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Preface

Chelating agents (or chelants) refer to ligands that can occupy multiple positions in
the inner coordination sphere of the central metal ion, leading to the formation of
multidentate metal-chelant complexes (or chelates). The original Greek meaning of
the word “chele” means a horse’s hoof and, by extension, a crab’s or scorpion’s claw,
which is symbolically illustrated on the book cover. Because of their strong
interaction with metals, chelating agents are widely used in numerous applications,
such as detergents, industrial cleaning, pulp and paper, photo industry, textiles,
agriculture, cooling water, oil production, personal care, medicine, and food and
beverage industry.

Contaminated land remediation has been a widespread and costly problem.
Traditional excavation-and-disposal method is no longer regarded as a sustainable
solution, while contaminant removal is often difficult to accomplish by means of
physical separation methods only. Therefore, the proposed use of chelating agents for
enhancing soil remediation has received extensive attention over the last two decades.
There has been a significant increase in soil related research on the effects of
chelating agents on metal solubility, mobility and bioavailability in soil, as well as
degradability and plant uptake of metal-chelant complexes in the natural
environment.

Chelating agents are able to enhance metal extraction from contaminated
soil/sediment and facilitate metal mobility in the subsurface, making them potentially
promising enhancement reagents for remediation technologies. This book focuses on
the engineering applications of chelating agents for soil washing, soil flushing,
phytoremediation, and electrokinetic remediation. The goal of this book is to provide
environmental engineers and scientists with some practical considerations about the
design and implementation of chelant-enhanced remediation technologies.

This book comprises two sections. Section 1 focuses on the application of chelating
agents for ex-situ washing processes. Chapter 1 reviews the design and
implementation of traditional soil washing and chelant-enhanced washing. It also
discusses the economic and societal considerations associated with soil washing
technology. Chapter 2 elaborates the application of chelant-enhanced washing for
heavy metal-contaminated sediment. The chemistry of chelating agents in washing
solution is explained with latest research findings. Chapter 3 focuses on the
significance of operational conditions for effective chelant-enhanced soil washing.
This chapter also reviews the results of a recent field demonstration case study.
Chapter 4 focuses on the recovery of chelating agents from used washing solution. It
suggests the state-of-the-art use of electrochemical treatment. Chapter 5 reviews the
effectiveness of fresh and recovered chelating agents for treatment of spent catalysis.

vii
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This chapter also provides extensive characterization of recovered chelants and
reviews available mathematical models for describing metal extraction kinetics.

Section 2 of this book discusses the application of chelating agents for in-situ soil
remediation technologies. Chapter 6 gives an overview of chemical-enhanced soil
flushing technology. It discusses the latest findings of metal removal by complexation
with different chemical reagents. Chapter 7 evaluates heavy metal leaching during
percolation of chelating agents. This chapter develops a comprehensive transport
model for simulating the breakthrough of heavy metals and chelating agents under
different flushing conditions. Chapter 8 examines the roles of iron, aluminum, and
manganese hydroxides in chelant-enhanced phytoextraction. This chapter elaborates
the complexation chemistry at the hydroxide surface with aid of latest research
findings. Chapter 9 provides an extensive review of the use of chelating agents in
electrokinetic remediation. This chapter compares in detail the use of different
chelating agents and discusses comprehensive experimental results of electrochemical
remediation.

This book provides a compilation of engineering applications and latest research
findings for different chelating agent-enhanced remediation technologies. The
contents of this book will be useful for engineers, scientists, and decision-makers in
the area of contaminated land remediation.

The editors acknowledge the hard work and patience of all authors who have
contributed to this book. The views or opinions expressed in each chapter of this book
are those of the authors and should not be construed as opinions of the organizations
they work for.

DT, IML, RYS
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CHAPTER 1

Design, Implementation, and Economic/Societal
Considerations of Chelant-Enhanced Soil Washing

Daniel C.W. Tsang, Irene M.C. Lo, and Rao Y. Surampalli

1.1 Introduction

1.1.1 Overview of Site Remediation

The proper management of heavy metal-contaminated soils has been a
widespread and costly issue. Land contamination of hazardous wastes is a widespread
problem. It has been estimated that the total number of contaminated sites are about
294,000 in the United States (U.S. EPA, 2004) and over 1,400,000 in Western Europe
(ETCS, 1998). Despite substantial progress over the past two decades, a considerable
amount of cleanup work remains and is expected to take more than 30 years (U.S.
EPA, 2004). The prevalent contamination of heavy metals is of high concern. Heavy
metals are, for instance, present in 77% of the U.S. EPA National Priority List sites,
of which the most commonly occurring are arsenic, chromium, lead, zinc, nickel, and
cadmium (U.S. EPA, 2004). Their anthropogenic sources include industrial activities
(e.g., battery recycling, mine tailings, atmospheric deposition of smelter dust),
agricultural activities (e.g., land application of fertilizers and sewage sludge), and
military operation (e.g., shooting range). Heavy metals are highly persistent in the
environment and excessive accumulation can have deleterious effects on soil fertility
and ecosystem functions as well as impose health risks to animals and humans.
Therefore, in order to reduce the potential risk to human health and the environment
to an acceptable level, i.e., risk-based land management, managerial and/or remedial
actions on contaminated land (Figure 1.1) are required to restrict the access of
receptors to the site, block the exposure pathways, and/or remove the source
contaminants. Remediation technologies that permanently remove the contaminants
from the site are preferred where possible because they can eliminate the potential of
long-term liability and allow flexible land use in the future.
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Figure 1.1 Management of contaminated land: restricting the access of receptors to
the site (right) by managerial actions, blocking the exposure pathway (middle, e.g.,
containment) or removing the source contaminants (right, e.g., soil washing) by
remedial actions.

The excavation of contaminated soils, followed by disposal at landfills (also
known as “dig and dump”), was a simple and conventional source control method.
However, there is a general consensus that this is not sustainable and is the least
preferred compared with process-based remediation technologies. The position of the
regulators and recent legislation are the key drivers for changing the “dig and dump”
culture. In the United States, Section 121 (b) of the Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA) mandates the U.S. EPA to
select remedies that “utilize permanent solutions and alternative treatment
technologies or resource recovery technologies to the maximum extent practicable”
and to prefer remedial actions in which treatment that “permanently and significantly
reduces the volume, toxicity, or mobility of the hazardous substances, pollutants, and
contaminants is a principal element.” There is a clear preference for permanent
treatment over containment or removal and disposal in the remediation of Superfund
sites (U.S. EPA, 2007).

On the other hand, the European Union (EU) Landfill Directive (EU, 1999)
has a profound effect on the land remediation industries. When the waste is classified
as hazardous, the Landfill Directive gives a hierarchy of treatment objectives to
reduce the volume, reduce the hazardous nature, facilitate the handling, or enhance
the recovery of the hazardous waste. Its implementation in 2004 reduced the available
number of landfills for all forms of waste disposal and, for the first time, banned co-
disposal of soils from contaminated land and non-hazardous wastes. The rules were
tightened further in 2005 in that no wastes can be sent to hazardous waste landfills in
excess of 6% organic matter and the new Waste Acceptance Criteria require that all
wastes sent to hazardous waste landfills have to be pre-treated (Harbottle et al., 2007).
Prices for waste disposal to hazardous landfills have risen dramatically and the use of
excavation and disposal at landfills is therefore becoming less attractive as a method
for contaminated land remediation.

As a result, there is a great need for remedial alternatives that ensure effective
cleanup of heavy metal-contaminated soils. Soil washing is an ex-situ, water-based
remediation technology that is one of the most promising options for soil treatment.
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1.1.2 Scope and Purpose

Soil washing technology is a physical-chemical approach based on well-
established mining and mineral processing principles and techniques. The design of
soil washing systems involves a series of treatment operations and is flexible in terms
of the number, type, and order of treatment processes such that the risk-based cleanup
goals can be cost-effectively achieved, after considering the site-specific conditions
and requirements. Figure 1.2 illustrates a schematic diagram of various types of soil
washing. Some process units are used to separate contaminated fines from cleaner
coarse fractions with the aid of scrubbing and washing the soils with water, while
some units aim to chemically extract sorbed contaminants, either from entire soil
matrix or contaminated sand/fines fractions, using washing (extracting) solutions that
contain chemical agents such as acids/alkalis, chelating agents, solvents, surfactants,
and reducing/oxidizing agents.

. — clean soil fractions
n . Physical
contaminated soil —— Separation
P ———— contaminated soil fractions
| —— processed, clean soil
. . Chemical P
contaminated soil —— N
Extraction . . .
———» contaminated washing solution

/ clean soil fractions
. § Physical
contaminated soil —— v X
Separation
\ Chemical —— processed, clean soil fractions
contaminated Extraction . . .
———— contaminated washing solution

soil fractions

Figure 1.2 Schematic diagram of various types of soil washing.

Therefore, when employed primarily as a process for particle-size separation,
soil washing is also known as physical separation or volume reduction (Griffiths,
1995; Mann and Groenendijk, 1996; Anderson et al., 1999; Richardson et al., 1999),
which significantly lowers the remediation costs by reducing the expenditure for
transportation and disposal at landfills. On the other hand, the term “soil washing” is
also used in the literature for describing processes that involve the use of chemical
extraction units and chemical agents in washing solution (Griffiths, 1995; Reed et al.,
1996; Neale et al., 1997; Davis and Hotha, 1998), which facilitate a more complete
removal of heavy metals from the soils, including the fines fraction. It should be
noted that the latter type of soil washing is sometimes classified as chemical
extraction (which is often preceded by physical separation) (FRTR, 2007).

Since there are many definitions of soil washing, it is important to clearly
understand the technology details for implementation on a specific site (Mann and
Groenendijk, 1996). Therefore, in this chapter the term “soil washing” refers to
washing systems that primarily rely on physical separation, and “chemical-enhanced
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soil washing” (or “chelant-enhanced soil washing”) to washing systems that exploit
chemical (chelating agent) extraction besides physical separation. In general, physical
separation is capable of removing particulate forms or surficial contamination of
heavy metals, whereas chemical extraction is needed to remove sorbed or less labile
heavy metals from the soils. Soil washing based on physical separation contributes to
a significant reduction in the volume of soils that require further treatment or disposal
at landfills. Chelant-enhanced soil washing enables a more complete extraction of
heavy metals from different soil fractions.

This chapter provides an overview of generic soil washing technology, its
applicability, advantages and limitations, approach to implementation, and system
equipment. It discusses chelant-enhanced soil washing with respect to removal
enhancement by chemical agents, advantages and limitations, use of chelating agents,
and operational conditions. This chapter also provides a review of economic and
societal considerations as well as status of soil washing technology.

1.2 Soil Washing Technology
1.2.1 Technology Description and Applicability

The concept of remediation by soil washing is based on the findings that in
most cases heavy metals are bound to (as sorbed phase) or associated with (as
particulate phases or surficial contamination) the fines fraction (smaller than 63 pum)
of contaminated soils, i.e., clay, silt, and organic matter, while low concentrations of
contaminants may exist in the oversize materials (larger than 2 mm) and sands
(between 63 um and 2 mm). The fines, in turn, are attached to sand and gravel
particles by physical processes, primarily compaction and adhesion. Therefore, soil
washing processes (Figure 1.3) are operated to disintegrate the soil aggregates,
remove surficial contamination, and separate discrete metal precipitates by attrition
scrubbing, and then to physically separate the soils into specific size fractions by
exploiting the differences in size, density, hydrophobic surface properties and
magnetism, using various separation units. The use of water is necessary for soil
disaggregation and effective particle-size separation.
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Figure 1.3 Typical soil washing process (FRTR, 2007).

Through these processes, large metallic particles with a distinctive particle-
size range can be removed and metal-laden silt, clay, and humic materials can be
separated from clean, coarse soil particles. The volume of contaminated materials is,
therefore, significantly reduced. The contaminated fines are consolidated, either
dewatered into sludge cake and disposed of, or further treated by chemical or
metallurgical processes. The clean oversize and sand fractions, after attainment of the
treatment standards is confirmed, can be recombined, augmented with nutrients, if
required, and returned to the site as clean backfill. If unacceptable levels of heavy
metals remain, the soils should be stockpiled or fed directly to the next step for
additional treatment. Process water is typically recycled for reuse within the system,
after being treated with technologies such as chemical precipitation and ion exchange
(Griffiths, 1995; Mann and Groenendijk, 1996; Anderson et al., 1999; Richardson et
al., 1999). There are more sidestreams and equipment involved in the actual operation
than is shown in Figure 1.3, and more details are given in later sections.

The duration of soil washing is typically short- to medium-term (FRTR, 2007).
The performance of a soil washing system that primarily relies on physical separation
is typically measured by the volume reduction attained, and calculated by weighing
the clean products (i.e., oversize and sand fractions) that meet the specified cleanup
standards (Mann, 1999).

feed soil (tons)—clean products (tons)

volume reduction (%) = |1— - x 100%
feed soils (tons)
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Soil washing can be used independently or in conjunction with other treatment
technologies. In general, soil washing is applicable for the following situations
(Griffiths, 1995; Mann and Groenendijk, 1996; Anderson et al., 1999; Mann, 1999;
Richardson et al., 1999; Sharma and Reddy, 2004; FRTR, 2007):

e treatment of a wide range of inorganic and organic contaminants, including heavy
metals, radionuclides, polyaromatic hydrocarbons, polychlorinated biphenyls, and
pesticides;

e soils that consist of less than 30 percent fines (slit and clay) fraction, because
otherwise the separation of the fine particles from the washing solution may be
less effective and there is a low degree of volume reduction;

e soils in urban or industrial areas that are contaminated by anthropogenic source
(e.g., shooting range and mining/smelting sites), where metals may be
preferentially sorbed on fine particles or present as surface coatings and discrete
precipitates;

e sites that contain at least 5,000 tonnes of contaminated soils, as on-site soil
washing is typically not cost effective because of the economy of scale (i.e.,
small-scale treatment is more costly than large-scale treatment on a per-tonne
basis); however, this depends on the efficiency of the soil washing as well as the
costs of available remediation alternatives, that is, soil washing for less than 5,000
tonnes may be economically competitive at some sites;

e sites that have sufficient space for on-site treatment, as space requirements are
variable based on the design of the soil washing system, throughput rate, staging
for untreated and treated soils, and site logistics.

1.2.2 Advantages and Limitations

Soil washing presents a number of advantages (Mann, 1999; Sharma and
Reddy, 2004; FRTR, 2007; Dermont et al., 2008), including:

e separation technologies are well established in the mining and mineral processing
industries and the operational costs are usually low;

e full-scale modular treatment train systems and mobile unit systems are available;

e high throughput rate: about 70 tonnes per hour;

e processed coarse fractions of soils can be returned to the site as backfill or used as
construction-grade material for other on-site development;

e volumes of soils that need further treatment or disposal are considerably reduced;

e potential to remove both organics and inorganics in the same treatment system
and address a broad range of influent contaminant concentrations;

e metals may be recovered and recycled in some cases (e.g., smelting and shooting
range sites);

e closed system permits good control of the operating conditions such as pH and
temperature;

e relatively few permits are required for air emission (if volatile organics are
present) and wastewater discharge, compared with other treatment systems.
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On the other hand, there are factors that may limit the applicability and
effectiveness of soil washing (Mann, 1999; Sharma and Reddy, 2004; FRTR, 2007;
Dermont et al., 2008):

e treating soils with a silt/clay content in excess of 30 to 50 percent is generally not
cost-effective due to difficulties in physical handling and solid/solution
separation; it should be noted that a high percentage of fines does not necessarily
preclude the use of the soil washing process (a combination of attrition scrubbing,
wet screening and hydrocyclones can be used for fine-grained sediments), but
results in a more costly treatment;

e high humic content in soils (e.g., agricultural soils) can inhibit soil washing as a
result of strong sorption of heavy metals (particularly Pb, Cu, Cd, etc) on the soil
organic matter;

e insignificant difference in density or surface properties between metal-bearing
particles and soil matrix may result in insufficient separation;

e coarse fractions may not meet cleanup goals, despite attrition scrubbing, if metals
are strongly bound in all particle size fractions;

e heterogeneities in soils and initial contaminant concentrations (due to variations at
different depths and locations) complicate the operational settings and result in
inconsistent performance, thus the use of additional techniques, such as blending
of feed soils, may be needed to provide a more uniform feedstream;

e presence of heavy fuel oil that is of high viscosity, such as No. 6 fuel oil, present
separation problems for soil washing systems;

e cost-effective and economically competitive soil washing operations usually
require a large volume of soils to be treated (> 5,000 tonnes when conventional
remediation alternatives are available);

e on-site space requirement for the soil washing system equipment and stockpiles of
untreated and treated soils;

e as soil washing is an ex-situ technology, there are concerns about possible
exposure of the contaminants to the personnel at the site and the neighbouring
public during soil excavation and handling;

e process water needs to be treated prior to recycle or discharge.

The key to successful soil washing lies in an understanding of the soil matrix
and contamination characteristics, thereby making appropriate arrangements and
configurations of the unit processes, as elucidated in the following sections.

1.2.3 Approach to Implementation

To investigate whether soil washing is technically feasible for treating the
contaminated soils at a particular site, a systematic tiered (or phased) approach should
be implemented (U.S. ITRC, 1997; Mann, 1999; Richardson et al., 1999). Three tiers
are suggested prior to the full-scale application.
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1.2.3.1 Tier 1 (Characterization Studies)

Due to the inherently heterogeneous nature of soils and the variability
between sites, it is important that every soil washing project should be qualified by
screening characterization studies. Site characterization is conducted to determine the
basic mineral and physical properties of the soils and contaminants as well as their
relative associations. Representative samples need to be collected throughout the site.
Sieving analysis of the soils is performed to construct the particle-size distribution
curve. After separation, each particle-size fraction is then chemically analyzed (total
concentrations, sequential extractions, scanning electron microscopy, etc) for the
contaminants of concern. The mode of contamination in each fraction (particulate,
coated, soluble, weakly/strongly bound, etc) is also important. The analytical results
are then overlain on the particle-size distribution curve. Such information on the soil
properties and the relationship between particle size and contamination
characteristics, along with existing site information, provides significant insight into
the possible treatment scenarios and allows an informed decision to be made
regarding the feasibility of soil washing. Most importantly, substantial volume
reductions can be obtained by understanding the particle-size/contaminant
relationship and by screening and separating the contaminated soils for the most
appropriate treatment (Mann, 1999).

1.2.3.2 Tier 2 (Treatability Studies)

Based on the characterization studies of the properties of the soil components
and contaminants and their association mechanisms, bench-scale treatability studies
are performed to evaluate the performance of specific process units and to design a
treatment system that can accomplish contaminant separation to meet the cleanup
goals. Differences in the intrinsic properties of coarse and fine particles (and discrete
metal precipitates, if present), such as particle size, density, settling velocity, surface
flotation characteristics, and magnetic properties, are exploited to achieve effective
separation. Generally, the greater the property difference, the easier the separation.
Screening, hydrocyclone, froth flotation, and filtration studies are conducted to select
the treatment units, screening points, cut-off points, and to determine the polymer,
flow rate, and throughput requirements. Treatability studies should also focus on the
metal concentrations in the products of the process, specifically the oversize, sand,
and fines fractions (Mann and Groenendijk, 1996).

Afterwards, computer simulations of various conceptual process designs (i.e.,
probable combinations of selected technologies) are performed. Flowsheet simulation
systems assist in comparing the process alternatives and optimizing the design of the
process flow diagrams (Toebermann et al., 1999). The simulation input values include
the soil characteristics in terms of particle size, particle density, and contaminant
distribution as well as the design parameters and separation performance of each
process unit. The system performance can then be predicted in terms of separation



CHELATING AGENTS FOR LAND DECONTAMINATION 9

efficiency, volume reduction, and concentrations in the oversize, sand, and fines
fraction.

In addition to technical effectiveness, there are a number of factors that need
to be taken into account in the design selection, such as economic evaluation (e.g., net
savings realized from soil washing compared with available remediation alternatives),
treatment facility (e.g., maintenance, operational control and safety, long-term
reliability), regulatory concerns, potential environmental impact, and public
acceptance. The report of the treatability studies provides the confirmed process flow
diagram, general specifications for the actual facility, unit treatment price, and any
particular contractual qualifications.

1.2.3.3 Tier 3 (Pilot-Scale Study)

Pilot-scale studies are normally used for testing and revising the full-scale
treatment design. The pilot-scale facilities consist of the full range of required
treatment units, yet run at a lower capacity (e.g., 5—15 ton/h). The scope and location
of the pilot-scale facility depends directly on the size and complexity of the project.
Adequate process control should be built into the plant to enable personnel to verify
that the operating parameters established during bench-scale testing can be met in the
field. Field sampling and analytical programs should also be defined to allow quality
control and assurance of the processes and products.

It may not be necessary to conduct a pilot-level study if bench-scale studies
can provide enough information and the site situation closely matches current
experience, but it is extremely helpful to demonstrate the capability of the specified
treatment process at the actual site prior to the full-scale implementation. Based on
the lessons learned from previous field applications (Mann and Groenendijk, 1996;
U.S. DoD, 1997; Mann, 1999), it should be recognized that no site can ever be fully
characterized prior to site construction, and that the plant design should be flexible
enough to handle the expected variability in the texture and metal content of the soils.
Pilot-scale studies provide opportunities to identify potential errors in the preceding
bench-scale testing or operational problems in the field (e.g., inadequate process
control), thereby allowing modifications of the engineering design and equipment,
which are crucial for ensuring subsequent full-scale remediation to be reliable and
successful. Nevertheless, it is important to emphasize that, during the course of full-
scale application, flexibility in the field program should be allowed for revision based
on field analytical results of the process and products.

1.2.4 System Equipment

The original concepts of soil washing root in the mining and mineral
processing industries, in which separation techniques have been used for years to
concentrate metal particles for extraction. Most of the equipment for soil washing
systems, such as trommels, screw classifiers, attrition mills, hydrocyclones, etc, has
been in common use in the mining and mineral processing industries with proven
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effectiveness and reliability. Table 1.1 summarizes the equipment and particle size
range, according to underlying separation principles. As to the most commonly used
devices, wet vibrating screens and trommels are used to separate gross oversize
materials (e.g., cobbles and debris; > 5 cm) and process oversize materials (e.g.,
gravel; 2 mm — 5 cm) (Mann, 1999). Most of the hydrodynamic classifiers and
gravity concentrators have a good applicability for sand fraction (63 pum — 2 mm) but
are not suitable for fine particles (< 63 pm), while the MGS-Mozley, hydrocyclones,
and froth flotation (or dissolved air flotation) are effective for separating fine particles
(10 — 63 pm) (Dermont et al., 2008).

Table 1.1 Physical Separation Units
Exploitable Feature _Operation Unit _ Typical Technologies _ Particle Size Range *

Barrel t 1 6-60
Difference in Mechanical arre’ romme mm
. . . Vibrating screens 150 pm —20 cm
particle size Screening
Gyratory screens 601 pm—1cm
Hydrocyclones 5-200 um
Difference in Hydrodynamic .
. . . . Screw classifier 50-1000 pm
settling velocity Classification ) )
Hydraulic classifier 100-1000 pm
Mineral jig 0.8-6 mm
Shaking table 63-2000 pm
Difference in Gravity Spiral concentrator 63-2000 um
particle density Concentration MGS-Mozley 1-1000 pm

Dense media

. 1-10 mm
separation cyclone

Difference in
hydrophobic property  Froth Flotation Flotation cell 10-300 um
of particle surface

High intensity
Difference in Magnetic magnetic separation
magnetic property Separation Low intensity
magnetic separation

1-1000 um

0.1-20 mm

# (Dermont et al., 2008)

The purpose and use of commonly used process units in previous pilot/field-
scale studies (U.S. ITRC, 1997; Anderson et al., 1999; Richardson et al., 1999; Mann,
1999) are briefly summarized as follows. The vibrating screen is used to remove
gross oversize materials that are not suitable for soil washing. Natural materials such
as roots and rocks can be returned to the site after meeting specified testing
requirements, whereas man-made materials such as demolition debris and fill
materials should be separated for disposal as solid waste. The maximum size of
particles allowed in the feedstock varies with the equipment used, ranging from 1 to 5
cm. The soils are then fed by belt conveyor to the trommel or wet screening module,
where high-pressure water sprays help in the deagglomeration of the soil particles and
process oversize materials (> 2 mm) are separated. The process oversize fraction is
staged for confirmation of meeting the cleanup goals and return to the site as clean
backfill.
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The soil/water slurry is subsequently pumped to hydrocyclone combinations
or screw classifiers that are able to separate coarse/fine sand (63 pm — 2 mm) from
fines (< 63 pm). Attrition scrubbing/milling, which causes intensive interparticle
abrasion, can be used to remove adhered fines and surficial contamination from sand
particles. Afterwards, froth flotation (where a surfactant is added to enhance the
fine/contaminant flotation) or spiral concentrators are employed to separate the sand
and fines again. The sand fraction is dewatered by means of a dewatering screen,
analyzed according to site-specific protocols, and returned to the site as clean backfill,
after attainment of the treatment standard is confirmed. Concurrently, the fines are
consolidated in lamella clarifiers (where polymer flocculant is needed for
coagulation/flocculation), and dewatered by a pressurized belt filter press into sludge
cake that is disposed of with or without further treatment (e.g.,
stabilization/solidification).

It should be noted that there is no single, universal soil washing system. The
systems employed at different sites, and by various vendors, vary in the selection and
sequence of the unit processes. The full-scale soil washing systems usually employ
the previously described equipment in four major subsystems: mechanical and wet
screening, separation using hydrocyclones, sand handling and treatment, and fines
handling and treatment.

1.3  Chelant-Enhanced Soil Washing
1.3.1 Removal Enhancement by Chemical Agents

Because soil washing with water is ineffective for removing sorbed
contaminants from soil particles, chemical agents (also referred to as extracting
chemicals or extractants) can be added to the washing solution in order to promote the
overall efficiency of contaminant removal. The purposes of chemical-enhanced soil
washing are to: (1) produce a cleaner sand fraction that would otherwise fail to meet
the specified cleanup goals by soil washing with water; or (2) treat the entire soil
matrix, including the most contaminated fines fraction, to an extent that is compatible
with the specified cleanup goals so that no further treatment or disposal of the soil is
required. Chemical-enhanced soil washing is a physical-chemical technology for
transferring contaminants from soil, sludge, and sediment into the washing solution,
which is then recycled and reused after on-site wastewater treatment processes.
Efficient water quality management is very important, because it not only reduces the
overall amount of water used, but also ensures that contaminants and chemical agents
in the washing solution are effectively recovered or removed. In addition, an effective
containment system may be required to minimize the environmental impact
associated with spills.

The system design varies with the primary goal of chemical-enhanced soil
washing. For the purpose of producing clean sand fraction, for example, at the
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Vineland Chemical Company Superfund Site in New Jersey (U.S. ACE, 2005),
oversize materials (> 2 mm) are removed by a trommel and vibrating wet screens, and
fine particles (< 100 um in this project) are removed by hydrocyclones, respectively,
prior to chemical extraction. Only the sand fraction is mixed with the chemical agents
and ground in a rotating ball mill that provides aggressive mixing. The resulting
product is clean sand that can be returned to the site as backfill. The contaminated
washing solution is further processed using pH adjustment, flocculation and
sedimentation. The sludge generated, as well as fines initially separated by the
hydrocyclones, is consolidated into a highly concentrated form and disposed of at an
off-site hazardous waste landfill.

By contrast, to meet the aim of returning all size fractions of soils to the site as
clean backfill, chemical extraction can take place before and after particle size
separation. For example, as reported in Griffiths (1995), the washing solution that
contains chemical agents is first mixed with the feed soil in a drum washer where
water knives to promote breakup of the soil lumps. After an appropriate washing time
(also called the residence or contact time), process oversize fraction (> 2 mm) is
separated by a trommel. The sand and fines fraction (< 2 mm) are continuously mixed
with chemical agents in stirring tanks. After an adequate residence time the soil slurry
is pumped to hydrocyclones, which are operated primarily to perform solid/solution
separation rather than particle-size separation (Griffiths, 1995). It is important that,
when extraction is complete, the processed soils are rinsed with clean water to
remove entrained chemicals and contaminants. The chemical agents are recovered by
precipitation, or other appropriate methods, and reused. The process oversize, sand,
and fines fraction can be returned to the site after verifying the attainment of cleanup
goals. This setup was employed for soil remediation of a small-arms range site (an
Army Base) in Louisiana (U.S. DoD, 1997).

The operation and maintenance for chemical-enhanced soil washing is
typically medium-term (FRTR, 2007). If the overall goal of chemical-enhanced soil
washing is to produce a cleaner sand fraction, the performance is measured by the
volume reduction as described in the previous section. If the overall goal is to treat
the entire soil matrix, the performance is determined by the extraction efficiency
calculated by the initial and final metal concentrations in the soils, as below.

final concentraton in soil (mg/kg)
extraction efficiency (%) = |1— x 100%
initial concentraton in soil (mg/kg)

1.3.2 Advantages and Limitations

Despite the fact that the advantages and limitations diverge according to the
chemical agents used, chemical-enhanced soil washing generally has the following
advantages as compared with soil washing that merely relies on physical separation
(U.S. DoD, 1997, Peters, 1999; FRTR, 2007; Dermont et al., 2008):
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e chemical-enhanced extraction is, in principle, not constrained by the proportion of
fines because contaminants can also be extracted from this fraction by chemical
agents; in field applications, chemical-enhanced soil washing has been shown to
be applicable to contaminated soil, sediment, and sludge that contain up to a 50%
fines fraction;

e both sorbed metals and surface precipitates can be extracted or dissolved with the
aid of chemical agents; thus, soil washing technology is no longer limited to
performing volume reduction only;

e fine particles, the most contaminated fraction, can be treated to meet specified
cleanup goals, allowing a complete and permanent treatment of contaminated
soils such that off-site disposal is not necessary;

e able to produce a cleaner sand fraction that otherwise is not qualified as clean
backfill; therefore, the expectancy of success and the performance reliability of
the soil washing system are promoted.

The large-scale application of chemical-enhanced soil washing may encounter
certain limitations, which are highly dependent on the soil properties, contamination
characteristics, and site conditions (U.S. DoD, 1997; Peters, 1999; FRTR, 2007;
Dermont et al., 2008):

e high clay content (<2 um, the smallest particles of the fines fraction) may require
long contact times, resulting in low throughput rates, e.g., 10 tonnes per hour;

e high calcite content and/or substantial amounts of amorphous iron hydroxides
may interfere with the metal extraction due to non-selective consumption of the
chemical agents;

e metals imbedded in the mineral lattices are usually non-extractable (nevertheless,
these metals are probably non-bioavailable to microorganisms, plants, and
humans);

e high humic content in soils may inhibit metal extraction as the soil organic matter
has a high sorption affinity for many metals;

e complex mixtures of contaminants, e.g., co-presence of cationic and anionic
(oxyanions such as arsenate and chromate) metals, require various chemical
agents or operational conditions for best extraction;

e non-aqueous phase liquids, if co-exist, may physically isolate the particle surface
and hamper the metal extraction;

e chemical agents need to be recovered or removed from the washing solution using
commercially available methods;

e residual chemical agents in the treated soils, if present despite rinsing with water,
may pose a threat to ecological systems;

e treated soils may need to be supplemented with nutrients for re-vegetation or
mixed with clean background soils prior to being returned to the site, because of
the possible effects of chemical agents on the physico-chemical and
microbiological properties of the soils;

e higher treatment costs resulting from the chemical cost and additional treatment
process for recovery or removal of chemical agents;
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e treatment costs may be prohibitive for high levels of contamination coupled with
stringent cleanup standards.

1.3.3 Use of Chelating Agents

Chemical agents are selected in consideration of the contaminant
characteristics. Chelating agents, acids, and reducing/oxidizing (redox) agents are
most applicable to enhance metal extraction. Chelating agents extract metals from
soils primarily by forming highly stable and soluble metal complexes that tend to
dissociate from the sorption sites on the soil surfaces (Nowack, 2002; Lestan et al.,
2008). Strong acids (e.g., hydrochloric acid, sulphuric acid, phosphoric acid, and
nitric acid) extract metals by dissolving discrete/surface metal precipitates and soil
minerals such as iron hydroxides, on which metals are strongly sorbed, and via ion
exchange, that is, proton (H") competition for cationic metals or oxyanion (SO4* or
PO4*) competition for anionic metals (Peters, 1999; Dermont et al., 2008). Redox
manipulation promotes metal desorption through converting the metals into more
soluble forms by a valence change. Reducing agents such as sodium bisulphite
(Na;S,0s5) and hydroxylamine hydrochloride (NH,OH-HCI) lead to dissolution of
Fe/Mn oxides, thus enhancing the extraction of metals bound to these oxides.
Oxidizing agents such as sodium hypochlorite (NaClO) and potassium permanganate
(KMnOQy) facilitate chromium removal by a conversion of trivalent chromium, which
is readily sorbed or precipitated, to hexavalent chromium, which is soluble (Peters,
1999; Dermont et al., 2008). Redox agents are usually used as a complement to
chelating agents.

It is suggested that an ideal chemical agent would: (i) interact very weakly
with the soil matrix as compared to the target contaminants, (ii) increase the solubility
and mobility of the target contaminants, and (iii) be generally non-toxic and
biodegradable (Vulava et al., 2000). It is, however, also recognized that it is nearly
impossible to have a single chemical agent that possesses all these desirable
characteristics. Despite the proven efficiency of acid extraction in full-scale
applications for non-calcareous soils, strong acids result in significant dissolution of
soil minerals and organic matter (up to 50%), destruction of the basic nature and soil
structure, together with an increase in the soil acidity. Severe damage to physical,
chemical, and biological properties of soils by acid extraction limits the suitability of
the treated soils for being returned to the site (Reed et al., 1996; Neale et al., 1997;
Davis and Hotha, 1998; Peters, 1999; Dermont et al., 2008). On the other hand,
chelating agents are capable of extracting metals with much less impact on soils.
Therefore, soil-related research on chelating agents has increased dramatically since
the mid 1990s due to the proposed use of chelating agents for soil remediation
(Nowack and VanBriesen, 2005).

Chelating agents have been widely used in many applications (total worldwide
use was 200,000 tonnes in 2000), e.g., industrial cleaning, detergents, photos, pulp
and paper, textiles, and agrochemicals (Nowack and VanBriesen, 2005). The group of
aminocarboxylates are most commonly used, containing one or more tertiary or
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secondary amines and two or more carboxylic acid groups, as illustrated in Figure
1.4.
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Figure 1.4 Structure of commonly used aminocarboxylate chelating agents.

The best known chelating agents are EDTA (ethylenediaminetetraacetic acid),
NTA (nitrilotriacetic acid), and DTPA (diethylenetriaminepentaacetic acid) (Nowack
and VanBriesen, 2005). Most studies reported in the literature investigated the
effectiveness and impacts of EDTA for soil washing and other soil remediation
technologies (e.g., heap leaching, phytoextraction, and soil flushing), due to its low
cost and high efficacy of metal extraction (Nowack, 2002; Nowack and VanBriesen,
2005; Nowack et al., 2006; Lestan et al., 2008). EDTA offers the best
cost/performance ratio of all chelating agents; however, its low biodegradability, and
thus its high persistence in the natural environment, has been a recent concern. The
transport of metal-EDTA complexes under pulsed and continuous flushing could be
simulated using advection-dispersion transport equations modified with kinetic terms
for metal extraction and mineral dissolution (Kedziorek et al., 1998; Friedly et al.,
2002; Tsang et al., 2007a; Kent et al., 2008). Residual metal-EDTA complexes
would travel in the subsurface with high mobility and possibly lead to adverse health
and environmental effects.

The European authorities have conducted extensive evaluation of EDTA and
the risk assessment report indicated that EDTA has a low toxicity profile for humans,
and the environmental risks are limited to some localized cases involving high
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emissions at concentrations above 2.2 mg/L (about 10 pM) (Nowack et al., 2006).
This is a value hardly ever reached in natural waters, but is very likely to be
exceeded, by 100-10,000 times for a typical range of 1-100 mM, in chelating agent-
enhanced remediation technologies (Nowack et al., 2006). Although the overall loss
of soil weight due to EDTA-enhanced soil dissolution may be insignificant (< 13 g
kg™"), dissolution of amorphous Fe and Al oxides would reduce the shear strength,
destabilize the soil aggregate stability, and mobilize colloids and fine particles (soil
dispersion) (Tsang et al., 2007b). Moreover, the metal mobility, bioavailability, and
fractionation could be modified after EDTA applications and require further
investigations (Udovic ad Lestan, 2009; Zhang et al., 2010)

Therefore, risk reduction measures should be considered to ensure that no
residual EDTA is allowed to remain in the treated soils or to leach into the
environment after soil remediation. At the end of soil washing, the processed soils
should be rinsed with clean water to remove residual EDTA, and the washing solution
should be treated to remove or recover EDTA. Additions of ferric chloride, sodium
phosphate, calcium hydroxide, and pH adjustment have been shown to effectively
recover both metals and EDTA by precipitation and sedimentation (Lo and Zhang,
2005). On the other hand, metal-EDTA complexes can be separated from the washing
solution by membrane separation and electrochemical treatment, or degraded by
advanced oxidation processes (Finzgar and Lestan, 2006, 2008; Pociecha and Lestan,
2009), although these treatments are more costly than chemical precipitation.

Moreover, biodegradable chelating agents such as EDDS ([S,S]-
ethylenediaminedisuccinic acid, which is a stereoisomer of EDTA), IDSA
(iminodisuccinic acid), and MGDA (methylglycinediacetic acid) have received
increasing attention in recent years (Nowack and VanBriesen, 2005). In particular,
EDDS has been considered a promising substitute for EDTA in soil remediation
technologies. EDDS can be fully degraded in wastewater treatment (downward flow
biological aerated filter reactor) (Vandevivere et al., 2001a), and in soils after an
initial lag phase that is necessary for the population growth or adaptation of microbes
(Tandy et al., 2006, Wang et al., 2007; Meers et al., 2008). The length of the lag
phase and the biodegradation rate rely on the metal type, the extent of metal
contamination, and the soil type. A major limitation in the application of EDDS, as
well as other biodegradable chelating agents, is that EDDS cannot be recovered and
reused. There is an inevitable increase in the chemical cost and whether this can be
offset with a possible decrease in the cost of required treatment process needs to be
justified.

1.3.4 Operational Conditions

It should be recognized in the first place that chelant-enhanced metal
extraction depends on: (1) soil characteristics (e.g., soil texture, types and content of
mineral oxides, and organic matter content); (2) metal contamination characteristics
(type, concentration, contamination age, operational distribution, and chemical
speciation); and (3) operational conditions. It is particularly important that these
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unchangeable, site-specific factors should be prudently and extensively characterized
at the outset of soil remediation, as outlined in previous section.

The key operational conditions of chelating agent-enhanced soil washing
include the chelating agent-to-metal molar ratio, solution pH, solid-to-solution ratio,
washing time, and temperature (Vandevivere et al., 2001b; Tandy et al., 2004; Hauser
et al., 2005; Polettini et al., 2007; Zou et al., 2009; Yan et al., 2010). The molar ratio
of the chelating agents in solution to the metals in the soils is of overriding
importance, because one mole of an aminocarboxylate chelating agent forms
complexes with one mole of metals. Under EDDS deficiency, initial extraction of Zn
and Pb is followed by re-sorption as a result of metal exchange of newly formed
ZnEDDS? and PbEDDS* with sorbed Cu on the soil surfaces (Tsang et al., 2009; Yip
et al.,, 2009a; 2010; Lo et al.,, 2011a; 2011b), which is supported by speciation
calculations using Visual MINTEQ (Gustafsson et al., 2008). Although a molar ratio
of 1 is theoretically needed to extract all the target metals, a ratio of between 1 and 2
is usually required for optimum performance in consideration of the fact that a
portion of chelating agent is consumed by non-selective complexation with mineral
cations. While it has been shown that metal extraction is faster and more complete as
the ratio increases to 10 or even 100 (Kim et al., 2003; Nowack et al., 2006), higher
concentrations of chelating agents lead to higher chemical and wastewater treatment
costs.

The pH dependence of metal extraction in the normal pH range between 5 and
8 is marginal for copper and zinc, but more pronounced for lead. This is a result of a
number of factors that vary with solution pH: conditional strength of metal-chelating
agent complexes (as indicated by stability constants), metal speciation in the solution
(metal precipitates, metal-hydroxyl complexes, or free ions), speciation and sorption
tendency of chelating agents, and mineral dissolution that competes for chelating
agents (Nowack, 2002; Nowack et al., 2006; Tsang et al., 2009; Yip et al., 2009a; Zou
et al., 2009; Yan et al., 2010). The pH effects on the metal extraction are generally
less significant at higher chelating agent-to-metal molar ratios because more free (i.e.,
uncomplexed) chelating agents are available in the solution.

On the other hand, there are mixed effects on different metals due to the
variation of solid-to-solution ratios (Vandevivere et al., 2001b; Tandy et al., 2004;
Zou et al, 2009; Yan et al., 2010). At the same chelating agent-to-metal molar ratio,
lead extraction is independent of the solid-to-solution ratio, whereas zinc extraction
decreases and copper extraction increases with increasing solid-to-solution ratio,
which may be due to a change in the concentration of counter ions in solution or
organic matter dissolution. It is interesting to note that a higher solid-to-solution ratio
results in a smaller volume of wastewater (washing solution) and a higher
concentration of the chelating agent that requires treatment and recovery, which helps
reduce the treatment and process operation costs. Yet, a lower solid-to-solution ratio,
and thus a lower concentration of the chelating agent, is needed to achieve the same
chelating agent-to-metal molar ratio. This has less impact on the soil structure,
microorganisms, and plants, even if the residual chelating agent is present in the
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treated soils. Besides, the selection of the solid-to-solution ratio should also enable
effective particle-size or solid/solution separation after chelating agent-enhanced
extraction.

Metal extraction generally follows two-phase kinetics, that is, a rapid
desorption within the first 1-4 hours followed by a subsequent gradual release
(Whitworth et al., 1999; Polettini et al., 2006; Fangueiro et al., 2005; Wasay et al.,
2007; Yip et al., 2009b). The required contact time in the extraction unit varies with
the soil type, metal type, metal distribution, metal speciation, and metal loading.
However, most bench-scale studies employ a 24-h reaction time, after which
extraction can reach apparent equilibrium. This is undoubtedly important for result
analysis and discussion, but it should be noted that the washing (residence) time is
usually much shorter in large-scale applications at field sites (e.g., 10-60 min), for the
purpose of maintaining a high throughput rate and low operation cost (U.S. DoD,
1997). If the soil texture and contamination level are highly variable at the site, some
degree of overdesign is advisable to maintain the desired processing rate for the plant.
Furthermore, if a long contact time is needed, successive (or multi-step) washing is
probably more effective than a single extraction with a concentrated chelating agent
(Finzgar and Lestan, 2007, 2008; Zou et al., 2009). Nevertheless, the capital,
operational and maintenance costs for chemical extraction and solid/solution
separation units inevitably increase. The process flow diagrams should be optimized
in the treatability studies as described in the previous section.

