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ABSTRACT 

QUANTIFICATION OF NANO ZERO-VALENT IRON (nZVI) IN SOIL BY A 

CHEMICAL REDOX PROBE FOR SOIL INVERTEBRATE TOXICITY TESTING 

 

Robyn Akre        Advisor: 

University of Guelph, 2020      Dr. Beverley A. Hale 

 

Nano zero-valent iron (nZVI) has been used for years in remediating contaminated 

groundwater and has recently been proposed as a method for soil remediation. It can reduce 

toxicity of many persistent contaminants through degradation and immobilization. Before nZVI 

can be used in soil, testing must assess potential toxicity of nZVI and a method for quantifying 

nZVI in soil must be developed. The purpose of this research was to adapt a quantification 

method using indigo disulfonate and assess the toxicity of nZVI to soil invertebrates. A standard 

curve was developed by reacting indigo disulfonate with nZVI and measuring the absorbance. 

This was used to measure nZVI in pore water extracted from nZVI amended soils. However, the 

measurements were inconsistent due to the presence of oxygen. Toxicity to Folsomia candida 

and Eisenia andrei was assessed using endpoints of avoidance, lethality, and reproduction. Only 

slight toxicity was found in survival of F. candida. 
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1.0 Introduction 

Remediation research has been focused on developing in situ technologies for the 

remediation of soil and groundwater in recent years. In situ remediation occurs at the original site 

of contamination so no soil needs to be removed and disposed of elsewhere. These in situ 

methods are often preferable to ex situ methods as they potentially cost less, have a reduced 

impact and disruption to the environment, and reduce the risk of human exposure to potentially 

hazardous contaminants (Ho et al., 1995). However, in situ remediation may result in a less 

homogenous remediation. Current methods for in situ soil remediation fall under broader 

classifications of chemical extraction, flushing, biostimulation, and phytoremediation 

(Kuppusamy et al., 2016). If the remediation method involves introducing new chemicals to the 

area of contamination, these new chemicals must be assessed for their toxicity to ensure that they 

are not introducing more contamination to the environment.  

In Canada, soil quality guidelines (SQGs) for each contaminant are derived for different 

land uses based on existing toxicological data of thresholds for key endpoints. The lowest value 

resulting from these endpoints becomes the guideline, usually for agricultural and residential 

land uses. The same guideline may also be used for commercial and industrial land, but the 

guideline might also be increased depending on the contaminant and the sensitivity of humans 

and other species to that contaminant (CCME, 2006). Environment and Climate Change Canada 

provides standard biological test methods to assess toxicity at multiple endpoints for species of 

terrestrial plants, soil invertebrates, and bacteria. A species sensitivity distribution (SSD) using 

data derived from these (and other published) tests compiles the thresholds to derive the 

hazardous concentration for 5% of the species (HC5). This HC5 becomes the guideline for that 

contaminant in soil.  



 
 

2 
 

A recently developed technology for in situ remediation involves using injecting a slurry 

of nanoscale iron particles into contaminated sites to remediate pre-existing contamination. Nano 

zero-valent iron (nZVI) must be subjected to extensive toxicity testing before it can be used as an 

in situ remediation technique for contaminated sites in Canada. As well, existing nZVI toxicity 

studies have based toxicity thresholds on nominal soil concentrations. As such, a quantification 

method needs to be developed to measure the actual concentration of nZVI in soil for SQG 

derivation.  

In Canada, the Federal Contaminated Sites Inventory (FCSI) lists over 7000 metal and 

metalloid contaminated sites, over 500 halogenated hydrocarbon (including PCBs) contaminated 

sites, and over 100 pesticide contaminated sites (Treasury Board of Canada Secretariat, 2020). 

Depending on individual site characterization and the actual contaminants present, nZVI might 

be useful in remediating these sites by reducing the toxicity of the contaminants present, as it has 

been shown to be effective on a variety of contaminants in lab and field studies (Gil-Diaz et al., 

2019; Lacalle et al., 2018; Jiang et al., 2018). This reduction of toxicity can occur through 

adsorbing contaminants to the surface of the nZVI particle and through the reduction of the 

oxidation state of the contaminant resulting in decreased bioavailability of the contaminant.  

Two invertebrate species (Folsomia candida and Eisenia Andrei) were assessed for the 

three endpoints of lethality, reproduction, and avoidance to generate more endpoints for a future 

SSD.   They were chosen because they are easy to be maintained in the lab, are common in the 

literature, standard protocols are available using them for toxicity testing, and their relevance to 

Canadian soils. The purpose of this research is to assess the remediation effectiveness and 

toxicity of nZVI in soil using measured concentrations of nZVI instead of nominal.  
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2.0 Literature Review 

2.1 nZVI 

nZVI is an engineered nanoparticle consisting of zero-valent iron (Fe0) and, usually, a 

coating to improve stability of the nanoparticle. Common coatings include 

carboxymethylcellulose, hydrophilic biopolymers, and iron oxides (He et al., 2007; He & Zhao 

2005; Tirraferri et al., 2008; Tirraferri & Sethi, 2009). Use of nZVI in research really began 

almost thirty years ago when a method of easily synthesizing nZVI in the lab, namely the 

reduction of metal ions using potassium borohydride in aqueous phase, was developed (Corrias 

et al., 1990). This method became very common as it uses less dangerous solvents than other 

methods. The need for synthesized nZVI came from the discovery that it was found to be a 

useful component in methods for environmental remediation, particularly for the reduction of 

chlorinated environmental contaminants. Trichloroethylene and other halogenated organic 

compounds were found to be effectively reduced by nZVI in contaminated groundwater (Wang 

& Zhang, 1997; Gillham & O’Hannesin, 1994). It has also been found to be effective in 

remediating chlorinated hydrocarbons such as benzenes and methanes, persistent pesticides 

including DDT and lindane, organic dyes, heavy metal cations including Ni2+ and Cd2+, 

polychlorinated biphenyls (PCBs), dioxins, and inorganic anions such as nitrate and arsenate 

(Zhang, 2003).  

2.2 Properties of nZVI 

Nano-scale particles (in the size range of 1-100 nm) are particularly useful for 

remediation because of their greater specific surface area than the same compound in non-

nanoscale. Depending on the coatings and composition of the nZVI, specific surface area can be 

in the range of 40 to greater than 70 m2/g (Lu et al., 2017). This is much higher than micro zero-
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valent iron particles which fall in the range of 0.2-2 m2/g depending on coatings and treatments 

(Gunawardana et al., 2012).  

nZVI reduces the toxicity of contaminants in two main ways: reduction and surface 

adsorption. The reduction potential of nZVI comes from its ability to readily act as an electron 

donor. It can donate one or two electrons in a stepwise manner to be oxidized to the +2 or +3 

oxidation states. The first reaction is shown in this redox equation: 

Fe0 → Fe2+ + 2e−                                                            (1) 

The donated electrons can be accepted by various contaminants resulting in their degradation 

(Jang et al., 2014). For example, in the presence of water, proton donation can lead to reductive 

dehalogenation of alkylhalide contaminants (Matheson & Tratnyek, 1994):  

RCl + 2e− + H+ → RH + Cl−                                                       (2) 

When thermodynamics are considered, combining equations (1) and (2) is energetically 

favourable in most conditions as the standard reduction potential is positive at neutral pH. A 

positive standard reduction potential indicates a tendency towards reduction (Matheson & 

Tratnyek, 1994). Many halogenated hydrocarbons can be reduced in this way to harmless 

hydrocarbons such as ethane and ethene (Zhang, 2003). 

Remediation through adsorption to the nZVI particle is mainly targeted at reducing the 

activity of metal cations such as cadmium and nickel, but also anions such as arsenate and 

perchlorate. The adsorption occurs spontaneously as iron oxides and hydroxides form during the 

oxidation of nZVI. X-ray absorption spectroscopy can be used to visualize the metal to iron 

corrosion product after the reaction occurs (Kanel et al., 2005). This reaction is first order and, 
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depending on the ion being adsorbed, has a half-life in the range of a few hours (Kanel et al., 

2005; Liang et al., 1996).  

The increased surface area and high reactivity of the particles not only leads to an 

increase in aggregation of nZVI particles but can also lead to increased binding of the particles to 

organic matter present in the soil. This binding reduces the bioaccessibility of nZVI to plants and 

animals potentially limiting exposure and mitigating any toxic effects it may have. However, this 

binding can also reduce the effectiveness of nZVI in remediating contaminants in the soil. 

Organic matter has been found to be the soil property most related to soil adsorption of nZVI 

with pH, clay content, and silt content being the next major properties (Zhang et al., 2019). 

However, some studies have found that organic matter can act as an extra level of 

immobilization for contaminants as the nZVI can adsorb the contaminant and then be adsorbed 

to organic matter which reduces both the bioaccessibility of the contaminant and the nZVI 

particles (Pei et al., 2020). Additionally, exposure to large amounts of oxygen can also reduce 

the effectiveness of nZVI as it will oxidize the nZVI faster, reducing its remediation ability. In 

the presence of water and oxygen, nZVI is oxidized to ferrous iron and hydroxide (Tratnyek et 

al., 2003): 

                                2Fe0 +  O2  + 2H2O → 2Fe2+ + 4OH−                                           (3) 

Despite the rapid oxidation, nZVI has been shown to be effective in remediating soil 

metal(loid) contamination in field studies. A study using a commercial nZVI slurry found that 

treating soil sites with high mercury and arsenic contamination with nZVI reduced the 

availability of the contaminants by 50-80% after 72 hours (Gil-Diaz et al., 2019).  
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nZVI can be synthesized in either a bottom-up or a top-down approach. The top-down 

approach relies on the mechanical grinding of macroscale iron particles into nanoparticles. 

However, this method requires a palladium catalyst to be irreversibly adsorbed to the surface of 

the nZVI particle as mechanical grinding reduces the reactivity compared to that of the particles 

made through bottom-up synthesis (Borda et al., 2009). The top-down process is very energy 

intensive and results in particles with a high surface energy making them prone to aggregate 

(Crane & Scott, 2012).  

The bottom-up approach is based on chemically synthesizing the nZVI from atomic and 

molecular building blocks. There are multiple methods of completing this synthesis, but most 

methods use ZVI from aqueous iron salts reduced and precipitated out of solution by sodium 

borohydride as this produces the most reactive nanoparticles (Wang & Zhang, 1997; Li & Zhang 

2006). A less common approach to the top down method uses ferric chloride hexa-hydrate to 

which sodium borohydride is added until 1:1 v/v is reached (Wang & Zhang, 1997). The reaction 

can be modified to include different surface stabilizations and coatings on the particles (Ruiz-

Torres et al., 2019). However, this method is less commonly used, as ferric chloride is very 

acidic and hygroscopic, making it a less safe option compared to the ferrous sulfate method.  A 

different bottom-up approach replaces ferric chloride with ferrous sulfate as it is a safer reagent 

and limits the amount of chloride already present when the produced nZVI is used to degrade 

chlorinated contaminants (Li & Zhang, 2006). This ferrous sulfate method has also been 

modified to include banana peel extract instead of sodium borohydride to make a more 

ecofriendly synthesis of nZVI (Sunardi et al., 2017). Additionally, ferric nitrate has been used as 

the aqueous iron source in reactions with green tea polyphenols to precipitate iron nanoparticles. 

This completely green reaction occurs in a few minutes at room temperature and is characterized 
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by a noticeable colour change making it another ecofriendly and simple method of synthesizing 

nZVI (Hoag et al., 2009). However, the green tea polyphenol nZVI has only been tested as a 

catalyst for hydrogen peroxide treatment of organic contaminants. Another bottom-up approach 

is electrolysis of iron salts in solution (Chen et al., 2004). When an electric current is present, 

atoms of iron deposit on the cathode. The atoms can aggregate though, so cationic surfactants are 

used to separate the particles. Sonication can also be used to break up the iron aggregates and 

remove the particles from the cathode.  

Research on the characterization of nZVI synthesized from aqueous iron has found that 

the produced particles tend to have a wide range in diameter up to 300 nm, but with the majority 

still in the nanoscale range of less than 100 nm (Sun et al., 2006). As well, these particles have 

the tendency to agglomerate into chains (Sun et al., 2006; Nurmi et al., 2005). These particles are 

also expensive to produce in the large quantities needed for field applications as a remediation 

may require upwards of hundreds of liters of nZVI slurry (Kocur et al., 2014). A large amount of 

hydrogen gas is also produced in the borohydride reduction of aqueous iron which makes it 

difficult to scale this process up for field applicability (Hoch et al., 2008).  

A final method for synthesizing nZVI that is relatively inexpensive in comparison to 

aqueous iron reduction is solid-state thermal reduction of nanoparticles of iron oxides. In this 

method, iron oxide particles are reduced to nZVI at high temperatures in the presence of 

reducing gases. These reducing gases are any gases produced from the thermal decomposition of 

carbon materials such as biochar (Bystrzejewski, 2011). The formation of the nZVI is an 

endothermic reaction that occurs at temperatures over 500°C in which the iron oxides and the 

carbon break down to form gases such as carbon dioxide and carbon monoxide as well as nZVI 

(Hoch et al., 2008).  



 
 

8 
 

The nZVI used in this research is produced using this solid-state thermal reduction and is 

a commercially available product called NANOFER STAR obtained from NANOIRON s.r.o. 

