchangeable, oxides and 

organic mener). 

2. To i d e  the best organic acich d o r  their sihs used for heavy metai lcachiag. To 

estiblish thit clipability to chelate heavy m d s  and form soiuble wtrl complexes wbich 



can be leached fkom the contamineteci mil. Synthetic chelsting agents (EDTA and 

DTPA) were used es bases of cornparison. 

3. To establish optimum heavy maai leaching at Mirent pH and a d  concentrations. 

4. To estabîish the kinetics of such weak organic acids in chelating and leaching heavy 

metals fiom contaminated soils using batch and coiumn set ups. 

5. To mode1 heavy metal Ieaching using a two-reaction model the kinetic data obtained 

in batch experirnents will be utilired. 

6. To establish the capabiiity of h g u s  (AsprgrIllus niger) to produce weak organic 

acids for in-situ and ex-situ bioremdation by meam of a colurrm mdy. 

7. To demonstrate that granular activated carbon can mat  the leachate originating kom 

the remediation of soils using weak organic acids. 

1.5 Seope of tht Swdy 

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

clay soils if soii is contaminatecl to a pater depth by wnstnicting drainage faciiities 

instead of recovery well extraction. For ciay mils, ex-situ remediation may be used. 

The experimental procedure is limited to thiee soils firom mils (clay loam, loam 

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

experiments were carrieci out in laboratory in Jipan. The tests are limited to labontory 

batch and column set ups using 3.5 to 8.5 g of contiuiiiaated soi1 as weU as a tub set up 

to simulate field conditions using 7.7 kg of contaminated mil. The acperiment tested the 

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

DTPA: 

1. Citric acid andior its Salt 

2. Tartaric acid ador its salt 

3. Oxaiic acid and/or its sait 

4. Pyruvic acid and/or its sait 

5. Furnaric acid d o t  its sait 

6. Itsconic acid a d o r  its sah 



7. Formic acid and/or its salt HCûûH 

8. Acetic acid and/or its sait CH3COûH 

9. Succinic acid d o r  its salt HOOCCH2CH2COOH 

10. Phthalic acid and/or its salt C&(Cûûh 

1 I .  Control ushg water, NaOH andor HCl. 

The process developed improves soi1 structure and rnay enhance the in-situ 

bioremediation of mils with a low permeabitity. 

A bioremediation process using A 1 ~ p 4 ~ I I u s  niger was also set up for cleaning these 

s d s  in a column eXpmment. This process is economicd and cost effective and limited to 

sandy clay loam, but also applied for clay loam and loam through a veq slow leachate 

collection system or in ex-situ remediation 

Granular activated carbon (GAC), f d c  chioride solution (FCS) and granular 

activated alumino (GAA) were tested as treatment media for the leachate. 

1.6 ConMbution to Kwwfflgt  

The pollution of soils by heavy metals has becorne one of the mon important 

emironmntal ptoblems in industfiaiizeû and deveîoping wuntries. Our knowledge 

toward clean up of soüs contaminated by heavy metah are lirnited. These limitations are 

due mainly to the Iick of conceptual understanding of the retention fom of heavy metals 

in =ils and the lack of environmentaliy Gendly rcmediation processes for soils to be 

used for agidurai purposes der clcauing. Laôoratory arperimmts were conduaed on 

thme contamiliated mils. These mils w n  chcterized for thtir m d o n  fonn of hesvy 

mails.  These suils wcre rcmediated ushg weak organic acids ador th& saits and 

chelating agents a d  the l d  of soi1 cleaning was evlluated ushg Quebec's guidelines 

for soi1 contaminated by heavy metals. Based on the results obtaind, dw -ch 

dissertation offérs the following major contributions to knowledge: 

1. The demonsmtion of the quamity of heavy meuls held under variou retention htms 

in thm contamiaated mils. The sequcntial aCtfllCtion of hcavy metals fiom these d s  

was fouad to be a new approach to uncicrsfand the interdons bctwcen diffkrent 



fiactions of soils (such as exchangeable, oxides' organic metter or silicate clay) and 

heavy metais in orda to estabiish a betfer scientific bais for which hction of total 

heavy metals are easy or diilicuh to remediate. The retention forrns examined were 

exchangeable, Fe/Mn-oxides, organic matter and silicate clay minerais. This sequential 

procedure was applied for the first tirne to soils contaminated by heavy met& for 

remediation. Based on retention fom of h e a y  mads, a new clean up technologies can 

be designed. 

2. The demonstration that weak organic acids andior their saits can be used as chelating 

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

leach thern from contaminated soils. This approach is new to clean the soil and this idea 

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

metabolites of the organisrns and as a resuh humic acid is fonned by the interaction of 

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

remove heavy metals fiom soils. This clean up technique meets soi1 clean up criteria A 

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

ammonium citrate and tariarate soiutions. With the further washing or thishing, the soils 

could reach the category A for all other metals. 

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

to 36 h for heavy met& leaching with citrate, tartate7 EDTA and DTPA washing 

solutions. The model fits nicely to the kinetic data obtained in batch experiment wliich 

was c h e d  out for up to 36 h of leachhg the.  The model was quite usettl to 

undentand the leaching rate of metals in order to design a tramnent unit and its cost. 

4. The demonstration that weak organic acids can be prduced natwaüy by Aspergillus 

niger and can k produced in d c i e n t  quuntities to treat apprcciable volumes of heavy 

m d s  comamizuIted soiis and seâimems. nie approach is hovative and for the fim 

time AspmIhs niger w u  used to clean soüs contamiar!ted by heavy metais. This 

technique is vexy econornical and &êctive to clean soiis in orda to meet the soi1 clan 

up criteria. 

5. Danonstrate the technique's less disturbing character. The properties of the soil is less 

dUturbed by the prrseat technique as comparai to strong c&laing agents such as EDTA 



and DTPA as weil as strong acids (HCI, H N 0 3 ,  &SOI). Citrate leaches 4 to 5 times less 

macrotlcltrients (Ca, Mg) as compad to EDTA 

6. The demonstration that the leachate nom soil remediation ushg weak organic acids 

andlor th& sahs can be successfully treateâ usMg granular activated carbon. This is also 

a new way to treat leachate containing soluble heavy metais organic acidshnd or strong 

chelating agents complexes. The granular activate carbon containhg heayr d s  can 

either be recycleci or used in ore processing unit. 
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2.1 Use of Sbong Acids, Chelating Agents and Neutml S a b  for the Extraction 

of soa M ~ W S  

Large amounts of lead (about 8W) were extracted fiorn artificidy poUuted soi1 using 

chelating agents such as diethylenetriaminepentaacetic acid @TPA) and 

ethyienedimhet~aacetic acid (EDTA) at a specific pH (Karamanos et al. 1976). S d  

amounts of soi1 Pb are exchangeable and the mjority is wrnbimd with organic maner or 

present as insoluble precipitates. EDTA and DTPA fom exmmely stable complexes 

with heavy metals and are considered to give a masure of Pb organidy bound 

dthough they extract some adsoM or exchangeable Pb. 

Kaolinite, smectite and correspondirig organic materiais in clay mils 

contamiaated by Cr, Ag and Cu were rcmediated with HNO3, Ca(NGh, EDTA and 

fulvic acid at several concentrations over 48 h and at room temperature (Flemming a al. 

1990). The metal mobilization or resistcuice to solubiiization depmds on the physical 

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

extractant. Ln general, the order of rernobhtion was Cr < Ag < Cu. 

Seventeen dincrent chernical soiutions have been tested to evaluate th& ability 

to leach heavy metals (Pb, Zn, Cu, Cd) from artiticially contaminateci clays such as 

kaolinite, ülite and montmorilîonite, at either pH 5 or 7 (Farrah and Pickering 1978). Of 

the reagents used, only EDTA (0.00 1 M, pH 7) quantitatively r e I d  all four m d s  

fiom the three clays, while oxalic rcid (0.1 M, pH 3.3) totally displaced at least three 

m d s  fkom each clay. ûther reagents, such as ammonium oxaiate (O. 1 M), ammonium 

nitrate (0.01 M), nitnc acid (0.1 M) and sodium citrate (0.01 M) &&ely displaced 

one or more heavy m d s  &orn individual clays. 

The selcctivc rernoval of heavy metab and alkalino-earth metais adsorkd on 

kaolinitt particles by four chelating agents such as the aitriiotriacetic acid N A ) ,  

EDTq ethyicncetycoi-bis 2-aminoethylether tetreacetic acid (EGTA) and 1,2- 



diaminocyclohexane N,N,N,N-tetraacetic acid (DCyTA), has been investigated (Hong 

and Pintauro 19%). Thae was a good selcctivity for huivy maal removal by EGTA 

when Cd, Ca and Mg wae aàsorbed on kaolinite because ody 5-10% of Ca ad Mg 

were leached whüe > 8W of Cd was leacheâ when the concentration of EGTA was 0.5 

pole. The leaching perc-ge of Cd and Ca increased to 100 and 4û%, respectively, as 

EGTA concentration doubW and leaching of Ca and Mg increased fùrther as 

concentration increased. Arnong the four chelators, NTA had the poomt removal 

seiectivity between Cd and a k a h d  metais. The chelating obiiity of DCyTA was 

excellent but its selecfivity between Cd and the aikaline-earth metais wu poor. EGTA 

a p p a s  to be the best chelator, based on its binding ability and sdectivity for Cd. When 

the concentration of chelator in solution was insufficient to combine with al1 m a l s  

adsorbed on Laolinite, the order of metai removai was Cd > Cu > Pb (for EGTA), Cd > 

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

EDTA and chic acid were used to extract heavy metnls such as Cu, Zn, Cd, Ni, 

Pb and Cr from contaminateci mils at a namal pH (Letdma~ a al. 1994). EDTA was 

able to mobiiize up to Wh of Cd, Cu, Pb and Zn except for Cr Md Ni (2542%). Citric 

acid (0.26 M) could extract fiom 50 to 80% of Cu, Cd, Zn and Ni whercas only 30 to 

400/. of Cr and Pb were extracteci at a pH of 7. 

When selectine a wmplsring ligand to mobilize heavy maals from the soii, the 

following should be considercd (Peters and Shem 1992): i) the iigands should be able to 

form stable complexes with metais over a wide range of pH, ii) the biodegndability of 

metd-compkx should be low to prevent release of m d s  into the soi1 porc waters iii) die 

rdt ing compkxes sbould have low a 5 u t y  towards the surfàce sites or should bc non- 

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

environment, v) thc reagcnts should be cost & î e .  

Several researchers have obtained better metrl m o v d  redts bom soils using 

EDTA as comparai to HCI, wbile othas have reported the oppositc (Tuin and Tels 

1990). Gencrally, metal extraction diiciencics for EDTA are sinrilar to tbose obtained 

for strong acid abnaions. S a d y  ud sihy clays artificiaiiy pouutai by Pb were 

investigated for the mobility of Pb in the prrscsre of EDTA (Peters ancl S b  1992). 



Independent of pH between 4 and 12, Pb rernoval rmged tiom 58 to 64% for EDTA 

concentrations of 0.01 to 0.1 M. EDTA was also use- for Cd adsorption on mils. EDTA 

decreases the adsorption of Cd on the soil particle thereby Cd mobilizes from the soi1 

(Lo et ai. 1992). 

The distribution of heavy metals in contaminated soi1 has bem studied by CaClz 

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

presence of CaCI2 solution, whereas the solubility of other metais such as Cu and Pb was 

bdow 1%. The removal order of metais 60m soi1 fhcuons using CaC12 and acetic acid 

was Cd > Zn > Pb > Cu. Approximately 2û% of the total Zn and Pb and 1% of the total 

Cd and Cu were present in the free oxide &actions. In soils and sedllnents, Hg was 

mainly tound to organic matter (Hempel et al. 1995) and mobilization oflm took place 

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

of the contact surface was probably fixed on organic matta and clay rninerals. 

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

succession with distilleci water, 1 M N)4CI, 0.1 M CuSOd, 0.3 M ammonium oxalate 

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

8û?! were reached with oxalate and dithionite -actants, respectively, in clay loam. The 

removai of Cr by other extractants was negligible. The removai of Cr fiom sand was 39 

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

oxalate and dithionite was roduced when sands and clay loarns were amended with 

sludge. 

2.2 Use of Oiynic Acids for the Extraction of Met& from Soür 

The effect of différent wucentrations of citric acid (common in khwater) for the 

adsorption of mercury on kaoîinite at wious pH has bcen studied (Shgh a al. 1996). 

Citric acid had a sisnifiant retarding &ect on the aâsorptioa process at a pH above 6 

for Hg and bad a signüicant positive &kt on the adsorption process at a pH of 4. Low- 

mokdar-weight (< 500)  organic 8cids such as oxaüc, t d c ,  citric, acetic, fumant and 

succinic ici& are prisait in the top layer of soiis and can fOnn complaes with metais, 

ttierdore d k t b g  the mtal solubüity and speEUtim (Fox and Corndord 1990). High 



concentrations of oxaiic acid were found in the mil foîiowed by formic, citric and acetic 

acids. ûrganic acids such as citric and oxnlic acids form more stable complexes with 

metais than formic and lactic acids. 

Biological wmpounds or organic molecules wch 8s glycine. citric acid, tartaric 

acid and gluconic acid have chelaîing properties and can react with heavy metah (Lo a 

ai. 1992). Whm the heavy metals form complexes with or@c acîd @mit acid), thcy 

form stable chelates and lower the mobility of maals. However. the maai mobility and 

bioavaiiability increases when heavy metals combine with other organic acids such as 

acetic acid. 

Several kinds of organic acids such as fonMc a d ,  acetic acid, maloaic acid, 

lactic acid and citric acid, were used for the extraction of rare errth metals (Matsuyama 

a al. 1996). In dytical  procedures, acetic acid has ban used thquently to replace the 

more strongiy adsorbed cations of heavy mctals and to nrtna the "aMüabie" Pb fiaction 

fiom soils. This reagent cm remove stigfnly higha amounts of Pb than the exchange 

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

2.3 Remeâiition Techniqua 

Soil washing of heavy m a s  from a contarninated sandy soi1 was studied to evaluate the 

e@dveness of conventional soi1 washing extractants such as HCI, HNa, H2S04, 

EDTA and NH20H.HCI (Benschotcn et al. 1994). Application of the sequential 

extraction procedure showed that rnost of the metals w m  in the residual hction 

impiying that they were bound. Thus, soi1 surfhce coatings such as mdy soü coated with 

iron oxide may make metal extraction âif6dt.  in the prcsence of such coating, 

hydrochloric acid (HCI) was more effective thw or H2S04 and approxh~ely 

e q d  in effiéctivcness to EDTA. The acooctiun, hyroxylamine hydrachloride 

(NHBH.HCI) was tested to daamuie if rductive dissoiution of iron oxides might dso 

rdease 0 t h  m d s .  but ody  s d  amounts wae r e l d .  Soil washing using 2.0 M 

HCl for 24 h wu succesfi in removin8 Pb, Zn and Cu. The -CS wae  important in 

the wcisbing proasses. For a 2.0 M HCI, the rernod of metais wrs incteased with 

washing the .  Soi1 cxposed to 2.0 M HCI for 24 h in batch tests, rfsuhed in 91.31 ami 



45% removal of Pb, Zn and Cu, respectively while As and Hg were removed at 66 and 

27%, r e ~ v e l y .  Metal refease was greater for HCl than with HN03 extraction, 

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

A disadvantage of using strong acids as extractants is the adverse eEects on the soil's 

physical and chernical stxuaure, such as minerai dissolution. 

Soi1 washing or flushing in colurnns of a sandy loam artifïcidy poUuted by Pb 

was investigated using solutions of HCl, EDTA and CaC12 (Reed et al. 1996). Lead 

removal efficiencies for HCI, EDTA and CaCh, were 85%,1000! and 78%, respectively. 

The HCl at tinal soi1 pH (a 1) increases Pb robüity but decreases soil productMty 

because of the mineral dissolution. Final soil pH for EDTA and CaCh ranged baween 

4.9 and 5.2. Several washing chemicals such as HCI, EDTq DTPA and chlorine were 

applied at various concentrations to a soi1 artificially contaminatecl with Zn @avis and 

Singh 1995). The &kas of ionic strength, flow rate and fom of Zn contamination w m  

also determined. The mon efficient washing o c c u d  ushg orgsnic c h e l a ~ g  agents. 

Reducing flow rate had iittle effects and washing efficieacy was found to be strongly 

dependent on the retention fom of Zn in the contaminateci soil. 

Rernediation of soils poiiuted by heavy metals has been studied by the wunter- 

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

decahonation (removal of carbonates bound metals), acid solubilllation of metal, 

washing and üming. The removal of Cu and Pb was iimited to approximately 15%, 

whereas Cd and Zn were removed at levels of 85 and 25%, respectively. 

in Japan, agricultural soiîs have been polluted by heavy metals such as Cd, Cu 

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

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

way (Tokunaga 19%). Cadmium was the oommon pllutant while 0 t h  comaminants 

such as CU and AS were much less fiequent. In most cases, these sites were loclited in 

volcanic regions or downstrearn âom a Mning area. These soils wae  remediated by mil- 

covering or by the diution methoci. The poluted soiis wae  covcred with a layer of non- 

poiluted soi1 (20-25 cm thick) for safè aop production. The m o n  m&od involved 

mixing poUuted soi1 with uapolluted mil to rcducc the conCentrZLtion of heay mctals to 



acceptable levels. Cadmium poUuted soils were covered with unpoiiuted soils so that the 

rice grown should not contalli more than 1 mg Cckg of rice. Cadmium in agricultural 

land was the main resson for the itai-itai disease, a world fmous disease due to mil 

pollution. Urban soiî poliution in Japan is rnainly due to inorgaric polîutants (62%) such 

as Pb, Cr, Hg, Cd, As, CN and Zn. Technologies used to treat these poiiuted soils were 

containment and stabiiization or solidification. 

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

electrokinetic soi1 flushing (Red et al. 1995). Acetic acid (HAc), XCl and EDTA were 

used as conditionhg agents around the elearodes to enhance the transport of Pb to the 

cathode. By adding 1 M HAc to the cathode reservou, 65% of the Pb was transported to 

the cathode. When HCl was added to the anode and HAc to the cathode, more than 75% 

of the Pb was depsiteci on the cathode. Approximately W h  of the Pb was removed in 

the EDTA experiment as compared to the Hel-WC expairnent (65%). 

There are 12 comercidy availabie soil-washing processes for site remediation, 

s u  fiom USA and six îrom Europe. The processes were evaluated to ciean up soils 

contaminated with heavy metals fiom abandoned chdca l  and pesticide plants in Italy to 

develop the area for residential and cornmerciai complexes @«uus a al. 1992). These 

processes were mostly developed for organic poilutants, howeva some of them have 

been used for both organic and inorganic pollutants. The removai of both organic and 

inorganic poîlutants required studies of bench-sale treatability in order to provide the 

reasswance of system performance and d e - u p  data. ApproWnately 125,000 m3 of 

contarninated soi1 have been estimated for cleaning operation at an dmated total cost 

of $22 million. This cost excluded excavation, debns remod, treatrnent and disposai of 

residual solids and eifïuents, site restoration, utilities and bench- and piiot-sale studies 

costs. 

2.4 Bioremdhtion of Soü Poilutcd by Huvy Mctib 

Microùii oxidation or reduction of metals can be uscd to remediate soils wntamlliated 

by hcavy metais. For ewmple insoiuble metai d d e s  may be oxidited to fOnn soluble 

metal sulfàtes by the miaoorganism Z%iubaçiIIus fem&&arr: 



in natural environment, iron is generally associated with the leaching system of suffide 

minerais where the bacteria oxidize pyrite (Fe&) by the following reaction: 

Except for Pb and Hg the metal sulfate dissolveci fiom the matrix can be collectecl for 

subsequeiit treatment. The biological activity used for mobilization of heavy metais is 

analogous to soi1 washing or chernical leaching (Wildmiaa a al. 1994). The bioleaching 

process is suitable when metals are present in soils as sulfide minerals such as in maal 

mimng or soil und« anaerobic conditions following the application of m a g e  sludge or 

Pediments. However, this process produces sulfuric acid which disturb soi1 properties. 

Unda anaerobic conditions, the microbial reduction of sulfite produces insoluble 

metai suifides, thertby reâucing the mobility of heavy maiils in mil. Therefore, it is 

dificult to remove metais fiom the soi1 by such microbial processes. Because, metels can 

be solubilized and then Unmobüized by suifur as they are acposed in sequences, to 

aerobic and arraerobic conditions. 

Several microorganisms such as yeast and meral fun@ are able to accumulate 

considerabie amounts of orgMc acids such as citric, oxaüc, malic, tartaric, fiimnric and 

pynMc acids (Rehrn and Red 1983). Some orgrnisms have high rate of production of 

organic acids ranghg up to 90% of the &n source mipplied. Ciaic acid is a common 

metabolite preseat in most h g  organisms. General nutritional rcquiremcnts for the 

citric acid prohidon by A p e ~ f 8 1 1 f a s  nigcr in surface and submerged cultivation are 

uicorponted in Table 2.1. These two surface and submerged systcms M m  considenMy 

fiom the ensCt of nitrogen, phosphorus, trace metals, pH and sugar concentration. The 

nitrogen and phosphorus are the Unportant fàctors determinhg citric acid accumulation 

pariicuidy in the case of submerged qstem (Table 2.1). The production of citnc acid 

~notbaninfluenC4dbytbcpr~~~ll~tofthe#twonutrient~intheccwofsurfaoe 

cuitivation (Stehback et al. 1991). 



Table 2.1 Nutrient parmeters iduenchg citric acid accumulation by 

A~rgtlZus niger (+ inauence and - no innuence) 

Paramet er Culture 

Surface Subdace  

Sugar type + 
Sugar concentration + 
Nitrogen source and concentration - 
Phosphate concentration - 
Metal ions (Mn, Fe, Zn) concentration - 
PH + 
(Source: Steinbock a al. 1991) 

The &ect of pH on the production of organic acids is demoastrated in Table 2.2. 