In addition, there are possible operational amendments that can enhance the
metal extraction efficiency, such as the addition of redox agents, increase in mixing
intensity, ultrasonic treatment, and soil heating (Peters, 1999; Dermont et al., 2008;
Zou et al., 2009). However, these alternatives are less likely to prove uneconomical in
field-scale applications, in which large volumes of soils are to be treated.

1.4 Economic and Societal Considerations

In addition to the technical effectiveness, remedy selection is also influenced
by the regulatory policies for considering land use, economic factors and societal
impact (U.S. EPA, 1999, 2004). The European Union Contaminated Land
Rehabilitation Network for Environmental Technologies (CLARINET) suggests the
use of risk-based land management, that is, sustainable remediation should ensure
that the site is fit for the designated future use, that the environment is protected, and
that long-term care is an important factor (Vegter et al., 2002). In the United States,
the use of innovative technologies has particularly been encouraged, as this may
provide advantages in ensuring that remediation is implemented cost-effectively and
expeditiously to enable redevelopment of contaminated sites (U.S. EPA, 2001). In
general, the potential of long-term liability of the associated risk to human health and
the value of flexible future land use are the key drivers for soil remediation projects.
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Table 1.2 Elements of Costs for Soil Washing

Fixed Costs Variable Costs

Permitting, Safety, and Regulatory Site Excavation

Site Characterization Equipment Lease and Depreciation
Characterization Studies Labour (1/2/3 shifts)

Bench-Scale Treatability Tests Personal Protective Equipment

Vendor Selection/Contracting Fuel/Electricity

Process Design and Optimization Water

Site Infrastructure Requirements and Chemical agents (for chemical-enhanced soil
Preparation washing)

Transport of Equipment to the Site Sampling and Chemical Analysis

Plant Erection Process Water Treatment

Decontamination and Decommissioning Disposal Cost of Contaminated Fines Fraction
of Equipment (optional in chemical-enhanced soil washing)

Disposal Cost of Treatment Process Wastes

Transport of Equipment from the Site (e.g., sludge cake)

Table 1.2 summarizes the cost elements of field-scale applications of soil
washing technology (U.S. DoD, 1997; U.S. ITRC, 1997; CL:AIRE, 2007). The
treatment costs vary widely with the project size, system design, and complexity. The
key cost driver is the amounts of soils to be treated, i.e., the economy of scale,
because the fixed costs contribute a large part of the overall treatment cost. For
example, fixed costs amount to 59% of total cost for treating 835 tonnes of soils by
chemical-enhanced soil washing, whereas it is only 41% of the total cost for treating
10,000 tonnes of soils (U.S. DoD, 1997). Variable costs depend on the volume of
soils to be processed, soil type, contamination characteristics, throughput rate,
cleanup goals, process design, chemical agents, project duration, etc. Some variable
costs may be site-specific.

The costs are generally lower if treatment goals can be achieved merely by
physical separation, and costs in Europe are also lower because of the more mature
market, for example, the costs in 2001 were 20-45 euro per tonne in the Netherlands
(Honders et al., 2003). According to the Federal Remediation Technologies
Roundtable (2007), the estimated costs for soil washing based on physical separation
are between USD 70 (large site) and 187 (small site) per cubic metre (USD 47 and
125 per tonne, respectively, if a soil bulk density of 1.5 tonne per cubic metre is
assumed), while the costs for chemical-enhanced soil washing are between USD 358
(large site) and 1,717 (small site) per cubic metre (USD 239 and 1,145 per tonne,
respectively, calculated using a soil bulk density of 1.5 tonne per cubic metre). Soil
washing was deselected at several Superfund sites because of small soil volume and
high costs (Dermont et al., 2008).

A demonstration project for site remediation of a small-arms range compared
chemical-enhanced soil washing with off-site landfilling and in-situ
solidification/stabilization, which are alternative technologies often considered when
addressing metal contamination (U.S. DoD, 1997). It was noted that landfilling, if
disposal is permitted and landfill is available in the vicinity, is the cheapest option at
sites involving less than about 2,600 tonnes of soils. It was also noted that
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solidification/stabilization is often cheaper than chemical-enhanced soil washing, but
the potential for liability remains. Chemical-enhanced soil washing eliminates long-
term liability and allows greater flexibility for future land use. In general, compared
with landfill disposal, soil washing offers advantages having much less social impact
resulting from noise and dust due to the transportation requirements of landfilling
(Harbottle et al., 2008).

Soil washing technology is well established and extensively employed in the
Netherlands, Germany, Belgium, Sweden, Norway, and Switzerland, and more
recently it has been applied in the United Kingdom, the United States, Canada, and
Japan. Soil washing technology is employed independently or as an integral part of
remediation plans for a broad range of soil remediation projects. Many fixed site
facilities (stationary plants) for soil washing are present in Europe and Canada, and
mobile soil washing units are also commercially available from many vendors (e.g.,
ART Engineering, 2010; A&G Milieutechniek, 2010; DEC Environmental, 2010;
Grontmij UK, 2010; Heijmens Blackwell Remediation, 2010; Royal Boskalis
Westminster, 2010). The soil washing applications in Europe have been more
extensive than in the United States. For instance, in the Netherlands an average of
855,000 tonnes per year were treated by soil washing between 1991 and 2001
(Honers et al., 2003). In the United Kingdom, soil washing has been recently applied
for soil remediation of 2,770 cubic metres at a former gasworks site in Elgin
(Grontmij UK, 2010), 150,000 tonnes at Basford Gasworks in Nottingham (CL:AIRE,
2007), and over 500,000 tonnes in East London (DEC Environmental, 2010).

On the other hand, in the United States between 1982 and 2005, soil washing
and physical separation were used for source treatment in 6 and 21, respectively,
while chemical treatment was applied in 9 projects (U.S. EPA, 2007). Remediation
projects at the King of Prussia Superfund site (19,200 tonnes of soils contaminated by
chromium, nickel, and copper) (U.S. EPA, 1995; Mann, 1996) and the Vineland
Chemical Company Superfund Site (410,000 tonnes of soils contaminated by arsenic)
in New Jersey (U.S. ACE, 2005; ART Engineering, 2010) are two large-scale
successful demonstration examples. A recent summary of 37 soil washing projects for
metal-contaminated soil remediation (about one third undertaken after 2000),
including full-scale operations and pilot/field demonstrations, indicated that 16
projects involved particle-size separation only, 18 projects involved both particle-size
separation and chemical extraction, and 3 projects involved chemical extraction only
(Dermont et al., 2008).

1.5 Conclusions

Soil washing offers a sustainable and cost-effective alternative to total landfill
disposal of contaminated soils. Soil washing based on particle-size separation has
proved successful for volume reduction in many full-scale applications. In recent
years chemical-enhanced soil washing, especially for chelating agents, has been
intensively investigated for metal extraction applications, and there is an increasing
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number of pilot- and full-scale demonstrations. In general, soil washing is more
economically competitive in larger-scale projects. With prudent characterization and
treatability studies, soil washing technology can provide permanent remedies,
eliminate long-term liability, allow flexible future land use, and impose relatively less
impact on the landscape and stakeholders.
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CHAPTER 2

Remediation of Metal-Contaminated Sediments by
Means of Chelant-Assisted Washing

Alessandra Polettini and Raffaella Pomi

2.1 Background on Contaminated Sediments

Sediments include all the solid materials that have settled down to the bottom
of water bodies from a state of suspension in a liquid. Such solid materials originate
from eroding soil and decomposing plants and animals, as well as from particles
released by wastewater treatment plants (Bortone, 2007). Environmental agents
including wind, water and ice may transport such particles to large distances from the
point at which they are generated (Bortone, 2007). It is estimated that the annual
sediment generation rate at the European level is about 1800 x 10° t, out of which
~540 x 10° t are stored in river channels and on floodplains, ~346 x 10° t accumulate
in reservoirs, ~200 x 10° t are mined from active fluvial areas, while the remaining
~714 x 10° t are either deposited in lowland zones (estuaries, harbours, deltas) or
discharged into seas and oceans (Bortone, 2007).

The relevance of sediments is recognized not only for ecological reasons, but
also from a social and economic standpoint. From the ecological point of view,
sediments represent an essential component of the aquatic ecosystem, providing the
habitat and food resources for many organisms and contributing to the nutrient cycle
to and from the overlying water.

Surface waters receive discharges from both point and diffuse sources of
various liquid and solid wastes, which may potentially transfer contaminants to
sediments. The pollutants found in sediments have both an anthropogenic and a
natural origin. Potential sources of contaminants include: discharges from industrial
installations, wastewater treatment plants, storm water discharges or combined sewer
overflows; surface runoff or erosion of soils located in contaminant-bearing areas;
wet and dry deposition of contaminants emitted into the atmosphere by different
sources; upwelling or seepage of contaminated groundwater or non-aqueous phase
liquids (NAPL) into a water body; direct disposal or accidental spill from ships, or
release of contaminants from in-water and over-water structures or ship maintenance
facilities (U.S. EPA, 2005).
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The contaminants from the above mentioned sources may sorb onto sediment
particles, to a degree which depends on their mineralogical composition (clay
constituents, organic matter, hydrous iron and manganese oxides, etc.) and physico-
chemical characteristics (particle size distribution, pH, redox conditions, salinity, etc.)
(Andreottola et al., 2010), which all affect the relative proportion of contaminants
between the solid particles and pore water (U.S. EPA, 2005). According to the U.S.
EPA (2004), contaminated sediments are defined as aquatic sediments containing
chemical substances in excess of appropriate geochemical, toxicological or sediment
quality criteria or measures, or otherwise believed to pose a threat to human health or
the environment. Many contaminants persist for years or decades due to the very slow
or even null degradability in the aquatic environment. As a consequence, polluted
sediments become a sink for contaminants, which, upon re-suspension or re-
dissolution, have the potential of migrating into the water column, representing a
possible threat to water quality (Mulligan et al., 2001; Barcel6 and Petrovic, 2007;
Andreottola et al., 2010). Contaminated sediments may also be toxic to fish and other
aquatic organisms through direct ingestion and absorption by dermal contact, or may
enter the food chain through ingestion of a contaminated prey or direct exposure to
water or sediment, thereby causing possible bioaccumulation effects (U.S. EPA,
2004). According to the U.S. EPA (1998), documented adverse ecological effects
from contaminated sediments include fin rot, increased tumour frequency and
reproductive toxicity in fish, as well as decreased biodiversity of the aquatic
ecosystem, which may in turn result in altering the energy and nutrient flows, the
productivity and the decomposition processes in the aquatic ecosystem (U.S. EPA,
2004).

As mentioned earlier, in addition to posing threats to human health and the
environment, the presence of contaminated sediments may also exert potential
economic impacts, limiting or hindering commercial and trade activities (shipping,
fishing), tourism and recreational activities, as well as maintenance interventions
(dredging).

It has been estimated that ~5% of watersheds in industrialized countries
contain contaminated sediments and that 10% of marine and estuarine sediments are
potentially hazardous to the aquatic environment (De Gioannis et al., 2008).

Dredging of sediments may be applied for different purposes. Maintenance (or
navigational) dredging is required to develop or maintain existing waterways
(ditches), to protect rivers e.g. against flooding and to ensure adequate shipping
routes in waterways and harbours (Detzner et al., 2007). In such cases, dredging is
typically done routinely, and the changes in the characteristics of sediments are
generally limited to within a known range. For such reasons, it is common practice to
relocate the largest part of the dredged material in the same water system or on the
nearby embankment when the amounts of dredged material are small (Detzner et al.,
2007). If these options are undesirable or impracticable for environmental,
morphological or spatial reasons, alternative options may include reuse, treatment
and/or confined disposal (Detzner et al., 2007). On the other hand, environmental
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dredging is required when the presence of contaminated sediments is identified and
the need is recognized to remove sediments from the site to reduce health and
environmental hazards, for attaining the quality standards required for the aquatic
environment. It is estimated that ~500 millions m® of sediments are dredged each year
for navigational purposes, of which ~1-4% requires dewatering and treatment prior to
disposal (De Gioannis et al., 2008).

Sediments are a heterogeneous mixture of components, including organic
matter, iron and manganese oxyhydroxides, carbonates, alumino-silicates (e.g., clay
minerals) and sulphides, along with interstitial water (U.S. EPA, 1993b; Mulligan et
al., 2001; McCready et al., 2003). Organic and inorganic contaminants are bound to
the various geochemical phases through precipitation, ion exchange, sorption,
complexation and inclusion in the crystalline structure. Factors affecting the retention
of contaminants in sediments include physico-chemical parameters such as pH,
particle size distribution, mineralogical composition, natural organic matter, redox
potential, cation exchange capacity, specific surface area, nature and age of
contamination, as well as presence of interfering species (Peters, 1999). As a result,
the nature and strength of the interactions occurring between the sediment particles
and the contaminants will determine the particular chemical speciation in sediments,
which will in turn dictate their mobility and potential bioavailability.

For the reasons outlined above, it is commonly acknowledged that the
information on the total contaminant content in sediment is inadequate to predict the
potential environmental impacts posed by the material (U.S. EPA, 2005). Rather, this
issue can be more accurately assessed from an understanding of the geochemistry of
contaminants in sediments, indicating the existing chemical associations with the
main mineral phases (e.g., oxides, hydroxides, carbonates, silicates) and other
constituents (e.g., organic matter) of the solid matrix. Therefore, numerous sequential
extraction procedures have been developed over the years, mainly as changes made to
the original analytical method introduced by Tessier et al. (1979), on account of the
main characteristics of the solid matrix of concern and the specific targets of the
analysis (see e.g., the review by Hass and Fine (2010), and references therein).
Sequential extraction procedures are assumed to be sufficiently accurate in selectively
extracting the following components: soluble and/or exchangeable, bound to
carbonates, occluded in Mn oxyhydroxides and amorphous Fe oxyhydroxides, sorbed
or bound to organic matter, associated to well-crystallized Fe oxyhydroxides, and
included in the aluminosilicates structure. Such geochemical fractions are ranked in
an order of decreasing mobility, with contaminants associated to the soluble and/or
exchangeable fractions being present in the most mobile (or labile) form, while those
incorporated in the mineral lattice of the material being in the least mobile form
(detrital fraction). The latter can only be extracted from the material provided that
solid matrix dissolution is attained.

Most of the contaminants found in sediments have a low solubility in water,
since it is expected that soluble compounds eventually dissolve in the water phase and
therefore do not accumulate in sediments (Rulkens, 2005). The contamination found
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in sediments is typically of both organic and inorganic nature and comprises a wide
spectrum of compounds. Important contaminants commonly include polycyclic
aromatic hydrocarbons (PAHs), mineral oil compounds, metal (Cd, Cu, Cr, Pb, Hg,
Ni, Zn, As) species, tributyl tin (TBT) compounds, polychlorinated biphenyls (PCBs),
organochlorine pesticides, organophosphorous pesticides, dioxins and endocrine
disruptors (Rulkens, 2005).

2.2 Management and Treatment of Contaminated Sediments

For the reasons outlined above, contaminated sediments deserve serious
attention worldwide due to both the distinct contamination characteristics and the
significant amounts to deal with. After dredging of contaminated sediments, major
costs are involved in either proper disposal or remediation of the material.

Different approaches can be used for management of contaminated sediments,
depending on site-specific conditions. When dredging is not required to ensure
navigation in rivers and harbours, sediment management options include confined
aquatic disposal and possibly in-situ treatment. Confined aquatic disposal involves
underwater capping with clean sediments or sand, geotextiles or liners, either with or
without a lateral confinement. In-situ treatment involves the use of reactive caps or
the addition of additives to promote chemical or biological degradation of the
contaminants (U.S. EPA, 2005). Ex-situ management options include either disposal
in confined disposal facilities and upland landfills, or the application of remediation
treatments for beneficial reuse or safe disposal.

Two different approaches can be adopted for the remediation of contaminated
sediment, namely immobilization of the contaminants within the solid matrix and
extraction/separation of the pollutants or contaminated sediment fractions (Peters,
1999). Although immobilization techniques are currently more reliable and generally
involve lower remediation costs, extraction/separation methods have the advantage
that contaminant concentrations may be reduced to below target regulatory limits and
the treated material may be suitable for beneficial reuse (Meegoda and Perera, 2001),
with positive environmental and economic outcomes.

Treatment processes applied to contaminated sediments have mostly been
derived from soil remediation techniques and mineral processing methods. However,
their applicability to sediments is strongly affected by the specific characteristics of
the material, such as the high water and salt content and the presence of finely grained
particles, which can adversely affect both the operation and the remediation
efficiency (Andreottola et al., 2010). Despite decades of research, surprisingly the
base of experience for remediation of contaminated sediment is still limited (U.S.
EPA, 2005) and only little information is available on successful treatment of
contaminated sediments (Colacicco et al., 2010).
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Due to the variety of contaminants in dredged sediments, remediation is not
usually a single process, but often requires a combination of techniques as the
components of a treatment train to address multiple contaminant problems (Rulkens,
2005; U.S. EPA, 2005; Andreottola et al., 2010). Potential components of a sediment
treatment train include pre-treatment, operational treatment, and/or effluent
treatment/residual handling (U.S. EPA, 2005). The layout of a possible treatment
train for dredged sediments is illustrated in Figure 2.1.

Emissions Emissions Emissions

Dredging and Adjustment of
transport water content

3 Wastewater Wastewater Oversize material

Treatment and discharge Treatment (optional) and reuse

N
Size
separation

5 Emissions
) )
Pre-treatment (pH adjustment, Single- or multi- Treated Y
hydraulic classification) stage treatment sediment /
L Residue 3 Solid residue or wastewater
Treatment and disposal Treatment and disposal

Figure 2.1 Schematic layout of a sediment treatment train.

Processing upstream of the core remediation treatment is generally performed
to condition the material to meet the chemical and physical requirements for
treatment or disposal, and/or to reduce the volume/weight of sediment that requires
transport, treatment or restricted disposal (U.S. EPA, 2005). Pre-treatments typically
include removal of debris, dewatering and physical separation. Dewatering is
normally required to improve the handling characteristics of sediment and reduce the
volume to be further treated. The extent of dewatering required is a function of the
dredging method used (water contents are typically >50% and ~20% for mechanically
and hydraulically dredged sediments, respectively) and the remediation technology to
be applied (water contents <40% are commonly required for many processes)
(Mulligan et al., 2001). The water generated during dewatering generally contains
low levels of contaminants and requires treatment (U.S. EPA, 1993b). Physical
separation aims at dividing sediment into separate fractions of different quality
standards, on account of the fact that often the coarse materials (gravel and sand
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fractions) contain lower contaminant levels and may be suitable for unrestricted
disposal and/or beneficial use (Mulligan et al., 2001; U.S. EPA, 2005; Detzner et al.,
2007). Unit operations used for physical separation commonly include hydraulic
classification systems (centrifugation, flocculation, floatation, hydrocycloning,
sedimentation), although wet screening may also be used (Mulligan et al., 2001).

Different treatment processes can be applied to reduce the toxicity, mobility,
bioavailability or concentration of the contaminants in sediments. The type of
treatment to be adopted depends on the nature of contaminants, their concentrations,
as well as on the physical, chemical and mineralogical characteristics of the sediment.
Available disposal options and capacities may also affect the decision as to whether
and how to treat sediments. Treatment processes are based upon different principles,
including contaminant destruction or detoxification, extraction/separation of
contaminants from sediment, reduction of sediment volume, or immobilization (U.S.
EPA, 1993b, 2005; Meegoda and Perera, 2001). Treatment technologies can be
classified as of physical, chemical, biological and thermal type (U.S. EPA, 1993b,
2005; Mulligan et al., 2001; Rulkens, 2005; Detzner et al., 2007). Processes involving
combinations of treatments are also common.

In the following, the most typical treatment processes proposed for sediment
remediation will be briefly reviewed, while a more detailed description of chemical
washing using chelating agents will be provided in a dedicated section, since this
forms the specific focus of this chapter.

Among the physico/chemical processes, solidification/stabilization is a well-
known technology developed for hazardous wastes and contaminated soils as a means
to reduce the mobility of contaminants. The process is based on the addition of
binders, including different types of cements, lime, pozzolanic materials,
thermoplastic resins and/or a variety of other chemicals (U.S. EPA, 1993b, 2005;
Mulligan et al., 2001; Rulkens, 2005). Immobilization may occur due to physical
encapsulation of contaminants within the solidified structure (resulting from a
reduction in specific surface area and porosity), reduction in contaminant solubility
(caused by changes in pH and alkalinity of the system) and/or chemical
bonding/incorporation by the hydration phases formed upon treatment. The result of
the treatment is the reduction in contaminant leachability from treated sediment to
below the standards required for final disposal. Concerns about
solidification/stabilization processes arise upon consideration of the following issues
(Dermont et al., 2008): 1) contaminants are not removed from the contaminated
material; 2) the treatment involves considerable volume increase; 3) assessing the
process effectiveness requires constant monitoring of the treated site; 4) the long-term
performance of the treated material is difficult to predict.

A variety of chemical processes can be applied to extract the contaminants
from sediment or change their chemical form by either converting them into less
harmful compounds or destroying them completely. Solvent extraction, washing and
electrokinetic remediation belong to the former type of technologies, while
neutralization, precipitation, chemical oxidation and chemical dechlorination belong
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to the latter. Both environmental and economic issues should be considered when a
chemical treatment process is selected for sediment remediation. An important aspect
involves in the first place an assessment of the fate of contaminants during the
treatment process, in order to control the risks of formation of intermediates or by-
products that are even more toxic or more mobile than the original pollutants
(Rulkens, 2005). Another issue to be evaluated is the amount of chemicals used
during treatment to ensure adequate remediation performances, with implications on
both consumption of natural resources and treatment cost. With a view to beneficial
reuse of treated sediments, the changes induced by the chemical treatment on the
physical and chemical properties as well as on the mineralogy of the material should
also be carefully controlled. Strong extracting agents are indeed known to lead to
destruction of the solid matrix by dissolution of some mineral constituents (Peters,
1999; Dermont et al., 2008; Zhang et al., 2010; Zou et al., 2010), which may be
detrimental for several sediment uses. When extracting agents are used for sediment
remediation, concerns also arise as to whether the reagent remaining in the treated
material may cause increased mobilization of the residual contaminants afterwards
(Mulligan et al., 2001; Nowack et al., 2001; Zhang et al., 2010) promoting the
migration of mobilized species in the surrounding environment (Peters, 1999;
Dermont et al., 2008)0, or exerting ecotoxicological effects on the impacted
ecosystems (Polettini et al., 2006). In this regard, recycling of the extracting agent is
highly recommended, as described in more detail in Section 4. Furthermore, the need
for appropriate processing and disposal of the liquid or solid residues is an additional
aspect that must be taken into account (Dermont et al., 2008).

Biological remediation processes include bioleaching, aerobic or anaerobic
degradation and phytoremediation (this being also enhanced using chemical agents)
(U.S. EPA, 1993b; Mulligan et al., 2001; Rulkens, 2005). Bioremediation makes use
of low-cost technologies, and therefore has the potential for widespread use.
However, while it can effectively treat a wide range of organic contaminants, the
effectiveness on inorganic contaminants is much lower or even null. A potential risk
associated to biological remediation is due to the fact that partial degradation products
may be more soluble or toxic than the original contaminants (U.S. EPA, 1993b). The
efficiency of the degradation process can also be reduced by high organic
concentrations, oxygen deficiency, lack of nutrients, and low temperature (U.S. EPA,
1993b). The use of slurry-phase systems for biological remediation may eliminate the
need for preliminary dewatering of sediment, with obvious economic advantages.

Thermal treatment technologies are energy-intensive (Hakstege, 2007). They
also typically require appropriate pre-treatments of sediments to remove excess water
and, in some cases, coarse fractions and soluble salts. Among thermal processes,
thermal desorption is a method of removing species with a high volatility and stability
at high temperatures, namely volatile (VOC) and semi-volatile (SVOC) organic
compounds (including mineral oil, mono-aromatic hydrocarbons, PAHs, PCBs,
cyanides, chlorinated solvents and TBT), by application of appropriate temperature
conditions (typically in the range 100-600 °C). Volatile metals may also be removed
through thermal desorption. The volatilized pollutants can be removed and
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concentrated from the gas phase by absorption or condensation (Rulkens, 2005).
Thermal desorption is basically a mass transfer process that concentrates the
contaminants in a small volume. The final residue representing the concentrated
contaminant stream must be treated afterwards.

Incineration is a high-temperature oxidation process in which organic
contaminants are destroyed and converted into gaseous compounds. The process is
effective in treating solid materials containing primarily organic contaminants such as
halogenated and non-halogenated VOCs and SVOCs, PCBs, pesticides,
dioxins/furans, and organic cyanides(U.S. EPA, 1993b).

Thermal stabilization includes a number of high-temperature processes aimed
at immobilizing the contaminants within the treated sediment. Irrespective of the
specific technology used, such processes are aimed at destroying organic pollutants
and fixing inorganic contaminants in the mineral phase under high-temperature
conditions (Detzner et al., 2007). Products of thermal immobilisation may include
bricks, pellets to be used as lightweight aggregate, cement, pozzolanic materials or a
slag/glassy solid (Rulkens, 2005); Detzner et al., 2007; Hakstege, 2007).

For thermal processes to be successfully applied, specific sediment
characteristics must be obtained, including the absence of very fine particles that may
pass through the system, a low moisture content to prevent costly vaporization of
water, a good heating value, the absence of volatile metals, and elevated levels of
halogenated organics (U.S. EPA, 1993b). Obviously, a major disadvantage of thermal
processes is the considerable remediation cost resulting from their high energy
demand.

2.3 Sediment Washing Using Chelating Agents

The principle of washing for sediment remediation is derived from soil
washing techniques, which have been widely investigated and are well documented in
the scientific literature (see, for example, the reviews by Peters, 1999; Mulligan et al.,
2001a,b; Dermont et al., 2008 and related references therein). Notwithstanding the
fair amount of research which has been conducted on soil washing, much less
knowledge has been gained for sediment treatment. In this respect, only a limited
number of literature references are specifically available on sediment remediation
through washing (Meegoda and Perera, 2001; Fangueiro et al., 2002; Ceremigna et
al., 2005; Di Palma and Mecozzi, 2007; McCready et al., 2003; Polettini et al., 2006,
2007, 2009; Yuan et al., 2010). Some field applications of the process are also
documented (Amiran and Wilde, 1994; NJDEP, 2001; U.S. EPA, 1993a, 1994, 1995).

The term “washing” when applied to soil and sediment remediation is
generally used to comprise both physical and chemical techniques to extract/separate
contaminants. As mentioned before, physical separation through washing is aimed at
concentrating the contaminants or the contaminated fraction(s) into a smaller volume
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by exploiting differences in specific physical characteristics (e.g., grain size, density)
between the contaminant-bearing and uncontaminated particles (Dermont et al.,
2008). The separated contaminated fraction is subsequently treated or disposed
depending on the contamination level. Chemical washing aims at extracting
contaminants bound to the solid particles of the material due to chemical interactions
of various nature (co-precipitation, sorption, ion exchange, surface complexation). In
such applications, the washing solution typically contains extracting agents of
different types such as acids, bases, salts, oxidizing or reducing agents, chelating
agents, surfactants and solvents (Peters, 1999; Polettini et al., 2009). Physical
methods including sonication, abrasion or attrition scrubbing may also be used to
enhance the chemical extraction process (Dermont et al., 2008).

To the authors’ opinion, the term “washing” is more appropriate to indicate
the chemical extraction process, while definitions such as “hydraulic separation” or
“wet classification” should be used to indicate separation processes where the action
of the processing fluid is only of physical nature. In the following, these distinct
definitions will be adopted to refer to physical separation and chemical washing.

The washing process can be applied to treat soils and sediments contaminated
with SVOCs, fuel hydrocarbons, and inorganic contaminants (mainly toxic metals
and metalloids). It is less effective for VOCs and pesticides (Peters, 1999). The
process has a poor efficacy for materials with high amounts of fine particles (silt and
clay) and high humic contents, as well as for low-permeability materials (Peters,
1999).

The type of extraction agent to be used in chemical washing depends on a
number of factors including the nature of contaminant(s) to be removed, the type and
extent of their interactions with the solid matrix, the contamination level, the presence
of interfering or competing species, as well as the operating conditions of the washing
treatment.

Among the chemicals investigated for soil and sediment remediation,
chelating agents have been widely assessed as potentially efficient extracting agents
to enhance the performance of the extraction process (e.g., Peters, 1999; Dermont et
al., 2008 and references therein). Chelant-assisted washing for the removal of metals
from dredged sediments is the specific subject of the present chapter. Since the
principle of chelant-based extraction of contaminants from sediments is exactly the
same as that used in soil washing, the reader is referred to the pertinent chapter of this
book for a more detailed description. Rather, here the effects of the main parameters
of the chelant-assisted washing process will be reviewed, since this will make the
basis for discussion and interpretation of the experimental results presented later in
this chapter.

The most important factors which affect the performance of the washing
process are associated to the properties of the solid matrix, the specific characteristics
of the contaminants to be removed and the process parameters (Zou et al., 2010).
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While the effects of the physico-chemical properties of sediment and the
contaminants characteristics have been mentioned earlier in this chapter, the influence
of the process parameters has not been discussed here so far. Among the process
parameters, the most important in affecting the remediation efficiency in sediment
washing include the extracting agent type and dosage, the solution pH, the liquid-to-
solids (L/S) ratio, the solid/solution contact time, and the mode of extraction (Peters,
1999; Polettini et al., 2007; Zou et al., 2010).

The nature of the extracting agent is a factor of paramount importance in
determining the metal removal yield of the washing process. Ideally, an optimal
chelating agent should display a high extraction efficiency, a high selectivity for the
target contaminants, a high solubility and thermodynamic stability of the formed
metal complexes, a low tendency to adsorb onto the solid in both the complexed and
the uncomplexed form, as well as low toxicity characteristics (Lim et al., 2004;
Polettini et al., 2007). The complexing capacity of a given chelating agent towards a
metal contaminant can be measured through the stability constant of the complexes
formed. In this respect, it should be taken into account that different metal complexes
can be formed depending on the solution conditions. In particular, the competition
exerted by H™ (towards the metal ion) and OH™ ions (towards the ligand) should be
appropriately evaluated; at low pH values H" ions are more competitive than metals
for complex formation, while at high pH values OH™ ions are more competitive than
the ligand, so that metal hydroxo-complexes are preferentially formed (Stumm and
Morgan, 1996). For instance, in the case of a generic divalent metal Me?*" and a
tetravalent ligand L*", depending on pH other chelates, in addition to the MeL>
complex, can be formed including the metal complexes MeHL™, MeH;L(,q or
MeH;L" (which may have quite different stability constants) and the protonated
ligand forms HL*", H,L*, HsL", HyLag), HsL', H¢L*"; metal hydroxo-complexes
including Me(OH)a(aq, Me(OH);™, Mex(OH)**, Mes(OH)4*", Mes(OH),*" and others
may be more stable than chelates when an excess of OH™ ions is present. The
evaluation of which form is more stable under certain solution conditions requires
specific speciation studies (Williams, 2005).

Another important aspect to be evaluated is the competition by major cations
in solution towards chelate formation (Kim et al., 2003; Lim et al., 2004; Tandy et al.,
2004; Polettini et al., 2007). Strong competitors in the case of soils and sediments are
represented by Ca, Mg, Fe, Mn and others, which are typically present in the washing
solution at much higher concentrations than metal contaminants, and may thus be
favored over trace metals for the formation of chelates although the values of their
stability constants are usually lower. Considering a generic divalent major metal
cation Mem2+ and a generic divalent trace metal cation Me[2+ competing to each other
for complex formation with a tetravalent ligand L*, the two following complex
formation reactions can be written, each having a specific value of the stability
constant K:
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Me2" +LY < Me, 1> (K (1)
Me2" +LY < Me, 1> (K») )

Subtracting reaction (2) from reaction (1), the following are obtained:

Me?* +Me,, 1>~ < Me, L +Me2' (K=K, K,)

2- 2+
[Meth_] =K[Me;+] 3)
[Me, L] [Me;;']

Equation (3) demonstrates that the relative abundance of the two complexes
MeL?>" and Me,L in solution depends on the relative concentration of the two metal
cations Me/" and Mem2+, decreasing as the ratio [Melz+]/[Mem2+] increases. To
account for competition phenomena by other cations, the conditional stability
constant is used as a measure of the stability of a given complex. For the example
taken above, the conditional stability constant would be defined as:

[Me,L*"]
[Me{ " 1[Me,,L*"]

cond =

which, according to equation (3), would be expressed as:

K, 1 K

K, [MeZ'] [Me']

cond =

Obviously, in the case of multiple competing cations, different stability
constants need to be defined. This is the reason why, although many chelating agents
such as aminopolycarboxylic acids usually form 1:1 complexes with most metal
contaminant ions (Knepper, 2003; Stumm and Morgan, 1996), a >1 molar ratio
between the chelating agent and the metal contaminants is typically required to yield
adequate extraction efficiencies (Elliott and Brown, 1989; Polettini et al., 2006; Zou
et al., 2010). An additional reason for a higher consumption of the chelating agent
compared to the theoretical stoichiometric value may be found in the interactions with
other constituents of the solid matrix. Indeed, it is known that organic ligands are
capable of causing the dissolution of mineral phases of soils and sediments through
surface complexation mechanisms (Nowack and Sigg., 1996; Nowack et al., 2001;
Lim et al., 2004; Polettini et al., 2007; Zhang et al., 2010). The mobilization of
organic matter has also been documented, showing that chelating agents are capable
of causing the dispersion of humic aggregates into smaller colloidal particles,
resulting in desorption and restructuring of organic matter in soils and sediments
(Yang et al.,, 2001). This may also have a positive effect on the mobilization of
hydrophobic organic contaminants such as PAHs, since in soils and sediments they
are typically adsorbed to natural organic matter.
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As mentioned before, solution pH is another very important factor in washing-
based remediation. The effect of pH is due not only to the fact that it directly affects
the type and speciation of chelates as described above in this section, but also to its
influence on the solubility of chelating agents and on the degree of contaminant
retention by surface functional groups of soil and sediment depending on the point of
zero charge (pHyp.) (Peters, 1999). For pH values below the pH,., protonation of
bridging oxo- or hydroxo- surface groups occurs, weakening surface metal atom
bonds with the bulk solid matrix (Carbonaro et al., 2008) thereby favouring metal
detachment (Peters, 1999; Zou et al., 2010). However, as already mentioned, too
acidic pH values should be avoided to limit the negative effects caused on the
chemical and physical structure of the solid matrix.

The remediation yield of the washing process is also known to be related to
the L/S ratio adopted, increasing as the L/S ratio is increased. If the concentration of
the chelating agent in the washing solution is maintained at the same value, the
positive influence of increased L/S ratios is obvious since they are in turn associated
to higher chelant dosages. However, when the chelant dosage is fixed, the L/S ratio
may still positively affect metal mobilization for a number of indirect reasons, since
in more diluted solutions: 1) the amount of chelating agent that can be dissolved is
increased, 2) the equilibrium pH changes, and 3) lower dissolved metal
concentrations may enhance metal detachment from the solid matrix. It should
however be considered that adopting high L/S ratios results in generation of high
volumes of residual solution, which may complicate the subsequent effluent
treatment.

Since the extraction of metals and metalloids from soil is a kinetically-
controlled process, the contact time is another key operating parameter in soil
washing. According to Carbonaro et al. (2008), the extraction process occurs in
subsequent steps, including: (1) diffusion of ligand to the solid surface; (2) formation
of an initial adsorbed species or complex; (3) conversion to an adsorbed species
capable of detaching surface-bound metal atoms; (4) detachment of the metal-chelant
complex from the surface; and (5) diffusion of this complex into the liquid solution.
For surface-bound metal atoms in the +II and +III oxidation states, steps (1), (2) and
(5) are unlikely to be rate-limiting (Carbonaro et al., 2008). This implies that the total
amount of chelating agent available to adsorb onto the solid surface and dissolve the
adsorbed species decreases with time. For this reason, the increasing trend of metal
concentration in the washing solution is usually characterized by a declining rate over
time, attaining a final equilibrium value which depends, for given operating
conditions, on the type and strength of the interactions between the contaminants and
the solid surface. In the short term, extraction of metals is dominated by the most
labile species, while in the long-term it is dictated by species more tightly bound to
the solid matrix constituents (Zou et al., 2010).

The extraction conditions of the washing process can also be optimized in
order to enhance metal removal. The use of multiple washing stages has been
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investigated as a means to improve the metal extraction capacity of chelating agents.
The main reasons for improved efficiency are related to 1) the effect on removal of
residual metal chelates trapped in the pore solution or re-adsorbed onto the sediment
particles in the previous washing steps; 2) the reduced interference of major
competitive cations, which are preferentially removed in the initial extraction steps;
3) the reduced re-adsorption phenomena of detached metals onto the solid surface;
and 4) the possibility to avoid the approach to saturation conditions (Polettini et al.,
2009; Zou et al., 2010). However, the incremental gain obtained in the extraction
yield typically decreases as additional extraction steps are introduced, so that the
overall removal has an upper threshold. This is due to the fact that, as the washing
treatment proceeds, it becomes increasingly difficult to remove the residual
contaminants, which are more strongly retained by the solid matrix and are thus not
amenable to chelant extraction (Neaman et al., 2004; Andrade et al., 2007; Polettini et
al., 2009).

Additional improvements in the washing conditions may be obtained with the
aid of physical methods including ultrasonic processing (Peters, 1999; Meegoda and
Perera, 2001; Polettini et al., 2009; Zou et al., 2010), attrition washing (BioGenesis
Enterprises, 1999), and improved agitation (Zou et al., 2010).

2.4 Recovery of Chelating Agents from Waste Washing Solutions

As mentioned before, recovery and recycling of the chelating agent after the
washing treatment are crucial in order to improve the overall environmental profile of
the process. This is particularly important when potentially ecotoxic compounds are
used as the extracting agents, which may negatively impact ecosystems if the treated
sediment is reused after washing.

So far researchers have extensively addressed the recovery and recycle of
EDTA, although data predicted on the basis of theoretical calculations are also
available for different chelating agents (Chen et al., 1995). Two options can be
applied, either individually or in combination, to recover chelating agents from spent
washing solutions. The first one involves the addition of an appropriate electrolyte
and pH adjustment to substitute a non-hazardous cation (e.g., Fe) for the toxic metal
in the complex. In view of subsequent reuse, the neo-formed complex should exhibit
an adequate extraction capacity towards contaminants. The second option relies on an
electrolytic treatment to promote toxic metal migration and chelating agent recovery.
According to the first mechanism, a metal complexed by a ligand can be removed by
promoting the formation of a different complex with a non-hazardous cation (which
may also require a shift in pH), and subsequently removing the metal from the
solution through precipitation. This principle was applied by Chang et al. (2007) to
recover Cu and chelating agents from solutions obtained from a washing treatment of
industrial sludge. Zero-valent iron at Fe/Cu molar ratios of 0.5-40 and pHs of 2, 3
and 4 units was used to break down Cu-EDTA and Cu-DTPA chelates and precipitate
Cu from the solution, according to the following reactions:
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Fe’ + Cu-EDTA — Fe(II)-EDTA + Cug,
Fe’+ Cu-DTPA — Fe(II)-DTPA + Cu).

An NaOH solution was afterwards used to shift pH to 13, a condition under
which Fe(OH); was precipitated and the free forms of the chelating agents were
formed. The recovered solutions were also tested for use in washing treatments and
found to display extraction capacities comparable to those obtained by applying pure
chelating agent solutions.

A similar process was applied to recycle a synthetic Pb-EDTA wastewater
(Kim and Ong, 1999)0. Pb substitution in the EDTA complex was attained by adding
Fe(III) at a low pH, while subsequent Pb precipitation was obtained using potassium
sulfate or monosodium phosphate. It was found that an Fe/Pb molar ratio of 1.5 was
required to adequately remove Pb from the Pb-EDTA complex. After Pb
precipitation, Fe(Ill) was then removed from the resulting Fe-EDTA solution by
precipitation at high pH values. The recovered EDTA solution was found to exhibit
the same extraction capacity as the original EDTA solution, and was recycled several
times without any appreciable negative effect on the extraction yield. If Fe is not
precipitated from the Fe-EDTA solution, this form could directly be used for metal
removal at pH > 7, where the compound displays a chelation capacity towards other
metals. The same study also demonstrated that Pb precipitation using phosphate gave
a slightly better recycled EDTA solution than when using sulfate.

Ager and Marshall (2003) studied the feasibility of using Mg and Pd to
substitute for toxic metals in EDTA complexes. Hong et al. (1999) and Zeng et al.
(2005) evaluated the feasibility of using Na,S and Ca(OH), to precipitate toxic metals
and recover EDTA. In particular, Zeng et al. (2005) observed that both metals and
EDTA in the spent solutions could be separated almost completely by adding Na,S
and Ca(OH),. The authors found that Na,S was able to separate Cd, Cu and Pb from
EDTA, while Zn separation required the addition of Ca(OH); to the Na,S solution. A
reagent loss of 19-23% was observed after seven reuse cycles of the recovered EDTA
solution. Given the high metal content of the precipitated metal sulfides, they should
be conveniently treated for metal recovery or final disposal. As both the recovered
Ca-EDTA and Na-EDTA forms were found to be effective in metal complexation, the
authors suggested that Ca-EDTA may be preferable in view of soil or sediment
remediation, since it may also supply Ca ions and mitigate the dissolution of natural
organic matter.

Hong and Jiang (2005) studied the feasibility of recovering and recycling
chelating agents including EDTA, TMDTA, NTMP, GeG, SCMC and ADA after use
for Pb extraction from a contaminated soil. The recovery and recycle process
involved the addition of precipitating agents (FeCls;, Ca(OH), or sulfides) to the spent
solution. The results showed that chelant recovery was effective even for the strongest
chelating agents tested, namely EDTA and DTPA.
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In order to reduce the overall amounts of spent solution to be treated, Di
Palma et al. (2003) proposed a preliminary stage to reduce the volume of the spent
solution. Evaporation and reverse osmosis were used for this purpose.

