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ABSTRACT
Ph.D. Raden Sri Tejowulan Natural Resource

Sciences
Remediation of Trace Metal Contaminated Soils

A series of laboratory experiments was conducted with the objectives of:
determining the feasibility of a soil washing technique with chelating agents as a means
of removing trace metal contaminants from soils, investigating exchange resins as a
means of removing metals from the resulting extracts, applying the techniques for
reducing trece metal concentrations in contaminated urban soils, and estimating the metal
speciation and retention in the soils through computer modeling.

The chelating agent ethylene diamine tetraacetic acid (EDTA) is promising. The
ligand is more effective in removing the metal contaminants from soils than HCIl. In a
batch experiment, EDTA released a large portion of metals from soils to soil extracts. A
batch method was also developed for recovering the metal contaminants in the resuiting
EDTA soil-extracts. Using an anion exchange resin (AER) AG 3-x4, up to 99% of the
Cd, Cu, Pb, and Zn were removed from the leachates.

To increase the efficacy of the extraction method we tested different reagent,
amount, and technical application strategies using soil columns. Mixing the reagent with
the whole soil column was found to be the most efficient method for the application of
the chelating agent for the purpose of metal extraction from soils. It was found that
EDTA was superior to citric acid in removing Cd, Cu, Pb, and Zn from the soils
investigated. Up to 27% more Cd, 23% more Cu, 42% more Pb, and 21% more Zn
were removed by the EDTA and the removal was further increased with the addition of
an acid/salt solution (1.0 M HCl and 1.0 M KCl) to the columns. Other promising
results are that the AER in columns is an effective method for extracting metals from
EDTA soil-extracts with different properties. The resin column method was found to be

more efficient than the resin batch procedure.



The most efficient metal extraction technique that was developed in the preceding
experiment was tested in the laboratory using larger soil samples. The results of the
simulated field experiment confirmed that the remediation of contaminated soils can be
achieved using EDTA. The majority of the contaminated soils were decreased to the
point that they could be reused for commercial and/or residential use. The results also
indicated that no metal enrichment was observed in the lower sections of the soil column
after leaching the column with an EDTA solution. The fractionation of the soils before
and after leaching revealed that much of the metals in the soils was retained in the
carbonate and oxide fractions and much of the metals mobilized by the leaching come
from these two fractions. Although an increase in the amount of metals was observed in
the exchangeable fraction of some of the cleaned soils, in general, less metals are found
in every fraction after the washing.

Metal speciation and retention by soil surfaces influence the fate of the freed
metals in the soils, and therefore, they determine the degrees of success of metal leaching
in soils. Computer models can be used to predict the possible metal speciation and
interaction with solid surfaces in soils. Using the MINEQL* program, the models
estimated that most of the metal species in the soil extracts (in the presence of EDTA,
chloro, hydroxo, and carbonato ligands and humate and hydrous ferric oxide (HFO)
solid phases) were present as soluble metal-EDTA complexes. The findings were in
close agreement with the results obtained from the experiment using the AER. It appears
that the metal-EDTA complexes found in the systems are very stable over a wide range of
soil pH. The results indicated that computer modeling, in part, can be a valuable tool to
describe the potential chemical reactions in the soil solution. Our surface complexation
models also indicated that the EDTA is much stronger than the humate and the HFO solid
phases in forming complexes with the metals. As a consequence, the adsorption of the

Cd, Cu, Pb, and Zn by the solid surfaces was negligible in the presence of EDTA.



RESUME
Ph.D. Raden Sri Tejowulan Sciences des

Ressources Naturelles
Remédiation des sols contaminés par les métaux lourds

Une série d'expériences de laboratoire a é1¢ menée afin de répondre aux objectifs
suivants: 1) déterminer la faisabilité de nettoyer des sols contaminés en utilisant des
agents chélatants pour en extraire les métaux traces, 2) évaluer les résines d'échanges
anioniques pour retirer les métaux des extraits de sol et 3) appliquer ces techniques sur
des sols urbains contaminés.

L'agent chélatant EDTA (l'acide éthyléne diamine tétraacétique) est trés
prometteur. Ce ligand est plus efficace pour extraire les métaux traces des sols que le
HCI. Le sol contaminé a été agité dans une solution de EDTA. L'agent chélatant a extrait
des sols un grande proportion des métaux. Nous avons ensuite développé une méthode
de récupération des métaux extraits par le EDTA. Une résine d'échange anionique
(AG 3-x4) a permis de retirer jusqu'a 99% du Cd, du Cu, du Pb et du Zn lorsqu'elle a
été mélangée aux lixiviats.

Afin de rafiner notre méthode d'extraction, nous avons testé en colonnes de sol,
différents reactifs utilisés en différentes quantités et selon différentes stratégies
d'application. La meilleure fagon d'appliquer le ligand a été de le mélanger dans toute la
colonne de sol. Le EDTA s'est avéré supérieur a l'acide citrique pour extraire le Cd
(27% de plus), Ie Cu (23% de plus), le Pb (42% de plus) et le Zn (21% de plus) dans les
sols étudiés. En remplacant I'eau par une solution acide/sel (1.0 M HCl et 1.0 M KCl),
la lixiviation des métaux des colonnes de sol a été significaivement améliorée. Par
ailleurs, la résine d'échanges d'anioniques semble plus efficace lorsqu'elle est employée
en colonne plutdt que dans une procédure de mélange en vrac.

La méthode qui a donné les résultats les plus prometteurs a été testée en

laboratoire en utilisant des volumes de sol contaminé plus grands. L'expérience de



simulation des conditions de terrain confirme que le EDTA peut servir i nettoyer de
grands volumes de sols contaminés par les métaux lourds. Trois des quatre sols étudiés
ont éé améliorés au point d'étre réutilisables dans des zones commerciales ou
résidentielles. Nous n'avons observé aucun enrichissement en métaux traces de la zone
inférieure des colonnes suivant le traitement au EDTA. L'examen de la colonne de sol a
la fin de I'expérience révele que les métaux traces du sol ont été extraits principalement
de la fraction des carbonates et des oxydes. Dans la plupart des cas, on observe une
diminution des métaux traces sous toutes leurs formes sauf en certaines occasions ol I'on
a noté une augmentation de la fraction échangeable.

La spéciation des métaux et leur rétention sur les surfaces influencent la quantité
de métal lixiviée. Il est possible, 4 I'aide de modeles informatiques de prédire la
spéciation des métaux et leurs interactions avec les surfaces du sol, sous differentes
influences. Une étude de modélisation a donc été menée pour mieux comprendre les
interactions entre les différentes espéces des métaux et I'EDTA, les acides humiques, les
oxides de fer hydreux et d'autres ligands tel que les chloro, les hydroxo et ies carbonato.
A l'aide du logiciel MINEQLY, il a été estimé que la plupart des espéces des métaux
extraites du sol était complexée avec le EDTA. Ces résultats concordent avec ceux de
I'essai d'extraction avec résines d'échanges anioniques. Il ressort de ces travaux que les
complexes metal-EDTA des systémes sont trés stables et cela, sur un grand interval de
pH. Lamodélisation s'est avérée étre un outil valable pour étudier les réactions dans la
solution du sol et a indiqué que le EDTA a une affinité pour les métaux qui est de
beaucoup supérieure a celle des acides humiques ou des oxides de fer hydreux de la
phase solide. Conformément aux prédictions du model, 'adsorption du Cd, du Cu, du
Pb et du Zn par les surfaces solides a été négligeable en présence de EDTA.

v



PREFACE

Soils contaminated by trace metals have become common due to the release of
solid wastes, gases and/or fly ash from residential, agricultural, industrial and mining
activities. The contamination problem will probably become worse and negative impacts
will occur for the environment and human health if prevention and remediation efforts are
unsatisfactory. The pressure on scientists is great to come up with credible solutions to
contain and remediate the contaminated soils, so that the unwanted impacts do not
materialize. This thesis deals with soil contamination in the Montreal region by
attempting to develop methods for the removal of trace metals from contaminated soils.

This thesis is composed of five Chapters preceded by a general introduction and
ended by a Chapter of general conclusions and possible future research. Chapter 1
presents the theoretical background of trace metal contamination including the principles
of metal-soil interactions, metal-chelate reactions, and metal-resin interaction which is
intended to provide a review sufficient for understanding the concepts discussed in the
following Chapters. Chapter 2 focuses on the extraction of trace metal contaminants
from soils using acid and a chelating agent and on the removal of the metal contaminants
from the resulting leachates using ion exchangers in batch experiments. Chapter 3
evaluates and improves the methods in Chapter 2 using column techniques. Varying
methods of ligand applications, kind and form of ligands, kind of leaching solution,
leaching speed, and extraction methods were investigated. Several resin trapping
techniques for the metal in the leachates were also studied. Chapter 4 discusses the use
of the most efficient method found in Chapter 3 to clean a large amount of contaminated
soil to simulate a field experiment. Evaluation is made regarding the quality of the soils
in general after the cleaning.

Chapter 5 uses computer modeling to describe the behavior of metals and EDTA



molecules in soil systems. The MINEQL* program, for the reasons of simplicity and
convenience, was chosen to model metal speciation in the EDTA soil-extracts and the
potential retention of metals by the humate and the hydrous ferric oxide (HFO) surfaces.
Such studies help determine the applicability of the extraction method for other soils. In
Chapter 6, a general summary provides an overview of this thesis and some suggestions
for future research. Connecting paragraphs are inserted between the different papers.

In accordance with the regulation of the Faculty of Graduate Studies and
Research of McGill University, the following statement is included:

Candidates have the option of including, as part of the thesis, the text of one or
more papers submitted or to be submitted for publication, or the clearly-duplicated text of
one or more published papers. These texts must be bound as an integral part of the
thesis.

If this option is chosen, connecting texts that provide logical bridges
between the different papers are mandatory. The thesis must be written in such a
way that it is more than a mere collection of manuscripts; in other words, results of a
series of papers must be integrated.