If the cultivation of AprgiIIus niger is carrieci out at a pH above 4, gluconic and oxaiic 

acids are formed at the expmse of citrate, depending on the availabiiity of nitrogen and 

phosphorus. Nitrogen, phosphorus, zinc, manganese and iron have iittie effect on the 

production of citric acid d e n  surface cultivation was used. The production of citric acid 

was drastically reduced in the case of submerged cuhivation in the presmce of trace 

rnetals. 

The parameters of major importance to cîtric acid accumulation an pH as weii as 

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

4 under surface and submerged conditions (Figure 2.1A). The most important b d i g  

was that A3pergiIlus niger wuid grow well at pH values around 2.5 to 3.5 and that citric 

acid had abundantfy producd at pH vaîues lower than 2.0. Most striking k t ,  however, 

was the finding that yields of over 60.h could k a c k e d  widiin 1 to 2 wecks. At pH 

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

s u b d a l  amounis of oxalic and gluwnic acids may k producui. 



Table 2.2 Relationship of pH, mtrogm and phosphate on the ~ccumulation of 

orp ic  acids by AspemIhrs nlger (+ indiates the prrsmce of 

nutrient ) 

PH Concentration Organic acid accumuiated 
N P 

+ + Citric acid 

+ - Citric acid 

- - Citric acid 

+ + M c  acid 

+ - Oxilic M d  a d  gluconic a d  

- - Giuconic acid 
- - - - - - - 

(Source: Steinbock et al. 199 1) 

Maximum citric acid accumulation was obsc~ed at 10% sucrose concentration 

for both wfhce and submfhce dtivations ( F i p  2.1B). W y  few carbohydntes gbe 

Chic acid production by A. dger in subrnergcd CUhiVation (0 )  a d  in filter 

piprrurfiaailtivaionm. A:e&ctofinitidpH,B:e&ctofiuitiai 

nicnne cOIIccmnti011 (Steinbock et d. 1991). 



optimum yields of citnc acid even at hi@ concentrations. The amount of citnc acid 

extritcted fiom the surface dtivation was sigmficantiy lower than that secreted under 

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

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

orgMism (A. niger) has been used for the commercial production of chic  and oxalic 

acids (Rehrn and Reed 1983). 
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The next 7 chapters described m e n  successive experiments carried out to: i) provide an 

o v e ~ e w  of the retention form of heavy metals in the three experimentaî and naturaiiy 

poiluteci soüs, ii) evaluate the efficiemy of various organic acids to rmediate the 

experimental clay loam poilutcd by heavy metals, iii) evaluate the efnciency of various 

organic salts to remediate the experimental loam and sandy clay loam poiiuted by heavy 

metals iv) Study the kinetics of heavy metal leaching fkom the three experimtntal soils 

(clay loaq loam and sandy clay loam) using citrate, tartarate and EDTA v) waluate 

organic acids for the in-situ remediation of soils poiuted by heavy mals  by soi1 flushirig 

in columns, vi) study the bioremediation of soüs polluted by heavy metais ushg 

AqergriIus niger a fungus praducing citric and oxolic acids and ni) study the treatment 

of leachate from the soil washing process using weak organic acids. 

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

complete reference list is presented in chipter 1 1. 

Chapter 3 deals with the retention form of heavy metais in three experimental and 

naniraüy polluted soils. The physical and cheinical properties were initially measured for 

these t h e  soils. Then, the relative proportion of heavy metais beld by each soi1 retention 

fom was measured through sequentiaî extraction. Soiîs characteristic and retention fonn 

of heavy metals are important to understand how heavy metais are bound in diffkrcnt 

fractions of d s  such as exchangeable, MdFc oxides, o r p i c  matta or residual. This 

relationship ktween soi1 and heavy metals, establishes a bctta s c i d c  basis for 

deciding what r d a t i o n  approach to take at a giva site ad to help in dewloping new 

clem up technology . 

This pper has been pubiished in the Journal o/W ~ l o m i n ~  1rn. 7(l): 103- 

119. Authon: W w y ,  S. A., Barrimgton, S. rad Tolainaga, S. The contribution of 

authors are: i )  FKst author carried out entire experllmntai work rind write up of 

muaisaipt ii) Second author supavissd lad technical c o d o n  of the work üi) third 

author provided his andyticri Iaboratory kcikics anâ mimisaipt coirection. 
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CHAPTER 3 

RETENTION FORM OF HEAVY METALS IN TEREE POLLUTED SOILS 

3.1 Abstnct 

Three soils contaminateci by heavy metais were characterked as a clay loam, loam and 

sandy clay loam. Their organic rnatter, pH and saturateci hydraulic conductivity &) 

ranged fiom 5.4 to 9.9!?', 4.2 to 6.3 and 1 . 1  to 4 . 0 ~  lo4 an/s ,  respectively. The metal 

content (in mgkg) were: i) Cr 340, Mn: 868, Hg: 1280 and Pb: 1664 for the clay loam, 

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

for the sandy clay loarn. As opposed to MgC12 and CaC12, Bach was found to Mer  

exchange the heavy metals in al1 3 soils. With Bach 31 to 7 W  of Cd and Zn were 

exchanged, while ody 17 to 20% of Hg and Pb were exchangeci. By sequmtial 

extraction on dl 3 soilq most of the heavy metals were found to be bound to FeMn 

oxides and the orguiic fraction (30 to 40 %) except for Cd and Zn wbich were d y  

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

Key Worâs: Soi1 contaminated by heavy m d q  chsracterization, sequential extraction, 

metal retention in the soil. 

3.2 Intmâuction 

The contamination of d s  and groundwater by heavy m d s  is an ongoing problern in 

North Ammica, kapan and Europe because of the m e n t  unhropogniic prltctices of 

mining and garbagt 1a-g (Asami 1988). Subsoils polhited by hcavy metals are 

subjectd to leaching fading to the contamination of growidwater r r s a ~ i r s  and 

drinkiag water supplies. Fwthcrmore, lcachg crn be acccIerated by acid raina 

(Matschuilrt et ai. 1992). When accumuiatcd in Jurtrce soils, heavy metrls such as Icad, 

cadmium, coppct, mic, nickel, chromium and m e r q  cm be prcsent in conceritrations 

toxic to plants, &alq humans and quatic lifi (Martm et d. 1976, h w d y  and Vok 

1983). To k succtsSf.u1 on a specific site, the rcmtdjdtion technique must k sdectcd 

according to the fom of retention of the &avy wtil on the mil particles. 



Heavy met& in mils can be associated with a number of geuchernical phases or 

foms of retention such as exchangeable on clay miner&, bound on ùon and magnesiun 

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 fiom a 

contarninated soi1 using standard ion-exchange extractants wch as ammonium acetate 

(Nft-OAc), dilute HC 1, NaC 1 and MgC12 (Engler et al. 1977). The Mn and Fe oxides, 

either single or in combination, play an important role in scavmging heavy metals fiom 

poiiuted kachate. Mn and Fe oxides are relatively stable in soils under aerobic conditions 

but CM corne into solution under anaerobic conditions generated most often by the 

oxidation of organic matter by rnicroorganisrns. Therefore, Mn and Fe 'exides shouid 

undoubtdly be considered when assessing the risk of heavy metal leaching into 

groundwater. Soi1 organic rnatter can loosely chelate heavy metals or adsorb them tightly 

withh its humus haion.  The decomposition of organic mtter rnineraiizes the heavy 

maals. Also, organic matta under anoxic conditions n o d y  can grnerate H2S forming 

highly insoluble adfides when in contact witb heavy metais. Increasing the soiysediment 

redox potentiai relesses the metals fiom the suifides. M d s  can also react with solid 

carbonates and be incorporated into th& soiid lattice rather than pure@ adsorbed on 

th& d a c e .  Zinc is adsorbed more strongly on MgC03 than on calcite because the Mg 

atorn has an ionic radius that more closely matches that of Zn. Cadmium is prderentiaiîy 

adsorbed on calcite and diffuses inside the m a î k  of C a c a  (Yong a al. 1992). 

Sequentiai extraction o f  heavy metals from contaminateci soils or sedimeas is 

used to idmm the fonns of heavy metals retaimd in the soil. This technique comists in 

submitting the soil to the successive action of a series of reaBents with dBerent chemicaî 

properties. Being capable of eitha creating wcak acidic conditions, cbanging the redox 

potdd of the solution or oxidkg the complexing a g a s ,  thesc agents extract 8 

tiaction of the heavy meas linked to a speci6c f o m  of retention. In recent years, 

sequmtiaî extraction procedures have been usd increasingly for environmental studies 

estirnating the relative bonding strmgths of m d s  in differcnt fom of retention. The 

howledge obtaimd fiom such CXttaCfions inâicates the mobiüty and the solubility of the 



metds in water (Lake et al. 1984, Tessier et al. 1979, Rule and Alden 1992, Engler et ai. 

1977, Fiedla et al. 1994, Legret et al. 1988, Dudka and Chlopecka IWO). 

Although there were imtially some doubts as to the performance of the sequemial 

extraction technique for heavy metais, it is now an accepted procedure. The selectivity of 

the chernicd agents and the re-adsorption of trace metah duniig sequential extraction 

were the main aspects Uutiaily raising doubts (NveI and More1 1990, Tessier and 

Campbell 1991). Despite these problems, the use of sequentid extraction as a procedure 

for the determination of how heavy metais are retained in a soii has continueci to be 

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

results obtained have been helpful in ident-g the retention mechanisms of heavy 

metals unda different soi1 buffering conditions. In 1987, the European Community 

Bureau Reference (BCR now Meamring and Testing Program) started a program to 

harmonize the methodology, ushg single and sequentid extractions schemes for the 

determination of extractable metais fiom soile and Sediments. A single h e e  step scheme 

for the sequential extraction of heavy metals fiom mils and sedllnents was proposeâ and 

accepted by European experts for inter-cornparison in the BCR program (Lapez- 

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

The objective of the present study was thaefore to use sequmtial extraction 

procedure to characterize the forms of retention of various heavy metals in wntaminated 

soils. The results of this study cm be quite usefd in designing a rernediation process for 

a site contamlliated ôy heavy m d s .  

3.3 Mattriab rad Methods 

3.3.1 The aperimentd soih and thcir prepamtion 

Soi1 samples wae obtained from a site containinatcd by various heavy maiils at least for 

three years. The moist soi1 samples wae air dried and s i M d  to remove the particles 

greater tbsri 2 mm. The soi1 simples were homogeaued and kept in plastic bags for 

nirther anaiyses. 



3.3.2 Phymicai and chernid chiricterizatioo of the roil 

The apaimental mils were characteriad physidy by dctcmillimg their particle size 

(hydrometer and field method), buk den@ (core method for disturbed soü), pdcle  

density (pycnometer method), porosity d saturatcd hydraulic conductivity, k, (constant 

head method) (Klute 1986). The expairnatal soils were also analyzed chemidy for: 

i) water and b d e r  pH, 

ü) electrical conductivity, 

iii) cation exchange capacity (CEC), 

iv) total sulftr, ~0:-  and s2-, 
v) organic matter and 

vi) heavy metal content. 

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

the HIO: soi1 ratio of 2: 1 and in the same ratio of a CaCh (0.0 1 M) solution. The 

electrical wnductivity (EC: mS/cm) of the soil's supernatant in deionid water was also 

measured using an dectrical coaductivity mets. The cation exchgc capacity (CEC in 

cmol(+)/kg) was calculated by exchanghg heavy metals and othcr cations present in the 

contamlliated soils with Bac12 solution (Hcndashot et al. 1993). BMum does not 

interfere with sulfate ion to form Bas01 because of Pb or Hg which f m  very stable 

sulfate compounds if soluble sulfate is presait. AU rnetals cxcept Na and K were 

detennined by ICP-AES (ICPS-1000 II, ShSnadni Corp., Kyoto, Japaii). Sodium and K 

were daennineci by flame cmission spectrophotomctry (Perkin Elmer). 

Total suffir, s u k  as SO? and s", were detemincd by the triple acid digestion 

method ushg HN03-HCIO&Pû~ (Page et al. 1982). The sulliir wntent present in mil 

as sulbite was d e t d c d  by digestkg the soü sample (2 g) in a 6 moVl HCI sdution 

ovcfnight with continuws stirring u 60 OC. Suifur present us sutfide was catculateâ as 

the M'érence between total and sulbite suifùr (Fiedler et al. 1994). The arlfur 

concentration in the solution was determined by ICP-AES. 

The organic matter was measurcû by a w a  dichromate oxiâation technique 

(Jackson 1958). 



Except for mercury, heavy met& in the soil ssmples were extracted by the hot 

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

acid digestion procedure was performed in a Erlemeyer 0ask containing 1 g soi1 to 

determine the content of the most abundant metais in the mil, using a dilute HN03/HCI 

mixture at 95 OC. To extract Hg, the soils were digested cautiously with 25 mi of aqua 

regia prepared just prior to use by mixing I part of concentrated HNO3 to 3 parts of 

concentrated HCl. The mixture was heated for 1 min. and 25 ml of 5% KMnOd and 2 ml 

of 5% K2S& were added carefuily. The resulting mixture was allowed to stand for 16 

h. The residual -4 was reduced with 2(r/o hydroxylamine hydrochloride solution to 

a faint pink color. The mlmire was filterrd and diiuted using a 100 ml volumetric Bask 

(Jacobs and Keeney 1974). AU met& extracted 6om the soil samples such as Cr, Mn, 

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

3.3.3 H u v y  m a s  exchangeable witb M m 2 ,  CaC12 and BaC12 

One gram of each experimental soii was suspended in 25 mi of O. 1 M MgCh. CaC12 and 

Bac12 separately in 35 ml polycarbanate tubes. The pH of each solution was adjusted 

between 4 to 6 using dilute HCI. The resulting sarnples were shaken for 2 h at 20 O C  and 

then centrifiiged to separate the soi1 and liquid phases at 10,000 rpm for 20 min. The 

supematant was collected and analyred for heavy metals. Simiiarly, the soi1 samples were 

also extracteci in distilleci water without the addition of MgC 12, CaC12 and Bac12 solution 

as a control experhent. AU experiments were carried out in triplkates. 

3.3.4 SequentM estnetion of hcivy metab 

The heavy metais bound on different W o n s  of the contaminated soils were detmnined 

by the most recmtly acçepted sequentjal extraction proccdufe (Fiecils et d 1994). The 

portion of hcavy metals bound in four different hctiom, HAc-extractable, Fe-Mn 

oxides, organic matter and siiicate minerais. were determineci by extracthg in sequence 

ushg four sdutions and triplkate mil samples (Figure 3.1). The heavy d s  bound 

with HAc-extmctable, Mn-Fe oxides anâ orgmic matter u wd as silicate minerais 

(residd) wae extractad in fkaction 1.2.3 and 4 respcctRreiy. In the cxtrc~ctabie W o n ,  



Soi1 sarn I 1 g soi1 was extracted with 40 ml deionized water. v 
I [ Extractable 1 

Residue 0.1 1 moVl HAc (40 d g )  and overnight shaking at Q 
0.1 mou NH20H.HCl (pH 2 with HN03) 40 d g  and 
overnight shaking. 

-4 ~olution1 

- - - - - - - { S O ~ ~  i( Fraction 2 1 

Fraction 1 
Exc hangeable 

1 Oxide-bound 1 
B. 8 mou H202 (pH 2-3 with m) 1 0 d g  (vlw) and 
digest at room temperature for 1 h and at 85 O C  to reduce 
the volume to a few ml. 
Add again 10 d g  of reagent and digest for 1 h at room 
temperature and 85 O C  to d u c e  the volume to a few ml. 
Add 1 moM WC (pH 2 with HNO,) 50 d g  (v/w) and 
ovemight shaking at 20 O C .  

Residue Digest with an acid mixture (HCl and HN03) at 95 O C .  I 
s o l u t i o ~  @ 

4-{ SO~G} 4 Fraction 4 1 

Fraction 3 
OM-bound 

Figure 3.1 Schmiatic diagram of the sequential extraction procedure for the 

determination of heavy metals bound to different fiaction of contaminateci 

metils precipiuted or co-precipitated u nMurl sulfate or d i d e  or as oxides were 

r e l d  by the application of a wcak iCid sidi as WC acid WC). The meuls attached 

of hydroxyiamine hydrochioride (NHPH.HCI) whicb does aot am& eitba the silicate 

minerais nor the m c  miner. The dcuc of the meulr bound to the WC mitta 



was carried out by oxidation of the organic matter by hydrogm peroxide (Hz&) under 

acidic condition. Ali four fiactions including residual fiaction (treated with strong acids 

such as HCl-NH03) were anaiyzed by ICP-AES to quant* these levels of heavy metals. 

AU expiments were carried out in tripkate. 

3.4 Ruults and Discussion 

3.4.1 Physical and chernicd chamcterization of the soü 

Both the hydrometer and field rnethods for soil particle size distribution îndicated that 

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

respectively. The low particle density of al1 three soils ranged fiom 2.0 to 2.1 g4/cm3 and 

was explallied in part by their high organic matter content ranging Born 5.4 to 9.9%. The 

k. of each soi1 ranged from 1.1 to 4.0 x 10" cm/s and increased in parailel with their 

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

and 6.3, respectwely. Their EC decreased with pH probably as a result of soi1 particles 

binding strongly the metals and salts as mil pH increased. The resuhs of the physical and 

chernical characterization of the contarninated soils are incorporateci in Table 3.1. 

The clay loam, loam and smdy clay loam contained 1088, 846 and 1467 mgkg 

of total sulfur. of which 9.9, 13.6 and 5 1.8% was suifide, respectively. The CEC varieci 

from, 2.0 to 12.2 cm01 (+)/kg for the clay loam to the sandy clay loam. Clay loam has 

low CEC, may be because of exchaiigeable sites on soi1 surf= is tightly occupied by 

heavy rnetals which is difncult to exchange with Bach solution. The soil's heavy metal 

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

respectively, ü) for the loam, 2797 and 1821 mgkg of Pb and Cd, respaively and iii) 

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

respectively. AU three experimental soiis were found to wntain hi@ lwels of heavy 

met& exceeding the permissible lmls (MEFQ 1994). Thc fiaction of heavy maais held 

by either fom of sulfur is an indication of their fixation. Sulfates are iasduble when 

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

l es  mobile in the presence of dhtes .  M d s  have a strong dWy for suifides and are 

t h d o r e  precîpitated in th& presena. Maal d d e s  such as PbS, CuS, NiS, ZnS and 
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Table 3.1. physical and chernical characterization of contaminated soils. 

Soi1 characteristic Clay loarn Loam Sandy clay loam 

Particle size 

% sand 

%Silt 

% clay 

Bulk density (g/cm3) 

Particle density (&m3) 

Total porosity (%) 

Uds) 
EC (mS/cm)-water 

pH-wat er 

-CaCfz 

CEC (cmol(+)/kg) 

Sulfur (mgkg)-total 

-as s01" 
-as s2- 

ûrganic matter (%) 

Heavy metals (mgkg) 

Cr (Total) 

Mn 

Hg 
Pb 

Cd 

Cu 

Zn 



&S, are stable under anaerobic condition., but they becorne unstable and oxidize when 

nrposed to air at the soii surface. The reaction under ambic conditions produces 

sulfunc acid which Urneases the sohibility of heavy metals and promotes their mobility 

(Yong et al. 1 992). 

3.4.2 Squeatid estraction 

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

in Table 3.2. Heavy metab retained in different fiaction of mils are shown in Figure 3.2. 

3.4.2.1 W iter soluble 

For al1 3 experimentai soils, the water soluble fiaction was generally small or h o s i  

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

to be 21.1 %, whereas for al1 other metais it was less than 3.7 K. 15.2% of Cd in the 

loam was water extractable, whereas Pb was found to be negligible (0.8%). Water 

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

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

3.4.2.2 Acetic acid-extncta ble 

In the clay loam, the extractable fiaction of Pb was found to be 25% of the Pb, but less 

then 8% of the other metals. With the loam, Cd w u  tnainiy bound in extractable (or 

exchangeable) fiaction (63%), whereas 26% of the Pb was found in extractable m i o n .  

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

soil particle site was 87, 28, 9 and 67?/0, respectively (Figure 3.2). Because Cd and Zn 

are chernicaliy similar, theh adsorption on the mil particles were similar, as expected 

(Mat et d. 11994). 

3.4.2.3 Metai oside fnctioas 

in the clay loam, the FelMn oxides accounted for a major portion of the Cr, Mn, Hg and 

Pb, which wae  caldated to be 23,45, 21 and 31%, respectively. In the 10- Wh of 

the Pb was found bound to Fe/Mn oxides, w h a a s  only 12 % of the Cd waa founcf on 



Table 3.2 Heavy metal concentrations in the geochernical phases of soi1 

Soi1 Oeochemical phase (mglkg) Total 

Water (W): water soluble, Ex.: Acetic acid (HAc)-extractabk, the values are the average of the triplicates. 



Figure 3 2 Heavy metals in various fractions of polluted soi1 (water extractable -W. 

HAc-extractable (loosely bound)-Ex. Mn-Fe oxides -0x. organic maaer - 
Or. residual -Rs and total-T). 

this fraction. In the sandy clay loam, the FeMn oxides had bound 30 and JOoh of the Cu 

and Pb. whereas 15 and 17% of the Cd and Zn had been bound by this fom (Table 3.2), 

Lead tends to have a hi@ affinity for the MdFe oxides in panially anaerobic condition 

(Mat et al. 1994). The oxidesniydroxides of Fe and Mn and organic &actions are 

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

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

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

overail abundance relative to each other (Young and Harvey 1992). 

3.4.2.4 Organic fraction 

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

fractions. In the clay loam, these levels were 58, 23, 60 and 40%, respectively. In the 



loam, the organic fiaction held 32% of the Pb, but only 4% of the Cd. This âaaion 

retained sigdicant amoms of Cu (31%) and Pb (4û?h) in the thedy clay loam, but 

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

sediments are expected to be associated with the organidsulfide fiaction (Rule and 

Aldm 1992). 