The electrolytic separation of metals and the chelating agent from the spent
washing solution was proposed by Allen and Chen (1993), where a two-chamber cell
separated by a cation exchange membrane was used to prevent migration to the anode
and the oxidative destruction of negatively charged metal-EDTA complexes.

Gyliene et al. (2004) studied the feasibility of EDTA recovery from a complex
solution containing Cu(II), Ni(Il), Co(II), Cd(II), Ca(Il) and Mg(II) complexes of
EDTA, using Cu(Il) as the precipitating agent. The subsequent removal of Cu(Il) was
then attained by electrolysis. The proposed method was based on replacement of the
metal ions in EDTA complexes by Cu(Il), and subsequent formation of the insoluble
CuEDTA-4H,0 complex under weakly acidic conditions. The removal of Cu can be
then attained by electrolysis under acidic conditions, where the protonated HyEDTA
complex is produced.

It should be noted that during electrolytic separation and reverse osmosis,
colloidal particles (clays and humic matter) and microorganisms may produce
clogging effects on membranes and electrodes, thus reducing the yield of the recovery
process (Allen and Chen, 1993; Chang et al., 2007; Lestan et al., 2008).

2.5 Experimental Results of Chelant-Assisted Washing for Metal
Removal from Sediments

In this section the experimental results of previous studies conducted by the
authors of this chapter on metal removal from contaminated dredged sediments
through chelant-based extraction are presented. Different dredged sediment samples
were investigated for the application of the washing process, including harbor
sediments from a highly polluted industrial area and sediments from a contaminated
river stream.

2.5.1 Materials and Methods

Four dredged sediment samples (RS1, RS2 and RS3 — river sediment dredged
at different sections of a polluted river stream in southern Italy — and MS — marine
sediment dredged from a polluted harbor site in northern Italy) were used for chelant-
assisted washing experiments. The sediment samples were homogenized and stored in
the laboratory at 4 °C until the time of testing. Before testing, the sediment samples
were oven-dried at 60 °C. The material was characterized for grain size distribution,
water content, pH, total organic carbon (TOC), elemental composition, as well as
metal distribution in sediment. For the analytical procedures used, the reader is
referred to previous work where additional details are provided about the experiments
(Ceremigna et al., 2005; Polettini et al., 2006, 2007, 2009).
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Samples of oven-dried sediment were subjected to lab-scale washing
experiments using ethylenediaminetetraacetic acid (EDTA) (Na, salt), citric acid
(CIT), nitrilotriacetic ~ acid (NTA) and the S,S-isomer of the
ethylenediaminedisuccinic acid ([S,S]-EDDS) (Na3-N,N’ salt) as the washing agents.
Different experiments were carried out in order to study the kinetics of metal
extraction, as well as the influence of chelant type/concentration and pH on metal
removal efficiency. The washing treatment was performed at a liquid-to-solid ratio of
20 L kg™' on duplicate samples rotated on an end-over-end tumbler for different times
ranging from 0.5 to 48 h. The chelating agents were applied at two different
concentrations, 0.01 and 0.1 M for the river sediments, and 0.02 and 0.2 M for the
marine sediment; such values correspond to a chelant dosage of 1 (stoichiometric)
and 10 mol mol™" of total metal content, respectively. Total metal content included
major metal cations (Ca, Fe, K and Mg) as well as trace metals. At the end of the
washing period, the slurries were centrifuged at 6000 rpm. The liquid solution
obtained was then filtered through 0.45-um membrane filters and then acidified with
1:1 HNOs for chemical analyses.

The influence of pH on metal removal by chelant washing was investigated by
means of 2-hour pH-stat experiments on the MS sample using 1 M HNO3 or NaOH to
maintain the solution at endpoint pH values of 5, 6, 7 and 8 using an automatic
titrator; control runs using deionized water as the extracting solution were also carried
out at the same pH values, to serve for reference purposes.

Two- and four-stage washing experiments were also performed. Two-stage
washing involved the application of EDTA in the first step and CIT in the second step
at either a 0.01 or 0.1 M concentration. Four-stage experiments were conducted using
a single type of chelating agent (EDTA or CIT; 0.01 or 0.1 M) by renewing the
extracting solution four times. During each washing step, a 2-hour contact time was
adopted, while the other operating conditions were as previously described.

2.5.2 Results and Discussion

The main physical and chemical characteristics of the investigated sediments
are reported in Table 2.1. As highlighted in the table, for all the investigated
sediments the content of Cr, Cu, Pb and Zn exceeded one or more threshold limits
prescribed by the Italian regulation for soils (Decreto Legislativo 3 aprile 2006, n.
152) and sediments (Ministero dell’Ambiente, 1993); for the two harbor sediments,
additional critical elements were found to include As and Cd.

The kinetic data of metal extraction from the MS sample is shown in Figure
2.2 for trace metals and in

Figure 2.3 for major elements. Significant differences in metal removal were
observed depending on both the investigated metal and the type and concentration of
chelating agent.
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Table 2.1 Results of the physical and chemical characterization of sediments

Sample MS1 RS1 RS2 RS3
Parameter

Grain size distribution:

O <2 mm 98.0 89.0 79.0 100.0
O <425 um 95.2 53.0 64.5 98.0
O <150 um 87.2 17.0 355 62.0
D <63 um 64.2 54 14.4 22.6
pH 7.8 7.9 7.7 7.5
TOC (% dry wt.) 2.7 34 1.6 2.8
As (mg kg™ dry wt.) 180.9 o, & * 4.6 4.4 3.3
Ca (mg kg™' dry wt.) 94080 78260 117920 154840
Cd (mg kg™ dry wt.) 30.7 0,4, % <2.0 <2.0 <2.0
Cr (mg kg™ dry wt.) 108.1 2235 e 702.3 o K 217.8 @
Cu (mg kg™ dry wt.) 323.0e 1789 186.5 @ 148.8 @
Fe (mg kg ™" dry wt.) 41110 24320 30248 27272
Mn (mg kg™ dry wt.) 4113 232.5 262.4 187.8
Pb (mg kg™ dry wt.) 886.2 0, ¢ K 2494 3242 e 2378 @
Zn (mg kg™ dry wt.) 3723 0, ¢ K 286.4 ® 386.7 ® 268.2 @

® Exceeding the limit concentration for soil (residential areas) (Decreto Legislativo 3 aprile
2006)

¢ Exceeding the limit concentration for soil (industrial areas) (Decreto Legislativo 3 aprile
2006)

* Exceeding the limit concentration for sediment (col. C Venice Lagoon Act) (Ministero
dell’ Ambiente, 1993)

Among the trace metals of concern, Ni (not reported graphically here) and Cr
displayed the lowest removal yield. In particular, Ni in the final extracting solution
was always below the analytical detection limit, while Cr was removed to an
appreciable degree only by 0.2 M EDTA (~32% after 48 h) and 0.2 M CIT (~23%
after 48 h). For the other metals, the measured removal efficiency was dependent on
the specific affinity and selectivity of each chelating agent as well as on the applied
dosage. Considering the extraction yield attained after 48 hours, the following
ranking for the trace metals/metalloids of concern was derived on the basis of the
experimental results:

EDTA 0.02 M: Pb>Cd=zZnz=Cu>As>Cr
EDTA 0.2 M: PbzCu>Cd=Zn>Cr>As
NTA 0.02 M: Cd>Cu>PbzZn=As>Cr
NTA 0.2 M: As>7Zn>Cd=zCuzPbz=Cr
CIT 0.02 M: Cd>Znz=Cu>PbzAs=Cr
CIT 0.2 M: Cdz=Znz=Pb>As>CuzCr
EDDS 0.02 M: Pb>Cd>Cu>Zn>As>Cr

EDDS 0.2 M: Pb>Cd>Cu=Zn>As>Cr



44 CHELATING AGENTS FOR LAND DECONTAMINATION

EDTA 0.02 M

EDTA0.2M
90

o

: 80 NTA 0.02M

%
10 KO ig
0 Attt 0 -

o
LA s s e e B e B A

0 10 20 30 40 50 0 10 20 30 40 50
= CcIT0.02M W
£70 70 ]
Te0 eoi /$>—=x
§50 50 :%X7
40 40
30 30
20 20
R
10 XX 10
0%;‘:4“’ 0+ttt
0 10 20 30 40 50
80
70
60
50
40
30
20
10
0
Time (h) Time (h)

—0—As ——Cd —a—Cr —o—Cu o Pb —x—Zn‘
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MS) — error bars are plotted at one standard deviation of experimental data.
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Concerning the individual contaminants, after 48 hours As removal was 37%
using 0.2 M NTA, 35% using 0.2 M CIT, while ~21% with 0.2 M EDTA and 0.2 M
EDDS. At the lower dosage, in no case was it possible to extract more than 10% of
the initial As content in sediment. The poor removal of As observed in the present
study is consistent with the findings of other authors (Tokunaga and Hakuta, 2002)
indicating that chelating agents are not effective in extracting As. This is related to the
fact that the anionic form of both As(IlI) and As(V) in solution does not allow for the
formation of stable chelant complexes.

Among the investigated metal contaminants, the highest removal after 48-h
washing (78-86% with 0.02 and 0.2 M EDTA) was displayed by Pb, followed by Cu
(76% with 0.2 M EDTA and 57% with 0.2 M EDDS) and Zn (65% using 0.2 M Cit
and 63% using 0.2 M EDTA).

The residual concentrations of Cd, Pb and Zn after washing with EDTA and
EDDS were always below the limit values established by the Italian regulation for
sediments (Ministero dell’Ambiente, 1993). Only in the case of 0.02 M EDTA, did
the treated material exceed the limit concentration for Zn. Conversely, the efficiency
of NTA and CIT, especially at the 0.02 M level, appeared to be in most cases
inadequate to meet the regulatory limits. An important issue still to be resolved is
therefore the inability of the selected chelating agents to produce appreciable As
removal efficiencies. Our further studies (Polettini et al., 2009) indicated that oxalic
acid applied as the extracting agent during washing was effective in removing As
from contaminated sediments. The combined use of surfactants and chelating agents
also improved As removal, although under the tested conditions it was still unable to
reduce the final As concentration in sediment to below the regulatory limit.

Further information from kinetic experiments on sediment MS was derived on
the behavior of the major cations Ca, Mg, Fe and Mn as reported in Figure 2.3. NTA
and CIT at the 0.2 M level were found to display a strong affinity towards Ca (48-h
extraction yields of 80 and 65%, respectively) with a fast mobilization rate, as also
documented elsewhere in the literature (Ritschel, 2003). Similarly, Mg was better
extracted by 0.2 M CIT, 0.2 M NTA and 0.2 M EDTA, although to a lower extent (up
to 25%). Fe and Mn were mobilized to an extent of 46 and 39% by 0.2 M EDTA, and
27 and 39% by 0.2 M CIT. However, in the case of Fe the extraction kinetics was
noticeably slower if compared to the other major cations Ca and Mn. On the basis of
the results from sequential extraction, it may be hypothesized that the extraction
efficiency of EDTA and CIT is related to their capability of dissolving Fe and Mn
oxides, although some studies report very slow kinetics of oxide dissolution by
chelating agents (Elliott et al., 1989). In this study, sequential extraction on 2-h
washed sediment (see Polettini et al., 2006; for further details) indicated that when the
chelating agents were used at the 0.2 M level, the mobilization of Fe from the Fe+Mn
oxides fraction was 94% (CIT), 89% (EDTA), 86% (EDDS) and 49% (NTA). The
corresponding values observed for Mn were lower, namely 43% (EDTA), 29% (CIT),
21% (NTA) and 14% (EDDS). This indicates an appreciable dissolution, mainly of Fe
oxides by, in the order, CIT, EDTA and EDDS.
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The pH-dependence of metal extraction for 2-hour washing experiments on
sediment MS is reported in Figure 2.4. In general (results not reported here; further
details in Polettini et al., 2007), metal extraction was significantly increased when
chelating agents were used instead of deionized water only. Metal concentrations in
the extracting solutions were also variously affected by pH. At the 0.02 M chelant
concentration, a pH decrease in the acidic range resulted in all cases in an increased
removal of As, although with different shapes of the concentration-versus-pH curves.
While EDDS and EDTA gave an increase in As concentration with decreasing pH
over the entire range investigated, CIT and NTA showed a pH-dependent extraction
with a minimum at pH 7. At the lower chelant dosage, the ranking of As removal was
EDDS > CIT > NTA > EDTA at all pHs. At the 0.2 M level, pH affected As
extraction particularly in the case of EDDS (removal increasing from ~5% at pH 8 to
~70% at pH 6) and NTA (removal decreasing from ~73% at pH 8 to ~5% at pH 6). At
the 0.2 M chelant concentration, CIT was nevertheless observed to produce the
strongest mobilization of As over the entire pH range investigated, with a relatively
small influence of pH.

In the case of Cu, pH exerted a minor influence on the extraction yield, with
the only exceptions of 0.02 M CIT (with a minimum at pH 7) and 0.2 M EDTA (with
a maximum at pH 6). At the 0.02 M level, Cu extraction was in the order EDDS >
NTA > EDTA >> CIT. At higher dosages Cu mobilization by EDTA and CIT was
appreciably enhanced, which is presumably related to the speciation of the two
chelating agents in the extracting solutions. At the 0.02 M level, Ca and Mg
complexes with chelating agents were calculated to account for more than 72% of
EDTA and CIT in solution, while the corresponding values for NTA and EDDS were
appreciably lower (more specific details on such calculations can be found in Polettini
et al., 2007). This indicates a more significant competition effect by Ca and Mg
towards Cu extraction in the case of EDTA and CIT if compared to NTA and EDDS,
demonstrating the role played by the chemical equilibria occurring in the extracting
solutions during chelant-assisted washing.

At the 0.02 M chelant dosage, Pb was extracted by the four chelating agents
according to the ranking EDTA > NTA > EDDS > CIT under acidic conditions and
EDTA = EDDS = NTA >> CIT at pH 8. For 0.02 M CIT, pH was also found to
largely affect Pb extraction, with Pb concentrations decreasing by approximately two
orders of magnitude from pH 5 to pH 8. The pH dependence of Pb extraction by CIT
is likely related to the fact that at pH values < 6 the protonated complex PbH-CIT
was found to be present in solution along with Pb—CIT™ (Polettini et al., 2007). The
poor influence of pH on Pb extraction by the other chelating agents can be related to
the fact that protonated chelates were found to be thermodynamically unfavored over
the non-protonated ones. This can be explained considering that the stability constants
for the protonated free forms of EDDS, NTA and EDTA are much higher (log K >
9.8) than that of CIT (log K(H-CIT*") = 6.40), reducing the conditional stability
constant of protonated metal—chelant complexes. At the 0.2 M level, Pb mobilization
by CIT was significantly improved if compared to the other chelating agents, and was
also dependant on pH to a lower degree. On the basis of chemical speciation
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calculations (Polettini et al., 2007), the increased extraction capacity of CIT was
found to be related to the formation of Pb—(CIT),*" at high pHs and PbH—(CIT),*" at
low pHs, favored by the chelant excess adopted.

In the case of Zn, with the exception of 0.02 M CIT, the investigated chelating
agents yielded comparable removal efficiencies, with a minor dependence on solution
pH. Zn was found to be the only trace metal taking up an appreciable, although still
low (up to ~3%), portion of the chelating agents (Polettini et al., 2007). This is related
to the fact that, although the stability constants of Zn chelates are generally lower if
compared to other metals (e.g., Cu and Pb), the Zn content in sediment was much
higher than that of the other contaminants of concern, and this metal was thus more
competitive for complex formation.

Chemical speciation calculations also showed that a tenfold increase in
chelant dosage from 0.02 to 0.2 M remarkably increased the amount of free chelant
forms in solution (CIT>"; H-EDTA* and H,—~EDTA®"; H-NTA”*"; H-EDDS"" and
H,-EDDS?), but was not capable of producing a corresponding increase in the
amount of metal chelates formed. This finding is obviously related to the specific
characteristics of sediments in terms of interactions of metal contaminants with the
solid surface, which results in the inability of chelating agents to detach metals which
are tightly bound to the solid surface. Contaminants associated to the detrital fraction
of the material can only be extracted provided that solid matrix dissolution is attained.
As a consequence, when increasing chelant dosage, only a small portion is effectively
transformed into metal chelates, while the excess remains in the free form with no
gain in the remediation performance.

As for major elements, Ca, Mg and Fe were found to be strong competitors in
metal chelate formation, with concentrations in the washing solution significantly
higher (by more than two orders of magnitude) than those measured for trace metals.
In particular, Ca extraction was found to be affected by pH to an extent that depended
on chelant dosage. At the lower dosage, the investigated chelating agents produced
comparable results in the acidic pH range. In the neutral to alkaline pH range, while
Ca extraction was poorly dependent on pH for EDTA and CIT, both NTA and EDDS
displayed a concentration minimum at pH 7. At the 0.2 M level, the pH dependence
of Ca mobilization was less evident, and EDTA and CIT extracted more Ca (~50—
60% of total content) than EDDS (~30%) and NTA (< 25%). The amount of Ca
complexed by CIT, EDTA and NTA at the 0.02 M dosage was also calculated to
exceed by far that of the other forms (including the free chelant), with the exception
of NTA at pH 7 where the dominant species was H-NTA?". For EDDS, complexation
with Ca appeared to be less relevant, and the prevalent forms of the chelating agent
were found to include H~EDDS®" and/or H-EDDS*™ (depending on pH), and Fe-
EDDS™ at pH 5. An appreciable fraction of EDDS (~20% of total chelant) was
calculated to be present in the form of Ca complexes at pH 8 only (Polettini et al.,
2007).
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The influence of pH on Fe extraction was quite relevant at both dosages for all
the investigated chelating agents, with a more than 100-fold variation in soluble Fe
concentration with pH. At the 0.02 M dosage, EDDS displayed the highest Fe
extraction capacity at pHs of 5-7 (with extraction efficiencies between ~44% and
~20%), whereas Fe solubilization was the highest for NTA at pH 8 (~77%). At the
0.2 M dosage, in the pH range 5-7 CIT showed the highest extraction capacity
(between ~40 and ~32%), while at pH 8 Fe mobilization by EDDS was the highest,
although with much lower values (~6%).

In the case of Mg, 0.02 M EDDS produced the highest extraction over the
whole pH range investigated (48% at pH 5 and 10% at pH 8), while at the same
dosage the other chelating agents extracted less than 25% of the total Mg content of
sediment. At the 0.2 M dosage, Mg extraction by EDDS was reduced at all pH values,
while that of EDTA and CIT did not vary appreciably if compared to 0.02 M level.

In Figure 2.5 the metal extraction yield attained in single-stage washing
experiments on river sediments (RS1, RS2 and RS3) is reported as a function of the
chelating agent dosage. As already observed for the MS sample, EDTA, NTA and
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EDDS displayed a poor extraction capacity towards Cr for all the investigated
sediments, with extraction yields always below 10%. Compared to the other chelating
agents, CIT showed a higher affinity towards Cr, with removal yields of 26, 14 and
29% for the RS1, RS2 and RS3 samples, respectively.

In the case of Cu, the highest extraction capacity was shown by EDTA,
followed by, in descending order, EDDS, NTA and CIT, likely due to the underlying
effect of solution pH (Polettini et al., 2009). The low removal attained using CIT can
be explained considering the generally low values of the stability constants for Cu-
CIT complexes. For the RS3 sample, EDTA and EDDS at both dosages and 0.01 M
NTA produced good remediation results (final Cu concentrations below the limit
value of 120 mgkg™); the treatment on RS1 sediment met the required quality
criteria for Cu using 0.01 M EDDS and 0.1 M EDTA, while it was never possible to
achieve adequate remediation results for the RS2 sample.

The same extraction ranking EDTA > EDDS > NTA > CIT noted for Cu was
also observed for Pb, confirming the affinity of the investigated chelating agents
observed for the MS sample. The highest Pb removal yield (29%, 34% and 46% for
RS1, RS2 and RS3, respectively) was displayed by 0.1 M EDTA. Although the initial
Pb content in the materials was yet lower than the regulatory limit prescribed for
sediments, none of the investigated chelating agents was capable of meeting the most
stringent quality criterion of 100 mg kg™

In the case of Zn, at the 0.01 M chelant concentration EDTA, NTA and EDDS
displayed comparable extraction efficiencies (in the ranges 33-36% for RS1, 23-30%
for RS2 and 33-35% for RS3), while CIT showed a poor mobilization capacity (5%
for RS1, 3% for RS2 and 7% for RS3). With an increase in the chelant dosage, Zn
was better extracted by EDTA and CIT at approximately the same level (52% in both
cases for RS1, 31 and 37% for RS2, and 40 and 34% for RS3), and to a lower but
comparable degree by NTA and EDDS (~34% for RS1, 16 and 18% for RS2, 23 and
24% for RS3). The observed behavior confirms the selectivity ranking as a function
of chelant dosage already observed for the MS sample.

As commented above for Pb, the most stringent quality level for Zn (150
mg kg™") prescribed for soils in residential areas could not be attained using single-
stage washing; the only exception was the RS1 sample washed with 0.1 M EDTA or
0.1 M CIT.

Metal removal results of multi-stage washing experiments on river sediments
are depicted in Figure 2.6 (two-stage treatment) and in Figure 2.7 (four-stage
treatment). In general, at the 0.01 M chelant dosage the incremental metal removal
efficiency was found to decrease dramatically as the number of washing steps
increased. At the higher dosage, the gain in metal removal, although still relatively
low after the first washing stage, improved appreciably. As mentioned earlier, the
progressive decrease in metal extraction in multi-stage washing is due to the fact that
only the labile portions of contaminants are extracted by chelating agents and, as
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washing proceeds, removing the residual contaminants becomes progressively more
difficult since these are more strongly bound to the solid matrix and are thus less
amenable to chelant extraction. For these reasons, multi-stage washing experiments
were capable of meeting the regulatory limits in selected cases only. In particular, the
RS2 sample gave the worst results in terms of compliance with the Italian legislative
quality standards. For the RS1 and RS3 sediments, Cr removal was improved by
using CIT both in two- and in four-stage washing. The residual Cr concentrations in
two-stage experiments using 0.1 M CIT were below the quality level of 150 mg kg™
established for soils in residential areas, with an attained removal of 45% for RS1 and
42% for RS3. In four-stage washing with 0.1 M CIT (and to a certain extent with 0.1
M EDTA) appreciable Cr extraction yields were observed even in the third and fourth
washing steps, so that the residual Cr content in the RS1 and RS3 samples was
reduced to below the threshold limit of 50 mg kg™ prescribed for sediments (85% and
98% removal for RS1 and RS3).
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Figure 2.6 Metal removal for 2-h two-stage washing of river sediments — the lower
and upper bars denote results for the first (EDTA) and second (CIT) washing steps.
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Figure 2.7 Metal removal for 2-h four-stage washing of river sediments — the four
bars denote results for each washing step.

As for Cu, the most stringent criterion of 120 mg kg™ was met, in addition to
single-stage 0.1 M EDTA washing, through multiple washing with chelating agents at
the 0.1 M level. Four-stage washing with 0.1 M EDTA was also adequate for
compliance with the mentioned quality requirement for the RS2 sample, for which a
total removal of 45% was attained.

Again, for samples RS1 and RS3 the extraction yield was also improved for
Zn when multi-stage washing was performed. The amounts removed were 61 and
50% (0.1 M EDTA + 0.1 M CIT), 49 and 50% (four-stage 0.01 M EDTA), 65 and
52% (four-stage 0.1 M EDTA), and 74 and 68% (four-stage 0.1 M CIT). In these
cases the residual Zn concentration in sediment was reduced to below the limit of 150
mg kg™ for soils in residential areas.

As described above for single-stage experiments on both marine and river
sediments, multi-stage washing also produced appreciable mobilization of major
elements even after the first washing stage. In particular, two-stage experiments at the
0.1 M chelant concentration resulted in an overall mobilization of 60-70% for Ca and
23-36% for Fe for the three river sediments.
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2.6 Conclusions

The results reported in the present study show that chelant-based washing of
metal-contaminated sediments is a potentially effective process for remediation
purposes. Nevertheless, important issues, including the specific characteristics of the
contaminated material in terms of physical and mineralogical properties and type and
history of contamination, should be evaluated if the remediation performance is to be
correctly predicted. In addition, it should be considered that the typical presence of
multiple contaminants in sediments appears to require a multi-stage washing
sequence (in some cases using a combination of different extraction agents), possibly
also coupled with treatment processes of different nature.

It should also be mentioned that in the case of strong interactions existing
between metal contaminants and the sediment surface sites, as indicated by
association with the less mobile fractions of the material, the applied treatment is
expected to result in poor remediation performance. While this may negatively reflect
on compliance with the prescribed quality criteria, it also identifies the need for
careful evaluation of the real mobility of metal pollutants in contaminated sediments
under different environmental conditions.

2.7 References

Ager, R., and Marshall, W. D. (2003). “Recycle of thermomechanical pulp filtrate
after removal of metals: A study with EDTA.” Journal of Pulp and Paper
Science, 29, 303-307.

Allen, H. E. and Chen, P. H. (1993). “Remediation of metal contaminated soil by
EDTA incorporating electrochemical recovery of metal and EDTA.”
Environmental Progress, 12, 284-293.

Amiran, M. C. and Wilde, C. L. (1994). “PAH removal using soil and sediment
washing at a contaminated harbor site.” Remediation Journal, 4, 319-330.

Andrade, M. D., Prasher, S. O., and Hendershot, W. H. (2007). “Optimizing the
molarity of a EDTA washing solution for saturated-soil remediation of trace
metal contaminated soils.” Environmental Pollution, 147, 781-790.

Andreottola, G., Bonomo, L., De Gioannis, G., Ferrarese, E., Muntoni, A., Polettini,
A., Pomi, R., and Saponaro S. (2010). “Lab-scale feasibility tests for sediment
treatment using different physico-chemical techniques.” Journal of Soils and
Sediments, 10, 142-150.

Barcelo, D., and Petrovic, M. (2007). “Preface.” Sustainable management of sediment
resources: Sediment quality and impact assessment of pollutants, Elsevier,
Amsterdam, v-viii.

BioGenesis Enterprises and Brookhaven National Laboratory (1999). “Bio-Genesis
Sediment Washing Technology Full-Scale, Sediment Decontamination
Facility for the NY/NJ Harbor Region”, Final Report on the Pilot
Demonstration Project, BioGenesis Enterprises, Springfield, VA.

Bortone, G. (2007). “Sediment treatment — a general introduction.” Sustainable



CHELATING AGENTS FOR LAND DECONTAMINATION 55

management of sediment resources: Sediment and dredged material treatment,
Elsevier, Amsterdam, 1-10.

Carbonaro, R. F., Gray, B. N., Whitehead, C. F., and Stone, A. T. (2008).
“Carboxylate-containing chelating agent interactions with amorphous
chromium hydroxide: Adsorption and dissolution.” Geochimica et
Cosmochimica Acta, 72, 3241-3257.

Ceremigna, D., Polettini, A., Pomi, R., Rolle, E., De Propris, L., Gabellini, M., and
Tornato, A. (2005). Comparing sediment washing yields using traditional and
innovative biodegradable chelating agents. 3" International Conference on
Remediation of Contaminated Sediments, New Orleans, LA, USA.

Chang, F. C., Lo, S. L., and Ko, C. H. (2007). “Recovery of copper and chelating
agents from sludge extracting solutions.” Separation and Purification
Technology, 53, 49-56.

Chen, T.-C., Macauley, E., and Hong, A. (1995). “Selection and test of effective
chelators for removal heavy metals from contaminated soils.” Canadian
Journal of Civil Engineering, 22, 1195-1197.

Colacicco, A., De Gioannis, G., Muntoni, A., Pettinao, E., Polettini, A., and Pomi, R.
(2010). “Enhanced electrokinetic treatment of marine sediments contaminated
by heavy metals and PAHs.” Chemosphere, 81, 46-56.

Decreto Legislativo 3 aprile 2006, n. 152. Norme in materia ambientale
(Environmental Regulation), Suppl. Ord. n. 96 Gazzetta Ufficiale Repubblica
Italiana n. 88 del 14 aprile 2006 (in Italian).

De Gioannis, G., Muntoni, A., Polettini, A., and Pomi, R. (2008). “Enhanced
electrokinetic treatment of different marine sediments contaminated by heavy
metals.” Journal of Environmental Science and Health, A 43, 852-865.

Dermont, G., Bergeron, M., Mercier, G., and Richer-Lafleche, M. (2008). “Soil
washing for metal removal: A review of physical/chemical technologies and
field applications.” Journal of Hazardous Materials, 152, 1-31.

Detzner, H. D., Hakstege, A. L., Hamer, K., and Pallemans, 1. (2007). Overview on
treatment and disposal options. Sustainable management of sediment
resources: Sediment and dredged material treatment, Elsevier, Amsterdam,
59-67.

Di Palma, L., Ferrantelli, P., Merli, C., and Biancifiori, F. J. (2003). “Recovery of
EDTA and metal precipitation from soil flushing solution.” Journal of
Hazardous Materials, 103, 153-168.

Di Palma, L., and Mecozzi, R. (2007). “Heavy metals mobilization from harbour
sediments using EDTA and citric acid as chelating agents.” Journal of
Hazardous Materials, 147, 768-775.

Elliott, H. A., Brown, G. A. (1989). “Comparative evaluation of NTA and EDTA for
extractive decontamination of Pb-polluted soils.” Water, Air, and Soil
Pollution, 45, 361-369.

Elliott, H. A., Linn, J. H., and Shields, G. A. (1989). “Role of Fe in extractive
decontamination of Pb-polluted soils.” Hazardous Waste and Hazardous
Materials, 6, 223-229.

Fangueiro, D., Bermond, A., Santos, E., Carapuga, H., and Duarte, A., 2002. “Heavy
metal mobility assessment in sediments based on a kinetic approach of the



56 CHELATING AGENTS FOR LAND DECONTAMINATION

EDTA extraction: search for optimal experimental conditions.” Analytica
Chimica Acta, 459, 245-256.

Gyliene, O., Aikate, J., and Nivinskiene, O. (2004). “Recovery of EDTA from
complex solution using Cu(Il) as precipitant and Cu(Il) subsequent removal
by electrolysis.” Journal of Hazardous Materials, 116, 119-124.

Hakstege, A. L. (2007). Description of the available technology for treatment and
disposal of dredged material. Sustainable management of sediment resources:
Sediment and dredged material treatment, Elsevier, Amsterdam, 68-118.

Hass, A., and Fine, P. (2010). “Sequential selective extraction procedures for the
study of heavy metals in soils, sediments, and waste materials — a critical
review.” Critical Reviews in Environmental Science and Technology, 40, 365-
399.

Hong, A., and Jiang, W. M. (2005). Factors in the selection of chelating agents for
extraction of lead from contaminated soil: effectiveness, selectivity, and
recoverability, Nowack, B., and Van Briesen, J.M. (eds.), Biogeochemistry of
chelating agents, ACS Symposium Series, 910, 421-431.

Hong, A. K. P., Li, C., Banerji, S. K., and Regmi, T. (1999). “Extraction, recovery,
and biostability of EDTA for remediation of heavy metal contaminated soil.”
Journal of Soil Contamination, 8, 81-103.

Kim, C., Lee, Y., and Ong, S. K. (2003). “Factors affecting EDTA extraction of lead
from lead-contaminated soils.” Chemosphere, 51, 845-853.

Kim, C., and Ong, S. K. (1999). “Recycling of lead-contaminated EDTA
wastewater.” Journal of Hazardous Materials, B69, 273-286.

Knepper, T. P. (2003). “Synthetic chelating agents and compounds exhibiting
complexing properties in the aquatic environment.” Trends in Analytical
Chemistry, 22, 708-724.

Lestan, D., Luo, C. L., and Li, X. D. (2008). “The use of chelating agents in the
remediation of metal-contaminated soils: A review.” Environmental Pollution,
153, 3-13.

Lim, T. T., Tay, J. H., and Wang, J. Y. (2004). “Chelating-agent-enhanced heavy
metal extraction from a contaminated acidic soil.” Journal of Environmental
Engineering, 130, 59-66.

McCready, S., Birch, G. F., and Taylor, S. E. (2003). “Extraction of heavy metals in
Sydney Harbour sediments using 1M HCI and 0.05M EDTA and implications
for sediment-quality guidelines.” Australian Journal of Earth Sciences, 50,
249-255.

Meegoda, J. N., and Perera, R. (2001). “Ultrasound to decontaminate heavy metals in
dredged sediments.” Journal of Hazardous Materials, 85, 73-89.

Ministero dell’Ambiente (1993). Protocollo di intesa, Criteri di sicurezza ambientale
per gli interventi di escavazione, trasporto e reimpiego dei fanghi estratti dai
canali di Venezia (Act on environmental preservation measures in excavation,
transportation and reuse of dredged sediments from Venice canals), 8 aprile
1993 (in Italian).

Mulligan, C. N., Yong, R. N., and Gibbs, B. F. (2001a). “Remediation technologies
for metal-contaminated soils and groundwater: an evaluation.” Engineering
Geology, 60, 193-207.



CHELATING AGENTS FOR LAND DECONTAMINATION 57

Mulligan, C. N., Yong, R. N., and Gibbs, B. F. (2001b). “An evaluation of
technologies for the heavy metal remediation of dredged sediments.” Journal
of Hazardous Materials, 85, 145-163.

Neaman, A., Walle, B., Mou¢lé, F., Trolard, F., and Bourri¢, G. (2004). “Improved
methods for selective dissolution of manganese oxides from soils and rocks.”
European Journal of Soil Science, 55, 47-54.

New Jersey Department of Environmental Protection (NJDEP) (2001). Certification
Report For New Jersey Corporation For Advanced Technology (NJACT),
Verification of Brice Environmental Services Corporation (Soil Washing
Process).

Nowack, B., Kari, F. G., and Kriiger, H. G. (2001). “The remobilization of metals
from iron oxides and sediments by metal-EDTA complexes.” Water, Air, and
Soil Pollution, 125, 243-257.

Nowack, B. and Sigg L. (1996). “Adsorption of EDTA and metal-EDTA complexes
onto goethite.” Journal of Colloid and Interface Science, 177, 106-121.

Peters, R. W. (1999). “Chelant extraction of heavy metals from contaminated soils.”
Journal of Hazardous Materials, 66, 151-210.

Polettini, A., Pomi, R., and Calcagnoli, G. (2009). “Assisted washing for heavy metal
and metalloid removal from contaminated dredged materials.” Water, Air, and
Soil Pollution, 196, 183-198.

Polettini, A., Pomi, R., Rolle, E., Ceremigna D., De Propris, L., Gabellini, M., and
Tornato, A. (2006). “A kinetic study of chelant-assisted remediation of
contaminated dredged sediment.” Journal of Hazardous Materials, B137,
1458-1465.

Polettini, A., Pomi, R., and Rolle, E. (2007). “The effect of operating variables on
chelant-assisted remediation of contaminated dredged sediment.”
Chemosphere, 66, 866-877.

Ritschel, J. (2003). “Extraction of heavy metals from soil with selected biodegradable
complexing agents.” Diploma Thesis, ETH Ziirich.

Rulkens, W. (2005). “Introduction to the treatment of polluted sediments.” Reviews in
Environmental Science and Biotechnology, 4, 213-221.

Stumm, W., and Morgan, J. J. (1996). Aquatic Chemistry. 3™ ed., Wiley Interscience,
New York.

Tandy, S., Bossart, K., Mueller, R., Ritschel, J., Hauser, L., Schulin, R., and Nowack,
B. (2004). “Extraction of heavy metals from soils using biodegradable
chelating agents.” Environmental Science & Technology, 38, 937-944.

Tessier, A., Campbell, P. G. C., and Bisson, M. (1979). “Sequential extraction
procedure for the speciation of particulate trace metals.” Analytical Chemistry,
51, 844-851.

Tokunaga, S., and Hakuta T. (2002). “Acid washing and stabilization of an artificial
arsenic-contaminated soil.” Chemosphere, 46, 31-38.

U.S. EPA (United States Environmental Protection Agency) (1993a). Toronto
Harbour Commissioners (THC), Soil Recycle Treatment Train. Applications
Analysis Report. EPA/540/AR-93/517.

U.S. EPA (United States Environmental Protection Agency) (1993b). Selecting
remediation techniques for contaminated sediments. Report EPA-823-B93-



58 CHELATING AGENTS FOR LAND DECONTAMINATION

001.

U.S. EPA (United States Environmental Protection Agency) (1994). Pilot-Scale
Demonstration of Sediment Washing for the Treatment of Saginaw River
Sediments, EPA 905-R94-019.

U.S. EPA (United States Environmental Protection Agency) (1995). Bergmann USA
Soil Sediment Washing Technology. Applications Analysis Report.
EPA/540/AR-92/075.

U.S. EPA (United States Environmental Protection Agency) (1998). EPA’s
contaminated sediment management strategy. EPA 823/R-98-001.

U.S. EPA (United States Environmental Protection Agency) (2004). The Incidence
and Severity of Sediment Contamination in Surface Waters of the United
States, National Sediment Quality Survey. 2™ ed., Report EPA-823-R-04-007.

U.S. EPA (United States Environmental Protection Agency) (2005). Contaminated
sediment remediation - Guidance for hazardous waste sites, EPA-540-R-05-
012.

Williams, D. R. (2005). Speciation of Chelating Agents and Principles for Global
Environmental Management. Biogeochemistry of Chelating Agents, Nowack,
B., and Van Briesen, J.M. (eds.), ACS Symposium Series, 910, 20-49.

Yang, Y., Ratté, D., Smets, B. F., Pignatello, J. J., and Grasso, D. (2001).
“Mobilization of soil organic matter by complexing agents and implications
for polycyclic aromatic hydrocarbon desorption.” Chemosphere, 43, 1013-
1021.

Yuan, S., Wu, X., Wan, J., Long, H., Lu, X., Wu, X., and Chen, J. (2010). “Enhanced
washing of HCB and Zn from aged sediments by TX-100 and EDTA mixed
solutions.” Geoderma, 156, 119-125.

Zeng, Q. R., Sauvé, S., Allen, H. E., and Hendershot, W. H. (2005). “Recycling
EDTA solutions used to remediate metal-polluted soils.” Environmental
Pollution, 133,225-231.

Zhang, W., Huang, H., Tan, F., Wang, H., and Qiu, R. (2010). “Influence of EDTA
washing on the species and mobility of heavy metals residual in soils.”
Journal of Hazardous Materials, 173, 369-376.

Zou, Z., Qiu, R., Zhang, W., Dong, H., Zhao, Z., Zhang, T., Wei, X., and Cai, X.
(2010). “The study of operating variables in soil washing with EDTA.”
Environmental Pollution, 157, 229-236.



CHAPTER 3

Operational Conditions of Chelant-Enhanced Soil
Washing for Remediation of Metal-Contaminated
Soil

Weihua Zhang and Rongliang Qiu

3.1 Principle of Soil Washing

Soil washing is an ex-situ aqueous-based soil remediation technology by
separating contaminants from bulk soil via one of the following two ways: dissolving
or suspending them in the washing solution, or concentrating them into a smaller
volume of soil through particle size separation, gravity separation, and attrition
scrubbing (FRTR, 2006). The concept of the latter one is based on the findings that
most contaminants tend to bind, either chemically or physically, to clay, silt, and
organic soil particles (Zimdahl and Skogerboe, 1977; Raghavan, 1989).

3.2  General Procedure and Application of Soil Washing

In general, soil washing involves five steps in sequence: (1) excavation of
contaminated soils; (2) remedial treatment of contaminated soils; (3) solid/liquid
separation; (4) treatment or disposal of the residues; and (5) final soil deposition, as
shown in Figure 3.1. To protect the facilities or polish the running, large debris or soil
particles coarser than 2 mm are often separated in the pretreatment after excavation.
The soil then enters a soil scrubbing unit, where fine soil particles are scrubbed from
coarse and sand soil particles. If the fine silt and clay in the contaminated soil
accounts for a modest percentage of the bulk soil (i.e. less than 30%), the soil
washing process with particle separation is a promising technology in terms of
cost-effectiveness, as a large percentage of relatively clean coarse soil is recovered,
while the cost for the disposal of all contaminated soil without separation may be
higher or equal to the sum of the cost related to the disposal of residues and capital
investment on soil washing facilities (Willichowski, 2001).
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Figure 3.1 Flow chart of soil washing.

Besides particle separation, soil washing in combination with other
contaminant transfer and transform techniques offers the greatest promise for
application to soils contaminated with a wide variety of heavy metals, radio-nuclides,
and organic contaminants (i.e., TPHs, PAHs, PCBs, and pesticides). In addition, the
technology has the ability to recover target contaminants from soils. Moreover, the
short to medium duration and moderate cost ($70-187 m for physical separation, and
$358-1717 m> for chemical extraction (FRTR, 2007), make it feasible for the
remediation of industrial sites, which usually needs a fast remediation for later
commercial development.

However, commercialization of the technology is not yet extensive. The first
large-scale soil washing operated in the United States was completed in October,
1992 at the King of Prussia Technical Corporation site in New Jersey (Van
Benschoten et al., 1997). Soil washing method has been implemented at only a few
Superfund sites contaminated with metals: at King of Prussia, NJ, at Twin Cities
Army Ammunition Plant, MN, as well as at Vineland Chemical Co., NJ (ASR, 2007).
Several Superfund programs that were planned to apply soil washing currently
deselected it due to the cost or other reasons, as listed in Table 3.1.

The popularity of soil washing may be limited by soil contamination that
involves a variety of co-existing contaminants such as metals, total petroleum
hydrocarbons, volatile organic compounds, and semi-volatile organic compounds. In
addition, heterogeneous nature of soil textures further makes it difficult to formulate a
standardized washing solution that is able to provide consistent and reliable
performance in contaminant removal. Therefore, a site specific chemical formula,
washing sequence, and operational conditions may be required. Besides, the
applicability and performance may be limited by other factors including (1) high
humic content in soils; (2) aqueous stream; (3) elevated concentration of
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contaminants in the treated residuals; and (4) difficulty in removing organics
adsorbed onto clay-size particles.

Table 3.1 Soil washing demonstration projects applied or planned to apply on
heavy metal-contaminated Superfund sites (data from FTRT, 2007)

Site location Washing  Target Disposal or Notes
agents metals treatment
Ewan Property, Clean As, Cr, Cu, Solvent extraction of  Soil volume was much
NJ water Pb organic contaminants  smaller that
originally projected
GE Wiring KI Hg Return the clean soil ~ Because cost of soil
Devices, PR solution washing was too high, it

has been changed to

incineration.