The thesis must still conform to all other requiremerts of the “Guidelines for
Thesis Preparation”. The thesis must include: A Table of Contents, an abstract in
English and French, an introduction which clearly states the rationale and objectives of
the study, a comprehensive review of the literature, a final conclusion and summary, and
a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in appendices) and
in sufficient detail to allow a clear and precise judgement to be made of the importance
and originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis as to who
contributed to such work and to what extend. Supervisors must attest to the
accuracy of such statements at the doctoral oral defense. Since the task of the examiners
is made more difficult in these cases, it is in the candidate’s interest to make perfectly
clear the responsibilities of all the authors of the co-authored papers.



The candidate has been fully responsible for both conducting the original studies
and for preparing the manuscripts. All the papers included in this thesis were co-
authored by the candidate and his supervisor Dr. W.H. Hendershot. Dr. Hendershot's
role was that of supervisor, to provide guidance through discussing my ideas and

editorial assistance in the preparation of the thesis.
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CONTRIBUTION TO KNOWLEDGE

The experiments presented in this thesis contain new findings which expand

further our knowledge in understanding the complex nature of soil-trace metal

interactions and the problems associated with remediation. Major contributions to

knowledge include the following.

1.

Ethylene diamine tetraacetic acids (EDTA) is a suitable reagent for cleaning trace
metal contarninated soils; it removes a large amount of metals from soils having high
CaCOs and iron oxide contents. Using repeated washings with a low concentration
of the ligand, or one single application with a high concentration, contaminated soils
after washing can be reused for commercial and/or residential purposes. The
fractionation studies revealed that much of the metals in the soils used in this
experiment is retained in the carbonate and oxide fractions, and much of the metals
found in the leachates after leaching with EDTA is removed from these two fractions.
The treatment with the EDTA improves the quality of the contaminated soils by
significantly reducing the trace metal content of the soils, improving pH for most
living organisms, and increasing the CEC which permits better nutrient retention in

the soils.

. The dissolution of trace metals by EDTA is not rate limited. The rate of removal

depends on amounts of EDTA used and not the contact time between EDTA and the
soils. The findings suggest that quick and effective cleaning of metal contaminants is
possible using EDTA once the recuperation method for the ligand is available to off
set the cost of cleaning. One clear advantage of using EDTA for cleaning is that no
enrichment of metals in the lower sections of the soil profiles was observed in our

column leaching experiments.

. The anion exchange resin (AER) AG 3-x4 is a strong sink for Cd, Cu, Pb, and Zn

ix



from leachate generated from soil washing with chelating agents. It removes more
metals from the leachates when higher concentrations of ligand are present in the
leachates. We believe that AER attracts metals mostly in the form of metal-ligand
complexes. Further studies revealed that the AER is effective in removing the metals
from the extracts with a wide range of pH and salt contents. When the resin method
is combined with the technique of metal extraction using high concentration of ligand
(point No. 2), they together constitute a novel and effective method for soil
remediation.

. The forms of ligands and the methods of ligand applications and extractions affect the
leaching rate of trace metals from soils. A nearly insoluble strong-chelate (e.g.,
H4EDTA) is best applied in the form of solution as long as it can be kept soluble in
the solution. In contrast, a very soluble weak-chelate (e.g., citric acid) is best applied
as crystal or powder form. Also, mixing the ligands thoroughly with the soil sample
removed more metals from the soils as compared with mixing the ligand with the
upper portion of the soil column. As well, extraction using batch methods removed
more metals from the contaminated soils than the column technique.

The MINEQL* program is a valuable tool for assessing the metal speciation in soils
in contact with EDTA. The models support the results from the AER experiment
which suggests the domination of the metal-EDTA complexes in the EDTA soil-

extracts.



TABLE OF CONTENTS

ABSTRACT ...ttt ra et e e e aeane i
RESUME ...t ee et e st e s e aeansaes iii
PREFACE ..... .o et e e e v
ACKNOWLEDGMENTS ...t e ettt eeees viii
CONTRIBUTIONS TOKNOWLEDGE .........ccccoimiiiiiiiiiiiivniieieeee ix
TABLE OF CONTENTS ..ot e xi
LISTOFTABLES.... ..ot et Xvi
LISTOFFIGURES ...ttt Xviii
INTRODUCTION ... oottt et e et teeeenesaeneeeensaertnenareenens |
CHAPTER 1. GENERAL LITERATUREREVIEW..............cooiiiiiiinnne. 5
1.1. Trace-Metal Contamination: General Remarks...........................c.0. 5

1.2. Trace Metal Behaviors in Soil Systems .............ccooveeiiiiiiinininnnn.. 7
1.2.1. Metal speciation in soil solutions......................coooiinnl 7

1.2.2. Metal retention insoils ............c.ccovviiiiiiiiiiiiiinin 9

1.2.2.1. Surface charge of soils...............c..coeiviiiiiininnnin, 10

1.2.2.2. lonexchange..............coovvvinininiiiiiiiiiiinn, 12

1.2.2.3. Specific adsorption of cations on variable minerals.... 14

1.2.2.4. Ligand exchange of anions..................oooooiinnin. 17

1.2.2.5. Metal adsorption on organic matter....................... 19

1.2.2.6. Precipitation and co-precipitation......................... 21

1.2.2.7. Desorption and dissolution...............cccoeuiinnann... 23

1.3. Metal Reaction with Chelating Agents.............c.coceceiniieiiniiiinninn, 25

1.4. Equilibrium Theory........cccoieieiiiiiiiiiiiiiie i riereecreieeeeees 27
1.4.1. Thermodynamic and conditional equilibrium constants............. 27

1.4.2. Metal-EDTA equilibriumconstants .................c.coeeieniennnn.n. 28

1.5. Release of Metals from Soils by Chelators .............cccceeeiiiiiinnnn.. 31



1.6. Resin Retention of Metal-Chelate Complexes.......................ooeeiie

CHAPTER 2. REMOVAL OF TRACE METALS FROM CONTAMINATED
SOILS USING EDTA INCORPORATING RESIN TRAPPING
TECHNIQUES ... e

2.1.
2.2.
2.3.

2.4.

2.5.

2.3.2.

2.3.3.

Laboratory techniques for metal extractions.........................
2.3.2.1. Preliminary experiment................cc..cocvnnineninnnn.
2.3.2.2. Metal extraction experiment. ...............cceuvnnnnnnnen.
Laboratory procedures for trapping metals extracted ...............
2.3.3.1. Preparation of soil solution ....................ceeuiinnn.
2.3.3.2. Resin pretreatments ..........ccovoevenenivienenennnnennenes
2.3.3.3. Trapping procedures..........c.cocovvveenineniacrnninenns

Results aNd DiSCUSSION ....oovvrreneiererereeeiieresenssoresssnnereessessnsanes

24.1.
2.4.2.

2.4.3.

Washing solution and processes...............ccoeviviuneiininninnnn.
Metal extraction ..........cccovviniiiiiiiiiiiii
2.4.2.1. Preliminary experiment...............ccccveiinininninnnnes
2.4.2.2. Metal extraction experiment . ................c.coeuennnnen.
Metal trapping techniques..............coiiiiiniiiiiiiieninenenn..

CONCIUSIONS ...ttt ettt te et e e taeeeasassnsnnsenanns

CONNECTING PARAGRAPH ...

CHAPTER 3. SOIL DECONTAMINATION: A LABORATORY COLUMN
EXTRACTION OF TRACE METALS USING EDTA AND
CITRICACID ..ottt ettt et e s e e e e e



Jol. ADSICE....ooiniiniiii e e e e e e
3.2, INtroduction ............coiiniiniiiiiii e e e e
3.3. Materialsand Methods .............oeiieiniiiiiiiiiiiiie e
3.3.1. Metal eXtTaCHON .....ouvvieriinieniniiieieinitiiinrereecnreenenanes
3.3.1.1. The forms of EDTA: solution vs powder................

3.3.1.2. Methods of EDTA applications: single surface vs
single homogeneous and multiple vs single..............
3.3.1.3. Properties of the leaching solution .......................
3.3.1.4. Leachingspeed ...........cc.cevrvriniiiininiiiinininnnn.
3.3.1.5. Extractionmethods...........ccceovvieiiiiiiiniiiinennan.s
3.3.2. Metal retention on exchange resins .............ccoeeevvvvenenennennn.
3.4. Results and DiSCUSSION ............c.ceeuriiiniinimeeiiienieiienirnranennanns
3.4.1. Metal extraction .........ccoveuinininrniniinrerieieenrieiirienraennns
3.4.1.1. Solution vs powder experiment..........................

3.4.1.2. Single homogeneous vs single surface ligand

application............coeieiiiiiiiiiiiiiii e
3.4.1.3. Muitiple vs single ligand application......................
3.4.1.4. Properties of leaching solution: water vs acid/salt......
3.4.1.5. Leachingspeed...........cccoveviiiiiiiiniiiiininnnnan.
3.4.1.6. Batch vs column extraction methods. ....................
3.4.2. Metal retention by exchange resin ...............coceeviiiininnnnn,

3.5, CONCIUSIONS ...oovviitiineirnnteeee e eeeeeeesseeessaneenesenssseneeesesssnncen

CHAPTER 4. REMOVAL OF TRACE METAL CONTAMINANTS USING
EDTA AND ACID/SALT SOLUTION IN A LABORATORY



() 4.3. Materials and MethodS .........c....vvcrenerreemseeenresssnrenssesessnenns 87

4.3.1. Leaching procedures ............c.cooiveimnmiiiiiiiiiiiiiiiiinen, 87
4.3.2. Metal fractionation ............cccceeieniiimneinieneiiiiiiiienneeenenes 88
4.3.3. Soil chemical quality determination ..................ccoveiinenennn. 89

4.4. Results and Discussion .............ccoeviiniiiieiiiiiiiiiniieiiineeneneenns 89
4.4.1. Impact of leaching on total metal concentration ..................... 90
4.4.2. Modeof metalremoval ............cooviimiiiniiiiiiiiiiiiiiii 92
4.4.3. Metal distribution as a resuit of treatment ........................... 94
4.4.4. Metal fractionation ..............ccoevvviirmirerenernrnerereeiareenernens 95
4.4.5. Soilquality .........cooviniiiiii e 97