(Rajhrad, Czechia). It is a powdered form of nZVI compared to the more commonly available 

slurry form where up to 80% of the product is water with only 20% being the nZVI particles. 

This product was chosen for several reasons with shelf life being the main one. As it is not 

shipped and stored in water, it does not lose reactivity due to oxidation by the water. Instead, the 

particles are added to water in batches for activation when they are needed. The particles are 

stabilized by a thin iron oxide layer that allows for the inner core to maintain reactivity while 

stored in a closed container for long periods of time. This product also has reduced pyrophoric 

properties that allow for much safer handling and as it does not ship in water it has greatly 

reduced shipping costs. NANOFER STAR can also be optionally altered with other surface 

coatings as needed once it is activated in water to improve its transport and stability in situ.  

2.3 Use in situ 

Generally, nZVI is not transported well in porous media such as soil. This transportation 

can be improved by many methods including using polymers to deliver the nZVI to the 

contamination zone, using coatings to prevent agglomeration of the nZVI with itself, and using 

properties such as pH and particle age to optimize reactivity (Schrick et al., 2004; Liu & Lowry, 

2006). So far, field experiments with nZVI have only indirectly measured the presence of nZVI 

by monitoring the degradation of contaminants over time and space. There have been no in situ 

studies on toxicity to soil biota.  

In a field-scale study on the remediation of trichloroethylene (TCE) in groundwater, 142 

L of a carboxymethylcellulose modified nZVI slurry was injected into a variably saturated zone 

(Chowdhury et al., 2015). The study was not able to measure iron in surrounding wells to 
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account for its transport in the subsurface, but through indirect measures of oxidation reduction 

potential (ORP), pH, and sulfate concentration, it was concluded that the slurry traveled 0.8 m 

from the injection well and that 13% of the total injected nZVI remained in the aqueous phase. 

TCE concentrations were also reduced by more than 99% from their previous levels at that well. 

Results from their modeling also concluded that injecting more slurry did not improve mobility 

greatly, but that a greater injection velocity might instead increase the distance nZVI can travel 

in the subsurface (Chowdhury et al., 2015). Another study in groundwater found that unoxidized 

CMC-nZVI only reached 1 m from the injection well. They also found that oxidation of the 

nZVI particles was greater in the particles that made it further, consistent with the depletion of 

the groundwater’s reductant demand (Johnson et al., 2013). A study done in Sarnia, Ontario only 

used one monitoring well, but the treatment was applied 1 m from the injection well and it was 

verified that the injected CMC-nZVI slurry did reach at least that distance in the sandy 

subsurface (Kocur et al., 2014). They also confirmed that the particles found in the monitoring 

well were morphologically unchanged. As these studies are all centered around groundwater 

transport, more research is needed in the specific fate of nZVI in surface level soil remediation.  

The next step for research in using nZVI for in situ soil remediation is developing a 

method to quantify the actual concentration of nZVI in the soil to develop specific guidelines for 

its usage. Fan et al. (2015) describes a method for quantification of nZVI in groundwater that 

uses a chemical redox probe, indigo disulfonate (I2S), to colourimetrically quantify nZVI in 

samples. This works because, at neutral pH, nZVI reduces I2S to dihydro I2S which results in a 

colour change from blue to yellow that can be measured as absorbance changes by a 

spectrophotometer. There is currently no literature on the use of I2S to quantify nZVI in soil pore 

water like quantification in groundwater.  
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2.4 Soil invertebrates & plants 

It has been estimated that of the total number of described living species, 23% are soil-

dwelling animals, more than 99% of which are invertebrates (Decaëns et al., 2006). Supporting 

the belief of many conservation biologists that each species has an intrinsic value aside from 

their usefulness to humans, soil invertebrates provide many valuable ecosystem services. These 

services include nutrient cycling, soil formation, climate regulation, and erosion control (Lavelle 

et al., 2006). There is also an indirect economic value associated with these services related to 

agricultural crop health and yields as well as recreational activities. Without soil invertebrates to 

provide these services, substitutions would need to be found and this would likely come at great 

expense. As a result of this value to ecosystems, soil invertebrates should be considered in 

conservation and remediation efforts, as well as in the derivation of soil quality guidelines. 

Despite the importance of soil invertebrates, toxicity assessments towards terrestrial plant and 

animals comprises only about a quarter of published biological test methods from Environment 

and Climate Change Canada; the other three-quarters are for aquatic species.   

Eisenia andrei Bouché 1972 is a species of earthworm that is sometime considered a 

subspecies of Eisenia fetida Savigny 1826. It is an epigeic species, meaning it lives near the 

surface of the soil in areas of high organic matter. There is still a debate about whether E. andrei 

is an independent species as the life history of the two Eisenia species are very similar and 

cannot be visually differentiated apart from their variation in pigment (Reinecke & Viljoen, 

1991). It is also debated whether interspecific breeding between E. andrei and E. fetida can result 

in fertile hybrid offspring (McElroy & Diehl, 2001; Dominguez et al., 2005; Plytycz et al., 

2018). Biochemically speaking, the coelomic fluid of E. andrei and E. fetida have specific 

fluorescence at different peak wavelengths which can serve as a fluorescent fingerprint to 
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differentiate between the two supporting their separate classification despite potential 

interbreeding (Albani et al., 2007).  

E. andrei is a hermaphroditic species where individuals have both male and female 

reproductive organs within the clitellum. As adults, E. andrei can reproduce at a rate of one to 

two cocoons per sexually mature worm every three to four days where each cocoon typically 

contains one to four offspring (Reinecke & Viljoen, 1991). Offspring can reach sexual maturity, 

defined as having a fully developed clitellum, in 35 to 50 days and are 35 to 130 mm long when 

fully grown (Reinecke & Viljoen, 1991). The average life span is between one and two years but 

has been observed in some cases to be four to five years (Reynolds, 1977).  

E. andrei was chosen for this research as it is a standardized test species within 

Environment and Climate Change Canada protocols (ECCC, 2004). It is also extremely well 

characterized in the literature, relatively easy to culture under lab conditions, and tends to be 

more sensitive than F. candida to a wide range of contaminants (Daam et al., 2011). Due to it 

being hermaphroditic, individuals do not need to be sexed before use in reproduction 

experiments. It is not a native species to Canada and prefers to live in compost and organic waste 

rather than natural soils, but it is sensitive to many contaminants.  Thus, using it to establish 

environmental standards protects other less sensitive native species, as well as introduced 

earthworm species in Canada (Dominguez et al., 2005).  

Collembolans are an abundant order of arthropods that have found ecological niches in a 

wide variety of ecosystems. They are often fungivorous and are found in leaf litter and soil 

(Fountain & Hopkin, 2005). Collembolans are often referred to as springtails as most species 

have a tail-like appendage called a furca folded beneath the abdomen that can be used to jump 

when threatened (Christian, 1978).  
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Folsomia candida Willem 1902 is a fungivorous species of Collembola belonging to the 

order Collembola and family Isotomatidae (Fountain & Hopkin, 2005). It is a hexapod species 

and not a true insect due to its internal mouthparts. F. candida has post-antennal organs that are 

involved in detecting airborne chemicals and a pair of eversible vesicles on the ventral side 

known as the collophore which is involved in fluid exchange and detecting contaminants in 

water (Fountain & Hopkin, 2005). F. candida reproduces through parthenogenesis by laying 

unfertilized eggs that develop into viable offspring without any males being present in the 

species (Hopkin, 2002). F. candida can reproduce as early as 12-16 days after hatching (Spahr, 

1981) and has a high rate of reproduction. The number of eggs laid depends on the instar of the 

adult and can range from 20 to 100 (Snider & Butcher, 1973; Fountain & Hopkin, 2005). Eggs 

are laid every 5 to 10 days and take 7 to 10 days to hatch (Snider & Butcher, 1973). The average 

lifespan is around 140 days during which an individual will go through around 45 moults 

(Hopkin, 1997). As fully-grown adults, individuals are 1.5-3.0 mm long which makes them easy 

to see on the substrate and easy to culture in large numbers (Fountain & Hopkin, 2005).  

F. candida was chosen as a test species because, along with E. andrei, it has standardized 

toxicity test protocols from ECCC (ECCC, 2014). It is also extremely well characterized in the 

literature and many toxicity data have been reported. It is very easy to culture in the lab as it does 

not need to be raised in a soil substrate and it is relatively quick to grow, reproduce, and hatch. It 

is easy to use in tests as it reproduces through parthenogenesis and does not need to be sexed 

before reproductive tests can be conducted. F. candida is indigenous to southern Canada, mainly 

forest soils in Ontario and Quebec (Addison, 1996). However, it has now been spread through 

human activity to most regions on Earth (Hopkin, 2002).  
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In addition to soil invertebrates, plants are often used to assess the toxicity of soil 

contaminants. The plant species suggested by ECCC for these toxicity tests range from edible 

crop species to grasses and to native boreal species. For this thesis, barley (Hordeum vulgare L.) 

was used as the first preliminary test with nZVI. This test was to assess whether the nZVI 

obtained from NANOIRON was effective at remediating metal contamination in Canadian 

contaminated field soils. Barley is a monocot grass commonly grown as an agricultural crop 

mainly for livestock feed, but also for malting and human consumption. Monocots are also 

important to include in toxicity testing as they have a fibrous root system allowing for a potential 

increased rate of contaminant uptake through the roots compared to dicots.  

Barley was chosen for this preliminary field soil test as the contaminated field soil used 

was very high in metals, especially arsenic, and the plant species chosen needed to be able to 

grow in it. Barley is a moderately sensitive species to common test contaminants including boric 

acid which is the ECCC standard for use in positive control treatments (Stephenson, 2003). This 

moderate sensitivity is useful for this test as the species needed to be able to grow in 

contaminated soil, but not be so hardy that no responses are shown between the treatments. 

Additionally, it was chosen as certified seed was readily available with a known germination 

rate. Barley also grows very quickly and only requires a 14-day test compared to 21 days for 

some other species.  

Tomato (Lycopersicon esculentum L.) was chosen to be included as an additional plant in 

toxicity testing using sand as the growth medium because it is a dicot species compared to barley 

being a monocot. This could change the toxicity of nZVI to the plant due to differences in root 

structure, nZVI uptake, and growth strategies. Tomato seeds were also readily available, and it is 
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a standard species in ECCC toxicity testing protocols, that grow in the same conditions required 

for barley.  

2.5 Toxicity testing 

Toxicity testing on terrestrial plants can be done in many ways to assess various 

endpoints including root and shoot length, root and shoot mass, germination, emergence, and 

prevalence of developmental anomalies. ECCC has a standard protocol for the toxicity testing of 

plants that includes twelve plant species that can be classified as either cultivated crops or as 

ecologically relevant species (2005). Barley and tomato are assessed using a 14-day toxicity test 

which can evaluate the major endpoints of length, weight, and emergence as well as the 

appearance of the plants. Five seeds are planted in a pot of either control soil or soil amended 

with, in this case, nZVI to determine the effects of nZVI on the plants. Additionally, plant tissue 

and soil from these tests can be analyzed to determine the fate and transport of the contaminants 

throughout the toxicity test. The concentration of contaminants in different parts of the plant or 

soil regions depends on the affinity of the roots for different contaminants, the volume of soil 

solution moved through the plant in transpiration, and how bioaccessible the metal is in the soil 

which depends on factors such as soil pH, organic matter, and clay particles.  

For soil invertebrates, the endpoints of survival and reproduction are crucial to assessing 

toxicity as they reflect both lethal and sublethal effects of chronic exposure to a contaminant. 

Protocols for testing these endpoints have been developed and standardized by ECCC for the 

testing of common soil invertebrate species including F. candida and E. andrei (ECCC, 2004; 

ECCC 2014). Both endpoints are assessed in the same test, which is 28 days long for F. candida 

and 56 days long for E. andrei. During this test, adults are added to contaminated soil to assess 

toxicity from this chronic exposure. Chronic testing is done to assess sublethal effects such as 
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changes in reproduction or reduction in growth in order to get a larger scale view of the potential 

population effects (Alves & Cardoso, 2016).  

Behavioural toxicity testing that measures the avoidance of contaminated soils has 

become more common in recent years. Avoidance testing protocols have also been developed 

and standardized by the OECD and ECCC for F. candida and E. andrei respectively (OECD 

2011; ECCC 2004). The basis of the avoidance test is that soil invertebrates have various ways 

of sensing and detecting contaminants in their environments using chemoreceptors. If a 

contaminant is sensed, the organism may avoid the area of contamination to prevent further 

toxicity. This is an important response to consider as it can be an early and sublethal indicator of 

toxicity and have the ecological consequence of soils receiving less nutrient cycling and turnover 

(because of lower arthropod activity) as well as increased predation when the organisms are 

forced into a more limited habitat (Amorim et al., 2008). These acute tests are valuable in 

ecological risk assessments as they are quick to do at only 48 hours compared to 28 or 56 days 

for reproduction and mortality. They are also relatively cheap to do, as there is no complicated 

equipment or analysis required to get the results. For some contaminants, avoidance testing has 

been shown to be a more sensitive indicator of toxicity than reproduction and mortality (Owojori 

et al., 2013).  

