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Abstract 

 The purpose of this thesis was to investigate the potential ability of nano-scale zero-

valent iron (nZVI) to remediate multiple metal contaminants, specifically in the context of mine 

tailings.  The project began by adopting techniques reported on by investigators researching the 

remediation effectiveness on metal contaminants of nZVI within the framework of civil 

engineering applications, such as groundwater treatment (Karabelli et al, 2008).  This phase of the 

project saw the treatment of laboratory prepared samples of copper contaminated waters (at 10, 

30, 50 and 100 ppm) by the addition of unstabilized nZVI.  Results showed that all but the 100 

ppm samples were effectively cleared of nearly all metal contamination following treatment 

additions of 1 mL nZVI to 50 mL of sample water.  The second phase of the project sought to 

expand on this success by subjecting laboratory prepared water samples containing multiple metal 

contaminants to the same dose on nZVI.  A collection of metal contaminants, known as the Arctic 

Suite, containing arsenic, cadmium, cobalt, chromium, nickel, lead and zinc, was made up as 

contaminated waters (at 1, 3, 5, and 10 ppm concentrations) and was tested for nZVI remediation.  

Results showed that only the 10 ppm samples were not effectively remediated and furthermore 

showed preferential treatment of arsenic, chromium and lead instead of an even distribution of 

treatment amongst all metal contaminants present.  The final phase of the project saw the testing 

of contaminated waters produced from five mine tailings, acquired from separate sources, by the 

same dose of nZVI as in the first two phases of the project.  Results showed that where 

contaminant metals were present some remediation effect did occur.  However, an inability to 

produce highly contaminated leachates from the mine tailings meant that no trends in nZVI 

remediation effectiveness could be determined with any certainty.     
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Chapter 1 

1.0 Introduction 
 

With the current drive towards sound environmental practice there has been an increased 

demand on the mining industry to produce innovative and economical technologies for 

remediating mine tailings that are produced.  One such remediation technology that has begun to 

emerge is the use of zero-valent iron to act as a reducing agent for a variety of contaminants in 

mine tailings.   

Zero-valent iron (ZVI) is simply elemental iron that has an excess of electrons, giving it 

an overall charge of zero.  Naturally occurring iron will seek stability at the valence of 2+ or 3+ 

and so by forcing it to a zero valence the iron becomes an electron donor and very much reactive. 

This reactivity initially led to the study of zero-valent iron for the remediation of pesticides and 

herbicides and has since shown promising results towards remediating organic contaminants, 

radionuclides, and even metals.  More promising still have been studies with nano-scale zero-

valent iron (nZVI) that have indicated a greatly increased reaction rate and capacity associated 

with the increased surface area that accompanies the decreased particle diameter of zero-valent 

iron particles.  One of the results of many studies on the remediation of metal contaminants by 

nano-scale zero-valent iron is that a characteristic and marked increase in pH occurs as a 

consequence of the reduction reaction.  This effect may naturally lend itself to tailings 

remediation as a consequence of stabilizing effluent pH (through neutralization) and preventing 

acid mine drainage.  Furthermore, reports indicate that lower initial pH increases the reaction rate 

and efficiency of the metal removal process (Chen et al, 2008).  

Past studies that have dealt specifically with the remediation of metal contaminants in 

effluent have focused primarily on single contaminants (i.e. As, Cu, Cr, etc.) generally within the 
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jurisdiction of civil engineering applications such as groundwater or soil.  It is the intention of 

this study to examine the capacity for nano-scale zero-valent iron to remediate mine tailings 

effluent contamination. 

The research objectives of this project are directed at understanding the processes 

involved in the remediation of metal contaminants in mine tailings by nZVI through the 

collection and interpretation of experimental data.  Four experimental aspects of the reaction 

process were selected for this project, those being (1) the effect of nZVI concentration on the 

extent of removal of metal ions, (2) the kinetic aspects (reaction rates) of metal uptake processes, 

(3) the resultant pH change of tailings material versus nZVI dose concentration, and finally, (4) 

which ions, if any, are preferentially treated and to what extent.  

The first phase of the project was to establish an experimental procedure that could be 

reliably used for the testing of nZVI on mine tailings.  This involved several iterations of nZVI 

remediation of copper (Cu) standards eventually leading to a reliable set of data showing that the 

copper concentrations were significantly reduced.   The reason for choosing to test with copper 

was that initial reviews of previously performed experiments with nZVI indicated success in 

remediating with copper (Karabelli et al, 2008).  Replication of successful experiments was 

judged to be useful for gathering and interpreting remediation data.  For the initial set of copper 

baseline remediation tests, 10, 30, 50 and 100 ppm Cu solutions were remediated by 1 mL of 

nZVI.  These concentration doses were selected based on the previous work of others that 

reported successful results in remediating with nZVI. These tests were considered to be 

exploratory for the project and were meant to cover a wide range of possible remediation 

outcomes.  Data gathered from these tests could thus be interpreted and allow for subsequent 

testing to be potentially more focused. 

With a baseline testing procedure established to study the effectiveness of using nZVI as 

a contaminant mitigator under controlled laboratory conditions and using manufactured source 

concentrations of contaminants, a second phase of the project was developed to investigate how 
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the nZVI would react in the presence of multiple and varying metal contaminant species.  The 

procedure, relative to that performed during the initial baseline study phase for a single copper 

contaminant source, was altered only in that a suite of eight different metals was remediated 

instead of just a solitary copper contaminant, this time at 1, 3, 5 and 10 ppm metal concentrations. 

Having a limited understanding of how the nZVI responds for mitigation of multiple 

metal contaminants, and which types it might preferentially remediate, a third stage of the project 

was then initiated that included the testing of nZVI on actual mine tailings.  Tailings were 

initially selected on an availability basis but focus was turned towards the acquisition of acidic 

tailings that are generally associated with the mining of sulphide deposits, as their metal contents 

would give better indication of remediation effectiveness in typical Canadian mine environment 

settings.    
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Chapter 2 

2.0 Literature Review 

2.1 Introduction 

When the industrial age dawned on mankind it did so with such authority and 

innovation that in amongst the excitement of this new Renaissance of technology we, 

through ignorance or avarice, failed to comprehend the impact on the environment that 

our actions produced.  What we are left with is a legacy of polluted and contaminated 

industrial sites the world over.  As of November 2010 there are 1342 proposed and final 

Superfund sites on the U.S. Environmental Protection Agency (EPA) National Priorities 

List (NPL) (U.S. EPA, 2011).  Since the formulation of this list in 1982 there has been a 

remarkable boon of research into the remediation of hazardous and contaminated land. 

One of the most promising technologies owes its inception to the discovery that 

chlorinated hydrocarbon solvents in contaminated groundwater samples were unstable in 

the presence of certain steel and iron-based well casing materials, a discovery made by 

Gillham and co-workers in the early 1990’s (Elliott et al, 2007).  Since then the field of 

scientific research has exploded with investigations into the remediation capacity and 

reductive ability of zero-valent iron (ZVI), and more recently nano-scale zero-valent iron 

(nZVI).  Zero-valent iron, seen in a core shell model shown in Figure 2.1, is essentially 

elemental iron that has an excess of electrons owing to the nature of iron being 

characteristically stable as Fe2+ and Fe3+.  It is in this zero-valent form that it acts as an 

electron donor, facilitating the reduction of a variety of contaminants.  At the nano-scale 

(particle diameter <100 nm) this reductive capacity is greatly increased due to the much 

larger surface area that accompanies a reduction in particle diameter.  
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Figure 2.1: Core-shell model of a nZVI particle 

(Li et al, 2006) 

 

In this core-shell model of an nZVI particle the core remains zero-valent iron 

while the shell, which forms as a result of oxidation reaction, is largely composed of iron 

oxides and hydroxides.  It is the mixed oxide shell (Fe2+ and Fe3+) that provides sites for 

chemosorption, that is, complex chemical formations (Li et al, 2006). 

 

2.2 Applications of nZVI 

Since nZVI began to be investigated for its ability to remediate various organic 

and inorganic contaminants, the list has continued to grow of contaminants that can be 

treated with this blossoming technology.  Table 2.1 shows a listing of many of the 

contaminants that are now treatable by nZVI. 
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Table 2.1: Contaminants able to be remediated by iron nanoparticles 

(Li et al, 2006) 

 

 

2.3 Organic Contaminant Remediation 

One of the first areas to receive research into the effectiveness of nZVI treatment 

was that of certain organic contaminants, notably certain herbicides and pesticides 

(Satapanajaru et al, 2008), polychlorinated biphenyls (PCBs) (Varanasi et al, 2006), 

trichloroethylene (TCE) (Merly et al, 2002), and perchloroethylene (PCE) (Changwen et 

al, 2007) to name a few. 
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2.3.1 Pesticide and Herbicide Remediation 

One of the first attempts to apply the reductive power of zero-valent iron 

(ZVI) was in the dechlorination of pesticides and herbicides such as the widely 

used herbicide atrazine [2-chloro-4-ethylamino-6-iso-propylamino 1,3,5-triazine] 

(Satapanajaru et al, 2008), lidane and DDT (Elliot et al, 2007).  The reason ZVI 

was investigated was that some pesticides that are particularly persistent under 

anaerobic conditions can be degraded in reducing environments (Comfort et al, 

2001), and the injection of ZVI into subsurface contaminated zones provides just 

such a reducing environment.  When ZVI is allowed to react with halogenated 

organic pollutants the oxidation of ZVI and Fe(II) provides electrons for 

dechlorination (Satapanajaru et al, 2008) according to the following reactions 

(Equation 1): 

 

 

 

Equation 1: Dechlorination by ZVI 

(Satapanajaru et al, 2008) 

 

Recently the study and use of granular ZVI used in permeable reactive 

barriers, typically sized to -8+50 mesh (Satapanajaru et al, 2008), has given way 

to investigations into the much smaller nano-sized zero-valent iron (nZVI).  

Nano-sized ZVI has a distinct advantage over its larger counterpart in that the 

decrease in particle size greatly increases the total surface area of the iron, and 

thus the reactivity of a given amount.  Furthermore, the small particle size of 
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nZVI is much easier to inject into subsurface contaminant sites (Satapanajaru et 

al, 2008).      

 

2.3.2 PCBs 

Since the United States stopped manufacturing PCBs in 1979 the 

remediation of sites affected by their release has become a major concern for the 

U.S. Environmental Protection Agency (EPA).  Of all the available remediation 

technologies used for PCBs (e.g. incineration, desorption, photoremediation and 

bioremediation), it is low temperature thermal desorption (LTTD) that is most 

applicable, though expensive, due to the high temperature required to make the 

process efficient (Varanasi et al, 2006).  Varanasi et al describe a process 

wherein LTTD treatment of PCBs can be made more economically viable by the 

addition of nZVI prior to treatment.  The reaction equations of Equation 2 

describe the process whereby PCBs are dechlorinated by nZVI in water, a 

process investigated by Varanasi et al, 2006.  

 

 

Equation 2: Dechlorination of PCBs by nZVI 

(Varanasi et al, 2006) 

 
While there have been promising results for dechlorinating PCBs 

contained in water (Wang et al, 2006), doing so in soil proved to be more 

difficult as the PCBs are virtually insoluble in water and strongly adsorbed in soil 

(Varanasi et al, 2006).  To overcome this, Varanasi et al (2006) introduced a 
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preliminary treatment phase that saw the mixture of contaminated soil with iron 

nanoparticles and water, which ultimately produced a 95% destruction efficiency 

of PCB contaminants.  

 

2.3.3 TCE 

Trichloroethylene (TCE) is arguably among the worst and most prolific 

contaminants released into the environment with over 1500 hazardous waste sites 

identified as containing TCE, as regulated under Superfund or the Resource 

Conservation and Recovery Act (2009) (U.S. EPA, 2011).  Superfund is the 

name given to the United States’ federal program for the cleanup and remediation 

of the uncontrolled hazardous waste sites designated on the National Priorities 

List.  This imperative has made TCE a priority favourite for researchers 

investigating new and innovative ways to remediate this contaminant, one of 

which is by dechlorination by means of nZVI reduction. 

  The abiotic dehalogenation of TCE to ethene and chloride occurs by the 

transfer of electrons resulting from the oxidation of iron, according to the 

following reaction (Equation 3): 

 

 

Equation 3: Dechlorination of TCE by zerovalent iron 

(Pupeza et al, 2007) 
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2.4 Inorganic Contaminant Remediation 

While the reductive ability of zero-valent iron, and more especially nZVI, has 

come to be well established within civil engineering applications of organic contaminant 

remediation, another application has come to be investigated, that of metals and other 

inorganic contaminant remediation.  For aqueous metal ions, the process by which zero-

valent iron operates is a reduction to an insoluble form instead of a reductive 

dechlorination process, as it is with organic contaminants.  Furthermore, redox reactions 

are experienced between the iron and dissolved oxygen and water according to the 

following reactions (Equation 4).   

 

 

Equation 4: ZVI redox reactions with dissolved oxygen and water 

(Ponder et al, 2000) 

                       

2.4.1 Chromium (VI) 

The U.S. EPA guideline for safe drinking water indicates an allowable 

concentration level of 0.1 mg/L (100 ppb) for total chromium, including 

chromium VI (U.S. EPA, 2011).  This regulation, coupled with a 2005 review of 

the Toxic Release Inventory, showed that 23,323.6 Metric tons of chromium 

compounds and 4,508.6 Metric tons of chromium were released on and off site at 

facilities using them (U.S. EPA, 2005), thus putting chromium at the forefront of 

remediation efforts. 

  The toxicity of Cr (VI) stems from its highly oxidizing properties and 

the impact that this has on biological systems, which is further worsened by the 
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mobile nature that it exhibits in soluble form (Wu et al, 2009).  By applying 

nZVI to Cr (VI) a reaction can proceed by which Cr (VI) is reduced to Cr (III), a 

much less toxic form of chromium, which is then incorporated into the iron oxide 

layer as (Crx Fe1−x)(OH)3 or CrxFe1−x(OOH) (Li et al, 2006). 

  What has come to be understood from the studies into Cr (VI) reduction 

by nZVI is that the reaction can be treated as a pseudo-first-order kinetics 

reaction and also that, once the reduction commences, there appears to be an 

initial sorption phase in which contaminants are removed from solution much 

faster that at later stages in the reaction timeline (Ponder et al, 2000).   

 

2.4.2 Arsenic 

Arsenic (As) is arguably the most prolific and toxic mining contaminant 

to impact human health and is legislated at 0.005 mg/L (5 ppb) for an allowable 

concentration in drinking water (Health Canada, 2006).  Following on the same 

imperative as for chromium, several As remediation techniques have been 

developed that utilize the reductive capacity of zero-valent iron, and the more 

effective nZVI, to remove As from contaminated solutions.   

One such proposal was the implementation of nZVI as a colloidal 

reactive barrier material for the reduction of arsenate (As (V)) to arsenite (As 

(III)) that saw the 100% removal of As (V) at pH 3 to 7, decreasing to 84.7% 

removal at pH 9 and 37.0% removal at pH 11 (Kanel et al, 2006).  This indicates 

that the effectiveness of nZVI for reducing inorganic contaminants to insoluble 

forms is favoured when the reaction occur at the acidic end of the pH spectrum.      
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2.5 Mining‐Specific Remediation 

Though the application of zero-valent iron to a number of solution-based organic 

and inorganic contaminants has been studied within the field of civil engineering, studies 

pertaining to specifically mining-related contamination issues, including that of acid-

mine drainage (AMD), are relatively few, and fewer still are those involving nZVI.  With 

AMD being characteristically low in pH and elevated in metal content, and being that the 

reduction reactions involved with zero-valent iron favouring those conditions, it is an 

area of research that requires more study. 

One previous investigation involved performing batch experiments on the 

remediation of AMD by zero-valent iron (though not at the nano-scale) and organic 

carbon mixtures.  In their work, Lindsay and research associates (2008) found that 

effective removal of Fe (91.6–97.6%), Zn (>99.9%), Cd (>99.9%), Ni (>99.9%), Co 

(>99.9%), and Pb (>95%) was achieved by using mixtures of organic carbon and zero-

valent iron, but less effective removal developed when zero-valent iron was not 

accompanied by organic carbon.  The initial target concentrations for their contaminants 

were 750 ppm Fe, 100 ppm Zn, 10 ppm Cd, 15 ppm Ni, 5 ppm Co and 1 ppm Pb.   

Another study assessed the remediation of AMD waters (pH 2.3-4.5) 

contaminated with a suite of metals (Cu, Cd, Ni, Zn, Hg, Al, Mn, and As) by treating 

them with granular zero-valent iron and found that metal removal and acid neutralization 

occurred simultaneously and most rapidly within the first 24 hrs of reacting (Wilkin et al, 

2003).  As Wilkin et al described, in 2003, they observed that metal removal was most 

effective in solutions that are highly undersaturated with respect to pure-metal hydroxides 

and came to the conclusion that adsorption was likely the initial and most rapid metal 

uptake mechanism.  Their experiments were conducted by creating artificial AMD water 

by preparing samples from metal stock solutions, at the desired concentration levels, and 
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acidifying them with sulfuric acid.  

 

2.6 Nanoparticle Synthesis 

The nano-scale represents an incredibly small particle size and while these 

aggregate sizes can be achieved through conventional mechanical grinding, nano-scale 

size synthesis is extremely energy intensive and difficult to produce consistent results.  In 

order to achieve a particle diameter within the nano-scale without resorting to mechanical 

means one must adopt a chemical approach, of which there are three primary methods 

commonly used.  Each requires the nZVI to be reduced and precipitated out from 

aqueous iron salts through the utilization of sodium borohydride (Elliott et al, 2007).  