4.5. ConcCluSIONS .....couvvrinriuiniiiieiiieiiiiiiiiiiiii e 99
CONNECTING PARAGRAPH........civiiiiiniiiiiiiiicie i 108

CHAPTER 5. METAL SPECIATION AND RETENTION IN THE EDTA/

. HCI-SOIL SYSTEM: A MODELING APPROACH. ..........ccccevvnininininnns 109
S TR T TN 109
5.2. INrOdUCHION ......cvvevininiiiiniiiiiiiiiii e 110
5.3. Materials and Methods ............c.cccooimiiiiiiiiiiiiiiiiiin 111
5.3.1. S0ilS ..ottt 111
5.3.2. Laboratory procedures of metal extraction........................... 112
5.3.3. Metal speciation in soil solution...........c.cooeeeiiiiiinn. 113
5.3.4. Metal complexation with humate and HFO.......................... 113
5.3.5. Statistical analysis............cocovieiiiiiiiiiiiiiiri e 116
5.4. Results and Discussion .............ccceeviviiiiiiiiiiiniiiiiiiiiiies 116
5.4.1. Effects of treatments on total metal removal......................... 116
5.4.2. Effects of treatments on metal speciation..................c.c.oovees 118
5.4.2.1. Metal speciation of the EDTA soil-extracts.............. 118
5.4.2.2. Metal speciation of EDTA soil extracts as
. afunction of pH........ccociniiiiiiiiiiiiiiin, 119



5.4.3. Validation of the models using the resin experimental data........ 120

5.4.4. Metal complexations with humate and HFO surfaces .............. 121

5.4.4.1. Effects of humate on metal retention...................... 122

5.4.4.2. Effects of HFO on Metal Retention ...................... 123

5.5, ConcluSions ......conmeiiii e 124
CHAPTER 6. GENERAL CONCLUSIONS AND FUTURE RESEARCH........ 135
6.1. Summary and General Conclusions..............cocoveiiiiiiiiiiiiinnen... 135
6.2. Suggested Future Research...................o.ooiiii 140
LITERATURECITED ... et 142
APPENDICES ... e e 156

1. EDTA and metal concentration* (molar) used in modeling
EXPEIIMENLS. .. .ouitintiitiit ittt 156

iI. MINEQLY* input data for the metal speciation in soils and soil solutions.. 163

Xv



Table 1.1.

Table 1.2.
Table 1.3.

Table 2.1.

Table 2.2.
Table 2.3.

Table 2.4.

Table 2.5.

Table 2.6.

Table 2.7.

Table 2.8.

Table 3.1.

Table 3.2.

LIST OF TABLES

Solubility product constants of metal carbonates, oxides, and

sulfides, expressed as-log of the solubility product...................... 34
The stability constants for metal-ligand complexes........................ 35
The conditional constants for metal-EDTA complexes.................... 36
Selected characteristics and total metal content of the soils

used in the experiments (0-20 cm top layer).........cccceveieiniinininen.n. 49
Properties of the synthetic ion exchangers used in the study............. 50
Metal concentrations in different molarities of EDTA solutions

after 24 h eXtrACHON .......evvrineiieniieiieeeiiieieieieeaeeenereensenananns 50
Amount (mg kg™!) of trace metals removed from contaminated soils by

HCI and EDTA solutions after Shextraction ...........ccceeveveveeennnn.. 51

Cumulative amount (mg kg"!) of trace-metals removed from soils
after the 12 times 24 h extraction with different molarities of EDTA.... 52

Percentages of trace metals removed by: 1) the Chelex-100 and
2) the AER from the EDTA soil-extract at two pH values
(85and4.0)after 2 h extraction .........ocoviveirevrererennneeeinernnnennns 53

Amount (ug) of trace metals removed by: 1) Chelex-100 and
2) AER from two different EDTA soil-extracts
(1:20 resin to solution ratio; 2 h extraction) ..........ceceveevirnrveensnnnns 54

Percentages of trace metals removed by the AER for different
extraction times from various EDTA-soil extracts

(1:20 ratio; 120 S.P.M.)...uieeniniiiiiiiiiiiiiieiree ettt eenaes 55
Selected characteristics and total metal content of the soils used

in the experiments (0-20 cm top layer)..........ccccoeieviiiniiiiennnnen, 75
Percentages of trace metals removed by EDTA added in solution

or powder fOrm ... ... .ocoiiiiiiiiiiii e 76

xvi



Table 3.3.

Table 3.4.

Table 3.5.

Table 3.6.

Table 3.7.

Table 4.1.

Table 4.2.

Table 4.3.

Table S.1.

Table 5.2.
Table 5.3.

Table 5.4.

Amount (mg kg!) of trace metals remaining in the soils after
leaching 10 g soil column with various methods of
ligand application ...........ccoooiiiiniiiiiiiii i

Cumulative percent (%) removal of trace metals from soils
displaced by different leaching treatments at two leaching speeds.......

Cumulative percent (%) removal of trace metals from soils
displaced by two leaching techniques (Batch vs Column)
at various EDTA concentrations .............c.ccocvuieininineneninininnnss

Percentages of trace metals removed by the AER from the EDTA
soil-extract using: 1) batch and 2) column methods.......................

Percentages of trace metals removed by: 1) the AER, 2) the Chelex-
100, and 3) the combination of the AER and the Chelex-100 from
the EDTA soil-extract using column methods..................ocoonnent.

Selected characteristics and total metal content of the soils used
in the experiments (0-20 cm top layer)..........ccoevvniiiiiiiiiininnnn,

Amounts (mg kg-1) of cadmium, copper, lead, and zinc in soil
fractions before and after leaching with water or acid salt/solution......

The pH, EC, and CEC of the soils before and after leaching
with water or acid salt/solution ................cocoiiiiiiiiin

Selected characteristics and total metal content of the soils used
in the experiments (0-20 cm top layer)............coceiiiiiiiniiiiinininnn.

Thermodynamic data used in the modeling calculation....................

Amounts (mg kg-!) of trace metals remaining in the soils after
batch extraction of 5 g soil containing 4.8%* EDTA with various
properties of leaching solutions...............c.cocoiiiiiiiiiiii

The dominant metal species (%) of the EDTA soil leachates
extracted using two different leaching solutions ...........................

xvii



Figure 2.1.

Figure 3.1.

Figure 4.1.

Figure 4.2.

Figure 5.1.

Figure 5.2.

Figure 5.3.

LIST OF FIGURES

Levels of trace metals during 12 times 24 h extraction with
2.74 mM EDTA as plotted against the maximum limits permitted
for commercial/industrial (C) and residential use (R). US1 and

US2denotes urban soil number | and 2, respectively...................

Levels of trace metals before and after leaching the EDTA-soil
column with deionized water or acid/salt solution. C=commercial
and R=residential limits. * different letters indicate significant

differences at p = 0.05 level between the two treatments...............

Levels of trace metals before and after leaching the EDTA-soil
column with deionized water or acid/salt solution. C=commercial
and R=residential limits. * different letters indicate significant

differences at p = 0.05 level between the two treatments...............

Distribution of trace metals in columns containing homogeneous

mixtures of soil and EDTA after leaching with water (Upper Panels)

and acid/salt solution (Lower Panels). Number in the boxes
indicates the metal concentration (mg kg-!) in the section of
the column after leaching. **different letters indicate significant

differences at p = 0.05 level between layers in the same column......

The log concentrations (molar) of Cd, Cu, Pb, and Zn metal
species in the EDTA soil-extracts as predicted by the models.

(a) Waterand (b) HCl system..........ccceeeiiiveieiniienninnennnnnnnnnnns

Relationships between metal-EDTA complexes adsorbed on

the resin and predicted by the MINEQL* program......................

The Cd, Cu, Pb, and Zn metal speciation and reactions with
solid surfaces of humate and hydrous ferric oxide as predicted
by the two-layer adsorption model under: (a) the EDTA/water and

(b) the EDTA/HCI system (expressed in log concentration, molar). ...

133

Xviil



GENERAL INTRODUCTION

Many soils throughout the world have been contaminated by a variety of organic
and inorganic contaminants (Jones, 1991; Nriagu and Pacyna, 1988) due to increasing
world popuiation and the booming industrial and agricultural sectors. Some important
activities that contribute to the problem include mining and related activities, agricultural
and industrial operations, air emissions, and incineration, which release solid wastes,
gases and/or fly ash to the soil environment (Tiller, 1992; Adriano, 1986). The problem
will probably become worse, and the pressures on scientists are great to come up with
credible solutions to contain and remediate contaminated soils.

In contrast to the numerous methods that exist for removing organic contaminants
from soils, only few techniques are available for treating soils contaminated with trace
metals (Davis and Singh, 1995). Among the methods frequently used for controlling
metal pollutants in the field are soil excavation and landfills, phytoremediation, and metal
immobilization. Technical barriers (e.g., separation and recuperation of metals from
soils) have traditionally impeded the development of methods for metal contaminated soils
and efficient and cost effective methods still have to be developed.

One of the most promising cleanup technologies for organic and inorganic
contaminants in soils is soil-washing using extracting solutions (Gombert, 1994).
Studies have shown that soils contaminated with a wide variety of organic contaminants
can be effectively treated by soil washing using water or solutions containing chemical
additives (Chawla et al., 1991). Many researchers have used in-situ soil washing to treat
soils containing trace metal contaminants. Successful work has been reported particularly
when chelating or complexing agents, acids or bases, or reducing or oxidizing agents
were used in the remediation process. Apparently, the chemical treatments added to the

extracting solution can mobilize trace metal contaminants that previously could not be
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effectively removed from the soil by water washing alone. Depending on the kind of
chemical additives used, release of metal contaminants from the soil can take place
through several physico-chemical processes including redox reactions, desorption and
dissolution, ion pairing and complexation, and/or acid and base reactions.

Among the most widely studied chemical additives used for removing trace metals
from soils, chelating agents have generated a great deal of interest owing to their strong
reaction with metals to form stable metal-chelate complexes (Li and Shuman, 1996; Hong
et al., 1995). Due to its effectiveness in mobilizing trace metals, ethylene
diaminetetraacetic acid (EDTA) has received considerable attention. The applicability of
each washing solution is site- and contaminant-specific and the effectiveness of the EDTA
as a chemical additive in trace metal remediation deserves further study. Type of chemical
additives, rates and methods of application, length and rate of extraction, batch versus
column extraction, kinds and complexity of metal contaminants, and absence or presence
of other chemical additives and salts are all variables which affect metal extraction from
contaminated soil. In addition, metals along with the chemical additives removed from a
contaminated site can pose a threat to the environment; hence, understanding their
chemical speciation and behavior in the soil systems and finding suitable technologies for
their recuperation are some very important tasks.