The presence of  high organic matter (5.4 to 9.9%), may increase anoxic 

conditions in sedllnents (Ahmad 1993). Soils of this nature n o d y  have high Ievels of 

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

m i l y  exchangeable (Rule and Aldm 1992). For the thne expeximental mils, the 

organidsulfide fraction contain a significantly high levels of Cu (31 %), Pb (40%)- Hg 

(M) and Cr (58%), reflecting its high atlinity for heavy metais becraise of its ligands or 

groups that can bnn chelates with the metais (Yong et ai. 1992). The relevant fùnctional 

groups present in organic matter are amino, &O, carboxyi, phenolic, aicoholic, 

carbonyl and dhydry l .  With increasing pH, the stabiiity of the complexes are likdy to 

increase because of the inmeascd ionization of the h c t i o d  groups. Nevertheles, Cu 

wiii &tain stable complexes over a wide range of pH (Jones and Jarvis 1981). The 

order for the stability of heavy metals complexes is as foliows: Ch2' > ~ e ~ '  > pb2' > fi2' 

> co2* > Mn2+ > 2n2+. Heavy metals associated with suifides can be adable  into 

reducible, carbonate and exchangeable fiadions afkr an increase in the redox potentiai 

(Rule and Alden 1992). 

3.4.2.5 Ruidud ftrction 

Metals in this fiaction are generaily considnd to be bound withh the lattice of silicate 

minerais and cm becorne avsilahle ody &a digestion with m g  acids at elcvated 

temperature. This W o n  is not considad to be sienrficrntly luge and is important 

only in wmpleting mus balance calcuiations. Heavy metcils in the residd M o n  were 

fouad to be less t h  1û% in all three d s  (Figure 3.2). Cadmium was found to be 

undetectablt, whereas Pb was found at leveis of 1% (means 150-250 mgkg Pb bound 

in silicate rnineml Iattices dut an stiil hi* than cl= up criteria of W for soü, which is 



50 mgkg). In the Figure 3.2, total heavy metals is slightiy less than 1 Wh which may be 

due to loss in sequential extraction of différent M o n  of soils. 

3.4.2.6 Eschmgmbk friction 

Heavy metah in the exchangeable fractions are w d y  bound and expected to be eady 

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

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

magnesium chioride have been used (Tessier et ai. 1979). Ammonium acetate has been 

used extensively in the analysis of soiî and sediment to extract the carbonate bound 

heavy meîals. Salts such as MgC12, CaC12, and NaN03 are cornrnonly used as ion- 

displacing extractants to promote the release of metal ions physically bound by 

electrostatic attraction to the negativeiy charged sites on the soi1 particle surfaces. Metal 

ions present in the soü in this fom are considered to be the most "available" to plants 

(Soon and Bates 1982). Magnesium chloride, CaC12 and Bac12 were used for 

exchangeable heavy metais f?om poiiuted soils at varying pH to pndict the availabitity to 

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

In al1 3 experirnental soüs, a lesser arnount of exchgrable heavy metals was 

fouad with MgCl2 as compared to CaC12. A higb arnount of exchangeable heavy metais 

was found when using Bach because Ba has a larga ionic size (1.34 A*) than Ca (0.99 

A') and Mg (0.66 A*). Same valence with increasing ionic site gives greats replacing 

power (Yong et al 1992). The concentration of exchangeable metais decreases as pH 

increases because metals especiaüy Pb, become mon tightly bound to the soi1 surface. 

Theicfore, almost neghgible arnounts of Pb w a e  found in the sandy clay loam, whereas 

about 17% Pb was fomd to be exchangeable with BaC12 in b t h  the clay loam and the 

loam with a more acidic nature (pH 4.2-5.1). The conccntntion of Pb as well as those of 

other metais decreased as the pH increaseû (Figure 3.31 and 3.3b). For a soi1 solution pH 

betwecn 4 and 5, Pb was retained in an exchangeable fonn, but its adsorption decreases 

as the pH Mered fiom this limit, to the benefits of the hydroxides and carbonates (Yong 

et cil. 1992). A measure of this retention cipacity is the cation archange capacity. 
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Figure 3.3 b Exchangeable heavy metals fiom the sandy clay loam with Mgch, CaC12 

and BaC12 at différent pH. V Cd, G Zn, A Cu and 0 Pb. 

3.5 Summiry and Concluriaii 

To evaluate the possible rcmediation proccss, thne textures of soüs polluted by heivy 

rnetals were tested for f o m  of retention. The mils were initidy chamterized for 

particle sizc, buîk snd particle dmsities, porosity, k, dcctncai conducüvity, pH, nilnir, 

organic mina and havy marls. The s d s  wae ctiancterized u a clay loam, a lm and 

a sandy clay loam with an organîc matter content of 9.9iO.1, 5 . 4 s .  1 and 7. lfO. 1%, 

respectivdy. T k e  soüs wcre acidic, with a pH kMsn 4.2 and 6.3. The saturat& 

hydraulic conductivity varid betwccn 1.1 to 4 . 0 ~ 1 0 ~  cmlr. Havy mcul content in the 

contanwiated soiis wcre (mekg): 

e h y  lem. Ci  : 840, Mn: 868, Hg: 1280 and Pb: 1664. 

@bain. Cd: 1821 and Pb: 2797. 

4Sudy dry lorm. Cd: 794, Cu: 926, Pb: 1036 ad Zn: 1029. 



For each of the 3 soiîs, the heavy metah were actracted from each geochemical 

phase (soil fiaction) through selective meuw using the appropriate reagents such as inert 

eiectrolytes (MgC12, CaC12 and Bach) for exchangeable metals, acaic acid for the 

extractable M o n ,  acidic hydroxyieamhe hydrochloride for the FdMn oxides, acidic 

hydrogen peroxide for the or@c M o n  and strong wids ( H C I - M , )  for the 

residual W o n .  From 30 to 4096 of the heavy m d s  were bound to the Fef'n oxides 

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

exchangeable fractions. The heavy metais in the residd fiaction were fomd to be less 

than oxides and organic matter. 

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

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

in the clay loam were found to be 20 and 1% with CaCb Md 20 and IF? with BaC12, 

mpectively. Both Cr and Mn were not exchangeable with CaC12 and Bach. In the loam, 

55 to 62% of Cd was exchanged and oaly 2.4 to 12.6% of Pb with either electrolytes, 

BaC12, CaCb and MgCb. In the sandy loam, 57 ta 70% and 16 to 3 1.5% of Cd and Zn, 

respectively, were achaaged with these electrolytes. Miigwsium chloride was less 

capable of exchanging Cd than CaCh and Bac&. A higher amount of Zn and Cd was 

exchanged by BaC12 t h  CaC12 while the least amount was exchanged with MgC12. 

The sequanid extraction of heavy metais proved o uscCul tool in understanding 

the retention mechainsm of heavy mals in the soil. For designhg the optimum 

remediation technique for a spcci6ic site, tfiis m*hod provides a means of assessing how 

strongly the contanimants are held in the wü. 
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acids a d o r  th& saits as comparecl to the chelatuig agents (EDTA and DTPA). Chapter 

4 d d s  with the e>cperimental clay loarn and chapter 5 deals with the expaimmtal loam 

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

pH leveis, concentration of weak organic acids or c h e l a ~ g  agents and at Werent time 
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ORGANIC ACIDS TO REMEDIATE A CLAY UlAM POLLUTED BY HEAVY 

METALS 

4.1 Abstnct 

Weak organic acids have the capabüities of washing heavy metais without seriously 

deteriorathg the mil properties. A clay loam naturaily contaminatecl by heavy metals was 

characterized physicaily and analyzed for its contmt in Cr, Hg, Mn and Pb. At vuious 

pH, concentration and radon Mie, several weak organic acids and their salts were 

used to leach out hcavy metala. The optimum pH ranged from 5 to 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% 

of Pb was rernoved with both citrate and marate et a concentration of 0.12 and 0.2 M, 

respeaiveiy within 24 h. From 86 to 99096 of Hg was rmoveâ by tartarate and citrate 

whereas up to Wh of Cr was remved. EDTA and DTPA were found to be quite 

effkctive in removing Pb but not the other metals. Four citrate or tariarate extraction are 

required to remediate the experimd soi1 to a category A except Hg. For Hg, 

remediation critcria are so strict that only met the C criteria &a two extractions, citrate 

and tartarate lefi levels of 32 and 62 mg/kg, respectively, when a category A of mil clean 

up criteria requira no more than 0.5 mgkg. 

4.2 Introduction 

Soiî poüutioii by heavy mctals is a growing concan in Canada, USA, Japan and Eutope 

as wcU as devdoping countries. It is mauily due to metd rnining, smehing industries 

(Asami 1988), and the production of large qwiaiacs of indumiai wrstes and municipal 

wmtcwatcf siudge. In most cws, wastes comaming h v y  metais are dispod in 

secued landfills, where there is slwiys a risk of secodary pollution due to lealcage. One 

of the n@vt environmental impacts, Wsing âom lanâfiiis (if not lin& properiy) is 

Sumce and grdwater  contamination mie to run off and perwlation of rainwater 

through the soii, do* CXtttlCting mtds *ch cventually reach rquifffs. Acidüication 



of the soi1 fkom acid r a b  accelerates this process by desorption of heavy metals h m  

contaminated soi1 (Matschuiiat et al. 1992). Metai mining industries dominate in Quebec 

where about SV/. of the groundwater contamination sites resuh fiom landfilis b d t  in 

sand dunes without hers or lined with materials, such as bentonite, which are subject to 

cracking (NRCC 1987). The met& in the leachate are highly toxk to humans, animais 

and aquatic life. Humans are exposed to heavy maais in the soi1 through food chah 

transfer. Chronic food chah exposure of heavy metal are more numerous as compared to 

acute toxicity in hurnans, some fanners in Japan Suffered polliful &ne losses &a the 

long-terni consurnption of Cd emiched rice. The rice has bcen grown in paddies soil 

poUuted by mining and srnelting activities (Picrzynski et al. 1994). The conventionel 

remediation is costly when the soil is polluted by hcavy metais, b u s e  they an tightly 

bound to various fiactions of the mil. It his b e n  estimated that the cleanup cost by 

curent technoiogy (ex-situ or excavation and nburial) for one hectare of soi1 over a 

depth of one meter (10, 1OOO m3) cari range between S 0.6 to 3 million depending on the 

poliution load (Moffat 1995). 

Soil pdluted by heavy metals can be cicaned up using an ex-situ remediation 

process. This remediation process requires the excavation of the soi1 from the site 

foUowed by its wsshing. It is one of the most suitable processes for removing k v y  

metafs because mostly heavy maais are retained on the surfàce of the soii depending on 

the property of the soil. The washing solution contains either acids or chelating agents 

(Benschoten et al. 1994, Tuin and Tels 1990). The contamiaams in the extraction 

solution can be treatcd for muse by conventional methods (Eckaifelder 1989, Tels 

1987). The problem with this wwhiag process, especidy with minerai acids (HCi, 

HNa)  and strong chelating agents (EDTA and DTPA), is that the physid, chanid  

and biologicui propaties of the mil are disnubcd. Commercial plants using soü wishing 

techniques for the remccüation of soils contsninated with heavy metais and pesticides 

require preliimauy bench scale treatabihy shidies to select the extractant @amis et ai. 

1992). 

EDTA and chic acid have bcca used to aarct heavy metais such as Cu, Zn, Cd, 

Ni, Pb and Cr fkom wntarninated soiis at a aaitnl pH (Lcidmum et ai. 1994). EDTA 



can extnct up to 90% of Cd, Cu, Pb and Zn, and 25 to 45% of Cr ad Ni. Citric acid 

(0.26 M) can extract from 50 to 80?4 of Cu, Cd, Zn and Ni, but only 30 to 40% of Cr 

and Pb at a single neutral pH. The ability of seventeen different chernical solutions has 

bem examined to displace heavy mctals (Pb, Zn, Cu, Cd) fiom artificially comaminated 

clays such as kaolinite, illite and montmorillonite at either pH of 5 or 7 (Tarrah and 

Pickering 1978). Of the reagents used, only EDTA (0.001 M, pH 7) quantitatively 

released al1 four metals from the three clays, while oxalic acid (0.1 M, pH 3.3) totdy 

dispiaced three metals (Cu, Cd and Zn) fiorn each ciay. ûther reagents such as 

ammonium oxalate (O. 1 M), ammonium nitrate (0.0 1 M), nitnc acid (O. 1 M) and sodium 

citrate (0.01 M) effectively displaced one or more heavy metals (Cd andor Zn or Cu) 

from clays. 

Some organic acids such as acetic, citric and oxalic acids have been tested for the 

remediation of soils anificially comaminateci with heavy metals at a single pH value 

(Fanah and Pickering 1978). Biological compounds wch as glycine, ciaic acid, tartaric 

acid and gîuconic acids are known to have cheiating properties bincüng heavy metais and 

to ocair naturdy in mils (Lo et al. 1992, Huang and Scbnitzer 1986). Heavy metais are 

less mobile when they form stable complexes with hwNc acid. On the contrary, the metal 

mobility and bioavailabiiity increases when heavy metals combine with organic acids 

such as acetic acid. These orgdc acids are of low cost, bidegradable and less 

destructive to soü structure thnn strong minerai acids and Strong chetating agents. 

The present study was designeci to: i) iden* the best weak organic acids and/or 

their salts and to establish theh p o t d  in a batch experhmt for the leaching of heavy 

metals &om a naturdy poiiuted soit and, ü) compare the performance of the best organic 

acids and th& sphs to the synthetic cbelating agents, EDTA and DTPA 

4.3 Mittriab and Metbods 

4.3.1 E.pcriiatnt.l mil, orynic rcids rad rklating agents 

The experimntal soil was obtained fiom a 3 year old poliutcd site in Iapan. The wet mil 

sampie was air dried and sieved to remove particles mer thia 2 mm (No. 10 oieve). 

The soii sample was homogenizeû and keqt in a plastic bag for Mer analysis. 



The foiiowing orgaaic acids and th& salts wae used to study the remediation of 

the polluted soil by dissolvhg in distillai water: cimc acid monohydnte (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 teriarate (0.5 M), acetic acid 

(0.1 1 M) and ammonium acetate (0.5 M), succinic acid (0.1 M) and sodium succinate 

(0.1 M), fonnic acid (0.2 M), phthalic acid (0.01 M), itaconic acid (0.2 M), formic acid 

(0.2 M), pynivic acid (O. 1M) and sodium pyruvate (O. 1 M). The chelating agents used as 

a base for cornparison were EDTA (ethylenediaminetetra8cetic acid) disodium salt (0.1 

M) and DTPA (diethîenetriaminepent4acetic acid, dissolveci in sodium hydroxide 

solution) (0.1 M). Different concentrations of chelating agents were used because of 

different chelating strength. Dilute solutions of hydrochloric acid (0.1 M) and sodium 

hydroxide (O. 1 M) were used for pH adjument. 

4.3.2 Proceàure 

The contarninated soil was characterized for tadure, saturated hydrauiic conductiwty 

(t), pH, organic rnatter content, cation acchange capacity (CEC) and heavy metal 

contents (Klute 1986, Jackson 1958, ASTM 1993) (Taôle 4.1). Despite its high organic 

matter and clay particle content, the soi1 CEC was low h u s e  the exchangeable sites 

were occupied by heavy metais. Retention fonn of heavy metals such as water soiuble, 

exchangeable, bound to orgaaic metter, Fe/Mn oxides and residual in the soil was 

studied using a sequentid extraction procedure (Wasay a al. 1998a) (Table 4.2). Heavy 

metals are mainly present in Fe/Mn oxides and organic matter of the soil which are 

dificuit to remediate as comparai to exchangable fom. 

As controî, two series of plastic t u k  containhg 25 ml of distilleci wata were 

prepared and th& pH was adjusted in the range fiom 1.9 to 5.0 with 0.1 M HCl andlor 

NaOH. Another two series of 25 ml solutions was p r e p d  using one of the oqpic 

acids or thev salts or EDTA and DTPA. The pH values were adjusteci d e r  with the 

appropriate mixture of organic acids and th& salts (in most cases) or by addition of a 

srnail amount of O. 1 M HC1 andlor NaOH. The vohune of the sohation was rnaintaimd gt 



25 ml. Om gnm of contaminateci soi1 wu added to each tube rad each d e s  scmd as a 

dupikate. The suspension was shaken for 24 h at 20 OC, ccntrifirged (10,000 rprn for 20 

min.) and the supernatant withdrawn. The residue was artraaed once more with 25 ml 

of extracthg organic acid solution, chelrting agent or distilled water, as used initially. 

The supeniatants were anaiyzcd for metah by the ICP-AES (ICPS 1OOO II, Shimadn, 

Corp., Kyoto, Japui). 

To test the e&ct of extractant concentrations on h q  m d  leaching, motha 

series of 25 mi solutions was prepared but a various concamations of one of the organic 

Table 4.1 Physical and chernical characteristics of contaminated soi1 

Soil characteristic Clay loarn 

% clay 

Bulk densiîy (kglm3) 

Particle density (k&) 

Total porosity (%) 

pH-water 

CEC (cmol(+)/kg) 

ûrganic motta (%) 



Table 4.2 Retention form of heavy rnetals in clay loam 

Soi1 Geochemical phase (mglkg) Total 

Water Ex. Fe-Mn oxides Organic matter Residual 

Clay loam 

Cr 2.1M.5 67.0f 1.5 190.617.0 486.9f 7.2 84.0S.5 832.2zt13.0 

Mn 183.0L6.6 10.Of6.4 392.2k12.0 198.9f 12.3 84.3k2.8 868. ïf2.6 

Hg 48.0I1.5 7 1 X 6 . 0  266.0k 10.1 766.0k8.4 123.0i2.0 1273.3S1.7 

Pb 36.0I2.0 41 1.61-2.0 509.0I17.8 670.0H.2 54.4k10.1 1624.3fS6.1 



sahs or the chelating agents. Only the pH of the chelating agents was adjusted using 

either HCl or NaOH in solution at 0.1 M. Che gram of the soi1 was aâded to each tube 

and then shaken for 24 h at 20 O C  before centdùgation. The supernatant was subjected 

to ICP-AES for heavy metal analysis. 

At optimum pH, detennined from the previous expriment (4.3.2), a kinetic study 

was carried out for the removd of heavy metais fiom the soi1 as a hction of tirne. A 

series of 25 ml solution was prepared in plastic tubes containhg either one of the organic 

salts or one of the c h e l a ~ g  agents. One gram of the soil was added to each tube and 

then shaken at 20 O C  for 10 min to 36 h. Then, each mil sample was filtered and the 

supernatant was coiiected for heevy metais quantification by ICP-AES. 

4.3,s St.tUticd rnaîysis 

The SAS procedures used are: i) ûne-way anaiysis of variance or randomized complete 

block design (RCBD) for pH effect. ü) repeated meesures analysis of variance for the 

rate of leaching study with tirne (SAS I W O ) .  

4,4 Rtsults and DWcussion 

4.4.1 pH effkct 00 leachibüity 

The solubiiity and behavior of heavy metals was signincamly affecteci by soil pH 

pariiculariy in the case of organic acids andlor sdts (Figure 4. la and 4. lb) but not in the 

case of EDTA and DTPA, and particuiarîy for Pb (Figure 4. la). The maximum rernoval 

of Cr, Hg, Mn and Pb was found to be 54,%, 69 and 85%, respectiveiy in the presence 

of citrate when the pH ranged betwem 5 to 7. The pH range leads to the dissociation of 

the carboxyl groups of citrate (Huang and Schntzer 1986). 

The leachabiity of heavy met& with tartarate was also pH depemient except for 

Pb. The removal cfEciericy of Cr, Hg and Mn decreased as pH hcreased, whereas that of 

Pb remainecl constant at 86% in the wide pH range of 2 to 7. The removal of Cr, Mn and 

Hg was 4 1,54 and 84% at pH 4.3, respcaiveiy. The dissociation of the carôoxyl groups 

in tartarate takcs place at a pH between 3 to 5 whereas dissociation of the phmolic 

groups takes place a a pH abon 5. Thcrcfort, Pb reacts m m  with the dissociatcd 



Figure 4. la Effect of pH on the removd of heavy metais fiom the clay loarn in a batch 

experiment der 24 h of retention time. Symbol: Cr, m g ,  A Mn and 
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Figure 4.1 b Effect of pH on the removal of heavy mctals tkom the clay loam in a batch 

expcriment &cf 24 h of mention the. Symbol: Cr,. Hg, A Mn and 

.~b. 

molecules of tartarate than othcr metais. 

The removai of hcavy m d s  by oxalate at a ditfient pH wu not promishg anû 

decreased with an incrcasing pH. At a pH of 3.7, the remaval of Cr, Hg, Mn ud Pb wrs 

41, 43, 54 and 5.6 %, respectiveiy. The ngli&~'bIt remoVJ of Pb rcsuhed fiom the 

fonnation of inaoiublc Woxdate complaes on the soil siirfia. 



The removal efficiency of metals by other organic acids such as itaconic, firmaric, 

pyruvic, a d c ,  succhic, fomiic and phthalic acids and/or th& d t s  was low and 

decreased as the pH increased (Figure 4. la and 4. lb). The removal of Cr, Hg, Mn and 

Pb in the presence of pymvate was 28, 57, 36 and 14%, respectively. These organic 

acids and th& saits did not form strong chelates as compared to citrate and tartarate. 

The removai of metals in the cmtrol experiment using water also deçreased with pH. 

The percentage removal of Cr, Hg, Mn and Pb was found to be 0.3, lO.6,24 and 4.6%, 

respectively at pH 4.4. 

EDTA and DTPA had removed 9% of Pb (Figure 4. la). The rernoval of other 

metals was pH dependent. EDTA and DTPA are mong chelating agents which can 

extract rnacronutrients such as Ca, Mg dong with heavy metals due to theu high stability 

constants as compared to organic acids a d o r  th& sahs (Anderegg 1977, Penh 1979). 

Chrornium was the least leachable foilowed by Hg and Mn. At pH 4.7, the maximum 

rernoval of Cr, Hg and Mn by EDTA was 14,30 and 45%, respectively. The removal of 

Cr, Hg and Mn by DTPA was 1 3.5, 1 8 and 13% at pH 5.4, respectively . As compared to 

citrate and tartarate, EDTA and DTPA were less effective in removing Cr, Hg and Mn 

and were incapable of removing ememely toxk Hg. AU extractions were carried out in 

the soii: extractant ratio of 1 :2S. The extraaion may be affected if soii and liquid ratio is 

changed provided the concentration of extractant r d n  the same. 