King of Prussia, Chelating Ag, Cr, Cu Sludge treatment Completed

NJ agents

Zanesville Well Clean As, Cr, Hg, Return the clean soils Due to soil volume

Field, OH water Pb being much smaller that
originally projected;
determined to be too
expensive, the soil
washing was deselected.

Vineland As Off-site disposal for ~ Completed

Chemical Co, NJ filter cake residue

Twin Cities Army  acid Cd, Cr, Cu, Soil leaching Completed

Ammunition Hg, Pb

Plant, MN

3.3 Chelant-Enhanced Soil Washing

Although the transfer of contaminants from soils to aqueous phase may occur
when pure water-based washing is employed, the removal of contaminants is often
incomplete or slow because of the poor dissolution and mobilization of contaminants,
especially in the aged contaminated sites, where the soil solid phases often have a
strong affinity with the contaminants (Reddy et al., 2000; Pichtel et al., 2001; Finzgar
and Lestan, 2007; Zhang et al., 2008; Zou et al., 2009). Since some chemical agents
such as surfactants, chelating agents, and acids, can significantly increase the
dissolution and mobilization of contaminants, thus improving their release, the
chemical-enhanced soil washing emerges as a more promising technique for the
remediation of these soils in a more cost-effective scheme (Tobia, 1993; Paff, 1994;
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Roy et al., 1997; Davis and Singh, 1995; Griffiths, 1995; Robin and Krishna, 1996;
Abumaizar and Smith, 1999; Saponaro et al., 2002; Chu, 2003; Tandy et al., 2004).

The chemicals used to enhance the separation between soil particles and
contaminants vary depending on the contaminant type and binding characteristics.
Potential chemical agents include acids, bases, surfactants/co-solvents, chelating
agents and reducing agents. The surfactants and solvents often effectively facilitate
the removal of organic contaminants in soils by increasing the apparent solubility of
contaminants. Both strong acids and chelating agents are able to enhance the mobility
of heavy metals in the soils and thus improve their removal. Unlike the strong acids
that always destroy the soil structure, chelating agents can form various complexes
with heavy metals, which is soluble and stable in solution. This chelating effect
substantially increases the nominal solubility of heavy metal in the washing solution
and is, therefore, conducive to removal of heavy metals from soils (Pichtels, 1997).

There are five major criteria in the selection of chelating agents for soil
washing to remove heavy metals: (1) the selected chelating agent should be able to
form highly stable and appreciably soluble complexes over a wide pH range; (2) the
biodegradability of the chelating agent and metal complexes should be slow, if the
chelating agent is to be recovered and reused; (3) the formed metal complex should
be non-sorbable on soil surfaces; (4) the chelating agent should have a low toxicity
and minimal impact on environment; and (5) the chelating agent should be
cost-effective (Peters and Shem, 1992).

3.4 Factors Influencing Chelant-Enhanced Soil Washing

3.4.1 Soil Properties

Soil properties significant influence the applicability of soil washing
technology. As mentioned above, the soil washing typically is applicable for sandy
soils, since heavy metals often concentrate in the silty and clayey fractions, which
have a strong affinity with heavy metals. After particle size separation, a great amount
of clean sands can be obtained, and the volume of soil required for further treatment
significantly decreases. If the percentage of silts and clays (< 63 um) exceeds
approximately 30% in mass, the cost for the disposal of all contaminated soil without
separation may be less or equal to the sum of the cost of the residual disposal and
capital investment of soil washing. Consequently, the soil washing is economically
acceptable in treating soil with less than 30% of silt and clay (Willichowski, 2001).
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Besides silt and clay, the organic matter content and pH buffer strength of
aimed soils will also limit the application of soil washing, because the organic matter
often has a strong complexation with heavy metals, and the high pH buffer strength
will potentially compromise the proton-attack process, which is one of the main
mechanisms for contaminant removal in soil washing.

3.4.2 Species and Properties of Contaminants

The properties and species of target heavy metals also play a key role in the
performance of soil washing. In general, heavy metals are retained in soils by
different ~mechanisms including electrostatic  ion-exchange, inner-sphere
complexation on the oxides of soil minerals or organic matters, surface precipitation
or co-precipitation. Metals vary in the extent to which they are adsorbed by these
mechanisms, and soil constitutes also show differences in selectivity for metals.

In general, the metal ions with smaller hydrated radius and/or greater charge
tend to exchange with other ions or preferentially adsorb on a surface because of
stronger electrostatic attraction and higher proximity to the particle surface
(Impellitteri et al., 2001; Santamarina et al., 2001). Metals with the greater
electro-negativity and/or Lewis acid softness often form the stronger covalent bonds
with oxygen atoms on any particular mineral surface or with soft functional groups of
organic matter. Pb, for example, was less labile in the soil than Zn. In addition, the
aging time and heavy metal loading also affect the fate of heavy metals in soils
(McBride, 1994), and less labile fraction is expected with the increased loading and

aging.

Sequential extraction procedures have been widely applied to estimate the
metal species and fractions since Tessier et al. (1970) initially developed them. In
general, the metal retained by electrostatic ion exchange and bound to carbonates,
which is readily extracted by acetic acid, is considered as the labile fraction that is of
great concern in terms of ecologic risk.

3.4.3 Operational Conditions for Chelant-Enhanced Soil Washing

Heavy metal removal by chelating agents is known to be highly influenced by
the sorption behavior of heavy metal on soil, which is dependant on the pH, CEC, the
constituents of soils, the original speciation of heavy metals in solution, the degree of
aging and heavy metal loading, as discussed in Section 3.4.1. In general,
weakly-bound heavy metals are relatively easy to be removed by chelating solution.
Due to the different chelating capability, metal type also affects its removal efficiency.
The chelating capability can be preliminarily evaluated by examining the stability
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constants of heavy metal-chelant complexes. In engineering practice, the operating
conditions such as contact time, pH, chelatant concentration as well as the electrolyte
added in washing solution are adjustable. Therefore, studies on the effects of different
operational conditions are essential to improve the performance of chelant-enhanced
soil washing.

Chelating Agent

Chelating agents are chemicals that form soluble, complex molecules with
certain metal ions, inactivating the ions, so that the metals cannot normally react with
other elements or ions to produce precipitates or scale. In general, common chelating
agents include natural organic compounds, and synthetic chelating agents as well as
some inorganic salts.

Natural organic acids often contain a single or several carboxyl groups, which
is prone to supply electrons to form metal complex. The commonly used organic
acids in soil washing include citric acid, tartaric acid, oxalic acid and acetic acid.
These organic acids have distinct priority for different metals. For example, citric acid
has selectivity for metal extraction in the following order: Cd > Cu > Zn > Hg >>Pb ~
As > Cr ~ Fe, while the priority of oxalic acid and salts is as follows, Hg >> Cu >
Cd > Zn, As > Cr, and Fe > Pb. Both of them have priority over the Cd complex, as
evidenced by the higher removal efficiency for Cd using these two acids than EDTA.
Zou et al. (2008) found that 0.1 mol L™ oxalate achieved the highest removal of As
(54%) and Cd (49%) among all the studied washing agents, including strong
inorganic acids and EDTA, because oxalate is able to promote greater Al/Fe/Mn
dissolution than that obtained by an equivalent EDTA through ligand-promoted oxide
dissolution and reductive dissolution mechanisms.

As an alternative, many synthetic chelating agents are developed to overcome
the limited chelating capacity of natural organic acids. These synthetic chelants
include ethylene diaminetriacetic acid (EDTA), nitrilo-triacetic acid (NAT), trans-1,2,
cyclohexanediaminetetraacetic acid (CDTA), ethylenediaminedisuccinic acid (EDDS),
methylglycinediacetic acid (MGDA), glycoletherdiamine tetraacetic acid (EGTA),
N-2 acetamido-iminodiacetic acid (ADA), pyridine-2, 6-dicarboxylic acid (PDA),
ethylene diamine N,N'-bis-2-hydroxyphenyl acetic acid (EDDHA), and so on. All of
these chelating agents have multiple carboxyl groups, which can supply electrons to
complex ions.

Among them, EDTA and its salts have been studied. It was reported that
EDTA can appreciably increase the dissolution and mobility of heavy metals (Peters,
1999; Bassi et al., 2000; Tandy et al., 2004; Xia et al., 2009), rendering the target
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heavy metals a low aquatic toxicity and bioaccumulation risk to organisms throughout
the food chain (ECB, 2004). Under a wide pH range, EDTA can form a soluble and
mobile complex with most metal cations found in soils, thus increasing their mobility.
However, at the insufficient dosage, EDTA shows the selectivity for the metals in the
following order: Cu> Pb ~ Zn > Cd ~ Hg >> Cr ~ Fe ~ As (Peters, 1999).

In general, other synthetic chelating agents, such as PDA, DTPA, EGTA, and
NTA, have lower removal efficiencies than EDTA, and in turn often require a longer
contact time or higher concentration to obtain an equivalent metal removal (Huang et
al., 1997; Maculey and Hong, 1995). However, some agents may have some priority
over contain target metals, and result in a better removal performance than EDTA.
For example, the extraction capacity is DcyTA> EGTA> EDTA >NTA in the
Cd-contaminated soil (Hong and Pintauro, 1996). On the other hand, EDDS has
become another focus in the soil washing recently due to its bio-degradability and
comparable extraction efficiency to EDTA (Yip et al., 2010).

Besides the organic compound containing carboxyl groups, other inorganic
ligands, such as ammonia, or iodide and chloride can also form complexes with some
target metal cations. Reddy et al. (2003) and Zou et al. (2008) both found that KI can
result in a substantial removal of Hg from contaminated soils. Cline and Reed (1995)
found that 36% of Pb can be mobilized by 0.1 mol L™ CaCl, through cation exchange
and complexation between Pb>* and CI. Ammonia citrate and acetate can increase the
mobility of Cu and Pb in soils through complexation with ammonia and carboxyl ions,
and they have the selectivity for metals in the following order Cd >> Zn >> Hg ~ Cu
~ Pb > Cr ~ As > Fe. The Cd removal efficiency was even higher than that using
EDTA in some cases (Peters, 1999).

Dosage of Chelating Agents

In general, chelants are ligands that contain one or several electron-donor
groups which can forms 1:1 molar ratio complexes with several metal ions. Many
studies used the molar ratio of chelant:metal (i.e., [EDTA]/[Me]) to represent the 1:1
molar ratio stoichiometric dose of chelating agent. In many cases this ratio was
calculated from the concentration and volume of chelating agent and the mass of soils
(Tandy et al., 2004). However, many chelants are nonspecific chelating agents, as
major compositional elements in soils are also extractable and they may compete
against the target metals over chelating agents. The dosage of chelating agents must
therefore exceed that for the target heavy metal presented in soils. Not surprisingly,
the ratio in the reported literature was always much larger than 1, since this calculated
ratio excluded other metals and major soil cations like Ca, Fe, Mg, Mn, etc. Elliott
and Brown (1989) found that EDTA could virtually extract all of the non-detrital Pb
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when at least a stoichiometric amount of EDTA was employed. Increasing EDTA
above the stoichiometric requirement could cause more Pb release, and the maximum
removal of Pb occurred at the molar ratio of EDTA to Pb between 1.5 and 2.5;
however, when the complete release of Pb was approached, the release of Pb
diminished with each incremental EDTA concentration. Papassiopi et al. (1999)
found the highest metal removal by 0.25 mol L Na,-EDTA with two-step washing
occur at an EDTA/Me ratio of 20. The excessive EDTA was inferred to have
promoted the dissolution of aluminum and iron oxides in soils by formation of
soluble Al- or Fe-EDTA complexes (Scheckel and Sparks, 2001).

If the liquid/soil ratio is fixed, the dose is directly correlated to the
concentration of chelating agent. Qiu et al. (2010) found that the removal of five
cation metals increased with increasing EDTA concentration from 0.005 to 0.1 mol
L™ (liquid/solid 20) but the increase was not linear; and EDTA concentration had little
additional effect on the removal efficiency of heavy metals, when the concentration
exceeded 0.02 M. This was consistent with the findings of Elliott and Brown (1989)
and Steele and Pichtel (1998). Nevertheless, Papassiopi et al. (1999) found that a
quite different behavior that the improvement of metal removal was almost linear
with increasing EDTA concentration.

On the other hand, if the concentration of EDTA is fixed, the dose is directly
correlated to the liquid/soil ratio. Qiu et al. (2010) found that increasing the liquid/soil
ratio progressively promoted the metal extraction. The removal of Cd, Cu and Pb
increased as the ratio increased from 5 to 40 (0.01 mol L), then no substantial
increase was observed at the larger ratio after which almost all the mobile metals had
been extracted.

Contact Time

In general, chelating agents can enhance the metal mobilization by two
different mechanisms: a fast thermodynamically favorable complexation between
target metals and chelating agents, and a slow chelant-promoted dissolution. The
former can directly break down some weak bonds between metals and soils, while the
latter can indirectly mobilize metals that are bound to oxides and organic matter
through partially destructing the soil structure. The short-term mobilization of metals
is dominated by the most labile species, while the long-term removal is determined by
the replenishment of the labile pool from more recalcitrant species (Bermond and
Ghestem, 2001; Kirpichtchikova et al., 2006). Some studies on the artificially
contaminated soils, where metals were weakly associated with soil fractions due to
limited chemical weathering, found that metal extraction by chelating agent was rapid,
reaching equilibrium in a relatively short time (Lo and Yang, 1999). The removal can
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reach a relatively high level at a given time, and then no additional appreciable
removal was identified with further increasing the contact time (Zhang and Lo, 2006).
The rate of extraction in the rapid phase was reported to be highly pH dependent, as
found in the study of Yu and Klarup (1994), and a lower pH led to a faster extraction
rate.

However, in real contaminated soil, a significant portion of metals are strongly
bound with soils, and their desorption mainly is via ligand-promoted dissolution,
which starts by a fast adsorption of free or complexed chelating agent onto specific
surface sites, and then is followed by a rate-limiting metal detachment from the oxide
structure. Therefore, heavy metal extraction process by chelating agents consists of
the rapid desorption in the first minutes to hours followed by a slow release of the
remainder (Qiu et al., 2010). Therefore, the extraction time plays a very important
role in soil washing. A longer contact time can facilitate the detachment of the
chelant-stabilized metals from the soil surface, and reduce their residual concentration
in the washed soil (Zhang et al., 2010). However, a longer contact time usually
requires an increase in the volume of reaction containers or a decrease in their
treatment capacities.

Washing Mode

The washing mode also influences the performance of soil washing. For a
certain dose (moles) of chelating agent, a higher concentration is often accompanied
with lower liquid/soil ratio, or a lower concentration with a higher liquid/soil ratio, or
a lower concentration with more washing cycles. Using a low concentration with a
higher liquid/soil ratio was found to more effectively mobilize the target metals than a
high concentration with a low liquid/soil ratio (Zou et al., 2009). A higher liquid/soil
ratio often results in a low metal-chelant complex concentrations in the washing
solution, and thus accelerate the detachment of metal-chelant complex from the soil
surface and also limit their re-adsorption(Strawn and Sparks, 2000).

Similarly, consecutive extractions using low concentrations are more effective
than using a single extraction with concentrated EDTA under the same EDTA dosage
(Moutsatsou et al., 2006; Finzgar and Lestan, 2007; Qiu et al., 2010). Besides the
above mentioned reasons, the renewal solution can also remove some residual
metal-chelants which may be trapped in the pore solution of the soil (Sun et al., 2001)
or re-adsorbed onto the soil particles during the first washing of the sequential
extraction procedure. Moreover, the initial step(s) may remove the major portion of
the competitive cations, and the interference in metal-chelant complex formation is
thus mitigated in the following steps (Polettini et al., 2007). As a result, consecutive
extraction with renewal solution often leads to an increase in metal desorption.
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However, as the rounds of successive extractions increased, only a small percentage
of the total metals were extracted. After the previous extractions, where the mobile
forms were extracted, the metal release from the less mobile forms (i.e., bound to
organic matter, bound to Fe/Mn oxides or residual fraction) occurred at a much
slower rate. This is presumably related to the dissolution of mineral constituents of
soil (including oxides and silicates) initially retaining the contaminants (Polettini et
al., 2007).

Using a lower concentration with a high liquid/soil ratio has some advantages.
Andrade et al. (2007) considered that reducing the liquid/soil ratio and increasing the
concentration of the washing solution could increase the extraction efficiency of trace
metals and produce smaller amounts of leachate. Furthermore, the toxicity of
chelating agent and its complexes for soil microorganisms and plants was lower in
soil treated with a lower concentration of chelating agent (Grecman et al., 2001).

pH and Electrolytes of Washing Solution

Solution pH is another important factor determining the efficiency of
chelant-enhanced soil washing, because it can influence metal retention by the soils as
well as the capability of chelating agent to extract the contaminants from soil through
different mechanisms (Peters, 1999). The mechanisms include: (1) the solubility of
chelating agent; (2) chelating capacity of chelating agent with metal ions in the
solutions; (3) trace metal sorption/desorption and ion exchange (Kim and Ong, 1999).

When the pH in 0.01 M Na,EDTA solution is less than 3, Na,EDTA becomes
less soluble. Naturally, improving the solubility and mobility of Na,EDTA at a proper
pH during the extraction will promote the formation of stable and soluble complexes
with heavy metals (Pichtel and Pichtel, 1997; Qiu et al., 2010).

Due to the competition of OH™ and dissociation of chelating agent, the
thermodynamic capacity of chelating agent to complex free metal ions varies under
different pH. It can be evaluated using the conditional stability constants of
metal-chelant complexes. Figure 3.2 provides a comparison of the conditional
stability constants for various metal-EDTA complexes as a function of pH. In general,
at high pH (10 or higher), the hydrolysis of heavy metals is favored over the
complexation with chelating agent, so the conditional stability constants of
metal-EDTA complex decrease, suggesting a decrease in the ability of chelating agent
to enhance metal solubility (Peters, 1999).

Besides, the different pH sensitivity of metal-chelant complexes also changes
their priority. Based on the conditional stability constants illustrated in Figure 3.2, the
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tendency for metal-EDTA is Fe*" > Cu* > Pb*" > AP’ > Zn®" under low pH
conditions (less than 3). EDTA will prefer to complex with Fe*“over the other cations
at that pH. Under high pH conditions (e.g. pH 7), however, Pb(II)-EDTA and
Zn(1I)-EDTA would be dominant over the Fe(III)-EDTA complex.

In addition, metals bound to soil hydrous oxides can often be retrieved simply
by lowering pH because protons can promote oxide dissolution. Hydrogen ions are
rather weak competitive cations which can replace the adsorbed heavy metals via a
cation exchange mechanism. As the H" ion concentration increases, the particle
surface becomes increasingly protonated and acquires a positive charge, which will
promote desorption of metals (Peters, 1999).

The combined effects of these mechanisms generally lead to a higher
extraction efficiency under a lower solution pH. Van Benschoten et al. (1997) found
EDTA addition significantly improved soil-washing performance at pH 3. Elliott et al.
(1989) also observed the highest removal was generally achieved at pH < 5. A
substantial increase in Pb release was observed below pH 5 even in the absence of
EDTA. Zou et al. (2009) found that the removal of five metals decreased with the
increased pH from 2.0 to 10.0, and the highest efficiency was obtained at pH 1.
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Figure 3.2 Conditional stability constants of metal-EDTA complexes (data from Lo
and Zhang, 2005).

However, in practice the pH is normally controlled within the range of 5-9 in
order to avoid the damage of soils under too acid or alkaline conditions. More
importantly, an acid environment favored the release of Fe from ferric oxides in soils
via ligand-promoted dissolution. As a result, the enhanced mobility of target heavy
metals would be depressed (Nowack and Sigg, 1997), since chelating agents, such as
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EDTA, thermodynamically prefer to complex with Fe*"over other cations under such
pH conditions.

Besides pH, Brown and Elliott (1992) found that the presence of electrolytes
such as sodium, lithium or ammonium perchlorate in the EDTA washing solution
increased the release of Pb at pH 5-9. Divalent electrolyte, calcium or magnesium
perchlorate resulted in a similar improvement in Pb release at an acidic pH, but
suppressed Pb mobilization in a more alkaline media (Theodoratos et al., 2000).

3.5 Risk Assessment and Control of Chelant-Enhanced Soil
Washing

3.5.1 Metal Mobility in the Washed Soils

As reported in the previous studies (Nowack and Sigg, 1997; Sposito, 2004;
Tsang et al., 2007), chelating agents can enhance the metal mobilization by two
mechanisms: a fast, thermodynamically favorable complexation between chelating
agents and the labile metal fractions, and a slow ligand-promoted dissolution for less
labile metal fractions, which are often bound to oxides and organic matter. In aged
contaminated sites, the majority of the metal species were bound to oxides or organic
matter, ligand-promoted dissolution can play a substantial role in the overall metal
removal under the chelating agent adequacy (Yip et al., 2009). Ligand-promoted
dissolution itself also includes two steps: a fast adsorption of free or complexed
chelating agent onto specific surface sites via surface complexation, which can
destabilize the metal-oxygen bonds within the mineral structure, and a rate-limiting
metal detachment from the oxide structure. Therefore, the kinetics of metal
detachment may potentially increase the mobility of chelant-destabilized metals in the
washed soil.

Many studies investigated this risk of soil washing, and found that the metals
in the washed soils became labile or more weakly-adsorbed (Barona et al., 2001; Lei
et al., 2008). Some research showed that the mobility of some residual heavy metals,
i.e. Pb, increased after seven days abiotic aging (Udovic and Lestan, 2009). Zhang et
al. (2010a) found that the soil washing combination of 0.0005 M EDTA and half an
hour-washing increased the instant mobility of Ni, Zn and Pb of a contaminated soil
possibly owing to the slow detachment of EDTA-destabilized metals. Metal
fractionation also exhibits the corresponding increase in their labile exchangeable
fractions. Therefore, a more concentrated EDTA solution for a longer duration can
completely destabilize the strongly bound metals into the aqueous solution, resulting
in the decreases of their mobility in washed soils. Therefore, we should prudently
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select the chelating agent concentration and washing duration to control the mobility
and availability of the remaining heavy metals in the system design.

3.5.2 Soil Dissolution during Washing

Due to non-specificity or non-selectiveness of the added chelating agent, some
soil componential metals, such as Ca, Mg, Mn, Al and Fe, are often released together
with the target metals. In fact, the soil dissolution is also an important mechanism
involved in the target metal removal, especially at a low molarity ratio of the target
metals and chelating agent.

Zhang et al. (2010a) investigated the soil dissolution under different EDTA
concentrations and different contact times in a laboratory test, and found that the most
significant soil compositional element released during EDTA-enhanced soil washing
was Ca, while other elements (i.e., Fe, Mg, Al, and Mn) were less substantial. A
similar phenomenon was observed by other researchers (Papassiopi et al., 1999;
Theodoratos et al., 2000; Polettini et al., 2007), who also identified the tremendous
amount of Ca dissolution from calcareous soils. The Ca dissolution was likely
ascribed to the proton-promoted dissolution of Ca (pH 4.7~5.2 for 0.005-0.0005 M
EDTA solution) and the cation exchange between Ca®” and Na™ in the solution (Palma,
2009). Significant amount of dissolved Ca can then quickly complex with the free
EDTA to form Ca-EDTA. The slow kinetic process of metal exchange reaction
between the Ca-EDTA and the sorbed target metals on the soils significantly
diminished the EDTA extraction capability for target metals (Nowack and Sigg, 1997,
Papassiopi et al., 1999; Theodoratos et al., 2000; Tsang et al., 2007). The low levels
of Al, and Mn and Fe in the solution revealed that the EDTA-promoted dissolution
was limited, since EDTA-promoted dissolution could considerably increase the Al,
Mn and Fe release from the soil (Tsang et al., 2007). Therefore, the contribution
related to EDTA-promoted dissolution on the overall metal removal was also limited.

An increase in pH during soil washing has been reported in many studies
(Tsang et al., 2007; Zou et al., 2009; Zhang et al., 2010a), and such an increase
indicates the limited kinetic reaction between EDTA solution and some soil
compositional metals, such as Al and Fe, since the dissolution of these oxides always
consumes the bulk of H' in the solution. Moreover, Zhang et al. (2010a) found a
higher concentration of EDTA solution was consistently accompanied by more soil
componential elements in the solution, suggesting that the extent of soil dissolution
was dependent on EDTA concentration.



72 CHELATING AGENTS FOR LAND DECONTAMINATION

3.5.3 Recovery of Washing Solution

One of the main drawbacks of soil washing is the vast volume of wastewater
produced, which contains the mobilized metallic species that have been complexed
with chelating agents and must subsequently be treated before it can be safely
discharged. The high cost of chelating agents is another factor hindering its wide
application. Some chelating agents, such as EDDA, are biodegradable, and thus the
extracted metals will be dissociated and recoverable, and is ready to be recovered. On
the other hand, some chelating agents are biologically persistent and not ready to be
biodegraded when it is chelated with heavy metals (Davis and Green, 1999), such as
EDTA and NTA. However, based on the risk assessment report on EDTA approved
by the Technical Meetings of European Union member state representatives(ECB,
2004), EDTA was reported to have a low aquatic toxicity and no bioaccumulation in
living organisms through the food chain. The concerns about EDTA application
mainly arise from the enhanced mobility of heavy metals, eutrophication and nutrient
deficiency of plants. The use of EDTA should be discouraged in those sites that use
large volumes of EDTA in the absence of effective treatment of wastewater. These
problems necessitate the recovery and treatment of these chelating agents after soil
washing.

Recently, different strategies have been proposed to recover chelating agents
(such as EDTA), including electrochemical procedures, metal precipitation and
chelating agent regeneration via addition of the chemical agents.

Electrochemical Procedures

Allen and Chen (1993) presented the concept of electrolytic separation of
metals and chelating agents in the soil washing solution. A cell was used allowing the
anode and cathode compartments to be separated by a cation exchange membrane, to
prevent electrochemical oxidation of EDTA during electrolysis. Tests with Pb-EDTA
demonstrated that over 95 % recovery of both EDTA and lead could be achieved by
electrolysis. Juang and Wang (2000) and Huang et al. (2000) also applied electrolysis
in conjunction with a cation-exchange membrane for the EDTA recovery from
metal-EDTA complexes. Their results showed that the recovery of metal and EDTA
was approximate 99% and 91%, respectively. However, the pH in the cathode
compartment was found to increase with time as a result of hydroxyl ion production,
which caused the degradation of the membrane (Allen and Chen, 1993).

Precipitation

Chelating agents can also be recovered by acidifying the metal-chelant
complex solution or precipitating metals with hydroxide, sulfide, or oxalate. As
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mentioned in Section 3.4.3, the solubility of chelating agents is pH dependent, and an
acidic environment can reduce the aqueous solubility. Therefore, the concentrated
chelating agent solution precipitates due to over-saturation after being acidified.
Palma et al. (2003) precipitated more than 93% of the used EDTA in the washing
effluent of Pb or Cu “artificially” contaminated soils, after an initial evaporation
process that concentrated the diluted metal-EDTA by reducing about 75% of solution
volume. This method is practically feasible for a concentrated EDTA solution rather
than a dilute EDTA solution, as the latter requires a costly concentrating process with
a high energy consuming operation; otherwise, a pre-concentration treatment is
required.

Moreover, metal-EDTA complexes can be dissociated by precipitating metals
as a hydroxide, sulfide, or oxalate based on the stabilities of metal-EDTA complexes
and produced precipitates. For example, the EDTA in Fe-EDTA complex can be
completely dissociated and recovered by Fe(OH)s precipitation under a moderately
alkaline condition, such as pH 10.0 (Lo and Zhang, 2005). Rudd et al. (1995) found
sulfide precipitation could reduce the lead concentration to an acceptable level in the
EDTA washing effluent. However, this method is only effective for few metal
complexes due to the high stability of metal-EDTA complexes. The precipitation on
the Zn-EDTA solution using hydroxides or sulfides is thermodynamically ineffective
(Lo and Zhang, 2005). Therefore, trans-complexation processes are often conducted
before metal precipitation. The trans-complexation typically involves three steps:
metal substitution by Fe’*, Mg”>* or Ca" in chelating agent complexes, target metal
precipitation, and precipitation of substitutive metals. Fe* is the most commonly used
substitutive metal for EDTA recovery, because the conditional stability constant of
Fe(III)-EDTA is larger than most other heavy metal-EDTA complexes (i.e. such as Cu,
Zn, Ni, Co, Cd and Pb) at pH 2-4, thus Fe can successfully replace most heavy metals
in EDTA complex, and can also be easily dissociated as Fe(OH)s precipitates in an
alkaline environment (Kim and Ong, 1999; Lo and Zhang, 2005; Lim et al., 2005).
Lim et al. (2005) reported that 85%, 89%, and 90% of the extracted Pb, Cd, and Ni
were recovered from EDTA solution, respectively. The reused EDTA was slightly less
efficient than fresh EDTA in soil washing for metal removal (Lo and Zhang, 2005).
Ager and Marshall (2003) applied zero-valent Mg and Pd to substitute metals in
EDTA complexes. Jiang et al. (2008) developed a simple Ca(OH),-based
replacement-precipitation process, and applied it to the removal of EDTA-chelated
copper in wastewater. Their experimental results showed that the Ca(OH),-based
replacement-precipitation process could efficiently remove the chelated copper in
wastewater at a pH of 12~13 and a molar ratio of Ca®>" to Cu(II) more than 2, the
removal efficiency could reach 99%, close to the theoretically predicted results.
Although trans-complexation allows partial EDTA recycling, it involves consumption
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of other chemicals and does not provide a cost-effective solution for the final
treatment of EDTA extracts.

Fu et al. (2007) developed a new dithiocarbamate-type heavy metal precipitant,
sodium 1,3,5-hexahydrotriazinedithiocarbamate (HTDC), and found that it can
effectively precipitate copper to less than 0.5 mg L from both synthetic and real
industrial wastewater containing Cu-EDTA in the pH range of 3~9 by forming a kind
of coordination supramolecular compound, [Cu3(HTDC),]". The toxicity
characteristic leaching procedure and semi-dynamic leaching test indicated that the
supramolecular precipitate was non-hazardous and stable in weak acid and alkaline
conditions.

Pre-concentration Technology

In order to improve the recovery efficiency, washing solutions containing
metal complexes are often concentrated by membrane filtration, ion exchange with
resin, or evaporation before the recovery treatment. Beside evaporation used by
Palma et al. (2003a), Tejowulan and Hendershot (1998) proposed a simple procedure
to transfer negatively charged metal-EDTA complexes from the washing effluent
using an anion exchange resin. However, the high price of anion exchange resins
(more than $100 per 500 g) becomes a constraint that has to be overcome by effective
resin recycling. Palma et al. (2003b) proposed reverse osmosis for the reduction of
the extract volume. But colloidal particles (clays and humic materials) and bacteria
could clog the membranes and thus comprise the performance and shorten the
life-time of the membranes.

Jiang (2007) used reverse osmosis or ultra-filter to concentrate the
metal-EDTA solution before the replacement-precipitation treatment. His research
showed that ultra-filtration is ineffective for Cu-EDTA concentration, but it can
function as the pretreatment to remove the particles or colloids. The reverse osmosis
was found to not only lower the electrical conductivity by effectively removing the
soluble inorganic salts, but also to effectively intercept the EDTA complex. When the
operating pressure is 1.20 MPa and volume concentration ratio is 9.92, the residual
Cu?" concentration in effluents could be reduced from 2 mg L™ t0 0.012 mg L™!

3.5.4 Treatment of Chelating Agents in the Effluent

To treat decontaminated wastewater from the nuclear industry and other
aqueous effluents contaminated with EDTA, the chemical destruction of EDTA and
its complexes using advanced oxidation processes (AOP) with H,O,, Fenton’s reagent
or Fenton-like reagent has been proposed (Pirkanniemi et al., 2007; Fu et al., 2009).
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For example, Jiang (2009) added the H,O, solution to treat the concentrated
Cu-EDTA solution separated by reverse osmosis, and found that 55.6% COD in the
solution can be destroyed in 30 min. When coated FeSO, was applied to catalyze the
oxidation reaction of H,O,, the removal rate of COD could reach 68.5%and almost
all the chelated copper ions were converted into free copper ions, which could be
easily removed by hydroxide precipitation.

Finzgar and LeStan (2006) developed a novel EDTA-based soil leaching
method that involved the treatment and reuse of extractants in a close-loop process for
soil washing: an AOP in combination of ozone and UV was used to generate hydroxyl
radicals for the oxidative decomposition of EDTA-metal complexes. The dissociated
metals were then removed from the washing solution by absorption on a zeolite-based
commercial metal absorbent. Finally, the extracts contained fairly low concentrations
of Pb, Zn and EDTA and could be directly discharged. The method was successfully
applied to a washing solution for soils contaminated with Pb, Zn, Cd and Cu (Lestan
and Finzgar, 2007), resulting in substantial removal of metals from the soil and a
pronounced reduction of the mobility and bio-accessibility (toxicity) of metals left.

3.5.5 Disposal or Further Treatment of the Washed Soil Residue

After washing, a proportion of heavy metals still remains in the washed soil
residue, especially if the soil is rich in organic matter or clay minerals, which have a
strong affinity for the target heavy metals (Pichtel et al., 2001; Finzgar and Lestan,
2007; Zou et al., 2009). If these remaining heavy metals are present as stable mineral
forms or bound to non-labile soil fractions, they are less mobile and bio-available,
and thus less toxic. In fact, heavy metal mobility and bioavailability are increasingly
used to assess the success or failure of soil remediation instead of the total metal
content (Kumpiene et al., 2007). However, the remaining metals may become even
more weakly associated with soil components or more readily mobile, if improper
operating conditions or washing solution are applied, leading to the kinetic
ligand-attacked metal detachment, soil dissolution, or the cation exchange between
the chelating agent complexes and the soil particles. How to dispose of or further treat
these washed soil residue has become a great challenge for the soil washing.

The most commonly used disposal method is landfilling as hazardous wastes,
which occupies land space and is expensive. When other disposal methods such as
solidification or stabilization are applied, the influence of chelating agents on their
mobilization effectiveness should be considered. Zhang et al. (2010b) investigated the
chemical immobilization on the EDTA-washed soil residue, and found that soil
washing increased the mobility of Zn and Pb in the soils subsequently immobilized
by Ca(OH),, likely owing to the continued mobilization of the destabilized metals
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during the ageing period. Based on Zhang et al. (2010b), the influence of soil washing
on the subsequent immobilization performance is dominated by three competitive
processes: the removal of metal labile fractions, the destabilization of less labile
fractions, and chemical immobilization. If chemical immobilization is highly effective,
soil washing may hardly influence the sequential chemical immobilization. Soil
washing may facilitate the immobilization if the metal initial labile fractions are not
negligible and the immobilizing agents are not so effective. Therefore, the sequential
combination of EDTA soil washing and chemical immobilization may have
advantages for treating contaminated soils containing substantial amounts of labile
metals, like in freshly contaminated sites.

3.6 A Case Study of EDTA-Enhanced Soil Washing for
Remediation of a Demolished Electroplating Site

The site is a demolished electroplating plant located in the north of
Guangzhou city, China, with a total area about 600 m* (20 mX30 m). The site was
closed about ten years ago, and then had been left idle until 2006. The site
investigation started in early 2006, and found that the soil in some locations was
severely contaminated by heave metals including Cr, Cu, Ni, Pb, or Zn at
concentrations exceeding Class B Standard of Soil Quality Assessment for Exhibition
Sites (HJ 350-2007). In addition, cyanide concentrations in some samples were also
found at concentrations exceeding the referred standard. Inadequate ventilation may
have contributed the persistence of cyanide in the subsurface environment at the site.

3.6.1 Treatability Study

Soil collected from different sampling locations, where metal concentrations
exceeded the referred standard, were mixed and homogenized for the treatability
study. The characteristics of the soil, including pH, density, organic content, metal
contents and particle size distribution, were summarized in Table 3.2.

As listed in Table 3.2, five heavy metals and cyanide were identified at
appreciably different concentrations, especially Cr and Ni concentrations were 5 and
33 times higher than the referred standards, respectively. Soil particles more than 200
mesh (< 75 pm) accounted for about 81% of total mass. This kind of soil was
generally considered feasible for soil washing in terms of particle size distribution.
Moreover, the short time span required for the site cleanup (e.g. half a year) and the
potential commercial value of the site made soil washing an acceptable option.
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Table 3.2 Characteristics of the mixed soils for treatability study

Soil Properties Value Soil Properties Value
pH 6.76 Soil Particle Distribution (%, by mass)
CEC (cmol kg™) 6.83 Coarse 20.04
Density (g cm™) 2.41 Sand 61.03
Organic Content 1.06 % Silt 15.96
Clay 7.04
Metal (mg kg™) Contents in Soil Regulatory Permitted Levels”
Pb 1740 500
Cu 1037 400
Zn 1474 500
Cr 2783 500
Ni 6726 200
CN- 17.35 8.00

* Class B Standard of Soil Quality Assessment for Exhibition Sites (HJ 350-2007)

To estimate the soil volume for washing treatment after particle size
separation and to further determine the threshold sieving size, the heavy meal
distribution on soil particles of different size was investigated. Results (data not
shown herein) indicated that metal concentrations on particles smaller than 2 mm
were higher than the referred standard. In addition, at least one metal concentration in
the H,SO4/HNOy acid extraction from these soil particles exceeded the levels to be
identified as hazardous waste, described by CEPM (2007). Therefore, all particles
less than 2 mm need the chelant-enhanced soil washing, and the single particle size
separation can not directly remedy them. So, in the following study, the mixed soil
was employed without further particle size separation.

The cyanide ion (CN’) had different properties from other cationic heavy
metals, so it should be oxidized before adding chelating agents. The different
oxidizing agents, such as ClO,, H,O, solution (containing about 30% H,0O,) and
leaching powder (containing Ca(ClO),) were investigated under different operating
conditions (various dosages and contact time). Results are presented in Figure 3.3. It
was found that 1:200 ratio of ClO; solution (mL) to soil (g) can cost-effectively
oxidize cyanide in the soil in 0.5 h to reach the permitted level (less than 8.0 mg kg™).
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Figure 3.3 Cyanide removal by the different oxidizing agents under various operating
conditions.

To compare the effectiveness of washing agents to remediate the studied soil,
a wide range of potential washing reagents including H,SO4, HCI, acetic acid, oxalic
acid, and EDTA, were investigated under various operating conditions. The results are
shown in Figure 3.4. It was found that the inorganic acid, especially HCI, resulted in a
substantial removal of all five target metals with the efficiencies of Cu, Cr, Ni, and Zn
removal even higher than EDTA, although EDTA has been reported as an excellent
washing agent for these metals. However, considering the residual cyanide in the soil,
a neutral or slightly acid condition was required, since an extreme acid environment
would facilitate the formation of HCN, which is volatile and highly toxic, posing a
great health and safety risk to workers in the field. Therefore, EDTA was selected as
the washing combination for the demonstration project, as the pH of di-sodium EDTA
is slightly acidic (pH 5.8 in the 0.01 M EDTA solution).

The influence of EDTA concentration on metal removal was sequentially
investigated in the laboratory, and the results are illustrated in Figure 3.5. The metal
removal efficiencies generally increased with respect to EDTA concentrations at a
fixed soil/solution ratio of 20 mL per 1 g soil. However, when EDTA increased from
0.01 mol L to 0.02 mol L, the increment became minimal. Therefore, taking into
account of the solubility of EDTA and the metal removal efficiency, 0.01 M EDTA
was chosen in the field application.
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Figure 3.4 Metal removal by different washing agents.
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Figure 3.5 Metal removal by different EDTA concentrations.

3.6.2 Demonstrative Soil Washing System in the Field
Overview of Demonstrative Soil Washing System
The overall process of soil washing in the field is shown in Figure 3.6, and the

main facilities used are listed in Table 3.3. The soil washing system comprised of a
series of sequential batch treatments, where about 250 kg of contaminated soils were
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treated in each batch. The effluent treatment system was operated in a continuous
scheme with a treatment capacity of about 1 m® effluent per hour.

First, the contaminated soils were manually excavated, and sieved using a
10-mesh sieve to remove the coarse fractions to facilitate the sequential running and
to protect the facilities. Then, the sieved soil was transferred to the sieving tank,
which was equipped with a 500-mm cylindrical trammel screen with the sieve size of
2 mm, and then a flushing tank of 1700 mm X 1200 mm X 1000 mm (LXW XH), a
spraying pipe (1000 mm of length) on top of the trammel screen. In the sieving tank,
the ClO; solution was sprayed first to oxidize the cyanide in the soil and solution.
Then the EDTA solution was added. The particles of larger than 2 mm size were
retained by the trammel screen, while the finer particles entered into the sieving
tanker and were pumped into the washing tank. In the washing tank with a
mechanical shaker, the finer soil particles were completely mixed with EDTA solution,
and metal was dissociated there. After a 4-hour soil washing, the mixture was settled
for 1 hour via gravity separation. The supernatant was discharged into the effluent
treatment system, while the sludge entered a sieve filter for sand and silt-clay
separation. The separated sand was returned to the sites, while the silt/clay fraction
was dewatered using a pressure filter. The wastewater produced in the pressed filter
was discharged into the effluent treatment system for the recovery. After recovery, the
washing effluent was reused for another batch of soil washing. In order to minimize
the land area occupied by the whole system, the effluent treatment system, sludge
storage tank, and treated solution storage tank were built into a single tank, with
effluent treatment system on the top, and the sludge and solution storage tank on the

bottom.

TSN
BTN
LS ¥
SO

Sieve for coarse removal

Effluent
treatment
system

Cyanide oxidization and coarse ~ Sludge
sand separation (>2mm)  Pump

Sludge
storage tanl

Pressed
filter

Figure 3.6 The flow chart for soil washing.
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Table 3.3 Main facilities used in the demonstrative soil washing system

Facilities Parameters Materials Number
trammel screen 500x1000, pore size 2 mm Iron with anti-rust 1
treatment
Sieving tanker 1700 mm x 1200 mm x 1000 mm  Iron with anti-rust 1
treatment
Washing tanker 1500%2500 with adjustable shaker Iron with anti-rust 2
of 40~60 rpm treatment
Chemical storage 10001000 PVC 4
tanker
Pressure filter MAYIJS.32/630, 0.6 Mpa, 20 Reinforced 1
m’ polypropylene
Separator of sand 500x500x1000 with 4 sieve filters Iron with anti-rust 1
and silt/clay treatment

The effluent from washing tanks were treated by Ca(OH),-based replacement
and precipitation, where Fe®” was also added as a flocculation agent to facilitate the
precipitation process. Every four or five cycles, Na;COs solution was added to
precipitate Ca®* as CaCOs, and free the EDTA from the Ca-EDTA to improve the
chelating capacity of the recovered EDTA solution.