 

2.6.1 Vapour Phase Nanoparticle Synthesis 

Vapour-phase synthesis of nanoparticles is an example of a synthesis 

technique that induces particles to form from a vapour-phase mixture that must 

be thermodynamically unstable in favour of the solid phase.  What often results 

when such conditions are present is the formation of a supersaturated vapour that 

can then be induced to precipitate, or nucleate, nanoparticles.  For nucleation to 

occur homogeneously the supersaturated vapour must be of a high degree of 

saturation and the condensation reaction kinetics must be favourable (Baer et al, 

2007).  In order to manage the growth of newly forming nanoparticles there must 

be a high degree of control over the reaction kinetics. 

2.6.2 Flame Synthesis 

The production of nanoparticles by flame synthesis is reportedly the most 

prolific method in use today with approximately 100 metric tons being produced 
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daily throughout the global industry (Kammler et al, 2001).  As the name 

suggests the synthesis of nanoparticles is conducted within the flame and as such 

the coupling of particle production to flame chemistry makes for a very complex 

process (Janzen and Roth, 2001).  While the process is very complex and requires 

a fine degree of control, the apparatus is relatively simple and lends itself to a 

wide range of nanoparticle types that can be produced by this method.  Though it 

does not appear that nZVI is manufactured by this method at this time, iron oxide 

nanoparticles have been produced by the flame synthesis technique (Janzen and 

Roth, 2001).   

 

2.6.3 Chemical Vapour Synthesis 

For chemical vapour synthesis of nanoparticles, vapour-phase base 

materials, or precursors, are added to a hot-walled reaction vessel under 

conditions that favour nucleation instead of precipitating a thin film layer on the 

reactor wall (Choi et al, 2000).  With so many potential precursor additives there 

exists a wide range of possible nanoparticles that can be synthesized by this 

method.    

 

2.6.4 Physical Vapour Synthesis 

The category of physical vapour synthesis techniques encompasses those 

methods by which nanoparticles are produced from a vapour phase by physical 

means, as opposed to the thermodynamically induced nucleation reactions of the 

chemical vapour synthesis methodologies.  
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2.6.4.1 Inert Gas Condensation 

The process of producing nanoparticles by means of inert gas 

condensation (Janzen and Roth, 2001) operates by heating a solid to the 

point of evaporating it into a gas, at which point the vapour is mixed with 

a cold gas to reduce the temperature, thus producing the desired 

nanoparticles (Figure 2.2).  

 

 

Figure 2.2: Schematic of inert gas condensation method for synthesizing 
nanoparticles 

(Choa et al, 1999) 

 

2.6.4.2 Pulsed Laser Ablation 

When the desired solid source material is difficult to vaporize 

one option would be to adopt a pulsed laser ablation nanoparticle 

synthesis method.  In this method the solid source is vaporized by 

subjecting it to a pulsed laser that produces a narrowly confined plume of 

vapour, though it is difficult to produce significant quantities of 

nanoparticles through these means (Baer et al, 2007).  
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2.6.4.3 Spark Discharge Generation 

Spark discharge generation is not unlike the pulsed laser ablation 

method for producing nanoparticles as both look to vaporize the source 

metal, but in this case that source must first be made into electrodes that 

are placed against an inert background gas and have an electric arc 

formed between the electrodes.  This arc vaporizes a small amount of the 

metal electrodes, producing a small quantity of nanoparticles that can be 

reliably reproduced (Baer et al, 2007) (Figure 2.3).  

 

 

Figure 2.3 Spark discharge schematic for nanoparticle synthesis 

(Tabrizi et al, 2009) 

 

2.6.4.4 Sputtering Gas Aggregation 

  Baer et al (2007) describe the highly complex sputtering gas 

aggregation nanoparticle synthesis technique that they use for the 

production of nano scale iron for their research.   

  The method uses a combination of magnetron-sputtering and gas-

aggregation techniques to produce nanoparticles of a smaller size than 

can generally be produced by other vapour deposition techniques (Baer 
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et al, 2007).  The apparatus they describe is largely composed of three 

parts, those being, (1) a cluster source, (2) an e-beam evaporation 

chamber and (3) a deposition chamber.  Figure 2.4 shows a schematic of 

the apparatus.   

 

 

Figure 2.4: Schematic of threechambered apparatus used for sputtering gas 
aggregation nanoparticle synthesis  

(Baer et al, 2007) 

 

2.6.5 Solution Phase Nanoparticle Synthesis 

For solution-phase synthesis of nanoparticles a typical process involves 

the application of a metal salt solution to a solid support material.  After a period 

of time the solution is removed and the metal ions are treated to produce the 

nanoparticles whether they be metal, metal oxides, or metal sulphides (Baer et al, 

2007).  It is solution phase synthesis, specifically the variation of Micellar 

techniques (this methods will be described in the following section), wherein 

nano-scale zero valent iron is produced by borohydride reduction, which is the 

most prolific form of nZVI production in reviewed literature. 
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2.6.6 Micellar Techniques 

Micellar techniques for synthesizing nanoparticles includes a “normal” 

oil in water method and a “reverse” water in oil method, both of which operate 

by having a surfactant dissolved into a continuous phase while a second phase is 

mixed with the dissolved surfactant to create a thermodynamically stable, 

homogeneous solution (Baer et al, 2007).  While this solution appears clear and 

uniform it is actually composed of monodispersed droplets of the phase that was 

added to the continuous phase.   

It is a variation of this process that was pioneered by Lehigh University, 

using both their chloride and sulfate methods that have become among the most 

prolific techniques for producing specifically nZVI.  These methods will be 

described in the following section. 

 

2.6.6.1 The Chloride Method   

This method for producing nZVI was the first to be used when 

nZVI experimental and field trials were being conducted at Lehigh 

University (Elliott et al, 2007) and is also referred to as the Type I nZVI 

method.  The following description illustrates the procedure and outlines 

the reaction processes involved when producing nZVI by means of the 

chloride method, as carried out by Elliott et al (2007).  

In their synthesis these researchers added 0.25 molar (M) sodium 

borohydride to 0.045 M ferric chloride hexahydrate in an aqueous 

solution and proceeded to mix the two vigorously so that the volumes of 

both the borohydride and ferric salt solutions represented a 1:1 

volumetric ratio. The mixing time for their procedure was approximately 
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one hour.  The reaction equation (Equation 5) describing the chemical 

processes for this synthesis is shown.   

 

 4Fe3+
(aq) + 3BH4

-
 (aq) + 9H2O(l) → 4Fe0

(s) + 3H2BO3
- (aq) + 12H+

(aq) + 6H2(g) 

Equation 5: Chloride method reaction 

(Elliott et al, 2007) 

 

What they observed was a large excess of borohydride, about 7.4 

times that of the stoichiometric requirements for the reaction.  They 

believed that it was this excess that was able to help ensure the rapid and 

uniform growth of nZVI crystals.  Following the mixing phase of the 

synthesis procedure the newly formed nZVI particles (see Figure 2.5) 

were then washed with large quantities of distilled water, reportedly in 

excess of 100 mL/g.  In order to recover the nZVI the material was 

treated using vacuum filtration, followed by a wash with ethanol.  The 

remaining residual water content of the nanoparticle mass was observed 

to be typically in the range of 40–60%.  

At this point the nZVI would be considered fully synthesized 

unless the remediation experiments utilizing the iron required bimetallic 

particles, as some researchers investigated (Elliott and Zhang, 2001).  

For producing bimetallic particles, the researchers describe a procedure 

in which the ethanol-wet nZVI was soaked in an ethanol solution 

containing approximately 1% palladium acetate.  This is described in 

Equation 6. 
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Pd2+ + Fe0 → Pd0 + Fe2+ 

 

Equation 6: Bimetallic nanoparticle synthesis by palladium addition 

(Elliott et al, 2007) 

 
This method was reportedly easily adapted to any standard 

chemical laboratory that properly utilized fume hoods to dispel the 

significant amount of hydrogen gas that would accumulate during the 

synthesizing reaction process.  The only failing of this described 

procedure for producing nZVI and bimetallic nanoparticles was the high 

cost of the sodium borohydride due to a lack of production scale 

manufacturing (Elliott et al, 2007). 

 

 

Figure 2.5 TEM image of Type I nZVI aggregates 

(Elliott et al, 2007) 
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2.6.6.2 The Sulfate Methods 

The sulfate method for producing nZVI was also developed at 

Lehigh University as an answer to some of the problems associated with 

synthesizing nanoparticles by the chloride method.  These problems were 

reported to be; (1) the hazardous nature of handling the very acidic and 

hygroscopic ferric chloride salt and (2) the potentially negating effects of 

having chloride present in the nZVI matrix when attempting to use the 

nZVI for the remediation and dechlorination of hydrocarbons (Elliott et 

al, 2007).  It was also reported that in using Fe(II), instead of Fe(III) as in 

the chloride method, the sulfate method might favour a better reaction 

economy (Elliott et al, 2007), though it is not known whether this aspect 

of the reaction mechanisms was actually investigated or not.  This 

method of producing nZVI was the second to be developed at Lehigh 

University and is thus often referred to as the Type II nZVI method.  The 

following description (Elliott et al, 2007) illustrates the procedure and 

outlines the reaction processes involved when producing nZVI by means 

of the sulfate method, as carried out at Lehigh University (Elliott et al, 

2007). 

In their synthesis Elliott and his colleagues prepared equal 

volumes of 0.50 M sodium borohydride, introduced at 0.15 L/min into 

0.28 M ferrous sulfate, and generated the reaction of Equation 7.  

 

2Fe2+
(aq) + BH4

-
(aq) + 3H2O(l) → 2Fe0

(s) + H2BO3
-
(aq) + 4H+

(aq) + 2H2(g) 

 
Equation 7: Sulfate method reaction  

(Elliott et al, 2007) 

 



  22

The resulting borohydride excess, for the Type II synthesis 

method, was reported to be only 3.6 times that of the stoichiometric 

requirements, as opposed to the 7.4 multiple from the chloride method 

production, and so the processing duration was increased from 1 hour to 

2 hours to better control particle size.  

The procedure for the sulfate method was described to use much 

of the same equipment as with the chloride method.  Once the mixing 

phase of the synthesis procedure was done, the nZVI particles were left 

to settle out for an hour before being extracted, as was the case with the 

Type I nZVI method, by vacuum filtration (see Figure 2.6).  As before, 

the newly extracted nZVI particles were washed with in excess of 100 

mL/g of distilled water and then again with ethanol.  Next the particles 

were reportedly purged with nitrogen and finally sealed in a polyethylene 

container under ethanol and refrigerated for storage.  The residual water 

content of nZVI observed following use of the sulfate method was on the 

order of 45–55%, while the chloride method left 40-60% residual water 

content within the nZVI.  Figure 2.6 shows a transmission electron 

microscope (TEM) image of a sample of Type II nZVI aggregates.  
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Figure 2.6: TEM image of Type II nZVI aggregates 

(Elliott et al, 2007) 

 

The Lehigh University research group also developed a third 

nZVI product that utilized the sulfate method of synthesis that is known 

as the Type III nZVI method.  The procedures for Type II and Type III 

nZVI synthesis are reportedly very similar with the notable exception 

that the Type III nZVI product (shown in Figure 2.7) has only 20-30% 

residual moisture content as compared with the Type I and II products 

that were reported to have typically 40-60% residual moisture contents. 
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Figure 2.7: TEM image of Type III nZVI aggregates 

(Elliott et al, 2007) 

 

2.6.7 Hydrothermal Synthesis 

Hydrothermal synthesis of nanoparticles is another technique that utilizes 

metal salts.  In this case the reaction occurs within high temperature water 

contained within a pressure vessel to produce metal oxides by hydrolysis of the 

metal ions (Baer et al, 2007).  Though applicable in batch reactions, Darab and 

Matson (1998) describe a technique whereby the hydrothermal synthesis of 

nanoparticles (zirconium, titanium, and iron based oxide and oxyhydroxide 

particles) is achieved by a continuous process that has the salts and reactants pass 

through a heated reaction pipe and ejected through a nozzle at the end of the 

apparatus (Darab and Matson, 1998). 

 

2.7 Acid‐Mine Drainage 

The extraction of the earth’s resources, for the production of technology, is 

arguably the most fundamental characteristic of humanity, yet a cause is not without an 

effect and in this case the effect that millennia of mining has had on the world we inhabit 
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is a profound legacy of environmental contamination.  An estimate announced in 1989 

suggested that approximately 19,300 km of rivers and streams and about 72,000 ha of 

lakes and reservoirs worldwide were seriously contaminated by mine effluent (Johnson 

and Halberg, 2005).  When a volume of rock is removed, be it underground or on surface, 

it creates new surface contact area for the interaction with oxygenated water.  What 

results when this interaction occurs is the leaching of metals out of the newly exposed 

rock and into the water that typically becomes characteristically low in pH and high in 

metal content (Robb and Robinson, 1995).  Acid-mine drainage (AMD) has become the 

term most often associated with such waters that exit mined areas and reenter the 

environment.    

 

2.7.1 AMD Remediation Options 

With AMD being such a prolific problem for the mining industry there 

has come to be much research directed at developing economical and effective 

remediation practices for its treatment.   

 

2.7.1.1 Prevention 

While remediation of AMD sites is certainly a beneficial 

undertaking, especially for sites bordering on populated areas, truly 

overcoming the negative impacts of mining begin with preventing the 

release of contaminated mine effluent.  For the reaction to occur by 

which AMD is allowed to form, two components must be present, these 

being oxygen and water.  It is by means of this reasoning that most forms 

of AMD prevention deal with not allowing one or both of these 

components to come into contact with the rock.  Figure 2.8 highlights 
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several of the available options that can be used when it comes to 

implementing preventative measures for AMD.  

 

   

Figure 2.8:  AMD prevention techniques 

(Johnson and Halberg, 2005). 

 

One of the more common closure techniques for underground 

mines is to flood them, or, in many cases, to passively allow the 

excavations to flood.  While the flood water will inevitably contain 

dissolved oxygen content, this will be consumed by mineral-oxidizing 

microorganisms and, if the extent of the excavation is well known and is 

well sealed, it can be reasonably assumed that the flooded water will not 

have an opportunity to exit the mine nor have dissolved oxygen 

replenished (Johnson and Halberg, 2005).  

Where underground excavations are not present it is still a viable 

methodology to cover mine waste with water by flooding engineered 

basins in order to leave the acid generating material underwater.  The 

construction of such impoundment ponds is often considered a 

sustainable option for preventing AMD where the topography allows for 

stable containment (Yanful et al, 2004).  
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 The dry equivalent of the tailings pond is an engineered waste 

heap, comparable in construction to municipal landfills.  Waste rock is 

piled over a series of barrier systems and covered with materials 

exhibiting low hydraulic conductivities.  Cover materials vary greatly 

and are often dependent on local availability and climate, though clays 

are commonly used.  A final topsoil layer is often emplaced, as certain 

plant species have been found to be proficient in their ability to sequester 

metal contaminants in a process known as phytostabilization (Pierzynski 

et al, 2002).  Figure 2.9 shows a typical profile of a dry tailings deposit. 

 

    

Figure 2.9: Dry storage of mine tailings 

(Johnson and Halberg, 2005) 

 

An alternative to simply storing the acid-generating waste rock is 

to blend it with acid-consuming waste to produce a more pH neutral and 

environmentally stable mixture.  Wickland and colleagues (2006) also 

describe a version of blending that mixes waste rock with finer mine 

tailings to simultaneously overcome the problems of AMD and tailings 

liquefaction.  A variant of the blending process involves adding solid-

phase phosphates to pyritic mine waste so as to facilitate the precipitation 
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of a ferric phosphate coating and, in doing so, reduce the waste’s 

oxidation potential (Johnson and Halberg, 2005).   

The next option to further prevent mine waste rock from creating 

AMD is to stabilize it by means of total solidification, the most common 

solidification agent used being cement.  The process is rather 

straightforward with both dry and wet stabilizers being added to waste 

rock in a mixing vessel, as depicted in Figure 2.10.  This preventative 

measure is one of the most popular choices for the U.S. Environmental 

Protection Agency (EPA) with 45 solidification projects now ongoing at 

41 Superfund sites (U.S. EPA, 2002).   

 

 

Figure 2.10: Solidification of waste rock 

(U.S. E.P.A., 2002) 

 

Another approach for preventing the formation of AMD is to 

target the iron and sulphur oxidizing bacteria that facilitate the acid 

generating reactions, such as Acidothiobacillus ferrooxidans (Luptakova 

and Kusnierova, 2004).  This group of microorganisms finds anionic 



  29

surfactants, such as sodium dodecyl sulfate (SDS), to be a highly toxic 

biocide (Johnson and Halberg, 2005). 

 

2.7.1.2 Remediation 

While the prevention of AMD is ideal it is not always feasible.  

Whether it is due to physical or economic reasons, or simply because the 

release of acid-generating material has occurred, remediation becomes 

the only viable solution.  A report by Johnson and Halberg (2005) 

classifies the available AMD remediation options into either passive 

systems, such as barriers that restrict the migration ability of AMD, or 

active remediation systems that continually work to neutralize acid-

generating material.  Active systems generally have the advantage of 

having results more easily regulated and controlled, though they tend to 

come at a higher cost due to the continual need for chemical additives.  