4.4.2 Runcdiation effect on goil properüa 

It was visudy obsewed that washing with organic acids andor their sahs improved soi1 

structure and the stability of the granular aggregate, as compared to the onguial soil. The 

weak organic acids must have directly finked the soi1 particles according to the soi1 

stabilization theory (Emerson 1959). nie heavy wtal reacted with organic acids and/or 

their saits, f o d  negative charge complexes repciîed by the negatin charges on the 

surface of the soi1 particles, and as a wnsequence w m  leachecl with the liquid fiaction. 

The soii was acidic in M N e  (Table 4 4 ,  probabiy as a resuh of leaching of 

rnacronutrients and th& replacement by heavy metais. The soü also demonstrateci a low 

CEC because its exchangeable sites were ocaipied by heavy metais &ch are djfficuh to 



excbange using BaCI2 solution (Wasay et al. 1998a). However, Ca, Mg and Fe were 

detected in the leachates of the soü aAer exmaion with citrate and EDTA, but EDTA 

was fouad to leach 4 to 5 times more macronutrients than citrate (Table 4.3). 

Table 4.3 Soil mineal extraction with remediation uPiag citrate and EDTA 

Chernical Drop in rnacronutrient content (mgkg) 

Ca Mg Fe 

Citrate 

EDTA 

4.43 Coaceatratioa effcct on krchrbüity 

The removal of heavy metals M c r d  slightly as citrate concentration was increased 

fiom 0.04 to 0.1 M (Figure 4.2). Heavy metals removal was found constant with 

tartarate concentration above 0.2 M. Oiher organic acids were not tested because of 

their low rernoval efnciency. EDTA concentration, varieâ between 0.006 to 0.08 M, had 

almost no &ect on heavy metd removd rate. This may be due to very strong chelating 

behaMor towards met&. The DTPA removal hcmsed with concentrations varied fkom 

0.008 to 0.08 M for Cr, Hg, Mn and Pb. 

4.4.4 The kinetic study 

At optimum pH, most of the heavy rnds bound to the soü were releaseci in the iiquid 

phase within 24 h and in a single adnction. Rwidurl mecals in the soü (Cd) was plotted 

as a ftnction of t h e  (Figure 4.3). Reaction rate wu deennuiad using two-reaction 

mode1 for mil (Wasay a al. 1998b). Citrate remved Hg and Pb within 24 h a a lm1 of 

19 and Wh, rrspeaively. The removaf &ciency of Cr and Mn was only 38 and 48%, 

respectivdy, probably because C r 0  is tiwy bound on organic matta and 

chemisorbed on ox ids  and siiiute chys evcn ri a low pH (McBride 1994). ûxidatioa of 



C m )  to Cr(Vi) is a difncult operation to carry out in the mil but caa occw siowly 

u n d s  floodhg condition (Pardue and Patrick 1995). A s d  fiaction of C m )  in mils 

can also be oxidized to chromate at high pH which cpn be further promoted by Mn 

oxides (MeBride 1994). The removal of Cr, Hg, Mn and Pb by tartarate was found to be 

29, 70,42 and 66% within 12 h, respectivdy. The maximum release of these metais was 

p--- 
D T C A  p H  3.794.) 

Concen t r r t ion  (Y ) C o n c e n t r r t l o n  ( Y )  

Figure 4.2 Effect of concentration on the rmioval of heavy metals from the clay 

loarn in a batch expairnent der 24 h of mention time. Syrnbol: * Cr, 
Hg,AMnand@Pb. 

obtaind within 12 h by EDTA uid wu 18, 20, 37 and Wh, respective, but EDTA 

showed r low tfnnity for Cr, Mn and Hg. SmiiLrty, the remval eficiency of DTPA was 

not very good for these metais except fw Pb. The maximum removal was rcachcd within 

15 h and wu f d  to k 20,40,32 and 9Th for Cr, Hg, Mn and Pb, respectively, in a 

singie extnction. 



4.4.5 Soü dua ttp criteria 

Quebec has guideliw for the use of rcmdiated soil basui on thra catcgories, 4 B and 

C (MEFQ 1994). Remediated soi1 should meet ategory A criteria before disposal on 

agriculturai land. 

Mer two extractions with tartarate and citrate, tk experimental soi1 respectcd 

E O T A  p H  4.a-6.a 

1 
1 

O 1 O 2 0  30 40 
Tim (h)  

D T P A  p H  4 . 0  
i 

Figure 4.3 Kinetic snidy for leaching of heavy met& fiom the clay Ioam in a batch 

experiment at diffèrent intmals of time. Symbol: @cf, Hg, A Mn and 

.~b. 



levels far above the 0.5 mgikg 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 ineffective in removing the other heavy metals. 

4.4.6 Mechiaism of  ioü and Ieachatt dean up 

Aqueous ligands, such as citrate, tartarate, EDTA or DTPA, compete against soi1 

parricles for heavy metais absorption. The partitioning of h- metals between the soil 

d a c e  groups and a soluble cornplexhg ligand largely depends upon the aability 

constants described by the followhg rcactions, where sS stands for the mil: 

ES-Metal + Ligand Ligand-Metal cornplex + =s- 
(Contaminateci soil) (Soluble chelate) (Soil surface site) 

A cheiate (i.e. EDTA) is a cornplexhg iigaad that has two or more electron 

groups which form more than one bond between the metal and the ligand. The multiple 

bonds fom a tight ring structure around the metal ion enabling the chelate to soiubilize 

the heavy metais and leach thern fiom comaminateci mils. EDTA and DTPA are 

scxademate and octadentate molecules, meaning that they have six and eight donor 

atoms (2) which can coordinate to a single metal ion to produce five and men (2-1) 

chelate rings (Beii 1977). Two and three donor sites are located on the nitrogen atorn of 

EDTA and DTPA, respectively, while the rrmaining four and five donor sites are 

negatively charged carboxyl groups (-COOH) which react with metai cations when these 

sites become deprotonated (-COOH + -COOS + m. Speciation (release of protons) of 

EDTA and DTPA depends on pH, with H~[EDTA]" or H$DTPA]~- being the dominant 

form in the pH range of 3 to 6 where most heavy maais exïst as divalmt cations. 

ChronmUn, Hg and Mn are so tightly bound to soii surfiaa sites and these chelating 

agents are not able to fom compkx with them. 

Citrate and tartarate cany three and two negatively chatged carboxyl groups (- 

COOwm which have stronger coordination power (fom chdate with mdals) than th& 

respective alcoholic OH group [citrate, H O C ( ~ û û ~ û û ) 1 1  and [tartarate, 



HOOCCH(OH)CH(OH)COOH]. The coordination of citrate to a metai ion involves two 

carboqd groups and one hydroxyl group or alcoholic group (OH), whereas coordination 

with tartarate occurs between one carbox$ group and two hydroxyl groups. The 

observed order of effectiveness in chelation is: citrate > tanarate > other orgailic acid 

anions. Metal-citrate complexes are more stable than those of the other acid anions, 

partly because citrate carries three negative charge. 

The soif leachate was treated effectively with granular activatecl carbon (Wasay a 

al. 1997) and the recovered heavy metal can be recycled in ore processing units. 

4.4.7 Strthticil inaIy~Y of the nsults 

The SAS procedures indicated that pH had a hi@y significant &ect (P < 0.0001) on 

remediation level acept for Pb. When the sahs of weak organic acids were used 

(particularly for citric acid), higher pH values gave significantly betta removal levels. 

Tartaric acid gave significantly better removal leveis at lower pH values except for Pb 

which gave good removal levels at d pH values. The coefficients of variance (CV) 

remaineci under 1.5% for ail rernoval levels for citrate and between 2 to 3% for tartarate. 

The contrast between reaction tirne and metal removal fiom the soi1 was 

significant (P < 0.05). Among the heavy metais, Pb residues were significmtly higher for 

ail the reaction tùnes during the extraction with salts of organic acids. However, Hg 

showed the lowest residud of all heavy metais afts 12 h of leaching with both citrate 

and tartarate, whereas residual values for Mn and Cr were intermediate up to 36 h. 

Lowest residud values &er 24 h were obtallied for Cr and Hg with tartatate and &te, 

respectively . 

4.5 Condusions 

The following condusions can be drawn: 

1. Citrate showcd high removal capabilities at a pH aôout 5, as it lmched 54,69, 85 and 

96% of Cr, Mn, Pb and Hg, respectiveiy. Tartarate removed 86% of the Pb under a wide 

pH range of 2 to 7, whereas it removeci 41,54 and 84% of Cr, Mn rnd Hg respectively 



at a pH 4.3. Both citrate and tartarate were very &&ive in removing extremely toxic 

metais such as Hg and Pb. 

2. EDTA and DTPA were only effective in removhg Pb (W!), but not the 0th- metals, 

partidarly for Hg and Cr (< 30%). Because Hg is extremeiy toxic even at low 

concentration, EDTA and DTPA were not capable of adequately detoxdjhg the 

cont aminated soil. 

3 .  Weak organic acids and/or their sahs wae found to offer an environrnentaily frimdly 

remediation technique because an Unproved mil structure was observed &er treatment. 

Furthamore, they leached significantly less rnacronutrients, such as Ca and Mg. Strong 

acids and chelaihg agents are known to disturb the soil properties by extracthg 

wtrients, destroying thar structure and dishirbing theu biologicol activity. 

4. Four extractions (so1id:extractant ratio is 1:25) with citrate and tartarate would aliow 

the poiiuted soii to meet the category A requircments, for its disposal on agriculwal 

land. 
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nie nexî chipter deals with the remdation of the experimental loam and sandy ciay 

loarn polluted by heavy metals in a batch experiments using salts of weak organic acids, 

EDTA and DTPA Various parmeters such as &ect of pH, concentration and time 

intervals were shdiidied for satllig up optimum conditions. Citrate and tartarate as weU as 

odate  in combination with citrate are very effective in remediating these two 

experimental soils and comparable with EDTA and DTPA. The results were compareû 

with the Quebec clean up criteria of soils polluted by heavy metals. 

This papa has becn published in the Enuimmrnial T d n d q y .  19921. 19:36%38û 

Authon: Wuiy ,  S. A., Bamngton, S. and Tokuniga, S. The contribution of authors 

are: i) First author carried out entire exper imd work and write up of manuscript ü) 

Second author supcrvised and technical correction of the work üi) third author provided 

his anaiyticai laboratory facilities and manuscript correction. 



REMEDIATIûN OF SOILS POLLUTED BY HEAVY METALS USING SALTS 

OF ORGANlC AClDS AND CHELATING AGENTS 

5.1 Abstnct 

Various weak organic acids and/or their salts were tested for the remediation of a loarn 

and a sandy ciay loam uaturaily poiiuted by heavy m d s  for over three years against two 

strong synthetic chelating agents (EDTA and DTPA). Among 7 weak organic acids 

andor their salts, citrate, tartarate and oxalate were found to aectvely remove Cd, Cu, 

Pb and Zn from the two soils in double extractions, at a wide range of pH. Citrate 

removed 80 to 99.% of all four rnetals within 24 h at pH fiom 2.3 to 7.5. Tartarate 

removed 84 to 99.9% of ali maals from both soils within 24 h at pH h m  2.1 to 6.7. 

Oxalate alone is not effkctive in removing metais partiailady Pb but with ammonium 

citrate (1 : 1 ratio) removed dectively 82, 70, 99.9, and 99.m for Cd, Pb, Cu and Zn, 

respedvely at pH fkom 2.6 to 5.8. Zinc met the Quebec A level mil clean up criteria 

after two extractions whaeas Cu and Pb reached the B level. Probabiy, two more 

extractions with these weak organic acids andfor th& saits are required to meet the A 

level for the soil clean up criteria for Cd, Cu and Pb. EDTA and DTPA removed 75 to 

99.% of the heavy metais within 24 h at pH fiom 3.5 to 9.0 for both mils. Citrate and 

tartarate were found to remove heavy metais from two contaminateci soiis, as effsaively 

as EDTA and DTPA. But as opposed to EDTA and DTPA, they wen removed 80.h 

less rnacronutrients Oorn the soi1 and improved its structure. Weak organic acids andor 

theh sshs CM thenfore be used as m emirorxnentaily fnendly remediation technique. 

Key words: Soii remediation, hivy metais, salts of weak organic acids, EDTA, 

DTPA . 

5 3  Introduction 

The tecbnology of soii washing anployed to remediate poIhited mils and suhem,  uses 

two basic approachcs. The fht approach Mmobitizcs the bavy muls to miaimise th& 



migration. Immobilization is achieved 4 t h  complexing agents, lime and cementing 

materials (Anderson and Dee 1994, Cnipyma et ai. 1989). This technique has the 

negative impact of fixing in the soil ail essemial nutrients besides the heavy metals and, 

moreover, the heavy metals may slowly leach out as a result of biological activity andior 

by acidification of the soil. The second approach involves the transfer of the soil bound 

heavy rnetals to the liquid phase by desorption and solubilization. Generally strong acids 

such as hydrochloric, nitnc and sulfiiric acids are used as washing solutions, but these 

solutions can markedly alter the chemicai, physicai and biologicai properties of the sod. 

Before washing, the soil particles are generaily segregated because most of the 

heavy metals are bound to the finer particles. The soi1 binding mechanisms of heavy 

metals are adsorption on Fe/Mn oxides, clay particles, organic matter and CaCO3, or 

retained as exchangeable ions (AssUik 1986). The pH is an important parameter affecthg 

the efficiency of any chemical agent to release heavy metals fkom the soil. The 

concentration required of these strong acids depends on the magnitude of contamination. 

At concentrations of O. 1 to 2.0 M, HCI can rernove fiom 62 to 88% of the soil Pb within 

0.5 h (Raghavan et ai. 1989). in removing heavy metals, HCl is mon effective than 

HNO, since it fonns soluble metal-chloride complexes (Tuin and Tels 1990). 

Synthetic organic chelating agents such as ethylenediamimtetraacetic acid 

(EDTA) and diethylenetriaminepentaacetic acid @'PA) remove heavy metais as 

effectively as mong acids but with less impact on the physicai and chemical properties of 

the soil (Tuin and Tels 1990). Strong chelating agents such as EDTA and DTPA have a 

greater affinity for soi1 macronutnents üke Ca and Mg besides heavy metals and their 

metal complexes may be diflicult to remove fiom the aqueous p h  by Lime precipitatioa 

because of the negative charges of metal complexes. Besides this problem, EDTA is 

stable and remallis adsorbeci in the soi1 ifter extraction, this can rnake the soü unfit for 

further use because residuai EDTA can slowly leach nutrients fiom the soii. Thdore,  it 

can also disturb the soii's physicd, chemical and biological properties. 

Soil organic matts consists of residues of plants, animais and orgPnisms such as 

aainomycetes and mae*s. As opposed to the non-humifid fiadion (weak organic 

acids), the h d e d  o r w c  matta r d t s  fiom oxiâativt degraâation and d s t  of 



compounds such as ftlvic and humic acids. Plants and animal tissues contain a large 

nimber of acids, which may be released into the soil during decomposition. These can 

range from simple aüphatic acids to complex aromatic and heterocyclic acids (Huang and 

Schnitzer 1986). These biochernical compounds have chelating characteristics aad have 

the ability to mobilize heavy metals in soil. Simple aiiphatic acids are of special interest as 

n a d  chelators because of they are ubiquitous and because rnany of theù hydroxy 

derivatives are &&ve solubilizers of metals. The organic acids rnost effective in 

fonning stable cheiate complexes with metal ions are those of the di- and nicarboxylic- 

hydroxy types, such as ciaic, tartaric and oxalic acids. Organic acids such as citric, 

furnaric, d c ,  rnalonic and succiriic are most abundant in tree root exudates (Smith 

1976). These organic ligands undoubtedly eahence the availabihty of maals for plants 

and in some instances, they reduce or elimiitate the toxicity &kt of the metal's ionic 

forms. The free (hydrated) metal ion is the most toxic, whereas metal-organic acid 

complexes are less toxic (Leeper 1978). 

ûrganic compounds offer some advantages as extractants over synthetic 

chelating agents such as EDTA and DTPA or strong acids: i) The residual organic 

compounds in the soi1 after cleaning enhance the formation of water-stable aggregates 

because of the formation of humified organic matter, ü) Compareci to EDTA and DTPA 

for example, organic compounds are less sdective for alkaline-earth m d s  such as Ca, 

Mg and Fe present in soils. Therefore, organic compounds tend to have l es  impact on 

the soil, as the preferred remediation teclmology requires ligands with low toxicity and a 

limiteci impact on the environment. 

The ideal wmplexing agent should wmpete eiktively for heavy metais bomd to 

soi1 particles. The m d  psrMioning bnween the soil surface and the or@c cornplexhg 

agent dependents largely upon the stability constant of the metdsrganic complex. 

The present study was designed to i) identis, orgarkic 8cids d o r  their 

ammonium (NI7343 salts that can potentially k u d  to remediaîe soils poiiuted by heavy 

metals with limiteci environmental impact and ü) compare the pedomiance of organic 

acids andor th& Nit* sahs to the synthaic chelating agents EDTA and DTPA 



5.3 Materiah and Methods 

1 Tk upcrimenw mil 

The soil samples were obtained from soi cunamhated for at least three years. The wet 

soil sarnples were air ârieâ, sieved to remove the particles > 2 rnm, homogenized and 

kept in plastic bags for Wer mdy. The mils were characterizcd physidy (Table 5.1) 

and the f o m  of heavy r n d  retention were determined using sequentid extraction and 

exchangeable techniques. The sequential extraction was perfomed using a method 

described by Fiedier (Fieder et ai. 1994). The Merent forrns of heavy metais retention 

in these sois and heavy metals bound to the soi1 Surface in exchangeable form are 

presented elsewhere (Wasay et al 1998 or Chapter 3). 

5..3.2 Ogmic icids rad ehditing agents 

The organic acids ador their salts and chelating agents use. 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), tartaric acid (0.5 M) 

and ammonium tartarate (0.5 M), acetic acid (0.1 M) and ammonium acetate (0.5 M), 

itaconic acid (0.2 M), fumaric acid (0.2 M), pyxuvic acid (0.1 M) and sodium pynivate 

(0.1 M). The chelating agents used were ahylenediaminetctracetic acid (EDTA) a 

disodium sait at 0.1 M and diethylenetriaminepentaacetic acid (DTPA) dissolved in a 

sodium hydroxide solution at 0.1 M. 

Dilute solutions of hydiochloric acid (O. I M) and SOdjum hyâroxide (0.1 M) wcre 

used for pH adjusment. nie avdable heavy rnetals were assessed in a batch test using 

MgClz, CaCh or BaC12 (0.1 M), shaken with the soi1 for 2 h at 20 O C  in a temperature 

controlled shaker (Wasay et al. 1998). 

5.3.3 ExpMment 1-removai of met& fmm mil .i r funetion of pH 

Remediation of heavy metPls ficm soi1 was conducteci in a bach expairnent to find out 

mPxinnun removai at optimum pH. The contra1 cunsistd of four series of pllutic 

@olycrvbonate) tubes holding 25 ml of distüled mer with pH adjustecl ri wious kvcls 

berwrrn 1 -9 and 5 .O with O. 1 M HCl, 0.1 M NaOH wru used wbai the pH becomes tw 
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Table 5.1 Physical and chennical properties of the soii. 

PropertY h m  Sandy clay loam 

Particle size 

% sand 

% silt 

% clay 

Buik density (@cm3) 

Particle density @/cm3) 

Total porosity (%) 

k.(cds) 

EC (mS/crn)-water 

pH-water 

-CaCI2 

CEC (cmol(+)/kg) 

ûrganic matter (%) 

Heavy met& (mgkg) 

Pb 

Cd 

Cu 

Zn 

The i values is the standard deviation due to experîmental error; 
k. stands for saturatecl hydraulic wnductivity; EC mc!s for demical 
conduaivity and CEC stands for cation exchange capacity. 

acidic, otheiwise, ody HCl was used. Two series received 1 g of the loarn while the 

second two series received 1 g of the sandy ciay loam. The treatments consisteci of four 

mon series of plastic tubes holding 25 ml of a solution of one of the orp ic  acids anaor 



its salts or one of the chelating agents with pH adjusted at variws levels between 1.4 and 

9.7. The pHs were adjusted by mixing diffment ratios of organic acids and th& BI&' 

salts (in most cases) or with smaü amounts of O. 1 M NaOH. For chelating agents, the pH 

levels were adjusted with O. 1 M NaOH artd/or with HCl. Again, two series received 1 g 

of the loam while the second two series received 1 g of the sandy clay loam. The 

suspensions were shaken for 24 h at 20 O C  and centrifuged at 7000 rpm for 20 minutes 

before withdrawing an aliquot of supernatant. The residue was extracted once more with 

25 ml of the organic acids, andor their m' salts solutions, chelating agents or distiiled 

water, as used initidy. Both supernatant volumes were analyzed for heavy met& by 

ICP-AES (ICPS 1000 II, Shimadni Corp., Kyoto, Japan). The extraction may be 

affectecl if soil and extractant ratio is chaiiged provided the concentration of extractant 

remain the same. 

5 1 4  Erpetiment Z-coaeentration déct  of organic icids and cbcliting agents 

Four series of plastic tubes (two for lom and two for sandy clay loam) were filled with a 

25 ml solution wntaining various concentration of one of the organic acids and their 

salts or one of the chelating agents at optimum pH for heavy metal rernod. Each tube 

received 1 g of soil and was shaken for 24 h at 20 O C .  The mixture in the tube was 

centrifùged and the supernatant was analyzeû by ICP-AES for heavy metals. A single 

extraction was pedonmd. 

53.5 Kinetic study 

At optimum pH for maximum removal, determineci by the previous test, the rernoval of 

heavy metals fiom the mils was measured at différent tirne intmrals. Four series of 

plastic tubes were filled with a 25 ml solution containhg either one of the organic acids 

mdlor th& Nit' salts or one of the cheiating agents at optimum pH level. For four 

series, two series each received 1 g of loam while the other two series each received 1 g 

of sandy clay h m .  The tubes were shaken at 20 O C  baween 10 min. to 36 h. Then, each 

soil sampk in duplicate was filterd and the supeniatant was anaîyzd for heavy metals 

by ICP-AES. 



