Resuspension of Sediment, a New Technique For Remediation of
Contaminated Sediment in Shallow Harbours

Mehdi Pourabadehei

A Thesis
In the Department
of

Building, Civil and Environmental Engineering

Presented in Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy at
Concordia University

Montreal, Quebec, Canada

January 2017

Copyright © Mehdi Pourabadehei, 2017



CONCORDIA UNIVERSITY SCHOOL
OF GRADUATE STUDIES

This is to certify that the thesis prepared
By: Mehdi Pourabadehei
Entitled: Resuspension of sediment, a new technique for remediation of contaminated sediment
in shallow harbour

and submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy (Civil, Building and Environmental Engineering)

complies with the regulations of the University and meets the accepted standards with respect to

originality and quality.

Signed by the final examining committee:

Dr. S. Bergler Chair

Dr. A. Mucci External Examiner
Dr. G. Vatistas External to Program
Dr. L. Yerushalmi Examiner

Dr. S. Li Examiner

Dr. C. Mulligan Thesis Supervisor

Approved by

Chair of Department or Graduate Program Director

January 2017

Dean of Faculty



ABSTRACT

Resuspension of sediment, a new technique for remediation of contaminated sediment in

shallow harbours

Mehdi Pourabadehei, Ph.D.
Concordia University, 2016

Shallow harbours with contaminated sediments are subjected to the risk of uncontrolled
resuspension of sediment, which could remobilize weakly bound heavy metals into overlying
water and pose a potential risk to aquatic ecosystem. Remediation of sediments in these areas
cannot be performed by conventional in sifu and ex sifu remediation methods. Alternatively, the
resuspension technique was introduced to address these issues. The concept of the resuspension
method is that finer sediments have a greater tendency to adsorb the contamination due to their
specific surface area and ionic attraction. Therefore, finer particles were targeted for removal
from the aquatic environment by a suspension mechanism in a confined water column. The main
objective of this study was to evaluate the feasibility of the resuspension technique as a new
approach for remediation of contaminated sediment and a viable option to reduce the risk of
remobilization of pollutants in harbours. The results indicated that the resuspension technique
could successfully reduce the total concentration of contaminants (i.e. Cr, Co, Ni, Cu, Zn, As, Cd
and Pb) in almost all samples below the probable effect level with no significant change in the
overlying water quality. Precisely, by removing just 4% of contaminated sediment in this
method, the contamination intensity of Cd and Pb (as the main pollutants) was reduced by 26 and
28 percent and for the rest of the contaminants returned to the non-polluted level. Removal
efficiency of heavy metals was positive with a minimum 17.6% for Co and a maximum for
25.9% for Zn. The results of the sequential extraction test (SET) also illustrated that the
contaminant removal efficiency could be drastically enhanced for metals in sediment with a
higher enrichment factor. Principal component analysis, performed on the data sets from the SET
results, implied the significance of the anthropogenic factor in contaminating the sediments in
the study area. Removal of contaminants from sediment through this method could also reduce

the risk of mobility and availability of metals under changing environmental conditions. No

il



chemical substances were employed in the resuspension method. Subsequently, less destruction

can be caused in the aquatic ecosystem.
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Chapter 1

1 Introduction

Sediment is a “suspended or deposited solid, acting as a main component of a matrix, which
has been or is susceptible to be transported by water” (SedNet, 2004). There is a wide range of
applications for sediments in different fields. The unique physiochemical characteristics of
sediment have been used in construction and filling material such as hydraulic structure or land
reclamation. However, from the environmental point of view, sediment is a key element in the
aquatic ecosystem since it contains a variety of habitats and provides the nutrients for different
kinds of species. Consequently the quality of sediment has an impact on aquatic species, the food

chain and eventually on human health.

1.1 Sources and types of pollution in sediment

Sediments can be found at the bottom of rivers, lakes, estuaries and oceans. They have a close
contact with water column and can act both as a source and sink for contamination, which is a
valuable feature for sediment. Despite the large effort to clarify the sediment-water interaction in
the presence of pollutants, there is still a need to develop a better understanding of complex
bindings of different kinds of contamination to the sediment matrix and their mobility and
availability in the aquatic environment (Andrade Passos et al., 2010; Rauret, 1998; Tiizen,

2003).

In general, natural events and anthropogenic activities are the main sources of the
transportation and distribution of pollutants. Release from volcanoes, earthquakes and forest fires
are some examples of natural events. On the other side, agricultural, urban and industrial
activities, spill and energy production all contribute the contamination of the sediment by human

activities (Mulligan et al., 2009).



Sediments are exposed to many different sources of pollution. Precipitation falling with
noxious gases through the atmosphere, pollutant plumes from leaching of waste piles and
industrial discharge, runoff of ground surface with nutrients, herbicides and pesticides and finally
spills and diffuse discharges from harbour and mining activities are the common sources of

contaminants for sediment (Pan and Wang, 2012).

There are two general types of pollution: Organic and inorganic. Organic pollutants cover the
wide range of contaminants including hydrocarbons, organohalides, polycyclic chlorinated
biphenyls (PCBs) and trichloroethylene (TCE). The most common organic contaminants in the

aquatic environment are hydrocarbons and PCBs.