2.6 Current nZVI toxicity data 

Many studies have assessed the toxicity of nZVI to soil biota including invertebrates, 

plants, and microbes. However, all published studies report toxicity thresholds in terms of 

nominal concentrations based on mass of nZVI used with only indirect methods of indicating the 

presence, and measuring the amount, of nZVI in the soil. These indirect methods include 

identifying nanoparticles in soil samples by electron microscopy or measuring the reduction of 
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another contaminant present in the soil that nZVI can remediate. Many soil properties can have a 

large effect on toxicity thresholds such as the presence of organic carbon which can bind nZVI 

and make it less bioaccessible to soil biota. nZVI type can also have a large impact on toxicity 

thresholds as different coatings and preparations can reduce its reactivity, ability to bind organic 

matter, and movement through the soil.  

Two species of earthworms, E. fetida and L. rubellus, were tested for avoidance of fresh 

nZVI in OECD artificial soil. Both species reached >60% avoidance in concentrations of 750, 

1000, and 1500 mg nZVI/kg soil (El-Temsah & Joner, 2012). The nZVI used in this study was 

made in the lab using the borohydride method with ferrous iron and was coated with 

carboxymethylcellulose and used immediately. In a 14-day lethality test, E. fetida had 100% 

mortality and L. rubellus had 89% mortality at 1,000 mg/kg. When the tests were run for 28 

days, 100% mortality was reached for L. rubellus at 1,000 mg/kg and for E. fetida at 750 mg/kg. 

In a reproduction test, the controls met the validity criteria from ECCC, but all concentrations of 

nZVI resulted in total reproductive failure with zero cocoons or juveniles produced (El-Temsah 

& Joner, 2012). Ageing the nZVI before amending the soil did not change the mortality to either 

species, but it did reduce the reproductive toxicity as some cocoons were found in the 100-250 

mg/kg treatments for both species, but no juveniles successfully hatched (El-Temsah & Joner, 

2012).  

Another study using the same formulation of nZVI measured survival and reproduction 

of F. candida in a sandy soil contaminated by DDT. The concentration of nZVI as a function of 

incubation time was investigated. In the 7-day incubations, mortality was 100% for both 

concentrations of nZVI (1,000 and 10,000 mg/kg) in unspiked soil as well as for both 

concentrations of nZVI in soil spiked with DDT. When the incubations were run for 30 days, 
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there was slight adult survival in all treatment groups, but no significant survival difference 

between the concentrations of nZVI and DDT. As well, no juveniles were present after 30 days 

in the treatment groups (El-Temsah, 2013).  

Liang et al. (2016) used a similar powdered formulation of nZVI to that used in this 

research and tested its effects on E. fetida in a field soil. It was found that nominal concentrations 

of 500 and 1000 mg/kg nZVI in this soil increased avoidance behaviour and decreased growth 

and respiration. Enzyme assays revealed that oxidative stress was induced, and examination of 

the epidermal tissue revealed injury after the full 28-day exposure to these concentrations of 

nZVI. The field soil used had lower organic matter and a slightly higher pH compared to OECD 

artificial soil as well as a measured background concentration of iron (47.62 mg/kg) in addition 

to the added nZVI. Mortality in this study was much lower than the mortality reported by El-

Temsah and Joner (2012). This is likely due to the different preparation of nZVI and the different 

soil properties, including organic matter, pH, and ORP, between artificial and field soils.  

A standard toxicity assay on the nematode C. elegans in Lufa 2.4 soil amended with a 

commercial slurry of nZVI coated with sodium polyacrylic acid showed no negative effects on 

survival or growth endpoints in treatments up to 10% w/w nZVI (Fajardo et al., 2016). However, 

negative effects on growth of C. elegans were found in Pb contaminated soil amended with nZVI 

and aged. This toxicity was theorized to be from increased oxidative stress on the organisms as 

the nZVI oxidized in the soil (Fajardo et al., 2015).  

Other metal nanoparticles, including silver and titanium dioxide, have also been shown to 

be toxic to various soil invertebrates. Due to particles at the nanoscale having similar surface 

areas, they have a similar tendency to agglomerate and adsorb in soil. As with different types of 

nZVI, the toxicity of these nanoparticles does depend on surface coatings, soil properties, and the 
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presence of other contaminants (Tourinho et al., 2012). F. candida was found to have a 

reproduction EC50 of 1964 mg/kg zinc oxide nanoparticles when exposed for 28 days in Lufa soil 

(Kool et al., 2011). E. fetida exposed to PVP-coated silver nanoparticles was found to have an 

avoidance EC50 of only 4.8 mg/kg for particles ranging from 30-50 nm in artificial soil (Shoults-

Wilson et al., 2011). Because of the literature showing toxicity of iron and other metal 

nanoparticles to soil invertebrates, this thesis looks at the toxicity of a manufactured powdered 

form of nZVI (NANOFER STAR) to common soil invertebrates to determine its safety of use in 

site remediation.  

In terms of nZVI toxicity to plants, a study was done on cattail (T. latifolia) and hybrid 

poplar (P. deltoids x P. nigra) grown hydroponically in solutions amended with nZVI. The nZVI 

used was made in the lab using the borohydride method but did not have a coating. After four 

weeks of exposure, cattails in the treatment groups from 200-1,000 mg/L nZVI had a significant 

reduction in growth from the controls. Cattails exposed to up to 50 mg/L showed increased 

growth relative to the controls. Hybrid poplar growth was similarly enhanced at lower 

concentrations, but only showed toxic effects as reduced biomass at the highest concentration of 

1,000 mg/L. Both plant species had visible iron aggregates on the roots at higher concentrations 

of nZVI (Ma et al., 2013).  

El-Temsah and Joner (2010) also looked at the effects of nZVI on plants. The 

germination and growth of ryegrass, barley, and flax were compared between a sandy soil and a 

clay soil. Inhibitory effects on growth and germination were found at an nZVI slurry 

concentration of 300 mg nZVI/L for all three species. In sandy soil, complete inhibition was 

observed in both flax and ryegrass, but barley still had 13% germination at the highest 

concentration of 1500 mg/L. In the clay soil, inhibition of germination was not observed below 
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750 mg/L whereas in the sandy soil inhibition occurred at 300 mg/L. Clay minerals can have 

specific surface areas greater than that of nZVI which means the soil has an increased surface 

area for interactions with nZVI. An increased area for interactions means nZVI is less present in 

the pore water, thus reducing its bioaccessibility and bioavailability. This study also investigated 

the effects of lab synthesized CMC-nZVI and DDT amended sandy loam soil on germination of 

barley and flax (El-Temsah et al., 2012). Germination was completely inhibited for both species 

at an nZVI stock concentration of 1 g/L. When water leached through columns of this amended 

soil, toxicity decreased and seeds were able to germinate and develop roots and shoots. Length of 

the roots and shoots increased when the soil used to germinate the seeds was taken from a point 

in the column further from where the nZVI was added. This is because the water oxidizes the 

nZVI over time and reduces its reactivity as it moves through the column.  

In a study on two bacterial species, B. subtilis var. niger and P. fluorescens, and the 

fungal species A. versicolor, nZVI made by borohydride reduction was found to completely 

inactivate both bacteria at 10,000 mg/L of nZVI after five minutes of exposure. P. fluorescens 

was completely inactivated at concentrations as low as 100 mg/L, but B. subtilis var. niger was 

only 80% inactivated at this concentration. The fungus A. versicolor was not observed to be 

impacted at concentrations up to 10,000 mg/L (Diao & Yao, 2009). However, the purpose of this 

study was to identify if nZVI can be used in treating wastewater to remove these bacteria as they 

are harmful species. Despite the intent being for the nZVI to inactivate these pathogens, the 

oxidative stress mechanisms through which this happens can be relevant to the impact of nZVI 

on beneficial soil bacteria.  

The common gram-negative soil bacterium P. stutzeri was exposed to up to 10 g/L of 

nZVI obtained commercially as a slurry with a coating of sodium polyacrylic acid. In terms of 
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reduction of colony forming units, nZVI was only found to be toxic to P. stutzeri in the dose 

range of 1-5 g/L and only within the first ten minutes of exposure. This was theorized to be due 

to its tendency to aggregate over time and at higher concentrations. Using TEM, it was found 

that nZVI toxicity was initiated through particles attaching to the bacterial cell wall and 

transcriptomics revealed that nZVI triggered an oxidative stress response within the bacteria 

(Sacca et al., 2014).  

A study on the remediation of hexavalent chromium by nZVI in situ at a contaminated 

site also looked at the effects of nZVI on the native microbial population. Using phospholipid 

fatty acid analysis (PLFA), it was found that gram-positive bacteria were negatively impacted by 

the existing hexavalent chromium, but positively impacted when nZVI was added (Němečeka et 

al., 2014). From this it could be theorized that nZVI may not be toxic to gram-positive soil 

bacteria but could have some toxic effects on gram-negative species. This is further supported by 

a study where two species of gram-negative bacteria, Erwinia amylovora and Xanthomonas 

oryzae, and two species of gram-positive bacteria, Bacillus cereus and Streptomyces spp., were 

grown in liquid broth in the presence of nZVI. Visible growth inhibition of the gram-negative 

species occurred at 625 and 550 ppm of nZVI, whereas growth inhibition in the gram-positive 

species was not noted until 1,250 and 1,280 ppm. As well, the minimum bactericidal 

concentration was found to be 5,000 and 10,000 ppm for the gram-negative species and was not 

observed at all for the gram-positive species (Barzan et al., 2014).  

Despite the quantity of literature existing on the topic of nZVI toxicity, not many studies 

have looked at the potential toxic effects of nZVI in artificial soil to soil biota. Artificial soil is 

important to consider as it is standardized among laboratories and research groups to allow for 

comparison of toxicities between different nZVI formulations and different coexisting soil 
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contaminants. Also, using a commercially available product such as NANOFER STAR that is 

safe to transport and does not degrade in storage as opposed to synthesizing nZVI in small 

batches as needed is more relevant to the future efforts of using nZVI for in situ remediation. To 

date, there is very limited literature on the toxicity of this specific product, with this literature 

focussing on aquatic species and human exposures through drinking water (Keller et al., 2012; 

Mirlohi, 2020). It is important to know the toxicity of the product that is most likely to be used 

due to its low cost and ease of preparation compared to the reduction of borohydride. Finally, 

what is perhaps the largest knowledge gap is that the existing literature reports nominal 

concentrations of nZVI in soil as there is no established method of measuring for actual 

concentration.  

3.0 Objectives & Hypotheses 

The overall objectives for this research were to first look at the base toxicity of the nZVI 

formulation to plants. Next, a method was developed for quantifying nZVI in soil pore water in 

order to report toxicity thresholds as an actual concentration and then to assess the toxicity of 

commercially available nZVI to two species of soil invertebrates in artificial soil. To address 

these objectives, the following hypotheses were tested: 

1) NANOFER STAR will be effective in reducing the toxicity of metals to plants in field 

soils, and that toxicity will vary with species; 

2) Indigo disulfonate can be used to colourimetrically quantify nZVI in soil pore water; 

3) E. andrei will be more sensitive to nZVI than F. candida as earthworms consume organic 

matter in the soil; 

4) Overall toxicity will be low at environmentally relevant concentrations due to higher 

organic matter in artificial soil.  
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4.0 Materials & Methodology 

4.1 nZVI preparation 

The nZVI received from the manufacturer first had to be activated from its inert 

powdered form to its reactive slurry form. This was done by homogenizing powdered nZVI in 

deionized water for fifteen minutes with a tissue homogenizer (OMNI International Tissue 

Master 125 Homogenizer) at ~20,000 RPM. The slurry was transferred to Nalgene bottles and 

left on a platform shaker for three hours at 120 RPM. The bottles were then deoxygenated by 

purging with argon gas for two to three minutes before being placed inside the argon glovebox 

for 48 hours. This timeframe is recommended by the manufacturer after their experimentation to 

allow the slurry to reach maximum reactivity (NANOIRON s.r.o., Rajhrad, Czechia).  

4.2 Plant toxicity testing 

Barley and tomato seeds were obtained from a commercial seed provider and were 

certified to not have been pretreated in any way. Seeds were kept dormant in a refrigerator until 

they were removed for pre-germination before toxicity testing.  

The barley test in field soil was a 14-day standard toxicity test following ECCC protocols 

(ECCC, 2005). H. vulgare L. seeds were pre-germinated for two days by placing seeds in damp 

paper towel moistened with 18 MOhm water in a petri dish in a dark place. This approach 

ensured that only viable seeds were used in the study. nZVI slurry was also prepared two days in 

advance of the test beginning so that it had time to activate in the glovebox.  

Both the metal contaminated field soil (soil #13) and the reference field soil (soil #15) 

were sieved to ≤2 mm and oven dried before amending with the nZVI slurry and brought up to 

70% of their respective water holding capacities. As this test was only to assess if this type of 

nZVI effectively reduces metal bioavailability/toxicity in field soil, only three concentrations of 
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nZVI and a negative control were prepared for each soil type with five replicates for each 

treatment. Each replicate was a plastic pot containing 300g dry weight of soil.  