The present study was undertaken to investigate the role of chelating agents in
trace metal remediation of contaminated soils. The objectives of the study were: 1) to
develop in-situ and ex-situ remediation techniques using EDTA as a means of washing
metal from contaminated soils, 2) to investigate exchange resins as a means of recovering
metals from the resuiting leachates, 3) to apply these techniques in the laboratory to reduce
trace metal contamination of urban soils to acceptable levels for residential or
industrial/commercial use, and (4) to use a computer model to investigate metal behavior

in the EDTA soil systems.



Four major experiments were conducted in the study. In the first experiment
(Chapter 2), EDTA was compared to HCI in batch experiments to determine the suitability
of the two solutions for cleaning soils highly contaminated by trace metals. EDTA and
HCI are known metal extractants capable of dissolving a large quantity of metals from
mineral carbonates, sulfides and oxides as well as organic matter in the soil (Li and
Shuman, 1996; Beckett, 1989). The use of the reagents in the experiments might serve
the goal of removing metals for the purpose of soil remediation.

The use of exchange resins to remove metals from the resulting EDTA soil-
extracts is also discussed in Chapter 2. Cation chelating resin Chelex-100 and anion
exchange resin (AER) AG 3-x4 were tested for their ability to remove metals in the
leachates.

In Chapter 3, experiments were conducted to see if higher amounts of Cd, Cu,
Pb, and Zn were removed from the soil-column with the addition of more concentrated
EDTA along with acid and salt solutions. Expeniments with citric acid (a naturally
available chelator) were also reported in this chapter. Methods of EDTA applications and
leaching speeds were also tested in the experiments to find the best combination of
methods for metal cleaning using a Centurion column extractor. Experiments were also
conducted to see if the resin in columns was as effective as in the batch experiment in
removing metal-EDTA complexes from the EDTA soil-extracts.

Our final goal was to develop methods that can be applied in the field to clean
contaminated sites. Before we decided to do a full-scale field experiment, a small scale
experiment using large soil columns was conducted in the laboratory. The method chosen
was the most effective treatment that had been obtained in the previous experiment
(Chapter 3). The focus of Chapter 4 was to examine if the removal of trace-metal
contaminants increased with the application of ligands and acid/salt solution when a large

quantity of soil was used. Also investigated was if the treatment aitered the forms and
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amounts of the residual metals in the soil column and changed the chemical properties of
the soils.

Because the success of metal remediation depends on the form of the metals in the
soil systems, understanding the behavior of these pollutants in soil is important. Chapter
5 discussed this matter by focusing on the use of computer modeling (the MINEQL*
program) to study the metal speciation and reaction with the surface charge of soils (e.g.,
humate and hydrous ferric oxide) in soil systems dominated by EDTA. Validation of the
predicted resuits by the program was made by comparing with the resuits of the AER
extraction obtained in the laboratory experiment. The thesis ends with a summary,

conclusions, and suggestions for future research in Chapter 6.



CHAPTER 1
GENERAL LITERATURE REVIEW

In the following, a theoretical background of trace-metal contamination, principles
of metal-soil interaction, metal extraction by chelating agents in soil and environmental
studies, and resin retention of metal-chelate complexes are presented. The information is
intended to provide a review sufficient for understanding the concepts discussed in the

following Chapters.

1.1. Trace-Metal Contamination: General Remarks

Soil can be contaminated in a number of ways, but generally results from two
major sources (Adriano, 1986). The first major source of pollutants is the build up of
contaminants that result from human activities (as has been stated elsewhere in this
thesis). The second source is the result of natural processes inciuding metal accumulation
from rock dissolution and volcanic activities. Of the two major sources, however, the
anthropogenic source is dominant (Nriagu and Pacyna, 1988).

The trace-metal contaminants released to the environment are controlled by a
complex set of processes. Consequently, contaminated soils can potentially have an
impact on other components of the ecosystem. For example, groundwater may be
poliuted by the leaching of toxic chemicals from contaminated soils (Miller et al., 1983).
Soils and water bodies of a neighboring contaminated site may become polluted from
surface runoff or dust blowing from the contaminated site.

The existence of contaminated sites can result in contaminant releases and possible
receptor exposure (Pierzynski and Schwab, 1993), resulting in both short- and long-term
effects on living organisms including humans (Emst, 1996; Tiller, 1989). The potential

for adverse health effects on populations can involve several organ systems, depending on
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the specific metals contacted, the extent of exposure (e.g., dose and intake), the
characteristic of the exposed individual (e.g., age, gender, susceptibility to toxins, etc.),
the metabolism of the chemicals involved, and the presence or absence of confounding
variables such as other diseases (Grisham, 1986). Typical health effects caused by trace-
metal contamination include anemia, heart disease, and skin cancer for arsenic (As);
kidney damage, fetal death, and lung and respiratory tract for cadmium (Cd);
gastrointestinal and liver damage for copper (Cu); asthma, headache, and lung and
respiratory tract for nickel (Ni); anemia, bone marrow depression, kidney damage, and
seizures for lead (Pb) and; comeal and cell damage for zinc (Zn) (Majumdar et al., 1995).
Human health problems and ecological damage due to contaminant exposures may cause
huge economic losses in the long term.

Because contaminated sites may pose health risks (Kido et al., 1992),
understanding the nature of contaminated sites becomes very important. Through
assessment, the level of hazard a contaminated site presents (e.g., high, intermediate, or
low) can be determined (Tiller, 1989). Thus, the assessment becomes an essential step
for successful contaminated-site management programs. Among important factors
affecting the degree of hazard posed by contaminants present in the environment are:
physical form of contaminants, composition, quantity, reactivity, mobility, persistence,
biological and ecological effects, indirect health effects, and local site conditions.

Since the protection of the environment can, at the same time, contribute to long-
term economic progress, economic development and environmental protection should
complement each other: improving one has the potential to enhance the other (World
Bank, 1989). Several analysts have indeed concluded that environmental problems are
generally inseparable from socioeconomic development problems, and that long-term
economic growth depends on protecting the environment (World Bank, 1989). For these

reasons, the need for establishing realistic corrective action for contaminated sites and
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credible legislative-regulatory controls is now even greater than before.

1.2. Trace Metal Behavior in Soil Systems

Solid phases tend towards equilibrium with the aqueous phase of soils. lons are
held by solids to reduce losses from leaching and released into soil solution to maintain
availability for plants. Some important soil reactions involved in these balancing
processes include ion exchange, adsorption/desorption, and precipitation/dissolution (Van
Riemsdijk and Van der Zee, 1991). The metal ions held in soils by ion exchange
processes minimize loss, but they remain generally available for plants (reversible). In
contrast, metals held by the specific adsorption and precipitation processes are considered
not to be readily available for plants (Wild, 1993). Understanding the behavior of metals
in soils is useful in many aspects of soil and environmental studies including in making

decisions about methods of remediation for metal contaminated soils.

1.2.1. Metal speciation in soil solutions

Soil solutions are composed of a variety of ionic species. Dissolved ions
(or molecules) in soil solution do not exist as simple, free ions, but are surrounded by
water molecules because of hydration (Winegardner, 1996; Tan, 1994). Water molecules
are attached to the central metal ion and form single unit complex ions as represented by
M(H20)17*, where n* refers to the formal oxidation state on the metal ion and x the
coordination number.

The attraction of the central ion for water molecules in this M(H20)x]™* ion
complex structure is so strong that the cation’s charge tends to repel hydronium ions or
protons, of the water molecules (Bohn et al., 1985; Sposito, 1984). The process of
hydrogen repulsion from the complex ions is known as hydrolysis or deprotonation; the

general reaction is represented by



[M(H20) 1™ <===> [M(OH)y (H20)x.y]*Y* + JH*
where y is the number of H* ions released to solution. When the solution is made more
alkaline, more H* ions tend to dissociate from the hydration sphere (Bohn et al., 1985).

Many metal species in soil solutions result from the hydrolysis reaction. The
hydrolysis of a hydrated Fe and Al, Fe(H20)g3* and Al (H20)63*, to form various metal
species (e.g., MOH2*, M(OH),*, M(OH)4") in soil solutions, is an example. The types
and amounts of metal species present depend on the solution pH (Sposito, 1984).

Ions in soil solutions also interact with ligands of different types, forming
complex ions or ion pairs. When a ligand attaches electrostatically to the outside solvation
sphere of a hydrated ion, the outer-sphere complex (ion pair) is formed. The general
complexation reaction between a hydrated metal, [M(H20)x]"*, and a ligand, L' -, in soil
solution to form an outer-sphere complex is represented by

a[M(H20)x}™ + bL! - <===> [M(H,O)x]aLy
where a and b are stoichiometric coefficients. Association between a metal and a ligand
through this mechanisms is considered to be weak and is exchanged readily.

Some ligands however penetrate deeply into the inner hydration sphere
surrounding the central ion and replace one or more of the inner water molecules (Sposito,
1984), forming the inner-sphere complexes as illustrated in the following reaction

a[M(H20)]™* + bL! - <===> [MaLp(H20)x.y] + yH20
where y the number of water molecules released into solution. Many metal species in soil
solutions result from these complex ion and ion pair reactions. Inner-sphere complexes of
Cd and Zn with Cl in soil solution are some examples. The formation of such complexes
may increase the total solubility of the metals in soils and influences the overall metal
speciation in the soil solution (Doner, 1986; Dowdy and Volk, 1983).

The redox reaction (oxidation and reduction reaction) is another important process
affecting the metal speciation in soil solutions. Some important trace elements (e.g., As,



Cr, Cu, Fe, Mn, and Se) are sensitive to oxygen or CO2 pressure in soils; they can
undergo changes in oxidation state under the range of redox conditions found in soils
(Florence, 1982; Bartlett, 1981; Lindsay, 1979). Selenium, for instance, can exist as
selenide (SeZ-), elemental Se (Se9), selenite [SeO32, Se (IV)]), and selenate [SeO42-,
Se (VI)]. Selenate is more mobile than selenite and other reduced forms of Se, hence it is
more available. Some elements, such as Cd are less mobile under "reduced” conditions.
This may be due to the formation of CdS in a reducing environment (Pierzynski et al.,
1994). Humic acid can act as a reducing agent and reduces Cr (VI), the more toxic form
of chromium, to Cr (1II) (Florence, 1982). Cr (III) will then form a stable complex with
the carboxyl groups on the humic acid, and could change the Cr speciation in the soil

solution.