Although heavy metals and nitrogen-phosphorus are the main part of the inorganic pollutants,
they have different original sources. Nitrogen and phosphorus usually originate from agricultural
activities and animal waste runoff. Accumulation of these elements can lead to eutrophication
and subsequent adverse effects on water quality (Fukue et al., 2007). However, heavy metals
particularly are generated from industrial and mining activities. Careful attention is needed
because of their mobility and availability in aquatic ecosystem. Landfill leaching can be another

source of releasing heavy metals such as copper, lead and zinc (LaGrega et al., 2001).

1.2 Contaminated sediments and their issues

Sediment can be exposed to many sources of pollutants (i.e. organic and inorganic) and can
cause serious environmental issues. Contaminated sediments increase the risk of eutrophication
and changing the color and the taste of water. Consequently, the large biodiversity existing in the

water/sediment environment would be affected.

On the other hand, bindings of heavy metals to the contaminated sediment are unstable and
can lead to release of those inorganic pollutants. Mobility and availability of heavy metals not
only are a short-term threat to biodiversity but the metals also can be spread in the aquatic

ecosystem for a long time.

Contaminated sediment can have a significant influence on the aquatic food chain. As a
result, their impact on human health and ecosystem is unavoidable. Loss of fisheries, property

value, tourism and navigation can happen in the contaminated area (Mulligan et al., 2009).



Therefore, there is still a need to develop new techniques for managing the contaminated

sediments in order to confront the challenging issues.

1.3 Challenges of the shallow harbours’ management strategy

Harbour areas, particularly on the bank of large rivers, have been facing deposition of
sediments. Construction of the breakwaters in those areas can also affect sediment transport. The
sedimentation rate for St. Lawrence River’s harbours as an example was estimated as 1.5
cm/year according to the Ministére du Développement durable, de I’Environnement et des Parcs
du Québec (Pelletier and Rondeau, 2013). On the other hand, over the last decades, significant
amounts of pollutants are received at these areas and most of them are adsorbed by sediment.
Sewage and wastewater, petroleum and compounds released by antifouling paints that are
received from land and river can be adsorbed by up to 99 percent by sediment (Salomons and
Stigliani, 1995; Huang et al., 2012). Consequently, shallowness and contaminated sediments in

those locations become the challenging issue.

Because of the concentration of pollutants, ex sifu remediation after dredging is the main
viable option and in situ techniques are mainly used to reduce the mobility of the contaminants.
However dredging the contaminated sediment can increase the risk of mobility and availability
of heavy metals in the harbours and impacts on the disposal sites that receive the dredged

sediment (United States Environmental Protection Agency, 1991).

Since the shallowness is the main concern, capping with or without reactive amendments (as
the most common in situ technique) is not applicable. Capping decreases the shallowness and
keeps the contamination at the site. The only advantage is to reduce the contact and immobilize
the contamination. Moreover, sand capping in some harbours with a fine texture of sediment is
not effective since the sand layer can be compromised and the contamination can leach (Fukue et
al., 2012; Ghosh et al., 2011). Therefore, developing new techniques with more flexibility for
managing contaminated sediment and minimal harm to the surrounding environment is highly
desirable. It is worth mentioning that contamination in harbour areas usually comprises organic
and in-organic pollutants. Therefore, the remediation technique should be applicable for organic

and inorganic contaminants simultaneously.



In order to address these issues in shallow harbour areas, the resuspension technique was
introduced as a new approach to remediate contaminated sediments. The concept of the
resuspension method is that finer sediments (i.e. clay and fine silt) have a greater tendency to
adsorb the contamination (Mulligan et al., 2009). Due to the high specific surface adsorption and
ionic attraction, finer sediments tend to have a relatively higher concentration of contaminants
(Huang et al., 2012). Suspended sediment and the organic components of sediment can also
scavenge organic and inorganic contaminants (Fukue et al., 2007). Therefore, removing the finer
sediments without dredging the whole contaminated area is the main goal of the resuspension

technique.

In the resuspension method, over a specific period of the time, the air jets in the confined
water column create a strong turbulence and force the sediments to suspend. After a while, when
the coarser sediments settle, the finer sediments which are still suspended, will be removed by a
pump and delivered to the filter system. Consequently, some of the fine sediments containing the
most contamination will be eliminated from the aquatic environment. One of the advantages of
this method is that the aeration in the water column not only suspends the sediments but also
creates an aerobic condition in the lower layers of sediment. Furthermore, it is the main role to
prevent the eutrophication and hydrogen sulfide production (Fukue et al., 2012). Another
advantage of the resuspension is that it can be applied for remediation of organic and inorganic

contamination at the same time. Moreover, no chemical reagents are used in this technique.

1.4 Scope and application

Although some parameters related to organic pollutants were investigated, this research study
mainly focused on heavy metal contamination and their remediation. The result of this study can
be employed in remediation of contaminated sediment in rivers, lakes and particularly in harbour

areas.