Five pre-germinated seeds were planted in each pot to a depth of twice the diameter of 

the seed, using forceps. The pots were then weighed so they could be brought back up to their 

original weight when watering, a lid with small holes was placed on top, and then the pots were 

placed in an environmental chamber set to a temperature of 24 ± 3°C with a 16:8h light:dark 

cycle at a light intensity of 300 ± 100 µmol/(m2 · s). Humidity was maintained over 50% 

throughout. As these field soils are nutrient-poor, half strength Hoagland’s solution was used to 

water all treatments throughout the test. Hoagland’s solution is a hydroponic nutrient solution 

with high nitrogen and phosphorus to allow for more growth to occur in these soils in 14 days 

(Hoagland & Arnon, 1950). Once the plants were tall enough to reach the lid on the pots, the lids 

were removed, and each pot was watered daily with this half strength Hoagland’s solution until 

the pot reached the weight that was recorded at the beginning of the test.  

At the end of the test the endpoints recorded were emergence of seedlings in each pot, 

shoot and root length, shoot and root dry mass, and the appearance of surviving plants. The 

plants were first photographed before processing began. The soil was removed from the pots and 

the roots were carefully removed to minimize breaking. The plants were washed with 18 MOhm 

water and cut at the junction between root and shoot. Roots and shoots were both measured with 

a ruler to the nearest 0.5 cm and placed in separate paper bags for drying in a 65°C oven for one 

week before dry mass was recorded.  

This 14-day toxicity test was then repeated using washed silica sand as the growth 

medium compared to field soils. This was done to assess base toxicity of nZVI to both plants 

without any other contaminants or organic matter affecting the adsorption and uptake of nZVI. 
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Also, this test was additionally done on tomato (Lycopersicon esculentum L.) to assess the 

different effects on a dicot compared to the monocot barley. Most of the methods remained the 

same for this test except washed and dried silica sand was amended with nZVI instead of field 

soils. Half strength Hoagland’s solution was used to water the plants throughout as sand does not 

contain the nutrients required for growth. The environmental chamber conditions and harvesting 

procedure remained the same. As there was no pre-existing contamination or background metal 

concentrations in the sand, acid digestion and calcium chloride extraction for measurement of 

trace elements were not necessary. Chlorophyll in the shoots was extracted and quantified to 

determine if there was a change in chlorophyll concentration induced by nZVI.  

4.3 Analysis of plant tissue 

The pseudo-total concentrations of arsenic, cobalt, copper, nickel, and zinc were 

measured before and after the barley test in both soils to assess changes in concentrations due to 

the presence of nZVI. The protocol used to do this was adapted from U.S. EPA Method 3051a 

(U.S. EPA, 2007). Pseudo-total concentrations of iron in both soils were found to be 0.065% and 

0.027% of the dry soil by mass for soils #13 and #15, respectively. Pseudo-total concentrations 

of the metals can only be reported instead of total concentrations as pseudo-total refers to the 

amount of metals that can be extracted under strong acid solution. Shoot and root tissue were 

analyzed in the same way to determine how much of the metals accumulated in the plant tissue. 

For this assay, 0.5 g of oven-dried soil or plant tissue was digested in a Teflon vessel with 3 mL 

HCl and 9 mL HNO3 (reagent grade, obtained from Sigma Aldrich Canada Co., Oakville, ON). 

The vessels were placed in a 110°C oven overnight before the samples were filtered using 

Whatman 42 filter papers. The sample volume was brought up to 25 mL with 18 MOhm water 

and then analyzed using ICP-OES (Varian Vista Pro ICP-OES, LOD = 0.1 ppm). Each treatment 
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was replicated five times along with a blank and the standard reference materials NIST SRM 

1573 (Tomato Leaves, National Institute of Standards & Technology) and NIST SRM 1575 

(Pine Needles, National Institute of Standards & Technology). In the treatments where less shoot 

and root material were available, the amounts of acid were adjusted to keep the ratio consistent 

in all samples.  

Calcium chloride (0.01M) extraction was used to determine the concentrations of 

bioaccessible metals in the soils after each plant test (Houba et al., 2000). This method measures 

what is extractable at the soil’s natural pH and uses calcium which is a primary cation for 

adsorption from soils. The extraction reagent was made by adding 1.47 g of CaCl2 to 1 L of 18 

MOhm water. Approximately 2.5 g of soil was added to a 50 mL tube with 25 mL CaCl2 solution 

and placed on a shaker for two hours. The solution was filtered through a Whatman 42 filter 

paper and analyzed by ICP-MS (University of Guelph Laboratory Services, Bruker 820-MS with 

CETAC ASX-520 autosampler, LOD = 1 ppb).  

The chlorophyll extraction method was adapted from Ronen & Galun’s dimethyl 

sulfoxide (DMSO) extraction (1984). 100 mg of shoot tissue was weighed into a 15 mL Falcon 

tube with a spatula tip of calcium carbonate and 6 mL DMSO. The tubes were set in a 65°C 

water bath for 90 minutes. The supernatant was poured off into new tubes where another 6 mL 

DMSO was added and then incubated again in the water bath for 90 more minutes. The tubes 

were then centrifuged for ten minutes at 3000 g. The supernatants were transferred into cuvettes 

for analysis on the spectrophotometer (Cary 100 Bio UV-Visible Spectrophotometer, 200-900 

nm range) at the wavelengths of 648, 665, and 700 nm. The following equation was used to 

calculate the total amount of chlorophyll a and b in the samples: 

[(A665 − A700) × 8.02 + (A648 − A700) × 20.2] × DF × S = chlorophyll a & b in µg       (4) 
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where the variable A represents the absorbance measured at the respective wavelength, DF is the 

dilution factor, and S is the total volume (mL) of solvent used to extract the sample. If the 

absorbance at 665 nm was greater than 0.8, the sample was diluted 1:1 with DMSO and the 

dilution factor and volume of solvent were adjusted in the equation accordingly.  

4.4 Quantifying nZVI 

To generate a standard curve in simple solution for the reaction of this nZVI slurry with 

the redox probe indigo disulfonate (I2S; 95%, Fisher Scientific, Mississauga, Canada), the 

methods by Fan et al. (2015) were followed. As I2S is also a pH indicator, the nZVI is diluted to 

different concentrations with 10 mM HEPES buffer at 7.2. This buffer is deoxygenated with 

argon before moving inside the glovebox. This pH is used as I2S is blue at neutral pH, and any 

colour change from blue to yellow could then be attributed to its reaction with nZVI. The stock 

solution of I2S was made to be 3.5 mM and deoxygenated with argon before moving inside the 

glovebox. Nine nominal concentrations of nZVI in buffer were prepared in 10 mL glass tubes 

with airtight lids. Nominal concentrations are based on the mass of nZVI added to the stock 

solution where the nZVI particles have a specific surface area of 19.4 m2/g which determines 

reactivity of the particles (NANOIRON s.r.o., Rajhrad, Czechia). 175 µL of I2S stock was added 

to each tube and shaken end over end to allow for the redox reaction to start. After one hour, the 

tubes were shaken again to resuspend the settled nZVI particles. After two hours the tubes were 

measured using a handheld spectrophotometer (Thermo Scientific Orion AQUAfast IV AQ4000 

Portable Field Colorimeter) within the glovebox. At no point was oxygen present to prevent it 

from re-oxidizing the reaction back to the blue colour.  
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Figure 1: Concentration gradient of nZVI in water from 0 mg/L to 1000 mg/L when reacted with 

125 µL of 3.5 mM indigo disulfonate. The colour changed from blue to yellow as the 

concentration of nZVI increases.  

The protocol from Fan et al. (2015) uses 610 nm to measure the absorbance of the nZVI 

solutions after reacting with I2S. A buffer blank was used to calibrate the spectrophotometer and 

a blank of buffer with I2S and no nZVI was included to measure absorption with no reduction of 

the I2S. Measured absorptions at each nominal concentration of nZVI slurry were averaged 

together and plotted on a graph to form the standard curve where the equation of the line can be 

used to interpolate concentration from a measured absorption. This method was then applied to 

pore water extracted by vacuum filtration from nZVI-amended sand as a step in the progression 

towards use in soil pore water. The filter used was Whatman No. 4 paper with particle retention 

of 25 µm to allow for water and nanoscale particles to pass through. The water was then 

deoxygenated and reacted with I2S using the same method as the simple solution tests. Finally, 

the quantification method was applied to soil pore water extracted by either mechanical pressure 

or centrifugation from nZVI amended OECD artificial soil. The nZVI slurry was prepared in the 

same way as for preparing the standard curve and left to activate in the glovebox for 48 hours 

before amending the soil. nZVI slurry was added to the water required to moisten the soil and 

everything was mixed on the benchtop and left to incubate for two hours before pore water was 
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extracted. After extraction, the water was collected and filtered through disposable syringes with 

Whatman No. 5 syringe filter papers with a pore size of 2.5 µm. This pore water was also then 

deoxygenated with argon and reacted with I2S for quantification of nZVI. In total, there were 

three replicates each of four concentrations of nZVI ranging from 62.5 to 250 mg/kg. These 

concentrations were chosen as they fall within the range of environmental relevance and within 

the range of the standard curve. Each replicate was 300 g dry weight of artificial soil to allow for 

extraction of enough pore water.  

4.5 Artificial soil  

For experimentation with quantifying nZVI and for the invertebrate toxicity tests, OECD 

artificial soil was prepared according to OECD guideline 207 (1984) and consisted of: 

- 10% Sphagnum peat, finely ground and oven dried to a consistent weight 

- 20% Kaolin clay  

- 70% Industrial sand, with more than 50% of the particles between 50 and 200 µm. 

OECD artificial soil was used in this study as a way of controlling for varied field soil 

chemistries such as texture, organic matter content, and pH. Artificial soil also solves the issues 

of availability of field soils due to time of year or quantity required and it is a substrate free from 

any pre-existing organisms and pollutants (OECD, 1984).  

Soil pH was determined using the H2O slurry method (Carter, 1993), where 2 g of soil 

was mixed with 20 mL of water, stirred for 30 minutes, left to sit for 1 hour and measured by a 

pH meter (Fisher Scientific Accumet Excel Dual Channel pH/Ion/DO/Conductivity Meter). The 

pH of the artificial soil was adjusted to 6.0-6.5 with calcium carbonate (Fisher Scientific, 

Mississauga, Canada). This pH is the lower end of the acceptable range of 6.0-7.5 for the test 
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invertebrate species; however, pH was expected to increase during tests as it has been shown that 

nZVI increases pH over time as it corrodes (Zhang, 2003). Water holding capacity (WHC) of the 

soil was determined using the sand bath method (Brischke & Wegener, 2019). Soil was added to 

a plastic cylinder that has one end covered in filter paper. The weight of the cylinder was taken 

before and after adding soil. The cylinder was placed in a water bath deep enough for the water 

level to be 1 cm higher than the level of soil in the cylinder. After three hours, the cylinder was 

placed on a water saturated sand bath for an additional two hours. The cylinder was then 

weighed again to get the saturated soil mass, and the water holding capacity calculated using the 

following equation: 

WHC =  
ms−md

md
× 100 [%]                                                             (3) 

where ms is the mass of saturated soil and md is the mass of dry soil. This was repeated five 

times and the average was taken to be the WHC.  

The dry components of the soil were mixed first before adding water and amending with 

nZVI slurry. The amount of deionised water added was equal to 70% of the water holding 

capacity of the soil. If the soil was to be amended with nZVI, the amount of water added was 

adjusted downward to account for the water in the nZVI slurry being added. Tests were started 

immediately after soil amendment with nZVI to better mimic field exposures.  

4.6 Invertebrate origins and lab cultures 

Laboratory cultures of both E. andrei and F. candida were obtained from the 

Environment and Climate Change Canada (ECCC) Soil Toxicology Lab in Ottawa, Canada. 

These species were chosen as they are highly studied and are included in standard test 

procedures from ECCC.  
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E. andrei was cultured in 20 L plastic bins with a substrate of clean black garden soil. 

The culture boxes were fed biweekly with a mixture of quick oats and Magic® Worm Food 

(Magic Products, Inc., Amherst Jct., Wisconsin). As the population in each bin increased, 

cultures were split and spread into more bins to prevent overcrowding. Individuals chosen for 

use in toxicity testing were either sexually mature adults with a developed clitellum or sub-adults 

weighing more than 250 mg (ECCC, 2004).  

F. candida was cultured on a substrate of an 8:1 mixture of Plaster of Paris and activated 

charcoal. The plaster was kept wet with test water to the point of a moist surface, but without 

leaving standing water. F. candida cultures were fed biweekly with baker’s yeast. Every two to 

three weeks new plasters were made and the population was transferred to the new substrate to 

prevent accumulation of waste and mold. Individuals used in toxicity testing were age 

synchronized first by removing eggs from culture boxes with a paintbrush and transferring to 

new plasters. The eggs hatch and were left to grow until they were 10 to 12 days old for use in 

the toxicity test.  

4.7 Invertebrate toxicity testing 

Survival and reproduction testing followed methods published by ECCC for both species 

(ECCC, 2004; ECCC, 2014). F. candida tests were done in 125 mL glass jars with 

approximately 30 g of artificial soil (dry weight). For the range finding test, four concentrations 

of nZVI slurry and a negative control were the treatment groups with three replicates per 

treatment. For the definitive test, nine concentrations of nZVI slurry and a negative control were 

the treatment groups with five replicates per treatment. The treatments were all brought up to 

70% of the water holding capacity with deionized water and the appropriate amount of nZVI 

slurry depending on treatment concentration. Approximately 15 mg of dry yeast was provided at 
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the beginning of the test and at the two-week halfway point. Jars were opened at least twice per 

week to allow for gas exchange. F. candida used in the tests were first age synchronized by 

transferring eggs to new substrate and using the adults once they were 10-12 days old. Ten age 

synchronized individuals were added to each replicate. The test was run in an environmental 

chamber with a constant temperature of 20 ± 2°C, 16h:8h light:dark cycle, and 400-800 lux. 