Performance of Soil Washing

Heavy metal removal efficiencies are presented in Figure 3.8. Compared
with the laboratory treatability test illustrated in Figure 3.7, it was found that the Zn
removal efficiencies by EDTA in the demonstrative system were higher, and the Cu
removal efficiency was similar. However, the removal efficiency of Ni, Cr, and Pb
seemed less effective. After 4 hours soil washing, the metal removal efficiencies did
not further increase significantly over time. Therefore, a contact time of 4 hours was
applied in the field demonstration.

Figure 3.8 presents the metal concentrations in the effluent of wastewater
treatment system. It was found that Cr and Ni concentrations were a bit high, and
increased with the number of cycles, while the other metals, i.e., Pb, Zn, and Cu, were
at trace levels, and did not increase significantly with the number of cycles. Table 3.4
summarizes the average metal concentrations in the influents and effluents of the
wastewater treatment system in 23 cycles. Based on Figure 3.9 and Table 3.4, it was
found that the wastewater treatment system was effective to remove the Cu, Pb and
Zn, with removal efficiencies over 85%, but the system seemed ineffective for Cr and
Ni. The recovered washing solution maintained a certain chelating capacity to remove
metals from the soils, after the labile portion of metal was removed.
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Figure 3.7 Metal removal efficiency with fresh 0.01 mol L' EDTA in the
demonstrative soil washing system (data from Zou, 2009).
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Figure 3.8 Metal concentration in the effluent of wastewater treatment system (data

from Zou, 2009).

Table 3.4 Metal concentration in the influent and effluent of wastewater treatment

system (data from Zou, 2009)

Metal average concentration Cr Cu Ni Pb Zn
(mgL")

In influents 91.53 11.37 32.69 4.32 11.20
In effluents 71.02 1.34 24.03 091 0.21

In order to evaluate the performance of chelant-enhanced soil washing, the
separated coarse sands from the trammel sieve, medium/fine sands from the sand and
silt/clay separator, and the silt/clay in sludge cake from the pressure filter, were
collected for the H,SO4/HNOs5 acid extraction test as described by CEMP (2007), the
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results on coarse sand and silt/clay are listed in Table 3.5, and the results on the
middle/fine sand are illustrated in Figure 3.9.

As listed in Table 3.5, heavy metal concentrations in the coarse sands were
less than the permitted levels. Therefore, it could be disposed of as general waste or
reused as construction material. In the silt/clay fractions, the released Cu, Ni and Pb
were all below the permitted levels, while Cr and Ni were beyond it. So, this portion
of soil was a hazardous waste, and further treatment was required. However, the
volume only accounted for about 18% of the total volume of the original soil.

Table 3.5 H,SO4/HNOj acid extraction of the washed soils (data from Zou, 2009)

Soil fraction ~ No of cycle  Total Cr  Cu Ni Pb Zn
(mgL’) (mgL’) (mgL') (mgL”) (mg L")

Silt/Clay ™ 34.01 1.15 14.44 0.05 Undetectable
23" 24.47 6.62 9.77 1.08 5.06

Coarse sand 1% 6.96 0.02 0.06 Undetectable  Undetectable
e 7.83 0.07 0.90 Undetectable  0.13
23 4.34 0.06 1.13 0.01 2.15
CEPA Standard 15 100 5 5 100

As illustrated in Figure 3.9, only the released Cr in the 11™ and 17" cycles and
the released Ni in the 8™ cycle from separated medium/find sands exceeded the
permitted levels. Moreover, the other metals released, i.e., Cu, Pb, Zn were all below
the permitted levels. Therefore, most of the medium/find sands after washing were
not considered hazardous waste any more, and could be disposed of as general waste.
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Figure 3.9 Metal concentration in the extracts of H,SO4/HNOj5 acid extraction on the
medium /find sands (data from Zou, 2009).
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3.7 Conclusions

Over recent years, considerable effort has been devoted to the development of
chelant-enhanced soil washing. The soil properties, metal nature and species in soils,
and soil washing operating conditions, such as chelating agent type and dosage,
contact time and washing mode, solution pH and electrolyte, were all found to
influence the performance of soil washing to different extents. In addition, the
mobility of residual metals, soil dissolution during washing, the recovery and
treatment of chelating agents in washing solution, as well as the disposal of washed
soils also influence the application of soil washing. Especially, the strategies to
optimize efficiency in the extraction of toxic metals and in the recovery of chelating
agents need to be improved, because the current methods proposed to mobilize metals
from the soil particles, and to recover chelating agents from the spent washing
solution work well only within a narrow range of metal contamination and soil types.

An EDTA-enhanced soil washing system was designed and applied as a
demonstrative project on a demolished electroplating site, where aged multiple metal
contamination occurred. After particle separation and EDTA extraction, the soil sand
fraction became general waste, and only the silt and clay fractions (18% of the total)
needed further disposal as a hazardous waste. The less effectiveness can be in part
ascribed to the ineffective removal of Cr and Ni during the washing effluent
treatment.
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CHAPTER 4

Electrochemical Treatment and Recovery of
Chelating Agents

Domen Lestan

4.1 Remediation of Metal Contaminated Soils

In soils, toxic metals are present in various chemical forms and generally
exhibit different physical and chemical behavior in terms of chemical interactions,
mobility, biological availability and potential toxicity (Bohn et al., 1979, Tandy et al.,
2004). Unlike organic compounds, toxic metals are not degradable in the
environment, and persist in soils for centuries. It is therefore highly desirable to apply
suitable remedial approaches to polluted soil, which can reduce the risk of metal
contamination. The excavation and disposal of soil is no longer considered to be a
permanent solution. The demand for soil treatment techniques is consequently
growing and the development of efficient remediation technologies has become one
of the key research activities in environmental science and technology.

Since metals cannot be degraded, any cleanup requires their immobilization
and toxicity reduction or removal. Various approaches have been suggested: toxic
metals can be contained to prevent their movement, i.e. by leaching through the soil
or by soil erosion. This can be achieved by capping the site with asphalt or other
impermeable materials to prevent the infiltration of water, by planting permanent
plant cover (e.g., phyto-stabilization) or by covering the site with unpolluted soil
(Guo et al., 2006). Stabilization involves fixing up the contaminants in stable sites by
mixing or injecting inorganic or organic soil amending agents (e.g., liming agents,
organic materials, aluminosilicates, phosphates, iron and manganese oxides, coal fly
ashes, etc.). Due to the effects of a change in pH, such agents are effective at
decreasing the bioavailability of metals by introducing additional binding sites for
toxic metals. Stabilized metals then become less available for plants, and their
bioconcentration through the food chain is reduced (Guo et al., 2006). Another
immobilization method is vitrification by heating the contaminated soil to up to 2000
°C. Vitrification usually involves imposing an electrical current between electrodes
inserted into the contaminated soil. Due to its low electrical conductivity, the soil
begins to heat and produces a melt that hardens into a blocks of glasslike material.

92
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Vitrification is expensive but applicable to soils with mixed organic and metallic
contamination, for which few technologies are available (Buelt and Farnsworth,
1991).

However, if after remediation toxic metals remain in the soil they can be
harmful when soil dust is ingested or inhaled. Remediation approaches which remove
harmful metals from soil are therefore preferred. For example, smaller, but usually
more polluted, soil particles can be removed from the rest of the soil by various
separation techniques developed and used in the mining industry. These include the
use of hydrocyclones, which separate larger particles from smaller ones using
centrifugal force; and solid-liquid separation techniques, such as gravimetric settling
and flotation, which are based on the different surface characteristics of particles
(Mulligan et al., 2001; Vanthuyne and Maes, 2002). Electrokinetic extraction has
been proposed as an in situ method for the remediation of blocks of contaminated
soil. Electrokinetic extraction involves the electrokinetic movement of charged
particles suspended in a soil solution, initiated by an electric gradient. The target
metals can be removed by precipitation at the electrodes (Hicks and Tondorf, 1994).
Phytoextraction is a publicly appealing (green) remediation technology. It can be
effectively applied for soils contaminated with specific metals and metalloids, e.g. Ni,
Zn and As, which are readily bioavailable for hyper-accumulating plants. Common
crop plants with a high biomass can be triggered to accumulate large amounts of low
bioavailability metals (e.g. Pb, Cr, U, Hg) when the mobility of these metals in the
soil is enhanced by the addition of mobilizing agents (Huang et al., 1997; Luo et al.,
2005). Different chelating agents desorb toxic metals from soil solid phases by
forming strong water-soluble complexes, which can be removed from the soil by
plants through enhanced phytoextraction or by using soil washing techniques.

4.1.1 Soil Washing Using Chelating Agents

Soil washing is one of the most promising and studied metal removal
remediation techniques. It involves the separation of toxic metals from soil solid
phases by solubilizing the metals in a washing solution. Acids and chelating agents
are the most prevalent removal agents used in soil washing (Peters, 1999). Acids
dissolve carbonates and other metal-bearing soil material and exchange trace metals
from soil surfaces where H' ions are attracted more strongly than the cations of toxic
metals. Since acidic solutions can cause deterioration in the physico-chemical
properties of the soil, using chelating agents is considered to be less environmentally
disruptive than using acids (Xu and Zhao, 2005).

Chelating agents desorb trace metals from soil solid phases by forming strong
and water-soluble metal-chelant coordination compounds (complexes). These
complexes are very stable, prevent the precipitation and sorption of metals, and do
not release their metal ions unless there is a significant drop in soil pH. The efficacy
of a chelant in the extraction of metals is usually rated with the stability constants K
of the chelant-metal complexes. According to Elliott et al. (1989), the order of
magnitude of the values of K, can be used to rank different chelants according to their
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general efficacy, but not to rank the efficacies of a specific chelant toward different
metals because the latter is also influenced by the metal speciation in a given soil
matrix. Many different chelants (mostly aminopolycarboxylic acids) have been tested
for soil washing. In the literature, Di-sodium salt of ethylenediamine tetraacetate
(EDTA) is the most frequently cited chelating agent for extracting toxic trace metals
from soils, because of its efficiency, availability and relatively low cost.

Several soil washing technologies has been proposed. Soil flushing is an in
situ soil washing technology applicable to specific soil conditions, in which the
contaminated zone is underlain by non-permeable materials, allowing the washing
solution to be pumped and treated. The method is suitable for sandy soil or sediment
with high hydraulic conductivity. The washing solution is forced through the in-place
soil matrix via injection wells or is infiltrated into the soil using surface sprinklers or
similar devices. The washing solution is pumped from the soil using a set of recovery
wells installed down gradient of the contaminated area. The washing solution must be
treated to remove toxic metals and the process water reused in the flushing process.
The disadvantage of in situ soil flushing is the low degree of control over the
movement of contaminants into undesirable areas. The hydrology of the site must
therefore be precisely understood. The extraction of soil slurry refers to the batch
treatment of soil slurry in a reactor. Following an initial screening of the excavated
soil to remove the surface debris, the soil is vigorously mixed with the chelating agent
solution, separated by a second screening step (filtration), and then returned to the
ground. In soil leaching, the washing solution is gravitationally percolated through a
soil heap or column ex situ. Soil is excavated, screened and placed in a mound on a
pad. Metals are removed by passing washing solution through the soil using some
type of liquid distribution system. The extractant is collected in a pregnant solution
pit and processed to remove metals. Soil leaching is operationally simple and holds
the potential for the economical treatment of large amounts of soil. The leaching
efficiency is higher for soils with higher hydraulic conductivity.

In soil washing technologies the strategies for developing chelanting agent
washing solutions to achieve optimal efficiency in the extraction of toxic metals still
need to be improved and effective treatment methods for waste washing solutions are
urgently needed.

4.2 Chemical Treatments of Waste EDTA Soil Washing Solution

In practice the use of EDTA in full-scale soil washing is prohibited by large
volumes of waste washing solution generated, which must be treated before disposal.
EDTA is not overly expensive (in Europe, it costs less than 5 € kg™ for the technical-
grade chemical from a major European manufacturer). However, toxic wastewaters
containing complexed EDTA cannot be treated using conventional methods such as
filtration, flocculation and participation (Jiraroj et al., 2006).
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To treat the washing solution, Finzgar and Lestan (2006a, 2006b) used a
combination of ozone and UV, an advanced oxidation process (AOP). AOP generated
hydroxyl radicals ((OH) for the oxidative decomposition of EDTA-metal complexes
(OH are one of the most powerful oxidants in aqueous solutions). The released
metals were then removed from the washing solution by adsorption. The method
produced a discharge solution with a low concentration of EDTA and toxic metals
(Pb, Zn, Cd and Cu). However, coloration and particles in the washing solution
absorb and scatter UV light (Shu and Chang, 2005). Ozone-UV based AOP was
therefore efficient only for fairly colorless and nonturbid solutions, however, soil
washing solutions typically have intensive yellow-brown coloration (due to the
formation of Fe—EDTA complexes). Another practical problem was removal of
released metals, which consumed a significant quantity of expensive adsorbent. In
another study Di Palma et al. (2003) proposed reverse osmosis for the separation of
EDTA complexes from the spent soil washing solution. However, the soil colloidal
particles tend to clog the membranes. In yet another study Tejowulan and Hendershot
(1998) separated EDTA using an anion exchange resin. The practical means to
recycle and reuse expensive resin were not proposed.

Technologies aiming to recycle and reuse EDTA would further improve the
economy of the soil washing remediation processes. Ager and Marshall (2001) used
zero-valent bimetallic mixtures (Mg’-Pd’, Mg"Ag’) to precipitate Pb from the
solution while liberating EDTA in alkaline pH. Metals liberated from the EDTA
complex were cemented to the surfaces of the excess magnesium or removed from the
solution as insoluble hydroxides. The method is efficient but could be economically
prohibitive. Hong et al. (1999) separated Pb from EDTA with Na,S and Ca(OH); at
alkaline (pH 10) conditions, resulting in almost complete recovery of metals through
precipitation in the form of insoluble metal sulphides. While the Ca(OH), provided
Ca®" jons to compete for the EDTA ligand (by replacing the chelated contaminant
metal), Na,S was used as anionic precipitant to provide HS and S* to compete with
EDTA for the contaminating metals. This method has found limited application due
to the hazardous nature of the reagents and the sludge produced, cost and operational
difficulties. Kim and Ong (1999) recycled chelant from Pb-EDTA solution by
substituting Pb with Fe*" in acidic conditions, followed by precipitation of the
released Pb with phosphate (Na,HPO4) near neutral pH. Fe*' ions were then
precipitated as hydroxides at high pH using NaOH, thus liberating EDTA. Alkaline
precipitation is the simplest way to separate metals from chelant and the process does
not use expensive or hazardous reagents. However, the cost of the process is affected
by a high reagent consumption. For Pb precipitation from EDTA soil washing
solution, Kim and Ong (1999) found than a phosphate / Pb molar ratio of about 30
was necessary. Di Palma et al. (2003) reduced reagent consumption by evaporating
the soil washing solution volume by 75% and then recycled the EDTA by substituting
Cu in the EDTA complex with Fe*™ in acidic conditions, followed by alkaline
precipitation. Although EDTA recycling procedures described above have been
demonstrated on a laboratory scale, there is currently no practical and commercially
available chemical method.
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4.3 Electrochemical Oxidation

Using electricity to treat water was first proposed in the UK in 1889 (Chen,
2004). Today electrochemical technologies are known as simple and efficient
methods for the treatment of many wastewaters, characterized by a compact size of
the equipment, simplicity of operation, and low capital and operating costs (Chen,
2004). Electrochemical oxidation of contaminants through anodically generated
chlorine and hypochlorite is well known. This technique is efficient at high chloride
concentration (>3 g/l). Electrochemical oxidation of contaminants in waste waters
oxidation can also occur directly on anodes by generating active oxygen absorbed
into the oxide lattice on the anode. This process is usually called direct anodic
oxidation. Active oxygen can cause the complete combustion of organic compounds
and formation of selective oxidation products. The anodic oxidation does not require
addition of chemicals to waste water, which is an advantage over other
electrooxidation processes. In an early study Johnson et al. (1972) reported that using
a Pt anode in a conventional electrolytic cell oxidized EDTA into CO,, formaldehyde
and ethylendiamine, and could thus potentially be used for treating waste soil
washing solutions.

The important parameter of an anodic oxidation process is the anode material.
During anodic oxidation process mainly molecular oxygen is produced during water
electrolysis if the oxygen overvoltage is not sufficiently high. In electrochemical AOP
(EAOP) however, anode material has sufficient oxygen overvoltage before H,
(cathode) and O, (anode) form. This electrochemical window allows production of
hydroxyl radicals at the anode according to the equation below directly from the
electrolyzed water at a high current efficiency (Kraft et al., 2003; Oliveira et al.,
2007).

H,0 — 'OH +¢ +H"

In general, *OH is more efective for oxidation of contaminants than active
oxygen in the anode oxide lattuce. Different anode materials have been therefore
studied for effective *OH production: graphite, Pt, and different noble metal oxides
(PbO,, IrO,, TiO,;, SnO,) on titanium substrate. However, EAOP became really
feasible with the recent development of a large area, boron-doped diamond anode
(BDDA) (Troster et al., 2002). BDDA has an extreme oxygen overvoltage of >3 V.
BDDA is also extraordinary chemically inert and therefore suitable for treating
various wastewaters. Yamaguchi et al. (2006) reported that EDTA was oxidized
through sequential removal of the acetate groups until an unidentified small size
hydrocarbon product was formed.

The feasibility of a EAOP with BDDA was evaluated using spent EDTA (20
mol kg™") washing solution after leaching the soil contaminated with Pb (1374 mg kg’
Y, Zn (1007 mg kg), and Cd (9.1 mg kg') (Finzgar and Lestan, 2008). EDTA
removed 44% Pb, 14% Zn and 35% Cd from the soil. Oxidative decomposition of
metal-EDTA complexes was measured at constant current density of 15 mA cm™
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The released metals were removed from the solution by filtration as insoluble
participate and by electro-deposition on the cathode. After treatment the discharge
solution was clear and almost colorless, with pH 7.73 and 0.47 mg L Pb, 1.03 mg L~
! Zn, below the limits of quantification of Cd and 0.023 mM EDTA. In yet another
feasibility study the spent washing solution from EDTA leaching of Cu (365 mg kg™")
contaminated vineyard soil was used (Pociecha nad Lestan, 2009). During
remediation 20 mmol kg EDTA removed 26% of Cu from the soil, mostly from
carbonate and oxide soil fractions (58% and 40% Cu reduction). The soil Cu oral
availability (in vitro Physiologically Based Extraction Test) was reduced after
remediation by 42% and 51% in the simulated stomach and intestinal phases. Spent
washing solution was treated using EAOP with BDDA at a constant current density
of 40 mA cm™. Again the released Cu was removed from the solution mostly as an
electro-deposit on the cathode. The discharge solution was clear, almost colorless,
with pH 8.4 and 0.5mg L™ Cu and 0.07mM EDTA.

In both studies remediation method comprised of two separate phases (Figure
4.1). In the first phase we used EDTA for metal leaching, while in the second phase
we used an EAOP for the treatment and reuse of the washing solution for soil rinsing
(removal of soil-retained, chelant-mobilized metal complexes) in a closed loop.

Washing / rinsing Distribution system
solution -

* * « Absorption
/ / / / / re'\::\tlilry « Flotation / sedimentation
. « (Electro)precipitation
Separator Soil I
C(.)nta' e heap A Spent | + Ozone/UV
minated E> R E> Watertight ) solution | * Electrochemical AOP
soils JJ’ groun?ing Drainage treatment| * Electro-separation

I O

Fresh EDTA soil washing solution

Figure 4.1 Conceptual presentation of the two-phase method for remediation of metal
contaminated soils: (A) leaching of heavy metals from soil with chelants and (B)
treatment and removal of heavy metals/chelants from the washing solution and soil
rinsing.

In the last decade a special type of electrochemical reactions, the electro-
Fenton system, has attracted considerable research interest (Pratap and Lemley, 1998;
Tezcan Un et al., 2006). Traditionally the Fenton system is a mixture of ferrous salt
and hydrogen peroxide. In electro-Fenton ferrous ion is produced from a sacrificial
iron anode via the oxidation reaction:

Fe — Fe*' + 2¢

Hydrogen peroxide is either added into the electrolytic cell or electrogenerated from
two-electron reduction of sparged oxygen on the cathode. In this case, the cathode is
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made of porous carbonpolytetrefluorethylene. Ferrous ion reacts with hydrogen
peroxide added externally to produce hydroxyl radicals, which then participate in
other oxidation reactions:

H,0, + Fe** — Fe*" + ‘'OH + OH

However, our recent research has demonstrated that electro-Fenton treatment
of the soil washing solution containing 570 mg L Pb and 5.6 g L' EDTA at current
density of 47.5 mA cm? and with added 3.0 g L' H,0, was significantly less
efficient than EAOP treatment with BDDA (Figure 4.2).

—-Fe+H202

—-BDDA

0 5 10 15 20 25

Contact time (min)

Figure 4.2 Removal of EDTA and Pb from the soil washing solution using electro-
Fenton and BDDA EAOP. The released metal was removed from the solution by
filtration as insoluble participate and by electro-deposition on the stainless steel
cathode. Error bars represent standard deviation from the mean value (n=3).

Previous use of BDDA EAOP includes destruction of persistent organic
substances (i.e. benzenes, phenols, various pesticides and pharmaceutical drugs) in
waste aqueous solutions (Canizares et al., 2005; Polcaro et al., 2005; Oliveira et al.,
2007). Wastewaters containing EDTA other than spent soil washing solution have
also been successfully treated with BDDA EAOP (Kraft et al., 2003).
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4.4 Electro-coagulation

Electro-coagulation is an efficient method for the purification of wastewaters
containing organic or metallic pollutants. Electro-coagulation with aluminum and iron
electrodes was patented in the US in 1909 and first applied on a large scale in the US
in 1946 (Chen, 2004). When a potential difference is applied between the Al or Fe
anode and a cathode, Al or Fe ions are generated from the anode and hydroxyl ions
from the cathode. The reactions for the electrochemical system with an Al anode are
as follows:

At the anode: Al — AT +3¢
At the cathode: 2H,0 + 2e¢ — H, + 20H

AP*" and OH ions react further to form various monomeric Al hydroxides
such as AI(OH)**, AI(OH)," or Al,(OH),*" and polymeric Al hydroxides such as
Al(OH);5>", Al;(OH)17*", Als(OH)x", Al;304(OH)s"" or Alj3(OH)ss" (Zaied and
Bellakhal, 2009). Jiang et al. (2006) reported that Al;3 polymers comprised 43% of all
Al hydroxide species, with a long lasting positive charge. Finally, they all transform
into amorphous Al(OH); and combine to form flocks with a large surface area and
considerable adsorption capacity for pollutants and for particle aggregation
(Maximova and Dahl, 2006). Metals are removed from the solution by adsorption and
co-precipitation on Al hydroxide flocks:

Al(OH); + M?" — AI(OH)O,M + 2H"

Pociecha and Lestan (2010) evaluated electrocoagulation with an Al sacrificial
anode using spent EDTA washing solution that was obtained after leaching of Pb
(3200 mg kg™, Zn (1100 mg kg™), and Cd (21mg kg™") contaminated soil. A constant
current density of 16-128 mA cm™ was applied between the Al anode and the
stainless-steel cathode. In the process negatively charged metal-EDTA complexes
adsorb on flocks of various monomeric and polymeric positively charged Al
hydroxides, which form during electro-coagulation, and were afterwards removed
from the soil washing solution by sedimentation and centrifugation. In the experiment
we removed up to 95% Pb, 68% Zn and 66% Cd. The discharge solution was clear
and colorless, with pH 7.5. After treatment chelant balance showed that some EDTA
was absorbed on the soil solid phases during soil extraction, up to 17% of the EDTA
was adsorbed on Al coagulant and precipitated, the rest (more than half) of the initial
EDTA remained in the washing solution, presumably after exchange of
contaminating metal in the EDTA complex with Al This trans-complexation
phenomenon in an electric field was used to develop electrochemical EDTA recycling
using electrolyis with sacrificial Al anode, as described below.

Electro-coagulation has a long history as a water treatment technology, but it
has never been accepted as a mainstream technology (Holt et al, 2005).
Nevertheless, electro-coagulation has been successfully used to treat special
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wastewaters, such as oil wastes (Adhoum and Monser, 2004), black liquor from the
paper industry (Zaied and Bellakhal, 2009), dye solutions and textile wastewaters
(Kaboya et al., 2003) and nutrient enriched wastewaters (Vasudevan et al., 2009).
Although electro-coagulation is primarily used to remove organic and suspended
materials from various types of effluents, its use for metal removal, for example Cu,
Zn and Cr from electroplating wastewaters (Adhoum et al., 2004) and Pb from acidic
soil leachate (Meunier et al., 2004) has also been recorded.

4.5 Electrochemical EDTA Recycling

As already mentioned soil washing of metal-contaminated soil by chelation
with the recovery and reuse of the chelating agent represents an attractive objective
towards commercialization of remediation technology. Currently, chemical hydroxide
precipitation remains the more widely practiced approach on the basis of
performance, ease of operation, and cost. To allow electrochemical EDTA recycling
from the spent soil washing solution, treatment in a two chamber cell separated by a
cation-selective membrane was proposed (Allen and Chen, 1993). During the
treatments metals are liberated from the complex with EDTA, possibly on the outside
of the electric double layer of the cathode:

M-EDTA* — M’ +EDTA* (M =Pb, Zn, Cd, Cu)

The anionic EDTA species cannot pass the cation-selective membrane into the
anode chamber, which prevents them from oxidation (Figure 4.3). Metals (M) are
reduced and deposited onto the cathode and the EDTA simultaneously recycled.

M* + 2¢ —> Mgs)

When the cell voltage is applied the anolyte provides Na” to carry the current
through the membrane into the cathode chamber, where protons are generated. A
reasonably high feed of the spent washing solution is therefore required to prevent
EDTA precipitation in acidic media and deposition on the membrane surface (Juang
and Wang, 2000). This method is however prone also to operational problems such as
membrane fouling and degradation (Di Palma et al., 2003).

The feasibility studies of the method are presented in several papers. Juang
and Wang (2000) for example attempted electrolytic recovery of Cu and Pb from
equimolar EDTA solutions in a two-chamber cell separated with a cation exchange
membrane Neosepta CM-1. The iridium oxide coated on titanium (Ti / IrO,) and
stainless steel electrodes were used as the anode and cathode. The recovery of Cu was
faster and more efficient than that of Pb. Under the optimal current density (139 A
m?, 50 min reaction time) and catholyte pH of 2.08 the recovery rate of Cu was higher
than 96% when the initial Cu concentration was beyond 18 mM.
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Figure 4.3 Electrochemical EDTA recycling from spent soil washing solution in a
two chamber electrolytic cell. The catholyte (spent washing solution) and anolyte
(NaNOs) solutions are separated by a cation exchange membrane (CEM).

To overcome problems with the use of CEM membrane Pociecha and Lestan
(2010) and Voglar and Lestan (2010) proposed treatment of the spent washing
solution obtained after EDTA soil extraction in conventional single chamber
electrolytic cell (without membrane) in alkaline conditions using a sacrificial Al
anode. During the treatment Al ions are generated and form networks of Al-hydroxide
flocks, as described above (Equation 1). To investigate the effect of pH on the
electrochemical treatment process, the pH of the Pb and Cu washing solution was
adjusted to 6 and 10. After treatment at pH 10, the EDTA in both solutions remained
almost entirely preserved (Figures 4.4 and 4.5). On the other hand, approximately one
half of the initial EDTA was removed from the solution treated at pH 6. This
happened presumably by electro-coagulation of negatively charged EDTA complexes
(i.e. Pb- and Cu-EDTA™) by Al-hydroxides. Al(OH); is, however, a typical
amphoteric metal hydroxide and in alkaline conditions forms negatively charged Al
hydroxide:

Al(OH); + OH — AI(OH);

This negative charge of Al hydroxide flocks explains why negatively charged
EDTA complexes were not removed but remained in the washing solution treated at
pH 10 (Figures 4.4 and 4.5).

Due to the high Al reactivity (electro-positivity) Al is oxidized at the anode
(Eq. 1) preferentially to EDTA oxidation. Thus while the EDTA remained almost
completely preserved in the washing solution, electrochemical treatment at pH 10
efficiently removed both Pb and Cu (Figures 4.4 and 4.5). This was explained by the
replacement of Pb and Cu from the complex with EDTA, removal of liberated Pb and
Cu from the solution and formation of AI-EDTA complex. Although AI-EDTA has a
lower log Ks than Pb-EDTA and Cu-EDTA (16.3, 18.0 and 18.8, respectively
(Martell and Smith, 2003)), Al ions formed in abundant concentrations during
electro-corrosion of the Al anode. Furthermore, the stability of AI-EDTA complex
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has been reported to be higher in a solution with pH 9 than in solutions with pH 7 and
4 (Treacy et al., 2000) while the stability of Pb- and Cu-EDTA complex slightly
decreases in solutions with pH > 9 (Chang et al., 2007). Pb and Cu are released from
the EDTA complex after the reduction reaction at the cathode, as explained in the
equation above. After trans-complexation, metals liberated from the EDTA complex
are removed from the solution by direct electro-deposition on the cathode,
precipitation as insoluble hydroxides, or absorption and co-precipitation on Al
hydroxide flocks as explained (in equations) above. Pociecha and Lestan (2010) and
Voglar and Lestan (2010) reported that the majority of Pb (70%) and Cu (94%) was
removed from the spent washing solution by electro-deposition on the cathode. Some
Pb (17%) and a small amount of Cu (5%) were precipitated. Pb and Cu removal from
the solution treated at pH 10 was faster and more efficient than from solutions with
pH 6, resulting in a final Pb and Cu concentration of 150 and 0.3 mg L™ (Figures 4.4
and 4.5).
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Figure 4.4 Concentrations of Pb and EDTA in the washing solution during
electrochemical treatment at pH 6 and 10. Error bars represent standard deviation
from the mean value (n=3).
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Figure 4.5 Concentrations of Cu and EDTA in the washing solution during
electrochemical treatment at pH 6 and 10. Error bars represent standard deviation
from the mean value (n=3).

The efficiency of EDTA recycled from a washing solution (electrochemically
treated at pH 10) to extract Pb and Cu from the soil is shown in Figures 4.6 and 4.7.
After adjustment to pH 4.3 (pH of the fresh EDTA washing solution), the treated
washing solution retained almost 90% of the Pb and 80% of Cu extraction potential
(from original soil) compared to freshly prepared EDTA solution of the same
molarity and pH (Pociecha and Lestan, 2010; Voglar and Lestan, 2010).

The efficiency decrease of the recycled washing solution could partly be
explained by the adsorption of EDTA into the soil during extraction and EDTA lost
during the solution treatment phase (i.e. some initial anodic oxidation during
electrode activation). Furthermore the Pb and Cu extraction efficiency of AI-EDTA
(formed during electrochemical treatment) could be somewhat lower compared to the
Na,-EDTA in the fresh washing solution.
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Figure 4.6 Removal of Pb from the soil using fresh and recycled EDTA solution (pH
4.3). Error bars represent standard deviation from the mean value (n=3).
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Figure 4.7 Removal of Cu from the soil using fresh and recycled EDTA solution (pH
4.3).

4.6 Conclusions

The contamination of soils with toxic metals has become a major
environmental concern. For some soils washing off metals with solutions of chelating
agents could represent a permanent remedial solution. In practice however, the use of
chelating agents is prohibited by the large volumes of waste washing solution
generated, which must be treated before safe disposal or reuse. The methods currently
being proposed to treat spent soil washing solution before it can be safely discharged
in the environment and recycle chelating agents are still encountering operational
difficulties and work well only within a narrow range of contamination and soil types.
Electrochemical methods: electro-oxidation, electro-coagulation and electrochemical
recycling of chelating agent through trans-complexation have potential for the cost-
effective treatment of the spent soil washing solutions as a part of soil remediation
technologies.
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CHAPTER 5

Extraction of Metals from Spent Catalyst Using
Fresh and Recovered Chelating Agents

Shina Goel and Alok Gautam

5.1 Introduction

A large quantity of catalysts is used in the fertilizer industry (i.e., ammonia
plants), petroleum refineries, chemicals sector, various conversion processes, and
automotive catalytic converters for pollution control. These catalysts include metals
such as Ni, Mo, Co, Rh, Pt, and Pd in supported form (e.g., Ni-Mo sulfide/A1203,
NiO/AI203, Pt/alumina, and/or Pt-Rh/alumina monolith). Catalysts contain 2-35%
metals according to the requirement of the process. This amount is quite reasonable to
recycle after discarding the catalyst as spent catalyst. The recovery of limited and
expensive metals like Pt from spent catalyst could be a significant source of metals.
Palladium is unique in that it absorbs 900 times its volume of hydrogen at room
temperature. Furthermore, its chloride salt can absorb large amounts of carbon
monoxide gas, therefore, it is commonly used in CO detectors. Palladium also serves
as a catalyst for hydrogenation and de-hydrogenation processes (Marafi and
Stanislaus, 2003a; Marafi and Stanislaus, 2007).

Similarly, spent catalysts are generated in the fertilizer industry as well, where
Ni catalysts deactivate over a lifespan of about 5-7 years because of the harsh
conditions in the primary and secondary reformer. Another example is the case of the
low temperature water-gas shift reaction in ammonia plants, where the Cu-containing
catalyst has a lifetime considerably lower than that of the Ni catalyst and needs to be
recovered and reused. It is estimated that, because of the high volume of fertilizer
required, more than 3000 t/year of spent catalyst is generated by China and India and
150000-170000 t/year of spent catalyst is generated worldwide. In Kuwait alone 7000
t/year of spent catalyst is produced from the hydroprocessing unit from petroleum
industry (Eichler et al., 1996; Ho and Chi, 2004). In the case of refineries, the
generation of spent catalysts has increased significantly because of a steady increase
in the processing of heavy feedstock, containing high contents of sulfur, nitrogen, and
metallic heteroatoms.
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Metals present in the catalysts are generally in the form of oxides which form
different complexes with oxygen, sulphur, hydrogen and carbon present in the
process. Metals no longer stay in the oxide form. The catalysts in this condition do
not work properly and are deactivated.

5.1.1 Deactivation of Catalysts

Catalysts are evaluated for their activity and stability. The performance of the
catalyst is determined by parameters like lower pressure drop, lower tube wall
temperature and longer operation close to equilibrium methane conversion. These
parameters can be achieved by optimizing the properties of catalyst such as better
coke resistance, easy reducibility, higher crushing strength, higher metal dispersion,
higher surface area, higher pore volume, higher geometric surface area, resistance to
thermal shocks, better heat transfer properties. The three most common causes of
catalyst decay are fouling, poisoning or thermal degradation.

Fouling involves the deposition of material on a catalyst surface to block
active sites. Coke deposition is the most common process but the deposition of rust
and scale from elsewhere in the system is not uncommon. Traditional tubular nickel
steam reforming catalysts deactivate over time due to either coke formation, the
presence of fouling agents such as sulphur, chlorine or iron can be the result of
physical breakdown due to thermal cycling and physical integrity (Furimsky, 1996;
Bartholomew, 1984). The activity of a catalyst declines below an acceptable level due
to degradation.

Catalyst poisoning involves strong interactions between a component of the
feed or products and the active sites of the catalyst. Sulphur poisoning of metals is the
most widely quoted example (McCulloch, 1983; Dowden, 1986) but depending on
the catalyst, deactivation may be caused by a wide range of chemicals.

Catalysis involves interfaces, and heterogeneous catalysts are prepared with
high surface areas, this is a thermodynamically unstable condition. If a suitable
condition arises, such as high temperatures in the absence or presence of a suitable
chemical environment, catalyst will rearrange to form the more favourable lower
surface area agglomerates, which is known as sintering (Al-Dalama and Stanislaus,
2006; Furimsky and Massoth, 1999; Trimm, 1990; Marafi et al., 2007). Component
interaction can also occurs due to overheating. The formation of nickel aluminate and
nickel spinel from the reaction between nickel and alumina is a good example, with
the catalytic activity of Ni-aluminate being much lower than that of the metal
(Wagner et al., 2003). Alloy formation or phase separation can also occur which
could lower overall catalytic activity. Thermal degradation, and particularly sintering
is to reverse. Prevention is better than much after treatment (Chinchen, 1985).
Measures to stabilize supports include the addition of lanthana and baria to alumina,
stabilizers that fill vacancies in the lattice to reduce sintering. When online/in situ
regeneration is not possible, further regeneration might not be economically feasible.
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In such cases, spent catalysts tend to be discarded as solid wastes. Disposal of spent
catalyst is a problem as it falls under the category of hazardous industrial waste.

5.1.2 Disposal of Catalyst

Although regeneration and re-use may be possible, eventually all catalysts
will have to be replaced when product quality is compromised. Disposal of spent
catalyst then depends both on economics and environmental laws. If the economic
driving force is sufficiently large, recovery of catalyst component is justified, if not,
the catalyst must be disposed off in a manner consistent with local legislation.
Requirements vary from place to place but, since catalysts are often disposed of at
landfill, the most relevant environmental legislation is based on leachability.
Acceptable limits may vary, but values for drinking water provide a good guide.
These include less than 0.7 ppb Co, 7 ppb Mo, 13.4 ppb Ni, 7 ppb V and 0.3 mg/] Fe.
Encapsulation is another method to dispose the catalyst, if these limits exceed in the
disposed environment. Encapsulation involves surrounding the waste with an
impervious layer of sealant, such as bitumen, polyethylene or concrete. The
encapulant should be stable over a long period of time, both with mechanical shear or
weathering. The encapsulant adds the mass to waste and increases the volume for
disposal (Marafi and Stanislaus, 2003; Noyes, 1991).

The problem of disposing of such a great amount as described above is not
possible. If it is disposed each year by landfill or encapsulation, available land on the
earth will no longer remain for human purposes within 5-8 years. It is now becoming
necessity to recycle the catalyst by regeneration or by removing the metals from the
catalyst by eco-friendly processes.

5.2 Methods to Extract Metals from Spent Catalyst

There are different methods available for the extraction of metals from spent
catalyst discarded from various industries. Table 5.1 shows some examples of acid
leaching, bioleaching, pyrometallurgy, and chelating agent extraction of metals from
spent catalyst these processes.



Table 5.1 Selected examples of metal recovery from different spent catalyst by various processes

Mo (17.84%)

25°C

Spent catalyst Metals present | Reagent and conditions Recovery of metals | References
Primary reforming unit, Ni (7.12%) 50% H,SO, conc. (100°C, 5 h, | Ni (99%) (Al-Mansi and Abdel
fertilizer industry 1:12 S:L, 800 rpm) Monem, 2002)
NiO catalyst Ni (12%) 50% H,S0,4 conc. (85° C, 150 Ni (94%) (Abdel-Aal and Rashad,
min, 1:20S:L) 2004)
Ammonia plant Ni 80% H,SO, conc.(70°C, 50 Ni (99%) (Invascanu and Roman,
min, 0.09 mm particle size) 1975)
Urea production Ni (20%) 8% H,SO4 conc. (10% pulp Ni (98%) (Sahu et al., 2005)
density, 2 h, 90°C, 152 um
particle size)
Low grade catalyst Ni (17.7%) 28.8% HCI conc. (without Ni (73%) (Chaudhary et al., 1993)
external heating, 1 h)
Sulphuric acid unit Ni (0.63%) o H,S04(0.3-1M) e Ni (96%) (Ognyanova et al., 2009)
V (3.5%) V (59%)
e NaOH(4M) followed by o Ni (88%)
H,S04(0.5M) V (78%)
Naptha reforming from Pt (0.29%) Aqua regia (3:1 37% HCI: 65% | Pt (99%) (Baghalla et al., 2009)
petroleum refinery HNO3), (100° C, 120 min, 800
rpm, 100um particle size)
Petroleum industry Ni (2%) e H,SO4(1M), 1h e Ni (95%) (Mishra et al., 2010)
V (9%) V (95%)
Mo (1.4%) Mo (95%)
e H,SO, and NH,CO; e Mo (100%)
o LIX-841(10%) e Mo (98%)
Sulphuric acid unit V (5.18%) 0.5M Aliquat-336 in Kerosene, | V (93%) (El-Nadi et al., 2009)
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Spent catalyst Metals present | Reagent and conditions Recovery of metals | References
Refinery processing Ni (6.09%) Oxalic acid secretion by Ni (62.8%) (Santhiya and Ting,

Mo (13.72%) Aspergillus Niger, 30 days Mo (78.9%) 2005)

Al (33.3%) Al (58%)
Fischer-Tropsch process | Al (65%), e NaOH (pressure 9 bar, o Al (89%) (Matjie et al., 2005)

Co (19.6%), 190° C)

Pt (0.05%) e NaOH (12.5M, 15 bar o Al (97%)

pressure, 190° C)
e HCI (4.1M), HNO; e Al(99.97%) Co
(5M)(90° C) (99.7%)
Pt (37.5%)

Hydrodesulphurization Mo (12.5%) Cyanex 272, H,SO,4 (2M), pH Mo (98%) (Park et al., 2007)
unit CO (1.78%) 32 Co (93%)

Ni (0.56%) Ni (90%)
Palladium based catalyst | Pd (0.5%) Cyanex 302, supercritical CO, | Pd (100%) (Iwao et al., 2007)

(8 MPa, 40-80° C, 10 min)

Automobile catalytic Pt Supercritical CO, with Tributyl | Pd (96%) (Faisal et al., 2008)
converter unit Pd Phosphate (60° C, 60 min, 20

Rh MPa pressure)
Hydrorefining unit Ni (5%) NaCl (900° C, 60 min) Mo (80%) (Kar et al., 2005)

Mo (20%)
Primary reforming unit Ni (22%) Fresh and recovered EDTA Ni (95%) (Goel et al., 2009)

(100° C, 700 rpm, 1:50 S:L, 10
h)
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5.2.1 Basic Mechanism of Extraction from Existing Processes

The alkaline leaching step is followed by an acidic leaching treatment Eq. (1-4),
(Ognyanova et al., 2009).

V203 + HQSO47L 02 e (V02)2504 + Hzo (1)
NiO+H,S0, —  NiSOs+ H,0 @)
2FeSO4 + H,SO4 +1/2 O ——» Fex(SO4); + H,O 3)
V,0; + 2NaOH +O, — 2NaVO; + H,O 4)

A two stage leaching process for the maximum solubility of Mo and Co/Ni
oxides at different pH regions. A first stage leaching with an alkali results in
preferential dissolution of Mo into the liquid phase, with other metals remaining in
the solid. A second acidic media leaching step will subsequently dissolve Co and Ni.
In both reactions subsequent amount of Al,Os is dissolved (Park et al., 2007).