1.5 Objectives

Harbour areas receive organic and inorganic input from land, river and boats. Sediments in
harbours have a crucial role in capturing the contaminants. However, any disturbance in
sediment can lead to an increase in the mobility and availability of heavy metals in ecosystem.

Understanding the complex behaviour of heavy metals binding to sediments would be helpful for



choosing the proper management technique. Among the various available techniques, the cost,
efficiency, sustainability and environmentally friendly factors should be considered. The main

objectives of this research thesis are as follows:

* To evaluate the feasibility of the resuspension technique as a new approach for managing
the contaminated sediment in harbour areas and introduce it as a viable option in shallow and

contaminated harbours.

* To assess the performance (e.g. efficiency to remove the contaminated particles with
minimum adverse effect on water quality) of this method in order to compare the resuspension’s

capability to the other viable options.

* To evaluate the effect of the resuspension method on distribution of heavy metals in
sediments and suspended particulate matter. Consequently, the behaviour of the heavy metals

bound to the sediment matrix over a short-term resuspension is examined.

» To assess the risk of mobility and availability of heavy metals under the influence of the

resuspension technique.

1.6 Thesis organization

This thesis contains 6 chapters. Chapter 1 provides a brief introduction and the objectives of
the research. In the second chapter, a comprehensive and concise literature review is presented
regarding resuspension of sediments in the aquatic environment from the different point of
views. Moreover, influential factors in mobility and availability of heavy metals from sediment
matrix were discussed. Chapter 3 presents different physicochemical characteristics of
contaminated sediments in a case study (a harbour in St. Lawrence River) in order to appraise
various existing management strategies in that particular situation. Therefore, the lack of flexible
and viable options for managing and remediation of contaminated sediments were demonstrated.
In Chapter 4, the resuspension technique is introduced as a new approach for remediation of
contaminated sediment in harbour areas. Feasibility of this method is evaluated in this chapter in
order to show its capability to reduce the concentration of contaminants without dredging or
applying any chemical substances. Chapter 5 focuses on the details of the resuspension technique
on distribution of heavy metals in sediment and suspended particulate matter. The resuspension

effects on the heavy metal concentration of each fraction in sediment matrix are evaluated in this



chapter as well as applying a statistical tool for supporting the discussions. Chapter 6 is the
summary of the conclusions with emphasis on the contributions in this research study. Future

work is also presented in this chapter.



Chapter 2

2 Literature review

The crucial role of sediments, which are affecting the level of the contaminants in aquatic
environment, has been discussed in this chapter. Heavy metals entering the rivers can be
captured up to 99% by sediments in different fractions (Salmons et al., 1995). However, natural
events such as waves or tides can resuspend them into the water column. Regardless of the
duration and intensity of resuspension, there is a potential risk to release some captured
pollutants in rivers. Simultaneously, there is a chance to adsorb contaminants from the water
column into the sediment matrix. In this chapter, the different points of view about resuspension
of contaminated sediments and also the effective factors on adsorption and desorption of heavy
metals in sediments were considered. Additionally, different in situ and ex situ techniques for
remediation of the contaminated sediments were reviewed. Subsequently, the resuspension
method was introduced as a viable option, where the common strategies for managing the

contaminated sediment are not feasible.

2.1 Antifouling paint particles, one of the main sources of heavy metal

contamination in harbour areas

The main focus of this research is on contaminated sediments in harbour areas. Understanding
the nature and sources of pollutants is a key component to resolve the issues. Depending on the
location of the harbours, sediments are exposed to different sources of contaminations. One the
most important sources for leaching the heavy metals into the sediment is antifouling paints

(Turner, 2010).

Aquatic biofouling consists of the community of organisms, which grow on the external
surfaces of submerged or semi-submerged objects such as port and harbour’s structures and hulls
of boats (Lewis, 1998; Dafforn et al., 2011). Biofouling causes higher fuel consumption by

increasing the drag on the boats and also may compromise safety of static structures by reducing



stability and covering structural defects (Turner, 2010). Therefore, antifouling paints are applied
by coating the vessel hulls, pontoons, piers, aquaculture nets, buoys, pipeline and drilling plat
forms in order to inhibit the attachment of marine organisms (Voulvouilis et al., 2002;

Konstantinou and Albanis, 2004; Chambers et al., 2006; Almeida et al., 2007).

The main components of antifouling paints (AP) are biocides and heavy metals (i.e. Cu, Zn,
Pb and Cd). However, their concentrations in AP formulations may vary considerably (Sandberg
et al., 2007). Widespread applications of AP have led to high levels of pollution in the
ecosystem. As an example, during the maintenance of the boats or from abandoned structures
and grounded ships, antifouling paint particles (APP) are generated and introduced to the aquatic
environment by runoff. Depending on the methods of paint removal (e.g. scraping, sanding,
striping, etc.) different sizes of APP are generated with a range of a few microns in diameter to
several centimeters in length (Turner, 2010). Despite the practice code, defined in many
countries including Canada, large quantities of APP can be found in boat yards and maintenance
areas (Figure 2.1Error! Reference source not found. and Figure 2.2Error! Reference source
not found.) during the cleaning seasons (Links et al., 2007; Kotrikla, 2009). Plumes of the
particles are generated during the cleaning the boat’s hulls, even with a vacuum sander.
Consequently, APPs washdown and runoff into the aquatic environment or as airborne dust

(Thomas et al., 2003; Tolhurst et al., 2007).