After 28 days, the jars were flooded with water and the adults and juveniles on the surface 

counted.  

The E. andrei survival test is like that of F. candida and other springtails, but due to the 

longer lifespan of earthworms, the survival test goes for 56 days. The test vessels used were one-

liter plastic containers with 300 g of artificial soil (dry weight) amended and watered in the same 

way as for F. candida. Nine concentrations and a negative control were included as treatment 

groups, but with ten replicates per treatment. Only two adults were added to each rep where adult 

is defined by a worm with a fully developed clitellum. Replicates were fed with about 5 mL of 

cooked quick oats on days 0, 14, 28, and 42. The test was run in an environmental chamber with 

the same temperature and light conditions as with F. candida. At 28 days, the contents of each 

replicate were sorted through to count the number of cocoons and assess the survival of the 

adults. Everything was then returned to the pot to continue for four more weeks. At 56 days, the 

replicates were again sorted to assess survival of adults and hatching success of cocoons as 

indicated by the number of juveniles present. These data were used to create dose response 

curves to determine the toxicity of nZVI.  

Avoidance testing followed protocols established by the OECD (2011) for F. candida 

and by ECCC (2004) for E. andrei. F. candida avoidance tests were run in 125 mL glass jars 

with approximately 30 g total of soil (dry weight). Each jar was divided in half vertically by a 
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line drawn on the outside of the jar as well as with a plastic divider inserted down the middle. 

One side was labelled on the outside of the jar as control and the other as contaminated. Clean 

artificial soil was used on the control side and artificial soil amended with nZVI slurry was used 

on the contaminated side. The equivalent of 15 g dry weight was added of the control and 

contaminated soils to each side of the jar. The control replicates had clean artificial soil on both 

sides. After the soil was added, the plastic divider was removed. For the range finding test, four 

concentrations of nZVI and the negative control were the treatments used with three replicates 

per treatment. For the definitive test, nine concentrations of nZVI and the control were used with 

five replicates for each treatment. The test was run for 48 hours in an environmental chamber 

under the guideline conditions of 20 ± 2°C, 16h:8h light:dark cycle, and 400-800 lux at the 

surface of the test vessels. Avoidance testing for E. andrei followed a similar protocol, but with 

300 g dry weight of soil total for each test vessel. The tests were also carried out in one-liter 

plastic containers. Neither test was provided with any food to avoid the potential influence of 

food on the behaviour the organisms. As well, at the beginning of the test, individual organisms 

were added to the test vessels right on the dividing line between control and contaminated soils.  

The endpoint for the avoidance test is the net response (NR) which was calculated from 

the following equation (Owojori et al., 2013): 

NR =  
C−T

N
× 100 [%]                                                              (5) 

where C is the number of individuals found on the control side of the test vessel, T is the number 

of individuals found on the nZVI amended side of the test vessel, and N is the total number of 

individuals in each test vessel. This percent net response was then used to graph the dose 

response curve for the avoidance of nZVI.  
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4.8 Statistics 

Statistical analysis and graphing were completed using SigmaPlot Version 13.0 (Systat 

Software, San Jose, Ca). The standard curve was made by log transforming both absorbance and 

concentration of nZVI to achieve linearity and graphing as a scatterplot. A linear curve was fit 

and the equation of the line was used to calculate concentrations of nZVI from measured 

absorbances.  

Toxicity results were all graphed as scatterplots of concentration of nZVI on the x-axis 

and the response variable on the y-axis and with standard deviation represented by error bars. To 

determine if there was a difference between treatments, one-way ANOVAs were conducted with 

treatment as the independent variable. The assumptions for the ANOVA were checked using the 

Shapiro-Wilk test for normality and the Brown-Forsythe test for equal variance. Where the 

normality assumption was not able to be met, the non-parametric Friedman test was completed 

instead. The Holm-Sidak post-hoc test was used for pairwise comparisons when differences 

between groups were found. An alpha level of 0.05 was used for all statistical tests. Where a 

dose response relationship seemed to be present, curve fitting was completed in SigmaPlot. R 

was used to derive EC values from the equations of the lines for toxicity thresholds through the 

drc package (R Core Team, 2019; Ritz et al., 2015).  

 

5.0 Results & Discussion 

5.1 Plant preliminary toxicity testing 

The soils used in the barley plant study were already fully characterized before use in this 

project. Metals analysis was done using the same ICP-OES acid digestion method as described 
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previously and carbon content was determined by University of Guelph Laboratory Services. 

Both soils were low in total carbon content with soil #13 having much higher concentrations of 

metal(loid)s than soil #15 (Table 1). Soil #13 had concentrations of arsenic and copper well 

above the Canadian Soil Quality Guidelines (CCME, 1997; 1999). Soil fertility parameters 

including nitrogen, phosphorus, iron, sulfur, potassium, calcium, and magnesium were measured 

in both soils by ICP-OES with the results shown in Table 2.  

Table 1: Physicochemical properties of the field soils used in the preliminary barley toxicity 

tests.  

Soil 

ID# 

pH WHC 

(%) 

Texture Inorganic 

Carbon (% 

dry) 

Organic 

Carbon 

(% dry) 

Element Pseudo-

Total 

(mg/kg) 

13 5.29 49.21 Loam 0.154 1.91 As 132 

Cu 371 

Zn 105 

Co 55 

Ni 43 

15 6.29 48.65 Silt Loam 0 1.87 As 3 

Cu 30 

Zn 53 

Co 9 

Ni 12 

 

Table 2: Soil fertility parameters of the field soils used in the barley test. Elements are shown as 

pseudo-totals as calculated by ICP-OES analysis and presented as percentages of the dry weight.   

Soil 

ID# 

N  

(% dry) 

P 

(% dry) 

Fe 

(% dry) 

S 

(% dry) 

K 

(% dry) 

Ca 

(% dry) 

Mg 

(% dry) 

13 0.170 0.000 0.065 0.000 0.001 0.000 0.020 

15 0.170 0.000 0.027 0.000 0.001 0.010 0.000 
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Five criteria for the negative controls are given in the ECCC protocol (2005) to determine 

if the test is valid. Negative controls for both soil types met the criteria for mean percent 

emergence (>70%), mean percent survival of the emerged seedlings (>90%), and mean 

percentage of seedlings exhibiting phytotoxicity or development anomalies such as chlorosis, 

necrosis, desiccation, malformation, and wilting (<10%). The other two validity criteria were 

different between the soil types used. For soil #13, with high metal concentrations, the negative 

controls had no nZVI added which potentially could have reduced the toxicity of those metals. 

As such, the mean root length of 90 mm did not meet the criterion of at least 170 mm. Similarly, 

the mean shoot length of 148 mm did not meet the criterion of at least 150 mm. For soil #15, the 

shoot length criterion was met, but the mean root length was only 136 mm. The test was still 

counted as valid because one replicate in the negative control for soil #15 was an outlier. When 

that replicate was removed, the average root length met the criterion for validity. 

For the endpoint of shoot length, shown in Figure 2, plants in the reference soil had 

decreased shoot length in every concentration of nZVI compared to the negative control. This 

decrease was statistically different between the highest concentration of 1000 mg/kg nZVI and 

the negative control (ANOVA, p < 0.05). In the metal contaminated soil, there was a statistically 

significant difference between the negative control and the lowest concentration of 50 mg/kg 

nZVI (ANOVA, p < 0.05). For every tested concentration in this soil the relationship was 

positive where the addition of nZVI appeared to increase the growth of the shoots relative to the 

negative control. Growth increased with the addition of nZVI, potentially due to the ability of the 

nZVI to reduce the toxicity of the pre-existing metal contamination via adsorption. The 

adsorption of the metal to the nZVI particle also may reduce the bioaccessibility of the nZVI 

particle itself. Plants grown in the reference soil had reduced growth when amended with nZVI 
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likely due to less metals being present to bind nZVI meaning the nanoparticles were available for 

direct interaction with the plant roots. When cattail and poplar was grown in hydroponic solution 

containing nZVI, microscopic imaging revealed nZVI coatings on the root surfaces and some 

instances of nZVI penetrating multiple layers of epidermal cells, which could be what is 

happening to barley roots in the reference soil (Ma et al., 2012). 

The relationships were fit with four-parameter sigmoidal dose response curves. An 

approximate EC10 of 8.7 mg/kg was calculated from the dose response curve for the reduction of 

shoot length in the reference soil. This indicates a slight toxicity of nZVI to barley, with a 

potential increased toxicity at higher concentrations of nZVI, outside of the tested concentration 

range. 

 

 

Figure 2: Mean shoot length (± SD) of barley plants grown in metal contaminated soil (#13) and 

a reference soil (#15) at different nominal concentrations of nZVI. As the concentration of nZVI 

increased, average shoot length decreased in the reference soil and increased in the metal 

contaminated soil. The arrow indicates the approximate EC10 of 8.7 mg/kg for shoot length in the 

reference soil.  
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The endpoint of root length for both soils is shown in Figure 3. Root length decreased 

with increased concentration of nZVI in the reference soil, like the trend in shoot length. The 

highest concentration of 1,000 mg/kg nZVI caused reduced root length relative to the negative 

control for the reference soil (ANOVA, p < 0.05). Root length in the metal contaminated soil had 

minimal change as nZVI increased. No statistical difference was found in the root length 

between treatments. When roots are removed from the soil for measurement, some breakage can 

occur leading to underestimation of actual root length. However, the variability among replicates 

is low. Breakage during the harvesting process occurs inconsistently across replicates and would 

increase variability if it was a major source of error.  

  

Figure 3: Mean root length (± SD) of barley plants grown in metal contaminated soil (#13) and 

reference soil (#15) at different nominal concentrations of nZVI. The arrow represents the 

approximate EC10 of 5.9 mg/kg for root length in the reference soil.  

The data points for the reference soil at the highest nZVI concentration (1,000 mg/kg) do 

not have error bars as only one replicate had surviving plants. An approximate EC10 of 5.9 mg/kg 

and an approximate EC25 of 31.4 mg/kg were derived from the dose response curve for the 
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reduction of root length in the reference soil. This further suggests that nZVI can be toxic to 

barley in field soils when no other contaminants are present. 

 This preliminary experiment served as a starting point for the rest of the experiments as 

it indicated potential toxicity of this form of nZVI, as well as that this form of nZVI can reduce 

the toxicity of pre-existing metal contamination in field soils to barley.  

5.2 Bioaccessibility of metals in nZVI amended soils 

The bioaccessibility of cobalt, copper, nickel, zinc, and arsenic was determined by 

calcium chloride extraction in both field soils before and after the plant test to assess any changes 

from the addition of nZVI. Only the metal contaminated soil had bioaccessible concentrations 

over the method’s limit of detection (1 ppb) and only for cobalt and nickel.  

These metal bioaccessibility data were analyzed separately for cobalt and nickel, 

attributing variation to the nZVI treatment and comparing before and after the plant test. The 

cobalt and nickel data were all normal (Shapiro-Wilk test) and had equal variance (Browne-

Forsythe test). Through one-way ANOVA, it was found that the bioaccessibility of both cobalt 

and nickel in all nZVI treatments, before and after the plant test, were statistically different (p < 

0.05) from the corresponding negative controls, except for nickel in the highest nZVI treatment 

before the plant test (Figures 4-5).  

Bioaccessibility of cobalt was found to increase after the barley test at every 

concentration of nZVI and the negative control (Figure 4). Alternatively, the bioaccessibility of 

nickel after the barley test was reduced in the negative control and all nZVI concentrations 

(Figure 5). This reduction is the predicted result as the nZVI is theorized to be able to adsorb free 

metal ions to its surface making the metal less bioaccessible. The extractions of the soil before 
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the test were completed immediately after amending the soil with nZVI. The extraction after the 

test happened after the full 14 days when nZVI had had time to react fully with the soil metals. 

The differences in bioaccessibility after the test are likely due to the speciation of nickel and 

cobalt under those specific soil conditions as well as how strongly each metal was bound to the 

soil. nZVI has high reactivity and can displace some metals bound to organic matter and clay 

particles within the soil (Gueye et al., 2016). As well, slight pH changes in the soil can be 

brought about by the plants and can affect the speciation of metals. Generally, the pH of the soil 

is lower in the rhizosphere which increases the concentration of free metal ions, especially 

divalent cations, that are available for root uptake (Nye, 1981). However, this can be countered 

by the presence of nZVI as in the bulk soil, pH typically increases as nZVI reacts with water due 

to the release of hydroxide and potential consumption of existing hydrogen ions (Shi et al., 

2015).  

 

Figure 4: Mean bioaccessible cobalt concentration (± SD) in soil #13 over a range of nZVI 

concentrations before and after use in the 14-day barley toxicity test. Asterisks indicate statistical 

difference from the respective negative control (p < 0.05). 
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Figure 5: Mean bioaccessible nickel concentration (± SD) in soil #13 over a range of nZVI 

concentrations before and after use in the 14-day barley toxicity test. Asterisks indicate statistical 

difference from the negative control (p < 0.05). 