5.3.6 Stitistid inaiysis 

The SAS procedures used are: i) One-way adysis of variance or randomized complete 

block design (RCBD) for pH effect. ii) repeated masures analysis of variance for the 

rate of leaching study with time (SAS 1990). Heavy metai leaching at dinitrent pH war 

anaiyzed by SAS for the different treatments or combination of orgaaic acids ador  their 

salts and water. The SAS *sis of the raw data gives the optimum pH for maximum 

leaching of heavy metals. The kinetic study of heavy metai leaching was also analyzed by 

repeated measurement at difrent t h e  intervais. The SAS analysis of the raw data gives 

the optimum lwel of organic acids andor their salts and water (at optimum pH) for the 

m8xirnum leaching of the individual metals. 

5.4 Results and Discussion 

5.4.1 Removd of metab fmm the roü as a functioi of pH 

The heavy metal rernoval etficiency was determined at various pHs, for the 7 organic 

acids and 2 chelating agents (Figure 5 .la, 5 .lb and 5.1 c). The extraction efnciency was 

highiy pH dependent for the organic acids and independent for EDTA and DTPA. For 

the loam, citrate removed 96% of Cd at pH 2.3 to 7.3, and 83% of Pb at pH 5.2 to 6.4. 

Tartarate removed 92 to 97% of Cd at pH 2.1 to 4.5 and 88% of Pb at pH 2.1 to 6.7. 

For the sandy clay loam, citrate rernoved 1 Wh of Cd at pH 2.3 to 7.5,88% of Cu at pH 

2.3 to 6.3, 8û% of Pb at pH 5.2 to 6.4 and 90 to 96% of Zn at pH 2.3 to 6.3. For the 

sarne soil, tartarate rernoved 95 to 99.9% of Cd at pH 2.1 to 5.5, 88 to 97?? of Cu at pH 

2.1 to 4.0, 84 to 87% of Pb at pH 2.1 to 6.7 and 90 to 98% of Zn at pH 2.1 to 5.5. 

ûxalic acid dfiectively removed Cu and Zn fiom both d s  but not Pb Md Cd at pH 1.4 

to 7.0. Heavy metais from contarninated soi1 were solubilued by citrate, tartarate or 

oxalate in the fonn of negativeiy chargcd water soiuble d -c i t r a t c ,  - m a t e  or - 
oxalate complexes ( F a d  and Pickering 1978). The extraction of Pb and Cd was 

Vnproved by ushg a mixtwe of  the citric acid and ammonium oxalate in a 1 : 1 ratio at an 

optimum pH of 5.8 (Figure 5.lb). The removal of Cd, Cu, Pb and Zn by this mBmm was 

found to be 82, 99.9, 70 and 99.9?/0, respectiveiy. The otba organic acids such as 

itaconic, fumant, pyninc and acetic acids (Figue 5.1 a, 5.1 b and 5.1 c) were not efkctive 
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in removing a si@cant quantity of heavy met& at a pH above 2 because of the lower 

stability constant of th& metai complexes as opposed to those of citrate and tartarate. 

Zinc met the Quebec soi1 clean up criteria of Ievel A afkr two extractions 

whereas Cu and Pb meet B levels (MEFQ 1994). Probably, two more extractions with 

these weak organic acids andor their salts are required to meet the lwel A of soi1 clean 

up criteria for Cd, Cu and Pb. 

5.4.2 Concentration e f f e t  

Concentration effect of three organic acids such as citrate. tartarate and onalate as weli 

as EDTA and DTPA on heavy metai extraction from soils has been studied (Figure 5.2). 

For the maximm removal of Cd and Pb nom the loam, the minimum concentration of 

citrate was found to be 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 of EDTA and DTPA was 0.02 

and 0.06 M, respectively, for maximum removal of these metals. For the sandy ciay 

loam, the minimum concentration of citrate was 0.03 M for Cd and Cu and 0.16 M for 

Pb and Zn for maximum removd. The minimum concentration of tartarate was 0.25 M 

for al1 4 metais. The sandy clay loam had a lower concentration of metals, thereby 

holding heavy metals more tightly and requiing more extractants partidarly for Pb, as 

compareci to the loam. Similady, a higher concentration of EDTA and DTPA (0.08 M) 

was reguired for maximum removal of the heavy metals from the sandy clay loam as 

cornpared to that of the loam. 

Clean up of contaminated soi1 is directly related to the initial metal concentration 

in the soil as well as the presence of inorganîc and organic compounds. For the sarne 

treatment miposeû, sites comaminated by srna11 amounts of heavy metals are often just as 

difficult to remediate as grossly contaminated sites bccause of highest binding mergies 

associateci with low sorption demitics ( R d  a al. 1995). Also because soils have 

multiple types of surface sites, s d  quantities of metals would be prdmmially 

adsorbed by the sites with the highest binding energies, IIlliking th& subsequan release 

Mcult. This phenornenon is illustrateci especidly for Pb leaching of sandy clay loam. 
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5.4.3 Kin& study 

For the threc organic acids and chdrthg agents, the WC a<periments indiate t h  in 

moa cases equilibriurn was attaimd within 24 h in both mils for numimm heavy metal 

removal (Figure 5.3a and 5.3 b). 

A suMnary of the optimum remcdiation parameters for the rtmowti of hervy 

m d s  from both mils are provided in Table 5.2. The order of daorption eâciency was 

O 
a Citrate pH 5.0-5.2 

ai 10 
E 

O 
Lorm 

A 

0i 
EDTA pH 4.7-6.6 

O 10 20 30 40 
Tirna (h) 

I Loam 

Lorm 
DTPA pH 7.6 

O 1 O 20 30 40 
Tirne (h) 

Figure 5.3a Kinetic leachiag of heavy metais fiom the loam. VCd and 0 Pb. 
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Figure 5.3b Kinetic leaching of hewy marls from the sandy clay loam. Cd, A Cu, 

Pb and Ci Zn. 



Tablc 5.2 Optimum conditions for the ren~ediation of soi1 polluied by heavy metals 
- -- 

Extractant Leachablity Loam Sandy clay loam 
parameter 

Cd Pb Cd Cu Pb Zn 

Citrate PEI 
Con. (M) 
Time (h) 
%Removd 

Tartarate pl i  
Con. (M) 
Tirne (h) 
%Removal 

EDTA PH 
Con. (M) 
Time (h) 
%Removal 

DTPA PH 
Con. (M) 
Time (h) 
%Removd 

Citrate+ PH 
Oxiûate Con. (M) 

Time (h) 
%Removd 

Con.:concentration; std. deviations Tor p H  and concentration effects on remediation are < f I whereas < f 6 for kinetic study 



Cd - Zn > Cu > Pb, which is the reverse of that obtained for soi1 adsorption (Lo a al. 

1992). EDTA and DTPA were effective in removhg heavy metals from both mils. These 

chelating agents have strong binding capacities and their stabüity constants with metals 

are higha than those of the organic acids andor their salts (Anderegg 1977, Perrin 

1979). EDTA is so strong in fact that t effecfively extracts macronutrients from the soi1 

such as Ca, Mg and Fe species, which are important for plant growth. EDTA extracteci 4 

to 5 times more nutrients than citrate (Table 5.3). Therefore, these chelating agents 

have 

Table 5.3 Drop in soil rnacronutrient level after remediation 

S d  C hemical Macronutrient content (mgkg) 

Loarn 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 to the amount 

of Ca, Mg and Fe leached out fiom mils using either citrate or EDTA. 

negative side effects compared to srhs of weak organic acids. EDTA is stable, has a low 

biodegradation, and can be adsorbeci to a significuit extcnt on the soi1 particles 

(Tokunaga 1996, Bourg 1988). EDTA remains longer in the soii and as a resuh, can 

fùrther leach out nutrients keepiag the soii unfit for plant growth. Washing with the salts 

m) of or@c acids was found to improve the soi1 structure. &@c materials 

rernaining after soil wasbg, must have fonmd direct ünks with the soi1 particles 

forming stable aggregates (Emerson 1958). Ammonium sslts of weak orpnic acids are 

preferred because slow tdease nitrogen fcrtilirer d leichhg proMan may k nduced if 



NE&-N (ammonium nitrogen) compounds are used instead of N a - N  (nitrate niaogen) 

compounâs. But haeasing Ntrification may lead to soii addification which reduces 

leaching loss of nitrate because m8lCunurn removal of heavy metais is obtained at pH 

about 5. Excess amounts of ammonium nitrogen can be collected togaher with heavy 

metals in the leachate or drainage system of soil wasbing processes. 

5.4.4 StatUticd indysu of the ruults 

The effe* of pH on soii remediation is highiy significm (P < 0.05) for both soils. For 

the loam and ammonium citrate, higher pH values gave si@candy higher removai 

levels. Similarly, lower pH values with cimc acid removed more Cd, whereas for Pb, 

removal levels were higher only d e n  ammonium citrate was used. Tartaric acid gave 

sigiuficantly higher removal lwels at lower pH values (2.1 to 4.1) for Cd, whereas for 

Pb, good rernoval levels were obtained with ammonium tanaraie at pH 5.3. Coefficients 

of variance (CV) for heavy metal rernoval for the loam ranged between 0.322 to 0.5 17% 

for citrate md betwecn 0.362 to 2.340?4 for tariarate. With the sandy clay loam, ai l  pH 

vahies gave JiBmfimtty higher removal lweis for Cd by either ammonium citrate or a 

1:l mixture of citric acid and W' sait. Remod of Cu and Pb was highest when 

ammonium citrate was used, whereas Zn removd was significantly higher at both lower 

and higher pH levels (with the use of ammonium citrate and a mixture of citric acid and 

NH4' salt). For tartarate, sigmficantly higher levels of Cd and Cu were removed at a 

lower pH (< 3.8), whaeas sipficantiy higha levels of Pb and Zn were removed with 

ammonium tartarate at a pH of 5.5, and in a 1: 1 mOmue of t ~ a r i c  acid and ammonium 

tartarate (pH 3.6). The CV ran~ed between 0.298 to 0.762% for civate and 0.435 to 

1 4 2 %  fbr tartarate. 

The contrast betwecn reaction time and metal rernoval fiom the sod was 

sigdcant (P < 0.05). For the loam, Pb resiâuai ans sigdicantiy higher than Cd for d 

reaction times during the extractjon witb ammonium citrate anû tartarate. For the sandy 

clay loam, Pb residual was highesi foiiowed by Cu, Zn and Cd, at ail rerrction times. 



5.5 Conciusions 

1. Out of the 7 organic acids tested, only citrate, tartarate and oxalate were able to 

remove, within 24 h, between 80 to 100% of the heavy metals (Cd, Cu, Pb, Zn) held by 

the two soils. in cornpaison, the synthetic chelating agents EDTA and DTPA removed 

between 75 to 99.9% of the heavy metals dong with some macronutrients such as Ca 

and Mg. Zinc levels met the Quebec soi1 dean up A criteria fier two extractions 

whereas Cu and Pb levels met criteria B. Probably, two more extractions with these 

wegk organic acids andor thev sahs are required to meet the soil level A clean up 

criteria for Cd, Cu and Pb. EDTA is less prone to biodegradability and t is adsorbed 

during soi1 cleaning, but it may reduce the amounts of soi1 macronutrients available for 

plants. The organic acids or theh salts are also adsorbed duniig the soil cleaning process, 

thereby improving the structure of the soil and mhancing the formation of stable 

granular aggregates. 

2. Soils with low concentrations of heavy metals are the hardest to rmiediate because 

the heavy metais are preferentialiy adsorbed by the sites of highest binding energies, 

which require higher concentration of organic and chelating compounds for remediation. 

3. Salts of weak organic acids (citrate and tartarate) were less disiuibing for the 

remediation of soils poliuted by heavy maals beuuise they enhanceû soi1 aggregation 

and leached only small amounts of macronutrients fiom the soi1 (80% less compared to 

EDTA and DTPA)- 
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CONNECIING STATEMENT 

Chapter 6 deals with the rate of leaching of heavy metals using a two-reaction (fast and 

slow leaching) model. The hetic data obtained fiom the previous two chapters (4 and 

5) for the clay loam, the loam and the sandy clay loam, wae  used for detemiining rate 

constants for the leaching of heavy metais with citrate, tartarate and EDTA at constant 

pH, temperature, concentration of extractants and shaking speeû. 

This prpw bu been submitttd for publication in tbe Jmmd of Envimnrnartd 

Engineering. 1998. Authon: Wmry, S. A., Bimngton, Sm, Pmher, S. O and 

Tokunaga, S The contribution of authors are: i) First author &ed out entire 

experimental and computer modeling and write up of manuscript ü) Second authot 

supeMsed and technid co~ection of the work üi) Third author suggested first author 

to use certain computer program for the two-reaction mode1 parameters iv) Fourth 

author provideci his analyticai laboratory fiiciiities and mamiscript conection. 



KINETICS OF HEAVY METAL LEACHING FROM POLLUTED SOrtS 

USING CITRATE, TARTARATE AND EDTA 

6.1 Abstract 

The rate of leaching of heavy metals fiom m i l s  with citrate, tartarate and EDTA was 

detemillied. A two-reaction (fast and slow) mode1 was used to describe the rate of 

leaching at a constant pH and temperature!. The fast and the slow leaching rates of metal 

were assumed to be irreversible and reversible, respectiveiy and both were of the first 

order. The fast leaching rate constant (kl) is in the order of Cd > Zn > Cu > Pb > Mn > 

Hg > Cr. This resulted fkom the release of the exchangeable hction of metals especially 

Cd and Zn followed sibsequently by metals such as Cu, Pb, Mn, Hg and Cr tightly 

bound to oxides and the organic fractions. If the slow. reacting fiaction (Q) is greater 

than 0.5, the main component of metals in the soi1 react slowîy and as a consequeme, 

metal is r e l d  siowly. If the value of a is found to be less than 0.5, the leaching rate 

is f a .  The value of the quasi-equilibrium constant ml was much smaller for Cd, Cu, Pb, 

Zn and Hg (< 0.6 VLg), whereas for Mn and Cr, it had a higher value. Vahes of ml for 

Cr and Mn in clay loam were obtained betwcen 1.1 to 4.5 witb citrate and EDTA, while 

lower values were obtaimd with tartarate, because of the low pH extraction. This higher 

values of mi indicated difliculty in removing Cr and Mn fiom the clay loam. 

6.2 Introduction 

When designing a remediation hcility, the leaching rate of heovy met& fiom soils is an 

important &or which determines the size of the leaching unit and the totai cost of 

remediation. Kinetics of hcavy metals desorption fiom mils have been invesb8ated to a 

lineted extent (Gr= and Burau 1974, Kuo and Mikkeisen 1980, Jopony and Young 

1987, Bowman et ai. 1981) whiie adsorption and dcsorptioa W i c s  in soil systerns have 

ken reviewed (Spatks 1986). Desorption kinetics of plant nutrients, such as nitrogen, 

phosphorus and potassium, have becn studicd extensiveiy. A rigorous mathematicai 



treatment of the kinetics of chemical repctions and diaision in poils has been presented 

(Sposito 1994). In most research work, desorption of hcavy metais fiom soils was 

carrieci out in a chernical environment close to fidd soil conditions or in a solution that 

was indicative to plant-uptake. A two-reaction model was developed for the 

determination of leaching rate of heavy metels fiom contaminated soils using a stmng 

acid (HCl) solution as an extractant with vigorous niUting (Tuin and Tels 1990). 

In the present study, a two-reaction model was used to determine the leaching 

rate of heavy metals fiom three naturaiiy contaminated mils using citrate, tanarate and 

EDTA a3 extractants. The rate of leaching was determined at a constant temperature, 

pH, concentration of extractants and shaking speed of 100 rpm. 

6.3 Tbcory of  Two-reiction Kin& Modd 

IMerent kinetic models have been used to determine the extraction of various ions tiom 

mils (Sparks 1986). A fht order rate equation has bem uscd to describe desorption of 

phosphate and boron (Griflin and Buran 1974, Grifaa and Jurinak 1974). It was found 

that the desorption data couid be fitted by two or three differmt slopes. The dineent 

first-order reactions were ascribed to the desorption of ions fiom two discrete types of 

binding sites. The fast desorption sites for k was amibutecl to e x t d  d a c e  sites on 

the inorganic and organic phases of the soil while the slow desorption of R w u  

attributed to the less accessible sites of organic rnatter and the interlayer sites of the 2: 1 

ciay minerals. A two-rate reaaion model is explained by the adsorption of maal on 

specific and non-specific soi1 sites and has bmi uscful in studying metal behavior (Selim 

and Amacher 1997). The less and the more labile fiactions of soils minerais are the most 

important metal resemoirs (Wmy et al. 1998a or Chapter 3) and cui explain the a m u i  

processes ocauring in the r d  soil-extradon system. 

Two Merent lMa ic  patterns wne found to e x p b  the r e m 4  of hcavy metais 

fkom soils. nie fina leaching pattern is very rapid foliowed by a second much slower 

leaching. Thus, the ieilching of heavy m d s  bom contamhatcd mils ushg citrate, 

tartarate or EDTA, at constant pH, tcmpcraturc and coaamntion cm k rcprcscnted by 

the foIIowing two Simuitancow mictions (6.1) and (6.2): 



=SiIO-M + O-A 

42-O-M + O-A 

=S+A + M-O complut (6.1) 

(soluble) 

=S2-O-A + M-O complex (6.2) 

(soluble) 

where =Si-O and represent active mil surface binding sites for fast reaction (6.1) 

and the slow reaction (6.2), respectively. O-A represents organic acids (A represents 

hydrogen ion of the organic acid which is replaceci by a salt (Na' or N)43 of an organic 

acid at higher pH), M is the heavy metal attached to the soi1 d a c e  site, M-O represents 

the soluble mdsrganic complex and kl, k2 and k3 are remion rate constants. 

Reaction (6.1) is fàst compareci to the fomard slow reaction (6.2) (Li > k2) and is 

irreversible. It represents the exchange of met& bound to d a c e  sites of various 

fiactions of mils (exchangeable, Fehh-oxides, organic matter) which wae mobilized ôy 

citrate, tartarate or EDTA in the form of complexes. The citrate, tartarate or EDTA 

concentration is rnuch greats than the metpl that raaâsorption of heavy metais to these 

sites is nwgible. Reaction (6.2) is dower and reversible. In controst to the muhiple 

reactions models (ûrifh and Burau 1974, Jardine and Sparks 1984, Selim and Amacher 

1997), the two-reaction mode1 involves coupling. Therdore, metal-complexes in solution 

formed by reaction (6.1) can also be re-adsorbcd to the soil according to the backward 

reaction (6.2). Both forward reactions are pseudo first-order and the backward rcaction 

is also considercd to be pseudo ûrst-order for the sake of shpiicity. Besides, ki, kt and 

k3, a fouith pumeter is requmd to describe the heavy metais niction according to 

reactions (6.1) and (6.2). It wm assumcd that a hction ao rcacts slowly (reaction 6.2) 

while a M o n  (l*) na*$ quickiy ( r d o n  6.1). 

The mathematid rate of the two-reactions can be n r p r d  ~is follows: 



where R. and % represent rates of leaching (mg/kg/h) ac~râ ing  to reaction (6.1) and 

(6.2), respectively, LI and k2 represent leaching rate constants fi'). k3 represent leaching 

rate constant (kg iiquidlkg soilh), Ct. and Cb are heavy metal concentrations (mgkg) in 

the mil reacted according to reactions (6.1) and (6.2), respectively and CI is the heavy 

metal concentration (m@) in the leachate. 

If the initial total heavy metal concentration in the soi1 is CtO, then is the 

fourth parameter: 

where Q is dehed at t = O only. 

A very slow extraction of metals fiom the soi1 c m  take place even after 24 h 

(Bowman et al. 19% 1, Lion et ai. 1982). Nickel desorption fiom Fe/Mn-oxides and 

organic matter surface takes severai days with EDTA and Cd desorption also goes on 

even after 96 h. Nevertheless, it can be assumed that a quasi-equilibrium nate is reached 

der  36 h of extraction as observed with citrate, tartarate and EDTA solution at constant 

concentration, pH and temperature (Wasay a al. 1W8b and 1998~). 

At quasi-equilibrium, (-& = O and Ch eq = O and equatioa (6.4) is redud to: 

where CM represmts the total heavy m d  concentration in the soi1 der 36 h of 

extraction and CM represents the heavy metal concentration in the leachate after 36 h of 

extraction. A linear squilibrium relatiodp is adopted as foiiows: 



whae m represents a quasieqdibrium comant that depends on the pH value in the 

extraction proass and the tenn d can be considenci as a residual heavy metd 

concentration that cannot be removed by the citrate, tertarate and EDTA solutions. 

Equations (6.7) and (6.8) cm be cornbined and re-written as follows: 

The following mass balance equation for the heovy m d s  in the systern is: 

&O*CkO + M&l*c& = W t )  [Cb(t) + Cdt)] + Mc(t)*Cc(t) (6.1 O) 

where &û and M& are the rnass of soi1 and extraction liquid at t h e  t = O, respeaively 

and &(t)and Mdt) are the mas of soi1 and extraction liquid at time t, rcspectively. 

In a batch experiment, the change per unit M i e  in M&) and Mdt) can be 

considaed Însignificant ma if the soil weight is increased siightly fiom the adsorption of 

citrate and tanarate, whereas mil weight siightly decreases with EDTA extraction due to 

loss of nutrients. The soif to extraction solution ratio is considerd constant for citrate 

and tartarate at Merent intervals of time (1, 12 and 24 h), the ratio can be apressed as 

follows: 

Mk (0 Mk - = constant = [-1, 
Mt (0 Mt 

The Snai expression for the totd metai concentration in the soi1 as a fùnctio~ of tirne is: 



The thtee parameters Irl, k2 and Q can be detennined by c m  m g  the data points 

[twl), Ck(t) (mgkg)] to equation (6.12) using Sigrnaplot 2.0 lx, Window and the results 

can be re-conforneci by aaother program Curve Expert 1.3- Window. 

6.4 Materials and Methods 

6.4.1 Soi1 characteristics 

Three soils naturally polluted by heavy metals were charactaized for their texture, 

density, saturated hydraulic conductivity, organic matta, pH, heavy metal content and 

retention fom (Wasay et al. 1998a or Chapter 3). 

6.4.2 finetic p m d u n  

At optimum leaching pH and at a constant temperature of 20 OC (Wasay et al. 1998b and 

1998~). the removal of heavy metais fiom soils was measured at different the intervals. 