1.2.2. Metal retention in soils

lons or molecules in soil solutions also form inner- or outer-sphere complexes
with surface functional groups of soils (Schindler, 1991). Outer-sphere complexes
involve electrostatic coulombic interactions (Yu, 1997; Evans, 1989). It is usually a rapid
process (#S or mS) and is inherently reversible. Absorption via this outer-sphere
mechanism (or non-specific adsorption) is generally weak and greatly affected by ionic
strength of the aqueous phase and occurs only on surfaces that are of opposite charge to
the adsorbate (Wild, 1993; Abd-Elfattah and Wada, 1981). The inner-sphere mechanism
(or specific adsorption), on the other hand, is covalent (Evans, 1989). It is a slow
process (often increasing gradually over several days), not readily reversible, and
modestly affected by the ionic strength of the aqueous phase. The inner-sphere complex
can be monodentate or multidentate and such reactions can increase, reduce, neutralize, or
reverse the charge of the surface (Stumm, 1992; Schindler, 1991). Inner-sphere

adsorption often initiates precipitation (another form of ion retention in soils), and in some
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cases, there are no clear boundaries between them (Brummer et al., 1983). Outer- and
inner-sphere complexation as well as precipitation can occur simuitaneously in soils; they

together influence the behavior of ions in soil systems.

1.2.2.1. Surface charge of soils

There are two distinct sources of negative surface charge in soils, the permanent or
constant charge and the variable or pH-dependent charge. Soils obtain their surface
charges from both inorganic and organic materials or solids. Constant charge is invariant
with soil pH and results from the isomorphous substitution of layer silicates. The
constant charge generated from layer silicates or silicate clays range from near zero in
serpentine, halloysite and kaolinite to over 120 cmol; kg-! in vermiculite and smectite
minerals (McBride, 1994). Silicate clays with high constant charge usually have high
cation exchange capacity (CEC), but it is not the case for some minerals such as micas and
chlorites. Even though micas and chlorites have high structural constant negative charge,
their CEC are relatively low because some of the charge sites in the minerals are
inaccessible (Wild, 1993).

Besides the constant charge, the silicate clays also generate variable charge on their
crystal edges. However, the magnitude of this charge on 2:1 layer silicates is low and
relatively unimportant for cation exchange. For I:1 layer silicates (e.g., serpentine,
halloysite and kaolinite) which possess little constant charge, the role of crystal edges is
very important with respect to cation exchange. As reported by Bohn et al. (1985), only 5
to 10% of the negative charge on 2:1 layer silicates is pH dependent, whereas more than
50% of the charge developed on 1:1 minerals can be pH-dependent.

For the variable charge surfaces, the primary source of charge is the protonation
and deprotonation of surface functional groups, including hydroxyl (-OH), carboxyl
(-COOH), phenolic (-C¢H4OH), and amine (-NH3), on the surfaces of soil solids
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(Sposito, 1984). The soil materials that contain functional groups capable of developing
variable charge include edged layer silicates, oxides and hydrous oxides, allophane,
imogolite, and organic matter. The deprotonation of OH ions from the terminal OH
groups (the OH bonded to a single metal ion such as Al, Fe, Mn, and Si on the mineral
edges) is an example. According to Pauling’s valence rule the charge of this terminal
hydroxyl group is either +1/2 (for the protonated hydroxyl) or -1/2 (for the deprotonated
group), as illustrated in the reaction below.

+ H*
>Fe-OH[-12 <===> >Fe-OHyJ*1”2
(CEC) +OH  (AEC)

The reaction shows that the surfaces of the variable charge minerals are amphoteric,
behaving as both acids and bases. Because the degree of protonation and deprotonation
of the functional groups is determined by the pH of the solution, the charge on the
variable charge minerals is pH dependent; the net charge can be either negative or positive
depending on the solution pH.

A 'term’' used to indicate the zero net charge in soil is known as the point of zero
charge (PZC), defined as the pH at which the colloidal particle has no net charge.
Although many variable charge materials (e.g., oxides) usually have net negative charge at
relatively high pH (pH>6.0), soils of variable charge in the tropics usually have a PZC of
4.5. The low PZC in tropical soils is usually attributed to the presence of kaolinite in the
soils. Organic matter which is negatively charged at pH values greater than 3 can also
contribute to the low PZC (White, 1987). (Please note that carboxyl and phenolic groups
of the organic matter deprotonate at pHs common in many soils).

With the preceding discussion, it is obvious that the relative contribution of
constant and variable charge on charge development in soils depends on the composition
of soil colloids, the solution pH, and the ionic environment in which the soil has been

formed. Most soils, however, should have a net negative charge because of the
it



constant charge on layer silicates and negative charge on organic matter, but some highly
weathered soils dominated by allophane or hydrous oxides, for example, can actually

have a net positive charge at low pH.

1.2.2.2. Ion exchange

In nature, soils are always in some form of dynamic equilibrium. The negative
charges on the constant and variable charge surfaces are balanced by the positive charges
of ions in the soil solution; conversely, the positive charges of the variable charge
materials are neutralized by the negative charges of other ions (Tan, 1998). The sorbed
ions on the charged surfaces are exchangeable and the process is called ‘cation exchange’
(CEC) for the exchange between cations, and ‘anion exchange’ (AEC) for the exchange
between anions. The ion exchange capacity is very important because it determines the
capacity of a soil to hold ions in forms that are available for plant uptake but are not
susceptible to leaching in the soil profile (Abd-Elfattah and Wada, 1981). This feature has
important agronomic and environmental aspects.

Ion exchange involves electrostatic interactions between a counterion on a charged
particle surface and counterions in a diffuse cloud around the charged particles. It is
usually rapid, diffusion-controlled, reversible, stoichiometric, and selective (Wild, 1993).
Exchange reversibility means that the adsorbed ions are readily desorbed back to the soil
solution; whereas, stoichiometry refers to replacement of ion (or ions) by an equivalent
(in terms of ion charge) amount of other ion(s). For example, to maintain stoichiometry,
two Na* ions are necessary to replace one Ca2+ ion.

Since electrostatic forces are involved in ion exchange, Coulomb’s law can be
used to explain the selectivity of preference of the ion exchanger for one ion over the
other. In general, for a given group of elements from the Periodic Table with the same
valence, ions with the smallest hydrated radius will be preferred (Sposito, 1984). Thus,
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for the Group 1 elements the general order of selectivity would be: Cs+ > Rb* > K+ >
Na+ > Li* > H* (Yu, 1997). For ions of different valence, generally the higher charged
ion will be preferred, for example, Al3+ > Ca2+ > Mg2+ > K+ = NH4* > Na* (Bohn
etal., 1985). In addition, polarization (the distortion of the electron cloud about an anion
by a cation) is also an important factor determining the selectivity. The smaller the
hydrated radius of the cation (or the greater the valence) the greater is the polarizing power
of the cation.

Although the ion exchange reaction is considered rapid, the rate of the ion
exchange is not always the same for each element for every soil (Tan, 1998). The rate of
ion exchange in soils is dependent on the type and quantity of inorganic and organic
components, and the charge and radius of the ion being considered. For example ion
exchange reactions usually occur more rapidly on clay minerals such as kaolinite and
oxides than on clay surfaces such as vermiculite and mica (McBride, 1994). This is
attributed to the external exchange sites on kaolinite and oxides versus the multiple types
of exchange sites with vermiculite and mica. Extemal planar, edges, and interlayer sites
exist on the surfaces of vermiculite and micas with some of the latter partially collapsed.
High rates of reactions are often observed for external sites, intermediate rates on edges
sites, and low rates on interlayer sites (Jardine and Sparks, 1984).

The type of ion also has a pronounced effect on the rate of exchange (Tan, 1998).
Exchange of ions like K+, NH4*, and Cs* is often slower than that of ions such as Ca2+
and Mg2*. This is related to the smaller hydrated radius of the former ions. The smaller
ions fit well in the interlayer spaces of clay minerals, which cause partial or total interlayer
space collapse. The exchange is thus slow and particle diffusion-controlled. The charge
of the ion also affects the kinetics of ion exchange. Generally, the rate of exchange

decreases as the charge of the exchanging species increases (Yu, 1997).
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1.2.2.3. Specific adsorption of cations on variable charge materials

Cations are also adsorbed on soils through specific adsorption or chemosorption,
an inner-sphere type of ion complexation in soils. The adsorption involves both physical
(e.g. van der Waals attraction and the electrostatics outer-sphere complexation) and
chemical forces (e.g., ligand exchange, covalent bonding, and hydrogen bonding)
(Stumm and Morgan, 1996; Bolt and Van Riemsdijk, 1991). Specific adsorption affects
the properties of soils, particularly the electrostatic charge of suspended particles and
colloids (Stumm, 1992).

Amongst the important surface-site providers for specific adsorption of metal ions
in soils are the oxides and hydroxides of Fe, Al, and Mn, the allophane and imogolite,
and the edges of layer silicate clays (e.g., kaolinite) as well as soil organic matter
(Alloway, 1995). These sites, as represented by an iron oxide surface (>Fe-OH]-!/2),
exhibit a valence-unsatisfied OH- or H>O ligand bound to a metal ion on the solid
structure. They react with a trace metal, M(H20)¢™*, forming strong surface complexes.
The typical specific adsorption reaction between a trace metal, M(H20)¢"* and an iron
oxide surface, >Fe-OHJ-1/2, is shown in the following reaction

>Fe-OHJ 172 + M(H20)¢™* ===> >Fe-O-M(H0)5](*1/2#+ + nH30*

The reaction is relatively slow (as compared to ion exchange) with several features as
follows (McBride, 1994): (1) a number of hydrogen ions, n H*, are released for each
Mn+ cation adsorbed, (2) the adsorbed cation is not readily reversible, (3) the metal ion
adsorbed becomes an integral part of the resulting complex structure, (4) the adsorption is
very selective (oxide minerals have high degree of preferences for particular metals), and
(5) the adsorption changes the measured surface charge, shifting the PZC to higher pH.
The features clearly distinguish the specific adsorption from the more simple reaction of
ion exchange (non-specific adsorption).