For the metal contaminated soil, copper and zinc showed the same trend in both the 

shoots (Figures 6-7) and the roots (data not shown). Nickel, cobalt, and arsenic were not found 

above the level of detection in the tissue. The concentrations in the shoots were 5-30x lower than 

the background soil concentration measured by acid digestion before the test. However, the 

concentrations of copper and zinc in the roots were approximately 0.5x lower than the 

background. This indicates a greater accumulation in the roots with less translocation into the 

shoots. One-way ANOVAs were completed to determine if there was a statistical difference 

between treatments for each metal in each tissue. The concentration of nZVI was log 

transformed for these analyses to attain equal variance through the Brown-Forsythe test. All data 

sets met the assumption of normality through the Shapiro-Wilk test except for the concentration 

of zinc in the shoots for soil #13. The non-parametric Friedman test was used for these data 

instead. No statistical difference was found among treatments for any of the metal concentrations 

in roots and shoots grown in both soil types (Figure 6-10). Despite the lack of statistical 
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significance, a clear visual trend exists where the highest tissue concentration is in the lowest 

concentration of 50 mg/kg nZVI with a decrease in metal concentration at higher concentrations 

of nZVI.  This increase in metal availability at lower concentrations could be due to the high 

reactivity of nZVI. When nZVI is added, it can potentially be reactive enough to displace metals 

that were previously bound to organic matter and clay particles. At higher concentrations of 

nZVI, more nZVI would then be available to reduce the displaced metals.  

  

Figure 6: Mean concentration of copper (± SD) in barley shoots grown in soil #13 at different 

soil concentrations of nZVI after a 14-day toxicity test. Background concentration is the pseudo-

total concentration of copper measured in the soil before the test.  
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Figure 7: Mean concentration of zinc (± SD) in barley shoots grown in soil #13 at different soil 

concentrations of nZVI after a 14-day toxicity test. Background concentration is the pseudo-total 

concentration of zinc measured in the soil before the test. 

Arsenic, nickel, and cobalt were measured in root tissue for soil #13 (Figure 8-10); none 

of these elements were detectable in the shoot tissue. The arsenic concentration was consistently 

well below the pseudo-total concentration of arsenic in the background soil at the beginning of 

the test (Figure 8). This is either a result of the amount of arsenic that was bioaccessible for 

uptake by the barley roots being much lower than the pseudo-total of all species of arsenic in the 

soil or the plant simply did not take it up despite an increased bioaccessibility. The species of 

arsenic present as well as soil physicochemical properties can influence this bioaccessibility and 

resultant bioavailability within the plant. The arsenic species most available for uptake are the 

anions As(III) and As(V). Due to their negative charge, they are less likely to adsorb to the 

surface of plants roots as roots are also negatively charged (Mouat, 1983). Arsenic anions can 

only pass through specialized anion transporters on the roots that are normally meant for 

phosphate uptake (Li et al., 2015). Other major modifying properties of arsenic in soil include 

content of aluminum and iron in the soil as well as soil pH (Juhasz et al., 2007; Misenheimer et 

al., 2018). Iron oxides and oxyhydroxides, such as those resulting from the oxidation of nZVI, 
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can modify bioaccessibility by adsorbing both As(III) and As(V) within a pH range of 4-8, a 

range which includes these two soils (Bowell, 1994). Figure 8 does suggest a trend of increased 

bioavailability of arsenic when nZVI is added to the soil, but there was no statistical difference 

among treatments.  

 

Figure 8: Mean concentration of arsenic (± SD) in barley roots grown in soil #13 at different soil 

concentrations of nZVI after a 14-day toxicity test. Dashed line represents the background 

pseudo-total concentration of arsenic in the soil before the test. 

Nickel concentration in the root tissue from the plants grown in the metal contaminated 

soil stayed close to the soil background concentration for all treatments (Figure 9). The negative 

control accumulated the least nickel in the roots and the lowest treatment of 50 mg/kg nZVI 

accumulated the most with decreasing accumulation at higher treatment levels. This was the 

same trend observed in copper and zinc in the shoot tissue. Nickel is an essential micronutrient 

for the breakdown of urea in plants at concentrations around 1-10 mg/kg of plant tissue (Brown 

et al., 1987). However, the measured root nickel concentrations in this test were in the range of 

30-60 mg/kg, which is above the essential concentration range indicating that toxicity from 

nickel is possible. A potential source of error when digesting root tissue is that if roots are not 
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adequately washed before digestion, soil particles remaining on the roots can artificially inflate 

the measured concentration of metals in the roots. However, the amount of soil remaining on the 

roots is likely not enough to change the results significantly as the background nickel 

concentration in the soil was only 43 mg/kg.  

Nickel, along with other metals, is free in soil solution as a cation and may adsorb onto 

the negatively charged root surface without translocating into the root. As with many metals, 

nickel bioaccessibility in soil is heavily influenced by its speciation and pH of the soil. At lower 

pH, nickel is less likely to be bound in insoluble carbonates and phosphates and is more likely to 

be a free ionic species, increasing its bioaccessibility to plant roots (Olaniran et al., 2013). The 

pH of soil #13 stayed in a pH range of 6.0-6.5 throughout the experiment, despite buffering the 

nZVI solution to 7 before amending the soil. Therefore, the lower pH may have contributed to 

the root bioavailability measuring at and above the background pseudo-total concentration of 

nickel. This increase in bioavailability is contrary to the hypothesis of nZVI reducing the 

mobility of metals in these soils. The organic matter content of this soil was also low which is 

important as nickel binds very strongly to organic matter compared to clay minerals at pH below 

7 (Weng et al., 2004). Less organic matter means less binding and more of the total nickel 

present as a free ion in the pore water available for uptake. The pattern of uptake, namely where 

the greatest metal concentration is in the lowest concentration of nZVI, reflects the trend in 

nickel bioaccessibility data as shown in Figure 5.  
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Figure 9: Mean concentration of nickel (± SD) in barley roots grown in soil #13 at different soil 

concentrations of nZVI after a 14-day toxicity test. Dashed line represents the background 

pseudo-total concentration of nickel in the soil before the test. 

As for arsenic, cobalt had a trend of increased uptake in the roots when nZVI was added, 

with the highest root concentration being found in the middle concentration of 500 mg/kg nZVI 

as shown in Figure 10. However, the measured concentrations of cobalt in the roots in the nZVI 

amended treatments were all above the background concentration of the soil, which was not 

expected as the nZVI was hypothesized to reduce metal mobility in soil. Again, this does suggest 

that nZVI increases the bioaccessibility of metals in the soil allowing for greater uptake by the 

plant roots. The bioaccessibility and bioavailability of cobalt are modified by pH, cation 

exchange capacity, and other physicochemical properties such as other cationic metals including 

nickel. The biggest modifying variable in the uptake of cobalt by plants has been found to be the 

concentration of exchangeable calcium, as calcium competes with cobalt and ferrous iron among 

other divalent cations for uptake into the roots (Li et al., 2009). Soil calcium concentrations were 

not above the limit of detection when this soil was analyzed for fertility properties before the test 

began. As such, cobalt and nickel are less likely to have to compete with it for uptake into the 

plants, but due to different binding affinities of the metals for the roots, calcium cannot be 
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completely disregarded. Cobalt is bioaccessible to plants as the free ion Co2+, but low mobility of 

Co2+ within plants restricts the translocation of cobalt from roots to shoots (Li et al., 2009). This 

could also be a factor in why cobalt was found in the roots in concentrations exceeding the 

background soil concentration of cobalt. The accumulation of cobalt in the roots complements 

the bioaccessibility data where it was found that cobalt became more bioaccessible after the 14-

day test. This increase in bioaccessibility is reflected by the increased uptake into the plant to 

concentrations well above the background soil concentration.  

  

Figure 10: Mean concentration of cobalt (± SD) in barley roots grown in soil #13 at different 

soil concentrations of nZVI after a 14-day toxicity test. Dashed line represents the background 

pseudo-total concentration of cobalt in the soil before the test. 

The main conclusion from the acid digestions of the roots and shoots is that different 

metals behave in varied ways in the presence of nZVI. The increase in bioavailability is unlikely 

to be from a sublethal physiological effect on the plants such as increasing transpiration rate. 

This is because some metals had different trends of bioaccessibility and different levels of 

accumulation within the tissue, which could relate to metal-specific biogeochemical behaviour. 

Plant roots are known to change the pH of the soil within the rhizosphere (as a result of N 
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uptake, and exudation of low molecular weight organic acids which aids in the availability of 

required nutrients) (Youssef & Chino, 1989) and as a result, increase the bioaccessibility of some 

metals more than others. Additionally, lower concentrations of nZVI tended to result in greater 

accessibility and uptake of metals into the plants. This could be from nZVI displacing metals 

from organic matter and clay particles while also not having a high enough concentration of 

remaining available nZVI to then reduce those free metal species which overall reduces 

bioaccessibility. Previous literature on nZVI remediation of soil does not generally use doses as 

low the lowest treatment group of 50 mg/kg. As such these data provide an interesting look at 

how nZVI may help or hinder plants at these concentrations. 

Despite the increases in bioaccessibility and uptake, no major negative toxic effects were 

observed to the barley within this concentration range. The only toxicity was observed in the 

reference soil where the plants were just exposed to nZVI and not elevated metals. Therefore, the 

direct toxicity of nZVI alone needs to be assessed further.  

5.3 Sand toxicity testing 

 The emergence, survival, and phytotoxicity criteria were all met for both tomato and 

barley negative controls. Mean shoot length exceeded 150 mm in barley and was within one 

standard deviation from 50 mm for tomato. Mean root length exceeded 40 mm for tomato but did 

not exceed 170 mm for barley. As this is the only criterion that was not met the test was not 

deemed invalid due to the ECCC protocol allowing for tests to be extended to 21 days in length 

if plant growth is slow. This test was not repeated and extended to 21 days due to time 

constraints and because it was intended to be a preliminary test to see if nZVI toxicity exists.  

Results for the length of barley roots and shoots are shown in Figure 11. The trends in 

responses of roots and shoots to nZVI was similar, where the lowest concentration caused a 
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slight decrease in length for both tissue types. Using the Friedman test, no statistical significance 

was found among the treatments in shoot length (p < 0.05). For root length, one-way ANOVA 

was used and root length for the lowest nZVI treatment of 50 mg/kg was found to be less than 

the negative control (p < 0.05). This reflects the bioavailability data from the root and shoot acid 

digestions where the lowest concentration of nZVI (50 mg/kg) resulted in the greatest 

bioaccumulation for several metal types. With this test being done in sand, no nZVI was lost to 

binding with organic matter or other contaminants. Even with most of the nZVI being available 

to the plant, barley did not exhibit any toxic effects. Therefore, this type of nZVI on its own does 

not pose any measurable risk to barley plant growth; no reproductive endpoints were measured 

as the test was not run for long enough to assess this.  

  

Figure 11: Mean length of barley roots and shoots (± SD) after 14 days growing in sand 

amended with different concentrations of nZVI. Asterisks indicate statistically significant 

difference from the negative control (p < 0.05).  

The average length of the tomato roots and shoots are shown in Figure 12. Unlike the 

toxicity data from barley, tomato did exhibit a reduction in root growth with increased nZVI 

concentration. This reduction was fit with a four-parameter logistic curve where an EC50 of 136 
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mg/kg was estimated. Shoot length was not reduced over the concentration range. Over extended 

periods of growth, monocots tend to form larger and more fibrous networks of roots which can 

result in roots being a more sensitive endpoint for toxicity. However, this test was only run for 

two weeks which did not allow the tomato plants to form a central tap root. As such, the tomato 

roots were quite fibrous and short compared to barley which grew much more quickly. 

Generally, dicots like tomato also tend to accumulate more metals in their roots compared to 

monocots because the CEC of dicot roots is higher than of monocots (Huang & Cunningham, 

1996). A digestion of the tomato root and shoot tissue from this experiment would be useful, but 

there was not enough biomass produced from the two weeks of growth to allow for digestion.  

  

Figure 12: Mean length of tomato roots and shoots (± SD) after 14 days growing in sand 

amended with different concentrations of nZVI. Asterisks indicate statistical difference from the 

negative control (p < 0.05). Root length was fit with a four-parameter logistic curve and the 

approximate EC50 is shown by the arrow. The R2 value is for the curve through the means of the 

data.  

The data from the chlorophyll extraction of both tomato and barley shoots is shown in 

Figure 13. It was found through one-way ANOVA that there was no statistically significant 

difference between treatments for either species as well as no difference between species. This 
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aligns with the visual observation at the end of the test where no shoots appeared to have any 

discolouration or damage. Chlorosis in the shoots is generally indicative of iron deficiency, but 

can also be from other nutrient deficiencies, presence of toxicants, or plant viruses (Lucena, 

2000). As this test used Hoagland’s solution, no essential nutrient should be deficient, although 

there are examples where soil constituents (and nZVI could be an example thereof) compete with 

essential elements in the soil, inducing a deficiency where none would be expected. nZVI can 

similarly reduce nutrients into less available or more toxic forms for the plant as it does to 

contaminants. For example, nitrate in the soil can be reduced to nitrite and ammonia in high 

enough concentrations by nZVI (Ryu et al., 2011). As well, due to the absence of organic matter 

and other soil particulates, the bioaccessibility of the nutrients should be high. Adding nZVI 

reduces the chance of iron induced chlorosis as nZVI oxidizes to ferric and ferrous iron which 

are available for root uptake. The sand was also not amended with any calcium carbonate or 

buffered to raise the pH which would inhibit the uptake of iron. However, nZVI in the presence 

of oxygen and water produces hydroxide ions as it is oxidized to ferrous iron which can raise soil 

pH (Tratnyek et al., 2003). The result of no chlorosis or reduction in chlorophyll pigment in the 

presence of nZVI indicates that nZVI does not have the sublethal toxic effect of reducing 

chlorophyll nor does it inhibit the bioaccessibility of essential nutrients leading to chlorosis.  
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Figure 13: Mean concentration of chlorophyll (± SD) extracted from the shoots of barley and 

tomato plants after growing in sand amended with different concentrations of nZVI for 14 days.  