(A) Basic media
MoO; + Na,CO; — Na,MoO4 +CO, (5)
A1203 + N32CO3 E— 2NaA102 +C02 (6)
CoO + Na,COs — Na,Co0O, +CO, (7)
NiO + NayCO;  ——» NaNiO, +CO, (8)

(B) Acidic media

Al,O5; +3H,SOy — Al (804)3 +3H,0 (9)
CoO + HS0; ——»  CoSO4 +H20 (10)
NiO + H,SOy ——» NiSO4 +H20 (11)

The reactions mechanism of Pt extraction from aqua regia undergo through
reactions (Baghalla et al., 2009).

HNO; + 3HCI — NOCI +Cl, + H,0 (12)
NOCl+H,0 —» HNO, + HCI (13)

Dissolution of Pt from the catalyst is a redox reaction that undergoes
according to reaction (14)

8H' + 8CI' + 2NO5 +Pt ——» PtCls> +4H,0 + 2NOCI (14)

The roasting of molybdenum spent catalyst with sodium chloride leads to the
formation of soluble sodium molybdite (Kar et al., 2005). The reaction involves are:

MOO3 +2NaCl + l/202 —> Na2M004 +2HC1 (15)
N32M004 +NH; —» (NHg)ﬁ[MOO4] (16)
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The role of EDTA is to facilitate the transport of metal ions, exploiting the
high mobility of anionic EDTA complexes. In some cases, dissolved complexes
prevent adsorption. These complexes could solubilise metals that are trapped within
the catalyst under certain conditions. Metals could be more adsorbed in the presence
of free EDTA than the coordinated EDTA. The expected reactions are given as
below. S is the solid matrix of catalyst, M is the metal content and L is the ligand or
chelating agent (Goel and Gautam, 2010).

S-OM'+H" <«—>  S-OH+M* 17)
Y+ M —  MY” (18)
S-OH + ML* +H" <— S.LM" + H,0 (19)

5.2.2 Pros and Cons of Available Methods

Sulphuric acid and the addition of organic extractant in kerosene diluents were
used to extract Mo, Ni and V. This process has enhanced Mo kinetics, sulphur
recovery and processing of leach liquor to recover metal values. Processing of leach
liquor has a long process of acid and alkali addition and stripping. The stripping step
is also a repetitive step until get the final metal values. This process is time
consuming and only organic extractant can be separated at the end of the process
easily while extracted metals present in aqueous solution is a tedious work to separate
(Mishra et al., 2010).

The selective recovery of Ni from an appreciable amount of Al from weakly
acidic sulphate solution was achieved by means of ion exchange with Dowex XFS
4195 resin and complexane type of chemically modified chitosan, Figure 5.1.
Modified chitosan were prepared by making EDTA and DTPA anhydride and reacted
with chitosan. From batchwise adsorption of Ni, Cu, Co Zn and Al, all the metals can
be separated (Nagib et al., 1999).

CH,OH CH;OH
‘ —0 o /1 - 0\ o
Con \|_ OH r
rqu n NH n
c=0 c=0
| |
CHy L/ CHa
N N
-~ -~
GHa \CH2C00H '3|H: N CH,CO0H
Cli; CH,CO0H CH,
~n7 > N— CH,CO0H

NCH,CO0H C|H2

CH,COOH
CHl\ Panic

™ CHCO0H
EDTA-chitosan DTPA-chitosan

Figure 5.1 Chemical structure of modified chitosan (adapted from Nagib et al.,
1999).
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Extraction of Pd with supercritical CO, was obtained up to 100% with the
addition of Cyanex 302. The extraction of Pd was also done with tributyl phosphate
and HNOs but this process requires more pressure than the Cyanex 302 and the
extraction is not up to 100% (Iwao et al., 2007). In another study, a catalyst containing
Pd and other metals had less extraction efficiency with tributyl phosphate at longer
stirring time. It shows that other metals present in the catalyst affected the extraction
of Pd with supercritical fluids, while other metals were not extracted at all with this
fluid (Faisal et al., 2008). Supercritical fluid with chelating agent can extract total
amount of Pd present in catalysts but this is not applicable for the other metals present
in those catalysts. Other metals present were not extracted and these metals also
influence the extraction of Pd. This fluid is suitable only for a group of metal ions
including Pd and Au in different media (Pourmortazavi et al., 2004). The only
advantage of using the Cyanex compounds is the lower extraction time than any other
processes like acid leaching or pyrometallurgy.

Liquid-liquid extraction of spent autocatalysts was done by using cyanex 923
from aqueous hydrochloric acid media, and 98% of the extraction was achieved for
the Ir and Rh which were present at 0.1% each in the catalyst (Chavan and Dhadke,
2002). The amount of Ir and Rh was present in very small amount compared to other
metals like Fe, Mo, Ni, Co. Cyanex compounds which have ‘O’ and ‘S’ as donor
atoms and hence are useful for extraction of class b metal ions, can not work solely. It
needs some carrier compound to react with metal and make neutral coordinated
compounds.

Acid leaching by different acids like sulphuric acid, hydrochloric acid, aqua-
regia can extract up to 98-99% of the metal values. These acids are not expensive but
handling of these hazardous materials at large scale is difficult. The acids are not
recovered in any of the process and more than one dissolved in the acid solution is
difficult to separate. The process available to separate metals by liquid-liquid
extraction is a long process. The metal extraction by chelating agents is comparatively
easier, eco-friendly if the chelating undergoes for recycling, less energy consuming,
less expensive, and easy to recover chelating agent and metals by change of pH. This
chapter will describe the chelating agents advantage, recycling, kinetics and basic
process to extract the metals from spent catalyst.

5.3 Advantages of Chelating Agents

Chelating agents are the most effective extractants that can be introduced to
spent catalyst to enhance heavy metal extraction. The advantages of chelating agents
in soil cleanup and metal removal from catalyst include high efficiency of metal
extraction, high thermodynamic stabilities and good solubilities of metal complexes,
and low adsorption of the chelating agents on soils. Chelating agents cause only
minor impact on the physical and chemical properties of the catalyst matrix compared
to acids (Fisher et al., 1998).
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Ethylenediaminetetraacetic acid (EDTA) is the most widely used synthetic
chelating agent in soil washing. It is an effective, recoverable and reusable chelating
agent that has great potential for full scale application. Many studies have reported
that EDTA could extract very high percentages of Pb and Cd from contaminated soils
(Steele and Pichtel, 1998; Papassiopi et al., 1999; Garrabrants and Kasson, 2000; Kim
and Ong, 1999; Wassay et al., 2001). A disadvantage arises associated with EDTA
usage when it has to be destroyed before discharge. The compound is generally
regarded as non-biodegradable and can be found in sewage effluents, and
accumulates in surface waters and groundwater (Groot et al., 1995; Kari and Giger,
1995). To overcome this disadvantage, a cost-effective technique is required to
recover the EDTA from the waste stream to reuse. Removal of metals from spent
catalyst by chelation can be a valid remediation method. Important properties of the
chelating agent used are: strength of the chelation bonding, reusability, biostability
during the operation.

Chelating agents have been used for many years by industry and analytical
chemists because of their sequestering or masking properties: that is, the ability to
suppress the activity of a dissolved metal ion without its physical removal from the
solution. The three most commonly used chelating agents are the polyphosphate,
hydroxycarboxylic acid and amino poly carboxylic acid. Amino poly carboxylic acid
chelating agents (e.g. EDTA, NTA, EGTA, and DTPA) are used most frequently,
because they bind metal ions more strongly than polyphosphates and maintain their
sequestering ability over a wider pH range than hydrolytic acid types (Bell, 1977).
These are used more often than DTPA (diethyleneaminetriaminepentaacetic acid) and
EGTA (ethylene glycol bis (2-aminoethylether) tetra acetic acid) because of their
ability to form stable, water soluble complexes with a wide variety of metal ions.
Anthropogenic organic chelating agents of the aminopolycarboxylates, such as EDTA
and DTPA, are affected by the presence of metals, which are coordinated. These
complexes can substantially affect chelating agent adsorption, precipitation, ligand
assisted dissolution, metal mobilization, chemical degradation, photodegradation and
biodegradation. It was emphasised that the reactions of both anthropogenic and
natural chelating agents depend on the metals already coordinated with the chelator in
the solution (Nowack, 2002; and Lim et al., 2005).

5.4 Mechanism of Complex Formation of Metal-Chelating Agent

A chelant is a ligand that contains two or more donor groups so that more than
one bond is formed between the metal ion and the ligand. The unusual property of
EDTA is its ability to chelate or complex metal ions in 1:1 metal-EDTA complexes
(Figure 5.2).
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Figure 5.2 Metal and EDTA 1:1 complex.

The fully deprotonated form (all acidic hydrogens removed) of EDTA binds
to the metal ion. The equilibrium or formation constants for most metals, especially
the transition metals, are very large, hence the reactions favour complex formation.
Many of the reactions are pH dependent, especially the weaker forming complexes
with Ca®" or Mg”".

Mn" LY ——» ML™* K¢ = (ML *)/(Mn")(L*) (20)

Chelating agents show acid base properties and equilibrium because of having
amide and acid groups together. Effective chelating agents typically have multiple
coordination sites (ligand atoms) available for complexation with a metal centre.
They have multi-protic acids (H,L) capable of undergoing acid-base equilibrium
reactions in the aqueous phase (Peters, 1999):

H,L=H"+H,. L (21)
Homl™ = H" + Hy ey L™ (22)

The important issues concerning the selection of chelants and the
development of washing solutions are summarized as follows:

* Extraction strength: The chelant should be able to form strong and stable
complexes with toxic metals over a wide pH range.

* Extraction selectivity towards desired toxic metals should be higher.

* Potential for recovering the spent chelant, If the chelant is to be recycled
and reused in the process several times, it should have low
biodegradability in soil.

* The metal-chelant complexes should have low adsorption affinity towards
solid surfaces.

* The chelant should have low toxicity and low potential to harm the
environment.

* The chelant should be cost effective (Fisher et al., 1998; Peters, 1999).
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5.5 Extraction of Metals from Spent Catalyst with Fresh Chelating
Agents

Existing literature of metal removal from spent catalyst by chelating agents is
limited. Chelating agents with supercritical fluid was studied with some researchers
as described in available methods but only chelating agents were used by very few
researchers. Vuyyuru et al. (2010) studied the extraction of nickel metal from primary
reforming spent catalyst by pressure assisted autoclave with chelating agent. The
extraction of Ni was higher when the chelation step was carried out at higher
temperatures in an autoclave. The fact that there was autogenous pressure build up in
the autoclave with increase in temperature had little bearing on the extraction
efficiency. It was primarily the effect of enhanced kinetics due to higher operating
temperatures. However, Hong et al., (2008) reported break up of soil particles in the
presence of high pressure and enhancement of extraction and up to 100% of the metal
extraction from soil was acheived. A temperature of 150 °C was considered optimal
by Vuyyuru et al. (2010) as higher temperatures (170 °C) did not significantly
enhance the metal recovery and can adversely affect process economics, in terms of
consumption of steam utilities. Furthermore, it was assumed that, at temperatures
higher than 170 °C, chemical reaction kinetics might not be rate-limiting and external
or internal mass-transfer effects or equilibrium limitations might begin to play a role.
Because of an exothermic reaction, the equilibrium uptake of Ni is expected to
decrease with increasing temperature.

100

@ 0.8 MEDTA Concentration at 8 h

90 -
m 0.8 MDTPA concentration at 8 h

Recovery of Nickel (%)

1:05 1:10 1:15 1:20 1:25 1:50
Solid to liquid ratio (g/ml)

Figure 5.3 Extraction of nickel from spent catalyst using two different chelating
agents at atmospheric pressure and 100° C with change in catalyst to chelating agent
(EDTA and DTPA) solution ratio at 8 h of contact time (Goel and Gautam, 2010).
Copyright Elsevier 2010, reproduced with permission.
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The extraction of nickel from primary reforming catalyst was done at
atmospheric pressure at 100° C by Goel and Gautam (2010). The removal of nickel is
shown with two different chelating agents in (Figure 5.3). The extraction of metal is
higher with the DTPA than the EDTA at 1:50 solid to liquid ratio by approximately
5%. It is evident from Figure 5.3 that solid to liquid ratio is a quiet an important
factor for the extraction of metal; increase in ratio from 1:05 to 1:50 enhanced the
extraction from 20-90% and 31-95% with EDTA and DTPA, respectively. Ni was
extracted up to 87-95 % in one cycle and the rest of the Ni was still present in the
catalyst. To make this 5-8 % Ni free, second cycle of experiment was done with
0.008 M concentration of chelating agent keeping other conditions the same.
Concentration for the second cycle was calculated according to the Ni remaining in
the catalyst. The first cycle extracted 77 % of total amount present and rest of the Ni
was extracted in the second stage. Chelating agent concentration was chosen to be
0.008 M according to metal to chelating agent ratio and it was kept at 1:2 for the
second cycle. This second stage of extraction released 99-99.5% of Ni present in the
catalyst.

5.6 Recycle or Regeneration Methods of Chelating Agents

Chelating agents are organic compounds that could be subject to
biodegradation when exposed to the environment. The biodegradation process of
EDTA is very slow or almost non biodegradable. To restore the environment it is
necessary to recycle and reuse the EDTA and other chelating agents. The cost of the
chelating agent can be an important issue in metal extraction from spent catalyst.
Methods that recycle process solution may make the use of chelants more
economically feasible. There are several methods available for regeneration of
chelating agents. Regeneration of chelating agents is highly dependent on the pH of
metal chelating agent complex solution, the concentration of the metal and EDTA
and the presence of electrolytes (Chang, 1995; Brown and Elliot (1992); Wanninen
and Ringbom, 1979). A comparison of the conditional stability constants for various
metal-EDTA complexes as a function of pH is given by Brown and Elliot, 1992.
Chemicals are added to lower the pH conditions (<3), the tendency for metal-EDTA
complexes to form may be assumed to follow the following sequence: Fe*™ > Cu®”
>Pb*" > AI*" >Zn*" > Mn®" >Ca®" >Mg®". Chemical addition is done to adjust to
lower the pH to remove the different metals and increase the pH again by chemical
addition to separate the chelating agents.
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Metal EDTA complex
FeCls

Metal ion substituted
by Fe, pH <4

l Na,HPO,

Metal phosphate + Fe
EDTA complex

.

| Filtration |
| Precipitated mctal| | Fe-EDTA complcx|
NaOH
Fe precipitation,
pH=13

Fe Separation

Figure 5.4 Flow chart of recycling process of EDTA (adapted from Kim and Ong,
1999).

The process based on stability of metal-EDTA is presented in
Figure 5.4 (Kim and Ong, 1999). According to the sequence described above, Fe*™
can substitute most of the metals from the EDTA and make Fe-EDTA complex.
Through addition of sulphates or phosphates metal can be separated from the Fe-
EDTA complex. The final recovery of EDTA is not reported and Fe-EDTA complex
solution is used as recycle of EDTA. The similar process was used by Chang et al.
(2007a) and Chang et al. (2007b) and DTPA was also recovered by this process. The
process suggested by Chang (1995) used the sulphuric acid to lower the pH rather
than FeCls, after which ferrous sulphate was added to ensure the complete cation
replacement with metal/Fe ratio of 3. Hong et al. (1998) used Na,S (3-50mM) with
and without Ca(OH),. EDTA was precipitated and used at slight excess on a molar
basis at moderately alkaline conditions (pH=10) and reused over several cycles of
operation. Lim et al. (2005) replaced FeCl; by Fe(NO3); to recover the metals Pb, Cd,
and Ni. Similar process was adopted by Zeng et al. (2005), in which the metal-EDTA
complex solution was treated with Ca(OH),, then a 0.5 M Na,S solution with gentle
stirring. The pH of the solution was elevated up to 10.5 and kept overnight to
precipitate the metals. The pH after metal precipitation was lowered by 10% nitric
acid to 4-5. This solution was recycled rather than obtaining solid EDTA.



122 CHELATING AGENTS FOR LAND DECONTAMINATION

The precipitation of EDTA in protonated form was done by Palma et al.
(2003a). Before lowering the pH by acidification solution metal-EDTA was
evaporated and reduced up to 75% by volume. Palma et al. (2003b) proposed reverse
osmosis to reduce the volume of extractant. The sulphuric acid was used for
acidification and EDTA in solid form was separated by filtration. A 93% of the
EDTA was recovered by this process and transformation into sodium salt was done
by an alkaline agent. The similar process was adopted by Goel et al. (2009) without
evaporation, acidification was done in total volume of metal-EDTA complex
solution. Cooling was done during addition of sulphuric acid to support the
precipitation of EDTA. A 98% of the EDTA was recovered as solid form and reused
again in protonated form. The transformation of protonated EDTA into sodium salt
was done by stirring the protonated EDTA in Na,S solution for few hours. The fresh
and recycled EDTA efficiency to recover metal is shown in Figure 5.5. The
efficiency of recycled EDTA was observed slightly less compared to fresh EDTA
with different catalyst to extractant solution ratio. Vuyyuru et al. (2010) used nitric
acid for the acidification without evaporation of solution to reduce the sulphur
contamination in recovered EDTA.

100

B Fresh EDTA
B Recovered EDTA

Extraction of Nickel (%)
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Solid to liquid ratio (g/ml)

Figure 5.5 Efficiency of fresh and recovered EDTA with increasing catalyst to EDTA
solution ratio to extract the nickel at atmospheric pressure, 100° C and 8 h of
extraction time (Goel et al., 2009). Copyright Elsevier 2009 reproduced with
permission.

The precipitation of other chelating agents such as DTPA was not observed
useful by Goel and Gautam (2010). It was observed that DTPA could precipitate in
smaller amount as compared to EDTA. After filtration of the extractant solution, the
solution was kept in centrifuge for 30 min at 6000 rpm and kept for another 10 h at
room temperature to precipitate the DTPA. A 90% of the DTPA was recovered by
acidification and centrifugation. Efficiency of EDTA and DTPA after every cycle of
Ni extraction is shown in Figure 5.6. The efficiency was reduced slightly but the
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capacity to extract Ni was greater of DTPA than EDTA. That may be the molecular
structure of DTPA has eight binding sites for metal as it has two ethylene, three
amine and five acetic acid while EDTA has only six sites to bind the metals. These
sites enhance the capacity of DTPA to extract more metals than EDTA and takes
longer and complex method to break the complex to recover DTPA.
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Figure 5.6 Reduced recovery of nickel after each recycle of EDTA and DTPA, A
first recycle, B second recycle, C third recycle, D fourth recycle, E fifth recycle (Goel
and Gautam, 2010). Copyright Elsevier 2010 reproduced with permission.

Chemical addition for recovery of metal and chelating agents is useful when
there is only one metal present in the solution. Problem arises when there are more
than one metal present in the solution and the pH of these metals for separation are
very close. Without addition of chemicals, electrochemical recovery of metal and
EDTA was proposed by Allen and Chen (1993). A two chamber cell separated by a
cation exchange membrane, to prevent migration to the anode and the oxidative
destruction of negatively charged metal-EDTA complexes, was used for this
separation. The recovery of metal and EDTA was more than 95%. In electrochemical
and reverse osmosis membranes can be clogged after continuous usage and thus
diminish the performance and shorten the lifetime of the membranes. To separate the
metal-EDTA complex some anion exchange resins are used by Tejowulan and
Hendershot (1998). The chelex and AER resins were used to extract Cd, Cu, Pb and
Zn up to 99% from the complex with the mixture with different ratios of the resin to
the EDTA complex with metal. The chemical destruction of EDTA and its complexes
using advanced oxidation processes (AOP) has been proposed (Korhonen et al.,
2000; Munoz and Von Sonntag, 2000). AOP involves the use of ozone, H,O,,
ultrasonic waves, UV irradiation, Fenton’s reagent (Fe2+ and H,0,), alone or in
combination, and electrochemical methods, to generate free hydroxyl radicals that are
powerful, effective and non specific oxidizing agents.
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5.7 Characterization of Recycled EDTA

Nuclear magnetic resonance (NMR) spectroscopy [Bruker AC 300 nuclear
magnetic resonance spectrometer (300 MHz FT-NMR)] was used to determine its
structure of the EDTA. SEM EDX analysis was used for its elemental composition.
The system used was RONTEC’s EDX system (model QuanTax 200), which
provides an energy resolution of 127 eV for Mn KR. The samples were placed onto a
metallic support and covered with a thin silver film. The electron micrographs were
obtained at 15 kV. Elemental dot maps of sections were made by scanning the surface
of EDTA with an electron beam to generate characteristic X-radiation from elements
excited in the sample (Goel et al., 2009).

5.7.1 NMR (Nuclear Magnetic Resonance)

Proton NMR of fresh and recycled EDTA revealed only two types of
hydrogen as shown in the Figure 5.7. The solvent used for the proton NMR was D-O.
Hydrogen impurities were present in this sample as shown by a peak in the spectrum
(peak 3). There are three types of hydrogen in the EDTA structure.

[
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Figure 5.7 Confirmation of hydrogen bonding by Proton NMR spectrum of (a) fresh
and recycled EDTA, (b) first recycle EDTA, (c) second recycled EDTA, (d) third
recycled EDTA, (e) fourth recycled EDTA (Goel et al., 2009). Copyright Elsevier
2009 reproduced with permission.
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Due to the reaction with deuterium, the acidic hydrogen was replaced by the
deuterium and the other two hydrogen atoms, ethylene in acetic acid and ethylene
with amine are labeled 1 and 2, respectively. The structure of the EDTA is symmetric
if divided down the middle. It should show a total of three peaks in the spectrum. The
hydrogen atoms present at ethylene of acetic acid are twice of ethylene with amine.
The area of peak 2 and 1 are in the ratio of 1:2 due to the number of hydrogen atoms
in the EDTA structure. The fresh and recycled EDTA shows the same behavior and
did not change during repetitive usage. The area underneath the peaks of fresh EDTA
is 18.42 and 37.4 in Figure 5.7a. For the fourth recycle of EDTA the area is 0.0438
and 0.0238 in Figure 5.7e. Thus the ratio is maintained at 1:2 up to the fourth recycle
of EDTA. There is no dissociation of the structure of the hydrogen atoms.

5.7.2 FTIR (Fourier Transform Infrared Spectroscopy)

Infrared spectroscopy has long been used to identify structural characteristics
of metal-ligands. EDTA salt compounds and recovered EDTA have previously been
analysed by traditional transmission methods. The spectrum is shown in Figure 5.8
(a-c). The solid salt of EDTA was mixed with KBr and pellets were made for
analysis.
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Figure 5.8 Confirmation of different group bonding present within EDTA by FTIR
spectrum of (a) fresh EDTA, (b) first recycled EDTA, (c) second recycled EDTA
(Goel et al., 2009). Copyright Elsevier 2009 reproduced with permission.
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5.7.2.1 Region 3600- 3000 em”

The region between 3600 and 3200 cm™ is generally attributed to O-H and N-
H stretching vibrations. For hydrogen bonded dimeric carboxylic acids, a downward
shift of the O-H stretching band to near 3000 cm™ is typical, this is shown by fresh
and recycled EDTA. Bands between 3600 and 3000 cm™ indicate the presence of
hydroxyl groups as a result of hydrogen bonding and complexed water molecules as
well as N-H stretching. All three of these stretching vibrations are observed in each of
the spectrums shown Figure 5.8.

5.7.2.2 Region 3000-2500 cm™

Broad vibrational bands found between 2700 and 2500 cm™ are characteristic
of carboxylic acid dimmers and are assigned to overtone and combination bands of C-
O stretching and O-H bending.

5.7.2.3 Region 1700-1500 cm™

Intermolecular interactions make the crystalline spectra more complicated
than the aqueous spectra. The spectrum was taken in crystalline form of KBr pellets.
Hydrogen bonding tends to decrease the frequency of the carboxyl groups and the
carbonyl vibration of free carboxylic acid groups. It also increases the frequency of
the antisymetric carboxylate stretching vibration. The typical range for saturated
aliphatic carboxylic acids is 1725-1705 cm™. The band at 1711 cm™ is likely the
result of fresh and recovered EDTA acid groups.

Table 5.2 Assignments of vibrational bands (cm™) obtained from FTIR (Goel et al.,
2009).

Molecular
structures Vas CO2™ | Veym COy” SNH" -COO -COOH S=0
EDY¥A
Fresh 1625 1400 1360 1320 1190 -
Recycled (I) 1643 1425 1371 1314 1256 1044
Recycled (II) 1648 1411 1368 1315 1257 1039

5.7.2.4 Region 1500-1900 cm™

For carboxylic acids and carboxylates, this region includes bands for O-H
bending, C-O stretching, and C-H bending vibrations. These bands tend to have
weaker intensities compared to the carboxyl group bands. In the region that have
strong absorption can enhance the band intensity for other functional groups (Lanigan
and Pidsosny, 2007). The bands are assigned in Table 5.2.
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5.7.3 EDX (Energy Dispersive X-Ray Analysis)

Energy dispersive x-ray studies of the EDTA were performed on the EVO 50
apparatus. The samples were placed onto a metallic support and covered with a thin
silver film. The electron micrographs were obtained at 15 kV.

Elemental dot maps of sections were made by scanning the surface of EDTA
with an electron beam to generate characteristic X-ray radiation from elements
excited in the sample. The scanned graphs show the different elements present in
EDTA. Figure 5.9a shows the fresh EDTA elements in the graph and shows carbon,
oxygen, nitrogen and sodium of the di sodium salt, sulphur is also present in traces.
Figure 5.9b-¢ shows an increasing amount of sulfur present as the EDTA is further
recycled. The sulfur in repeated cycles of EDTA is increased because the sulfuric acid
was used for the dechelation to break the complex of EDTA and Ni metal.
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Figure 5.9 EDX of (a) fresh EDTA, (b) first recycled EDTA, (c) second recycled
EDTA, (d) third recycled EDTA (e) fourth recycled EDTA (Goel et al., 2009).
Copyright Elsevier 2009 reproduced with permission.
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5.7.4 TGA (Thermogravimetry Analysis)

Thermogravimetry analysis was carried out in the range of 50°C-450"C using
a Standard Deviation Thermogravimetry analyzer, model Q600 from TA instruments.
During TGA the purge gas used was air. Figure 5.10b shows the weight loss up to
250°C, after that no more losses occur in the fresh EDTA sample because the melting
point of EDTA is 251°C. Further losses are likely due to be associated with the EDTA
salt.
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Figure 5.10 Weight loss of (a) first recycled EDTA, (b) fresh EDTA with increasing
temperature at the rate of 10° C/min by thermogravimetry analysis (Goel et al., 2009)
Copyright Elsevier 2009 reproduced with permission.
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Figure 5.10a shows the weight loss with increasing temperature of the first
time recovered EDTA. The figure shows higher weight losses than the fresh EDTA.
As identified from EDX analysis a small amount of sulfur is present in the recovered
EDTA. 1t is therefore expected that a higher weight loss occured due to the formation
of sulfur oxide during the combustion of EDTA (due to dechelation with H,SO,).
Therefore, the combined loss of water and sulfur is much higher than in the fresh
EDTA sample.

5.8 Reusability of Spent Catalyst after Metal Extraction

The spent catalyst after metal removal was utilized by Marafi and Stanislaus
(2003b). Spent catalyst was successfully utilized in cement production. In USA,
cement kilns process about 60,000 ton/year of spent catalysts (Chen et al., 2006).
Using the spent catalyst for the cement production seems an attractive option from
the environmental and economical point of view. The reuse of spent catalyst to form
new catalyst compositions has been reported in few studies (Gutnikov, 1971). The
study investigated the possibility of preparation of an active hydrodesulphurization
catalyst from spent HDS catalysts by mixing of alumina containing materials and
shaping into compacted extrudates (Lopez et al., 1988). Decoked spent catalyst was
ground and mixed with an unspecified additive and the resulting mixture was shaped
to form particles of new hydroprocessing catalyst. High temperature sintering was
used for pore enlargement to make the catalyst sites more active.

Although the utilization of the spent catalysts in the preparation of fresh or
new active catalysts can help to reduce the spent catalyst problem to some extent, it
does not solve the problem completely. All catalysts deactivate eventually to a point
where further regeneration and recycling becomes uneconomical and they are
discarded as wastes. Processes currently available for making spent catalysts non-
leachable for safe disposal are very expensive. The cost involved in the treatment of
the spent catalyst to make them non—leachable could be offset if the non-leachable
material produced in the process were used in some other applications.

A process for making highly stabilized non-leachable anorthite glass ceramic
materials from spent hydrotreating catalysts have been reported by Sun et al. (2001).
The authors described a process to reduce non-leachable materials of high
compressive strength such as a synthetic aggregate from spent hydroprocessing
catalysts. The process involved mixing the spent catalyst in the form of a fine powder
with clay, gatch, sand and water and shaping the wet mix into small balls of diameter
20 mm. After drying these balls at 110° C for 12 h, balls are reheated at 1150-1300°
C to make a strong bond with clay. To test the possibility of using the synthetic
aggregate materials produced from spent catalysts, about 2 kg of aggregate was
mixed with cement and sand and concrete cubes were prepared. After seven days
concrete compressive strength was determined to be only 5 % less than the natural
aggregate. This shows that the spent catalysts in the form of concrete are stable and
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non-leachable and they can be used in the construction industry incorporating in a
cement industry.

5.9 Extraction Kinetic Models for Chelating Agents

The overall sorption rate depends on the path leading from the initial to the
final state. In the catalyst where a porous media is considered, pathway includes
events that are controlled either chemically or by molecular level mass transportation.
The theoretical aspects of the sorption processes, the mathematics of mass transfer
and of sorption kinetics, as well as the applicability of several different approaches to
real samples are described by Weber et al. (1991). A simplest way to workout
experimental data is by selecting a probable rate determining step, which controls the
kinetics of the overall sorption process. However working with complex system such
as multiple metals and other elements like Ca, Mg and other promoters added to the
catalyst during catalyst production implies to work with very complex mathematical
equations like partial differential equations. If there is free chelating agent present and
to take this in account partial differential equation for each element diffusion and
porosity of the catalyst should be considered (Tsang et al., 2007).

A number of different models have been proposed in the literature to describe
the extraction kinetics from soil but very few are available for the catalyst. For
extraction of metal with the chelating agents from spent catalyst, there are three basic
physicochemical processes assumed (Kedziorek et al., 1998).

(a) Chelant transport advection dispersion equation;

(b) Solubilisation through complexing with heavy metals bound with the
catalyst; and

(c) Transport of chelant metal complex in solution

5.9.1 Multiple First Order Reactions Model

In previous studies (Yu and Klarup, 1994; Lin and Chen, 1998; Fangueiro et
al., 2005; Labanowski et al., 2008; Kuo and Mikkelsen, 1980; Yip et al., 2009),
multiple first order reactions model is used by several soil chemists to describe the
extraction of different trace metals like Zn, Fe, Mn, Pb and Cu. This model gives real
physicochemical meaning but it needs several independent parameters which are
different for every combinations of chemical and solids. In this model different first
order reactions are ascribed to different types of discrete binding sites of catalyst to
metal. There are two assumptions made:

(1) There are different first order reactions taking place and their rates of the
reactions are independent of each other.
(2) The fast reaction completes before start of the slow reaction.
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Thus, metals are bound to fractions associated to specific smaller portion of

the catalyst. Multiple first order reactions can be described as:
dcC,
dt

—k(c'-c) 23)

Where C; represents the quantity of desorbed metal from compartment i per
gram of the catalyst at time 7, C’ represents the quantity of desorbed metal per gram
of catalyst in compartment i per gram of catalyst at equilibrium and %; is the rate
constant of first order reaction for each compartment i. The fast reaction is considered
to be the beginning of the extraction process and 0-3 h of the extraction time has been
proposed by different authors. The slow reaction is considered for the rest of the time
until reaching equilibrium. In practice, it is difficult to obtain equilibrium because
extraction in the presence of free chelating agent takes place for infinite time;
chelating agents are always present in excess compared to metal.

The first order reaction kinetics for both stages is given as:

ddCt' =k(c'-c) 24)
ddctz =k(c-c) 25)

According to the assumptions, metal desorption reactions are independent
from each other. After integration of equation (24) and (25), taking initial condition
as C;=0and C; =0 at =0, and rearranging, the equation will become

C=C)(1-exp(~kp))+ C(1-exp(-k;t)) (26)

€/’ (mg/g) represents the amount of metal readily extractable by the fast reaction and
¢, (mg/g) represents the amount of metal less extractable by the slow reaction at
equilibrium.

5.9.2 Diffusion Model

This kinetic model shows a good physical meaning, the rate limiting step in
this model is intraparticle diffusion or surface diffusion. This model assumes that
among the sediment particulates, the complexing reactions of metals with chelating
agents are fast and their product diffusion are slow. This model is based on the Fick’s
law of diffusion (Sivasubramaniam and Talibudeen, 1972; Jardine and Sparks, 1984).
In most studies, ground particles or sediment particles are considered to be spherical.
The diffusion model is applied to the mass transportation of the metal chelating agent
complex to the surface of the particles and finally in the bulk of the solution by
stirring of the solution.
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For a spherical particle system, Fick’s law is mathematically expressed as
Crank (1976):

2
%——D(a §+26—CJ 27)
ot or~ ror

Where C is the concentration of the diffusive substance, D is the
corresponding diffusion coefficient, » the radius of the particle and ¢ is the time.
According to Crank (1976), the total amount M, of the complex entering or leaving a
sphere of radius « at time ¢ needs to be determined. Equation (28):

M, 6 &1 -Dn*z’t
m =1‘,,22nz“p(azj o9

o n=1

Where M is the amount of complex entering or leaving the sphere after
infinite time. To apply these model equations in extraction rate data, the values of D,
n, and a needs to be find out. The equation (28) is an infinite series of order n. The
value of (D/a’) is considered 1.5 x 10™ min™ for n = 10 and radius ¢ = 200um by Yu
and Klarup, (1994).

For cylindrical particles the model is defined as the parabolic model.
According to Crank (1976), the equation which describes the diffusion in and out of
the cylinder is:

M

Mt =1- i%exp(— Dafl) (29)

@ n=1 n

Where «,represents the positive roots of Jy(aa,) = 0, with Jy(x) being the

Bessel function of the first kind of zero order. For short time interval, this equation
can be simplified to:

M, 4 (D\"” (Dt
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o

Lin and Chen (1997) considered that in the initial phase of diffusion, there
would be a linear relationship:

Sk a1

o

Jardine and Sparks (1984) also used equation (31) for the study potassium-
calcium exchange in multireactive soil system. The value of diffusion coefficient was
assumed constant but the time range of valid use of this equation was not specified.
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5.9.3 Empirical Models

The two constants equation was used by many researchers to fit metal
extraction kinetic data (Lee et al., 2005; Yu and Klarup, 1994; Lin and Chen, 1998;
Fangueiro et al., 2005; Kuo and Mikkelsen, 1980; Yip et al., 2009). The equation is
described as:

C= A (32)

Where C is the concentration of metal, 7 is the time and 4 and B are the two constants.
After simplification, equation (32) becomes:

InC=BInt+In4 (33)

Kuo and Mikkelsen, 1980, considered the equation (33) as a multiple order
equation by taking the constant B as the order of reaction, but there is still no physical
significance of the constants. Experimental data fits well with the equation but the
model has a lacks of significance. The two constants model is useful to predict the
extraction kinetics, however, it is not consistent with the fact that C approaches the
limit as ¢ tends to infinity, and hence this model applies only within a certain time
scale.

The other empirical model is the Elovich equation applied to the extraction of
metals (Halin et al., 1985). This is expressed as:

ac
= ge™ 34
7% (34)

Where C is the concentration of metal in solution at time ¢, and ¢ and b are
constants. This equation is based on a continuous and specific range of site reactivity
hypothesis. In fitting the equation (34) the real physical meaning is unclear being an
empirical equation.

5.10 Conclusions

Over the past few year, emphasis has been given to the management of spent
catalyst due to increase in demand of petroleum and fertilizer products. Disposal of
spent catalyst by encapsulation and addition duing cement production can reduce the
risk of exposure to environment. The compressive strength of concrete made from the
mix of catalyst is only 5 % less than the natural aggregate mix. After recovery of
metals the volume of catalyst was reduced by 5-35 % based on the metals present in
the catalyst. Recovery of valuable metals from spent catalyst becomes necessary not
only for lowering the catalyst cost but also for reducing the catalyst waste to prevent
the environmental pollution. Acid leaching was the general procedure for the metal
removal from spent catalyst, due to handling purposes of large quantity acid should
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be replaced by some other extractants. Alkaline reagents create no problem but
corrosive in nature needs replacement of process plant equipment after some time and
increase overall cost of the process. Both acid and alkaline reagents cannot be
recycled.

Chelating agents proved better extractants than acids because of their
recoverable property and safer use. This property makes this process closed loop and
more economical and cost effective. Use of chelating agents was limited to metal
extraction from soils, Goel et al. (2009) attempted first time to make use of chelating
agents for the spent catalyst. The conditions of operation are such that higher
temperature processes are carried out using EDTA solution, which is noncorrosive,
and the use of mineral acids for dechelation is limited to very low temperatures.
Therefore, materials of construction are expected to be cheaper, and the handling and
storage are also expected to be less hazardous than those involving strong
acids/oxidizing agents. This method promises to be a good industrial process for
handling 1-2 t per batch of spent catalyst, within the infrastructure of a major
nitrogenous fertilizer industry. The prospects of recovering and recycling Ni as
solution are thus very high and will eventually contribute to lowering catalyst cost
while benefiting the environment. The Characterization of EDTA shows the stability
of chemical structure that enables reusability after four recycles. The extracted metals
from spent catalyst are in the form of sulphates. These extracted metals can be used to
make new catalyst by wet impregnation method (one of the method to load metals on
alumina or silica surface). Another use of nickel sulphate is electroplating of batteries.
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CHAPTER 6

Enhanced Soil Flushing and Washing of
Contaminated Soil and Sediments

Catherine N. Mulligan

6.1 Introduction

In the urban context, surface and subsurface soils and sediments may be
contaminated and degraded. Derelict sites pose unique problems. Urban land can
become degraded chemically and physically. They have the capacity to maintain their
biodiversity, ecological functions, soil quality, and groundwater renewal. Brownfields,
however, have been degraded by contamination from various sources such as
refineries, rail yards, gas stations, warehouses, dry cleaners and other commercial
enterprises using or storing hazardous chemicals. Abandoned urban lands
(brownfields) are clearly contrary to the principles of sustainable development
detailed in the Brundtland Report (World Commission on Environment and
Development, 1987). Subsurface contamination by nonaqueous phase liquids
(NAPLs), particularly petroleum, has been a major and widespread problem.

Numerous economic and health benefits can be achieved by restoring
contaminated urban and brownfield sites. They include providing tax revenue,
improving land and public health by improving air quality, removing threats to safety
and reducing greenhouse gas emissions (NRTEE, 1998). In addition, transportation
costs can be reduced by up to $66,000 per hectare per year if brownfields are
redeveloped compared to greenfields by reducing urban sprawl (NRTEE, 2004). For
every hectare of brownfield restored, 4.5 hectares of greenland can be preserved.

Regardless of the origin of the contaminants and pollutants in the area, an
evaluation of the threats to human health and the environment must be undertaken
before the remediation process. Both the potential exposure time and level must be
considered. Both the wastes and the products they produce (such as leachates and
emissions) are health and geoenvironmental threats. Disposal of wastes in the ground,
illicit dumping, leaking underground storage tanks and others are also causes for
concern in the urban environment. A recent sampling of backyards in Montreal,
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Canada, where wastes had been previously dumped, indicated elevated levels of the
heavy metals lead and zinc (Huang, 2005).

To evaluate the threats to human health and the environment, tests must be
undertaken before the remediation process. Contaminant concentration, solubility,
partition coefficients, and leaching potential should be determined. Techniques such
as selective sequential extraction are useful in determining the likelihood that the
heavy metals are mobile. Selective sequential extraction studies were performed on
nine soil samples (Huang, 2005). Lead and zinc were shown to have different
affinities towards different soil fractions. Both Pb and Zn have higher affinities
towards the soil fractions of organic matter and oxides. Only a small fraction of both
metals is associated with the exchangeable fraction. Metals bound to the
exchangeable fraction of soil are mostly physically adsorbed (by electrostatic force)
to the soil surfaces, and thus the bonding is weaker compared to other binding
mechanisms. The moderate to high degree of leaching by rainfall and the competition
from other cations present in the leachate solution could explain why only a limited
amount of Pb and Zn were retained by this soil fraction. There is a high degree of
association of Pb and Zn with soil oxides and organic matter. The metals associated
with oxides are particularly susceptible to oxidation-reduction reactions and
solubilization upon a decrease in pH by acid rain.

A variety of in situ and ex situ remediation techniques exist. For evaluation of
the most appropriate technique, the procedure in Figure 6.1 should be followed. Ex
situ techniques include excavation, contaminant fixation or isolation, incineration or
vitrification, washing and biological treatment processes. In situ processes such as:
(a) bioremediation, air or steam stripping or thermal treatment for volatile compounds,
(b) extraction methods for soluble components, (c) chemical treatments for oxidation
or detoxification, and (d) stabilization/ solidification with cements, limes, resins for
heavy metal contaminants. Phytoremediation is less developed. The most suitable
types of plants must be selected based on pollutant type and recovery techniques for
disposal of the contaminated plants.
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Figure 6.1 Process for evaluating soil remediation processes.

Most in situ remediation techniques are potentially less expensive and
disruptive than ex situ ones, particularly for large contaminated areas. Natural or
synthetic additives can be utilized to enhance precipitation, ion exchange, sorption
and redox reactions (Mench et al., 2000). The sustainability of reducing and
maintaining reduced solubility conditions is key to the long term success of the
treatment. Ex situ techniques are expensive and can disrupt the ecosystem and the
landscape. For shallow contamination, remediation costs, worker exposure and
environmental disruption can be reduced by using in situ remediation techniques. In
this chapter we will examine various agents used to enhance in situ flushing and soil
washing processes for soil and sediment remediation. The main focus will be on
metal removal by biologically produced surfactants due to their biodegradability and
effectiveness.