Several factors affect the specific adsorption of metals in soils; the most important
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ones are the pH of the medium, the type of the adsorbent, the concentration of sorptive
surface, the nature of the adsorbed metals (e.g., electronegativity, polarizability,
hydration, etc.) and the accompanying metal species (Keizer and Bruggenwert, 1991).
Specific adsorption of metal cations on charged surfaces is pH-dependent (Christensen,
1984); when the pH is raised the metal adsorption increases. A high pH is favorable to
the hydrolysis of the ions, resulting in the increase of the hydroxo metal ions, MOH"*.
Because the hydrolyzed metal ions carry less electric charge, they are favorably adsorbed
on the charged surface through short-range forces. The specific adsorption is
characterized by a narrow pH range where adsorption increases to nearly 100%, known
as the adsorption edge. The pH of the adsorption edge is dependent on the nature of the
adsorbed cations.

The type of the absorptive surface, whether it is the >Si-OH, >Ti-OH, >Al-OH,
or >Fe(lI1)-OH, affects the adsorption results (McBride, 1994). The key factor is the
acid-base property of the absorptive surfaces, which are determined by the ratio between
the valence and the coordination number of metal constituting the adsorption site. The
smaller the ratio, the less acidic the group, the more effective is the metal adsorption (Yu,
1997). The >Si-OH surface bonding group having the valence:coordination number ratio
of 1.0 should adsorb metals less effectively than the >Ti-OH (0.67) or the >Al-OH and
>Fe(III)-OH (0.5) groups, because the >Si-OH group is more acidic than the other -OH
groups (McBride, 1994).

The type of the mineral surface bonding group, whether it is a bridging hydroxyl,
a terminal hydroxyl, H2O molecule, or OH* ion also affects the adsorption results
(McBride, 1994; Schindler, 1991). For example, a terminal OH- type (e.g., an O atom
bonded to one Al3+ and one H*) of mineral surface bonding group is more likely to form
a covalent bond with trace metals than a bridging OH- group (e.g., an O atom bonded to

two Al3*+ and one H*); because, when the two surface bonding groups are deprotonated,

15



the terminal OH- group (Al-O-) forms a stronger Lewis base than the bridging OH- group,
which then reacts preferentially with trace metals (McBride, 1994; Schindler, 1991).

The specific adsorption of cations is caused by the negative surface charge of
variable charge materials. Thus, the extent of adsorption is closely related to the
concentration of the negatively charged surfaces (Bohn et al., 1985). For example,
crystalline gibbsite [AI(OH)3] adsorbs less metal as compared to the noncrystalline oxides
and allophanes. Apparently, gibbsite contains no mineral surface bonding groups on its
crystal faces and bonding probably occurs only at edges that posses a few OH- or H20
groups (McBride, 1994). In contrast, amorphous oxides and allophane (because of their
structural disorder) possess larger numbers of valence-unsatisfied groups and, therefore,
they can adsorb more trace metals.

The nature of the adsorbed metal also has to be considered in explaining
differences in trace metal adsorption behavior (Norvell, 1980). The tendency of
hydrolysis is one of the important cation properties determining the degree of adsorption;
the greater the tendency for metals to hydrolyze the greater is their potential for being
adsorbed onto the soils. Pb2* ions, for example, (at a given pH) are more readily
hydrolyzed than the Cd2+ ions (as indicated by their first hydrolytic constant vaiue, pK|,
7.7 for Pb2* and 10.1 for Cd2+). As a consequence, Pb2+ ions are adsorbed by the soils
more strongly than the Cd2+ ions (Yu, 1997). Electronegativity is another important
property of metal affecting adsorption, because it determines the strength of covalent
bonding between metal and oxygen atoms on variable charge surfaces.

In the case of the accompanying ions, the electrolytes may influence the adsorption
of metal through one or more of the following mechanisms (Yu, 1997). The electrolytes
change the ionic strength of the solution systems which could affect the activity coefficient
of the metal, the H*, and the OH- ions and thereby affect the rate of metal adsorption.
The electrolytes can form complex ions or ion-pairs with other metal ions in solutions and
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thereby reduce the number of the adsorbed metals. The electrolytes may be adsorbed onto
the surface solids, altering the charge composition of the surface and therefore alter the
adsorbing capacity indirectly. The electrolytes induce the contraction of the electric double
layer at the surface of the colloid, lower the electrokinetic potential at the immediate solid

surface, thus alters the adsorption of metal ions (Sposito, 1984).

1.2.2.4. Ligand exchange of anions

As with metal cations, oxyanions such as B(OH)4-, 0032, H3SiOs, PO43-,
S042, AsO4%, SeO32, and MoO4? can be adsorbed by a ligand exchange mechanism
forming an inner-sphere complex with oxides or other vanable charge materials. The OH-
or OHz* groups in the mineral surface is displaced by an O of the oxyanions as simplified
in the following reactions

>S-OH + L ===> >S-L™1) + OH-

>S-OHs* + L™ ===> >S-L®1> + H50O
where L™ is an inorganic oxyanion of valence n, and >S-OH is a surface hydroxyl group.
The reaction (mostly) occurs at low pH with some distinct features as follows: the OH-
ion or H20 molecule is released into solution, the adsorption is selective and not easily
reversible, and the reaction increases net negative charge on variable charge surfaces
(lower PZC) (Evans, 1989). The hydroxyl (OH-) groups (>S-OH) and the water
molecule (H20) groups (>S-OH,*) are believed to be the main reactive groups
responsible in the reaction. Major minerals able to generate ligand exchange surfaces
inciude noncrystalline aluminosilicates (e.g., allophanes and imogolite), the Fe, Al, Mn
oxides and hydroxides, and the edge sites of layer silicate clays (Evans, 1989).

Because the ligand exchange reaction is pH dependent, the dominant factors
affecting the reaction should include the pH, the characteristics of the variable charge
surfaces, and the nature of the anions (Yu, 1997). The effect of pH is obvious; it directly
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affects the protonation and deprotonation of hydroxyl groups on the variable charge
surfaces, leading to changes in the ratio between the hydroxyl and H20O groups as well as
the net charge of the soils. A decrease in pH, for example, will increase the concentration
of positively charged H>O groups (>S-OH;*) due to protonation of the -OH groups and
will generally lead to an increase in anion adsorption (Sposito, 1984). Once an oxyanion
(e.g., SO4%) is adsorbed by a surface colloid (by replacing the surface -OH group), more
negative charge is transferred to the surface. As a result, the PZC of the colloidal surface
will decrease.

Because ligand exchange of anions is specific, it can be expected that only
materials with desirable surface properties could perform such an exchange. As a result,
different soils would experience different degrees of specific adsorption with anions.
Goethite, for example, even though there are three types of -OH groups on the mineral,
only the -OH bound with one iron ion (called A-type -OH group) is capable of performing
ligand exchange, while B-type (with three iron ions) and C- type (with two iron ions)
-OH groups can form only hydrogen bonds with the adsorbing anions (McBride, 1994).
Other mineral surfaces such as Fe, Al, Mn, and Si hydroxides (amorphous and
crystalline) and edges of clay minerals would undergo ligand exchange with oxyanions by
forming one or more of the following complexes: monodentate compiexes, bidentate
complexes, or binuclear bridging complexes (Yu, 1997). The metal complexes are not
easily reversible and their desorption into the soil solution will be determined by the
characteristics of the soil (e.g., the pH and the nature of the anions) at a particular time.

The adsorption as has been cited earlier is also affected by the characteristics of the
anion, most importantly, by its kind and its concentration (Yu, 1997). Phosphate can
form a strong complex with mineral surfaces in soils; it is stronger than the bond with the
sulphate complex so that the phosphate can displace the sulphate from the mineral

surfaces. As a consequence of the strong adsorption, phosphate availability in soils is
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generally low. Aithough the phosphate can be dispiaced by high concentration of other
strongly held anions, e.g., fluoride and silicate in natural soils, the displacement by the
fluoride and silicate is less important than the release of phosphate generated by
microorganisms (Bohn et al., 1985).

The fact that some anions are more preferentially adsorbed by mineral surfaces
than others is not disputable, but the reasons for selectivity shown by particular anions for
particular mineral surfaces are not very well understood. However, according to McBride
(1994), there is a general rule that "if an anion shows a tendency to bond strongly with a
particular metal ion in solution, it will show a comparably strong affinity for a surface
>S-OH or >S-OH3 site composed of the same metal”. The “shared charge” (that is a
measure of the positive charge that the oxyanion’s central atom shares formally with each
bonded O atom, e.g., PO4> has 5/4 shared charge, SeO32- (4/3), CrO42- (6/4)), the ionic
size, the electronegativity, and the anion acidity are some properties believed to influence

the adsorption selectivity (McBride, 1994).

1.2.2.5. Metal adsorption on organic matter

As with the amorphous and inorganic minerals, soil organic matter is capable of
binding many metal ions very strongly. This is as a result of highly reactive surfaces on
soil organic matter in general and humic acid in particular (Norvell, 1980). The functional
groups such as those of basic (e.g., -NH2 amino, =O carbonyl, -OH alcohol, and
-S- thioether) and acidic (e.g., -COOH carboxyl, -OH enolic or phenolic, and -SH thiol)
properties are the source of the reactive sites, where metals coordinate directly to form
inner-sphere complexes with the functional groups. The reaction is very selective and not
readily reversible. However, because of the complexity (or mixture) of the soil organic
matter composition and structure, it is believed that complexation with metals involves not

a single but various binding mechanisms involving many functional groups (MacCarthy,
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1991). The van der Waals attraction, strong ionic bond, hydrogen bond. and covalent
bond are expected to take part in the formation of these complexes. The covalent bond
however is believed to be the major force in the complex formation; hence the complexes
should have the same properties as the specific adsorption of metals on inorganic mineral
surfaces as outlined above.