5.4 Standard curve derivation 

Initially, a kitchen blender was used to activate the nZVI by breaking the agglomerated 

particles to nanoscale. This was done in accordance with suggestions from the manufacturer as a 

kitchen blender allows for larger quantities to be prepared and it minimizes exposure to oxygen 

as it is covered while mixing. However, results from preparing nZVI in the blender and then 

reacting with I2S were inconsistent, particularly at higher concentrations of nZVI, as shown in 

Figure 14.  
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Figure 14: A scatterplot showing the variation in measurements of absorbance of nZVI prepared 

using a kitchen blender and reacted with I2S. Three experimental trials and the average of the 

trials are shown.  

A high-shear force tissue homogenizer was used instead, which reduced the variation 

among replicates (Figure 15). The Shapiro-Wilk normality test failed (P<0.05) so a Kruskal-

Wallis ANOVA was run to determine if there was a difference between the experiment 

replication trials. The difference among nZVI concentrations was found to not be statistically 

significant (p > 0.05).  
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Figure 15: A scatterplot showing the variation in measurements of absorbance of nZVI prepared 

using a tissue homogenizer and reacted with I2S. 

The wavelength of 610 nm was chosen as it is the λmax of I2S in its oxidized form and is 

the wavelength used in the groundwater nZVI quantification method (Fan et al. 2015). When this 

wavelength was used on the concentrations of nZVI slurry in buffer, the resulting curve, shown 

in Figure 16, was not usable as a standard curve due to its logarithmic nature. The I2S probe 

reached saturation at a concentration near 200 mg/kg nZVI and no further trend was found in the 

higher concentrations. 
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Figure 16: The mean log absorbance at 610 nm (± SD) of different concentrations of nZVI 

slurry reacted with I2S when prepared with a tissue homogenizer.  

Logarithmic transformations of the y-axis did not help make it into a linear and 

monotonic curve that would allow for extrapolating concentration data from a measured 

absorption input (Figure 16). Instead, absorbance was measured at 420 nm as it is the λmax of 

I2S in its reduced (yellow) form and would result in increasing absorbance measurements as the 

nominal concentration of nZVI increased. After repeated trials of measuring at this wavelength 

in simple solution, the trials were averaged and graphed (Figure 17). As this was still not a linear 

standard curve, both the concentration and the absorbance were log transformed resulting in a 

linearized standard curve, Figure 18, with a slope equation that can be used to calculate 

measured concentration of nZVI from a measured absorbance of a nZVI solution at 420 nm.  
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Figure 17: The mean absorbance at 420 nm (± SD) of a range of concentrations of nZVI slurry 

when reacted with I2S and prepared with a tissue homogenizer.  

 

Figure 18: A standard curve for the measurement of nZVI in simple solution. The mean log 

absorbance of nZVI solution reacted with I2S and measured at 420 nm (± SD) had a linear 

relationship with the log nominal concentration of the nZVI in the slurry. The equation for the 

means is displayed and has a R2 of 0.95. 95% confidence bands are shown in blue.  

5.5 Quantification of nZVI in soil pore water 

Artificial soil (OECD, 1984) was prepared and the water holding capacity determined to 

be 48.1%. The pH of the soil was adjusted to 6.0-6.5 with CaCO3 before amending with nZVI. 

pH was measured after each amendment with nZVI and was not statistically different from the 
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pH of the soil before amendment. After each toxicity test was completed, the pH in all soils were 

all still within the liveable range for the tested species.  

In order to quantify nZVI in soil, pore water was extracted from artificial soil amended 

with nZVI. Each 300 g replicate of soil produced approximately 4-5 mL of pore water by 

mechanical pressure extraction. After deoxygenation and reaction with I2S, the absorbance was 

measured and used to solve the equation from the standard curve, to determine the nZVI 

concentration. The average measured concentration is shown in Table 3 for each nominal 

concentration tested; the pore water was not filtered before spectroscopy. 

Table 3: Average measured concentration for each nominal concentration of nZVI. Measured 

concentration was calculated using the equation of the standard curve and the measured 

absorbance.  

Nominal Conc 

(mg/kg) 

Avg Absorbance 

at 420 nm 

Avg Measured 

Conc (mg/kg) 

Standard Deviation 

250 0.176 73 28.0 

188 0.342 470 224 

125 0.332 433 195 

62.5 0.191 109 88.3 

 

 At the highest nominal concentration of nZVI, the measured concentration was much 

lower than the nominal. A lower measured concentration is acceptable for quantifying if it 

consistently measures lower as an equation can still be made from that to get the actual 

concentration from the lower measurement. However, the variability among measurements and 

replicates of the same nominal concentration was high. The variability in measurements only 

increased with lower nominal concentrations (Figure 19).  
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Figure 19: Concentration of nZVI calculated using the standard curve equation for the 

absorbance of I2S (± SD) compared to the nominal concentration. The solid line is a 1:1 

reference for measured:nominal.  

Because this method was not producing consistent results, it was theorized that filtering 

the pore water samples could remove particulates in the samples that might be affecting the 

absorbance measurements. Samples were filtered through Whatman No. 4 paper syringe filters 

with particle retention of 25 µm to allow for nanoparticles and water to pass through. The results 

from the filtration trials were averaged and are shown in Table 4 below. The highest nominal 

concentration used previously was repeated here as it showed the least variability in measured 

concentration previously. Filtering did decrease variability as hypothesized, but the measured 

concentration was much lower and much further from the nominal concentration. The unfiltered 

average absorbance was not far from the previously measured average absorbance at 250 mg/kg 

nZVI, but the variability remains high and the repeatability was not seen in other nominal 

concentrations.  
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Table 4: Comparison of average measured concentrations of filtered and unfiltered soil pore 

water from the same nominal concentration of nZVI.  

Sample 
Nominal Conc 

(mg/kg) 

Avg 

Absorbance at 

420nm 

Avg Measured 

Conc (mg/kg) 

Standard 

Deviation 

Soil, filtered 250 .124 27.8 10.8 

Soil, unfiltered 250 .155 50.7 16.4 

 

 Troubleshooting for this process involved looking at an increased range of nominal 

concentrations of nZVI in the soil up to 1,000 mg/kg, but the variability did not improve 

statistically. This filtration experiment was also run in pure sand amended with nZVI to remove 

any impact the organic matter (a component of the artificial soil) might be having and the 

variability remained high. Another possibility is that the nZVI aggregated and was removed by 

the filter which is why the absorbance decreased.  

 The conclusion for this trial is that because the soil was open to the air during and after 

amending with nZVI, the nZVI begins oxidizing and binding to soil particles. The degree of 

oxidation and binding varies widely enough among replicates that extracted soil pore water does 

not have a reliably consistent concentration of nZVI for quantification. Deoxygenating the pore 

water and reacting with I2S does not reduce the nanoparticles to zero valence (Jiang et al., 2015), 

which means the nZVI is less able to reduce I2S and produce a measurable colour change in the 

pore water extracts. Because nZVI also needs to be quantified after toxicity tests and in the field 

if it is used for remediation, there is no way to remove exposure to oxygen from the method and 

a more indirect method of measuring the concentration of nZVI may be needed, such as 

measuring the decrease in oxidation-reduction potential (ORP) in the soil pore water after nZVI 

is added. However, this decrease in ORP as nZVI concentration increases is not a linear 
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relationship and is not likely to work as a standard curve due to the complex interactions in the 

pore water. Research has been done using various methods of measuring ORP and a wide range 

of concentrations of nZVI, but at concentrations of nZVI above 100 mg/L, ORP measurements 

plateaued. This is potentially due to nZVI depositing on the surface of the electrode and 

decreasing its sensitivity (Shi et al., 2011).  

5.6 Folsomia candida range finding results 

The results from the range finding test for the avoidance behaviour of F. candida are 

shown in Figure 20. A response of >70% in either direction has been proposed as a threshold for 

identifying the occurrence of avoidance or attraction (ISO, 2008). As the greatest average 

response found in this range finding test was 23.7%, it was decided that the definitive test should 

include higher concentrations of nZVI to determine if an avoidance behavioural response of 

>70% would occur, especially as the range finding response was consistently on the side of 

avoidance. As artificial soil contains 10% organic matter by weight, it may have complexed 

some of the nZVI and reduced the ionic iron present in pore water rendering it less detectable by 

F. candida. Using higher concentrations of nZVI increases the exposure of F. candida to nZVI 

and as such may induce a greater avoidance response.  
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Figure 20: Mean net response of F. candida (± SD) after a range finding 48-hour avoidance test 

when exposed to control soil and nZVI amended soil at different nominal concentrations. A 

positive net response indicates avoidance of nZVI and a negative net response indicates 

attraction to nZVI. 

The chronic survival and reproduction range finding results for F. candida are shown in 

Figures 21 and 22, respectively. For the survival test, it was decided to start with a larger range 

of concentrations and replicates than in the range finding tests for the 28-day survival and 

reproduction tests with the potential of then extending the range further if needed. This was done 

as F. candida does not require as much resources or time to prepare and run in comparison to E. 

andrei. As well, because the avoidance test is generally a more sensitive assessment of toxicity 

compared to the survival test, using the same lower concentrations as in the range finding for 

avoidance was decided to be too insensitive for a chronic exposure.  
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Figure 21: Mean number of surviving F. candida adults (± SD) after a range finding 28-day 

exposure to different concentrations of nZVI in artificial soil.  

 

Figure 22: Mean number of juvenile F. candida (± SD) produced after a range finding 28-day 

exposure to different concentrations of nZVI in artificial soil. 

5.7 Eisenia andrei range finding results 

The results for the avoidance range finding test of E. andrei are shown in Figure 23. The 

concentrations chosen for this test extended to 1,000 mg/kg compared to 500 mg/kg as the 

highest concentration in the F. candida avoidance range finding. This is due to the lack of 

avoidance response seen in F. candida. Using a wider concentration range with greater gaps 
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between the treatment concentrations in the preliminary testing helps improve the definitive 

testing process. It was also anticipated that an avoidance response for E. andrei would occur at 

lower concentrations than for F. candida, due to difference in routes of exposure. nZVI is not 

volatile, so F. candida would only be able to detect it in the pore water. E. andrei, however, 

ingests organic matter that may have nZVI bound to it, creating a different route of exposure.  

  

Figure 23: Mean net response of E. andrei (± SD) after a 48-hour avoidance test when exposed 

to control soil and nZVI amended soil at different nominal concentrations. A positive net 

response indicates avoidance of nZVI and a negative net response indicates attraction to nZVI. 

Range finding tests were not completed for E. andrei survival and reproduction as the test 

is resource and time intensive, requiring hundreds of individual worms and running for two 

months. Instead, the range of concentrations used for the definitive test were based on the 

responses seen in the E. andrei avoidance tests as well as based on the knowledge that 

earthworms are often more sensitive to contaminants in soil, due to their soft bodies and direct 

ingestion of soil compared to hard-bodied invertebrates (Alves & Cardoso, 2016).  
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5.8 Folsomia candida definitive results 

Overall, minimal response of F. candida to nZVI was observed in the definitive toxicity 

tests for avoidance, survival, or reproduction. The results from the definitive test for the 

avoidance of F. candida are shown in Figure 24. As the greatest average response found was 

only 30.56%, the cut off value of >70% in either direction suggested by the ISO was not 

achieved, and thus neither avoidance nor attraction can be identified from this test. Using a one-

way ANOVA, no statistical differences were found between treatments.   

As this was the first definitive test to be completed, going forward it was decided to 

increase the range of concentrations for all tests up to a highest concentration of 10,000 mg 

nZVI/kg soil. As nZVI is injected into the soil at contaminated sites, the only known application 

rates are the amount and concentration of slurry injected. Because the nZVI has a small capacity 

to move in the soil and groundwater depending on the characteristics of the site, it is difficult to 

estimate the exact concentrations of nZVI that would be present in the soil at these field sites.  

This higher end limit of 10,000 mg/kg was chosen as it is on the high end of the concentration 

ranges used in other studies on nZVI in soil. For example, a concentration of 1,000 mg/kg was 

found to be efficient in remediating DDT, but higher concentrations up to 10,000 mg/kg were 

needed to remediate aged contaminants (El-Temsah & Joner, 2013). Other studies have used 

concentrations below 5,000 mg/kg when assessing toxicity of nZVI to soil biota (Chen et al., 

2011; Anza et al., 2019; El-Temsah & Joner, 2012; Ma et al., 2013).   
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Figure 24: Mean net response of F. candida (± SD) to different concentrations of nZVI in the 

soil where a positive net response indicates avoidance of nZVI, and a negative net response 

indicates attraction to nZVI.  