Six series of plastic tubes were Ued with a 25 ml solution containhg one of the 

extractant, citrate, tartante 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 hm, series each 

received 1 g of clay loam. The tubes wae  shaken at 20 O C  for 10 min to 36 h. Then, 

each soi1 sarnple in duplicate was fiitered and the supernatant was analyzed for heavy 

metals by ICP-AES. 

6.5 Rcsults and Dkur~ion 

The data of the M c  experiments were fincd to quation (6.12) of the two-reiction 

mode1 and two Metent kinetic patterns were found to govm the lea~hing of heavy 

metals fiom soils using citrate, tartarate aad EDTA solutions. For the s ~ d y  clay loam 

using citrate, tartarate and EDTA, the leaching of Cd, Cu, Pb and Zn is shown in Figure 

6. la and 6. lb. For the loam and the clay loam using citrate, tartarate and EDTA is 

exmcmts, the kinetic patterns w m  simüar to that of the sandy clay lorm (Figute 6. lb, 



6. l c  and 6. Id). The two-rdon model gave a good fit for the experhental data in ail 

cases for reaction time up to 36 h. The values of the model parameters ml, ki, k2 and Q 

are given in Table 6.1. It is clear that Cd leached mer (Ici is higher) with al1 three 

extractants (citrate, tartarate and EDTA) foliowed by Zn, Cu, Pb, Mn, Hg and Cr at 20 

O C .  Slower rate of leaching (k2) foUowed the same order obsmed with the faster 

reaction. This resuhed fiom the release of the exchangeable fiaction especiaily Cd and 

Zn and then, the release of more tightiy bound rnetals such as Cu, Pb, Hg, Mn and Cr 

bound to oxides and the organic fractions. A general relationslip is difficult to establish 

between % and the metal fiactions in the soii, determineci by sequmtial extraction 

(Wasay et al. 1998a). However, a rough trend was obtained between a0 and the metal 

(Cd, Zn, Cu, Pb, Mn and Cr) fiactions in the exchangeable, FeMn oxides and organic 

matter. Cadmium showed lower value of a and this value increased in the order of Zn < 

Cu < Pb < Mn < Cr. This means that the leaching of these metals becornes more dificul 

in tins order, because Cd and Zn are d y  retained in the exchangeable hction of 

sandy clay loam and loarn whereas other metds are rnainly bound to oxides and the 

organic fraction of soils. If the fiaction Q r 0.5, the main pan of the soi1 metal react 

slowly and the quasi-equilibrium concentration is leached slowiy. 

The M of the data points by the two-teaction d e l  figure 6. la, b, c, d) showed 

that a reasonable rate description is possible by the two process mode1 ushg diaerent 

rate constants. The mode1 describes the maal concentration cums over a tirne period of 

36 h with a standard enor of less than 2.1%. The curves and the modd parmeters show 

that the individuai metals behave diffemtly in a single traûmait. The value of the quasi- 

equilibrim constant ml is mucb s d e r  in the case of Cd, Cu, Pb, Zn Pad Hg (< 0.6 k g  

), wheruw Mn and Cr showeâ higher d u c s  of 1 . 1  to 4.5 for citrate and EDTA, but 

Iowcr ducs for tirtcvate because the actnction ans auied out a low pH. This 

indicatm thst Cr and Mn are dif6cuit to remove fkom the clay loam beccoise thcy are 

tightly bound as it was observed (Wasay et ai. 19988). A higher mi d u e  of Cr and Mn 

indicate that the rcmoval rate was low in a Sagk adraction with citrate, tartarate and 

EDTA mn der 36 b. The dues  of ml for JI mils were vay smiU ind idg  a high 

retnovaî ef6icimcy for the m d s .  The fâst inàial lcaching rates ut comparaôte to the 



Figure 6. la Heavy metal [Ck(t)] in the soi1 as a fùnction of time. Dotted line 

shows curve fit to cxpaimcntal &ta. 



Figure 6. lb Heavy metal [Cdt)] in the soi1 as a f'unction of tirne. Dotted Iine 

shows curve fit to expaimental data. 



Figure 6. lc Heavy metd [Cdt)] in the soil as a fùnction of tirm. Dotted iine 

shows a w e  fit to experllnental âata. 
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Figure 6.1 d Heavy metal [CI&)] in the soü as a bct ion of tirne. Dotted h e  

shows curve fit to experimental data. 



Table 6.1 Kinetic mode1 parameters for two-leaching reaction rate of metals fiom 

soils 

(vks) ( ) ( ) h-1 h-1 (-1 (%) ( 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 c0.826 0.955 

Pb 0.529 3.989 0.018 0.568 < 1.41 1 0.969 
Zn 0.183 4.024 0.028 0.328 <0.912 0.963 

Tartarate 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 c2.135 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 O. 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 c0.747 0.918 

Tmarate Cd 0.564 4.396 0.006 0.416 c1.138 0.840 
Pb 0.472 3.251 0.010 0.41 1 < 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 < 1.528 0.885 

Clay loam Citrate Cr 
Mn 
Hg 
Pb 

Tartarate Cr 
Mn 
Hg 
Pb 

EDTA Cr 
Pb 



magnitude of the exchangeable fraction of m d s  in soils. The values of the model 

parameter kl obtaiaed in the present study for ali metais in polhited soils are in the range 

of 0.15-6.1 Y' as measured for Cu extraction using EDTA by Jopony and Young 

(1987). The very slow rate of the 2nd reaction and the M y  large $-actions a,, that reacts 

acwrding to the slow proass indicated that prolonged extraction tirne will hardly 

improve the metal remod efficiency fkom the soils by citrate, tartarate and EDTA 

solutions. The goodness of the c w e  fit can be seai with correlation of coefficient, r as 

shown in Table 6.1. 

6.6 Conclusioiw 

The following conclusions can be reached fkom the present study: 

1 .  The rate of leaching of heavy metals fiom mils were d y z e â  using a two-reaction 

model based on extraction data obtained with citrate, tartaiate and EDTA, at a constant 

pH, concentration of exaactants, temperature and shakiag speed. The two-reaction 

modei encompasses two processes, the fast irreversible first-order and the slow 

reversible fust-order leaching of metals. 

2. Cadmium leached out fuer (higher kl) with all three extractants (citrate, tartarate and 

EDTA) fotiowed by Zn, Cu, Pb, Hg and Cr at 20 OC. The sarne orda was obtained witb 

the slower leaching rate (kz). This r d t e d  fiom the release of the exchangeable fiaction 

of m d s  especidiy Cd and Zn and then the reiease of the more tightly bound metais 

such as Cu, Pb, Hg and Cr bound to oxide and the orpic h d o n  of the soil. 

3 .  The values of ml were very smaü i n d i d g  high removal dnciency of metals from aii 

soils. 

4. If the fraction of slowly extractable maais (%) is greater than 0.5, most of the m d s  

in sois leach siowly and the qussisquilibrium concentration is reached slowly. But for 

Q < 0.5, the lesching of metai is frst. 
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The last three chapters (4, 5 and 6) dealt with setting up the remediation technique and 

measuring the kinetic parameters for the clay loam, the loam and the sandy ciay loam in 

batch experiments. The next chapter (chapter 7) deals with the remediation of soils in a 

column experiment using citrate, tartarate, citratetoxalate, EDTA and DTPA as flushhg 

solutions and in a large xale level in a tub using citrate as a flushing solution. The 

optimum conditions established in the prwious chapters was used for the maximum 

leaching of heavy metals from the experimental soils. Each pore volume fiom the 

coiumn and tub at diierent time intervals was collected and anaiyzeâ for heavy metals. 

This paper bas been submitted for pubücation in the humai uf Wder, Air und 

S d  Pollutim, 1997. Authon: Wuay, S. A., Bamngtou, S. riid Tokunaga, S. The 

contribution of authors are: i) Fust author c h e d  out entire experimental work and 

manuscript write up ü) Second author superviseci for technical input and correction of 

manuscript üi) Third author provided his analytical laboratory facilities and manuscript 

correction. 



ORGANIC ACIDS FOR 'l''HE IN-SITU REMEDIATION OF S O U S  

POLLUTED BY HEAVY METALS: SOIL FLUSHING IN COLüMNS 

7.1 Abstmct 

Three mils of different texture and poiiuted by heavy metals were washed in a series of 

columns at optimum pH with a sali of weak organic acids, namely citrate, tartarate or 

oxalatetcitrate 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 4 1, 9 1 

to 92 and 75%, respectively. EDTA and DTPA effectively leached only Pb afler 20 pore 

volumes. For the loarn, citrate leached out 98 and 89% of Cd and Pb after 20 pore 

volumes, respectively, while tartarate leached out 9 1 and 87% of Cd and Pb. EDTA and 

DTPA removed these metals between 93 to 97% &er 20 pore volumes. For the sandy 

clay loam, Cd, Cu, Pb and Zn were removed between 84 to 91, 73 to 84, 56 to 70 and 

72 to 81%, respectively using citrate and tanarate. EDTA and DTPA removed these 

metals between 93 to 97% &er 20 pore volumes. An in-situ soi1 remediation simulation 

was also tested using the sandy clay loam in a tub. Cadmiuzn, Cu, Pb and Zn were 

removed by citrate washing solution at levels of 81, 82, 73 and 90%, respectively afler 

six pore volumes, each raained for 12 h. EDTA and DTPA were effective in removhg 

heavy metah except for Hg because of their strong chelating power. But these strong 

chelating agents extract important quantity of nutients fiom the soi1 and pollute the soi1 

by being adsorbed on the soiî particles. The salts of citrate and tartarate were found to be 

quite d i i v e  in removing heavy metals tiom the three poiluteci mils while lesching little 

macronutrients and improving the structure of soils. Each type of soi1 reached to C and 

B level of soü clean up criteria der 10 to 20 pore volumes witliin 10 to 15 h of flushing 

tirne. 



7.2 introduction 

Two in-situ remediation techniques are used to remediate soils poliuted by heavy maals: 

i) in-situ Unmobilization or fixation of heavy metals in the soi1 where different 

immobilization materials (such as chelates, ion exchange resins, portland cement/silicate, 

natwal materials-clays, molecular sieves and -greensand and other additives iike 

hydrated lime, silylated silica gel, insoluble starch xanthate, ferrous sulfate) can be added 

to the mil to reduce the mobility of heavy metals (Liu and Dedidian 1995, Czupyrua et 

ai. 1989). This process may lead to future leaching problem of heavy metais into surface 

and ground waters due to biological activity or aciditication of the soii ii) in-situ soi1 

flushing to leach out heavy metals fkom poiiuted soil. The soil hishing solution may be 

an acid or a chelating agent. This process is the most appeaiing because it generally 

creates less sufiace damage, requires a mlliimal amount of fhcilities, reduces the potmtial 

for human exposure to contaminants, is less expensive and, when efféctive, reduces or 

removes the contaminants. However, this remediation process is most suited for 

permeable sois. 

Soil flushing in colurnns of sandy loam artificidy polluted by Pb was investigated 

using HCl, EDTA and CaC12 as flushing solutions ( R e d  a ai. 1996). Lead removaj 

efficiency was 85%, lûû?! and 78%, with HCl, EDTA and CaCl?, respeaively. Several 

flushing solutions such as acid, EDTA, DTPA and chlorine were applied at various 

concentrations to an anificially Zn contaminateci soi1 coatained in a colurrm to determine 

Zn remediation dnciency (Davis and Singh 1995). The & i s  of ionic strength, flow 

rate, retention forrns and levels of Zn comamination were also studied on remediation. 

Complete Zn removd was obtained with EDTA and DTPA at the lowest and highest 

flow rates. Removal efficimcy wm stroagiy dependent on the retention f m  of Zn in the 

soil. The chcmicals used for washing either desaoyed the soil propatKs or were 

ineffective in removing heavy metals. 

Various n o n h d e d  (weak organic acids) md humifid (hwnic and fulvic acids) 

organic acids have been identifid in soils. Norihumified acids such as citric, tartaric, 

owüc, formjc and f w w c  acids are present in the mil due to the decay of piants, anuruils 

and miclobiai tissues (Tan 1986). Thcse aatural weak or@c acids have c h d a h g  



characteristics which can rnobiiize heavy metais. These natural chelators are 

biodegradable and form humified substances which can solubilite heavy metals. These 

natural organic acids were found to be abundant jn tree roots exudates to enhance the 

availability of metals to plants. Some organic acids were used for leaching out Zn h m  

mine tailings in a column study (Bnickhard et al. 1995). The highest Zn concentration 

was ocwred in the leachate with the highest citric acid concentration (10 mM). The 

amount of Zn leached out from the COIUIM was similar to that leached out by fonnic and 

succinic acid solutions. Oxaiic acid leached siightly more Zn than formic and succinic 

acids. 

The objective of the present study was to test saits of weak organic acids to leach 

heavy metals f?om soils held in laboratory columns. The leaching egiciency of these sahs 

was compareci to that of chelating agents (EDTA and DTPA) and the leaching &ect of 

agents on the soil propenies was evaluated. 

7.3 Mitcriab and Metbods 

7.3.1 Experimmtai mil simple 

Each soi1 sarnple was obtained fiom a site polluted for 3 years by heavy met& (Table 

7.1). The soii samples were air dried and sieved to rernove 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 physicaily and chemicaily and th& forms of heavy metai mention 

was determineci using sequential extraction (Wasay et al. 1998a). 

7.3.2 Materirls 

Soi1 flushing solutions were prepared and their pH was c o m e d  for maximum leaching 

according to an carlier study (Wasay et al. 1998b, 1998~). A flushing solution was 

prepared using ammonium citrate (0.2 M) and its pH was corrected to 5.0 using NaOH 

(0.06 M) in a ratio of 4:l (ammonium citrate:NaOH). Another flushing solution was 

prepareâ by mairig tartarate (2:l ratio of tartuic acid and ammonium tartarate, 0.3 M 

each) and water in a ratio of 3 : 2 to obuin a desired pH of 3.6. An admixnire of 
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Table 7.1 Physical and chernicd characterization of contaminateci soils. 

Soi1 characteristic Clay loam Loam Sandy clay loam 

Particle size 

% sand 

%Silt 

% clay 

Bulk density (g/cm3) 

Particle density @/cm3) 

Total porosity (%) 

L(cm/s) 

EC (mS/cm)-water 

pH-water 

-CaC12 

CEC (cmol(+)kg) 

Organic matter (%) 

Heavy metals (mgkg) 

Cr (Total) 

Mn 

Hg 
Pb 

Cd 

Cu 

Zn 

ammonium citrate (0.2 M) and ammonium oiralue (0.2 M) in a 1: 1 ratio was pfepued 

and wrncted to a pH of 5.8. Soil flushing solutions of c t h y i m c d i u a i n e t m c  acid 

(EDTA) and d i e t i i y i m e t n ~ c  r i d  (DTPA) (0.1 M) wae dissoived in 



NaOH solution (0.1 M) in a ratio of 4: 1 to obtain desired pH of at least 5.5. 

7.3.3 Pore volume 

The total pore volume of the soil columas was determined using an air dned soi1 sample 

of 40 g. This sample was weighed in a moisture cm and a hown arnount of water was 

added until saturation was obtained. This point is rwhed when the soi1 paste glistens as 

it reflects light, flows slightly when the container is tapped and the paste slides fieefy and 

cleaniy off the soi1 spatuia. Free water shodd not colle* on the soii surface nor should 

the paste stiffen markedly or loge its glistming appearance on standing. If the paste does 

stiffen or loses it glistm on standing for an hour or more, it is remixed with additional 

quantity of wata. The total porosity (f) was determined by the foUowing formula: 

where V (ml) is the volume of water added, Ys (mi) is the vohune of the soi! particles, M 

(g) is the mass of the dry soil and p. @/mi) is the density of soi1 particles. The pore 

volume of the Eoil was measured by the following formula: 

where V, (ml) is thc pore volume of the soil column, r (cm) is the radius of the columa, h 

(cm) is the height of the soil wlwnn and fis the total porosity of the soil. 

7.3.4 Method 

Three of soil wlumns, 2 cm in internai diameter and 4 cm in heigbt were packed with 5.0 

to 8.5 g of one of the 3 contaminateci soih (Figure 7.1). Thrœ columns each holding one 



of the 3 different soils, were wnnected to a 1.0 L resavoir holding a solution of either 

one of the salts of organic acids and Na), one of the two chelating agmts (EDTA 

and DTPA) at an optimum pH or a control solution of deionizcd water. Each flushg 

solution was allowed to pas  through the soil column and each volume equivaient to that 

of the soil pore was collected with time. The flow rate of the flushing solution througb 

the soi1 column was maintained ôetween 4 to 10 mYh. The pore volume was coUected 

periodically for heavy metal analysis. AU experirnents were c k e d  out in uiplicate. 

Pore volume collection 

Figure 7.1 Schematic diagram for the soi1 flushing in a column 
experiment . Soi1 fiushing liquid: organic Salt (OS), organic acid 
(OA), chelating agent (CA). Control: deionized wata (DW). 

7.33 Large ruk espcri~cat 

A large s d e  a<pcrimeat was conducted with the siady clay loun in a tub to sirnulme m- 

situ conditions. Thc tub contaiatd 7.7 kg of the soü contrminucû witb Câ, Cu, Pb and 

Zn. The surface of the soil wu imgated with a 0.16 M ammonium citrate solution 

(wasbing solution) at a pH of 5.0. The wssbing solution was applid to the soi1 wfirce 

and alîowed to soak in the wiI for 12 h kfOn k g  drainai. This procedure ms 

rrperted 6 tirneS. Each pore vohime wu colleaed by gnviiy througb 4 pafonted wdls 

der  a 12 h rctemion time (Figure 7.2). The v o b  of lucbate colîcaed wu mammd 



in terms of the soil's pore volume and sarnpled to determine its heavy metal content 

Mer flushing the soi1 in the tub, residual metds were determined by acid digation. 

Flushing liqui{ 

1 Gravity tlow Perforate 
svstem 

Leachate 

Figure 7 1 Schematic diagram for soi1 flushing in a tub experiment 

7.3.6 Statirtical analysis 

The SAS repeated measure d y s i s  of variance procedure was used for the leaching rate 

of heavy metals fiom the column (SAS 1990). 

7.4 Results and Discussions 

7.4.1 Soi1 flusbing esperimen t 

The amount of heavy mctals removed with tirne for each soi1 pore volume for the clay 

loam, is illustratecl in Figure 7.3a. Each pore volume (kachate) for clay loam was 

equivaient to 3.8 ml per 5.0 g of soi1 and it took 0.5 to 0.7 h to leach one pore volume. 

For the clay loam, Cr, Mn, Hg and Pb were removed at levels of 1 1 ,  3 1, 20 and 95%, 

respectively, ushg EDTA and DTPA after 20 pore volumes. With ammonium 

citrate(0.16 M), the leaching of Cr, Mn, Hg and Pb reached l d s  of 43, 37, 92 and 

75%, respectively, also after 20 pore volumes. The percetltage rmiovrl of Cr, hb, Hg 



Clay loam 5.0 g 
Citrate 0.16 M 
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Clay lorm 5.0 g 1 
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pH 3.7-4.1 1 

1 
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Figure 7.3a Soi1 0ushing in a column for an in-situ remediation. Cd, . Hg, A Mn 
and Pb. 



and Pb was found to be 45, 41, 91 and 75% using ammonium tartarate (0.3 M), 

respectively. The heavy metals leached out by the water in the control treatment was 

found to be 0.54, 5.78, 1.97 and 2.83% for Cr, Hg, Mn and Pb, respectively, &er 20 

pore volumes. nie optimum conditions wch as pH, concentration of d t s  of organic 

acids and chelating agents and amount of clay loarn washed are show in Figure 7.3a. 

Because the heavy metals were tightly bound on the clay loarn, it was difncult to remove 

particularly Crm) and Mn by both the weak organic salts, such as citrate and tartarate, 

and the strong chelating agents, such as EDTA and DTPA 

For the loam, levels of heavy metals removed with t h e  for each soi1 pore volume 

are illustrated in Figure 7.3b. Each pore volume was equivalent to 3.6 d per 5 g of soil 

and it took O. 5 to 0.63 h to leach one pore volume. Ammonium citrate at optimum pH of 

5.0, removed 98 and 89?h of Cd and Pb, respectively &er 20 pore volumes which 

requùed a total time of 9.6 h. At 7 pore volumes and 3.5 h, removal efnciency was found 

to be 83 and 62% for Cd and Pb, respectively. This fiaction of heavy metals was d y  

released from the easily exchangeable fom of metais. Mer 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 mainiy bound to oxides and the organic 

fraction of the soi, whereas Cd was mPinly present in exchangeable fom (Wasay et ai. 

1998a). Therefore, citrate easily leached Cd as compared to Pb. With tartarate, Cd and 

Pb were leached at levels of 91 and 87%, respectively in 20 pore vohunes 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 600/0, respectively and was also much slower thereafter. EDTA and 

DTPA leached out 93 to 97?? of Cd and Pb afker 20 pore volumes, at ophum pH of 

5.5 to 7.5. At 10 pore volumes and 5 to 4.3 h, the leaching of Cd and Pb was 86 and 

8 1% for EDTA and DTPA, respectively and was much slower thereafter. For the comrol 

treatmmt (with mer), the leaching of Cd and Pb reachd kvels of 13.2 and 0.95%, 

respectively d e r  20 pore volumes. 

For the sandy clay loarn, levels of heavy metal removed with time with each soi1 

pore volume are show in Figure 7.3~. Each soil pore volume was equivalent to 5.2 ml 

per 8.5 g of soü and it t w k  0.72 to 1 .O h to leach out one pore volume. Leaching of Cd, 
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Figure 7.3b Soi1 flushhg in a column for an in-situ remediation. V Cd and .Pb. 
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Cu, Pb and Zn by ammonium citrate was found to r d  levels of 91, 84, 70 and 81%, 

respeaiveiy after 1 5 pore volumes and 1 1 h. At 10 pore volumes and 7.3 h, the release 

of Cd, Cu, Pb and Zn reached levels of 84, 73, 56 and 72%, tespectwely. Tartarate 

released Cd, Cu, Pb and Zn at levels of 83, 73, 89 and 79%, respectively, afler 15 pore 

volumes and 14.7 h. At 10 pore volumes and 9.6 b, the leaching of Cd, Cu, Pb and Zn 

was found to be 69,63, 77 and 67%, respeaively. 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 8796, 

respectively fier I 1 pore volumes and a leaching time of 8.6 to 9.7 h. 