A significant property of organic matter is its ability to form complexes with
metals by chelation; the formation of a ring structure in which a metal is held by two or
more electron-donating groups of ligands (Stevenson, 1991). The donor atoms are
usually the O, N, and S that constitute the functional groups of the organic matter (Parfitt
and Taylor, 1995; Norvell, 1980). These elements are Lewis bases and in metal bonding
reactions, they would react with metals with Lewis acid properties. Because the O, N,
and S have a different degree of hardness in Lewis bases (O > N > S), different metals
would preferentially react with these donor atoms (Parfitt and Taylor. 1995). For
example, Ca2+ (a hard acid) would preferentially complex with O-containing groups such
as carboxylate and phenolate. Conversely, Cu2+ (a soft acid) would preferentially
complex with the ligand containing N (a softer ligand) (Parfitt and Taylor, 1995).

Although numerous studies has been conducted to explain the extent of metal-
organic matter retention, so far, no consistent rule of metal selectivity can be agreed upon.
As the selectivity is determined both by the properties of the organic matter and the metal,
unless the two components are well characterized. the extent of their reactions in soils will
never be fully understood. It is believed that the shear complexity of organic matter, its
composition and structure, has been the major constraint in establishing the extent of metal
retention and selectivity by this substance (McBride, 1994).

The following are some important factors believed to affect the extent of metal-
retention in soils by organic matters (McBride, 1994): (1) the nature of the organic matter

or the type and concentration of functional groups, (2) the adsorption capacity of the
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organic matter, (3) the pH of the soil medium, and (4) the ionic strength of the solution.

Many studies have reported different series of relative complexing strength of
metal by organic matter. The typical series according to Evans (1989) would be Hg = Fe
=Pb=Al=Cr=Cu> Cd>Zn> Ni > Co > Mn. Based on this series, Evans (1989)
concludes that the extent of metal retention by organic matter did not coincide with either
the atomic radius, the hydration radius, the atomic weight, or the atomic number. The
conclusion is in agreement with the argument given above that organic matter composition
and structure are the major factors determining the extent of metal complexation reactions.
Since the composition and structure of organic matter in soils vary widely from soil to soil
and are not easily characterized, generalization about the order of complexing strength of
metal retention by organic matter should be avoided. The following example mirrors the
problem.

It was found that for low levels of Cd2*, soil has preference for Cd2+ over Ca2+,
but at high levels of Cd2+, after a certain amount of Cd2+ was adsorbed, the preference of
the soil for Cd2+ over Ca2+ diminishes (McBride, 1994). It seems that the soil contains a
limited number of soft base ligands, and once these ligands complex with Cd2* the
remaining base ligands, such as the harder carboxylic and phenolic groups, fail to show a
similar selectivity for Cd2+ over Ca2+. The example shows that the major factor is not the
characteristic of the metals but the composition, the concentration, and the structure of the

organic matter.

1.2.2.6. Precipitation and co-precipitation

Precipitation can be defined as the process of a three-dimensional growth of solids
from the liquid phase(s). The important parameter for precipitation is the ratio between
the ion activity product (IAP) and the solubility product (Kso), which determines whether

the solution phase is undersaturated, saturated, or supersaturated. A condition of
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undersaturation is indicated by the IAP/Kg; ratio less than one (IAP/Kgo < 1), saturation
by the IAP/Kso = 1, and supersaturation by the [AP/Ks, > 1. When solutions are
supersaturated, precipitation can occur (Yu, 1997).

Precipitation however varies with different solutions. In a homogeneous solution,
precipitation begins only with a large margin of supersaturation, because of a higher
energy barrier for nucleation. In soils, the energy barrier for nucleation is small because
of the catalytic effect of the organic and inorganic materials. As a result, precipitation can
occur at a relatively small margin of supersaturation. For example, gibbsite does not
precipitate in a solution supersaturated by this mineral, but the presence of smectite
promotes gibbsite precipitation in the same solution (McBride, 1997).

Precipitation is common in soils. It is an important process that controls the
solubility of abundant elements (e.g., Al, Fe, Si, Mn, Ca, and Mg) in normal soils, and
trace metals in some contaminated soils. Amongst the most important precipitates in soils
are the oxides, oxyhydroxides, hydroxides, carbonates, sulfides, silicates, and
phosphates (De Boodt, 1991). Table 1.1 shows some of the precipitates and the
solubility products of their metal precipitates. In soils, the Cd2*, Cu2+, Pb2*, and Zn2+
solubilities are most likely to be limited by the three precipitates (carbonate,
oxide/hydroxide, and sulfide precipitates); although other precipitates, such as
phosphates, may occur in significant amounts in highly phosphate-fertilized croplands.
Although carbonates have higher solubility constants than the (hydr)oxide and sulfide
precipitates (as shown in Table 1.1), the determination of the most limited precipitates for
metal release into soil solution should not be based solely on solubility constant values,
but should consider other important factors such as the pH and redox in the soil.

Since the solubility of the precipitates is the result of the interactions between
many determining factors (e.g., the acidity and the redox of the soil system), the extent of

metal release by the precipitates will depend on a set of soil condition governed by these
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factors. In addition, the kind and composition of precipitates also determine the solubility
of trace metals in soils (Lindsay, 1979). For example, metals would be more readily
released from the carbonates than from the phosphates because of the lower solubility of
the phosphate precipitates. Also, precipitates of more than one anion are sometimes less
soluble than simple pure solids of one anion with cation(s). For example, the
hydroxycarbonates of Cu and Zn can be less soluble than the simple Cu or Zn hydroxides
or carbonates. The hydroxysulfates and hydroxyphosphates of Al are more stable
precipitates than its suifate or phosphate forms (Yu, 1997).

Besides, metals could also experience co-precipitation in soils. = When
spontaneous dissolution and recrystalization of minerals occur, metal co-precipitation can
take place. Metal co-precipitation will readily take place on minerals with relatively high
solubility products such as calcite and Fe and Al oxides. For example, soil reduction
generates soluble Fe and Mn from Fe or Mn crystalline oxides, when the soil is reoxidized
new crystal oxides are formed, entrapping trace metals. Similarly, calcite always
undergoes a dynamic state of dissolution and recrystalization; trace metals (e.g., Mn2+,
Cd2+, and Fe2+) enter the calcite structure on precipitation and become entrapped within
the crystal structure. As a result, the (toxic or trace essential) metals become inaccessible
to desorption. These examples underline the importance of co-precipitation in controlling

metal solubility and availability in soils.

1.2.2.7. Desorption and dissolution

Desorption/adsorption are important processes in soils because they control metal
mobilities. Desorption is a more difficult process than adsorption. Adsorption reactions
tend to be fast and diffusion controlled, whereas desorption is a slow process with a
constant rate several orders of magnitude slower than the rate of adsorption (Barrow,

1987). Several reasons may explain the slow reaction of desorption. First, the metal
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cations adsorbed by charged mineral surfaces gradually lose much of their lability over
time. The possible reasons include the increasing crystallinity of the metal-adsorbent
complexes and the increasing surface coverage on adsorbed metals by surface precipitates.
Second, adsorption may or may not require a significant activation energy. In contrast,
desorption always requires an activation energy to at least overcome the adsorption
energy. As a resuit, not all the adsorbed metals are desorbed and gradually the reaction
becomes less reversible (Barrow, 1987).

The irreversibility of the adsorbed metals is not universal but depends on pH, the
kind of adsorbents and the length of time over which the adsorption had occurred. For
example, the irreversibility increases with the increase of pH. Apparently at higher pH,
the multidentate ligands dominate over the monodentate. The multidentate ligand forms
much stronger complexes with metal than the monodentate ligand; as a result, a very slow
rate of desorption can be expected at higher pH because of the high energy required for
metal separation. By the same rationale, adsorbents with more multidentate ligands can be
anticipated to have slower desorption rates than those with fewer multidentate ligands
(Yu, 1997).

For organic matter, a general rule can be summarized as follows; the most strongly
bound metals are the most slowly desorbed because a larger activation energy is required
to break the stronger bonds. Dissociation of adsorbed metals from organic surfaces are
several orders of magnitude slower than their adsorption. In contrast to cation adsorption,
anion adsorption seems to be more readily reversible. Anion desorption requires a lower
activation energy and is therefore kinetically favorable (Bohn et al., 1985).

Dissolution is another important chemical reaction that determines the fate of metal
contaminants in soils. Contaminant mobility is also affected by the dissolution-
precipitation equilibria of the solid phases. When the soil solution is under-saturated or a

strong complexing ligand is added, dissolution can occur.
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Dissolution of minerals involves several steps including (1) mass transfer of
dissolving reactants from the bulk solution to the mineral surfaces, (2) adsorption of
solutes, (3) interlattice transfer of reacting species, (4) surface chemical reactions,
(5) removal of reactants from the surface, and (6) mass transfer of products into the bulk
solution. In normal soils, step 3, 4, and 5 are the rate limiting steps (Stumm, 1990); the
detachment of metal species from the surface into the soil solution is a slow and rate
limited process.

However, the addition of other ligands can overcome the rate limiting steps and
therefore promotes dissolution (Schindler, 1991). Surface protonation, for example,
increases dissolution by polarizing interatomic bonds close to the central surface ions,
which promotes the release of a cation surface group. Ligands such as EDTA, NTA, and
EGTA increase dissolution by polarizing the metal-oxygen bonds, causing detachment of
the metal cation into the solution phase. Reductants decrease the redox potential of the
soil system thereby promote metal dissolution from oxides.

A useful way of determining dissolution is to use stability diagrams which are
constructed by converting a solubility relationship equation into log terms and rearranging
terms to form a straight line relationship. As the diagram includes different solid phases
with different stabilities, one can compare the solubility of the different solid phases at the
same time and predict the presence of stable solid phases in different soil systems. Such
diagrams are very useful and easy to use. The portion of straight line relationships closest

to the origin of the x and y axes represents the most stable mineral phase (Lindsay, 1979).

1.3. Metal Reaction with Chelating Agents
One way of mobilizing metals from a soil is through complexation reaction with
chelating agents. Many kinds of ligands are available commercially including diamino

cyclohexane tetraacetic acid (DCyTA), ethylene glycol tetraacetic acid (EGTA), and nitrilo
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tniacetic acid (NTA).