In the F. candida 28-day test mean adult survival in negative control artificial soil met the 

criterion of >80%. Survival data from this chronic exposure test are shown in Figure 25. The 

concentration range for this test was 1,000 mg/kg to 10,000 mg/kg with a negative control. This 

extended range was combined with the lower concentration data from the range finding test. A t-

test ensured that the negative controls from the two studies were not significantly different 

(Student’s t-test, p > 0.05) which allowed for the compilation of the data, despite the tests not 

running concurrently. Despite the appearance of the data, one-way ANOVA did not indicate any 

statistical difference among treatments (p > 0.05).  
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Figure 25: Mean number of surviving F. candida adults (± SD) after a 28-day exposure to 

different concentrations of nZVI in artificial soil.  

 Figure 26 shows the data for adult survival transformed and fitted with a two-segment 

piecewise curve. An approximately 20% reduction in the number of surviving adults was found 

for F. candida as the concentration of nZVI increased. An approximate EC10 value for this 

decrease in survival was 137 mg/kg, as determined from the fitted curve. The curve and the 

confidence bands were fit to the means of the replicates for each treatment.  
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Figure 26: Mean number of surviving F. candida adults after the 28-day toxicity test expressed 

as a percentage of the average number of surviving adults in the negative controls compared to 

the log concentration of nZVI. A two-segment piecewise curve is fit to the means and the 

approximate EC10 of 137 mg/kg is shown by the arrow. Blue lines indicate the 95% confidence 

bands for the curve fit to the means.  

Using a one-way ANOVA, it was found that there was no difference in survival between 

treatments (p > 0.05). In order to gather these results, this extended range test had to be run three 

times. The first two attempts ended with 100% mortality in the negative controls. 

Troubleshooting that was done included washing the sand twice to remove potential 

contaminants, opening the lids on the jars every other day to allow for more gas exchange, and 

using a temperature logger in the environmental chamber to be sure the temperature was not 

spiking. The environmental chambers used had shut down sporadically in the past, so the logger 

was used to ensure this was not happening without being noticed. Figure 27 shows the average 

temperature for a 24-hour period in the environmental chamber. Temperature was not found to 

fluctuate beyond ±1.0°C during the third attempt at the extended range of concentrations for F. 

candida survival and reproduction, nor was it found to fluctuate in any of the subsequent E. 

andrei tests.  
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Figure 27: Air temperature and dew point in the environmental chamber over a typical 24-hour 

period. 

The reproduction criterion for the 28-day F. candida test (>100 live juveniles per 

replicate) was met and the results are shown in Figure 28. One-way ANOVA indicated that there 

were some differences between treatments (p < 0.001). The treatments of 50, 600, and 1000 

mg/kg were all significantly different from the negative control. The 600 mg/kg treatment is 

additionally significantly different from 700, 2500, 5000, and 10000 mg/kg and the treatment of 

1000 mg/kg is significantly different from 10000 mg/kg. The number of juveniles fluctuates 

widely over the full range of concentrations and there is no dose response trend. Despite the 

fluctuations, all concentrations produced in the range of 330-620 average juveniles and it can be 

concluded that nZVI did not inhibit reproduction within this nominal concentration range and 

that nZVI was not causing the statistical differences between the treatments.  
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Figure 28: Mean number of juveniles (± SD) produced by ten adult F. candida after a 28-day 

exposure to different concentrations of nZVI in artificial soil. Asterisks indicate a significant 

difference from the negative control (p < 0.05).  

A consistent finding in the F. candida survival and reproduction tests was that the 

negative controls tended to not do as well as the lower concentration treatment groups. However, 

all negative controls still met the ECCC validity criteria. As the artificial soil did not have any 

contaminants present, the nZVI did not improve survival and reproduction by protecting the 

organisms from contaminants and thus decreasing toxicity. Instead, it is theorized that low 

concentrations of nZVI may have a stimulatory or hormetic effect on F. candida. Whether this 

effect is direct on the organism through ingestion or indirect through improving the environment 

of the test vessel remains uncertain and would be an excellent path of inquiry in future research.   

5.9 Eisenia andrei definitive results 

The results for the 48-hour avoidance test for E. andrei are shown in Figure 29. There 

was no trend as 24% was the highest average net response found and the threshold of >70% was 

not reached in the direction of avoidance or attraction, and thus does not meet the ISO criteria to 
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draw a conclusion of avoidance from the test. One-way ANOVA indicated no significant 

difference between treatments (p > 0.05).  

As nZVI tends to bind to organic matter and agglomerate, it is likely not present in the 

pore water in large quantities. Because of this, nZVI is not necessarily bioavailable to diffuse 

across the outer cuticle and epidermis of the worm, meaning individuals are not exposed through 

the pore water. E. andrei detects contaminants in the environment mainly through 

chemoreceptors found on the prostomium and buccal epithelium. These chemoreceptors also 

allow for food detection and coordination of movement through olfaction of volatile compounds 

(Zirbes et al., 2011). nZVI is not a volatile compound and as such may not be detected as a 

contaminant by E. andrei. The route of exposure most relevant to epigeic earthworms like E. 

andrei is ingestion of organic matter as the nZVI can be bound to it. Due to the short-term nature 

of the avoidance test, ingestion of nZVI in the organic matter was probably not a major route of 

exposure.  

 

Figure 29: Mean net response of E. andrei (± SD) to different concentrations of nZVI in the soil 

where a positive net response indicates avoidance of nZVI, and a negative net response indicates 

attraction to nZVI. 
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Adult survival must be at least 90% for the 56-day E. andrei test in the negative controls 

when the test is complete. The survival results from this test are shown in Figure 30, where 

100% of the adults survived in every rep of every treatment, thus meeting the test validity 

criteria. As well, the adults throughout the test were active and did not display any visible 

discolouration or lesions.  

 

Figure 30: Survival of adult E. andrei when exposed to different concentrations of nZVI for 56 

days. 100% of the adults survived to test completion.  

The test requires a check-in at four weeks to ensure the adults are surviving. At this time, 

the cocoons present in each replicate were counted. The data for cocoon production after four 

weeks is shown in Figure 31. Number of cocoons is not an official endpoint within the ECCC 

protocol as it is difficult to visually determine which cocoons have hatched and which have not. 

Counting the number of hatched juveniles at the end is instead preferred. As this is not a test 

endpoint, there are no validity criteria set for numbers of cocoons found in the negative controls. 

As well, there was no statistical difference between treatments (p > 0.05) and no trend was 

apparent over the range of treatments.  
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Figure 31: Mean number of cocoons (± SD) produced by two adult E. andrei after a 28-day 

exposure to different concentrations of nZVI in artificial soil.  

At the end of the eight-week test, cocoons present in each replicate were again counted. 

This is shown in Figure 32. As it is uncertain whether the cocoons found after eight weeks still 

contain unhatched juveniles, there is no set validity criterion. Normality was not met, so the 

Friedman test was used and showed there was significance in treatments (p<0.05). Pairwise 

comparison of treatments revealed only one statistically significant difference, namely the 

number of cocoons in 100 mg/kg was greater than in 750 mg/kg (p < 0.05). Heteroscedasticity is 

likely the cause of this random detection of statistical difference as smaller variance around the 

higher concentrations would also have resulted in a significant difference from the 100 mg/kg 

nZVI treatment. When the eight-week data were fitted with a two-phase regression, an 

approximate EC10 of 193 mg/kg for the reduction in number of cocoons was derived (Figure 33). 

The curve and the confidence bands were fit to the means of the replicates for each treatment. 

This reduction suggests a possible decrease in reproduction of the adult individuals over a 

prolonged period. The adults in the lower concentrations of nZVI continued producing cocoons 

at or above the same rate as in the first four weeks of the test whereas the adults in the higher 
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concentrations of nZVI decreased cocoon production rate. Sublethal toxicity over a chronic time 

period could be an outcome of exposure through ingestion of nZVI in the soil.  

  

Figure 32: Mean number of cocoons (± SD) produced by two adult E. andrei after a 56-day 

exposure to different concentrations of nZVI in artificial soil. Asterisks indicate a significance 

difference from each other (p < 0.05).  

 

Figure 33: Mean number of E. andrei cocoons after the 28-day toxicity test expressed as a 

percentage of the average number of cocoons in the negative controls compared to the log 

concentration of nZVI. A two-segment piecewise curve was fitted to the means and the 

approximate EC10 of 193 mg/kg is shown by the arrow. Blue lines indicate the 95% confidence 

bands. 
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The validity criterion for the reproduction test is that the mean reproduction rate in the 

negative controls must be at least three live juveniles per adult. The lowest observed 

reproduction rate in this test was 2.5 juveniles per adult and it only occurred in one replicate. The 

rate in every other replicate was at least three juveniles per adult or higher (Figure 34).  

Normality was not met, so the Friedman test was used, which indicated there was no statistically 

significant difference between treatments (p > 0.05). The variability found in this test resulted 

from using the required ten replicates for each treatment group. The reduction in cocoon 

production was not reflected in the number of juveniles successfully hatched at the end of the 

eight weeks as no trend was found among these data. If the experiment was continued for longer, 

it is possible that the decrease in cocoon production at higher concentrations of nZVI could have 

resulted in a decrease in total juveniles at higher concentrations.  

 

Figure 34: Mean number of juveniles (± SD) produced by two adult E. andrei after a 56-day 

exposure to different log concentrations of nZVI in artificial soil.  
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 As toxicity to E. andrei was not found for any of the official endpoints recommended by 

ECCC, it is concluded that F. candida is more sensitive to nZVI exposure than E. andrei. This 

finding is the opposite of what was hypothesized at the beginning of the study.  

6.0 Conclusion 

The major objectives of this thesis were to evaluate the effectiveness of the nZVI 

formulation, test I2S as a method of quantifying nZVI in soil, and then incorporate that method 

into tests of the remediation and toxicity of nZVI to soil invertebrates and plants.  To complete 

these objectives, four hypotheses were tested: 

1) NANOFER STAR will be effective in reducing the toxicity of metals to plants in field 

soils, and that toxicity will vary with species; 

2) Indigo disulfonate can be used to colourimetrically quantify nZVI in soil pore water; 

3) E. andrei will be more sensitive to nZVI than F. candida as earthworms consume organic 

matter in the soil; 

4) Overall toxicity will be low at environmentally relevant concentrations due to higher 

organic matter in artificial soil.  

In the metals contaminated soil, the addition of nZVI improved the growth of barley 

compared to the control. In the reference field soil, the addition of nZVI showed a slight decrease 

in barley growth, but no thresholds could be determined within the concentration range used. 

There was a lot of variation in metal bioaccessibility and bioavailability depending on the metal 

and the type of plant tissue, but consistently, the lower concentrations of nZVI resulted in an 

increased bioaccessibility and uptake of metals. This is contrary to what is expected based on 

how nZVI theoretically functions, but it is likely related to the specific parameters of the field 
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soil and needs to be assessed across a wider range of contaminated soils. In terms of plant 

toxicity, barley had a slight reduction in shoot length when grown in nZVI amended 

contaminated field soil with an EC10 of 8.7 mg/kg and a slight reduction in root length when 

grown in nZVI amended reference soil with an EC10 of 5.9 mg/kg. Tomato had reduced root 

length when grown in nZVI amended sand and an EC50 of 136 mg/kg was found for this 

endpoint. Species differences (e.g., monocot versus dicot) can contribute to this difference in 

response, so future studies are needed to assess other species including those native to Canada. 

Using I2S to quantify nZVI in soil pore water was found to not be a reliable method of 

obtaining actual soil concentration. The method that was developed does apply to simple solution 

and groundwater, but due to the process requiring an anaerobic environment throughout, 

extracting soil pore water for measurement is not feasible. The variation in absorbances 

measured for the same nominal concentration was too large and depends on how long the nZVI 

was exposed to air and the degree of adsorption and oxidation it has gone through before 

measuring.  

The tested form of nZVI was generally found to not be toxic to two soil invertebrates at 

field relevant concentrations in artificial soil. Survival of adult F. candida was slightly reduced 

in the 28-day test with an EC10 of 137 mg/kg found through a piecewise curve of the means. 

Production of E. andrei cocoons was also inhibited after four weeks with an EC10 of 193 mg/kg 

found through a piecewise curve, but this reduction no longer was measurable at the end of the 

full eight week test. Because a large reduction in survival and reproduction and an increase in 

avoidance was not observed, it is possible that toxicity exists in a much higher concentration 

range or in different soil types. Due to the design of the experiment focusing on a standard soil 

and environmentally relevant concentrations, toxic conditions were not met.  
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 Overall, there are many questions left to be answered, such as how toxic this type of 

nZVI is in other soil types and to other species. An important future direction is to continue 

working on how to quantify nZVI in soil as all existing toxicity data still reports nominal 

concentrations. The likely next step is to develop standard curves for specific soils of interests 

based on bioaccessibility of nZVI at different nominal concentrations. Standard curves can also 

be developed for the degradation of a contaminant in different nominal concentrations of nZVI 

as a way of measuring the actual nZVI present. A potential contaminant of interest for this is 

trichloroethylene (TCE) as it has established quantification methods in soil and is not subject to 

the same variability of speciation that comes with measuring metals. Additionally, research into 

the accumulation and biological reactions of nZVI in plants and invertebrates is important to 

investigate any potential mechanisms of toxicity.  
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