Figure 2.1 Discarded paint fragments remain in a boat repair facility on the island of Gozo (Turner, 2010).



Figure 2.2 Paint fragments in the vicinity of sand flats shed on the Gannel estuary, southwest England (Turner,
2010).

Studies from a variety of recreational boat maintenance facilities within the EU showed that
the contemporary composites of APP contain 35% and 15% of dry weight Cu and Zn
concentration respectively (Turner et al., 2008; Singh and Turner, 2009). Low concentrations of
other trace metals such as Cd, Cr, Ni, Pb and Sn were detected. The crucial part of the research
was that the heavy metals leach more rapidly from APP than a painted surface of the static
structures or hulls of the boats since APP have a greater surface area of pigments (e.g. PbCrOs,

CdS) and additives exposed to the environment (Turner, 2010).

Although the APPs are one of the main sources of inorganic and non-degradable contaminants
in harbours, the literature suggests that there have been other sources responsible for
contamination. Sewage, wastewater and petroleum released from motorboats are the other
sources of organic and inorganic pollutants. Additionally, deposition of suspended loads of large
rivers in the vicinity of the large cities and industrial regions, which mainly contain fine particles

with high concentrations of contaminants, is another contamination source in those areas.

2.2 Remediation of contaminated sediment

This research focused on heavy metals among the various contaminants due to their mobility,
environmental persistence and ecological risks. Therefore, the methods, which have been

reviewed in this section, concern heavy metal removal and stabilization.

Remediation of contaminated sediment can be classified based on two strategies. The first

strategy concerns the immobilization of metals on sediment particles and chiefly functions by



enhancing metal sorption precipitation and complexation capacity on sediment. Methods with

this concept are called ‘in situ’ remediation (Susana et al., 2005).

The main concept of the second strategy is to extract the heavy metals rather than
immobilization. Therefore, the polluted sediment first must be removed from the river bed or
lake bed and then through a series of chemical, physical and/or biological procedures heavy
metals will be extracted. Obviously this kind of remediation technique is mostly carried out ‘ex

situ’ (Alfredo et al., 2005, Rafael et al., 20006).

2.2.1 In situ remediation technologies

Over the past decades, in situ methods have been rapidly developed since they are low-cost
and usually non-disruptive to the environment. It should be noted that, although in situ
technologies reduce the mobility of heavy metals in sediments, the total concentration of metals
does not decrease. Moreover, there is a possibility of releasing some parts of those immobilized
metals into the environment after a while. The following techniques are the most common and

feasible in situ remediation technologies for contaminated sediment:

2.2.1.1 Amendments

This is a common method used in soil remediation as well. In this method, some inexpensive
amendments such as minerals (e.g. apatite, zeolite, etc.) are used to reduce mobility and
bioavailability of heavy metals in sediment. These materials contain high cation exchange
capacity, which can lead to adsorption or precipitation of some metals and thereby decreasing
their solubility. Compared to the same technology used in soil, for sediment remediation the
amendments usually have a higher sorption capacity and lower water solubility (Raicevic et al.,

2006).

2.2.1.2 Capping

In situ capping is usually applied to immobilize and reduce the release of contaminants from
sediments. In this technique a clean suitable isolating material covers the contaminated sediment
in order to decrease the direct contact area between water and sediment. Those materials can be
soil, sand or a geosynthetic substance. In the case of sediment with limitations for open water

disposal, the most economic approach is sand capping. It is worth mentioning that the effect of
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capping decreases with time and in a few years the chance of heavy metal release is significant

(Mulligan et al., 2010).

2.2.1.3 In situ sorbent amendments

This is a modern capping method by supplementation with active amendments such as
activated carbon (AC). Practically, it has the advantages of an in situ technique (i.e. simplicity
and cost-effectiveness), with more strength to adsorb and immobilize the contamination. In other
words, this new capping technique increases contaminant binding and consequently reduces their
exposure risk to the aquatic environment. Ghosh et al. (2011) conducted a series of laboratory
tests, which demonstrates that the effectiveness of the sorbent amendment on decreasing the
level of bioavailability of contaminants increases with decreasing AC particle size, increasing

doses of AC and greater mixing and contact time.

The typical dosing of AC was about 2 - 5% by weight of dry sediment in top of 10 - 30 cm of
sediment. As a result, 70 - 90% reduction of biouptake of hydrophobic organic compounds
(HOCs) was recorded. This technique is more attractive where dredging is not feasible such as
under piers or around piling and in areas with very ecologically sensitive situations (Ghosh et al.,
2011). Despite the advantages of this method, it cannot decrease the total sediment concentration
of pollutants as it is mentioned earlier. Additionally, the risk of leaching the contaminants from

the clean sediment layer will increase over time.

