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Summary

Partitioning and precipitation of dissolved metal ions to particulate matter in the
environment involves making new covalent bonds, which results in a change in speciation of the
metal and in detoxification. Degradation of organic substances involves breaking covalent bonds,
which also results in detoxification. As the end result is the same, metal partitioning to particulate
matter and/or precipitation can be considered as analogous to degradation of organics.

Partitioning of organic substances to particulate matter occurs via non-specific van der
Waals interactions. No covalent bonds are made or broken, and the nature of the substance
(molecule) remains identical at the chemical level. Therefore, partitioning of organic substances
cannot be considered as equivalent to metal binding and removal.

The extent of metal removal from the water column for many metals is correlated to an
intrinsic property of the metal, the Irving-Rossotti slope. Laboratory/field observations have shown
that sediment resuspension does not cause long-term remobilization of metals to the overlying
water.

Questions addressed
This note clarifies the following issues related to the proposed T/DP-E method for measuring
metal removal:

» The difference between inorganic versus organic substances regarding the nature and
strength of binding.

» The intrinsic properties of metals related to the binding and speciation, and how these
demonstrate that the Rapid Removal concept cannot be applied in the same way to
organics.

» The speciation of metals in the partitioned phase and the irreversibility.

Metals are Fundamentally Different than Organic Chemicals

Compared to organic compounds, metals and metalloids exist in a wider range of physical
and chemical forms, and can change reversibly or irreversibly from one form to another in the
environment [1]. This is referred to as speciation [2]. Each form has unique physical, chemical,
and toxicological properties. Conversely, most organics have limited, if any, speciation of note. A
discussion of chemical bonding in metals and organics, metal intrinsic properties and their relation
to removal from the water column, irreversibility of metal removal follows.

1. Chemical Bonding to Environmentally-Relevant Sorbents: Metals vs. Organics

In aquatic systems, metal ions partition to a variety of naturally-occurring particles
including dissolved and particulate organic matter (DOM and POM, respectively) and oxides of
iron, manganese, and aluminum oxides [3]. DOM and POM macromolecules serve as ligands



(from the Latin, to bind) for metal ions [4], forming coordination bonds between carboxylic acid
and phenol functional groups with significant covalent character [5]. The interatomic distances
between metals and environmental ligands can be determined very precisely, ranging from 1.9 to
2.4 A (see Annex) [6]. The formation of metal precipitates with sulfides and carbonates in
sediments is also typically covalent. Metal bonding to naturally-occurring ligands constitutes
material changes in speciation, which lower the bioavailability of metals.

In contrast to metal bonding, non-polar, non-ionizable organic chemicals (e.g. PCBs) are
attracted to hydrophobic centers of organic matter and hydrophobic mineral surfaces [7, 8]. This
attraction is attributed to relatively weak van der Waals' forces and not covalent bonds [9]. The
interatomic distance of these weak interactions ranges widely, but is at least 2.4 A [9, 10] (see
Annex), longer than bonding of metals to naturally-occurring ligands. The physical and chemical
properties of the organic chemical are fundamentally unchanged during this process.

When organic molecules are degraded in the environment, covalent bonds are broken
within the parent molecule. The parent molecule is thereby transformed into daughter products
which are usually less toxic. In contrast, when dissolved metal ions undergo a change in speciation
by binding to e.g. particles, new covalent bonds are formed. However, the result of both processes
is the same: detoxification of the parent chemical.

2. Intrinsic properties of metal ions in aquatic systems

All metal ions possess preferences for bonding to different ligands [5]. This is a
consequence of their unique electronic structure and is thus an intrinsic property of the metal.
Carbonaro and Di Toro [11-13] have developed linear free energy relationships (LFERs) to
describe bonding of metal ions to ligands containing oxygen donor atoms, the same groups
responsible for metal partitioning in the water column. A single metal-specific parameter, oo (the
Irving—Rossotti slope), indicates the extent to which a given metal bonds preferentially to
negatively-charged oxygen donor atoms relative to the proton [14]. The magnitude of metal
removal from the water column is strongly correlated to the magnitude of Irving—Rossotti slope
[15]. This is because metals bond with select components of particulate matter in lakes (e.g.,
humic acids, fulvic acids, and metal oxides) through negatively-charged oxygen donor atoms [4,
16, 17]. Additional details on the relationship between the Irving—Rossotti slope and removal from
the water column is provided in the Annex.