6.2  Soil Flushing

To remove non-aqueous phase liquids (NAPLs) from the groundwater,
extraction of the groundwater can be performed by extraction pumping of the
contaminated dissolved phase and/or free phase NAPL zone. Drinking water
standards can be achieved after treatment with activated carbon, ion exchange and
other methods. However, substantial periods of time can be required before this
occurs. To enhance the removal rates of the contaminants, extraction solutions can be
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infiltrated into the soil using surface flooding, sprinklers, leach fields, horizontal or
vertical drains. Water with or without additives (surfactants or solvents) is employed
to solubilize and extract the contaminants as shown in Figure 6.2 in soil flushing.
Chemical additives include organic or inorganic acids, bases, water soluble solvents,
complexing agents and surfactants.

Soil flushing is appropriate for highly permeable soils. The washing solution
is pumped through the soil by injection wells, surface sprinklers or other means of
infiltration. The washing solution should be treated to remove the contaminants and
reuse the water. Control of the infiltrating agent may be difficult, particularly if the
site hydraulic characteristics are not well understood.

As some residuals may remain in the soil or groundwater, the agents must be
non-toxic and biodegradable. Contaminant removal efficiencies are related to, and
affected by, soil pH, soil type, porosity and moisture content, cation exchange
capacity, particle size, organic content, permeability and the type of contaminants.
High soil permeabilities (greater than 1x10~ cm/sec) are considered to be beneficial
for such procedures. Depth to groundwater can increase costs. However, the
spreading of contaminants and the fluids must be contained and recaptured.
Emissions of volatile organic compounds (VOCs) should be monitored and treated if
required. Recycling of additives is desirable. Metals, VOCs, polychlorinated
biphenyls (PCBs), fuels and pesticides can be removed through soil flushing.

Buried leaking storage drum
Extraction well

Injection well ———————— for water
treatment

p———
Groundwater
flow direction

<+— Monitoring
well

Pollutant plume

Figure 6.2 Schematic of Soil Flushing.

In choosing the remediation technologies to treat this problem, it is necessary
to factor in the targets, exposure routes, future land use, acceptable risks, legislation,
and resultant emissions. Laboratory and field treatability tests should be performed to
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obtain site specific information. Soil flushing is a proven technology and has been
demonstrated as 12 Superfund sites. Costs can vary from $18 to $50 per cubic meter
for large easy to small difficult sites. A schematic illustration of the criteria and tools
for evaluating technologies and protocols for environmental management of
contaminated soils and sediments is shown in Figure 6.3.

Sustainable mitigation strategies for
contaminated soils/sediments

Criteria for evaluating sustainability Some tools for evaluating
Soil quality and structure sustainapilit

Emissions and by-products .
Leaching tests

Sorption/desorption tests
Sequential extraction tests
Bioavailability

Costs
Short and long term effectiveness
Toxicity and mobility reduction

Leaching of other contaminants
and assimilative capacity Plant uptake

Wastes produced
Energy and water use

Figure 6.3 Schematic of evaluation of technologies.

6.3  Soil Washing

Soil washing has been suggested for a variety of soils contaminated with
metals, mixed contaminants, and organic contaminants (El-Shafey and Canepa, 2003).
Soil washing is a process that uses water to removal contaminants from soil and
sediments by physical and/or chemical techniques. Contaminated sediments are
problematic as they can potentially release contaminants severely impacting water
quality. Soil washing involves the addition of a solution with the contaminated soil to
transfer the contaminants to the wash solution. It is most appropriate for weaker
bound metals in the form of hydroxides, oxides and carbonates. Mercury, lead,
cadmium, copper, nickel, zinc and chromium can be recovered by electro-chemical
processes if the levels of organic compounds are not significant. Metals can also be
removed by precipitation or ion exchange. Precipitation is not applicable for metal
sulfides. Pretreatment to remove uncontaminated coarser fractions can be used.
Various additives can be employed such as bases, surfactants, acids, or chelating
agents. Nitric, hydrochloric and sulfuric acids can be used. However, if sulfuric acid
is used, 50% of the amount is required compared to hydrochloric acid (Papadopoulos
etal., 1997).
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Figure 6.4 illustrates a typical soil washing process where the separation
consists of washing, rinsing, size separation, and other technologies similar to those
used in the mineral processing industry. The Bergman process is an example of a
commercial soil washing system. In general, it is recommended that the soil should
contain at least 60% of the coarse fraction and less than 20% of an organic fraction by
volume (USEPA, 1995). Surfactants may be added to the washing water. Larger
particles are separated from the smaller ones as the smaller they are the higher the
contamination level. The smaller volumes of soil can be treated more easily. A soil
washing demonstration indicated that 18% of the received sediment can be classified
as contaminated (USEPA, 1992). The optimal size range is 0.24 to 2 mm due to the
surface charges of the soil clay particles that attract anionic metal contaminants and
the organic fraction that binds organic contaminants. Wash water and additives
should be recycled, regenerated or treated prior to disposal. The dewatering of
particles is subsequently needed. The mechanical dewatering such as by a filter press,
conveyer filtration, centrifugal separation, etc., is available. Froth flotation (the
introduction of air bubbles in a slurry) may also be included and has been used to
remove zinc from contaminated soil in Germany (Venghuis and Werther, 1998). The
disposal of fine particles is different, depending on the type and levels of the
contaminants. For contaminated sediments, the separated clean coarse sandy fraction
has been used for construction fill while after blending with clay, and heat treatment
in a kiln and the concentrated contaminant fraction has also been used in an aggregate
feedstock (Zagular and Beitnger, 1996).
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Figure 6.4 Schematic of soil washing.



CHELATING AGENTS FOR LAND DECONTAMINATION 147

Mixtures of metals and organic contaminants may require sequential washing
with different additives to target the various contaminants. Soil washing processes
generally use hot water. The viscosity of hydrocarbons is influenced by temperature
and the increase in temperature reduces the viscosity. Since the increase in
temperature of water increases the kinetic energy of water molecules, the diffuse
double layer of soil particles becomes thinner. Then, surface attractive forces on the
particles are reduced. The increasing temperature increases the solubilities of metal
salts.

The treated soil can then be washed to remove any residual wash solution
prior to disposal. Ideally the wash solution should be recycled. Costs of soil washing
are usually in the order of $70 to 190 US. per m® depending on site size and
complexity (Racer software, Remedial action plan 2006). Although extensively used
in Europe, full scale processes are not well known in the U.S. Extraction tests should
be conducted to determine the optimal conditions (chemical type and dosage, contact
time, agitation, temperature and extraction steps to meet regulatory requirements).
Spent washwater can be a mixture of soluble contaminants and fine particles.
Treatment is thus required to meet reuse or disposal requirements. Full scale
demonstrations may be required to determine the feasibility of the selected treatment
conditions. Soil washing and vitrification have shown costs of $100,000 and
$1,000,000 per ha, respectively (Russel et al., 1991).

6.4 Use of Acids and Chelating Agents

A typical washing method may be acid leaching which refers to the soil
remediation which extracting the metals with sulfuric acid. It is frequently ineffective
for cadmium. Leaching can be abiotic or microbial (Loser et al., 2006; 2007). In
abiotic leaching, the H,SOy is supplied to the soil with circulating water. However, in
microbial leaching, elemental sulfur is added to the sediment, and is oxidized to
sulfuric acid (Tsai et al., 2003a; 2003b). Another approach is to produce organic acids
(such as citric acid produced by the fungus Aspergillus niger) for complexation of
heavy metals (Mulligan and Kamali, 2003). Both methods achieved removal
efficiencies of greater than 90% for total extractable heavy metals. The pH ranges are
controlled depending on the heavy metal species. For example, Al is markedly
solubilized at pH< 4, and Fe at pH<2.4.

Chelants desorb metals from soil by forming complexes with the metals. The
complexes must be stable and soluble and enhance desorption of the metals. The
chelant should not affect the environment and not destroy the physical characteristics
of the soils. The complexing agent should be stable over a wide pH range, selective
for the desired metal, be recoverable, have a low adsorption capacity, low toxicity and
be cost effective. Ethylene diaminetetraacetic acid (EDTA) has been the most
frequently used to enhance plant uptake and as a chelating agent in washing processes
but the chemical is not highly degradable. Other chelants have been recently
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evaluated such as nitrilotriacetate (NTA), S,S-ethylenediaminedisuccinic acid (S,S-
EDDS) and others. Usually lower pH levels extract more metals (van Benschoten and
Matsumoto, 1997). Higher pH values (slightly alkaline) have been optimal for
removal with S,S-EDDS of lead, zinc and cadmium. Frequent application of small
dosages seems to be more beneficial than a single large dose (Finzgar and Lestan,
2007). The best method for choosing a chelating agent is to perform tests for each site
to optimize the conditions of pH, concentrations and reaction times as there are many
potential interfering agents and reactions.

Not all fractions are amenable to soil washing. Metal speciation and
fractionation studies are useful in determining which fractions can potentially be
removed from the soil by the chelant. Barona and Romero (1996) showed that the
amount of lead removed by EDTA corresponded to the Fe- and Mn-oxide and organic
fractions. Finzgar et al. (2005) showed that lead was removed from the carbonate and
organic fractions by S,S-EDDS. Therefore the remaining metal fractions should be
more stable and less mobile. However, climate, hydrological conditions and natural
biota may influence the metal forms. Earthworms (Eisenia fetida) have been capable
of enhancing Pb mobility by a factor of 6.2 times.

Kantar and Honeyman (2006) evaluated the use of citric acid for remediation
of uranium-contaminated sandy soil. Citrate was able to remove U(VI) via
complexation and extraction of Fe coatings and Fe-citrate complexes. U(VI) is the
most common form. 98% removal of uranium could be achieved with 10° M citric
acid in batch systems. In soil flushing experiments, more citric acid (4 pore volumes
of 0.1 M citric acid) was required than for the batch experiments to remove
approximately the same amount of uranium. Field implementation is feasible but
uranium-citrate complexes must not migrate to undesirable areas.

Further studies have been performed to develop a feasible and economical
technique to treat and microbially recover metals in low-grade oxide ores (Mulligan,
2002). Significant quantities of metals that are contained in low - grade ores and
mining residues need to be extracted economically and to avoid endangering the
environment. Pyrometallurgical and hydrometallurgical techniques are either very
expensive, energy intensive or detrimental to the environment. For these reasons,
biohydrometallurgical techniques employing the fungus Aspergillus niger are
potentially more sustainable. A. niger has exhibited good potential in generating a
variety of organic acids effective for metal solubilization (Mulligan and Kamali,
2003). Organic acid effectiveness was enhanced when sulphuric acid was added to
the medium. Different agricultural wastes such as potato peels were tested. In
addition, different auxiliary processes were evaluated in order to either elevate the
efficiency or reduce costs. Finally, maximum solubilization levels of 68%, 46% and
34% were achieved for copper, zinc and nickel, respectively. Also iron dissolution
was minimized to 7% which allows for further metal purification.

A later study was performed by Ouattara (2008). Leaching tests were
performed to treat mining residues. Seven food wastes were used to produce organic
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acids by A. niger and P. simplicissum. Two steps were used, production followed by
leaching. Whey permeate was the most promising substrate for production of a
mixture of gluconic, malic, oxalic and citric acids. A. niger was superior to P.
simplicissum. Cu, Zn, and Pb were leached from one type of residue while Ni and Zn
were solubilized from the other. Mn was solubilized the most for both residues. The
solubilized metals were mainly in the form of carbonates and oxides (which occurs at
a pH less than 5). An important fraction was also solubilized in the organic fractions
for Mn and Cu for both types of residues and Ni, Pb and Zn in one type of residue.
The economic feasibility of this process depends on the value of the metals recovered.

Another research study was to elucidate the mechanisms of arsenic (As)
mobilization from mine tailings in the presence of chelating natural organic matter
(NOM). Humic acid (HA) was chosen as a model for NOM (Wang and Mulligan,
2009a). The introduction of HA at a low mass ratio (below 2 mg HA/g mine tailings)
under acidic conditions inhibited As mobilization. As mobilization increased with
increasing mass ratios. Under alkaline conditions, HA enhanced As mobilization
significantly. A mobilization isotherm was developed to predict As mobilization from
the mine tailings in the presence of HA. It was indicated that HA sorption to the mine
tailings was essential for As mobilization. FTIR analyses indicated the carboxylic and
amino functional groups in HA might be involved in As mobilization and
complexation. Capillary electrophoretic analyses indicated that As redox reactions
might not have a significant effect on As mobilization in this study. The mobilization
of co-existing metals might enhance As mobilization by helping incorporate it into
soluble complexes in the presence of HA.

6.5 Surfactant Washing and Flushing

6.5.1 Surfactants

Surface active agents (surfactants) are used to enhance soil flushing and
washing procedures due to their amphiphilic properties. The hydrophilic and
hydrophobic portions (Tsujii, 1998) enhance the solubility of organic or inorganic
components. Through reduction of interfacial tension and micelle formation,
surfactants or biosurfactants have shown many environmental applications including
heavy metal and hydrocarbon removal from contaminated soils (Mulligan and
Eftekhari, 2003; Mulligan and Wang, 2006; Urum et al., 2003). Low critical micelle
concentrations (CMC) minimize the amount of agent required. Nonionic surfactants
such as polyethoxylate nonyl phenol have shown their ability to enhance recovery of
NAPLs such as gasoline (Chevalier et al., 1997). Nonylphenyl ethoxylate (Medina
Agriculture Products) has been used for in situ and ex situ remediation. It is highly
biodegradable under aerobic conditions and is approved for oil spill cleanups by the
U.S. federal government.

After pretreatment to remove large debris and larger uncontaminated particles,
the soil can be treated by mixing as a slurry with the chelating solution (Vandevivere
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et al., 2001). As the treatment can be severe, soil properties including soil flora, soil
structure, hydraulic conductivity, and water holding capacity should be examined
after treatment (Finzgar and Lestan, 2006a). This is not a sustainable practice.
Surfactant-enhancement of remediation techniques is still developing and will be
examined in detail in this chapter.

6.5.2 Biosurfactants

Yeast and bacteria are able to produce biological surfactants from various
substrates including sugars, oils, alkanes and wastes (Lin, 1996). The CMCs of the
biosurfactants typically range from 1 to 200 mg/L with molecular masses from 500 to
1500 Daltons (Lang and Wagner, 1986). They can be potentially as effective with
some distinct advantages over the highly used synthetic surfactants including high
specificity, biodegradability and biocompatibility (Cooper, 1986). Some
classifications of biosurfactants include glycolipids, lipopeptides, phospholipids, fatty
acids, neutral lipids, polymeric and particulate compounds (Biermann et al., 1987).
Most are either anionic or neutral, while only a few with amine groups are cationic.
The hydrophobic part of the molecule is based on long-chain fatty acids, hydroxy
fatty acids or o-alkyl-B-hydroxy fatty acids. The hydrophilic portion can be a
carbohydrate, amino acid, cyclic peptide, phosphate, carboxylic acid or alcohol.

Rhamnolipids are the most studied biosurfactants. They are produced by
Pseudomonas aeruginosa (Hitsatsuki et al., 1971; Guerra Santos et al., 1984;
Mulligan et al., 1999) and are commercially available (Jeneil Biosurfactant). Surface
tensions of water are reduced to 29 mN/m by these biosurfactants. CMCs range from
10 to 230 mg/L, depending on the structure. Two types of rhamnolipids contain two
rhamnoses attached to B-hydroxydecanoic acid or one rhamnose connected to the
identical fatty acid (Figure 6.5). Type I, (R1) is L-rhamnosyl-f-hydroxydecanoyl-f3-
hydroxydecanoate, molecular mass = 504 Da; Type II, (R2) is L— thamnosyl — § — L—
rhamnosyl — B — hydroxydecanoyl — p —hydroxydecanoyl — f— hydroxydecanoate,
molecular mass = 660 Da; Type III (R3) is one rhamnose attached to p—
hydroxydecanoic acid and Type IV (R4) is two rhamnoses attached to f—
hydroxydecanoic acid. Pseudomonas aeruginosa can utilize a wide variety of
substrates including C;; and C;, alkanes, succinate, pyruvate, citrate, fructose,
glycerol, olive oil, glucose and mannitol (Robert et al., 1989) which influences the
type and yields of rhamnolipids produced. Fermentor design, pH, nutrient
composition, and temperature are also influential (Mulligan and Gibbs, 1993). Other
low molecular weight biosurfactants include surfactin (a lipopeptide), saponin (a
plant derived biosurfactant) and others are discussed.

6.5.3 Soil Washing
6.5.3.1 Rhamnolipid

The feasibility of using biodegradable biosurfactants to remove heavy metals
from an oil-contaminated soil (890 mg/kg of zinc, 420 mg/kg of copper with a 12.6%
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oil and grease content) from a harbour area was recently demonstrated by batch
washes with surfactin, a rhamnolipid and a sophorolipid (Mulligan et al., 1999). Five
serial batch washes with 0.1% surfactin/1% NaOH removed 70% of the copper while
4% sophorolipid/0.7% HCI was able to remove 100% of the zinc. The results clearly
indicated the feasibility of removing metals with the anionic biosurfactants tested
even though the exchangeable metal fractions were very low. Since these agents are
biodegradable, they can enhance hydrocarbon removal and can potentially be
produced in the sediments.

Various studies have been performed to evaluate the use of biosurfactants for
enhancement of soil washing. Anionic surfactants have been particularly effective for
cation removal. Asci et al. (2007) evaluated the potential to remove Cd(II) from
kaolinite. The desorption effects of pH, rhamnolipid concentration, and sorbed Cd(II)
concentration were determined. The optimal conditions were pH 6.8, an initial
concentration of 0.87 mM, and a rhamnolipid concentration of 80 mM. A removal of
71.9% of Cd(II) was achieved. Various sorption models were evaluated for Cd(II).
The Kolbe-Corrigan model fitted best. Asci et al. (2008a) then examined the removal
of zinc from Na-feldspar (another soil component) by a rhamnolipid biosurfactant.
Significant sorption of zinc was shown. The optimal pH for removal was also 6.8 due
to the small vesicles and micelles at a pH > 6.0. A concentration of 25 mM was
optimal for removal of 2.2 mM of zinc (a 12.2 :1 molar ratio) or 98.8%.
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As sorption of biosurfactants can reduce removal of contaminants from
various components of the soil (Ochoa-Loza et al., 2007), sorption tests were
performed for various soil components. Monorhamnolipid (R1) sorption depended on
its concentration. The sorption followed the order of hematite > kaolinite >
MnOx~illite~Ca-montmorillonite > gibbsite > humic acid coated silica for low R1
concentrations for organic degradation. For higher concentrations, sorption by illite
>> humic acid coated silica > Ca-montmorillonite > hematite > MnO, > gibbsite~
kaolinite. In spite of the stronger sorption by R1, it was more efficient of metal
removal. This information will enable predictions to occur regarding the feasibility of
rhamnolipid treatment and the quantity of rhamnolipid for rhamnolipid treatment. Use
of the rhamnolipid as an R1/R2 mixture increases the R1 concentration available in
solution for remediation.

Kim and Vipulanandan (2006) evaluated the removal of lead from water and
contaminated soil (kaolinite). A linear isotherm was used to represent lead desorption
from kaolinite. A biosurfactant to lead ratio of 100:1 showed optimal removal. The
carboxyl group of the biosurfactant was found by FTIR spectroscopy to play a role in
metal removal. Micelle partitioning could also be represented by Langmuir and
Freundlich models. The biosurfactant micelle partitioning was more favorable than
the synthetic surfactants, sodium dodecyl sulfate (SDS) and Triton X-100. The
biosurfactant produced from vegetable oil at a concentration 10 x CMC could remove
lead by over 75% from 100 mg/L contaminated water.

The effect of negatively-charged biosurfactant (rhamnolipid) addition on
chromium contaminated kaolinite was studied (Massara et al., 2007). The results
showed that the rhamnolipids have the capability of extracting a 25% portion of the
stable form of chromium, Cr(III), from the kaolinite, under optimal conditions. The
removal of hexavalent chromium was also enhanced compared to water by a factor of
2. Results from the sequential extraction procedure showed that rhamnolipids
removed Cr(III) mainly from the carbonate, and oxide/hydroxide portions of the
kaolinite. Close to 100% of the extracted Cr(VI) was reduced to Cr(Ill) by the
biosurfactant over a period of 24 days. This study indicated that rhamnolipids could
be beneficial for the removal of or long—term conversion of Cr(VI) to Cr(III).

As a continuation of this work to evaluate the feasibility of using rhamnolipid
for the removal and reduction of anionic hexavalent chromium from contaminated
soil and water, batch experiments were performed by Ara and Mulligan (2008). The
effect of initial chromium concentration, rhamnolipid concentration, pH and
temperature were evaluated and found to affect the reduction efficiency. The
rhamnolipid can reduce 100% of initial Cr (VI) in water at optimum conditions (pH 6,
2% rhamnolipid concentration, 25°C) if the concentration is low (10 ppm). For higher
initial concentrations (400 ppm), it took 24 h to reduce Cr by 24.4%). In the case of
soil, rhamnolipid only removed the soluble part of the chromium present in the soil.
The extraction increased with an increase in the initial concentration in soil but
decreased slightly with the increase of temperature above 30°C. A sequential
extraction study was used on soil before and after washing to determine from what
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fraction the rhamnolipid removed the chromium. The exchangeable and carbonate
fractions accounted for 24% and 10% of the total chromium, respectively. The oxide
and hydroxide portion retained 44% of chromium present in the soil. On the other
hand, 10% and 12% of the chromium was associated with the organic and residual
fractions. Rhamnolipid can remove most of the exchangeable (96%) and carbonate
(90%) portions and some of the oxide and hydroxide portion (22%) but cannot
remove chromium from the other fractions. This information is important in
designing the appropriate conditions for soil washing.

The removal of another anionic contaminant, arsenic, was investigated the
removal of arsenic from mining tailings by rhamnolipids (Wang and Mulligan,
2009b). As(V) was the only form extracted from the tailings, particularly at high pH.
Significant removal of Cu, Zn, and Pb simultaneously occurred and was positively
correlated. Either organic complexes or metal-bridging mechanisms resulted in the
arsenic mobilization. Further studies (Wang and Mulligan, 2009¢) focused on the
development of mobilization isotherms to predict the As transport. Selective
extraction was used determine which fractions were removable by the biosurfactant.
Easily and moderately extractable fractions could be removed but redox or
methylation reactions did not occur to any significant effect. It thus might be
potentially useful for removal of As from mining tailings.

6.5.3.2 Saponin

A plant-based biosurfactant named saponin was evaluated by Song et al.
(2008) for the removal of mixed contaminants, phenanthrene and cadmium, from soil.
Phenanthrene is removed by solubilization while cadmium is complexed by the
carboxyl groups of saponin. Removal rates were 87.7% and 76.2% for phenanthrene
and cadmium respectively. Therefore, combined removal can be obtained by
competition with each other.

Further saponin studies were performed by Chen et al. (2008). They measured
the ability of saponin to extract copper and nickel from kaolin. It was found that 2000
mg/L of saponin could remove 83% of the copper and 85% of the nickel. Extraction
was performed at pH 6.5. Metal desorption was in the following order
ethylenediaminetetraacetic acid (EDTA) > saponin >> SDS. A three step washing
mechanism was postulated: Adsorption followed by formation of ion pairs with
adsorbed metal and then rearrangement to desorb the metal.

A variety of biosurfactants (rhamnolipids, saponin and mannosyl-erytritol
lipids (MEL)) were evaluated by batch washes for metal removal from soil from a
construction site in Canada and a lake sediment from Japan (Mulligan et al., 2008).
The soil contained 890 mg/kg of zinc, 260 mg/kg copper, 170 mg/kg nickel and 230
mg/kg total petroleum hydrocarbons. After five washings of the soil with saponin (30
g/L), the highest levels of zinc removal (88%, pH 3) and nickel removal (76%, pH 5)
were obtained. Copper removal (46%) was maximal with 2% rhamnolipids (pH 6.5).
Multiple washings of the soil with 4% MEL (pH 5.6) provided lower levels of
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removal (17 % of the zinc and nickel and 36 % of the copper). The sediment
contained 4440 mg/kg zinc, 94 mg/kg copper and 474 mg/kg of lead. From the
sediment, the highest level of zinc (33%) and lead removal (24%) were achieved with
30g/L saponin (pH 5). Highest copper removal (84%) was achieved with 2%
rhamnolipids (pH 6.5). The rhamnolipids seem to have more affinity for copper than
for zinc and nickel as shown by the high removal rate. This phenomenon was also
observed by Dahrazma (2005) where rhamnolipids removed more copper than zinc
and nickel from sediment samples in a batch washing test. Multiple washings
appeared to improve the removal of the metals significantly, especially the removal of
copper. The same trend was seen for the sediment sample where up to 84% of the
copper and 13% of the zinc were removed. Sequential extraction showed that the
oxide fraction of zinc and organic fraction of copper were substantially reduced by
the biosurfactants. The feasibility of reducing the zinc, copper, lead and nickel
contents of contaminated soil and sediment with the anionic biosurfactants tested was
thus demonstrated.

Saponin at a concentration of 30 g/L (pH 5) was used in a series of
washes.The saponin at pH 5 was able to remove 79% of zinc from the soil; however
the case was different for copper where the removal was 28% after 5 washings. The
control (water) removed minimal amounts of all three metals (3.2% of zinc, <0.1% of
copper at pH 5. Saponin seems to have a stronger affinity for zinc than for copper
from the soil. However in terms of percentage for the sediment, it is different where
43% removal was achieved for copper compared to 33% for zinc. The significantly
higher initial amount of zinc (4,441 mg/kg) in the sediment compared to 894 mg/kg
in the soil could account for the difference for zinc. The removal trend is that more
zinc is removed by sequential washes whereas copper seems to reach a static level
after two or three washes.

Sequential extraction tests were performed on the sediments before and after
washing with the controls and the washing agents. It was shown that copper could be
removed mostly from the organic-bound fraction from the sediment and zinc and
nickel from the oxide and carbonate-bound fraction by 2% rhamnolipid (pH 6.5).
Saponin was effective for removal of heavy metals from all fractions with the
exception of the residual. Residual fractions, the most difficult to remove, were not
affected during the surfactant washing studies and thus could be considered stable and
unlikely to leach metals and unnecessary to remediate. For copper, the organic
fraction was the only significant fraction. The rhamnolipid was able to completely
remove the copper from this fraction. The saponin removed only some of the organic
fraction. The controls did not have any significant effect. Therefore the sequential
extraction tests were useful for determining the metal binding fractions removed
during washing.

6.5.3.3 Case study of a Washing Process

INRS developed the ORGANOMETOX process for removal of inorganic and
organic contaminants (Mercier et al., 2008; Dragage Verreault, 2008) for soils and
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sediments. The contaminants were mainly concentrated in the fine fraction. The
process is the subject of US, Canadian and European patents (7 countries). For the
project initiated in 1995, the pilot plant treated at a rate of 8 tonnes/h more than 40
tonnes of soils/sediments. The first step (Figure 6.6) included metallurgical processes
such as screening, for obtaining the fine fraction. Surfactants were then added for
organic contaminant removal followed by various gravimetric separation processes.
The surfactant added to the flotation columns was cocamidopropyl hydroxysultaine
(CAS). This step was followed by centrifugation for solid/liquid separation. The pilot
tests can then be used to determine the technical economic feasibility of a commercial
scale plant of 50 tonnes/h. Commercialization is difficult since the results must be
guaranteed by the contractor. The cost is usually relatively high (in the range of $100
to 300 per tonne). For sediments from Montreal with initial zinc and copper contents
of 2682 and 117 mg/kg, respectively, removal of each was 88 and 70%.

‘ Dredged or excavated materials ‘

Metallurgic separation - -
processes 4‘—" Decontaminated residues

Organic concentrate

Organic separation
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Treatment or landfill

Inorganic concentrate

‘ Inorganic separation
processes

Treatment or landfill

Material with levels below regulatory
objectives, 90% of initial mass

Figure 6.6 Schematic of ORGANOMETOX process (based on Mercier et al., 2008;
Dragage Verreault, 2008).

6.5.4 Soil Flushing
6.5.4.1 Metal Removal

Other studies have been performed using soil columns to simulate in situ
conditions. As previously shown the anionic characteristics of the biosurfactants

enable metal removal from soil by biosurfactants. The removal of cadmium and lead
by a biosurfactant produced by Pseudomonas aeruginosa BS2 was investigated in
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column experiments (Juwarkar et al., 2007). More than 92% of Cd and 88% of Pb
was removed by the rhamnolipid (0.1%) within 36 h. The rhamnolipid was also able
to decrease toxicity of the soils and allow microbial activity (Azofobacter and
Rhizobium) to take place and does not degrade soil quality, indicating the
sustainability of the process. The economics of the process, however, must be
evaluated.

Rhamnolipid was evaluated for heavy metal removal (copper, zinc, and
nickel) from the sediments taken from Lachine Canal, Canada (Dahrazma and
Mulligan, 2006). Rhamnolipid solution with a constant rate was pumped continuously
through a column containing the sediment sample. The washing tests were performed
in a continuous flow configuration with a flow rate of 0.5 mL/min to evaluate the
relationship between hydraulic conductivity and removal for heavy metals. The tests
show that the wetted surface area is among the parameters that control the mechanism
of metal removal and is an important issue in continuous flushing process. In addition,
the removal of copper is more sensitive to wetted surface area as the majority of
copper in this sediment exists in the organic fraction. Organic materials have the
largest surface area among all the fractions in the sediment. A decrease in the wetted
surface area affects this fraction more than the others and consequently reduces the
copper removal from the sediment. The concentration of rhamnolipid and the
additives, time and the flow rate were investigated. The removal of heavy metals
from sediments was up to 37% of Cu, 13% of Zn, and 27% of Ni when rhamnolipid
was applied. Addition of 1% NaOH to 0.5% rhamnolipid enhanced copper removal
up to 4 times compared with 0.5% rhamnolipid alone.

To examine the effect of the flushing solution, scanning electron microscopy
(SEM) was performed for four samples and showed that the use of the rhamnolipid
does not affect the natural size distribution of the sediment. This is an advantage of
rhamnolipid as a washing agent. It also can be added that removal by rhamnolipid is
an environmentally safe sediment treatment technique in both ex situ and in situ soil
remediation. The sediment after washing can be returned to the environment with
minimal damage to its natural texture in ex sifu remediation while the soil can remain
in its natural place and structure for in situ sediment treatment. Addition of 1% NaOH
decreased the particle size of the sediment due to dissolution of the organic matter
which complexes the heavy metals.

The size and morphology of rhamnolipid micelles were evaluated by
Dahrazma et al. (2008) using a small angle neutron scattering (SANS) technique. It
was found that pH had a significant effect on the morphology. Small aggregates and
micelles in the order of 1.7 nm were found at pH 11, whereas larger vesicles were
formed under acidic conditions (50-60 nm diameter). As soil pores are typically in
the order of 200 nm, filtering during soil flushing should not be a factor. Larger
molecules, however, such as exopolymers could cause plugging of the pores.
Complexation of the micelles with metals did not have any significant effect on the
size of the micelles.
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Yuan et al. (2008) tested the removal of heavy metals by a tea saponin by ion
flotation. The biosurfactant functioned as both collector and frother. The complexed
ions via carboxylate groups adsorb onto the air bubble surface. Lead (90%) removal
was greater than copper (81%) and cadmium (71%). Increasing ionic strength slightly
decreased removal efficiencies.

In a related technique, metal removal by a foam produced by 0.5%
rhamnolipid solution from a sandy soil contaminated with 1,710 ppm of Cd and 2,010
ppm of Ni was then evaluated (Mulligan and Wang, 2004). Maximum removal was
obtained after 20 pore volumes. Removal efficiency for the biosurfactant foam was
73.2 % of Cd and 68.1% of Ni. To evaluate the effect of the foam, a biosurfactant
liquid solution was compared and 61.7% Cd and 51.0 % Ni were removed. This was
superior to the nonionic Triton X-100 foam which removed 64.7% Cd and 57.3% Ni
and liquid Triton X-100 which removed 52.8% Cd and 45.2% Ni. Distilled water
removed only 18 % of both Cd and Ni. Concentrations of 0.5, 1.0 and 1.5%
rhamnolipid at pH values of 6.8, 8 and 10 were also evaluated but did not show
significant effects.

The hydraulic conductivity depends on the foam quality. Increasing foam
quality decreased substantially the hydraulic conductivity from 2.9 x 107 cm/sec for
99% foam quality to 4.1 x 10™* cm/sec for a 90% foam quality. All these values are
lower than the conductivity of water at 0.02 cm/sec. This higher viscosity will allow
better control of the surfactant mobility during in situ use. Therefore, rhamnolipid
foam may be an effective and non-toxic method of remediating heavy metal,
hydrocarbon or mixed contaminated soils. Further efforts will be required to enable
its use at field scale. Abiotic and biotic factors on the soil after extraction need to be
studied.

6.5.4.2 Hydrocarbon Removal

Hydrocarbon removal by surfactants has also been studied. A mixed anionic-
nonionic surfactant solution was utilized for removal of phenanthrene (Zhou and Zhu,
2008). The solution consisted of anionic sodium dodecyl sulfate (SDS) and nonionic
Triton-X100 surfactants. The mixed solution enhanced phenanthrene dissolution and
decreased Triton sorption compared to the individual surfactants in column flushing
experiments. Increasing the mass ratio of SDS to Triton from 1:8 to 1:1 increased the
solubilization of phenanthrene. The presence of the SDS formed mixed micelles and
led to a decrease in the critical micelle concentration (CMC) of Triton from 181 mg/L
to 100 mg/L. This mixture has great potential for soil flushing.

Tsai et al. (2009) investigated a two stage remediation process, surfactant
washing followed by Fenton-like oxidation. A biodegradable nonionic surfactant,
Simple Green, was used at a concentration of 50 g/L for fuel-oil contaminated soil
with a total hydrocarbon content of 50,000 mg/kg. After 45 pore volumes of flushing
with the surfactant and then 25 pore volumes of deionized water, the TPH content
decreased to 4,850 mg/kg. The water flushing was performed to decrease the levels of
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surfactant prior to oxidation as it would reduce oxidation efficiency. Oxidation
efficiency increased with higher hydrogen peroxide concentrations (up to 1.765 mM)
up to 7% removal. A solution of 2 mM of KH,PO4 was added to increase the half-life
of hydrogen peroxide from 110 to 495 min. Complete oxidation of the fuel oil to
non-toxic by-products was not possible. Molecular weights of the by-products were
similar to the initial compounds before oxidation. Several parameters such as Fe
content and phosphate addition need to be optimized.

Pilot scale work was performed for a polychlorinated biphenyl (PCB)
contaminated soil flushing process. The pilot column contained 1.7 m® of
contaminated sandy soil. The level of PCB needed to be reduced from 34.3 mg/kg to
10 mg/kg. An anionic surfactant (40 g/ Spolapon AOS) was passed through the
column for 2.5 months. The surfactant contains linear sodium alkene sulfonates and
hydroxyalkanesulfonates (C12-C16). The CMC was 2-3 g/L. After 2.5 months, 56%
removal of the PCBs was reached. However, it was expected that 6 to 12 months
would be needed. The cost was estimated to be 250 to 350 euro/tome. Water recycle
was possible due to the low PCB concentration in the leachates (25 x 10 mg/L).

Perchloroethylene (PCE)-contaminated clayey soil was treated with UH-
biosurfactant (Harenda and Vipulanandan, 2008). The soil was 82.5% sand with
17.5% kaolinite clay. Batch and column studies were carried out. Ionic strength of
0.1 g/L in the surfactant solution increased convection, diffusion and retardation.
Water was able to remove only 1.18% PCE whereas the biosurfactant could remove
an additional 0.27%.

Martel et al. (2005) investigated the removal of PCBs from under a building
using soil washing. An anionic surfactant (Nansa HS 85, a dodecylbenzene sulfonate)
and an alcohol (n-butanol) were evaluated. In the laboratory tests, 99% of the PCBs
could be removed after 10 pore volumes of flushing. Only 25 % could be removed in
the field however. Before the experiment, there was a previous spill of a surfactant
that formed a gel and blocked the pores. Ethanol was then chosen to solubilize the
surfactant and modify the surfactant to alcohol ratio. 99% of the PCBs were then
removed. This application shows that the presence of other chemicals at a site can
alter remediation efficiencies.

Batch and continuous flow washing experiments were used to evaluate the
feasibility of using surfactants for the removal of styrene from contaminated soil
(Guo, 2009). Higher styrene removal was achieved from batch experiments compared
to column experiments. The highest styrene removal (98.4%) was achieved at 1%
rhamnolipid in the batch test. Maximum styrene removal occurred at the highest
rhamnolipid concentration in both batch and continuous washing tests. After
rhamnolipid adsorption to soil, the two mechanisms of surfactant-aided soil washing
are mobilization and solubilisation. The mobilization mechanism occurs at a
rhamnolipid concentration below critical micelle concentration (CMC). In this
situation, rhamnolipid reduced the surface and interfacial tension between air/water,
oil/water, and oil/soil systems. When rhamnolipid concentration is above CMC, the
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solubility of styrene increased dramatically due to the aggregation of surfactant
micelles. Solubilization was the dominant mechanism since most styrene existed
within soil samples as pure phase. Rhamnolipid in this study has shown great
potential in styrene removal due to its low CMC and high sorption to soil.

The capability of a rhamnolipid was evaluated for its ability to remove
pentachlorophenol (PCP) from soil by using it in the form of foam (Mulligan and
Eftekhari, 2003). The stability and quality (99%) of the rhamnolipid foam were
excellent. Foam injection into a contaminated soil with a 1000 mg/kg level of PCP
enabled removal of 60 and 61% of the PCP from a fine sand and sandy-silt soil,
respectively. The high quality foams, such as those generated in this study, contain
large amounts of air and thus large bubbles with thin liquid films. The foam then
collapses easily and is thus less resistant to the soil upon introduction, resulting in
lower soil pressures and avoidance of problems like soil heaving.

6.5.5 Treatment of Soil Washing Solutions

After soil treatment with washing solutions, a metal-chelant or surfactant
solution is generated. Recovery of the chelating agent is difficult by settling, chemical
precipitation or activated carbon. Processes for dealing with the solutions are limited.
Reverse osmosis can reduce the volume of water for treatment. Colloidal materials
can clog the membranes. Chelating agents are expensive and thus recycling can
enhance the economic feasibility. If one metal is present, recycling is more feasible
than a mixture of metals. EDTA is inexpensive so it could be destroyed ($4.3 per kg)
(Chaney et al., 2000). Advanced oxidation processes can release the metal from the
chelating agent. The metals can then be adsorbed by a resin (Finzgar and Lestan,
2006b). Only small amounts of water were used in the process. Recycling of toxic
metals and chelating agents has proven difficult but would decrease costs.

A biodegradation process with a UASB reactor was evaluated for treatment of
the leachate from soil washing experiments before release to the environment (Guo,
2009). Results from batch and continuous experiments were compared and led to the
conclusion that anaerobic biomass could biodegrade styrene and styrene with
rhamnolipid under anaerobic conditions. More than 96% of styrene (with acetic acid
as the co-substrate and an initial styrene concentration of 75 mg/L, 150 mg/L or 250
mg/L) was biodegraded. The retention time was 16 hours in a UASB reactor with
82% COD removal. Therefore this process could potentially be used for leachate
treatment after soil flushing as shown in Figure 6.7.
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Figure 6.7 Anaerobic treatment of soil leachates.

Another process could be ultrafiltration for the removal of heavy metals from
contaminated waters (Elzeftawy and Mulligan, 2011). The effects of different major
operating conditions on the system performance were investigated for copper, zinc,
nickel and cadmium using two membranes (5,000 and 10,000 dalton molecular
weight cutoff). The optimal conditions were successfully applied to treat six
contaminated wastewaters from metal refining industries using the two membranes (>
99% rejection ratio). Fouling was the major disadvantage of this process.

6.5.6 Other Enhanced Techniques

Chelants and surfactants have also been combined with other techniques for
enhancement. During electrokinetic treatment, hydrogen (H") ions are produced
during electrolysis. They then migrate into the soil. The low pH desorbs metals from
the soil and precipitates at the cathode (Acar and Alshawabkeh, 1993). EDTA has
been added to enhance electrokinetic extraction (Yeung et al., 1996). Electrokinetics
of soils of high organic or clay contents can be enhanced with chelants for soils that
are not amenable to soil washing.

Maturi et al. (2009) examined surfactant-enhanced electrokinetic remediation
of mixed contaminants in a low permeability soil. For removal of a mixture of heavy
metals and organic compounds, few technologies exist. Electrokinetics has been able
to remove PAHs and heavy metals separately. Addition of 5% Igepal at the anode
enhanced the removal of phenanthrene in the presence nickel, whereas Tween 80
inhibited electroosmotic flow and subsequently phenanthrene solubilization and
transport.
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Darko-Kagya et al. (2010) examined the addition of lactate-modified
nanoscale iron particles with 2,4 dinitrotoluene (DNT) in soils. Aluminum lactate was
selected as a green compound for enhancing the dispersion of nanoscale iron particles.
The nanoscale iron particles (NIP) are of high specific surface areas but they
aggregate which limits the ability to transport in in situ remediation cases. The DNT
degradation ranged from 65 to 99% in kaolin and 59 to 98% in sand with modified
nanoscale iron particles. Modification with aluminum lactate enhances transport in
soil and thus its potential as a soil flushing agent. Polymers and surfactants are other
approaches used to modify NIP (Saleh et al., 2007).

Reddy et al. (2010) studied the integration of hydraulic flushing and
electrokinetics for the treatment of metal and organic contaminant mixtures. EDTA
and Igepal CA 920 flushing was used in combination with electrokinetics. Zn (60%),
Cu (30%) and Pb (80%) were removed by EDTA treatment. Igepal did not remove
any metals but removed various PAHs. A sequential treatment could then be used to
remove heavy metals and PAHs from manufactured gas plant silty sands.

Some solubilizing additives such as cyclodextrin are used to enhance
biodegradation, solubility and microencapsulate (Leitgib et al., 2008; Boving et al.,
2003). Phenols and PAHs have been removed by hydroxypropyl B-cyclodextrin.
Randomly methylated p-cyclodextrins (RAMEB) reduced the toxicity of
contaminants on microbes, plants and animals in the soil (Gruiz et al., 1996).
Therefore RAMEB was investigated for the enhanced biodegradation of poorly
soluble contaminants. An ex situ groundwater technique was combined with
bioventing and flushing with RAMEB and nutrient solutions. Monitoring of soil gas
and ground water is important followed by soil analyses. A mixture of diesel and
engine oil was successfully treated.