2.2.1.4 Phytoremediation

Phytoremediation is the most ecologically responsible alternative for remediation of
contaminated sediment. This method usually takes advantage of plants to extract or detoxify
pollutants (Meagher, 2000). Although this technology is mostly applied in soil remediation,
removal of heavy metals by phytoremediation in some shallow rivers and wetlands is significant.
Beside the direct effect by plants themselves, there are some indirect reactions happening during
phytoremediation. Metal uptake by hydrophytes, stimulation of microbial activity and redox
reaction/formation of insoluble metal compounds in the rhizosphere are some particular

phenomena, taking place in phytoremediation (Clemente et al., 2005).
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2.2.1.5 In situ slurry vortex in a reactor vessel

There is also a theoretical method for managing of contaminated sediments, submitted as a
patent in United States (Zaiger, 2003). This is an in situ technique introduced for generating a
slurry vortex inside a reactor in an underwater environment such as the ocean floor, which was

specifically designed for a hot spot (limited area with severe contamination).

In this method the reactor vessel is set at the hot spot and by removing seawater a negative
pressure is created, which enables the reactor to penetrate into the ocean floor. Then a
pressurized fluid is injected into the reactor vessel, which creates a slurry vortex of the
contaminated sediment material. At the final stage, a remediation fluid (corresponding to those
particular contaminants) is injected and mixed with the slurry materials. A sufficient amount of
remediation fluid (depending on the type and magnitude of contaminant) needs to be delivered in
the reactor to provide non-contaminated sediment materials. Eventually by injecting the
pressurized seawater into the interior of the reactor vessel, a positive pressure is generated and
helps to lift and transfer the reactor to another location (Zaiger, 2003). The whole remediation
procedure is actually done at the site but the materials (i.e. treated sediments and the chemical
substances) will remain at the site. No scientific results have been recorded under the name of
this method. Also, no environmental impact assessment was performed after applying this

technique.

2.2.2  Ex-situ remediation technologies

For the highly polluted sediments, which are distributed to a large extent, ex situ remediation
becomes the first choice (Mulligan et al., 2001). Most of the techniques for ex sifu sediment
remediation are similar to soil remediation techniques. Since sediments have a close contact with
water and aquatic ecosystem, guidelines and regulations impose more strict limitations for the
minimum amounts of the concentration of contamination in sediment. Moreover, dewatering and
handling the high organic content materials usually increase the cost of the remediation. The

most applicable ex sifu methods are introduced as follows.

2.2.2.1 Washing

The washing technique is a relatively simple ex situ method. After dredging the contaminated

sediment, through adding washing water, some fractions of heavy metals are transferred from the
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dredged sediment to the wash solution. Usually for increasing the heavy metal removal some
additive substances are employed. Acid washing (e.g. H>SO4 and HNO3), chelating agents (e.g.
ethylenediaminetetraacetic acid (EDTA)) and surfactants (e.g. rhamnolipid) are some examples
of additive agents. Acid washing is applied to solubilize and mobilize the heavy metals to the
washing solutions. Chelating agents mostly can assist in removing the heavy metals by
combining with aqueous metals to form chelate complexes and consequently reduce the
concentration of heavy metals in water. However, surfactants desorb the contaminants from
dredged sediment and remove them from the environment. The target of this technique is the
weaker metal bonds that mostly exist in the exchangeable, hydroxide and reducible oxide
fractions. For fine grain sediments that have a stronger bond to heavy metals, decontamination

through washing is not an ideal method (Ortega et al., 2008).

2.2.2.2 Electrokinetic remediation

This method uses a low DC current or low potential gradient to electrodes, which are inserted
into the sediment and encompass the contaminated zone. The DC electric field causes migration
of charged ions. Positive ions are attracted to the negatively charged cathode and negative ions
move to the positively charged anode (Virkutyte et al., 2002). This technology is more suitable
for fine-graded sediment since the fine particles carry the highest electric conductivity and hence

contain the most adsorbed metals.

2.2.2.3 Flotation

Flotation is a hetero-phase separation method that uses gaseous bubbles to disperse fine
particles. Various metal ions are adsorbed onto the fine inorganic and then the formed aggregates
are floated and eventually separated from the dispersing medium (Dobias et al., 1995). This
technique can also be applied as an in situ method particularly for anaerobic fine-texture
sediment (20-50 um) with a significant percentage of metal sulfides. In some cases up to 80% of
removal efficiency was reported for most metals in sediment. However, like most of the
techniques, flotation can be either advantageous or disadvantageous depending on the oxidation
degree of sulfur (Kyllonen et al., 2004). Low oxidation and high oxidation intensity can lead to
lower particle resuspension and excessive sulfide to sulfate, respectively. Both would decrease

the removal efficiency.
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2.2.2.4 Ultrasonic-assisted extraction

High-energy acoustic cavitation is normally applied in the ultrasound system in order to
encourage formation, growth and implosive collapse of bubbles in liquids. The cavitational
collapse generates the intense heating in hotspots with 5000 °C, 500-atmosphere pressure and
lifetime of a few microseconds. As a result, most of the metals are melted and sunk in an area of
low pressure caused by cavities. Removal efficiency of this method for heavy metals completely
depends on the particle size of sediments. For coarse grains, almost all metals can be separated
from sediment (around 92%). However, for fine particles (i.e. < 2um) no significant removal can
be found (Meegoda et al., 2001) and the reason is that metals associated with clay are too stable

to be removed in most remediation techniques (Peng et al., 2009).