Passive systems forgo the need to continually apply chemical reagents 

and thus usually have much lower operating costs. Further divisions into 

either abiotic or biological processes have also been made, as is 

discernable in Figure 2.11.   
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Figure 2.11: AMD remediation techniques 

(Johnson and Halberg, 2005)  

 

2.7.1.2.1 Abiotic AMD Remediation 

The most common methodology for the remediation of acid-

generating mine waste is by the addition of a neutralizing chemical 

agents.  The active addition of an alkaline material, such as lime, calcium 

carbonate, sodium hydroxide and others, to acidic waste will work to 

increase the pH and the rate of chemical oxidation of ferrous iron, and 

also force many of the metal contaminants to precipitate out of solution 

as hydroxides and carbonates (Johnson and Halberg, 2005).  

An abiotic alternative to actively treating AMD with chemical 

additives is through use of a passive system such as an anoxic limestone 

drain.  An anoxic limestone drain (ALD) is a buried layer of crushed 

limestone (typically 1 m deep, 1 to 7 m wide and 25 to 100 m long) that 

is positioned to intercept AMD while it is in an anoxic state and operates 
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by adding bicarbonate alkalinity through the dissolution of the limestone 

(Watzlaf et al, 2000). 

 

2.7.1.2.2 Biological AMD Remediation 

When it comes to actively using biological means to remediate 

AMD the methods typically involve the use of microorganisms capable 

of generating an environment of net alkalinity, through such processes as 

denitrification, methanogenesis, and sulfate, iron and manganese 

reduction (Johnson and Halberg, 2005).  For example, the process of 

applying sulfate-reducing bacteria (SRB), such as Desulfovibrio and 

Desulfotomaculum, to AMD material uses the ability of the bacteria to 

transform sulfates into hydrogen sulphide that then forms soluble 

precipitates with the metal contaminants and simultaneously produces 

alkalinity (Luptakova and Kusnierova, 2004).  

Though there exists really only one active bioremediation option 

for the treatment of AMD, there are several passive systems. 

The implementation of aerobic wetland areas (Figure 2.12) is 

often used as a remediation technique that features a shallow 

construction, which is operated by surface flow, and the planting of 

macrophytes to regulate the flow and stabilize the accumulation of ferric 

precipitates (Johnson and Halberg, 2005).  These wetlands are frequently 

coupled with the above-mentioned ALD systems in order to improve 

their oxidative capacity. 
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Figure 2.12: Aerobic wetland AMD remediation  

(Younger, 2000) 

 

Another passive biological AMD remediation process is the 

compost bioreactor, also referred to as anaerobic wetlands, as they are 

often constructed without the macrophytes of aerobic wetlands and are 

composed of bulky organics, sealed and buried underground (Johnson 

and Halberg, 2005).  One common variant of this method, used when 

there is sufficient head, is the reducing and alkalinity producing system 

(RAPS) (Younger, 2000) wherein the effluent flows through both the 

anaerobic compost layer and an additional limestone bed before being 

discharged (Figure 2.13). 

 

 

Figure 2.13: Reducing and alkalinity producing system (RAPS) 

(Johnson and Halberg, 2005) 

 

The permeable reactive barrier (PRB) is a passive remediation 

system that is not limited to uses for AMD mitigation.  The PRB is a 

buried trench, or network of trenches, filled with a given reactive 

material and strategically placed and engineered to intercept effluent 
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plumes or flow, trapping the desired contaminant within the barrier and 

leaving groundwater flow unhindered.  Reactive materials chosen for the 

PRBs are generally a composition of reductive agents including 

limestone and composted waste (Johnson and Halberg, 2005).  Another 

reductive agent that is beginning to be used more frequently, though not 

necessarily for AMD mitigation, is zero-valent iron (Wilkin et al, 2002).  

Packed bed iron-oxidizing bioreactors are another means by 

which the bacteria Acidithiobacillus ferrooxidans is utilized for AMD 

remediation by immobilizing it onto a solid matrix (Johnson and Halberg, 

2005).  A range of support media has been examined, including calcium 

alginate, glass beads, activated carbon and others, with iron oxidation 

rates ranging from 0.4 up to 3.3 g/L/h (Long et al, 2003).      
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Chapter 3 

3.0 Phase 1 Testing   

3.1 Purpose 

The literature review discussed in the previous chapter suggested that the testing 

of nZVI on metal contaminants, especially mine tailings, is a relatively new field and so 

it was decided that beginning the project by attempting to recreate successful trials 

completed by others and establishing baseline trial conditions for specific metal 

contaminant species would be a worthwhile endeavour.  This series of trials was run with 

the intent of investigating past findings in the field and establishing an effective and 

repeatable test procedure that could be reliably used for further nZVI testing with mine 

tailings.  The initial series of nZVI evaluation trials tested baseline metal concentrations 

in water at 10, 30, 50 and 100 ppm Cu in solution with 1 mL of nZVI being added to a 

standard 50 ml volume of contaminated solution.  These values were chosen because, 

without prior data or understanding of the mechanics involved for this research, it would 

be prudent to follow in the path of previous research.  That being said, it is understood 

that subsequent testing will have modified experimental values and parameters adjusted 

in accordance with the results of this initial series of trials.  
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3.2 Materials 

The materials used for this test phase included the following: 

 A copper solution standard, exhibiting a 10000 ppm concentration to be diluted 

down to the necessary concentration levels.   

 Double-deionized (DDI) water as the standard liquid used by the Queen's 

University Analytical Services Unit (ASU) for test procedures requiring the 

strictest elimination of contaminating variables, i.e., metal, dust, organics and any 

other possible contaminant that would include the washing of all lab glassware 

that is to be re-used. DDI is produced on-site at the Queen’s University ASU by 

passing the lab’s reserve of deionized water through a triple filtration unit.    

 Nano-scale zero-valent iron (nZVI), available from NanoIron1, having an average 

particle size of 50 nm and surface area of 25 m2/g.  For additional information on 

the specifications of both the unstabilized and stabilized nZVI products please 

refer to Appendix C. 

 Syringe filters at 45 micron passing size2 that are used to separate the sample 

from the post-reaction precipitate before being sent off to the inductively coupled 

plasma mass spectrometer (ICP) for metal content analysis.  Figure 3.1 shows the 

typical syringe filter and 12 mL plastic syringe used in these trials. 

                                                        
1 NanoIron, http://www.nanoiron.cz/en/?f=about  
2 Fisherbrand, 25mm syringe filter, 0.45 μm, nylon, non‐sterile, made in Ireland 
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Figure 3.1: 45micron syringe filter and syringe 

 

3.3 Procedure 

The testing procedure for these experiments began with preparation of the copper 

solution to the correct concentration.  A solution of 1000 parts per million (ppm) Cu is 

first made from a stock 10 000 ppm copper concentrate solution.  This is done in a 

volumetric flask by the addition of double-deionized (DDI) water so as to be as accurate 

as possible with target concentrations.  The 1000 ppm copper solution was then further 

diluted to pre-determined concentration levels using measured volumes of DDI water.  

These concentrate solutions were then distributed into beakers by way of pipettes and 

each beaker was filled with 50 mL of the contaminant solution.  For this series of 

baseline tests, the effluent sample concentrations studied were 10, 30, 50 and 100 ppm 

Cu and each was prepared in triplicate, including both the samples that were to have 

nZVI added and the samples that were to remain blank as baseline mixtures.  Once all 

solutions were prepared, 1mL of nZVI was extracted from a sealed 50 mL vial and added 
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to each of the sample beakers containing 50 ml solutions that were to be remediated.  

Figure 3.2 shows the nZVI that was poured, as is, out of the 50 mL vial and the syringe 

that was used to add it to the various Cu concentrate solutions. 

 

 

Figure 3.2: nZVI with sample container and 1 mL syringe 

 
All samples were then tested for pH, sealed with parafilm to prevent accidental 

leakage during handling, and mixed by means of a shaker table.  Figure 3.3 shows the 

sealed sample beakers on the shaker table. 
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Figure 3.3: Samples on shaker table 

 
The samples were shaken for 2 hours at 200 rpm (table base making 200 

complete circular rotations per minute) and were removed for filtration of precipitated 

solids that had developed during the shaking process.  A 45-micron syringe filter was 

used to extract the solution from the beaker without disturbing the precipitate that had 

formed as a result of the reduction reaction and that had settled to the bottom of the 

beaker following introduction of nZVI into the solution mixture.  Figure 3.4 shows the 

sample being extracted by the syringe filter and the settled precipitate that had formed 

following introduction of nZVI into the concentrate mixture, while Figure 3.5 shows the 

extraction of a concentrate sample that was not treated using nZVI.  
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Figure 3.4: Sample extraction by 45micron syringe filter (nZVItreated solution) 

 

 

Figure 3.5: Sample extraction by 45micron syringe filter (baseline, untreated solution) 

 
Filtrate is injected into test tubes after clearing the filter of precipitate by first 

depositing a small quantity of sample into a waste receptacle.  Due to the nature of the 

syringe filter the sample must exit the syringe through the same filter that it had entered.  

This means that precipitate caught by the filter can be ejected with the sample and 

therefore a small quantity is first ejected as waste to minimize the possibility of 
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contaminating samples with undesirable precipitate.  Before sending the samples to the 

ICP for testing, the pH was again measured in order to gather data regarding any resultant 

change that may have occurred during the reaction between the nZVI and contaminant 

metals.  Figure 3.6 shows pH testing of samples after completion of the shaking process. 

 

 

Figure 3.6: pH testing of samples 

Eight series of baseline trials were conducted using copper as the sole 

contaminant, and at varying effluent concentrations of copper as listed by the following:  

1. 50 mL of 10 ppm Cu 

2. 50 mL of 30 ppm Cu 

3. 50 mL of 50 ppm Cu 

4. 50 mL of 100 ppm Cu 

5. 50 mL of 10 ppm Cu with 1 mL nZVI 

6. 50 mL of 30 ppm Cu with 1 mL nZVI 

7. 50 mL of 50 ppm Cu with 1 mL nZVI 

8. 50 mL of 100 ppm Cu with 1 mL nZVI  
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Tests for each contaminant concentration level were run in triplicate in order to 

facilitate statistical analysis on the resultant data that can be found in the results section 

of this chapter.   

 

3.4 Results 

3.4.1 Inductively‐Coupled Plasma Optical Emission Spectrometer (ICP‐

OES) 

To determine the extent of metal contaminant removal the samples were 

all subjected to analysis by an inductively-coupled plasma optical emission 

spectrometer (ICP-OES, or ICP in brief).  Results obtained from the ICP were 

reported in parts-per-million, or ppm (e.g. mg/L).  Herein, “remediation”, shall 

refer to the transformation of a substance to a less toxic form.  For metal 

contaminants in solution this would mean a reduction out of soluble form.  

Remediation effectiveness will be defined as the percent of removal of metal 

contaminants from solution when compared that present in the untreated baseline 

samples.   

The 10 ppm Cu concentration samples that were treated with 1 mL of 

nZVI displayed an average remediation effectiveness of 99.7%, while the 30 ppm 

Cu samples, for an identical nZVI treatment level, showed similar results with 

99.5% contaminant remediation (or percentage precipitate removal from the fluid 

phase).  The 50 ppm Cu contaminant solution sample, demonstrating an average 

remediation effectiveness of 99.6%, was all but entirely cleared of metal 

contaminants, as were the 10 and 30 ppm samples. A drop in remediation 

effectiveness was seen, however, when observing the treatment of the 100 ppm 
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concentration samples, which were only 27.90% remediated.  This is to be 

expected because, at some point, the active reaction sites available on the 

exposed surfaces of the nZVI particles will become used up when contaminant 

concentration levels become too high.  The ICP results and remediation 

effectiveness conditions for the initial series of tests are shown in Table 3.1 and 

Figure 3.7. 

 

Table 3.1: Cu remediation effectiveness by nZVI, 1mL trial 

Sample Label 
Cu Concentration and 

nZVI Addition 
% Cu Remediated Standard Deviation 

1 10 ppm - 

- 2 10 ppm  - 

3 10 ppm  - 

4  10 ppm +1mL nZVI  99.6 

0.10 5  10 ppm +1mL nZVI  99.8 

6  10 ppm +1mL nZVI  99.7 

7  30 ppm   ‐ 

‐ 8  30 ppm   ‐ 

9  30 ppm   ‐ 

10  30 ppm +1mL nZVI  99.5 

0.03 11  30 ppm +1mL nZVI  99.5 

12  30 ppm +1mL nZVI  99.5 

13  50 ppm original  ‐ 

‐ 14  50 ppm original  ‐ 

15  50 ppm original  ‐ 

16  50 ppm +1mL nZVI  99.6 

0.01 173  50 ppm +1mL nZVI  99.6 

18  50 ppm +1mL nZVI  99.6 

19  100 ppm original  ‐ 

‐ 20  100 ppm original  ‐ 

21  100 ppm original  ‐ 

22  100 ppm +1mL nZVI  28.1 

0.20 23  100 ppm +1mL nZVI  27.7 

24  100 ppm +1mL nZVI  27.9 
 

                                                        
3 Sample 17 showed anomalous results when the series was first run with only a 57% remediation while samples 16 and 18 
both presented results in the high nineties.   This value greatly affected the remediation averages throughout the series and it 
was determined that the samples had to be tested again.  The figures displayed are the new values.  The error likely was due to 
accidental contamination of the sample during the filtering stage of the experiment.  If great care in sample handling is not 
taken a single misplaced drop of material could great influence the results. 
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The data illustrated in Figure 3.7 shows the decline in remediation 

effectiveness for treatment of the Cu-contaminated solution when using a 1 mL 

nZVI dose as the Cu concentration in solution approaches 100 ppm. 

 

 

Figure 3.7: Cu remediation effectiveness by nZVI, 1mL trial 

 
All series of tests were executed in triplicate in order to allow for 

statistical analysis of the data.  The standard deviation results of the remediation 

effectiveness is shown in Table 3.7, and showed very good results, these all being 

under 1 percent.  A sample calculation of data standard deviation is shown for the 

10 ppm Cu concentration solution when mixed with nZVI:  

 

Measured remediation values: 99.6, 99.8, 99.7 

Mean: (99.6 + 99.8 + 99.7)/3 = 99.7 

Deviations: e.g. 99.6 – 99.7 = -0.1, 0.1, 0 
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Deviations Squared: 0.01, 0.01, 0 

Sum of Squares: 0.02 

Standard Deviation: (0.02/2)½ = 0.1 

 

3.4.2 pH Testing 

As well as the ICP data collected from this initial series of nZVI baseline 

treatment tests, pH values were recorded both at the time of sample preparation 

and after the 2 hour period of solution mixing via a shaker table.  This data was 

recorded both because of the direction of the project in its intent to observe the 

application of nZVI to mine tailings that are typically acidic in nature, and also 

because of the findings of the project’s literature review that suggested that the 

remediation process was better facilitated by low pH conditions.  The pH data 

collected can be found in Table 3.2.  Generally observed pH changes 

corresponded to predicted levels, these primarily being an increase in pH 

associated with the reduction reactions occurring between the nZVI and the metal 

contaminants.  The 100-ppm samples were the only ones that actually showed a 

pH decrease over the reaction period, but this is not entirely unexpected as those 

samples were not fully remediated.  It should be noted that all initial pH readings 

for samples subjected to nZVI treatment, taken at the time at which nZVI was 

added to the samples, did not reach equilibrium but continually increased.  It is 

suspected that this is due to the speed at which the reaction between the nZVI 

and the copper proceeds, i.e. reduction is occurring immediately upon nZVI 

introduction, even before the samples are shaken.  
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Table 3.2: Cu remediation test pH Data, for untreated and 1 mL nZVI addition trials 

Sample Label  Comments  pH 1  pH 2  pH change 
Standard  

Deviation of pH 
Change 

1  10 ppm  2.44  2.68  0.24 
0.07 2  10 ppm   2.43  2.77  0.34 

3  10 ppm   2.44  2.81  0.37 

4  10 ppm +1mL nZVI  8  9.84  1.84 

0.01 5  10 ppm +1mL nZVI  8.03  9.85  1.82 

6  10 ppm +1mL nZVI  8.04  9.87  1.83 

7  30 ppm   2.04  2.39  0.35 

0.07 8  30 ppm   2.02  2.31  0.29 

9  30 ppm   1.99  2.41  0.42 

10  30 ppm +1mL nZVI  7.58  9.47  1.89 

0.07 11  30 ppm +1mL nZVI  7.45  9.38  1.93 

12  30 ppm +1mL nZVI  7.47  9.26  1.79 

13  50 ppm original  2.83  3.60  0.77 

0.26 14  50 ppm original  2.88  3.25  0.37 

15  50 ppm original  2.89  3.16  0.27 

16  50 ppm +1mL nZVI  6.43  9.59  3.16 
0.13 17  50 ppm +1mL nZVI  6.31  9.42  3.11 

18  50 ppm +1mL nZVI  6.48  9.40  2.92 

19  100 ppm original  1.65  1.75  0.1 
0.03 20  100 ppm original  1.6  1.73  0.13 

21  100 ppm original  1.59  1.75  0.16 

22  100 ppm +1mL nZVI  6.73  3.69  3.04 

0.17 23  100 ppm +1mL nZVI  6.74  3.61  3.13 

24  100 ppm +1mL nZVI  6.4  3.59  2.81 

 

A graph of the average pH change, for samples with nZVI added, versus 

the initial Cu concentrations in solution, is presented in Figure 3.8.  The curve of 

pH change versus Cu concentration appears to follow a similar trend versus 

increasing copper concentration in solution to that of the remediation 

effectiveness curve.  While this could indicate a relationship between pH change 

and remediation effectiveness of nZVI treating copper contaminants in solution, 

further study would certainly be required before such a determination could be 

verified or denied.  
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Figure 3.8: Cu remediation average sample pH change, 1 mL 

 
It can also be noted that the baseline samples, without any nZVI 

additions, also showed slight increases in pH, though not on the same order 

observed for similar concentration samples with nZVI added.  One possible 

explanation for this behaviour is that the shaking process homogenized the 

copper standard and DDI water that made up the sample to allow the pH meter to 

record a more accurate reading.  