3. Functionally irreversible removal of metals from environmental compartments

Metal speciation chemistry is usually presented first in terms of equilibrium reactions
which, by definition, can proceed in both the forward and backward direction [1]. For metal and
other inorganics, many speciation-changing reactions are fast enough that equilibrium between the
forward and backward reactions is constantly maintained. However, slow reaction kinetics can
often produce an apparent disequilibrium. Redox reactions and dissolution of minerals are often
not at equilibrium [1, 3].

The tendency for metals to bond with functional groups on suspended particulate matter
and be transported to the sediment is well-established in the literature [18-20]. The specific
mechanisms responsible for metal sequestration in sediment depend upon the identity of the metal
and the distribution of ligands present (covered in detail in the Annex).



Resuspension of sediment has been shown to have minimal, if any, long-term impact on
the quality of overlying water at both the laboratory [21-23] and field-scale [24-26]. This because
the water column residence time of sediment particles is relatively short following resuspension
[26] and therefore metal-releasing redox and dissolution reactions do not have adequate time to
reach equilibrium. Additionally, metals that are released due to oxidation or dissolution are rapidly
scavenged by metal-sorbing phases present in the suspended solids. These two phenomena serve
to make metal removal functionally irreversible. Over time, metals are buried in the deeper
sediment layers where they become inaccessible to resuspension and biota.

Annex

1. Some reported interatomic distances for metals covalently bound to various

environmental ligands, from EXAFS experiments.

Ligand First Interatomic Reference
neighbor distance (A)

Ni Fulvic acid Ni-O 2.03-2.04 [27]

Ni Carboxylate Ni-O 2.03-2.05 [27]
ligands

Zn Hydrous ferric Zn-O 1.94-1.97 [28]
oxide

Zn Ferrihydrite and | Zn-O 1.97-1.99 [29]
Biogenic iron
oxyhydroxides

Cu Ferrihydrite and | Cu-O 1.93 [29]
Biogenic iron
oxyhydroxides

Cu Organic matter Cu-0 1.92-1.95 [30]

Pb Ferrihydrite and | Pb-O 2.34-2.35 [29]
Biogenic iron
oxyhydroxides

Ni Hydrous ferric Ni-O 2.05-2.07 [31]
oxides

2. Relationship between Metal Removal and the Irving-Rossotti Slope
Metal removal from the water column is closely related to the magnitude of Irving—
Rossotti slope, an intrinsic property of the metal (Figure Al).
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Figure Al. Relationship between removal of metal observed at
day 4 of the CanmetMINING experiments and the Irving-Rossotti
slope (a0). Data point for Ag is excluded from the regression.

This is because metals bond with select components of particulate matter in lakes (e.g.,
humic acids, fulvic acids, and metal oxides) through negatively-charged oxygen donor atoms [4,
16, 17]. These solids, present either in the water column or in the sediment, play an important
role in metal removal from the water column. Evidence to support this concept includes:
e Strong correlations have been developed between WHAM parameters for metal ions and
the Irving—Rossotti slope [11]
e Use of Irving—Rossotti slope in the most recent formulation of WHAM (WHAM VII)
[32]

e The Irving—Rossotti slope was an excellent predictor of % removal of various metals
from the recent T/DP-E testing [15]

3. Details on Metal Sequestration in Sediment

“Soft” and “borderline” metal ions (e.g. Cu, Ni, Pb, Cd) exchange oxygen-containing
ligands for sulfur [33-35] where they are sequestered via various mechanisms including
adsorption, inclusion, metal-exchange and copreciptiaton [36]. Over time, these metals become
incorporated into pyritic minerals [36-39] which are resistant to further transformation. “Hard”
metal ions (e.g. Sr, Cr, Al) remain bonded to oxygen-containing ligands and remain adsorbed to
mineral surfaces, particulate organic matter, or precipitate as amorphous oxides, hydroxides and
carbonates[1]. Over time, these metals age into even more insoluble forms or become
incorporated into the crystal structure and are frequently associated with insoluble iron and
manganese oxyhydroxides or aluminum and iron silicates [40-42].
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