2.2.2.5 Solidification / Stabilization

The purpose of the solidification / stabilization process is to reduce the mobility and stabilize
the heavy metal contaminants by adding an agent (e.g. cement or pozzolan). The amendment
used in in situ remediation can also be applied to immobilize the metals in dredged sediment.
Although this technique just minimizes the mobility of heavy metals and cannot remove them
from the sediment, due to their low-cost and fast effect it is still applied frequently (Peng et al.,

2009).

2.2.2.6 Vitrification

Vitrification is another form of immobilization but instead of employing amendments,
contaminated sediment is melted in a glassy matrix. Heavy metal pollutants are immobilized in a
glassy matrix and the chance of leaching is almost zero. Basically inserting the electrodes into
the dredged sediment and providing the electric energy can produce a temperature of about 1200
°C. Under this circumstance, all organic compounds are volatilized and the rest of sediment is
melted. During vitrification, toxic gases can be generated, which must be treated by activated

carbon to not release them to the atmosphere (Mulligan et al., 2001).

Adoption of different remediation techniques depends on some special characteristics of the
sediment and the site. Metal loads, sediment size distribution and metal species are some

important features of sediment that should take into consideration. On the other hand, the type
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and source of pollutants as well as depth and biodiversity in sediment influence the decision

regarding the most appropriate remediation strategy.

2.3 Metal partitioning in sediments

At present, it is widely recognized that the total concentration of heavy metals in sediment
does not show complete information and history of the adsorbed metals. In general, metal ions in
sediment are partitioning between different phases. To clarify the details of the adsorbed metals,
the sequential extraction test is recommended. The results of the sequential extraction cover
some information about toxicity and bioavailability of heavy metals to aquatic biota, risk
assessment and anthropogenic sources of the metal species in sediments (Filgueiras et al., 2002).
Therefore, it is quite instructive to know the concentration of metals in each fraction. There are
different methods for sequential extraction, but most of them contain four to six steps mainly

established by Tessier et al. (1979).

2.3.1 Water soluble fraction

Heavy metals extracted by H>O may be the most potentially bioavailable metals in the aquatic
environment. Free ions and ions complexed with soluble organic matter are the most significant
part of this phase. The water-soluble fraction is obtained by two ways; 1) sampling of sediment
pore solution by in situ filtration or 2) by laboratory procedure (ex situ) such as centrifugation,
filtration or displacement. In a nutshell, this fraction constitutes the most mobile and potentially

the most available metal and metalloid species (Filgueiras et al., 2002).

2.3.2 Exchangeable fraction

Weakly adsorbed metals, retained on the solid surface that can be released by ion-exchange
processes will be categorized as an exchangeable fraction. The metals corresponding to this
fraction are usually extracted with magnesium chloride solution or sodium acetate solution (1M)
at pH 8.2 for 1 hour. They normally can be replaced by neutral salts (Mall et al., 1996; Rauret,
1998).

Extraction efficiency in this fraction is dependent on the cation properties. Based on the
literature, efficiency increasing in the order of: H" < Ca® < Mg" < Na" < NH4", and this is a

reason for widely employing MgCl> and NHsOAc (ammonium acetate-CoH7NO>) at 1 mol.dm™
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concentration as a reagent for leaching (Narwal et al., 1999). Normally this fraction and the

water-soluble fraction are used to represent the environmentally available components.

2.3.3 Acid soluble fraction

This phase contains the metals that are precipitated or co-precipitated with carbonate
(Clevenger, 1990). Generally the carbonate form is a weakly bound phase and sensitive to
environmental condition. Thus, this phase is susceptible to a change in pH (Zorpas et al., 2000).
That is the main reason the carbonate fraction is targeted by a mild acid. Adsorbed metals in this
phase are extracted with sodium acetate (NaOAc) or acetic acid solution (1M) at pH 5.0 for 5
hours. It should be noted that under the more acidic condition, the solubilization of Fe-Mn oxides
could take place (Van Valin et al., 1982). However, with the same pH and same duration, 99.9%

of metal content associated with carbonate in sediment can be extracted (Tessier et al., 1979).

2.3.4 Reducible fraction

Metals adsorbed by hydrous oxides of manganese and iron are the main target in this fraction.
Adsorbed metals in this phase can be extracted by 25% (v/v) acetic acid containing NH>OH.HCI
at 96 °C for 6 hours. Usually Mn-Fe oxides exist in a large proportion in soil and sediments.
However, they are thermodynamically unstable under anoxic conditions (Tokalioglu et al.,
2000). Reduction of Fe (II) and Mn (IV) under anoxic circumstances can release some adsorbed

heavy metals (Marin et al., 1997).