 

3.4.3 Error  

The errors associated with the preparation of baseline sample mixtures, 

execution of testing, and measurement of test results must also be taken into 

account. These figures were obtained by calculating deviation of the actual 

copper concentration from the target copper concentration in the samples that did 

not receive treatment by nZVI.   
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The average error in remediation effectiveness for the 10-ppm Cu 

solution was 2.63% and 3.77% for the 30 ppm Cu solution while the average 

error for the 50 ppm solution was only slightly higher at 4.60%.   These low 

variation levels are very desirable results, yet the 100-ppm Cu contaminant 

concentration solution had a much higher average remediation effectiveness error 

at 14.30%.  Individual sample error percentages are illustrated in Table 3.3, and 

error averages compared to Cu concentration in Figure 3.9. 

 

Table 3.3: Experimental error 

Sample Label  Comments  % Error 
Standard 
Deviation 

1  10 ppm  1.9 

1.18 2  10 ppm   4 

3  10 ppm   2 

4  10 ppm +1mL nZVI  ‐ 

  5  10 ppm +1mL nZVI  ‐ 

6  10 ppm +1mL nZVI  ‐ 

7  30 ppm   1.0 

4.14 8  30 ppm   8.5 

9  30 ppm   1.7 

10  30 ppm +1mL nZVI  ‐ 

  11  30 ppm +1mL nZVI  ‐ 

12  30 ppm +1mL nZVI  ‐ 

13  50 ppm original  4.6 

1.70 14  50 ppm original  3 

15  50 ppm original  1.2 

16  50 ppm +1mL nZVI  ‐ 

  17  50 ppm +1mL nZVI  ‐ 

18  50 ppm +1mL nZVI  ‐ 

19  100 ppm original  17.4 

3.45 20  100 ppm original  18.1 

21  100 ppm original  11.8 

22  100 ppm +1mL nZVI  ‐ 

  23  100 ppm +1mL nZVI  ‐ 

24  100 ppm +1mL nZVI  ‐ 
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Figure 3.9: Cu remediation average sample error, 1 mL trial  
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Chapter 4 

4.0 Phase 2 Testing 
 

4.1 Purpose 

Phase 2 of testing nZVI on metal contaminants was designed to expand on the 

successes of the first phase by examining the effects of attempting to remediate multiple 

metal elements simultaneously.  This was conducted in much the same manner as for the 

solutions containing copper contaminants that were tested previously with the exception 

that elemental standards were combined to produce cocktails of various known 

concentrations.  The elements selected, collectively known as the “Arctic Suite”, were 

arsenic, cadmium, cobalt, chromium, copper, nickel, lead, and zinc.  As well as being 

metals often associated with mine tailings in Canada, many of these metals are those that 

pose a danger to the environment and have regulated concentration levels associated with 

them.  This series of nZVI remediation trials tested metal concentrations in DDI water at 

1, 3, 5 and 10 ppm Arctic Suite in solution with 1 mL of nZVI being added to a standard 

50 ml volume of contaminated solution.  These values were chosen at a tenth of the levels 

for copper contaminant alone because it was suggested that eight metals now in solution 

would mean that a similar total quantity of metal requiring remediation would be present 

in each respective sample. 

  

4.2 Materials 

Materials that were used to conduct this second series of contaminant 

remediation trials included all materials previously outlined in Chapter 3.3 as well as 
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metal standards (As, Cd, Co, Cr, Cu, Ni, Pb, and Zn) all manufactured in solution to 

exhibit standard concentration levels of 10000 ppm. 

 

4.3 Procedure 

The testing procedure for these experiments began, as it did with the preparation 

of the copper solution, by creating a solution containing each of the additional 

contaminant metals combined at pre-selected concentrations.  A solution of 1000 parts 

per million (ppm) Arctic Suite is first made from the eight stock 10000 ppm concentrate 

solutions.  This is done in a volumetric flask by the addition of double-deionized (DDI) 

water so as to be as accurate as possible with target concentrations.  The 1000 ppm Arctic 

Suite solution was then further diluted to pre-determined concentration levels using 

measured volumes of DDI water.  These concentrate solutions were then distributed into 

beakers by way of pipettes and each beaker was filled with 50 mL of the contaminant 

solution.  For this series of tests, the Arctic Suite effluent sample concentrations studied 

were 1, 3, 5 and 10 ppm and each was prepared in triplicate, including both the samples 

that were to have nZVI added and the samples that were to remain blank as baseline 

mixtures.  Once all solutions were prepared, 1mL of nZVI was extracted from a sealed 50 

mL vial and added to each of the sample beakers containing 50 ml solutions that were to 

be remediated.   

All samples were then tested for pH, sealed with parafilm to prevent accidental 

leakage during handling, and mixed by means of a shaker table.  

The samples were shaken for 1 hour at 200 rpm and were removed for filtration 

of precipitated solids that had developed during the shaking process.  A 45-micron 

syringe filter was used to extract the solution from the beaker as in previously described 

tests in Chapter 3.  
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As in previous tests using Cu contaminant solutions, pH conditions of the 

solutions were measured at the time of initial introduction of nZVI into the solution 

mixtures.   Before sending the samples off to the ICP for testing, the pH was again taken 

in order to gather data regarding any resultant change that may have occurred during the 

reaction between the nZVI and contaminant metals.   

Eight series of trials were conducted using the Arctic Suite set of metal 

contaminants at varying effluent concentrations, as listed: 

 

1. 50 mL of 1 ppm Arctic Suite solution 

2. 50 mL of 3 ppm Arctic Suite solution 

3. 50 mL of 5 ppm Arctic Suite solution 

4. 50 mL of 10 ppm Arctic Suite solution 

5. 50 mL of 1 ppm Arctic Suite solution with 1 mL nZVI 

6. 50 mL of 3 ppm Arctic Suite solution with 1 mL nZVI 

7. 50 mL of 5 ppm Arctic Suite solution with 1 mL nZVI 

8. 50 mL of 10 ppm Arctic Suite solution with 1 mL nZVI  

 

Tests for each contaminant concentration level were run in triplicate in order to 

facilitate statistical analysis on the resultant data that can be found in Section 4.4 of this 

chapter.   
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4.4 Results 

4.4.1 ICP‐OES 

To determine the extent of metal contaminant removal the samples were 

all subjected to analysis by an ICP-OES.  Results obtained from the ICP were 

reported in parts-per-million, or ppm (e.g. mg/L).  

The results of the testing using nZVI showed some variable results in 

that not all metal species were equally remediated for all solution contaminant 

concentration levels that were prepared.  For solutions in which contaminant 

concentration levels were 5 ppm or less, metal contaminants were almost entirely 

remediated following nZVI treatment.  For the 10 ppm solution trial, for example, 

only As, Cr, and Pb could be said to be successfully remediated by nZVI addition 

while the other contaminants showed variable and lesser levels of remediation 

effectiveness, ranging from 4.33% for Ni to 76% for Cu.  Remediation 

concentration results for the various metal contaminants, as indicated by the ICP 

testing, are presented in Table 4.1.  These results were obtained by first 

calculating the effectiveness as a percent of the target contaminant concentration 

level for each sample and then averaging the results of each triplicate set to 

obtain the average remediation effectiveness.  The calculated standard deviations 

for the average remediation effectiveness are presented in Table 4.2.  
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Table 4.1: Arctic Suite average remediation effectiveness by nZVI, 1mL trial  

Sample 
Concentration 

(ppm) 

Average Remediation Effectiveness (%) 

As  Cd  Co  Cr  Cu  Ni  Pb  Zn 

1  99.00  99.67  99.67  99.33  98.00  99.67  98.67  99.33 

3  99.67  100.00  100.00  99.89  99.44  100.00  99.78  99.89 

5  99.60  99.93  100.00  99.93  99.73  99.87  99.80  99.13 

10  100.00  0.00  6.67  100.00  76.00  4.33  95.00  49.67 
 

Table 4.2: Arctic Suite average remediation effectiveness standard deviations  

Sample 
Concentration 

(ppm) 

Standard Deviation of Remediation Effectiveness (%) 

As  Cd  Co  Cr  Cu  Ni  Pb  Zn 

1  1.00  0.58  0.58  0.58  1.00  0.58  0.58  0.58 

3  0.00  0.00  0.00  0.19  0.19  0.00  0.19  0.19 

5  0.20  0.12  0.00  0.12  0.12  0.12  0.00  1.15 

10  0.00  0.00  3.79  0.00  1.73  2.08  0.00  1.53 

  

While this represents only the preliminary results of this series of 

experiments, the ICP results indicate that selective remediation of metal 

contaminants in tailings liquid effluent may be possible to achieve using nZVI 

additions at the concentration levels selected and for the contaminant 

concentration levels shown.  The metals that have been shown to be effectively 

and selectively treatable (As, Cr, and Pb) are species that are of particular 

significance when dealing with the toxicity of mine tailings.  Again, this is 

merely the first trial investigation of this technology and further study would 

have to be conducted with variable contaminant conditions and nZVI treatment 

concentrations before any significant conclusions could be drawn.  The 

remediation effectiveness of these tests can be graphically shown, at broad scale 

and at detailed scale, in Figures 4.1 and 4.2 respectively. 
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Figure 4.1: Arctic Suite remediation effectiveness by nZVI, 1mL trial  

 

 

Figure 4.2: Arctic Suite remediation effectiveness by nZVI, 1mL trial (detail)  
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All series of tests were executed in triplicate in order to allow for 

statistical analysis of the data.  The standard deviation results of the remediation 

effectiveness are shown in Table 4.3, to be very good, with all but one result 

being well under 1 percent. 

 

Table 4.3: Arctic Suite average remediation effectiveness standard deviation 

Sample 
Concentration 

(ppm) 

Standard Deviation of Remediation Effectiveness (%) 

As  Cd  Co  Cr  Cu  Ni  Pb  Zn 

1  1.00  0.58  0.58  0.58  1.00  0.58  0.58  0.58 

3  0.00  0.00  0.00  0.19  0.19  0.00  0.19  0.19 

5  0.20  0.12  0.00  0.12  0.12  0.12  0.00  1.15 

10  0.00  0.00  3.79  0.00  1.73  2.08  0.00  1.53 
  

 

4.4.2 pH Testing   

As well as the ICP data collected from this series of nZVI remediation 

trials, pH values were recorded both at the time of sample preparation and after a 

1 hour period of solution mixing via a shaker table.  This data was recorded both 

because of the direction of the project in its intent to observe the application of 

nZVI to mine tailings that are typically acidic in nature, and also because of the 

findings of the project’s literature review that suggested that the remediation 

process was better facilitated by low pH conditions.  The pH data collected can 

be found in Table 4.4.  Generally observed pH changes corresponded to predicted 

levels, these primarily being an increase in pH associated with the reduction 

reaction between the nZVI and the metal contaminants.  The 10-ppm samples 

were the only ones that actually showed a pH decrease over the reaction period, 

but this is not entirely unexpected, as those samples were not fully remediated.  It 

should be noted that all initial pH readings for samples subjected to nZVI 
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treatment, taken at the time at which nZVI was added to the samples, did not 

reach equilibrium but continually increased.  It is suspected that this is due to the 

speed at which the reaction between the nZVI and the metal contaminants 

proceeds, i.e. reduction is occurring immediately upon nZVI introduction, even 

before the samples are shaken.  

 

Table 4.4: Arctic Suite remediation trial pH data 

Sample Comments 
pH 1 

(t = 0 hr) 
pH 2 

(t = 1 hr) 
pH Change 

Standard 
Deviation of 
pH Change 

1 1 ppm Arctic 3.36 3.98 0.62 

0.18 2 1 ppm Arctic 3.35 3.68 0.33 

3 1 ppm Arctic 3.32 3.61 0.29 

4 3 ppm Arctic 2.91 3.13 0.22 

0.05 5 3 ppm Arctic 2.90 3.19 0.29 

6 3 ppm Arctic 2.87 3.18 0.31 

7 5 ppm Arctic 2.66 2.96 0.30 

0.03 8 5 ppm Arctic 2.65 3.01 0.36 

9 5 ppm Arctic 2.64 3.00 0.36 

10 10 ppm Arctic 1.47 1.64 0.17 

0.04 11 10 ppm Arctic 1.48 1.62 0.14 

12 10 ppm Arctic 1.50 1.59 0.09 

13 1 ppm Arctic + 1 mL nZVI 8.71 8.83 0.12 

0.36 14 1 ppm Arctic + 1 mL nZVI 9.10 8.75 -0.35 

15 1 ppm Arctic + 1 mL nZVI 9.16 8.58 -0.58 

16 3 ppm Arctic + 1 mL nZVI 8.72 9.15 0.43 

0.50 17 3 ppm Arctic + 1 mL nZVI 8.38 9.16 0.78 

18 3 ppm Arctic + 1 mL nZVI 7.73 9.15 1.42 

19 5 ppm Arctic + 1 mL nZVI 8.21 8.98 0.77 

0.21 20 5 ppm Arctic + 1 mL nZVI 7.90 9.09 1.19 

21 5 ppm Arctic + 1 mL nZVI 7.74 8.70 0.96 

22 10 ppm Arctic + 1 mL nZVI 6.38 3.32 -3.06 

0.02 23 10 ppm Arctic + 1 mL nZVI 6.35 3.33 -3.02 

24 10 ppm Arctic + 1 mL nZVI 6.36 3.32 -3.04 

 
 

A graph of the average pH change, for samples with nZVI added, versus 

the initial metal concentrations in solution, is presented in Figure 4.3.  When 
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comparing the slope of this graph to that of the remediation effectiveness it 

appears that the two are correlated in this trial, as they were in the remediation 

experiments that examined effluent contaminated using Cu alone.  While this 

result is interesting with regards to any potential application of nZVI to the 

treatment of acid mine tailings, it would take significantly more data before any 

conclusions regarding the correlation of resultant pH change and remediation 

effectiveness could be reliably drawn. 

 

 

Figure 4.3: Arctic Suite remediation trial, average sample pH change  

 
It can also be noted that the baseline samples, without any nZVI added, 

also show slight increases in pH, though not on the same order as for those 

observed with samples that had nZVI added.  One possible explanation for this 

behaviour is that the shaking process homogenized the Arctic Suite standards and 

DDI water that made up the sample to allow the pH meter to record a more 

accurate reading.  
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4.4.3 Error  

The errors associated with the preparation of sample mixtures, execution 

of testing, and measurement of test results must also be taken into account. These 

figures were obtained by calculating deviation of the actual Arctic Suite 

concentration from the target concentration in the samples that did not receive 

treatment by nZVI.   

The average error for the prepared samples in this trial ranged from a 

highly desirable 1.33% up to an undesirable 28.33%.  Individual metal species 

error percentages, averaged across triplicate sets, can be found in Table 4.5, 

while the standard deviations thereof are displayed in Table 4.6. 

 

Table 4.5: Arctic Suite experimental error 

Sample 
Concentration 

(ppm) 

Average Error (%) 

As  Cd  Co  Cr  Cu  Ni  Pb  Zn 

1  9.00  13.00  14.67  1.33  9.00  15.67  12.00  16.67 

3  7.89  7.56  9.00  7.00  6.89  9.78  4.78  11.33 

5  9.60  7.67  9.13  8.80  7.73  10.27  8.07  11.13 

10  20.00  19.00  5.00  20.00  28.33  3.00  9.33  4.00 

 
 

Table 4.6:  Arctic Suite experimental error standard deviations 

Sample 
Concentration 

(ppm) 

Standard Deviation of Average Sample Error (%) 

As  Cd  Co  Cr  Cu  Ni  Pb  Zn 
1  1.73  1.73  1.53  2.31  1.73  1.53  2.00  1.53 

3  1.35  1.35  1.45  1.45  1.07  1.26  1.26  1.45 

5  0.53  0.50  0.70  0.80  0.70  0.70  0.50  0.50 

10  2.00  2.00  2.00  2.00  1.53  2.00  1.53  2.00 

 

While some of the samples produced showed an undesirable level of 

variability, the standard deviation results were both low and consistent.  What 

this data indicates is that samples with high deviation from the target 
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concentration result from errors in preparation and are not anomalous.  Future 

testing should endeavour to make better use of volumetric glassware, as opposed 

to beakers, which have a much lower measuring reliability.  
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Chapter 5 

5.0 Phase 3 Testing 
 

5.1 Introduction 

The third phase of this project, that being the assessment of nZVI remediation 

effectiveness on actual tailings effluent, did not all follow chronologically from the first 

two phases.  Following the preliminary research and literature review on the project topic, 

a sample of nZVI was obtained from a commercial vendor.  With little information 

obtained on nZVI being used to in conjunction with mining-related activities it was 

decided that the best course to begin with would be to subject the nZVI to available mine 

tailings leachates.  These preliminary trials were conducted on Williams Mine tailings 

samples, which first underwent soil metals analysis for 30 elements by ICP-OES.  