Tetrachloroethylene (PCE) is a chlorinated solvent used in dry-cleaning
industry. PCE is a toxic chemical and is hazardous to the human and environment.
PCE is a dense non-aqueous phase liquid (DNAPL) and once leaked into the soil,
moves downwards and contaminates the soil and groundwater. Common remediation
techniques like soil washing would not easily remediate the soil contaminated with
PCE, unless proper additives like surfactants are added to the washing solution.
Surfactants reduce the surface and interfacial tension, and increase the solubility of
PCE. Surfactants at concentrations above CMC form micelles and make PCE
partition into the micelles, consequently PCE disperses in the aqueous phase and
becomes more bioavailable.

A study by Hamidi and Mulligan (2010) evaluated the effectiveness of
rhamnolipid and two surfactant-based products (ASAP™ and Degreaser™ from
Avmor) on bioremediation of PCE. These two agents are non-toxic chemicals.
Following the USEPA methods, and gas chromatography analysis, diverse 21 day
experiments were conducted. ASAP™ and Degreaser™ at the ratio of 1:1 showed
removal efficiencies of 45% and 52% respectively. Addition of rhamnolipid with a
ratio to soil of 1:1 to these products at the same ratios enhanced the remediation by up
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to 55% and 58%. Conducting microbial analysis, a direct correlation was observed
between microbial density and PCE removal, which proves that degradation had
occurred (Figure 6.8). The removal trend was: biological agent + rhamnolipid >
biological agent > rhamnolipid > control.

W PCE removal

M Log microbial count

Log microhial count {CFU/mL)

Figure 6.8 Enhanced biodegradation of PCE in the presence of rhamnolipid (Rhamn)
and/or two other agents Degreaser (Deg) or ASAP (AS) (adapted from Hamidi and
Mulligan, 2010)

6.5.7 Case Studies of Enhanced Biodegradation

Once the contaminants are desorbed, they are then more bioavailable to
microorganisms and thus biodegradation is enhanced. The mechanism is indicated in
Figure 6.9. The hydrophobic part of the surfactant is attracted to the hydrophobic
contaminant on the soil while the hydrophilic is attracted to the water. These forces
desorb the contaminant from the soil and thus making them available for
biodegradation by microorganisms. Case studies have shown its effectiveness (Ivey,
2005). 200,000 kg of PAH contaminated soil were excavated and biopiled. Total
hydrocarbon levels were greater than 10,000 ppm. Surfactant was added to the pile.
After 12 weeks, levels were acceptable according to the standards.

In another case study, a brownfield was excavated. Bench scale tests were
performed to evaluate the surfactant in 20:1 liquid to soil ratios. 19 PAHs were
desorbed at an average of 90%. The range of removal was 84.3% for
benzo(ghi)perylene to 97.3% for 2-methylnaphthalene. In 2007, a benzene toluene
ethylbenzene xylene (BTEX) and DNAPL contaminated refinery site since 1950s.
The site area was 20 acres. The soil was a glacial till. There was potential for ground
water contamination. Pilot scale results indicated that DNAPL and BTEX removal
rates increased by 549% and 303%. This was significant as three other technologies
had failed.
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Figure 6.9 Mechanism of contaminant removal by a surfactant.

In 2006, Ivey-sol surfactant-enhanced bioremediation of F3 hydrocarbons was
evaluated where there had been oil and gas activities. Ivey-sol is a nonionic surfactant
for desorption of PAHs, PCBs, chlorinated hydrocarbons, MTBE, TBA and metals.
The hydrocarbon levels decreased substantially over a 2 month period.

6.6 Conclusions

Chelating agents, surfactants and biosurfactants such as rhamnolipids and
saponin have shown their potential for soil washing and flushing of contaminated soil
and sediments. More biosurfactants need to be investigated. Both organic and
inorganic contaminants can be treated through desorption or biodegradation processes.
The biosurfactants seem to enhance the solubilization and emulsification of the
contaminants via the mechanisms shown in Figure 6.8. Due to their biodegradability
and low toxicity, biosurfactants such as rhamnolipids are very promising for use in
remediation technologies. In addition, there is the potential for in situ production, a
distinct advantage over synthetic surfactants. This needs to be studied further.
Further research regarding prediction of their behaviour in the fate and transport of
contaminants is required. More investigation into the solubilization and bioconversion
mechanisms of both hydrocarbons and heavy metals by biosurfactants is required to
enable model predictions for transport and remediation. New applications for the
biosurfactants regarding nanoparticles and combinations with other techniques are
developing. Future research should focus on the stabilization of the nanoparticles by
biosurfactants before addition during remediation procedures. Sustainable
remediation techniques must minimize energy and water requirements and leave a
soil that is environmentally safe with its precontaminated properties (physical,
chemical and biotic) restored. More field demonstrations are also required.
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CHAPTER 7

Heavy Metal Leaching from Contaminated Soils
during the Percolation of EDTA: Observations and
Modeling

Monika A.M. Kedziorek, Fabrice Compére, Alain Dupuy,
and Alain C.M. Bourg

7.1 Introduction and Outline

Amongst the diversity of pollutants associated with our industrial civilization,
heavy metals are of great concern, not necessarily due to extremely high toxicity but
because of the absence of degradation. In hydrologic cycles, natural and
anthropogenic solids (soils, sediments, industrial residues, wastes...) act as reservoirs
for heavy metals. Contaminants trapped in these solids present a risk to the
environment because they can be remobilized depending on local hydrogeochemical
conditions, be these naturally controlled or induced by human activity. A significant
part of the heavy metal load of sediments and soils, especially under natural or
weakly polluted conditions, is not in equilibrium with groundwater (i.e. permanently
trapped in mineral structures). If present in great amounts and in potentially soluble
form (e.g., Kedziorek and Bourg, 2007) (which is the case for many contaminated
solids), they must be removed in order to prevent their potential dissemination in the
environment.

The contamination of natural solids (agricultural soils, sediments and solids in
active or derelict industrial sites) is one of the major challenges of our modern
society. A great effort and many advances have been made recently in remediation
techniques for degradable and volatile organic pollutants. For heavy metals, the
magnitude of the problem is much greater (larger volumes, no degradation). Several
chemical extraction methods have been investigated but few have potential
applications due to numerous practical problems (e.g., Kowalick, 1992).

To our knowledge, few practical applications of in situ heavy metal
decontamination have been reported. Urlings et al. (1990) aspersed a sandy soil
contaminated by cadmium with an acidic solution and achieved a good
decontamination after several months of treatment. However, although acids are
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relatively inexpensive, they have undesirable side effects such as the dissolution of
the porous matrix leading to destruction of the solid, and poor chemical extractive
efficiency because much of their solubilizing efficiency is consumed by the
dissolution of non-toxic elements.

An alternative to using acids is using chelates, which have a strong metal
complexing capacity to solubilise pollutant metals and entrain them out of the target
soil. EDTA (ethylenediaminetetraacetic acid) has the best complexing ability and is
the most well known for its use in analytical chemistry and various industrial
processes. Its potential for decontaminating soils contaminated by metals has been
studied by many researchers (e.g. Lestan et al., 2008). As will be seen in this book
and discussed briefly later in this chapter, other chelates might now be preferred.

Batch Experiments. Numerous authors have investigated the extractive
action of EDTA using batch experiments (e.g. Baghdady and Sippola, 1984;
Samanidou and Fytianos, 1990; Yu and Klarup, 1994; Elliott and Brown, 1989; Tuin
and Tels, 1990; Brown and Elliott, 1992; Hong and Pintauro, 1996; Li and Shuman,
1996; Bryce and Clark, 1996; Nowack and Sigg, 1997; Ghestem and Bermond, 1998;
Puginier et al., 1998; Peters, 1999; Garrabrants and Kosson, 2000; Sun et al., 2001;
Xie and Marshall, 2001; Fangueiro et al., 2002; Manouchehri et al., 2006; Tsang and
Lo, 2006; Kedziorek and Bourg, 2007; Di Palma and Mecozzi, 2007; Vaxevanidou et
al., 2008; Zhang et al., 2010).

The conclusions of these investigations are three-fold. (1) In situations where
there is true chemical equilibrium, the extractive behavior of EDTA is a result of the
competition of metal dissolution/desorption from the solid and metal complexation
with the aqueous chelate. In some cases, metal extraction can be aided by a
preliminary weak adsorption of the uncomplexed chelate. This adsorption is however
restricted to positively charged solids such as aluminum oxides, iron oxyhydroxides
and calcite (Stumm and Morgan, 1981). (2) Components other than toxic metals (such
as Ca, Mg, Al, Fe) can be removed from the soil by EDTA, thus decreasing the
extraction yield and soil fertility. Sufficient addition of EDTA is therefore necessary
for an efficient pollutant extraction (e.g., Nowack and Sigg, 1997; Sun et al., 2001;
Kedziorek and Bourg, 2007; Zhang et al., 2010). (3) Time is a very important factor
as EDTA complexation with heavy metals is far from instantaneous and its
reversibility is also time-dependent. The time factor for the most efficient pollutant
extraction resides in the competition between fast desorption of pollutant metals and
slower dissolution of metals from indigenous minerals (e.g., Puginier et al., 1998;
Kedziorek and Bourg, 2000; Sun et al., 2001).

Laboratory Percolation Experiments. Few people have studied dynamic
situations in laboratory column experiments (e.g., Jardine et al., 1993; Szecsody et al.,
1994; Bourg et al., 1994; Kedziorek et al., 1998; Kedziorek and Bourg, 2000, Sun et
al., 2001, Tsang et al., 2007a, 2007b). The planning and conceptual interpretations of
these investigations are difficult because of the complexity of the processes involved
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in terms of kinetics, reversibility and competitive effects, as illustrated by the batch
study observations. Some of the most pertinent experiments are discussed here.

We investigated the mobilization and movement of Cd and Pb in an EDTA
flux both by laboratory experiments (in pulse and step modes) and mathematical
modeling (Kedziorek et al., 1998). A numerical model linking solute transport of
EDTA and EDTA-metal chelates to metal solubilization from contaminated solids
was validated using experimental breakthrough curves (BTC). We used an implicit
finite difference scheme to solve advection-dispersion equations for free and
complexed EDTA with, for both, inclusion of a second-order kinetic law to express
the extraction reaction. The hydrodispersive parameters of the column were
calculated using the bromide BTCs. Our model simulated various EDTA injection
modes (pulse or step) at different chelate concentrations (107 to 10 M), by fitting
the kinetic rate constant K of solubilization with the observed Cd and Pb BTCs.
Interestingly, pulse and step experiments at different EDTA concentrations gave
similar K values, 2.4 10 s for Cd and 2.1 107 s™! for Pb. The model also accounted
for the decreasing metal extraction efficiency as the metal in the solid is depleted or
as the available EDTA concentration decreases. In this paper we presented
methodological suggestions for necessary investigations prior to remediation
operations.

Different leaching patterns in four contaminated soils were observed for Zn,
Cd, Cu and Pb in a column experiment using 10> M EDTA (Sun et al. 2001). The
relative mobility decreased from Cu (corresponding to the peak EDTA arrival in the
leachate) to Pb with Zn and Cd as intermediate velocities. The elution of Pb increased
after the Cu and Zn peaks. Considerable dissolution of Fe occurred in two of the four
soils during EDTA leaching. The authors proposed that exchangeability of metals in
soil, the kinetics of metal desorption/dissolution and the mode of EDTA addition
were the main factors controlling the behaviour of metal leaching with EDTA.

EDTA solutions (107 or 10 M) flushed through artificially contaminated
soils in laboratory column experiments induced Cu extraction but also mineral
dissolution (Tsang et al., 2007). To explain the time-dependent depletion of
extractable metals (both from contamination sources and by natural occurrence), the
observed BTC of Cu, Fe, Al and Ca were simulated, as by Kedziorek et al. (1998), by
second-order rate-limited reactions of EDTA-promoted desorption and dissolution.
The fitted rate constants of Cu were about one order of magnitude greater than those
of Fe and Al. This might be explained by the fact that Cu is extracted from weakly
sorbed sites while Fe and Al are dissolved from amorphous oxides. The retardation of
Fe, Al and Ca transport was attributed to surface complexation. The simultaneous
simulation of Cu desorption and dissolution of soil Fe, Al, and Ca minerals is more
realistic than separate modeling of each metal because the individual metal approach
certainly overestimates the free EDTA available during transport and consequently
underestimates the rate coefficients of EDTA-promoted dissolution (Tsang et al.,
2007).
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In summary, the percolation experiments (1) demonstrate the significance of
kinetics in EDTA heterogeneous reactions (desorption, dissolution) and (2) confirm
the competitive action of EDTA reactions between the dissolution of metals from
minerals naturally present in the solids and the removal of surface contaminant
metals, in terms of both thermodynamics and reaction rates.

Field Studies or Experiments. Natural organic ligands are widely
considered to increase the solubility of metals and especially those with high organic
ligand affinity such as Cu, Pb, Ni or Hg (e.g., Bourg and Schindler, 1985; Von
Gunten et al. 1991; Bourg and Darmendrail, 1992, Di Palma et al., 2007). It is
therefore assumed that they will compete with anthropogenic chelates (Nowack et al.,
1997) to transport dissolved metals and remove them from contaminated solids.

Nowack et al. (1997) investigated, under natural conditions, the behavior of
metals (Ca, Fe(Ill), Mn(Il), Cu, Zn and Ni) and the anthropogenic chelate EDTA
(concentration range 3 to 7 x 10® M) during the infiltration of river water into an
adjacent alluvial aquifer (at the Glatt River field site, Switzerland). EDTA behaved
conservatively regarding its total concentration in the infiltration flow path (as
compared to borate used as a natural tracer), but not with respect to its speciation. In
the river, 35% of the EDTA was bound to Fe(IlI) as opposed to only 11% in the
aquifer. Nowack et al. (1997) explained this variation by exchange with metals either
transported with the water flow or adsorbed on infiltrated aquifer sediments according
to slow kinetics reactions described by the generic equation Fe(Ill)-EDTA +
Me(aqueous or adsorbed) — M-EDTA + Fe(Ill). Desorption of metals is therefore
possible. Natural organic matter was very competitive, especially for Cu and Zn,
which is explained by its higher concentration, EDTA accounting for only 0.2 to
0.4% of the DOC (dissolved organic carbon).

A series of field experiments involving the injection of EDTA and metals,
together with a water tracer, was carried out at the Cape Cod Toxic Substances
Hydrology Research Site, near Falmouth, Massachusetts. In a field experiment (Davis
et al., 1993), EDTA (0.5 mM, as K;H,EDTA) was injected together with the reactive
metal, zinc (0.1 mM as Zn(NO3),.6H,0), and the tracer, bromide (1.9 mM as KBr), as
a 380-L pulse in the oxic zone of this shallow, unconfined, sand and gravel aquifer.
Two meters down-gradient from the injection well, the arrival of excess metals (i.e.
Zn, Fe, Al, Mn and Ca above background level) assumed to be transported as EDTA
complexes was retarded by a factor of 2 for Zn and by about 1.3 for the other metals
as a bulk. The authors proposed that the slight, but significant, retardation of the
transported Zn (as EDTA complexes) was due to weak adsorption of the complexed
metal.

In a larger-scale experiment, nearly 10,000 L of groundwater containing Br as
a water tracer and EDTA (in slight excess) complexed with Pb, Zn, Cu and Ni were
injected into the Cape Cod site (Davis et al., 2000). The transport of metal EDTA
complexes (some over more than 200 m) was explained by aqueous complexation,
adsorption and dissolution/precipitation of solid Fe oxyhydroxides in the aquifer
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sediments. The behavior of the 4 heavy metals was quite different. Dissolved Pb-
EDTA disappeared first from the EDTA plume, probably due to exchange reactions
with Fe and adsorbed Zn (present prior to the experiment). Dissolved Cu-EDTA
remained for a longer distance. Even though the thermodynamic stability of Pb-
EDTA is greater that that of Cu-EDTA, stronger Pb adsorption on aquifer sediments
destabilizes its EDTA complex. The mass of dissolved Zn-EDTA increased due to
desorption of Zn in the aquifer sediments as mentioned earlier. The dissolved Ni-
EDTA mass remained constant. Simulations by Kent et al. (2008) under conditions
similar to those in the experiment above confirmed the mechanistic hypotheses
discussed by Davis et al. (2000).

Friedly et al. (2002) compared simulations and results of small-scale field
experiments at the Cape Cod site in which free EDTA and complexes with Ni, Zn and
Ca were injected into three chemically different areas of this aquifer contaminated by
domestic sewage. One zone contained large amounts of adsorbed, sewage-derived
zinc, another had a large amount of adsorbed manganese due to oscillating, mildly
reducing conditions created by the sewage plume, and the third had negligible
adsorbed manganese and zinc contents compared to the natural levels. The injectate
plume was near equilibrium with regard to Fe in the sediment after 11 m of transport
in the Zn-contaminated area but remained far from equilibrium in the other two areas.
Similarly, EDTA reactions with elements common in aquifers (Ca, Fe, Al) were often
not at equilibrium.

Adsorption and dissolution of Fe(III) minerals strongly influence the transport
of heavy metals complexed with EDTA. During metal-EDTA injection tests under
mildly reducing conditions in the Cape Cod site, the rates of desorption of metals
from aquifer sediments were observed to be much faster that the dissolution of Fe
oxyhydroxides and consequently adsorbed pollutant metals could be efficiently
removed from soils and sediments if the water flows rapidly enough (Kent et al.,
2002).

In summary, extraction is metal-specific and competition between elements
can displace metals bound and transported by EDTA. Consequently, the behavior of
different metals is very site specific (i.e. chemical conditions, presence of surface
species). Modeling of processes is complex because some reactions are at equilibrium
while others are not.

Outline. This chapter presents two laboratory experiments of heavy metal
leaching in an EDTA flux: a previously unpublished study of a soil contaminated by
long-term spreading of sewage sludge/wastewater (near Paris, France) and a detailed
description of a computer model simulating the long-term contamination of
agricultural soils by smelting activities (Northern France).
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7.2 Observations: Solubilization of Heavy Metals from a Soil
Contaminated by Long-Term Spreading of Sewage
Sludge/Wastewater—Reactivity and Kinetics

7.2.1 Soil Sample and Methods

The soil sample used in these leaching experiments was collected from the
upper 20 cm of an agricultural plot at the Paris-Achéres water treatment plant, 20 km
NW of Paris (France). This plot was used for more than 100 years for spreading
wastewater and sludge (initially with untreated wastewater and later with increasing
amounts of treated water and sludge). The sample was dried at 50 °C for 24 hours and
sieved through a 500 pum nylon sieve to eliminate the coarse fraction. The total
geochemical content measured by ICP after fusion with sodium borate is given in
Table 7.1.

Table 7.1 Selected characteristics of the Achéres soil sample

org. matter Si Al Ca Mg Fe Mn Cd Co Cu Ni Zn

(%) (%) (%) (%) (%) (%) (%) pglg uglg ngg uglg  uglg
8.1 399 17 23 <06 1.0 0015 35 7 296 34 1138

A PVC column (length: 9.0 cm; internal diameter: 2.1 cm) was packed with
the dried solid material. At the bottom of the column, a fiberglass filter Whatman
GF:D, with an average pore size of 2.5 um, was inserted on a filter support. Eluted
water was filtered through 0.45 pm membrane before analysis.

Three series of leaching experiments were carried out as gravity induced
percolations with a 0.001 M EDTA solution:

Percolation A: one pore volume percolated every 30 min.

Percolation B: one pore volume percolated every hour with 2 interruptions of
one night each - the first before the 10™ pore volume and the second before
the 20™ pore volume.

Percolation C: one pore volume percolated every 3 days.

7.2.2 Results and Interpretation

The results of the three leaching experiments are presented in Figures 7.1 to
7.10, as leachate pH and dissolved metal concentrations for each pore volume eluted.
The leaching efficiency (eluted vs. total metal content) is given in Table 7.3.

The pH of the eluted water is relatively constant for each percolation rate:
7.16 + 0.26 for series A, 7.24 + 0.26 for series B and 7.85 + 0.25 for series C (Figure
7.1). The first two series indicate pH values in the same range. Series C presents
slightly higher pH values, which is unexpected. These higher pH values are difficult
to explain. They are in contradiction with CO, production due to the oxidative
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microbial degradation of organic matter (inducing more reducing conditions as
evidenced in series C by enhanced iron dissolution (Figure 7.4)).
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Figure 7.1 pH in eluates (V/Vp is the number of eluted pore volumes).

Magnesium and calcium show classical leaching curves, i.e. an exponential
decrease in leached metal (Figures 7.2 and 7.3). After 7 or 8 pore volumes, a steady
state is achieved (2 mg/L for series A and B and 3 mg/L for series C in the case of
magnesium, and 40 to 50 mg/L for all series of calcium). The leaching yields are
small for both alkaline earth metals (< 2 % for Mg and < 1 % for Ca, for 10 pore
volumes eluted) (Table 7.3).
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Figure 7.2 Magnesium in leachates (V/Vp is the number of eluted pore volumes).
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Figure 7.3 Calcium in leachates (V/Vp is the number of eluted pore volumes).

High concentrations of iron and manganese are observed in the eluted water
(Figures 7.4 and 7.5). This is not surprising since the formation constants of Fe(III)-
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EDTA and Mn(IV)-EDTA are much greater than those of Ca and Mg (Table 7.2).
Moreover Fe and Mn are often present in soils as coatings and therefore much more
available for reaction with a dissolved constituent such as EDTA. Leached Fe and Mn
tend to increase with time, probably due to local conditions becoming more reducing,
thus solubilising Fe and Mn as Fe(II) and Mn(II). This process is enhanced by
complexation, albeit weaker for the divalent cationic forms (Table 7.2), by EDTA.
The leached quantities are, however, small (< 1 % for Fe and 1 to 6 % for Mn for 10
pore volumes eluted) (Table 7.3).
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Figure 7.4 Iron in leachates (V/Vp is the number of eluted pore volumes).
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Figure 7.5 Manganese in leachates (V/Vp is the number of eluted pore volumes).

Zinc and cadmium leaching decreases sharply with the volume eluted (Figures
7.5 and 7.6). Contact time significantly increases leaching, especially in series C.
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Solubilization also increases after a night of no flow (series B). However, for the
same volume of eluted water, the leached metal quantity is quite similar (Table 7.3).
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Figure 7.6 Zinc in leachates (V/Vp is the number of eluted pore volumes).
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Figure 7.7 Cadmium in leachates (V/Vp is the number of eluted pore volumes).

The leaching of nickel, like that of calcium and magnesium, rapidly reaches
equilibrium (100 pg/L for series A and B and 300 pg/L for series C) (Figure 7.8). A
longer contact time favors leaching. This kinetic effect is even more marked for
cobalt (Figure 7.9). Leached cobalt appears (above the detection limit of 10 pg/L)
only after 3 days (series B) and 6 days (series C).
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Figure 7.8 Nickel in leachates (V/Vp is the number of eluted pore volumes).
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Figure 7.9 Cobalt in leachates (V/Vp is the number of eluted pore volumes).

The case of copper is quite complex (Figure 7.10). In series A, leaching
increases with eluted volume and the same behavior is observed for the first day of
series B. Thereafter, however, the elution curve shows a decrease in leached metal
with time. Overnight contact time does increases elution (series C). The leaching
behavior of copper during the first day is similar to that of iron and manganese and is,
therefore, most likely adsorbed on, or co-precipitated with, Fe and/or Mn
oxyhydroxides. As conditions become more reducing, Fe and Mn are dissolved and
any associated metals (i.e. copper) are also. The slower elution rate of series C does
not result in a significantly greater leaching of copper. The amount of eluted copper

for 10 pore volumes is similar for the three experiments (Table 7.3).
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Figure 7.10 Copper in leachates (V/Vp is the number of eluted pore volumes).

Table 7.2 Complexation constants of metals with EDTA (literature values).
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metal Ca Mg Fe(Ill) Fe(Il) Mn(IV) Mn(l) Cd Co Cu Ni Zn
logi K  13.1 9 27.7 1.2E14 15.6 6.2E13 182 2El6 19.7 204 172
Table 7.3. EDTA leaching efficiency.
metal % of total metal leached
for 10 pore volumes eluted*
series (a) series (b) series (c)
Ca 0.45 0.73 0.72
Mg <1.0 <11 <19
Fe 0.05 0.04 0.95
Mn 1.2 59 0.95
Cd 41 33 38
Co <14 <13 14.4
Cu 6.7 7.9 6.1
Ni 0.9 1.1 2.6
Zn 10.8 10.0 15.8

* In order to better compare the leaching efficiency of the 3 series, the eluted
quantities are averaged and the results given for 10 pore volumes.

7.2.3 Conclusion

EDTA 0.001 M is able to leach significant fractions of some of the metals
contained in a soil contaminated by the long-term application of municipal waste
(waste water and sludge). Cadmium is by far the most efficiently leached of all metals
(about 40 % for 10 pore volumes), followed by zinc (Table 7.3). These extraction
yields are high, even though the EDTA solution percolation rates are quite rapid (1
pore volume per hour corresponds to a water velocity of ca. 8 cm/hour, or 2 m/day).
There is no direct correlation between leached yield and metal-EDTA association
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constant, which is not surprising as the metals are neither present under the same
geochemical form nor under the same physical availability (coatings, included in
solids...).

The kinetics of dissolution is evident for all heavy metals. In conclusion,
modeling of EDTA leaching of heavy metals must include a kinetic term.

7.3  Observations and Modeling: Solubilization of Heavy Metals
from a Soil Polluted by Long-Term Smelting Activities—A
Finite Difference Model, including a Kinetic Leaching Term

7.3.1 Introduction

Here we describe the leaching by EDTA of a heavy metal (Cd) in an
agricultural soil polluted by smelting activities. A simple numerical model is
developed to simulate the solubilization and subsequent transport of dissolved Cd
species. Simultaneous complexation and solubilization are considered to be a single
process that depends on the available metal content in the solid and the dissolved
ligand concentration. An implicit finite difference scheme is numerically
implemented to calculate the movement of both free chelate and metal-chelate
species. The model uses two advection-dispersion equations (one for the
uncomplexed EDTA, the other for the EDTA-metal complexes) both including a
second-order kinetic solubilization term. The model is validated with experimental
data obtained during the leaching of cadmium in the presence of EDTA through
percolation columns under different flow conditions.

7.3.2 The Model

Formulation. A model was developed to simulate (a) EDTA transport
(advection-dispersion equation), (b) solubilization kinetics of metals bound to the
soil, and (c) transport of EDTA-metal complexes in solution (advection-dispersion
equation) (Figure 7.11) (symbols are defined and units are given in Table 7.4).
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Figure 7.11 Schematic representation of the modeled system. Numbers in brackets
correspond to the equation numbers in the text.

The transport of a simple conservative solute (bromide) through the column is
described by the classic one-dimensional advection-dispersion equation (Beruch and
Street, 1967; Hoopes and Harleman, 1967; Bear, 1979):

2
oc_, o%c_ oc 1)

=au
ot @Xz 0x

where C is the molar concentration of solute in the aqueous phase, o the
longitudinal dispersivity, u the pore velocity (Darcy velocity divided by the kinematic
porosity, ®k), t the time and x the distance.

For the transport of the solute EDTA, a kinetic sink term must be added to
equation (1) because the concentration of uncomplexed EDTA (CE) in the aqueous
phase decreases as complexation progresses:

2
6CE:0LU6 CzE_uaCE+6CM )
ot 0x 0x ot

where CM is the number of moles per pore volume unit of potentially
extractable metal in the soil. No sink term was included in equation (2) for EDTA
adsorption because, at the pH of the experiments (7.5), non-complexed EDTA did not
adsorb onto the soil matrix (Kedziorek, 1997).



184 CHELATING AGENTS FOR LAND DECONTAMINATION

The transport of EDTA-metal complexes is written with a source term as:

BCEM:auE)zCEM _uE}CEM_EﬂCM 3)
ot ox* 0x ot

where CEM is the molar concentration of EDTA-metal complexes in the
aqueous phase.

Only part of the metal load of solids might be in geochemical equilibrium
with the surrounding aqueous phase. The value of C)j is obtained according to the

following equation:

-6
Cy =0, @
®, .m

where, C}, is the solubilizable metal content (ug of metal/g soil), dA the bulk

density of the soil (dimensionless), oy the kinematic porosity (dimensionless), and m
the molecular weight of the metal (g).

The solubilization term of equations (2) and (3) is represented by a second-
order kinetic equation:

ETERT ®
Mi

where K is the kinetic solubilization coefficient, and Cpjj the initial number of
moles of metal bound to soil per pore volume unit. The solubilization rate was
assumed to be proportional to the EDTA concentration in the aqueous phase
(Roucaché, 1997) and to the ratio of the concentration of metal present in the soil
divided by the initial metal concentration. This ratio accounts for the decrease in the
solubilization rate as the metal content available for solubilization in the column
solids decreases. The solubilization reaction involves the complexation of one mole
of cadmium with one mole of EDTA.

At the end of each time step of the resolution algorithm, equations (2) and (3)
are solved and the concentration of extractable metal in the soil is corrected (equation

(5
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Table 7.4 Symbols and units
o longitudinal dispersivity [L]

At discrete time step [T]
Ax  discrete space step [L]
ok  kinematic porosity [dimensionless]
CE  molar concentration of EDTA in aqueous phase [mol.L'3]
CE'X molar concentration of EDTA in aqueous phase at distance x and time t [mol.L-3]
CEj injection concentration of EDTA [mol.L_3]
CEM molar concentration of EDTA-Metal complexes in aqueous phase [mol.L_3]
C, solubilizable metal content (ug of metal per g of soil ) [M.M_l]
CM number of solubilizable moles of metal bound to soil per pore volume unit [mol.L_3]
CMj initial number of solubilizable moles of metal bound to soil per pore volume unit
[mol.L™]
dA  bulk density of soil [dimensionless]
K kinetic coefficient of solubilization [T-l]
L length of the column [L]
N number of column discretization segments
m  metal molecular weight (in g) [M]
t variable of time [T]
u  pore velocity [L‘T-l]
x  variable of space [L]

Resolution. The model calculates the solubilization of one metal species at a
time. An implicit finite difference method was used to solve equations (2) and (3).
Discrete space and time steps were labeled Ax and At, respectively. The column was
discretized into N equal segments each with a length of Ax, giving N+1 discrete

points for which all the equations are solved. C,. is the concentration of EDTA at
distance x and time t. The resolution algorithm has 4 steps.

Step 1: Resolution of equation (2), transport by advection and dispersion of
uncomplexed EDTA, with a solubilization kinetic term. Rewriting equation (2)

with Taylor developments gives:

AL t At t+At t+At t+At t+At
Ce, —Cg Ciyone —2Cs,~ +Cg Ceyne —Ci var C
Ex Ex = au Ex+Ax Ex Ex—ax u ExsAx Ex—Ax +K CEX Mx
At (AX) 2 Ax Cui
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The initial conditions are:

Cp. " =0 (7
and C)jj is constant for all values of x (homogeneous column).

Several boundary conditions must be accounted for:

(i) for a one-step injection occurring between times t1 and t2 at the inlet of the
column:
t<tl

t>12
Cilo =0 cglstse Cirg =0 (8a, b, ¢)

(a narrow pulse injection corresponds to an instantaneous injection such as
t=t1=t2 or, in other words, a perfect Dirac injection)

(ii) at the end of the column:

0C  _y (8d)
OX (1)
where CEj is the concentration of a given volume of EDTA injected and L the

column length.

Equation (6) involves the resolution of a classic tridiagonal matrix. The model
was tested and was in close agreement with analytical solutions for a punctual
injection with a uniform, one-dimensional flow in a semi-infinite medium (De
Marsily, 1986).

Step 2: Resolution of equation (3), transport by advection and dispersion of
dissolved EDTA-metal complexes, including a Kkinetic term for solubilization.

Rewriting equation (3) with Taylor developments gives:

CEI\,1:(+A‘7CEML _ auCEM:;AA‘x 72CEM::A‘ +CEM::—AAlx CEM:rAAlx ’CEM;ti[x KC.' ™™ CM:
= 5 - - Ex
At (Ax) 2 AX C,
)
Initial conditions are:
Coyt '=0 (10a)
Cy. ' =Cy (10b)

Boundary conditions are:

(1) a null flux is imposed at the inlet of the column:
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ocC t+At
uCpyyp = @u 7'2‘10 (112)

where Cemo "™ is the value of Cgy at x =0 (beginning of the column) at time
t+At : there is no EDTA-metal input in the column

(ii) at the end of the column:

0 Cpy

=0 11b
0 x (116)

(x=L)

Step 3: Equation (5) is used to calculate the evolution of the metal content
remaining in the soil at each discrete point.

Rewriting equation (5) in finite difference form gives:

CM;+A1 _CM; __KC CM; (12)
At B Cy

CM at time t + At is therefore:

t+ At
Cyy ™ =Cys [1—1(& B } (13)

Mi

CMi

Equation (13) implies that K has a maximum value of
Ei

7.3.3 Experimental Section

The soil sample used in the percolation experiments was collected in the upper
30 cm of an agricultural plot near Lille (Nord-Pas-de-Calais, France) in the vicinity of
smelting activities. It was dried at 40 °C for 24 hours and sieved through a 2 mm
nylon sieve to eliminate the coarse sand fraction. The total Cd content in the solid,
measured by ICP after fusion with sodium borate, was 0.08 umole/g. The
solubilizable metal in the soil was estimated by measuring, in batch experiments (10 g
solid/L), the fraction extractable with 0.01 M EDTA (Kedziorek, 1997). All of the Cd
was extractable from the soil used in the experiments carried out to test the model.

A borosilicate glass column (length: 25 c¢m; internal diameter: 2.5 cm) was
packed with the dried solid material (ca. 220 g) so as to create uniform bulk densities.
An electrolyte solution (0.01 M NaNO3) was pumped upwards through the column
until steady-state conditions (constant pH and conductivity) were reached. This
required approximately four pore volumes (approximately 24 hours). The quantity of
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Cd eluted during this equilibration stage was negligible (<0.1%) with respect to the
total amount eluted during the percolation of EDTA. The flow rate in the column was
constant (ca. 14 cm®.h™).

Various EDTA concentrations were used in three separate experiments
performed for different injection modes (pulse and step injections). Bromide, an ideal
tracer (conservative and non-reactive), was injected with EDTA to provide
information on the water movement.

In the first experiment (pulse mode), three 0.5-mL pulses, each containing
0.005 M of bromide, were injected. The pulses were separated by four pore volumes
of a 0.01 M NaNO3 electrolyte solution. The first pulse contained no EDTA. The
second and third contained 0.001 M and 0.01 M of EDTA, respectively, which
corresponds to a total of 0.5 and 5 pumoles of injected EDTA.

In the two step mode experiments, EDTA and bromide were injected at
constant concentration in the feed solution. This feed solution contained bromide
(usually 0.65 mM) and, depending on the experiment, total EDTA concentrations of
107 or 10™* M.

Evolution of total EDTA, EDTA-cadmium chelates and the bromide
concentration in the eluate were monitored by dissolved organic carbon measurement,
atomic absorption spectrophotometry and ion chromatography, respectively. During
the percolation experiments, the eluate flow was sampled continuously and the actual
flow rate was determined by dividing each sample volume by the time required to
obtain it.

The soil and experimental protocol are described in detail elsewhere
(Kedziorek, 1997).

7.3.4 Model Simulations with Experimental Validation

To determine the kinematic, or effective, porosity (ok) and the dispersivity
(a), the model was first run with a null kinetic parameter K. K was then determined
by manually varying its value until simulated curves fit experimental curves. This
was done for the two successive pulse injections of 10° M and 102 M of EDTA, and
the two long-step injections (10 M and 107 M of EDTA).

Pulse EDTA Injections. In our short step injections, at a flow rate of 14.2
cm’ b, the bromide solution was injected for 126 s. This injection of 0.5 mL
represents 1.25 % of the column pore volume and can therefore be considered to be a
pulse injection. The fit between model calculations and observed values is excellent
(Figure 7.12). The average values of the kinematic porosity and dispersivity are 33 %
and 0.42 cm, respectively (Table 7.5).
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Figure 7.12 Example of simulated and measured breakthrough curves for bromide
injection (values of fitting parameters are given in Table 7.5) (Kedziorek et al.
1998;Copyright American Chemical Society 1998, reproduced with permission).

Table 7.5 Fitted values of kinematic porosity and dispersivity for the pulse
experiments

kinematic porosity, dispersivity,
Pulse ok [em*/em’] o [cm]
Pulse 1 0.345 0.44
Pulse 2 0.32 0.45
Pulse 3 0.325 0.38

For the two successive pulses of EDTA (10 M and 10 M), the Cd-chelate is
eluted with bromide, with a greater extraction as the injected concentration of EDTA
is raised ten-fold (Figure 7.13). Fitting was done for each step separately (Pulse 2 and
Pulse 3) and together (Pulse 2-3). The fitted K values are almost identical for the 3
simulations (from 1.9 to 2.5 10 s™) (Table 7.6). The agreement between calculated
and observed values of the fraction of Cd extracted from the soil (ratio between the
number of moles of Cd eluted as EDTA-Cd complexes and the initial number of
moles of Cd present in the column) is good (Table 7.6). Using a single set of fitting
parameters, the model simulates the EDTA-Cd chelate breakthrough curves (BTC)
well for the two successive pulses (Figure 7.13).
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Figure 7.13 Experiment with two successive injections of EDTA of 10° M and 107
M (during 126 sec each). Observed and simulated cadmium breakthrough curves are
presented with bromide restitution. (Flow rate = 14.2 em’h’!, ok =032, o =042

cmand K=2.5x10°s™).

Table 7.6 Pulse injection experiments: fitting values and results of modeling

Pulse C EDTA [M] K [s"] % Cd extracted
(CEd observed simulated
Pulse 2 107 1.9%10° 0.1 0.1
Pulse 3 10 2.4 x10° 1.4 1.3
Pulse 2-3*  10%and 10> 2.5x10° 1.5 1.4

*Fitting using both Cd pulses.

Long Step EDTA Injections. The kinematic porosity and dispersivity values
obtained from the bromide BTCs were very similar to those of the pulse injections
(33% and 0.44 cm, respectively) even though each step experiment was carried out
with a column filled with a new soil sample. This demonstrates the excellent
reproducibility in filling the column with the solid material. K values ranged from 1.7
to 4 10 s with the highest value obtained with the lower EDTA concentration (10™
M) (Table 7.7). For the low EDTA concentration, the model calculations are poor at
the beginning of the BTC (Figure 7.14). The model predicts that the BTC will slope
slightly downwards as the efficiency of the extraction process decreases along with
that of the Cd content (to 88% of the original content at the end of the experiment).
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Figure 7.14 Step experiment (injection of 10* M EDTA injected): experimental and

simulated EDTA-cadmium breakthrough curves (parameters are in given in Table
7.7) (Kedziorek et al. 1998. Copyright American Chemical Society 1998, reproduced

with permission).

The Cd eluted in the presence of the higher EDTA concentration step injection
(10 M) (Step 2, Figure 7.15) is quite well represented by the model. The eluted Cd
concentration peaks rapidly and the BTC decreases as the amount of extractable Cd
remaining in the soil is depleted. Simulated and observed percentages of extracted Cd

are in good agreement (Table 7.7).
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Figure 7.15 Step experiment (injection of 102 M EDTA): experimental and

simulated EDTA-cadmium breakthrough curves (parameters are in given in Table
7.7) (Copyright American Chemical Society 1998, reproduced with permission).
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Table 7.7 Step injection experiments: fitting values and results of modeling
% Cd extracted
Step Flowrate Cgi ©k  ofem]  K[s'] “observed simulated

[mL.h"] M]
Step 1 14.6 10* 033 044 4x10° 12 13
Step 2 14.7 102033 044  1.7x10° 66 76

7.3.5 Discussion and Summary

Fittings of short step (pulse) and long step experiments gave very similar
kinetic coefficients (Tables 7.6 and 7.7). A mean value of 2.1 x 10° s can be
retained, if we disregard the highest value of 4 x 10 s™' obtained with the lower
concentration of injected EDTA. Simulation of succeeding pulses (pulse 2-3) required
almost no modification in fitting of the kinetic coefficient (2.4 x 10 s™ for pulse 3
alone and 2.5 x 1010 s™' for pulse 2-3).

The kinetic coefficient is relatively independent of the EDTA concentration
and of the mode of injection. It can therefore be considered to be a characteristic of
the EDTA-Cd complexation reaction under our experimental conditions.

This section describes a model in which simultaneous transport of EDTA and
EDTA-metal chelates is accounted for with advection-dispersion equations linked to a
second order kinetic term describing the complexation/solubilization process. Fitting
of experimental BTCs showed that the kinetic coefficient for cadmium solubilization
is quite independent of EDTA concentration. Pulse and step injections gave similar
values for this parameter. The model can simulate the complexation of one metal at a
time with EDTA. In situations where there are several metals with high kinetic
coefficients, the corresponding decrease in non-complexed EDTA should affect the
extent of remobilization. In such cases, a multi-component approach is needed to
model the simultaneous formation of different chelates (Tsang et al., 2007).

7.4 Potential for Actual Use of Complexing Agents for Soil
Decontamination

Using chemical reagents such as chelates for in situ decontamination
operations is, to the say the least, a tricky business. Four major points should be
considered before such a technique is proposed and safely and economically
implemented.

(1) Groundwater flow should be properly understood and controlled during
operations in order to prevent the dissemination of dissolved heavy metal- and
organic reagent-rich water in the environment. This is especially important near
environmental receptors.
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(2) Metal extraction procedures should be optimized (operating variables for
EDTA soil washing) in a chemical engineering approach (Fangueiro et al., 2002; Kim
et al., 2003; Finzgar and Lestan, 2007; Zou et al., 2009).

(3) Using a chemical reagent such as a chelate could be expensive. Cost-
effective methods will depend on regeneration of this chelate during elimination of
the contaminant heavy metals (Xie and Marshall, 2001; Di Palma et al., 2003; Lim et
al., 2005). An alternative would be to use less-efficient organic reagents that are,
however, inexpensive and readily available as by-products of the chemical industry.

(4) Due to the persistence of EDTA in the environment, efforts should be
made to find and use less aggressive compounds and degradable substances such as
aminopolycarboxylic acids or EDDS (an isomer of diaminedisuccinic acid) (Oviedo
and Rodriguez, 2003; Tardy et al., 2004; Saifullah et al., 2009; Yip et al., 2009; Tsang
et al., 2009).

7.5 Conclusions

Extraction of heavy metals from contaminated soils and sediments is still far
from being an exact science. At present, it is still somewhat of a semi-empirical
technology. Practical applications will require extensive laboratory column
experiments and modeling prior to the implementation of field operations.
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