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ABSTRACT 

 
 

Murata, Alison Patricia. M.Sc., The University of Manitoba, February, 2013. 
Remediation of Groundwater and Soils Contaminated with Trace Elements using Redox-
Sorption and Phytoextraction Techniques. Major Professor: Francis Zvomuya. 
 

Remediation of trace element-contaminated sites must consider both the nature of the 

contaminants and environmental surroundings.  This thesis examined treatments for two 

contamination scenarios.  The first study characterized chromium dynamics during the 

redox-sorption treatment of aqueous hexavalent chromium with the reducing agent 

sodium dithionite and two iron oxides.  Results showed that chromium was successfully 

removed from solution by precipitation and sorption.  The iron oxide derived from ferric 

chloride had a greater sorption capacity for hexavalent chromium than the oxide derived 

from ferrous chloride.  The second study examined the phytoextraction treatment of soils 

contaminated with multiple trace elements.  Deschampsia caespitosa plants had better 

early growth in the contaminated high-organic matter soil than three Brassica species.  

However, D. caespitosa plants did not take up sufficient amounts of trace elements 

during the study to be considered useful for short-term phytoextraction.  These findings 

are applicable to the development of effective trace element remediation methods.
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1. INTRODUCTION 

 
 

1.1 Contamination 

Environmental contamination is a widespread and serious problem typically associated 

with industrial activity.  Global estimates of contaminated sites are in the millions 

(Zvomuya and Murata 2012).  According to Singh et al. (2009), the international market 

value for the remediation sector is in the range of US$30-35 billion.  Remediation in the 

U.S.A. is thought to account for about 30% or US$12 billion of this total market value 

(Singh et al. 2009).  According to Canada’s Federal Contaminated Sites Inventory, there 

are over 22,000 contaminated or suspected contaminated sites in Canada that are either 

under the custodianship of federal departments, agencies, or consolidated Crown 

corporations or for which the federal government has taken at least partial financial 

responsibility (TBS 2011).  These sites have been identified according to the federal 

government’s definition of a contaminated site as one which contains substances above 

guideline levels or above normally-occurring background levels and at concentrations 

which likely pose short- or long-term danger to environmental and human health (TBS 

2011).  The number of contaminated sites under the responsibility of enterprise Crown 

corporations, private individuals, firms, and other levels of government would push 

Canada’s total inventory higher.  Singh et al. (2009) have estimated a total of 30,000 
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contaminated sites in Canada and with a soil remediation value of about $250-500 

million. 

The term “contaminant” can refer to a variety of substances, including but not limited to 

petroleum hydrocarbons, trace elements, pesticides, and radionuclides (Knox et al. 1999; 

Zvomuya and Murata 2012).  All of these contaminants have the potential to cause harm 

to environmental and human health when present in sufficiently high concentrations.  The 

focus of this thesis is trace element contamination, one of the most prevalent types of 

contamination.  Trace elements are naturally occurring components of the Earth’s crust, 

although they are usually present in very small concentrations.  The concentration-based 

definition of trace elements is somewhat arbitrary and varies among sources.  Hooda 

(2010) describes trace elements as existing at concentrations less than 100 mg kg-1 in the 

environment while Kabata-Pendias (2011) uses the threshold concentration of 1000 mg 

kg-1.  Most trace elements are metals although some belong to the metalloid, nonmetal, 

actinoid, or halogen groups (Hooda 2010).  Some trace elements have biological 

functions and are considered essential micronutrients for living organisms.  Trace 

elements required for plant growth include boron (B), cobalt (Co), copper (Cu), 

manganese (Mn), molybdenum (Mo), and Zinc (Zn) (Hooda 2010; Kabata-Pendias 2011; 

Zovko and Romic 2011).  When trace element concentrations become elevated, toxicity 

concerns arise due to the impedance or disruption of metabolic reactions (Kabata-Pendias 

2011).  Contaminant transfer pathways between abiotic and biotic components of the 

environment can be grouped into two general categories: uptake by plants from 

contaminated media and subsequent transfer through the food chain and direct ingestion 
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and inhalation of contaminated abiotic media by humans and wildlife (Iskander and 

Kirkham 2001; Zovko and Romic 2011). 

Since trace elements are naturally occurring, environmental levels may become elevated 

due to natural processes such as weathering and erosion, volcanic eruptions, and forest 

fires (Hooda 2010; Kabata-Pendias 2011).  Natural trace element loading is typically 

limited in areal extent (Zvomuya and Murata 2012).  Most trace element contamination 

problems occur as a result of mobilization or chemical alteration due to anthropogenic 

activity (Zvomuya and Murata 2012).  These activities are usually related to energy and 

mineral consumption (Kabata-Pendias 2011).  More specific anthropogenic sources of 

trace element loading in the environment include fossil fuel combustion, mining and 

smelting, manufacturing, sewage sludge application, industrial waste disposal, and 

agrochemical usage (Knox et al. 1999; Hooda 2010; Kabata-Pendias 2011).  Trace 

elements from anthropogenic sources are typically considered to be more bioavailable 

than those of pedogenic origin (Kabata-Pendias 2011).  Trace elements frequently present 

at contaminated sites and considered to be of high environmental concern include arsenic 

(As), cadmium (Cd), chromium (Cr), Cu, lead (Pb), mercury (Hg), nickel (Ni), selenium 

(Se), and Zn (Kabata-Pendias 2011; Zvomuya and Murata 2012). 