Samples were prepared by mixing the available tailings soils with DDI water, and where 

applicable, nZVI.  After mixing the samples were gravity filtered and processed by ICP-

OES.  These tests did not yield any significant results as neither the blank (soil and water 

only) samples nor the similar samples treated with nZVI showed significant amounts of 

metals leaching out of the tailings.  With these results it was then decided to observe 

firsthand the remediation of metal contaminants in solution by nZVI that had been 

supported by various research papers originating from the fields of civil and 

environmental engineering.  These experiments made up the body of what was described 

as Phases 1 and 2, beginning with testing on copper standards and followed by a suite of 

8 metals, collectively known as the, “Arctic Suite”. 

While pursuing the experimental trials on the various metal standards other 

sources of tailings were acquired and it was decided to try a new method for liberating 

metal contaminants.  Tailings from the Lucky Friday Mine in Idaho, USA, and a second 
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from an unidentified source were processed for total and dissolved metal content and 

analyzed by ICP-OES.  Though the observed metal content in the leachate of these 

tailings was less than ideal for remediation experimentation, it was nonetheless decided 

to proceed with nZVI trials. 

Later, following the conclusion of testing on the Cu and Arctic Suite standards, 

additional different tailings were obtained from the Kidd Creek Mine in Timmins, 

Ontario and from Vale in Sudbury, Ontario.  Following the procedure established during 

the Lucky Friday and unidentified tailings trials, nZVI contaminant remediation 

experiments were conducted on the Kidd Creek and Vale tails, in addition to baseline 

investigations.   

Shortly before the acquisition of the Kidd Creek Mine tailings an apparatus was 

purchased from NanaIron, the same distributor of the nZVI product used for testing in 

this project, which allowed for bench scale testing of the nZVI itself.  The purpose of this 

test was to assess the ratio of nZVI to iron oxide in the product used for testing for quality 

assurance and quality control purposes (QA/QC).  For more information on this apparatus 

please refer to Appendix A.  For additional photographic documentation of this apparatus’ 

procedure please refer to Appendix B. 

   

5.2 Williams Tailings 
 

5.2.1 Baseline Analysis 

Tailings received from the Williams Mine in Marathon, Ontario were 

selected for experimental analysis due to their immediate availability.  They had 

previously been used in backfill experiments at Queen's University and the 
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available remaining quantities allowed for a quick launching of experimental 

trials.   

 

5.2.2 ICP‐OES 

The first test to be performed on the tailings was to have them run 

through a broad-spectrum metal content analysis.  The test procedure selected 

was a standard soils metal analysis by inductively coupled plasma optical 

emission spectrometry (ICP-OES) analysis for 30 elements.  Ten samples were 

selected and taken to the Queen's University Analytical Services Unit (ASU) for 

processing.  Each sample was laid out and left to dry overnight, followed by 

grinding with a mortar and pestle.  Samples were weighed out to between 0.5 and 

0.6 g and placed in test tubes of type-4 glassware (that being a regulated 

borosilicate glass type resistant to thermal shock) at which point the entire set 

was prepared for acid digestion.  2 mL of nitric acid and 6 mL of hydrochloric 

acid were added to each sample and placed on a 100 °C hotplate to react 

overnight.  Once each sample had boiled down to approximately 2 mL it was 

made up to 25 mL with double de-ionized water and gravity filtered through 40-

micron filter paper.  At this point the samples were ready to be sent for 

spectroscopic analysis.  

Results of the ICP-OES analysis showed that the Williams Mine tailings 

had high concentrations of nearly every metal tested for.  More important was 

that the concentrations of metals of specific concern to drinking water guidelines 

(Ontario Regulation 169/03, Safe Drinking Water Act, 2002) and mine effluent 

regulations (Environment Canada, Metal Mine Effluent Regulations (MMER), 

2001) were far in excess of their recommended levels.  The metals that were 
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present in high concentrations, above ICP detection limits, and of specific health 

regulatory concern, were aluminum, antimony, arsenic, barium, chromium, 

copper, iron, manganese, nickel, lead, sodium, and zinc.  The average 

concentrations of all metals analyzed are presented in Table 5.1.  For additional 

photographic documentation of this procedure please refer to Appendix B. 

 

Table 5.1: Williams Mine tailings baseline metal content analysis  

Sample 
Average 

Concentration 
(ppm) 

Ag <2.0 

Al 6604 

As 60 

B 0 

Ba 77 

Be <4.0 

Ca 12678 

Cd <1.0 

Co 11 

Cr 33 

Cu 19 

Fe 21922 

K 3324 

Mg 7103 

Mn 205 

Mo 260 

Na 340 

Ni 24 

P 316 

Pb 18 

S 20611 

Sb 11 

Se <10 

Sn <2.0 

Sr 56 

Ti 566 

Tl <1.0 

U <10 

V 48 

Zn 110 

 

The federal Metal Mine Effluent Regulations (MMER) target for data 

quality objectives is presented in Table 5.2, and includes many of the metals 
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found to be present in the Williams Mine tailings.  MDL is the acronym 

representing the Method Detection Limit while RSD is the Relative Standard 

Deviation at concentrations 10 times that of the MDL. Footnote (4) attached to 

the column heading, “MDL”, reads as follows: 

  “Mines participating in the MISA program should achieve MISA target 

MDLs if these are lower than those in Table 1 [Table 5.2 herein]”. 

 

Table 5.2: Target analytical quality objective for MMER 

(Environment Canada, 2001) 
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5.2.3 XRD Mineralogy Analysis 

Further background information on the Williams Mine tailings was 

obtained by having them tested by x-ray diffraction (XRD).  This process was 

run to identify the mineral content of the tailings, and, as would be expected for 

mine tailings, showed results indicating a diverse and complex mineralogy.  The 

results of the XRD analysis are presented in Figures 5.1, which shows quartz and 

phlogopite spikes of over 2000 part count, and 5.2, which only displays data up 

to the 1000 count mark, allowing for spikes of albite, hastingsite and others to be 

more clearly distinguished.   

 

 

Figure 5.1: XRD analysis of Williams Mine tailings  
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Figure 5.2: XRD analysis of Williams Mine tailings (detail)  

 

5.2.4 pH Analysis 

pH testing was done on the Williams Mine tailings because initial 

investigation into nZVI research suggested that there was a correlation between 

pH and remediation effectiveness.  The average pH of the Williams Mine tailings 

was 7.04, which indicates that the tailings will not be reactive with nZVI.  

 

5.2.5 Williams nZVI Trial 
 

5.2.5.1 Purpose 

This first experiment was conducted in order to try to gauge 

what concentration levels of nZVI would be required to remediate 

metallic contamination of mine tailings.  The Williams Mine tailings 

were selected for this trial based on their availability and served as an 
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initiation point from which to begin to understand the remediation 

processes involved when using nZVI for the treatment of solution-

bearing metal contaminants. 

 

5.2.5.2 Materials 

Materials that were used to conduct this third series of 

contaminant remediation trials included the following: 

 

 Mine tailings from the Williams Mine, Marathon, ON, having an 

observed solution bearing pH of 7.04. 

 Double-deionized (DDI) water as the standard liquid used by the 

Queen's University Analytical Services Unit (ASU) for test 

procedures requiring the strictest elimination of contaminating 

variables, i.e., metal, dust, organics and any other possible 

contaminant that would include the washing of all lab glassware that 

is to be re-used.  It is produced on-site at the Queen’s University 

ASU by passing the lab’s reserve of deionized water through a triple 

filtration unit. 

 nZVI with organic and non-organic additives provided by NanoIron, 

having an average particle size of 50 nm and surface area of 25 m2/g. 

For additional information on the specifications of both the 

unstabilized and stabilized nZVI products please refer to Appendix C. 

 Syringe filters at 45 micron passing size are used to separate the 

sample from the post-reaction precipitate before being sent off to the 
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inductively coupled plasma mass spectrometer (ICP) for metal 

content analysis. 

 

5.2.5.3 Procedure 
 

For this first iteration of testing it was decided that initiation of 

tests using the simplest possible procedure would be the best way to start 

gathering data, with redesign of tests being facilitated when necessary.  

As such each set was executed by adding together the tailings, water and 

nZVI (where applicable) in beakers, and allowing them to mix for 4 

hours on a shaker table at 200 rpm.  Upon conclusion of mixing the 

samples were syringe filtered, thereby separating solids from the liquid 

phase.  The liquid components were then sent to the ICP-OES for 

analysis.  Outlined below (i-iv) are the four samples that were prepared, 

all being in triplicate, and the quantities of material included in each.  

 

i. 10 g of tailings mixed with 50 mL of water and 1 mL of nZVI (liquid 

dispersion). 

ii. 10 g of tailings mixed with 50 mL water. 

iii. 1 g of tailing mixed with 50 mL of water and 1 mL nZVI. 

iv. 1 g of tailings mixed with 50 mL of water. 

 

5.2.5.4 Results 

Table 5.3 shows the results from the 10 g tailings addition 

mixture experimental set, while Table 5.4 shows the results from the 1 g 

tailings addition mixture experimental set.  The ICP results showed that 
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not only did the nZVI not remediate metal content for any of the 

prepared solution mixtures, but also the samples without nZVI showed, 

in general, low traces of metal contaminants in solution following mixing 

of the tailings with water, with the exception of manganese.  This 

suggests that the experiment failed, not necessarily because the nZVI did 

not work, but because either the particular tailings were too un-reactive 

and not suitable to this kind of remediation or that the method used was 

not conducive to liberating metal contaminants from the tailings.  

 

Table 5.3:  ICP results for Williams Mine tailings nZVI trial (10 g)  

  

10 g Tails with 50 mL 
water  
(ppm) 

Average 
Metal 
Content 
(ppm) 

Std Dev 
  

10 g Tails with 50 mL 
water 

 + 1 mL nZVI 
(ppm) 

Average 
Metal 
Content 
(ppm) 

Std Dev 

T1  T2  T3     T4  T5  T6 

As  0.001  0.004  0.002  0.002  0.002     0.026  0.002  ‐0.005  0.008  0.016 

Cd  0.000  0.000  0.000  0.000  0.000     0.000  0.000  0.000  0.000  0.000 

Co  0.001  0.002  0.003  0.002  0.001     0.002  0.001  0.000  0.001  0.001 

Cr  0.003  0.001  0.005  0.003  0.002     0.003  0.002  0.000  0.002  0.002 

Cu  0.000  ‐0.001  0.000  0.000  0.001     0.004  0.003  0.001  0.003  0.002 

Mn  0.091  0.102  0.110  0.101  0.010     0.024  0.014  0.027  0.022  0.007 

Ni  0.002  0.001  0.003  0.002  0.001     0.000  0.000  0.001  0.000  0.001 

Pb  0.002  0.000  0.002  0.001  0.001     0.007  0.000  0.005  0.004  0.004 

Zn  0.008  0.002  0.009  0.006  0.004     0.005  0.003  0.007  0.005  0.002 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  70

Table 5.4:  ICP results for Williams Mine tailings nZVI trial (1 g) 

  

1 g Tails with 50 mL 
water  
(ppm) 

Average 
Metal 
Content 
(ppm) 

Std Dev 
  

1 g Tails with 50 mL 
water 

 + 1 mL nZVI 
(ppm) 

Average 
Metal 
Content 
(ppm) 

Std Dev 

T1  T2  T3     T4  T5  T6 

As  ‐0.002  0.004  0.001  0.001  0.003     ‐0.003  ‐0.005  ‐0.005  ‐0.004  0.001 

Cd  0.000  0.000  0.000  0.000  0.000     0.000  0.000  0.000  0.000  0.000 

Co  0.000  0.001  0.001  0.001  0.001     0.001  0.001  0.002  0.001  0.001 

Cr  0.001  0.001  0.001  0.001  0.000     0.001  0.003  0.001  0.002  0.001 

Cu  0.000  0.002  0.002  0.001  0.001     0.011  0.017  0.009  0.012  0.004 

Mn  0.015  0.008  0.015  0.013  0.004     0.008  0.011  0.006  0.008  0.003 

Ni  ‐0.002  ‐0.002  0.002  ‐0.001  0.002     ‐0.001  0.002  ‐0.001  0.000  0.002 

Pb  ‐0.001  ‐0.003  0.000  ‐0.001  0.002     0.002  0.003  0.003  0.003  0.001 

Zn  0.005  0.005  0.003  0.004  0.001     0.003  0.005  0.003  0.004  0.001 

 

5.3 Lucky Friday and Unidentified Tailings   
 

5.3.1 Baseline Analysis 

Two tailings from separate sources were analyzed for metal 

concentrations by the ICP-OES process.  Both samples were tailings remnants 

from previous experiments performed by the Queen’s University Department of 

Mining.  One was identified as being received from the Lucky Friday Mine, 

Idaho, USA, while the other was not identified.  Both samples were run in 

triplicate to be analyzed for a 30-element suite. 

 

5.3.2 ICP‐OES 

The procedure for testing the Lucky Friday Mine and unknown mine 

tailings materials followed the same procedure as was detailed for testing the 

Williams Mine tailings samples. 
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Results of the ICP-OES analysis showed that the Lucky Friday and 

unidentified mine tailings had high concentrations of nearly every metal tested 

for, and, as with the Williams Mine tailings, exhibited high effluent 

concentrations for those of specific concern to drinking water guidelines (Ontario 

Regulation 169/03, Safe Drinking Water Act, 2002) and mine effluent 

regulations (Environment Canada, Metal Mine Effluent Regulations (MMER), 

2001).  The metals that were present in high concentrations, above ICP detection 

limits, and of specific health regulatory concern, were aluminum, antimony, 

arsenic, barium, copper, iron, magnesium, manganese, lead, sodium, sulfur and 

zinc.  The average concentrations of all metals analyzed are presented in Table 

5.5.   
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Table 5.5: Tailings baseline metal content analysis (Lucky Friday and Unidentified mine tailings)   

Sample 
Lucky Friday 
Mine Average 

(ppm) 

Unidentified 
Mine Average 

(ppm) 

Ag  31.33  34.83 

Al  692.00  770.33 

As  67.90  74.27 

B*  <20  <20 

Ba  129.80  183.33 

Be*  <4.0  <4.0 

Ca  4070.00  4146.67 

Cd  22.57  28.07 

Co  6.68  6.33 

Cr*  <20  <20 

Cu  53.13  56.37 

Fe  233333  260000 

K  383.00  423.67 

Mg  5386.67  6000.00 

Mn  19866  22566 

Mo*  <2.0  <2.0 

Na  88.63  98.90 

Ni  6.48  6.13 

P  161.67  137.00 

Pb  4633.33  4950.00 

S  5936.67  6486.67 

Sb  63.97  69.80 

Si**  <10  10.15 

Se*  <10  <10 

Sn*  <2.0  <2.0 

Sr  14.93  14.13 

Ti  12.97  16.67 

Tl  24.87  27.13 

U  41.67  45.07 

V*  <10  <10 

Zn  2513.33  3160.00 
(<), symbol precedes a value that sample recorded below the detection threshold for that element 

 

5.3.3 Total and Dissolved Metal Content 

The purposes of this series of experiments were to determine if an 

alternate method of producing leachate and method of analysis for both total and 
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dissolved metal content would yield any results before attempting to treat it with 

nZVI. 

Tables 5.6 through 5.9 show the results of total and dissolved metal 

content for the Lucky Friday and unidentified mine tailings.  The ICP results 

showed that very little in the way of metal content was leached out of the tailings 

samples from either the Lucky Friday Mine or the unidentified mine source.  

Small amounts of manganese and zinc were observed in both samples.  For the 

Lucky Friday Mine, the total metal content in one case was over 15 ppm (Mn) 

with that value being well below any environmental guideline standard legislated 

by the Canadian Council of Ministers of the Environment (CCME)(Water 

Quality Guidelines for the Protection of Agriculture, 1987).  

 

Table 5.6:  Total metal content for Lucky Friday Mine tailings  

Element  

Total 
Average Metal 

Content 
(ppm) T1 T2 

As <0.003 <0.003 <0.003 

Cd 0.111 0.105 0.108 

Co 0.161 0.156 0.159 

Cr <0.005 <0.005 <0.005 

Cu 0.072 <0.005 0.072 

Mn 15.200 15.400 15.300 

Ni 0.081 0.078 0.080 

Pb 0.206 0.216 0.211 

Zn 9.400 9.500 9.450 
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Table 5.7:  Dissolved metal content for Lucky Friday Mine tailings  

 Element 

Dissolved Average Metal 
Content 
(ppm) T1 T2 

As <0.003 <0.003 <0.003 

Cd 0.097 0.122 0.110 

Co 0.145 0.181 0.163 

Cr <0.005 <0.005 <0.005 

Cu 0.0056 <0.005 0.006 

Mn 13.700 13.500 13.600 

Ni 0.072 0.090 0.081 

Pb 0.140 0.154 0.147 

Zn 8.300 8.200 8.250 

 

Table 5.8:  Total metal content for Unidentified mine tailings 

 Element 

Total 
Average Metal 

Content 
(ppm) T1 T2 

As <0.003 <0.003 <0.003 

Cd 0.111 0.105 0.108 

Co 0.161 0.156 0.159 

Cr <0.005 <0.005 <0.005 

Cu 0.072 <0.005 0.072 

Mn 15.200 15.400 15.300 

Ni 0.081 0.078 0.080 

Pb 0.206 0.216 0.211 

Zn 9.400 9.500 9.450 

 

Table 5.9:  Dissolved metal content for Unidentified mine tailings 

Element  

Dissolved Average Metal 
Content 
(ppm) T1 T2 

As <0.003 <0.003 <0.003 

Cd 0.097 0.122 0.110 

Co 0.145 0.181 0.163 

Cr <0.005 <0.005 <0.005 

Cu 0.0056 <0.005 0.006 

Mn 13.700 13.500 13.600 

Ni 0.072 0.090 0.081 

Pb 0.140 0.154 0.147 

Zn 8.300 8.200 8.250 
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5.3.4 XRD Mineralogy Analysis 

Further background information on the Lucky Friday Mine and 

unidentified mine tailings was obtained by having them tested by x-ray 

diffraction (XRD).  This process was run to identify the mineral content of the 

tailings, and, as would be expected for mine tailings, showed results indicating a 

diverse and complex mineralogy for each.  The results of the analyses are 

presented in Figures 5.3 and 5.4. 