Both EDTA and DTPA were found to be significady effective in removing 

these met& because of their strong chelating properties as compared to nahval chelators 

=ch as citrate and tartarate. Therefore, EDTA and DTPA also extracteci all other 

nutrients from soils, thereby decreasing the chexnical value of the soil. Furthemore, the 

chelating agent can be adsorbed on the soil surface (Bourg 1988). Because EDTA 

resists bidegradation and is adsorbed on the soi1 particles, soils remediated by such 

chelating agents are unfit for agkdtural use. The sahs of or@c acids, such as 

ammonium citrate, eff 'vely removed hegvy metals fiom the soil while being adsorbed 

on the surface of the soü particles. But these natural chdators are biodegradable and 

produce hwnified substances such as humic and Mvic acids, which CM hprove the 

structure of the soii by cementing the soi1 particles imo water stable agpegates. 

Three mils reached category C and B levels of soil clean up criteria &er 10 to 20 

pore volumes 10 to 15 h of flushing the  ushg citrate, tartarate, EDTA and 

DTPA. Soüs require more flushhg to reach A lcvei of mil clean up cnteria More 

disposal on agricuhufal land. For all 3 contaminated soils, the loss of macronutrients, 

such as Ca, Mg, Fe, by EDTA and DTPA was found to be 4 to 5 times higher than that 

of the citrate. EDTA and DTPA fom moag chdates with soi1 macromitrients Wtiose 

stebility constant is very high as comparecl to citrate or tartcirate (Bdl 1977). Therefore, 

EDTA and DTPA have a negative impact on the soil pollution and soil nutrient content. 



7.4.2 Large s c i k  erperiment 

The retease of heavy metals fiom the sandy clay loam using amrno~um citrate (0.16 M) 

was ploned as a fiinction of retention time (Figure 7.4). The leaching of Cd, Cu, Pb and 

Zn was found to be 8 1, 82, 73 and 90 % of the total 6.1 14,7.130, 7.977 and 7.923 g of 

20 
Sandy clay loam 7.7 kg 

Citrate 0.1 . . 

O 24 48 72  96 120 
Time (h) 

Figure 7.4 Soi1 flushing in a tub for an in-situ remediation. Cd, a P b ,  A Cu 

and C Zn. 

contaminants in the mil, respectively &er six pore volumes, each raaUied for 12 h. The 

soi1 still r e t a i d  0.306, 1.070, 1 -835, and 0.7 13 g of Cd, C y Pb and Zn, respectively 

after 6 pore volumes. By extraplathg to 10 pore volumes, Cd and Zn are expccted to 

meet the clun up criteria (kvel A) whereas Cu and Pb could have mched the clcan up 

critena for agrinilâural soüs (kvd B) which rquires mon flushing (MEFQ 1994). The 

release of Pb w u  the slowest among dl other heavy metais, w h a a s  Zn and Cd were the 

fastest. 

7.4.3 S t i t W c d  inrlysis 

The flushhg sohtions had a highiy signifiant c&ct on the ntc  of leachiiig of the heavy 

mculs (P < 0.0001). For the chy loam, EDTA and DTPA leached out Pb fâster and 

d t~~caseâ  Pb to a minimum amount in 8 pore vokm# fdlowed by &te and tuwate. 



Manganese was removed faster by EDTA fobwed by tutarate, citrate and DTPA. 

Chromium was leacheci out Wer by citrate and tartamte as opposed to EDTA md 

DTPA. Mercury was flushed out fma from the clay loam by citrate followed by 

tartarate, EDTA and DTPA For the control using water, the leaching of all metals was 

found to be niinimum as compared to ail other treatments. The coefficient of variance 

(CV) varieci betwem 1.8 to 7.W for ali metals, at Werent tirne intervals. 

For the loam and for the first 2 pore volumes1 Cd leaching was faster by citrate 

foiiowed by EDTA and tartarate or DTPA and thereafter tartarate removeci Cd faster as 

compared to other chmiicals. Leacbing by water (control) was found to be the least 

effmive. For Pb leaching, EDTA and DTPA were the moa effective, followed by citrate 

and tmarate. The coefficient of variance (CV) was found to range beîweai 1.26 and 

4.53% for both Cd and Pb. 

For the sandy clay lom, Cd leaching was fàsier for the first pore volume, with 

EDTA foiiowed by citrattçoxalate, DTPA, citrate and tartarate. Mer four pore 

volumes, the leachhg of Cd was better with tanante foliowcû by citrate, D m  EDTA 

and citrate+oxalate. Deionized water was the least d&ve in leaching Cd. 

Citratttoxalate leached out Cu farter than EDTA followed by DTPA, citrate and 

tartarate for the first 2 pore vohuws. EDTA and DTPA had a Mer efEciency for Cu 

until 5 pore volumes, and thereafter c h t e  uid tartarate achieved the best &ciencies. 

For Pb and Zn, EDTA and DTPA d e m m e d  the highest n i e  whereas tartarate, 

citrate and citrat~xalate demonstrateci a slow rate for both metais. The codiicient of 

variance (CV) ranged between 1.28 to 5.77Y0 for ail metais at each pore volume. 

7.5 Condusioar 

The foUowing concfusions are: 

1. For the clay loam, the mnoval of Cr, Mn, Hg and Pb by citnte and urtarote ranged 

between 43 to 45, 37 to 41, 91 to 92 and 75%, respectivdy. EDTA and DTPA wuld 

oniy remove Pb effectBrely whereas for Cr, Mn and Hg, t h y  were found to be less 

effective PAa 20 pore vokunes. 



2. For the loam, ammonium citrate at optimum pH leached out 98 and W h  of Cd and 

Pb, respectiveiy der 20 pore volumes. Ammonium tartarate leached out 91 and 87% of 

Cd and Pb, respectively afler 20 pore volumes. EDTA and DTPA also removeâ Cd and 

Pb b m r n  93 and 97%, at 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 to 70 and 72 to 8 1 % with citrate and tartarate, respectively . The removal of 

these metals by EDTA and DTPA reaged between 85 to 98% &er 15 pore volumes. 

4. The removai of Cd, Cu, Pb and Zn in the large scaie experiment (tub) reached 8 1, 82, 

73 and 90%, rapectively &er six pore volmes, each retained for 12 h. 

5 .  Thee soils were reached to C and B level of soil afkr 10 to 20 pore volumes within 

10 to 15 h of soi1 flushing using citrate, tartarate, EDTA and DTPA. Soils require more 

flushing to reach A lwel of soi clean up criteria before disposal on agricultural land. 

6. EDTA and DTPA were effêctive in removing all heavy metais except for Hg because 

of their mong cheiating properties. But they also extract dl other important nutrients 

fkom the soi1 and they poiiute the soil by king adsorbed and non biodegradable on the 

surface of the soi1 particles. 

7. Organic salts such as ammonium citrate and tartante, are also quite &e*ive in 

removing heavy metals 6om poUuted soils. Even if the salts of these organic acids are 

also adsorbed on the surface of the soii particles, they improve the soil structure and heip 

in forming water stable aggregates. 
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The next chapter deals with the biorernediation of soils poUuted by heavy metais using 

the fungus, AqergrIIus niger. After successfUUy studying the effêctiveness of weak 

organic acids such as citrate to remediate mils in both batch and column experirnents 

(chapter 4, 5, 6), a biormediation process was developed using Aspergillus niger to 

generate citrate in-situ to nirther minimize the cost of remediation. To generate citrate, 

Aspergrllus niger was grown on the surface of the contaminated soii fed sucrose as a 

carbon source and rest at a constant temperature under aerobic condition. The leachate 

in the form of pore vohune was collecteci every day nom soi1 colurnn while Aspergdhs 

niger was coatinuously suppiied citrate. 

This piper bas ben accepted for publication in the J o ~ n r d  of BiorcmMm, 
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authors are: i) First author carrieci out entire experimental rtsearch work and manuscript 

write up ii) Second author supenised research work and manuscript correction iii) Third 

author provided his analfical laboratory facilities and manuscript correction. 



CHAPTER 8 

BIOREMEDIATMIN OF SOtLS POLLUTED BY AEAVY METALS USING 

ASPERGILLUS NIGER 

8.1 Abstrrict 

A bioremediation process was developed using the fungus Aspergillus niger to produce 

weak organic acids for the leaching of heavy metals from contaminated soils. The h g u s  

was cultivated on the d a c e  of three contaminated soils (a clay loam, a loam and a 

sandy clay loam) for 15 days at 30 O C  and at a pH < 4 to ôivor the production of citric 

acid rather than oxalic acid which hinders Pb leaching. For the clay loam, Cr, Mn, Pb and 

Hg were leached to levels of 37, 4 1, 85 and 91%, respectively. For the loam, the 

leaching of Cd and Pb was found to mach leveis of 99.7 and 83%, respectively . For the 

sandy clay loam, Cd, Cu, Pb and Zn were leached to levels of 99, 94, 58, 99?%, 

respectiveiy. The three contaminated soils could have ban remediated to an A category 

&er 20 to 25 days of leaching using this technique. 

Key no&: Soi1 poliution, heavy metals, bioremediation, leaching, A ~ i ~ e ~ i l l u s  nrger, 

wlum experiment. 

8.2 Introduction 

Soi1 pohtion by heavy met& is a growing conceni in Canada, USA, Japan, Europe and 

various developing co~mries. The m d  mining and smelting industries are the main 

sources of heavy metal pollution (Asami 1988). Soii clewiag is expensive because heavy 

mads are vciy tighdy bound to soit plVticIes. The tstimated dean up cost of 

contaminnted mils ranges betweni US S 8 to 12 per head in indumiplired countnes 

(Ellis and Mdlor 1995). It has been estimatecl tha! the clam up cost by current 

technology (ex-situ or excavation and reburiai) for one hectare of soi1 over a depth of 

one meter can range bnwecn US S 0.6 to 3 million depending on the poilution load 

(Mofbt 1995). 



Earlier studies showed that strong acids (HC1, and H2S04), strong 

synthetic chelating agents (EDTA and DTPA) and microorganisms are effêdve in 

leaching heavy metals from poUuted soils and m a g e  shidges fàcing major disadvantages 

(Tuin and Tels 1990, Benschoten et al. 1994, Cline and Reed 1995, Davis and Sin@ 

1995, Strasser et al. 1994 and Wong and Henry 1985). Both strong acids and chelating 

agents can disturb the properties of the soil by extcacting important macronutrients. 

From 8 to 1 1% by weight of the total soil material was dissolveci in 0.1 M HCI &er 30 

min and about 13-1 4% by weight d e r  24 h of extraction (Tuin and Tels 1990). 

Therefore, strong acids tend to destroy soils because th& higher tendency to lose 

protons as wmpared to weak organic acids. Four to 5 tirnes more rnacromtrients were 

lost with EDTA as compareci to citrate extraction (Wasay et ai. 1998a and 1998b). 

Furthemore, EDTA is geaaally adsorbed on the surfiace of soi1 minerais and d e s  the 

soi1 unfit for M e r  use because it is relatively non biodegradable (Tokunaa 1996). 

The microbial oxidation or reduction of metals has been used to remediate soiis 

or siudges contarninated by heavy metals. MicrwrgMisrns such as ï%iobuciflus 

ferr0oxidzn.s and sulfate reâucing bacteria are capable of leaching heavy metals fiom 

contarninated soils and sewage sludge. T. f e m w x i h  oxidue most maal suifides to 

soluble metai sulfates except for those of Pb ami Hg. The bioleaching process is suitabie 

when metal mining waste or heavy m d s  are present as sulfide and conditions are 

anaerobic. Therefore, it is Mcult to remove d metals fkom soils by aich microbial 

process. Curremly, bioleaching processes are used to leach met& from mining ores 

(Means and Hinchee 1994). However, the sulfutic acid produceâ ôy the Mcrobid 

process also leaches the autrients dong mth the heavy metals by lowering the soil pH. A 

secure disposai fàciiity is required afterwards to protect groundwater against 

acidification. Biological actMty used for the mobhtion of heavy m d s  is anaiogous to 

soi1 washing or chernical leachuig because microorgankm produce strong acid mch as 

sulfuric acid (Means and Hiache 1994). Therdore, environrnentaiiy tnendly 

technologies are required for bioremediation. 

Chic acid a d o r  its sait, among other werlr organic rQds, is quite effcctive in 

remedhtq soüs polkited by heavy metais (Wasay a al. 1998a ciad 1998b). The 



importance of using weak organic acids ador  their salts are: i) less destructive to soii 

properties as compareci to strong acids (HCI, HNO,, H2S04) and strong chelaihg agents 

(EDTA, DTPA) ü) improve the soi1 properties by enhancing the formation of stable soil 

aggregat es. 

Several rnicroorganisms such as yeast and fungi accumulate considerable amount 

of organic acids such as citric, oxalic, malic, tartane, fumaric and pyruvic acids (Rehm 

and Reed 1983). Some organisrns have conversion rate of organic acids reaching up to 

90% of the carbon suppiied (Stehbock 1991). Citric acid is a cornmon metabolite in 

most living organisms such as AqwtgiIlus niger and the factors influmcing its 

accumulation are pH, time and concentration and type of sugar. 

The objective of the present study was to test the capability of the b g u s  

Asjvegilllus niger in proàucing weak organic acids for heavy metal washing fiom 

contaminated soils. 

8.3 Mattriah and Methods 

8.3.1 Soi1 cbancttrizatioo 

The experimmtal soils (a clay loam, a loam and a sandy clay loam) were characterizcd 

physically for their particle size, bulk and particle densities, porosity and satwated 

hydraulic conductivity, k. (Carter 1993, Klute 1986) and chernicaiiy for th& pH, 

electrical conductivity, cation exchange capacity (CEC), organic matter and heavy metal 

content. 

The soi1 pH was meagured by soaking in deionipd wata at a ratio of 1:2. The 

electrical conduaivity (EC: mS/cm) of the soi1 supernatant in deioaizcd water was 

measurd using an elcaricd conductMty meta. The CEC was caldated by exchan@g 

heavy m*ols and other cations present in the wntarninated soils with a Bach solution 

(Carter 1993). AU mctals were determinecl by ICP-AES (ICPS-1000 II, Shimadzu Corp., 

Kyoto, Japan), except for Na and K which were detennined by flame emission 

spectrophotometry (Perkin Eimer). 



8.3.2 Meâium for funguus 

The growth medium for the A ~ r , I l u s  niger was prepared by dissolving the following 

constitumts in aerilized deionized water: @JH,)2S04 1 .O%, K~HPOI 0.3%- 

MgS04.7H20 0.05%, KCI 0.05%. FeS04.7Hz0 0.001%. Sucrose 5.0%. Agar 2.û?!, pH 

6.0. 

8.3.3 Microbu euiture prepintioi 

Pure dry spores of Aqergzllus n@er (iFO, Japan) rnixed with a few mi of nerile 

deionized water and a fm drops of this cuhure was t r a n s f d  to a slanted tube 

containing agar and autoclaved growth medium. The A ~ p 4 ~ l I u s  niger was grown in the 

slanted tube for 5 days at 30 O C .  

Medium 

1 1 ..................................................................... 

I I 
Microbes w Control 

. . ................................ 

Leac hate : Refngtrator 
.............................................................................. 

Thermostat 

Figure 8.1 Schematic diagram for bioremcdiation of  soi. Cultivation of Aspergillus 
niger on the mdàce of contarninated soi1 column. 



8*3*4 Remediation procedure 

Three experimental soi1 columns and a control colmm for each soi1 were set up for metal 

Bushing study (Figure 8.1). Either 3.5, 5 .O or 5 .O g of clay loam, loam or sandy clay 

loam was used to fil1 each column, respectively. The bottom and the top of the column 

was sealed with giass wools to prevent the migration of fine particles. The soii colurnns 

were leached with 2 pore volumes of deionized water to remove the air trapped in the 

soi1 pores. The top surface of the soi1 was covered by a few cm of coarse straw. The 

Apmllus niger culture prepared in the slanted tube was mixed with 10 ml of medium 

and trandemed to the soil colurnns and kept at a constant temperature controiied by an 

air conditionhg system. Each cohunn was directly connected to a reservou containhg 

the medium. The Aspergillus niger produceci mainly citric acid and some oxalic acid 

which was slowly perculated through each soil colwnn. The leachate in ternis of pore 

volume was collectai wery day from each column for heavy metals analysis. The citrate 

production was dso testeci ushg p-dimcthyl-dobenzaldehyde in acetic acid to 

deveiop puik color with cimc acid indicating its production in the system (Rohr et al. 

1979). Mer flushing soil column, the residual heavy metals in the soil was aiso 

detennined by acid digestion as discussed in Chapter 3. 

83.5 Stitisticd iaallysis 

The SAS repeated measires a d y s i s  of variance procedure was used to cornparcd the 

rate of leaching arnong dinerent heavy metals at a optrmm pH condition (SAS 1990). 

8,4 Raulb and Discussions 

11.4.1 pH aect  on the oqgmic acid pmduction of A s ~ * f i r s  ru'ger 

The organic acids produccd by AqxrgilIus niger dtcreased the pH of the leachate to 2. 

Thus, MtOH w u  added to the growth solution in sufbht q d t i e s  to maintain the 

pH of the leachate between 3.8 to 4.0 (Figure 8.24 8.2b and 8.2~).  A pH of 5 .O would 

bave leaâ to the production of oxalic and gluconic acids which may have irnmobilized Pb 

rather than e h c c  leiching. Alw, about 20 to 30% more leachg of m d s  occurred at 

a pH about 4 as opposed to a pH 2. The optimum pH fbr maximum heavy metai leaching 



ranges between 5 and 7 but only 5 to more Pb extraction is achieved at the 

optimum pH range as compared to a pH 4 (Wassy et al. 1998a and 1998b). Aix> the pH 

range of 3.8 to 4.0 optirnizes the production of citric acid by Asprgllus niger, rat her 

than oxalic and gluconic acids. 
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Figure 8.2 Leachmg of heavy metals f?om clay loam with the.  (a) by Asp4rgdlus 

niger, (b) control without A ~ ~ g i l u s  niger and (c) pH change in 

experiment (a). Cr, m Hg, A Mn and Pb. 

8.42 h p g ü b  niger and huvy metai mobilizrtioi 

The thne arpeiimental mils are dcscribcd in Table 8.1. Accordmg to the Quebec 

guidelies (MEFQ 1994), these sds cannot be disposed on agricultunl land because 

theh high hewy metai content. The growth of Ajipew'Ilur nigw for chic acid 

production is quite sensitive to heavy metals (Steinbeck 1991). Aqwrgilhcs nigrr can k 



grown under either submerge or surface cultivation. Submerge cuhivation is useful ody 

when their is no contamination of heavy metals in the soi1 othenvise surface cultivation is 

preferred . 

Table 8.1 Physicai and chemical characterization of contarninated soils. 

Soi1 characteristic Clay loam Loam Sandy clay loarn 

Particle size 

% sand 

%Silt 

% clay 

Bulk density (g/cm3) 

Particle density (g/cm3) 

Total porosity (%) 

k(cm/s) 

EC (mS/cm)-water 

pH-water 

-CaC12 

CEC (cmol(+)/kg) 

Organic matter (%) 

Heavy metais (mgkg) 

Cr (Total) 

Mn 

Hg 
Pb 

Cd 

Cu 

Zn 



About 90% of the nigar fed to Aspergifius nniger cm be converted to citrate 

(Steinbeck, 1991). 'ïherefore, a 5% sucrose solution was presumed d c i e n t  to produce 

enough citrate (about 0.2 M) for the leaching of hegvy metals fiom these contaminated 

soils. The optimum concentration of citrate ranges fiorn 0.03 to 0.16 M for maxirnum 

heavy metal leaching (Wasay et al 1998a and 1998b). Tbe &ect of tirne and heavy metai 

mobilization for the three mils is shown in Figure 8.2, 8.3, 8.4. Cadmium, Zn, Cu, Pb 

and Hg showed similar leaching behavior while Cr and Mn showed relatively slow 

ieaching behavior . 

For the clay loam, Cr, Mn, Pb and Hg were leached to 37, 41, 85 and 91%, 

respectively after 15 days at 30 O C  (Figure 8.2a). The leachùig of Pb and Hg was found 

to peak at day 4 with the maximum yield of citric acid by Asp~rgillus niger at about pH 

4 (Figure 8.2~). Mer 15 days of leachg, soi1 Pb levels reached the B soi1 criteria of the 

Quebec guidelines (MEFQ 1994). Lead is the least mobile of ail heavy rnetals, especially 

in soils under reducing condition. Lead has a partidariy high M t y  for Mn oxides and 

Pb@) oxidized to Pb (IV) is quite insoluble (McBride 1994). The level of Hg met only 

the C soi1 criteria of the Quebec guidelines. By extrapolating the results, at ieast 20 to 21 

days of leaching are required to reach the A soi1 aiteria lwel for bath Pb and Hg. 

Chromium and Mn leached very slowiy and thus, an even longer period would be 

required to reach the permissible A soi1 criteria level. Chromium is usually present in 

soils in its trivalent state (Bartlett and Kimble 1976). The organic matter of polluted mils 

can reduce Cr(V1) to Cr@) (Grove and Eiiis 1980, James a al. 1983). Chromium (III) 

fonns chromium hydroxides and dtimritely, the very insolubk chromium oxide, CnO,. 

The possible formation of polymeric chromium hydroxy complexes reduces its solubility 

even more (WiIlUnson 1987). This may be the r w o n  why Cr leached slowly with citrate. 

When Cr is p r a m  in soi1 as Oo, an oxiâizing agent is the preferred extractant. The 

C r 0  is hiown to be mch m e  mobile in soils? ahhough it can be reâuced back to 

by orgaaic matter. The slow Ieaching of Mn may resuh from the formation of 

&Fe oxides. In this experhent, Mn wu probably r d 4  slowly from the soi1 by 

spomantous dissoIuti011 or cation exchange, espcaally d e r  acidic or reducing 



conditions. The comrol experirnent leached only 0.7, 2.5, 3.9 and 6.7% of Cr, Mn, Pb 

and Hg, respectively fiom the clay loam (Figure 8.2b). 