The most popular reagent used for leaching the reducible fraction is hydroxylamine
hydrochloride in a nitric acid medium. The important part in extracting this fraction is to control
the pH. If the pH of extraction solution falls below 1.5, the reagent might release some metals

associated with the silicate fraction (Tessier et al., 1979).

2.3.5 Oxidizable fraction

The oxidizable fraction is associated with various forms of organic material through
complexation or the bioaccumulation process. Organic materials can be found as a form of living

organisms, detritus or coating on mineral particles (Tokalioglu et al., 2000).

Experiments show that the organic substances demonstrate a high level of selectivity for

divalent ions. The binding strength for metal ions onto organic matter is following this order: Hg
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> Cu > Pb > Zn > Ni> Co (Jonasson, 1977). This fraction, particularly in contaminated sediment
and sewage sludge, plays a key role in heavy metal distribution (Ridgway et al., 1987). However,
heavy metals bound to organic matter can be easily released under oxidizing conditions. The
most common oxidants are hydrogen peroxide in acid medium. Precisely, with 0.02 M nitric acid
and 30% hydrogen peroxide at pH 2.0 and 85 °C most of the metals will be extracted from this
fraction (Tessier, 1979). Metals extracted from this phase exist in sediment for longer periods
compared to the previous fractions. Metals in this fraction can be released through

decomposition of organic matter (Peng et al., 2009).

2.3.6 Residual fraction

The residual fraction represents the metals still remaining in the sediment after the above
extraction steps. They have a relatively strong and stable bond and do not show significant
transformation under different conditions. Acid digestion is the method used to extract remaining

metals in this fraction.

To conclude, water-soluble and exchangeable fractions can be used to assess the risk of
bioavailability of heavy metals in aquatic ecosystem. Metals exist in the acid-soluble and
reducible fractions are representative of the potentially mobile components under changing
conditions. These two fractions are the most important ones in contaminated sediment
remediation. The last one is the residual fraction that is related to metals with stable forms. They

usually have less influence on the ecosystem due to their unavailability.

2.4 Factors affecting the release and mobility of heavy metals in sediment

Availability of heavy metals in the water column depends on complex interactions between
aqueous (i.e. pore water, overlying water) and solid phases (i.e. sediment, suspended particulate
matter). The distribution and partitioning behavior of pollutants are regulated by some general
factors such as hydrodynamics, biogeochemical processes and environmental conditions
(Samiullah, 1990; Cantwell et al., 2002; Eggleton et al., 2004). The following parameters were
recognized as influential factors on adsorbing and desorbing the contaminants (i.e. heavy metals)

from sediments.
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24.1 pH

The pH probably is the most important parameter to control the mobility of heavy metals in
sediment. As it is understood, with a pH decrease in the environment the quantity of H' increases
and consequently causes the competition between H and dissolved metals for ligands. As a
result, mobility and availability of heavy metals becomes more and more significant. Gundersen
et al. (2003) reported that with a few lower pH units, desorption of heavy metals from sediment

particles may range from almost 100% to negligible amounts.

Generally in the sediment, because of the organic matter (OM) degradation and acid volatile
sulfide (AVS) oxidation, pH usually decreases and results in some metals being released into the
water column even under a stable condition (Kraus et al., 2006; Bonnissel-Gissinger et al.,

1998).

For different heavy metals, there exists a different limit of pH to control the mobility. In other
words, under similar pH conditions the potential of desorption and mobility of heavy metal is
considerably different. Peng et al. (2009) provided the approximate ranges of pH for heavy
metals. Below these limits, leachability of the metals from sediments can increase significantly

(Table 2.1).

Table 2.1 Limit of the pH for different metal desorption (Peng et al., 2009)

Metals pH limit range
Zn 6.0-6.5
Cd 6.0
Ni 5.0-6.0
As 55-6.0
Cu 4.5
Pb 4.0
Al 2.5
Fe 2.5
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2.4.2 Oxidation-reduction potential

Element cycling in the environment is directly affected by reduction and oxidation. ORP
controls bioavailability, toxicity and mobility of many major elements and heavy metals (Borch
et al., 2009). ORP is also directly related to dissolved oxygen in the water column. In anaerobic
sediment, when acid volatile sulfide (AVS) plays a key role in controlling some divalent cation
metals, aeration causes the increase of the oxidation rate of metal sulfides and degradation rate of
organic compounds. Therefore, the amount of ORP increases and eventually it can affect the pH.
The result is that a secondary release of heavy metals happens. However, some part of released
metals will be re-adsorbed by sediment fractions. Zoumis et al. (2001) and Kelderman et al.
(2007) reported that with increasing ORP in sediment, Cd bound to organic sulfide (i.e. stable
form) would decrease from 65% to 30% and form a more mobile form. In another case in the
Mulde reservoir (Saxony, Germany), because of the disturbance and oxidation of sediment

during a flood, a significant amount of Zn was released in to the water (Zoumis et al., 2001).