When a chelating agent is placed in contact with polyvalent metals in the soil, it
releases its protons or counterions in preference to the metals. As a result, the soil-bound
trace-metals are removed and transformed into soluble metal complexes (Peters and Shem,
1992). In general, the larger the number of protons donated the stronger the stability of
the metal-chelate complexes. Thus, EDTA which has 6 donor atoms (hexadentate) should
form more stable complexes with metals than NTA which has only 3 donor atoms
(tridentate). However, chelating agents with more than 6 protons (e.g., DTPA,
octadentate) often form less stable metal-chelate complexes due to their large size ring
formation. The chelating agents having 5 or 6 proton donors are considered the strongest
ligands in forming complexes with trace-metals.

Among the chelating agents available commercially, EDTA has received
considerable attention because of its ability to form stable, low-biodegradable. water
soluble complexes with many cations (Sundstrom et al., 1996; Borggaard, 1976). EDTA
forms 1:1 complexes almost instantaneously with most cations, regardless of their
oxidation state (Pribil, 1972). The most common cations involved in the reaction with
EDTA include the metals of the transitional and lanthanide groups, and the alkaline earth
metals, particularly the Ca and Mg. Such strong reactions with a wide range of metals
makes EDTA a potentially interesting reagent for remediation of metal contaminated soil.

However, the fact that EDTA is expensive and toxic at high concentrations (Lee
et al., 1996; Mazidii et al., 1992) may not satisfy the five criteria required for the safe and
effective use of chelating agents in soil remediation. The criteria include (Anderson,
1993): 1) the chelating agent should form water soluble complexes over a wide pH range,
2) the complexes so formed should be non-adsorbable to soil surfaces, 3) should not be
easily degraded biologically, 4) should have low toxicity or be harmless, and 5) should be

cost-effective. Techniques that are able to recover and recycle the EDTA would reduce the
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cost and the potential hazard to the environment and living organisms. This would make

EDTA more satisfactory for application in soil remediation.

1.4. Equilibrium Theory
1.4.1. Thermodynamic and conditional equilibrium constants

The formation of each metal-ligand complex in the soil solution can be described
using a conditional stability or conditional equilibrium constant, K. The determination
of stability constants for metal-ligand complexes provides information on the affinity of
the metal for the ligand, and they also provide valuable insights into the fate of metals in
the environment (Farrah and Pickering, 1977). Because the conditions of the soil solution
changes over time, the conditional stability constants vary with the composition and total
electrolyte concentration of the soil solution.

For inorganic complexes, conditional stability constants can be related to
thermodynamic stability or thermodynamic equilibrium constant (X°) which are measured
at a standard temperature and pressure and at zero ionic strength (independent of chemical
composition of the soil solution). The relationship between thermodynamic and
conditional equilibrium constant may be explained as follows.

For any reaction (Lindsay, 1979):

aA + bB <===> ¢C + dD (n
a thermodynamic equilibrium constant, K ©, can be written as
(C)4D)
KO= e ()
(AR(B)®

where the small superscript letters refer to stoichiometric coefficient and A, B, C, and D
are chemical species. The parentheses in Eq. 2 refer to the chemical activity of each of the
chemical species.

Thermodynamic equilibrium constants are independent of the electrolyte
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composition of soil solution because they are expressed in terms of activities, not
concentrations (Lindsay, 1979). Unfortunately, the activities of ions in solutions
generally cannot be measured directly as opposed to their concentration. The activity and
concentration of an ion in solution can be related, however, through the expression
(B) = [BlyB 3

where [B] is the concentration of species B in mol L'l and yg is a single ion activity
coefficient for species B. Using the relationship in Eq. 3, Equation 2 can be rewritten in
terms of concentrations rather than activities

[C1% cC[D1dy pd [CFMDM ycYpd yc% p?
= X = Koond . C)]

[A]3y AYB]by gP [AB[B}]®  yad%vgb Y A% BP

where K °nd js the conditional equilibrium constant. The ratio of the activity coefficients

Ko =

is the correction term that relates K ©d to X ©, The value of the activity coefficients, and
therefore the value of the ratio of the activity coefficients, changes with changes in the
electrolyte composition of the soil solution (Lindsay, 1979). In very dilute solutions, the
value of the activity coefficients approaches 1, and the conditional equilibrium constant

approaches the thermodynamic equilibrium constant.

1.4.2. Metal-EDTA equilibrium constants

When EDTA is added to the soil, equilibrium is established between the EDTA
and the metal ions. The deprotonation of the EDTA takes place and is very pH dependent.
Complete deprotonation of EDTA can only be achieved at very high pH. Consequently,
the fraction of EDTA in deprotonated and protonated forms varies with time and soil
conditions and can be computed from the a coefficients. For instance, the EDTA fraction

present in the completely deprotonated form (L4 ) is:
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K K.K3K4
G.L4-

[H*P + K{[H*] + K| Kp[H*12 + K| KoK3[H*) + K KoK3K 4

where K|, K5, K3, and K are the dissociation constants of the acid to yield H;L-, H,L?",

HL3-, and L4, respectively, as described in the reactions below.

[HaL]
H4L L====> H3]_- + Ht Kl =
[HL] + [HY)
[HsL]
H3L‘ <====> H2L2'+ H+ Kz =

[(HoLZ 1+ (H¥]

[HoLZ]
H,L2" <====> HL* + H* K; =
[HL*) + [H*]
[HL¥]
HLY <====> L% + H* K4 =
[L+]  + [H¥]

For other protonated complexes (HL3-, H,L2-, and H3L) the fractions can be expressed
by the related a coefficient.

The EDTA has a double betaine structure containing four carboxymethyl groups
attached to the nitrogen atoms of the ethylenediamine backbone. When deprotonation
takes place, the first and second protons are removed from opposite ends of the molecule,
which then approximates a dibasic ion. The third hydrogen atom will be removed from
between the carboxyl-carboxyl linkage, and the fourth will migrate to the nitrogen atom
(Pibril, 1972).

The reactions M"*+ + L% <==> ML(4* and ML(™*+ H* <==> MHL"™3M,

illustrate the formation of deprotonated and protonated chelates that can occur when ligand
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is added to the soil. From these reactions stability constants are obtained. The formation

constants of the ML and the MHL from the reactions can be calculated as:

ML(O-4%] [MHL(®-3)+]
| VT S — and KMmHL = , respectively,

M) [L4] ML(-4] [H*]

and are conventionally presented as logarithmic values. Most of the chelates have high

formation constants and high solubility (Hong and Pintauro, 1996ab). In most cases, the
larger the value and the more positively charged, the greater is the tendency for the chelate
to form, hence, a more efficient extraction (Wilson and Clark, 1994). This fact is of vital
importance in soil cleanup because the formation of such complexes helps in mobilizing
relatively insoluble metals. Table 1.2 shows the thermodynamic constants for some metal
chelates (Stumm and Morgan, 1996).

As shown in the Table, the strength of the chemical bond between a metal and a
chelating agent differs with different chelating agents and metal ions. Chelates formed
between a natural chelator (e.g., citrate) and a metal ion are often weaker than those
formed between a synthetic ligand (e.g., EDTA) and a metal ion. As well, metal chelates
of an alkaline earth metals (e.g., Ca and Mg) are usually weaker than those chelates
formed from reactions between a ligand and a trace (e.g., Cd, Cu, Pb, etc.) metal.

Table 1.3 shows the logarithmic conditional constants of some metal-EDTA
complexes as functions of pH (Ringbom, 1963). The Table shows that the maximum
values of many conditional constants differ greatly from the values of the stability
constants. For example, the stability constant of Cu-EDTA, Kcy.epTA (Table 1.2), is
20.5, but the maximum conditional constant for the metal is 16.6 at pH about 9 or 10
(Table 1.3). According to Ringbom (1963) "very high values of stability constants may
be misleading because it is not possible in the majority of cases to prepare a solution in

which all the metal is in the form of aquo ions and all the EDTA in the form of completely
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deprotonated forms." Only the alkaline earth metals can have conditional constants equal

or close to their stability constants (Ringbom, 1963).

1.5. Release of Metals from Soils by Chelators

The ability to form extremely stable metal complexes makes chelating agents
promising extracting reagents for treatment of metal polluted soils (Elliott and Brown,
1989). Although chelating agents have long been used to assess the bioavailable fraction

of soil metals, their use for soil cleanup is a more recent application. In an early study,

Kobayashi et al. (1974) treated paddy soils with four kinds of EDTA (NayCaEDTA
2H,0; NayH,EDTA 2H,0; Na4EDTA 4H;0; H4EDTA) and found that treatment with
EDTA 4H was the most effective method for decreasing Cd content in the soil.

Elliott and Brown (1989) studied the effects of chelating agents on Pb
solubilization of soil containing about 21% Pb. EDTA was reported to be more effective
in removing Pb than the same amount of NTA. Because the EDTA forms a stronger
water soluble complex with Pb (PbEDTAZ-, 19.8) over PONTA complex (PbNTA,12.6)
the result is not surprising. They also found that at higher EDTA concentrations Pb
recovery was enhanced but an excess of NTA reduced Pb removal from the soil for pH
values less than 8.5. The differences can be attributed to the adsorption properties of the
resulting complexes. For the PbEDTA2- complex all six coordination sites of the Pb ion
are involved in the complexation with EDTA leaving no coordination sites for bridging to
the solid surfaces. In contrast, the PbNTA complex possesses two free metal
coordination sites available for the formation of a temary complex with solid surfaces of
soils. As a result, the PbEDTA2- complexes tend to stay in solution whereas the PONTA"
complexes can be readsorbed onto the soil surfaces.

More recently, Brown and Elliott (1992) investigated the use of electrolytes to

enhance Pb extraction by EDTA from soil and concluded that addition of 0.5 M
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perchlorate salts of monovalent cations (Na, Li, and NH,) increased the total Pb recovery
by 10%.

Samanidou and Fytianos (1990) extracted Cd, Cu, Cr, Mn, and Pb from river
sediments using EDTA, NTA, and other chelators. Copper showed the greatest tendency
for remobilization from the sediments and, of all the chelating agents examined, EDTA
and NTA demonstrated the greatest ability to mobilize the metals. An increase in
mobilization was noticed with the increase of agent concentration.

Yu and Klarup (1994) investigated the effects of pH and EDTA concentration on
the mobilization of metals under equilibrium conditions. EDTA enhanced the rate of metal
extr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>