For the loam, Cd and Pb were leached to 99.7 and 83%, respectively &er 15 

days at 30 O C ,  whereas for the controi treatmmt, Cd and Pb were leached to only 13 and 

2%, respectively (Figure 8.3a and 8.3b). The Cd leaching peaked at day 4 with the 

production of citric acid by AspergrfI~lus niger. At the beginnuig, Pb removal was very 

slow as oxalic acid was produced. Whm the pH dropped betow 5 (Figure 8.3c), citric 

acid production started and Pb leaching reached a peak at day 7. To improve Cd levels 

from the B to the A soi1 criteria, an additionai 5 days of leaching was required. Lead 
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Figure 8.3 Leaching of hmvy metais from loam with the.  (a) by Aspergzlhs niger, 

(b) control without Aspergaflus niger and (c) pH change in expriment 

(a). V Cd and .~b. 



levels met the B soi1 criteria &a 15 doys and the A soil criteria was expected &a an 

additional 8 to 1 O days. 

For the sandy clay loam, Cd, Cu, Pb and Zn were leached to 99,94, 58 and W h ,  

respeaively after 1 5 days at 30 OC whereas for the control expriment, ody 3 to 5% for 

ail t h s e  metals were leached (Figure 8.4a and 8.4b). The leaching of Cd, Cu and Zn 

peaked at day 4 with the citric acid production by Asp~rgdIrs niger and then slowly 

decreased to m a t  the A soil criteria at day 15. The leaching of Pb was slow a the 

beginning as oxalic acid was prodiced. When the pH dropped below 5 (Figure 8.4c), Pb 
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leaching was enhanced. Cadmium level was stül high &et 15 days, and an additional 7 to 

8 days of leachhg would have been required to meet the A criteria for soils by applying 

kinetics for preduction. Copper and Zn both met the A soil criteria after 15 days. Lead 

levels met the B soil criteria and was expected to meet the A soil criteria ater an 

additional 10 days of leaching by applying kinetics for preduction. 

The extent of soi1 contamination is d i r d y  related to the initial metal 

concentration in the soil as well as the presence of inorganic and organic cumpounds. If 

the same treatment levels are imposai, sites contaminated by mali amount of heavy 

metals are open just as difficuh to remediate as those grossiy contaminated because the 

binding energies associatecl with low sorption densities are large. Assuming that soils 

have multiple types of surfàce sites, s d l  puantities of metals would be preferentidy 

adsorbeci by the sites with the highest binding energies, making their subsequent release 

diacult ( R e d  a al. 1995). This phenornenon is illustrated by the slow release of Pb 

fiom sandy clay loam. 

8.4.3 S t r t b t i d  indysis 

Citrate produced by A ~ r g z i i u s  niger had a highS sigdcant effect on the rate of 

leachg of heavy metais fiom ail three experimental soils (P < 0.005). 

With the clay 10- Hg leaching by A~pergriius niger was faster for the first 5 

days followed by Pb, Cr and Mn. From âay 5 to 13, the leaching of Pb was predomuiant 

foUowed by Hg, Mn or Cr. Afts 13 days, Mii leached stightly Wer than Hg but still 

more slowly than Pb. With the loam, Cd leacheci out fasta than Pb for the fim 5 days 

a f b  which Pb leaching dorninated. With the d y  clay 10- Zn, Cd and Cu leachhg 

was predomûiant fbr the first 7 days, afta which Pb was leached more slowly as 

cusnpared to the otha three m d s .  

8.5 Coaclusiona 

The following conciusions werc reackd: 

1 .  A biorcmcdiation process using Aqw~@llus niger wrs provcn to be effêctive for the 

leacfiing of havy d s  fiom thra soils naainlly contanimated ôy hcwy mctals. 



2. AU leveis of heavy met& can meet the A soil criteria der 20 to 25 days of lachhg 

tirne, at optimum pH of 3.8 to 4.0, and at 30 O C .  

3. Most metais (Cd, Hg, Cu, Zn) reached peaked at day 4 with contim~ous supply of 

citrate by Aspergdlza niger. The maximum leaching rate for Pb was reached a e r  5 to 7 

days when oxalate supply by Aspergrllu niger was reduced as pH dropped below 4. 

Cliromium and Mn were leached very slowly by citrate and took more time to meet the 

B soil criteria. 

4. For the clay loam and afta 15 days, Cr, Mn, Pb and Hg were leached to 37, 4 1, 85 

and 91%. respectjvely. For the loam and also fier 15 days, Cd and Pb were leached to 

99.7 and 83%, respectively. For the sandy clay loam and after 15 days, Cd, Cu, Pb and 

Zn were leached to 99,94,58 and 99%, respectively. 

5 .  This bioremediation process was found to be environmentally tnendly as compareci to 

the leaching process using the bacteria T.fenomiclarzs, strong acids or cheiating agents. 
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TREATMENT OF LEACHATE FROM SOIL WASEING PROCESS 

9.1 Abstnct 

Granular activated carbon (GAC), granular activated dumina (GAA) and a f h c  

chloride solution (FC S) were tested for the treatment of leachate contaminated by heavy 

metals. The leachate was collecteci following the remediation of soils using weak organic 

acids andhr their sahs, EDTA and DTPA. Only GAC was found to effectively remove 

heavy metais (Cd, Cu, Cr, Hg, Mn, Pb and Zn as chelates ) from the Ieachate. At 

optimum pH ranging from 5.4 to 6.9, 97% of Hg was removed while at optimum pH 

ranging from 6.9 to 8.0, 78 to 96% of Cd, Cu, Mn, Pb and Zn were removed. Some 77% 

of the Cr was removed at optimum pH of 5.4. ï h e  brown color of the leachate tumed 

colorless &er GAC treatment . 

9.2 introduction 

Heavy metais are effectively washed fiom poiiuted soils using weak organic acids andlor 

theu salts (citrate, tartarate and oxaiate) and chelating agents EDTA and DTPA (Wasay 

et al 1998b). The recovered leachate contains heavy metais in the fom of metal chelates 

forming negativeîy charged complexes which are hard to treat by Lime precipitation. 

For wastmater treatment, various techniques have ban used to remove heavy 

metals. Heavy rnetals are g e n d y  precipitated as hydroxides by adding lime or caustic 

soda and raising the pH until reaching minimum soiubility and maximum precipitation. 

Heavy metals may dso be precipitoted as sulfides and in some cases as carbonates or by 

ion excbge processes (Eckenfelder 1989). GMulu actjvated cubon (GAC) removes, 

by adsorption, o@c materiah, such as dichlorophd. Adsorption is a common 

process in water and wutewata t r e ~ m c n  and in the transport process of chemicai 

species in aquatic systems. Aquanrs solutions of Hg are often treated by various 

combinations of activcteû civbon, EDTA, tsitnic aciâ, citric acid and dcium. In the 



preaence of these chelating agents, activated carbon is wen more déctive (Thiaii et ai. 

1976). 

The objective of the present study was to test the efiiciency of various adsorption 

media in treating Ieachate containhg heavy metal chelates generated fiom the 

remdation of soüs using weak organic acids andior th& salts, EDTA or DTPA. 

9.3 Materid and Methods 

93.1 kachate sampks 

Leacbate sampies were coiiected fiom the three soils m e d  with weak organic acids 

andior their saits, EDTA or DTPA(Wasay et al., 1998a and 1998b). The leachate 

samples were stored at 4 O C  in refngerator. The leachate samples were analyzeà for 

heavy metals content using ICP-AES (ICPS 1 O00 II, Shimadni Corp., Kyoto, Japan). 

9.3.2 Adaorbmb 

Granular activated d o n  (GL-H, Wako, Japan) was pretreated by soakin8 with dilute 

HCl (O. 1 M) at 40-50 O C  for 25 h, washed s e v d  times with c l idad  water and then 

dried in a vacuum desicator for a week More it was used as an adsorbent for metal 

chelates. A g r d e r  activatecl &mina (GAA) and a 5% ferric chlotide solution (FCS) 

were also used for the treetment of metai chelates Ui the leachate but they requied no 

pretreatment . 

9,303 Procedure 

A 22 ml leichate sample was taken Ui fiwû sets of tubes and each set of tubes contaias 

four plastic tubes in triplicete. Atta adjusting the pH of each tube between 5.4 and 8.0 

using a few ârops of NaOH solution (1 M), the total volume in each tube was adjusted 

to 25 ml. A 2 g of OAC was dded to each tube of the fmt sa wtiile each tube of the 

second and tfiird sets receivcd p u l a r  advateâ dumina (2.0 g) anci ferric chioride (2 

ml), respsctively. Smiilarly the fourth set of tubCs r s c m d  no adsorbent and was used as 

a control. The tubes were shakm for 12 h at 20 O C .  The niiidun wu cmtnniged at 

10,ûûû rpm Ew 20 min. (in refiigerated cmtdbgeci m a d k )  aaâ the fiaiil pH of the 



supernatant was measwed in each tube and d y z e d  for heavy metals by ICP-AES. The 

final pH was plotted as a fùnction of % removal of heavy metals in Figure 9.1. 

A set of six tubes was prepared in triplicate with leachate sample for the 

rneaswement of adsorption kinetics. A 2 g of GAC was added to 18 tubes containhg 25 

ml of leachate at optimum pH. After 15,60, 120,240,360 and 780 niinutes of shaking at 

100 rpm and 20 O C ,  3 tubes were takm out and filtered to anaiyze heavy metals content 

in the supernatant by ICP-AES. 

Another set of five tubes was prepared in Riplicate with leachate sample (25 mi at 

optimum pH) for the dect 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 containhg 25 ml leachate in 

triplicate. nie set of five tubes in tiplicate was shaken for 12 h at 100 rpm and 20 OC in 

a shaker. Thm the tubes were fltered and fihrates were d y z e d  for heavy rnetals by 

ICP-AES. 

9.4 Resulb and Discussion 

9.4.1 Cbarrcterization of kachate 

The leachate from the soil washing process ushg weak organic acids andor their salts, 

EDTA or DTPA, was found to contain 36.4, 15.0, 7.4, 2.5, 32.5, 76.3 and 13.8 mgA 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 e f k t  on the removd of meW chdates 

The removai of heavy metals fiom the leachate by adsorption on GAC was highiy pH 

dependent because pH dfiects the d a c e  charge of the adsorôent and the degree of 

ionization and speciation of adsorbait (Figure 9.1). By increasing the pH fiom 5.4 to 

6.9, Hg removd reached 97% but feu to 8% as the pH was fiirther i n c r d  to 8.0. 

The rem04 of Cd, Cu, Mn, Pb and Zn increased as pH Uicreased tiom 5.4 to 8.0. The 

rernoval &ciency increased from 55 to 88% for Cd, 50 to 86% for Cu, 59 to 78% for 

Mn, 69 to 95% for Pb and 55 to 84% for Zn as the pH wu, hcrrssed fiom 5.4 to 8.0. As 

pH i n c r d  fiom 5.4 to 8.0, the removal of Cr was d e c r d  6rom 77 to 18%. The 



adsorption of metd at the solid surface may be govemed by the presence of metal 

complexes rather than free m d  ions (Wasay et al. 1995, Bourg 1988, Thiem et al 

1976). ûther adsorbents (GAA and FCS) were also used for the removal of these heavy 

Figure 9.1 pH effect on the removal of metal chelates by GAC 
CdV,Cr*,CuA,HgI,MnA,Pb.andZnEI.  

metal chelates. Rernoval by GAA at pH 8.0 was 27% for Cd, 9./0 for Cu, 3 1% for Cr, 

58% for Hg, 33% for Mn, 36% for Pb and 34% for Zn. By adding f A c  chloride (2.0 

ml) to the leachate, heavy metal removal reached levels of 11% for Cd, 40% for Cu, 

14% for Cr, 82% for Hg, 16% for Mn, 18% for Pb and 14% fbr Zn at optimum pH of 

6.8. 

For the wntrol experiment without adsorbent, hydrolysis (precipitate) of m d  

chelates was found to range between 5 and 8% in the pH range of 5.4 to 8.0. Even at a 

pH of 9.5, removal rate was found to be 16, 9, 10, 52, 15, 15 and 12% for Cd, Cu, Cr, 

Hg, Mn, Pb and Zn, respactively. 

The dsorption of heavy mals on GAC resuited fiom the development of 

positive charges on the d a c e  of the a h o n  and the presence of neguive charged on 

the metd chelatm of the leachate. The bctional oidized groups present on the surface 

of the carbon particles play a major role in removing metai chelates fiom the leachate 

(Wasay et al. 1995). The mechaiiiw involveci at the granuiar activated carbon wata 

interface is: 



The adsorption reaction may take place in the followhg manner: 

where MY represmts the metal chelates in the leachate. 

9.4.3 Adsorption rate constant 

The rate constant for the adsorption of metal chelates on the GAC was detnniined using 

Lagergren's equation (1 898): 

where q. and q (both in mgA) are the amount of metal chelates adsorbed at equilibrium 

and at thne t (min), respectively, and lb (min") is the rate constant for adsorption of 

metal chelates. The value of b was measured at 20 O C  fiom the dope of the linear plot 

of log(q.-q) vs time, for the totai metal content of the leachate and was found to be 0.01 

min' (Fipe 9.2). 

9.4.4 Adsorption uothenn 

The anaiysis of the equitibriwn chta for the adsorption of metal chdates on GAC bas 

been canied out in the light of the rcamangcâ Lpngsnuir adsorption model: 
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Figure 9. 2 Lagergen plot for the adsorption rate of metal chelates. 

where Ce (mgh) is the equilibrium concentration of metal chelates and QO (mg/@ and b 

( h g )  are the Langmuir constants related to the capacity and energy of adsorption, 

respectively. In Figure 9.3, the linear relationship between C& and Cc, at 20 O C ,  

suggests the appiicabiirty of the above mode1 for the present system. It also suggests the 

formation of a monoiayer of metal chelates at the outer surface of the GAC (Gupta et al. 

1990). This was also experirnentally wnfimed by extendhg the time of adsorption from 

780 to 1440 min, wherein the amount of adsorption remaineci the same and no multilayer 

curve was obtairted. The adsorption capacity (Q*) and b at 20 O C  were found to be 19 

mg/g and 0.3 1 5 Vmg, respectively . 

After treatment with GAC, the brown color of the leachate had disoppewed 

leaving a wlorIess liquid. 

9.5 Conclusions and Srmmary 

The foiiowing conclusions rnay be drawn fiom the presmt investigation: 

1. GAC cm effectively adsorb maal chelates present in the leachate foiiowing soi1 

remdation with weak organic acids andot their salts, EDTA or DTPA, whaeas GAA 

and FCS were i n c f f h e .  



Figure 9.3 Langmuir plot for the adsorption capacity of metal chelates. 

2. With GAC, optimum pH for maximum Hg removal was found to range fiom 5.4 to 

6.9 whereas for Cd, Cu, Mn., Pb and Zn, it was found to range kom 6.9 to 7.7. 

Maximum rernoval of Cr occumd at a pH of  5.4 to 6.2. M d  chelates removal 

efficiency ranged fkom 77 to 97?4 at these optimum pHs. 

3.  nie present data fits the Langmuir mode1 and therefore confirms the formation of a 

monolayer of metal chelates at the outer surface of the GAC. 

4. The values of b, QO and b were found to be 0.01 d l ,  19 mg/g and 0.315 Vg, 

5 .  The leachate solution was also treated to a colorless liquid during its treatment for 
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SUMMARY AND CONCLUSIONS 

For the leaching of heavy metals fiom three naturally polluted mils, a study was 

undertaken using weak organic acids a d o r  their salts. The perfomce of these acids 

was compared against that of synthetic chelating agents, EDTA and DTPA. Based on 

the findings of this study, the foUowing finai conclusions were drawn: 

1. To evaluate the possible remediation proass, three soils of dinerent texture, polluted 

by heavy metais were testeci for forms of metal retention. The soils were initially 

characterized for particle size, bulk and particle densities, porosity, saturated hydraulic 

conductivity, elecirical conductivity, pH, sulfur, organic matter and presence of heavy 

metais. The heavy metals in the soi1 were bound tightiy to Mn/Fe oxides and the organic 

fiactions except for Cd and Zn which were d y  present iu an exchangeable form. 

2. Citrate and tartarate showed high rernoval capabilities within 12 h of retention tirne. 

Th& efficiency was dependent on pH for the clay loam and espaciaiiy for the leaching of 

Hg and Pb whereas EDTA and DTPA were ineffectjve to remove Hg within the same 

pH range studied. ûther met& such as Mn and Cr wae difficuit to remove because they 

were tightly bound to the soi1 &actions, but citrate and tartarate removed them more 

effectively than EDTA and DTPA. Four extractions with citrate and tartarate would 

dlow the plhiteci clay loam to meet the Quebec category A for its disposaf on 

agricultural land. Weak organic acids ador their salts were found to offer an 

enviromentaîîy fiendiy rmediation technique because an improved soii structure was 

observed der treammrt. Furthemore, citrate desorbdd significantly k s s  macronutrients 

(Ca and Mg), compared to EDTA. 

3. For t o m  and sandy clay 10- citrate and tartante, and oxaiatc together with citrate, 

wcre able to m o v e  Cd, Cu, Pb, Zn effectiveIy w i h  12 h of retention tirne. Desorption 

or leaching &ciaicy of heavy m d  was found to be pH dependent. In cornparison, the 

m e t i c  chelating agents EDTA and DTPA dm removed these heavy metals 

efktiveiy. W~ thex o r p i c  sllts aad EDTq Zn lads met the Quebtc soü clean up 



criteria (A level) after two extractions whereas Cu and Pb ievels reached to B. Probably, 

two more exfractions with these weak organic salts are required to meet the Quebec 

level A soi1 clean up critena for Cd, Cu and Pb. EDTA is less prone to biodegradabiiity 

and is adsoibed during soi1 cleaning process leaving the mil poIluted after cieaning. It 

also removed hi* amounts of soil macronutrients as cornparcd to citrate. The organic 

acids or their sahs are adsorkd durhg the soil cleaning process. However, due to their 

low moleculat weight, biodegradabüity and noaoxic in nature, they are environmentaily 

frieadly for mil remdation as well as Unproved the soü structure and enhan4 the 

formation of stable grawlar aggregates. 

4. The rates of leaching of heavy metals âom the thm mils were amiyzed using a two- 

reaction mode1 based on the extraction data obtained with citrate, tartarate and EDTA 

solutions at a constant pH, concentration of extmtants, temperature and shaking speed. 

For the hi@ leaching or desorption rate (ki), Cd leached fmer with all three extractants 

(citrate, tartarate and EilTA) followed by Zn, Cu, Pb. Mn, Hg and Cr at 20 O C .  The 

slow leachuig rate (k2), the sme order of l&g was foUowed by these metals. The LI 

rate results 6om the nlease of the exchangeable fiaction of metais especidly for Cd and 

Zn and thm the k2 rate results from the release of metais such as Cu, Pb, Hg, Mn and Cr 

more tightly baud by oxides and the organic fractons of soh. The vdues of ml (quasi- 

equilibrium constant) fbr al1 soils were very smaii indicating high rem04 efncimcy of 

m d s  nom PU soils. A rough trend was obtainad between ara end the maal leachg 

depending on the retmtion fonn of metals in the sail. The value of- < 0.5 indiateci the 

fast leaching of metai, whereas Q is greata thui 0.5 for Pô, Cr and Mn Uidicated 

difficult to kach out fonn the soil. 

5 .  The tliree cxpahmtat poils were &shed in w h .  ushg citrate, m m t e ,  

~KalatGtcjtratc, EDTA and DTPA as Elushing soIubotls. The clay loam and loam were 

r d a t e d  to C and B l d  of the soü clam up criteria after 20 pore volumes within 10 

to 15 h of flushing t h .  Similady for sandy clay loam, heavy metals in soil reached to C 

anci B ievel of the soil clean up criteria ifta 10 to IS pore volumts within 9 to 15 h of 

flushing time. Ther&re, mon &shg is rrquired to mect the A level of soü dean up 

criteria. 



6. A bioremediation process using fiuigus, Asper8~rlus niger was proven efféctive for the 

leaching of heavy maals from the three naturdy contaminated sds.  Wnh A. riiger al1 

levels of heavy met& can meet the A criteria for soils afler 20 to 25 days of leachuig 

tirne, at optimum pH of 3.8 to 4.0 and 30 O C .  Chromium and Mn were very slowly 

leached out by citrate and took more time to mea the B criteria for soils. This 

bioremediation process was found to be environrnentaily fiiendly and cost effective. The 

roughly estimatecl cost of present bioremediation is at Can S 2 to 3 of substrate per ton 

of soii as opposed to strong acid (Hel) for the present standard techniques (Cm S 70 

depending on the pollution load). 

7. Granular activated carbon was found to be the most effective adadsorbent for metal 

chelates present in the leachate following soi1 remediation with weak organic acids 

a d o r  their salts, EDTA or DTPA. The metals were removed between 77 to 97% from 

the leachate by GAC. The brown leachate solution was also changed to a colorless liquid 

after tieatment indicating that the wastewata contahihg m d  chelates is cleaned 

enough to discharge h o  water body. 

10.1 Rccommtndation for Future Rucarch 

This research is limited to three Japanese mils m e l y  clay loam, loam and sandy clay 

loam because laboratory fuility was used in Japan. The laboratory research was 

successnilly conducted only at a d scale level in batch and cohimn experiments. 

Various experimental conditions were optumzed for maximum removal of heavy metais 

fiom soils. Bioleaching expriment using A ~ r g d f u s  niger had also been studied 

successfuly to rerneciiate these soils. The encowaping results of this study suggest that 

the research in future should be pursued as follows: 

1. A large scaie level experiment should be wnducted for a site cornMinateci by heavy 

metils in Quebec using natural merials such as citrate and tartarate in a laboretory 

column as weil as in field. 

2. Since biorcmediation is cost effective and emrironmcdîy iiimdly, furthcf studies on 

bioleaching of mil polluted by heavy metals usiag Apmilhcs niger M d  be conductcd 



on a large sale levd in a labontory cohunn and in field by growing the fungus on the 

surface of the soii. 
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