2.4.3 Organic matter (OM)

In natural rivers and lakes, organic compounds in sediment can be found significantly in
particle form. The bodies of the aquatic plants, which are decomposed by the microorganisms,
are the sources of the OM. They have a major role in heavy metal transformation. In some cases,
OM becomes the largest fraction in the sediment in terms of adsorbing the metals. Mobility of
metals in this fraction is directly determined by solubility of OM. Complexation of metal ions
with insoluble organic compounds can drastically lower their mobility. In contrast, dissolved
organic compounds can adsorb soluble metal complexes and consequently enhance their

mobility (Amina et al., 1999).

2.4.4 Other factors

Beside the factors mentioned, some other parameters can also influence the release and
mobility of heavy metals. Salinity, temperature, metal species and retention time are implied in

the literature.

Garnier et al. (2006) showed that increasing the salinity in pore water decreases the total

adsorption content of heavy metals, because of the competition among metals and other cations.
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They also reported that the temperature is a factor affecting the release of heavy metals. With a

temperature increase, the adsorption on sediment often decreases gradually.

Time is another parameter affecting the mobility of metals. Long-term experiments in kinetic
adsorption-desorption showed that the metal freshly adsorbed by sediment usually are less stable
and more available than those associated for a long time (Peng et al., 2009). Liang et al. (2014)
conducted a series of experiments by coupling the diffusive gradients in thin-films (DGT)
technique with two sequential extraction methods in order to investigate the influence of aging
on As and Pb fractionation and availability in soils. Their results clearly indicated that during
aging, As and Pb moved from available fractions to more stable fractions. Particularly for Pb, it

moved from carbonate and Fe-Mn hydroxide to the organic fraction.

Grain size distribution, microbial activity and amount of acid volatile sulfide (AVS) and total
organic carbon (TOC) existing in sediment are the other parameters, which can be counted as the
effective factors. As an example, daily study on seasonal variations of trace metals in the Detle
River (northern France) suggested that acid-leachable concentration of Cd, which is
environmentally available under changing pH, is mainly bound to light particles such as clay and

carbonates (Superville et al., 2015).

2.5 Sediment quality criteria in Quebec-Canada

The quality criteria of sediment in Quebec-Canada is described in a document presented by
Environment Canada and the Quebec Ministére du Développement durable, du I’Environnment
et des Parcs (2007). To protect the aquatic life, two reference values have been suggested for
about 30 substances (included heavy metals) in freshwater and marine sediment. In this research,
the main concern is the quality of sediment in fresh water such as rivers and lakes and is mainly

focused on St. Lawrence River as a source of sampling.

The Threshold Effect Level (TEL) and Probable Effect Level (PEL) are two values, which
have been adopted as a basic level for assessment of sediment quality in Quebec. In addition,
another three levels were presented for those sediments need for management and remediation.
These three levels are: the Rare Effect Level (REL), the Occasional Effect Level (OEL) and the
Frequent Effect Level (FEL). For substances below the TEL, the incidence of biological adverse

effects is less than 10%. Therefore, there is no need to monitor and manage the sediment. In the
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range of heavy metal concentrations above the PEL, biological effects are frequently observed
and particularly for fresh water, the incidence of adverse effects varies considerably among

chemicals and is usually lower than 50%.

The concentration of pollutant in the range of OEL and above is considered as the sediment
that needs to be managed and treated before dredging process. In this category adverse effects
are anticipated in many benthic species. In the FEL range, adverse effects are anticipated for the
majority of species. Therefore, open-water disposal of dredged sediment is prohibited. Precisely,
OEL and TEL are the two values governing the management of dredging sediment from rivers
and lakes. According to this guideline, three groups are defined to classify the contaminated

sediments.

Group one: the concentration of heavy metals in this group should be below the OEL. There is

little probability of adverse biological effects in this category but open-water disposal is allowed.

Group two: for substances about and above OEL and below the FEL there is a probability of
detecting adverse effects. Open-water disposal is conditionally permitted if the toxicity test
indicates that the heavy metals in sediment are not bioavailable and will not adversely affect the

environment.

Group three: if the concentration of heavy metals in sediment is at or above the FEL, the
sediment is categorized as highly contaminated sediment. Clearly, disturbance of the highly
contaminated sediment increases the risk of mobility and bioavailability of heavy metal in
aquatic environment. Table 2.2 presents the concentration of some trace metals at different levels

based on Environment Canada and Quebec regulations.

Table 2.2 Concentration of heavy metals (mg/kg) at different levels (Environment Canada, 2007).

Levels Cr Ni Cu Zn As Cd Pb
TEL 37 - 36 120 5.9 0.6 35
OEL 57 47 63 170 7.6 1.7 52
PEL 90 - 200 310 170 3.5 91
FEL 120 - 700 770 230 120 150
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It should be mentioned that different standard levels of Ni were not reported in Canadian
guidelines. However because of the importance of this element in the sediment and its effects in
the aquatic environment, the geometric mean of the natural concentration of Ni in pre-industrial
sediment (29 mg/kg) and the natural concentration in postglacial clay (75 mg/kg) in St.

Lawrence River were chosen as the OEL in Ta