 

 

Figure 5.3: XRD analysis (Lucky Friday Mine tailings) 
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Figure 5.4: XRD analysis (Unidentified mine tailings) 

 

5.3.5 pH Analysis 

pH testing was done on the tailings because initial investigation into 

nZVI research suggested that there was a correlation between pH and 

remediation effectiveness.  The procedure used for this was the standard pH soil 

test used by the Queen’s University Analytical Services Unit (ASU) in which 10 

grams of sample soil are combined with 10-20 mL of DDI water, mixed 

thoroughly by hand shaking, allowed to sit while particulate settles out and 

subsequently subjected to pH testing by a pH meter.  The average pH of the 

Lucky Friday Mine tailings was 5.86 and that of the unidentified mine tailings 

was 6.17.  Both values indicate that the tailings will not be reactive with the 

nZVI.  
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5.3.6 Lucky Friday and Unidentified Mine nZVI Trials 
 

5.3.6.1 Purpose 

Despite the poor results from the analysis of total and dissolved 

mineral contents for each tailings material, it was decided to proceed 

with a remediation trial using nZVI in order to determine whether or not 

the leachate from mine tailings could be effectively treated. 

 

5.3.6.2 Materials 

Materials that were used to conduct this third series of 

contaminant remediation trials included the mine tailings from the Lucky 

Friday Mine and from an unidentified mine source, having observed 

leachate pH levels of 5.86 and 6.17 respectively, in addition to all 

laboratory equipment utilized (as outlined in Section 3.2) in previous 

experiments of similar type. 

 

5.3.6.3 Procedure 

For this series of testing it was decided that, unlike the 

experiments conducted on the Williams Mine tailings, a leachate would 

first be produced before subjecting the sample to nZVI addition and 

treatment.  First, a quantity of tailings was air-dried and ground with 

mortar and pestle (see Figure 5.5) to prepare ground tailings material.  

Each sample consisted of 20 g of tailings that was added to 100 mL of 

DDI water.  Samples were then mixed for 4 hrs on a shaker table at 200 

rpm.  Upon concluding mixing the leachate samples were gravity filtered 
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through 40-micron filter paper to separate the tailings leachate from the 

undissolved tailings.  Each leachate sample was then divided into two-50 

mL allotments whereby one was subjected to treatment by 1 mL of nZVI 

and the other was left untreated as a blank baseline sample.  Both the 

Lucky Friday Mine tailings and those from the unidentified mine source 

were run in triplicate as treated and untreated samples.  After the nZVI 

was added to the samples selected for treatment, all samples were mixed 

on a shaker table for 2 hours at 200 rpm. Upon conclusion of the mixing 

of the nZVI with the tailing leachate all samples were syringe filtered, 

thereby separating solid from liquid phases.  The liquid portions were 

then sent to the ICP-OES for analysis.  For additional photographic 

documentation of this procedure please refer to Appendix B. 

 

 

Figure 5.5: Mortar and pestle with dried, ground, and bagged tails sample  
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5.3.6.4 Results 

Table 5.10 shows the ICP results for the Lucky Friday Mine 

tailings while Table 5.11 shows the results for the unidentified mine 

tailings.  The ICP results showed that similar concentration levels of 

metal contaminants appeared as in the testing for total and dissolved 

metal contents for each tailings material.  Furthermore, while very little 

metal was dissolved into the leachate solutions, whenever it occurred, it 

was found to be significantly reduced in the partner samples that had 

been treated with nZVI.  While none of the contaminant levels exceeded 

regulatory thresholds, this series of treatment tests did confirm that nZVI 

would be effective on leachates produced from mine tailings such as 

these.  

 

Table 5.10: Lucky Friday Mine tailings leachate nZVI ICP data  

  

Lucky Friday Leachate 
(ppm) 

Average 
Metal 
Content
(ppm) 

Std Dev 
  

Lucky Friday Leachate 
 + 1 mL nZVI 

(ppm) 

Average 
Metal 
Content 
(ppm) 

Std Dev 

Average 
Remediation 
Effectiveness 

(%) 
T1  T2  T3     T4  T5  T6 

As  0.01  0.00  0.00  0.00  0.01     0.01  0.00  0.00  0.00  0.01  ‐ 

Cd  0.01  0.01  0.01  0.01  0.00     0.00  0.00  0.00  0.00  0.00  ‐ 

Co  0.02  0.01  0.02  0.02  0.01     0.00  0.00  0.00  0.00  0.00  ‐ 

Cr  0.00  0.00  0.00  0.00  0.00     0.00  0.00  0.00  0.00  0.00  ‐ 

Cu  0.00  0.00  0.00  0.00  0.00     0.00  0.00  0.00  0.00  0.00  ‐ 

Mn  4.26  3.98  4.42  4.22  0.22     0.25  0.38  0.37  0.33  0.07  92.10 

Ni  0.01  0.01  0.01  0.01  0.00     0.01  0.00  0.01  0.01  0.01  33.33 

Pb  0.04  0.01  0.00  0.02  0.02     0.01  0.00  0.00  0.00  0.01  80.00 

Zn  0.53  0.50  0.58  0.54  0.04     0.01  0.00  0.00  0.00  0.01  99.38 
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Table 5.11: Unidentified mine tailings leachate nZVI ICP data  

  

Unidentified Leachate 
(ppm) 

Average 
Metal 
Content
(ppm) 

Std Dev 
  

Unidentified Leachate 
 + 1 mL nZVI 

(ppm) 

Average 
Metal 
Content 
(ppm) 

Std Dev 

Average 
Remediation 
Effectiveness 

(%) 
T1  T2  T3     T4  T5  T6 

As  0.00  0.00  0.00  0.00  0.00     0.00  0.00  0.00  0.00  0.00  ‐ 

Cd  0.18  0.19  0.18  0.18  0.01     0.02  0.00  0.02  0.01  0.01  92.73 

Co  0.21  0.22  0.21  0.21  0.01     0.02  0.02  0.02  0.02  0.00  90.63 

Cr  0.00  0.00  0.00  0.00  0.00     0.00  0.00  0.00  0.00  0.00  ‐ 

Cu  0.00  0.00  0.00  0.00  0.00     0.00  0.00  0.00  0.00  0.00  ‐ 

Mn  22.55  23.12  22.48  22.72  0.35     13.52  11.38  14.01  12.97  1.40  42.91 

Ni  0.11  0.11  0.11  0.11  0.00     0.06  0.04  0.05  0.05  0.01  54.55 

Pb  0.20  0.13  0.13  0.15  0.04     0.01  0.00  0.01  0.01  0.01  95.65 

Zn  16.65  17.03  16.01  16.56  0.52     0.31  0.22  0.28  0.27  0.05  98.37 

 

5.4 Kidd Creek Tailings 
 

5.4.1 Baseline Analysis 

A sample of mine tailings, provided by the Kidd Creek Mine in Timmins, 

Ontario, was analyzed for metal concentrations by ICP-OES for a 30-element 

suite. 

 

5.4.2 ICP‐OES 

The procedure for testing the Kidd Creek Mine tailings followed the 

same procedure as was detailed for the Williams Mine tailings in Section 5.2. 

Results of the ICP-OES analysis showed that the Kidd Creek Mine 

tailings had high concentrations of aluminum, arsenic, barium, calcium, copper, 

iron, potassium, magnesium, manganese, lead, sodium, sulfur, strontium and zinc.  

The average concentrations of all metals analyzed are presented in Table 5.12 
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Table 5.12: Tailings baseline metal content analysis (Kidd Creek)  

Element 
Avg. 

Concentration 
(ppm) 

Ag <2.0 

Al 16400.0 

As 158.5 

B 52.2 

Ba 174.0 

Be <4.0 

Ca 40350.0 

Cd 1.2 

Co 27.6 

Cr 78.2 

Cu 307.5 

Fe 53750.0 

K 1730.0 

Mg 23400.0 

Mn 1455.0 

Mo 16.3 

Na 189.0 

Ni 85.9 

P 426.0 

Pb 49.9 

S 11700.0 

Sb <10 

Se <10 

Sn <2.0 

Sr 103.5 

Ti 39.6 

Tl <1.0 

U <10 

V 51.1 

Zn 324.0 

 
 

5.4.3 XRD Mineralogy Analysis 

Further background information on the Kidd Creek Mine tailings was 

obtained by having them tested by x-ray diffraction (XRD).  This process was 

run to identify the mineral content of the tailings, and, as would be expected for 
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mine tailings, showed results indicating a diverse and complex mineralogy.  The 

results of the analyses are presented in Figures 5.6 and 5.7. 

 

 

Figure 5.6: XRD analysis (Kidd Creek Mine tailings)  
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Figure 5.7: XRD analysis, detail (Kidd Creek Mine tailings)  

 

5.4.4 pH Analysis 

The average pH of the Kidd Creek Mine tailings was measured to be 6.52, 

a value that indicated that the tailings would not be reactive with nZVI.  

 

5.4.5 Kidd Creek nZVI Trial 
 

5.4.5.1 Purpose 

The purpose of this series of tests was to continue to subject 

mine tailings to remediation by nZVI and to build and expand a 

knowledge base of what kinds of tailings might be most conducive to this 

treatment methodology. 
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5.4.5.2 Materials 

Materials that were used to conduct this fourth series of 

contaminant remediation trials included mine tailings from the Kidd 

Creek Mine, having an observed leachate solution pH of 6.52, in addition 

to all laboratory equipment utilized (as outline in Chapter 3.2) in 

previous experiments of similar type. 

 

5.4.5.3 Procedure 

This series of testing followed the same procedure as was 

executed for the Lucky Friday Mine and unidentified mine tailings with 

only a couple of minor modifications.   

The first such alteration was that the time the samples were 

subjected to mixing with nZVI (where applicable) was reduced from 2 

hours to 1 hour.  This change was implemented because observations on 

leachate pH values made during previous testing stages with nZVI 

appeared to confirm indications from literature review suggesting that 

nZVI reactions with metals occurred very quickly.  

The second change to this set of experiments was an increase in 

elements examined by the ICP for final analysis.  Instead of just 

examining the Arctic Suite set of elements, concentration levels of all 30 

available elements were tested for. 
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5.4.5.4 Results 
 

Table 5.13 shows the concentration data for those elements that 

presented results above the ICP detection threshold. Table 5.14 shows 

the pH data collected for the Kidd Creek Mine tailings leachate nZVI 

trials.   

The testing of the Kidd Creek Mine tailings revealed that the 

primary metals dissolved into the leachate were calcium, magnesium, 

and sulfur, with small amounts of iron, potassium, manganese, sodium, 

strontium and zinc, these being similar results in type and quantity to 

those of the Kidd Creek tailings total metal content analysis.  Of these 

the only metal contaminants that showed effective remediation by nZVI 

were magnesium and zinc, with reductions being from 33.83 ppm to 

13.33 ppm and 0.24 ppm to 0.02 ppm average leachate concentrations 

respectively.  While nZVI was observed to generate only 13.12% 

remediation effectiveness on sulfur, this element experienced the greatest 

actual reduction in metal content, from an average concentration of 36 

ppm to less than that of the baseline samples.  
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Table 5.13:  Kidd Creek Mine tailings leachate nZVI ICP data 

  
50 mL Tails Leachate 

(ppm) 

Average 
Metal 
Content 
(ppm) 

Std 
Dev 

  
50 mL Tails Leachate + 1 mL 

nZVI 
(ppm) 

Average 
Metal 
Content
(ppm) 

Std 
Dev 

Average 
Remediation 
Effectiveness 

(%) 

Metal 
Content 
Change 
(ppm) 

T1  T2  T3     T4  T5  T6 

Ba  <0.05  <0.05  <0.05  0.05  ‐     0.25  0.22  0.25  0.24  0.02  ‐380.00  ‐0.19 

Ca  258  189.00  257.00  234.67  39.55     244.00  185.00  248.00  225.67  35.28  3.84  9.00 

Fe  2  0.39  <0.05  0.81  1.14     5.00  3.80  0.52  3.11  2.32  ‐281.97  ‐2.29 

K  3.6  4.20  3.60  3.80  0.35     4.30  3.40  3.80  3.83  0.45  ‐0.88  ‐0.03 

Mg  34.8  31.50  35.20  33.83  2.03     14.20  11.90  13.90  13.33  1.25  60.59  20.50 

Mn  0.1  0.07  0.10  0.09  0.02     <0.05  <0.05  <0.05  0.05  0.00  45.26  0.04 

Na  2.2  2.50  2.50  2.40  0.17     2.70  3.00  3.10  2.93  0.21  ‐22.22  ‐0.53 

S  302  220.00  301.00  274.33  47.06     267.00  188.00  260.00  238.33  43.73  13.12  36.00 

Sr  1.1  0.84  1.10  1.01  0.15     1.00  0.82  1.10  0.97  0.14  3.95  0.04 

Zn  0.015  0.59  0.11  0.24  0.31     0.028  <0.01  0.016  0.02  0.01  90.77  0.22 

 

As well as the leachate dissolved metal concentration data 

recorded by the ICP analysis, pH data was also tracked throughout the 

course of the experiment.  As with the Phase 1 and Phase 2 experiments, 

using copper and Arctic Suite standards respectively, the samples 

without nZVI treatment showed a slight increase in pH, averaging 1.01 

across the triplicate set.  The samples that received nZVI treatment saw 

an average decrease in pH of 0.46, which would initially appear to be 

contrary to the increases observed in the nZVI samples from the Phase 1 

and 2 experiments.  The difference between those trials and the treatment 

of the Kidd Creek Mine tailings leachate is that, in this case, very little 

metals were effectively precipitated out of solution.  Both the Phase 1 

and 2 experiments were very successful at removing high levels of metal 

contamination, whereas the Kidd Creek Mine leachate had very little in 

the way of metal content to begin with. 
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Table 5.14: Kidd Creek Mine tailings leachate pH data  

Sample  Description  pH 1  pH 2 
pH 

Change 

Standard 
Deviation of 
pH Change 

T1 
50 mL Tails 
Leachate 

6.3  7.32  1.02 

0.25 T2  6.29  7.04  0.75 

T3  6.24  7.49  1.25 

T4  50 mL Tails 
Leachate + 
1 mL nZVI 

8.91  8.62  0.29 

0.15 T5  9.08  8.5  0.58 

T6  9  8.48  0.52 

        

5.5 Copper Cliff South Tailings 
 

5.5.1 Baseline Analysis 

A sample of mine tailings, provided by the Copper Cliff South Mine in 

Sudbury, Ontario, was analyzed for metal concentrations by ICP-OES analysis 

for a 30-element suite. 

 

5.5.2 ICP‐OES 

The procedure for testing the Copper Cliff South Mine tailings followed 

the same procedure as detailed for the Williams Mine tailings in Section 5.2. 

Results of the ICP-OES analysis showed that the Copper Cliff South 

Mine tailings had high concentrations of aluminum, barium, calcium, cobalt, 

chromium, copper, iron, potassium, magnesium, manganese, nickel, phosphorous, 

lead, sodium, sulfur, strontium, titanium, vanadium and zinc.  The average 

concentrations of all metals analyzed are presented in Table 5.15. 
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Table 5.15: Tailings baseline metal content analysis (Copper Cliff South Mine tailings)  

Sample 
Average 

Concentration
(ppm) 

Ag  <2.0 

Al  11900 

As  <1.0 

B  <20 

Ba  79.95 

Be  <4.0 

Ca  6315 

Cd  1.2 

Co  53.4 

Cr  96.4 

Cu  778 

Fe  90500 

K  3470 

Mg  7940 

Mn  370 

Mo  19.45 

Na  411 

Ni  820 

P  643 

Pb  36.35 

S  14700 

Sb  <10 

Se  <10 

Sn  <2.0 

Sr  26.05 

Ti  1565 

Tl  <1.0 

U  <10 

V  76.2 

Zn  55.5 
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5.5.3 XRD Mineralogy Analysis 

The Copper Cliff South Mine tailings XRD mineralogy analysis was 

omitted in order to reduce unnecessary costs and because the information 

provided by the XRD test had not proven to be useful in the past trials of nZVI 

on mine tailings, for this project.  

 

5.5.4 pH Analysis 

The average pH of the Copper Cliff South tailings was measured to be 

3.68, a value that indicated that the tailings might be more reactive with the nZVI 

than for any previously tested tailings leachate.  

 

5.5.5 Copper Cliff South nZVI Trial 
 

5.5.5.1 Purpose 

The purpose of this series of tests was to continue to subject 

mine tailings to remediation by nZVI and to build and expand a 

knowledge base of what kinds of tailings might be most conducive to this 

treatment methodology. 

 

5.5.5.2 Materials 

Materials that were used to conduct this fifth series of 

contaminant remediation trials included mine tailings from the Copper 

Cliff South Mine, having an observed leachate pH of 3.68, in addition to 
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all laboratory equipment utilized (as outline in Section 3.2) in previous 

experiments of similar type.  

 

5.5.5.3 Procedure 

This series of testing followed the same procedure as was 

executed for the Kidd Creek Mine tailings, continuing the modifications 

to testing procedures that were made following the Lucky Friday Mine 

and unidentified mine tailings trials.   

 

5.5.5.4 Results 

Table 5.16 shows the concentration data for those elements that 

presented results above the ICP detection threshold. 

The testing of the Copper Cliff South Mine tailings revealed that 

the primary metals dissolved into the leachate were calcium, magnesium, 

and sulfur, with small amounts of cobalt, copper, iron, potassium, 

manganese, nickel, sodium, strontium and zinc.  Those metal 

contaminants observed to have been effectively remediated were cobalt, 

copper, iron, manganese, and nickel.  Others that underwent at least 

partial remediation were calcium, magnesium, sulfur and zinc.  Instances 

where the metal content appears to have increased can be attributed to 

variability in the tailings and to that particular metal not being 

remediated.  Sulfur showed the largest metal concentration change with a 

reduction in average metal content of 57 ppm.  Calcium, iron, 

magnesium and nickel, while much less than sulfur, also showed 

significant drops in total metal concentration.  
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Table 5.16:  Copper Cliff South Mine tailings leachate nZVI ICP data  

  
50 mL Tails Leachate 

(ppm) 

Average 
Metal 
Content 
(ppm) 

Std 
Dev 

  
50 mL Tails Leachate + 1 

mL nZVI 
(ppm) 

Average 
Metal 
Content
(ppm) 

Std 
Dev 

Average 
Remediation 
Effectiveness 

(%) 

Metal 
Content 
Change 
(ppm) 

T1  T2  T3           T4  T5  T6             

Ba  <0.05  <0.05  <0.05  0.05  ‐     0.29  0.29  0.31  0.30  0.01  ‐500.00  ‐0.25 

Ca  75.4  86.8  68.2  76.80  9.38     61.1  61.4  70.2  64.23  5.17  16.36  12.57 

Co  1.2  1.3  1.1  1.20  0.10     <0.02  <0.02  <0.02  <0.02  ‐  98.33  1.18 

Cu  1.1  1.2  1.1  1.13  0.06     <0.2  <0.2  <0.2  <0.2  ‐  82.35  0.93 

Fe  8.6  5.8  27.8  14.07  11.98     <0.05  <0.05  <0.05  <0.05  ‐  99.64  14.02 

K  5.2  6.0  4.7  5.30  0.66     6.5  4.6  5.5  5.53  0.95  ‐4.40  ‐0.23 

Mg  28.8  29.5  26.9  28.40  1.35     21.5  19.7  22.3  21.17  1.33  25.47  7.23 

Mn  1.8  1.9  1.7  1.80  0.10     0.077  <0.05  0.13  0.09  0.04  95.24  1.71 

Na  2.9  2.7  2.5  2.70  0.20     4.4  2.9  3.0  3.43  0.84  ‐27.16  ‐0.73 

Ni  14.0  14.6  13.2  13.93  0.70     <0.3  <0.3  <0.3  <0.3  ‐  97.85  13.63 

S  138  148  129  138.33  9.50     79.8  77.2  87  81.33  5.08  41.20  57.00 

Sr  0.030  0.032  0.027  0.03  0.00     0.034  0.033  0.037  0.03  0.00  ‐16.85  ‐0.01 

Zn  0.48  0.51  0.45  0.48  0.03     0.97  <0.01  <0.01  0.33  ‐  31.25  0.15 

 
 

The pH values recorded during the experiment, taken both before 

and after nZVI addition where applicable, are presented in Table 5.17. 

 

Table 5.17:  Copper Cliff South Mine tailings leachate pH data  

Sample  Description  pH 1  pH 2 
pH 

Change 

Standard 
Deviation of 
pH Change 

T1 
50 mL Tails 
Leachate 

3.57  3.69  0.12 

0.03 T2  3.58  3.67  0.09 

T3  3.6  3.67  0.07 

T4  50 mL Tails 
Leachate + 1 mL 

nZVI 

6.45  5.78  0.67 

0.16 T5  6.84  5.97  0.87 

T6  6.77  5.78  0.99 

 

While the Copper Cliff South Mine tailings leachate was more 

acidic than the Kidd Creek Mine tailings leachate, the change in pH 
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associated with the addition of nZVI was comparable in both direction 

and magnitude. 
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Chapter 6 

6.0 Conclusions 

6.1 Phase 1 Testing 

The Phase 1 nZVI testing experiments saw the successful remediation of waters 

contaminated with copper, at 10, 30, 50, and, to a lesser extent, 100 ppm with 1 mL of 

unstabilized nZVI.  The procedure established during this series of testing proved to be a 

reliable method for investigating the remediation effectiveness of nZVI and carried 

forward well for Phases 2 and 3 of this research project. 

 

6.2 Phase 2 Testing 

Phase 2 expanded on the copper testing done in Phase 1 by beginning to simulate 

the conditions of a mine tailings leachate with the addition of multiple metal 

contaminants to a single laboratory prepared water sample.  Phase 2 saw the successful 

remediation of the “Arctic Suite” set of metal contaminants at 1, 3, 5, and to a lesser 

extent, 10 ppm concentration levels.   

 

6.3 Phase 3 Testing 

In Phase 3 the remediation effectiveness of nZVI was tested on several mine 

tailings acquired from five different sources.  The intent was to attempt to treat waters 

leached from the tailings following the same method as was established during Phases 1 

and 2 of this research project.  While the treatment of said leachates did show some 

successful remediation of metal contaminants, the contaminant levels attained in 
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untreated samples were too low to provide an accurate representation of the contaminant 

levels observed in host tailings from which they were produced. 

 

6.4 General Conclusions 

With the exclusion of the Williams Mine tailings, all leachates produced showed 

some significant metal content present and a tendency to react with the nZVI added, 

facilitating the remove of said metal content by gravity filtration.  While each of the 

tailings tested came from a different type of mine, with unique orebody mineralogy and 

configuration, it is worthwhile to compare the testing results to one another to see if any 

consistent similarities exist.  The Lucky Friday Mine is a silver, lead and zinc mine with 

predominant minerals being galena, tethedrite, sphalerite, and chalcopyrite (Hecla Mining 

Company, 2011).  While it is unfortunate that the unidentified tailings could not be 

named, the XRD mineralogical analysis did show that the tailings contained high 

concentrations of quartz and, to a lesser extent, siderite.  It should be noted that this is a 

characterization of the tailings and not of the orebody from which it originated, as 

minerals that would indicate the nature of the mine were undoubtedly removed for 

processing.  The Kidd Creek Mine extracts a number of resources including copper, zinc, 

indium, cadmium, and silver and is characterized as a volcanogenic massive sulphide 

(VMS) deposit (InfoMine, 2011).  The Copper Cliff South Mine is a nickel mine and 

includes the minerals breithauptite, chalcopyrite, cobaltite, galena, maucherite, 

michenerite, nickeline, pentlandite, pyrrhotite, and sudburyite (Mindat, 2011).   

Table 6.1 shows the remediation effectiveness values recorded for all mine 

tailings tested, with the exception of the Williams Mine tailings.  Only the elements that 

were both present in the tailings leachates and then remediated to some extent are 

displayed in Table 6.1.   
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Where samples showed negative remediation effectiveness the value was 

represented as a zero reading, denoted by dashes in the table.  This was done because 

when the metal content change of these values was examined it was observed to be less 

than 3 ppm in all cases and was thus attributed to variability in the tailings and the 

leachates derived from them.  Nowhere in the data was a large (>3 ppm) increase metal 

content change, between the baseline and treated samples, which would result in negative 

remediation effectiveness values.  As such Table 6.2, depicting the metal content change, 

also displays negative readings as zero values, also denoted as dashes on the table.  

In this table the best comparative analysis between tailings can be made with 

respect to manganese and zinc, as all four tailings samples exhibited susceptibility 

towards nZVI remediation.  For manganese, the Lucky Friday Mine tailings and the 

Copper Cliff South Mine tailings showed similar remediation effectiveness at 92.1% and 

95.2% respectively.  The unidentified source tailings and the Kidd Creek Mine tailings 

also showed similar levels of effectiveness when reacting with manganese at much lower 

remediation effectiveness levels of 42.9% and 45.3% respectively.  With regards to zinc 

remediation effectiveness, only the Copper Cliff South Mine showed a remediation 

effectiveness value below 90%, that being 31.3%.  While these figures could represent 

larger trends in a mine’s host ore type versus its tailings reactivity with nZVI, much more 

data would need to be collected and analyzed before such a determination could be made. 
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Table 6.1:  Comparison of remediation effectiveness values for tailings materials tested using 

nZVI 

Element 

Avg. Remediation Effectiveness 
(%) 

Lucky Friday Unidentified Kidd Creek Copper Cliff South 

Ca - - 3.8 16.4 

Cd - 92.7 - - 

Co - 90.6 - 98.3 

Cu - - - 82.4 

Fe - - - 99.6 

K - - - - 

Mg - - 60.6 25.5 

Mn 92.1 42.9 45.3 95.2 

Na - - - - 

Ni 33.3 54.6 - 97.9 

Pb 80.0 95.7 - - 

S - - 13.1 41.2 

Sr - - 4.0 - 

Zn 99.4 98.4 90.8 31.3 

 

Table 6.2 shows the total metal content change between samples left untreated 

and those tailings leachates that received nZVI treatment, with the exception of the 

Williams Mine tailings.  Only the elements that were both present in the tailings leachates 

and then remediated to some extent are displayed in Table 6.2.  In this comparative 

analysis it may be easier to determine which tailings observed preferential remediation of 

metal species, if any, as it displays the changes in concentration levels as opposed to the 

effectiveness of treatment.  In looking at the Copper Cliff South Mine results it is 

apparent that the treatment of the leachate produced strongly favoured sulfur removal at 

57 ppm reduction, while the remediation effectiveness value for sulfur was only 41.2%.  

Similar results were observed for the Kidd Creek Mine tailings wherein only 13.1% of 

sulfur present in the untreated samples was removed, yet that value accounts for 36 ppm 

removal and is the highest concentration removed for all tested metals for the Kidd Creek 

Mine tailings.  It should also be noted that, of the high remediation effectiveness values 
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observed for zinc, only the unidentified source tailings experienced a metal content 

change of over 1 ppm, that being 16.29 ppm.  For these tailings leachates the remediation 

effectiveness appears to be high but there were not significant levels of contaminant 

concentration extracted from the tailings to be able to be treated.  This leads to the 

conclusion that, in order to make any determinations with regard to both remediation 

effectiveness and metal content change, a leachate must contain high levels of metal 

contaminants against which to be tested.     

 

Table 6.2: Comparison of average metal content change values for various tailings materials 

using nZVI 

Element 

Metal Content Change 
(ppm) 

Lucky Friday Unidentified Kidd Creek Copper Cliff South 

Ca - - 9.00 12.57 

Cd 0.01 0.17 - - 

Co 0.02 0.19 - 1.18 

Cu 0.00 0.00 - 0.93 

Fe - - - 14.02 

K - - - - 

Mg - - 20.50 7.23 

Mn 3.89 9.75 0.04 1.71 

Na - - - - 

Ni 0.00 0.06 - 13.63 

Pb 0.01 0.15 - - 

S - - 36.00 57.00 

Sr - - 0.04 - 

Zn 0.53 16.29 0.22 0.15 

 
 

Table 6.3 compares the metal concentrations present in the mine tailings tested 

and the initial metal concentration in the tailings leachates produced for each of the 

experiments.  Table 6.4 shows the percent of metal content extracted from the mine 

tailings into the leachates used for nZVI testing. 
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 What was hinted at by the conflicting accounts of remediation effectiveness 

versus metal content change is made abundantly clear here, this being that there is a 

failure to produce leachates with anything near the available metal contaminant 

concentrations of its host tailings.  While all the tailings included in this investigation 

contained high levels of all the worst environmental metal contaminants, such as 158.5 

ppm arsenic in the Kidd Creek Mine tailings, for example, none were observed to have 

produced more than 3% of the individual source metal content in the untreated tailings 

leachates. 
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Table 6.3:  Baseline tailings analysis versus leachate metal concentrations for various tailings 

materials 

Element 

Lucky Friday Unidentified Kidd Creek Copper Cliff South 

Baseline 
Soil 

Analysis 
(ppm) 

Untreated 
Leachate 

(ppm) 

Baseline 
Soil 

Analysis
(ppm) 

Untreated 
Leachate

(ppm) 

Baseline 
Soil 

Analysis
(ppm) 

Untreated 
Leachate

(ppm) 

Baseline 
Soil 

Analysis 
(ppm) 

Untreated 
Leachate 

(ppm) 

Ag 31.33 - 34.83 - <2.0 0.01 <2.0 <0.01 

Al 692 - 770.33 - 16400.0 1.00 11900 7.27 

As 67.9 0.00 74.27 0.00 158.5 0.03 <1.0 <0.03 

B <20 - <20 - 52.2 1.00 <20 <1.0 

Ba 129.8 - 183.33 - 174.0 0.05 79.95 <0.05 

Be <4.0 - <4.0 - <4.0 0.01 <4.0 <0.01 

Ca 4070 - 4146.67 - 40350.0 234.67 6315 76.80 

Cd 22.57 0.01 28.07 0.18 1.2 0.025 1.2 <0.025 

Co 6.68 0.02 6.33 0.21 27.6 0.02 53.4 1.20 

Cr <20 0.00 <20 0.00 78.2 0.04 96.4 <0.04 

Cu 53.13 0.00 56.37 0.00 307.5 0.20 778 1.13 

Fe 233333 - 260000 - 53750.0 0.81 90500 14.07 

K 383 - 423.67 - 1730.0 3.80 3470 5.30 

Mg 5386.67 - 6000 - 23400.0 33.83 7940 28.40 

Mn 19866 4.22 22566 22.72 1455.0 0.09 370 1.80 

Mo <2.0 - <2.0 - 16.3 0.05 19.45 <0.05 

Na 88.63 - 98.9 - 189.0 2.40 411 2.70 

Ni 6.48 0.01 6.13 0.1 85.9 0.30 820 13.93 

P 161.67 - 137 - 426.0 1.00 643 <1.0 

Pb 4633.33 0.02 4950 0.15 49.9 0.03 36.35 <0.03 

S 5936.67 - 6486.67 - 11700.0 274.33 14700 138.33 

Sb 63.97 - 69.8 - <10 0.10 <10 <0.1 

Si <10 - 10.15 - - - - - 

Se <10 - <10 - <10 0.10 <10 <0.1 

Sn <2.0 - <2.0 - <2.0 0.01 <2.0 <0.01 

Sr 14.93 - 14.13 - 103.5 1.01 26.05 0.03 

Ti 12.97 - 16.67 - 39.6 0.01 1565 <0.01 

Tl 24.87 - 27.13 - <1.0 0.025 <1.0 <0.025 

U 41.67 - 45.07 - <10 0.20 <10 <0.2 

V <10 - <10 - 51.1 0.02 76.2 <0.02 

Zn 2513.33 0.54 3160 16.6 324.0 0.24 55.5 0.48 
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Table 6.4:  Leachate extraction effectiveness of nZVI for various tailings materials 

Element 

Leachate Extraction Effectiveness 
(%) 

Lucky 
Friday 

Unidentified 
Kidd 
Creek 

Copper 
Cliff South 

Ag - - - - 

Al - - 0.01 0.06 

As 0.00 0.00 0.02 - 

B - - 1.92 - 

Ba - - 0.03 - 

Be - - - - 

Ca - - 0.58 1.22 

Cd 0.04 0.65 2.08 - 

Co 0.25 3.37 0.07 2.25 

Cr - - 0.05 - 

Cu 0.00 0.00 0.07 0.15 

Fe - - 0.00 0.02 

K - - 0.22 0.15 

Mg - - 0.14 0.36 

Mn 0.02 0.10 0.01 0.49 

Mo - - 0.31 - 

Na - - 1.27 0.66 

Ni 0.15 1.79 0.35 1.70 

P - - 0.23 - 

Pb 0.00 0.00 0.06 - 

S - - 2.34 0.94 

Sb - - - - 

Si - - - - 

Se - - - - 

Sn - - - - 

Sr - - 0.98 0.11 

Ti - - 0.03 - 

Tl - - - - 

U - - - - 

V - - 0.04 - 

Zn 0.02 0.52 0.07 0.86 

 

The results of these tests did not produce any observable trends with regards to 

the selective remediation, by nZVI, of individual metals within a tailings sample of 

diverse mineralogy and metal content.  Additionally, no trends were observed that would 

suggest that a particular type of tailings or host orebody would be more or less conducive 

to metal removal by nZVI.  For any such conclusions to be drawn future research would 
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have to produce a wider and more definitive collection of data based on experiments 

utilizing tailings leachates with a much more highly concentrated metal content. 
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Chapter 7 

7.0 Recommendations 

The objective of this thesis was to determine whether or not nZVI, a technology rapidly 

gaining wider acceptance in the field of civil engineering remediation, would be able to 

effectively remove metal contaminants from leachates produced from mine tailings.  The results 

of testing five different mine tailings showed that nZVI is able to do just that, in addition to the 

success observed in remediating prepared water samples contaminated with both solitary copper 

and the “Arctic Suite” set of metal ion contaminants. 

 

7.1 Phase 1 Testing 

It is recommended that further investigations into nZVI metal remediation be 

used to examine the effects of nZVI on other solitary metal contaminants, particularly 

ones that pose significant health risks in even small concentrations, such as arsenic, 

chromium and lead.  Additional data on the remediation capacity of nZVI should also be 

further developed with finer increments of contaminant concentration and increased nZVI 

doses.   

 

7.2 Phase 2 Testing 

The results of this series of testing suggested that some metals are preferentially 

targeted during the reactions with nZVI (those being, arsenic, chromium and lead) but, in 

order to make that determination certain, future research would be required to expand on 

the work done here with additional trials.  Such trials should focus on increased 

concentrations of metal contaminants as well as increased doses of nZVI.  It may also be 
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prudent to isolate groups of metals (those that favour remediation and those that do not) 

and observe which amongst them are preferentially treated by the nZVI dose to further 

define any selectivity trends that may exist. 

 

7.3 Phase 3 Testing 

Future investigations into applications of nZVI to mine tailings for remediation 

of metal contaminants in leachates released from disposed tailings sites would do well to 

pursue several aspects of nZVI testing that were beyond the scope of this project.  The 

first such recommendation is to seek methods that can maximize metal contaminant 

liberation from the mine tailings when producing leachate.  While the tailings leachate 

produced for this project did have metal contaminants that could be remediated it would 

be valuable to observe nZVI remediation of leachates that were more highly 

contaminated, both in concentration and diversity of contaminants, when looking forward 

to potential applications to the mining industry.  One possible method by which more 

metals might be liberated from mine tailings would be to acidify the samples during the 

production of the leachate. 

The results of these tests did not produce any observable trends with regards to 

the selective remediation, by nZVI, of individual metals within a tailings sample of 

diverse mineralogy and metal content.  No trends observed that would suggest that a 

particular type of tailings or host orebody are more or less conducive to metal removal by 

nZVI.  For any such conclusions to be drawn future research would have to produce a 

wider and more definitive collection of data based on experiments utilizing tailings 

leachates with a much more highly concentrated metal content. 

While no trends could be conclusively drawn from the experiments conducted on 

the remediation effects of nZVI, it was observed that, where metals were produced in the 
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tailings leachates tested, remediation did occur.  It should be noted that all experiments 

conducted used only 1 mL of unstabilized nZVI (that being, without any organic or 

inorganic additives).  In addition to producing more potent leachates it is the 

recommendation herein that future research into the remediation effectiveness of nZVI 

should pursue an expanded understanding of the specific remediation capacity of nZVI, 

and variants thereof, by testing with variable doses of nZVI.   

Finally, it is recommended that any correlation that may exist between the 

observed pH levels of tailings leachates and the extent of nZVI remediation be clarified 

before proceeding to studies into the application of nZVI to treating the AMD effects of 

mine tailings.  
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Appendix A 

A. The nZVI Tester 

 Partway through the experimental phases of the project it was decided that having 

reliable data concerning the composition of the nZVI, received from Nano Iron4, would be 

beneficial when assessing comparability with future testing.  Shortly thereafter Nano Iron 

provided a product for purchase that enabled a researcher to do a quick and easy bench-scale test 

of any nZVI product that would provide an indication as to the concentration of nZVI particles in 

solution. 

 Upon receiving the nZVI tester a triplicate series of tests, proceeding according to the 

provided instructions, was run using a single sample in order to determine the reliability of the 

test and apparatus.  Subsequently, all further experiments requiring the use of nZVI were 

subjected to the nZVI pre-analysis for concentration validation and quality control. 

a. nZVI Directions for Use 

The follow is the series of instructions for use for the nZVI tester, as provided by 

Nano Iron, s.r.o. 

 
nZVI TESTER content:  
1. 1x Storage bottle   
2. 1x Measuring cylinder  
3. 2x Reaction bottle  
4. 2x Silicone hose  
5. 1x Infusion needle with reduction  
6. 1x Digital weight  
7. 1x Syringe  
8. 1x Needle  
9. 1x Transport case  
  

                                                        
4 Nano Iron s.r.o, http://www.nanoiron.cz/ 
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Spare parts:  
1. All components described in nZVI TESTER content  
2. Reaction bottle end‐seal  
  
Description of standard nZVI product measurement (20% of nano‐particles, 80% of water):  
ATTENTION! During the measurement is evolving the hydrogen; process describes the formula (A).  
1. Set‐up components of nZVI TESTER according to Figure 1.  
2. Fill the storage vessel with water – cca 600 ml (take advantage of de‐mineralized water  
through prevention of scale sedimentation)  
3. Raise the storage vessel above the measuring cylinder (as shown on Figure 2) to fill the water  
in the measuring cylinder. Bottom and top tap is opened, the reaction bottle is not closed or the  
top tap hose is disconnected.  
4. Fill the measuring cylinder to the 0 ml level and close the bottom tap, the storage vessel is  
then placed on a table, the top tap stays open (Figure 3).  
5. Prepare the mixture of water (10ml) and potassium hydrogen sulfate in amount according to  
formula (A) Close the reaction bottle with end seal and connect it through the infusion needle  
with reduction to the measuring cylinder (see Figure 4).  
6. The test of tightness is recommended to be made: open the bottom tap. The water table drop  
down in measuring roller by 4 ml and should stay constant – the reason of drop down is  
different high of water level in measuring cylinder and storage bottle, trying to compensate  
different pressures. Underpressure is therefore developed in the reaction bottle and measuring  
cylinder. If the water level is dropping slowly down during time please check tightness of the  
system – an air is sucked in (usually problem of connection reaction bottle‐ hosing‐measuring  
cylinder).  
7. Take the sample of slurry by syringe – recommended volume 4‐5 ml. The sample have to be  
properly mixed (homogenous slurry) before the taking.  
8. Weigh the syringe filled with the sample of slurry.  
9. Apply the sample of slurry by syringe through the end‐seal into the reaction bottle and weigh  
the empty syringe. Developing hydrogen begins to press down the water table in the  
measuring cylinder.  
10. Calculate the weight of applied sample by subtracting the weight of full and empty.   
11. Having finished the reaction raise the storage vessel to align the water table in the 
measuring  
cylinder and the storage bottle (equalization of atmospheric pressure).  
12. Read the volume on measuring cylinder. Find the exact volume of evolved hydrogen by  
subtracting the volume of applied sample (4‐5 ml recommended) and the volume on  
measuring cylinder.  
13. The weight of zero‐valent iron (ZVI) is calculated from the exact volume of evolved  
hydrogen. Subsequently the concentration of elemental iron in ZVI slurry is found from  
known weight of applied sample and calculated amount of nZVI – process is described by  
formula (A).  
  
  
  
Another important informations:  
  
i.    Sulphuric acid (H2SO4) and hydrogen chloride acid (HCl) is possible to apply instead of  
potassium hydrogen sulfate. High concentrated acids speed up reaction, diluted acids make  
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reaction longer. Place the reaction bottle to hot water to speed up the reaction (and evolution  
of hydrogen).  

 
ii.    Hydrogen sulphide is smelled during the reaction with acid, the sulphur from nZVI productis  
the source of hydrogen sulphide, not the sulphur from an acid.  

 
iii.    Reaction with diluted acid (low concentration) is considerably slow. The reaction is usually  
finished till 45 minutes (depending on acid concentration, nZVI particle size, product age, …).  
If reaction stops, shake up the reaction bottle to make sure the reaction is really finished  
(shaking usually “restarts” the reaction as an acid reaches agglomerated particles). It is  
recommended to shake reaction bottle every 5 minutes until hydrogen evolution stops.  

 
iv.    Recommended number of applications using one reaction bottle end‐seal is eight  
measurements. End‐seal is possible to use for more measurements just pour the water on the  
top side of it – as water covers the end‐seal, the air bubbles show if there is an untightness.  
  
The following formula describes the reactoin zero‐valent iron with acid:  
4 ml of nZVI slurry weights approx. 5 g. If slurry contains 20% of nanoparticles, then 5 g of slurry contains max 1 g of Fe(0),  4,0 g H2O  
  

 
 

 
  

 
  
  
  

Annexe 1: Calculations 
 

EXAMPLE OF MEASUREMENT 
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Sample: Nanofer 25S (20% of iron nanoparticles; 80% of water+stabilizer), age: 3days 

Manufacturing date: 4.5.2010 ; Measurement date: 7.5.2010 

Sample weight: mslurry = 4,95g 

Sample volume: Vslurry = 4ml 

Water table in measuring cylinder: Vcylinder = 354ml 

Volume of evolved hydrogen: VH2 = Vcylinder ‐ Vslurry = 350ml 

nZVI weight: mnZVI = (55,85 ÷ 22410) • VH2 = (55,85 ÷ 22410) • 350 = 0,872g 

nZVI in slurry content: cnZVI = (mnZVI ÷ mslurry) • 100 = (0,872 ÷ 4,95) • 100 = 17,6% 

Iron‐oxides content: cFe(oxides) = 20 ‐ 17,6 = 2,4% 

Ratio cnZVI to cFe(oxides) : 88% nZVI; 12% Fe(oxides) 

 

  
Annexe 2: Figures of set up and measuring 
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Figure 1: Set‐up components of nZVI TESTER. 
 

 
Figure 2: Fill measuring cylinder through the 

storage vessel. 

 

 
Figure 3: Filling up the measuring cylinder into 0 

ml level. 
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Figure 4: Close the bottle and connect with 

measuring cylinder. 

 
Annexe 3: Samples of comparison evolution of hydrogen with different acids and their 

results: 
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Annotation:  

 mFe(0) is weight of nZVI after reaction (It´s calculated from volume of hydrogen only).   
 cFe(0) is concetration of nZVI in slurry.  

 

b. nZVI Tester Reliability Trial 

After receiving the nZVI tester apparatus from Nano Iron, s.r.o., a first series of 

tests were conducted to ensure the reliability of the tester itself before any data it 

provided could effectively be used.  This test consisted of 3 successive repeats of the 

nZVI test, as described by the direction for use provided.  Table A.1 shows the results of 

each trial. 

 

Table A.1:  nZVI tester reliability trial results 

  
nZVI
(%) 

Fe(oxide)
(%) 

Std. 
Dev. 

Test 
1 

68 32 

12.5 
Test 

2 
55 45 

Test 
3 

43 57 

   

While the first test produced results as expected, subsequent trials, each taking 

20-30 minutes, showed rapidly decreasing levels of nZVI as the product oxidizes with 

exposure to air.  The result of the test, while not providing a solid figure of reliability, did 
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provide some insight into how quickly the nZVI product, without any organic or 

inorganic stabilizers, deteriorates upon exposure. 

Nonetheless, the nZVI tester was still employed in all remaining nZVI 

remediation trials for the duration of the project.  The sample of nZVI used for the Kidd 

Creek tailings trials showed 69% nZVI and 31% Fe(oxide), a value comparable to the 

first run test of the reliability trial.  The nZVI used for the Copper Cliff South Mine 

tailings experiments recorded 67% nZVI and 33% Fe(oxide). 

If those results from the Kidd Creek and Copper Cliff South trials replace the 

results from the second two reliability trials, a much better standard deviation figure 

emerges.  Table A.2 shows those results. 

 

Table A.2:  nZVI tester results 

  
nZVI
(%) 

Fe(oxide)
(%) 

Std. 
Dev. 

Test 1 68 32 

1.0 Kidd Creek 69 31 

Copper Cliff 
South 

67 33 

 

 While this is less than ideal since each test was executed on different days and 

with a different vial of nZVI, all tests did use nZVI from the same shipment and were 

refrigerated together.  Furthermore, a study conducted on their nZVI product5 showed 

little deterioration while the nZVI was kept sealed and refrigerated.  Figure A.1 shows the 

results of that study. 

 

                                                        
5 The nZVI product Nanofer 25S was the subject of the study in question; a product that contains both organic and inorganic 
stabilizing additives.  The product used for the extent of this project was the basic nZVI (Nanofer 25) without any additives. 
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Figure A.1:  Nanofer 25S longterm degradation behaviour 

(NanoIron, s.r.o, 2011) 

 

The results of the various trials using the nZVI tester suggest that future 

experiments and projects involving nZVI should utilize this apparatus to maintain a check 

on any results acquired.  

 

 

 

 

 

 

 

 

 

 

 

 



  119

Appendix B 

B. Photographic Documentation 
 

a. Baseline ICP‐OES Analysis 
 
 

 
 

Figure B.1:  Dried tailings awaiting grinding with sample bags 
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Figure B.2:  Tailings weighed and acid added 

 

 
 

Figure B.3:  Tailings samples after removal from hotplate 
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Figure B.4:  Samples being gravity filtered 

 
 

Figure B.5:  Filtered samples awaiting analysis by ICPOES 
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b. Phase 3 Testing 
 

 
 

Figure B.6:  Ground and bagged tailings sample 

 

 
 

Figure B.7:  Samples being weighed out and recorded for the production of tailings leachates 
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Figure B.8:  Scoopula being used to weight sample 

 

 
 

Figure B.9:  Tailings and DDI water being mixed via shaker table for production of leachates 
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Figure B.10:  Mixed samples awaiting gravity filtration to produce leachates 

 

 
 

Figure B.11:  Filling a 50 mL volumetric flask with tailings leachates via balloon pipette 
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Figure B.12:  Transferring leachate from 50 mL volumetric flask into a beaker for nZVI testing 

 

 
 

Figure B.13:  Treated and untreated samples ready for mixing by shaker table 
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Figure B.14:  Treated samples being pH tested after mixing period (note settling of precipitates to 

bottom of beaker) 

 

c. nZVI Tester 
 

 
 

Figure B.15:  nZVI tester set up in fume hood and ready for use 
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Figure B.16:  nZVI tester reaction vessel with nZVI being injected 

 
 

 
 

Figure B.17:  Hydrogen formation in reaction vessel 
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Appendix C 

C. nZVI Products’ Specifications 

a. Unstabilized nZVI (Nanofer 25) 
 

This is the product that was used for all experimentation throughout this project 

and consists of an aqueous dispersion of nZVI particles in water.  The following is the 

technical data specifications for the product, produced by Nano Iron, s.r.o. 

TECHNICAL DATA SHEET 

NANOFER 25 

Dispersion of zero valent iron nanoparticles 

  
� Date issued: 12.12.2008    
� Revision date:    
 
Identification of the substance/preparation and the company 
undertaking  

 
� Product: water dispersion of zero valent iron nanoparticles Fe(0) , stabilized with inorganic 
modificator  
� Producer/Supplier:    
NANO IRON, s.r.o.   
Stefanikova 116   
66461 Rajhrad    
Czech Republic   
tel.: +420 547 230 016   
fax: +420 547 230 212   
e-mail: info@nanoiron.cz    
  
 
 
 
 
Product specification  
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Product application  
 
� Decontamination of groundwater, soil  
� Decontamination of surface water  
� Technological water purification  
� Decontamination of technological waste water   
 
Product package and delivery  
 
� NANOFER 25  is  packed in steel barrels, with tight PE bag inside, 25 and 50kg                            
� Small package up to 1kg is delivered in plastic doses   
 
Transport and storage  
 
� No special requirements for transport  
� Fe(0) is very reactive, subsequently oxidize to Fe3O4, then content of Fe(0) decrease in time.  
� Is necessary to reduce the disperze exposition to air, and dispose the disperze as soon as 
possible.  
� The solid phase can be sedimented. Homogenize before use.  
� No storage for a long time  
 

b. Stabilized nZVI (Nanofer 25S) 
 

This is another aqueous dispersion nZVI product produced by Nano Iron, s.r.o., 

but has proprietary inorganic and organic stabilizer additives included to prolong the 

shelf life and reactivity.  The following is the technical data specifications for the product, 

produced by Nano Iron, s.r.o. 
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TECHNICAL DATA SHEET 

NANOFER 25S 

Dispersion of zero valent iron nanoparticles 

  
� Date issued: 12.12.2008    
� Revision date:    
 
Identification of the substance/preparation and the company 
undertaking  

 
� Product: stabilized water dispersion of zero valent iron nanoparticles Fe(0)  
� Producer/Supplier:    
NANO IRON, s.r.o.   
Stefanikova 116   
66461 Rajhrad    
Czech Republic   
tel.: +420 547 230 016   
fax: +420 547 230 212   
e-mail: info@nanoiron.cz     
 
Product specification  
  

  
Product application  
 
� Decontamination of groundwater, soil  
� Decontamination of surface water  
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� Technological water purification  
� Decontamination of technological waste water  
   
Product package and delivery  
 
� NANOFER 25S is  packed in steel barrels, with tight PE bag inside, 25 and 50kg                            
� Small package up to 1kg is delivered in plastic doses   
 
Transport and storage  
 
� No special requirements for transport  
� Fe(0) is very reactive, subsequently oxidize to Fe3O4, then content of Fe(0) decrease in time.  
� Is necessary to reduce the disperze exposition to air, and dispose the disperze as soon as 
possible.  
� No storage for a long time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