 

 
1.2 Contaminant Fate 

Once a contaminant enters a soil system, it is subject to a variety of physical, chemical, 

and biological processes.  The fate of any given soil contaminant depends heavily upon 

its properties as well as those of the soil in which it is found (Zovko and Romic 2011).  In 
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general, a contaminant will be involved in one or more of the following processes: 

sorption, leaching or runoff, plant uptake, chemical or biological reaction, and 

volatilization (Brady and Weil 2008). 

Contaminants can be transferred to and retained on solid soil surfaces through the process 

of sorption.  The term sorption refers to several retention mechanisms, namely 

adsorption, surface precipitation, and polymerization (Sparks 2003).  Soil does not sorb 

the total amount of a given contaminant present in the environment; rather, the 

contaminant will reach an equilibrium between the sorbed and dissolved states (Yong et 

al. 1992).  The amount of contaminant which can be sorbed and the strength with which it 

is held depends on the sorbent (the soil) and the sorbate (the contaminant).  Soil texture is 

an important soil property influencing sorption; fine-textured soils have a greater ability 

to sorb contaminants than do coarse-textured soils.  This sorptive ability arises from the 

high specific surface area and net negative charge inherent to small clay particles (Brady 

and Weil 2008).  The presence of colloidal organic matter, oxides, and hydroxides also 

promotes sorption by providing large surface areas (Zovko and Romic 2011).   

The main characteristics of contaminants which affect sorption are charge and functional 

groups; in general, contaminants with more charged sites and functional groups are more 

easily sorbed (Brady and Weil 2008).  Oxidation state of contaminants is also important.  

Many trace elements such as As, Cr, and Se can exist naturally in multiple oxidation 

states, depending on environmental conditions (Palmer and Fish 1991; Knox et al. 1999).  

Oxidation state may affect the form and charge of the contaminant, therefore influencing 

its tendency to be sorbed (Palmer and Fish 1991; Zovko and Romic 2011).  Because of 
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the connection between charge and sorption, soil pH is another important factor in 

contaminant sorption.  For inorganic contaminants, sorption is maximized at low pH for 

anions and at high pH for cations (Palmer and Fish 1991; Zovko and Romic 2011).  For 

organic contaminants, the abundance of H+ ions in acidic soils causes the protonation of 

functional groups which may cause a net positive charge and increase sorption on 

negatively charged clay particles (Brady and Weil 2008).  Sorption is an important 

process because it can prevent contaminants from moving within or out of a given 

volume of soil.  Therefore, contaminants which are strongly sorbed are at lower risk of 

being transported via leaching or runoff. 

When contaminants are not sorbed to the soil, they are available to be lost with water 

movement.  Leaching, the movement of water downward through the soil profile, and 

runoff, the movement over the soil surface, are potentially dangerous as they may spread 

contamination to groundwater or surface water bodies used by humans or wildlife.  The 

tendency for a contaminant to be transported by water depends on its own properties as 

well as those of the soil matrix in which it is found.  Contaminants which are highly 

water-soluble are more susceptible to loss through leaching and runoff (Brady and Weil 

2008).  Coarse-textured soils are particularly prone to leaching and the contamination of 

groundwater due to their high permeability caused by large pore spaces through which 

water and solutes can easily move (Knox et al. 1999; Brady and Weil 2008).  Sandy soils 

are also low in sorption-promoting clays.  In contrast, the small pores associated with 

fine-textured soils hamper rapid leaching.  However, the presence of large vertical cracks 

or macropores in clayey soils can allow contaminants to move down the soil profile 
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extremely quickly via preferential flow without passing through the soil matrix (Brady 

and Weil 2008).  When considering runoff, infiltrability is a highly influential soil 

property.  Runoff occurs whenever the rate at which water is being added to the soil via 

precipitation or irrigation exceeds the rate at which the water is able to penetrate into the 

soil.  Fine-textured soils are more susceptible to runoff since they typically have lower 

infiltration rates than sandy soils (Brady and Weil 2008).  This runoff may carry soluble 

contaminants with it and may also cause erosion and the transport of contaminants sorbed 

to soil particles. 

Both organic and inorganic contaminants can be absorbed by higher plants.  Once a 

contaminant is taken up from the soil through a plant’s root system, it may remain 

unchanged or it may be broken down (Brady and Weil 2008).  Some plant species are 

known to take up exceptionally high concentrations of contaminants and are called 

hyperaccumulators.  Brassica juncea (L.) Czern. (Indian mustard) for example, is known 

to accumulate large amounts of Pb, Zn, Ni, Cu, Cd, Cr, U, and Mn in its tissues 

(Environment Canada 2003).  Contaminants may also undergo a variety of chemical 

reactions, including oxidation-reduction, hydrolysis, and photodecomposition.  Some 

reactions are very slow while others can take place in a matter of hours (Henson 1991; 

Brady and Weil 2008).  Contaminants are affected by biological reactions involving 

microbes within the soil as well.  Biological reactions may result in the complete 

mineralization of a compound or partial degradation (Henson 1991).  Some compounds 

are easily decomposed while others are very persistent (Brady and Weil 2008).  Soil 

conditions are important to both chemical and biological reactions.  For example, pH may 
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affect the solubility of a contaminant, soil components may catalyze reactions, and 

temperature and moisture content may affect microbial activity (Henson 1991).  Although 

chemical and biological reactions decrease the amount of contaminant present at an 

impacted site, it is important to consider the breakdown products from these reactions 

which may be more toxic than the original contaminant (Henson 1991; Brady and Weil 

2008).  The tendency of a contaminant to evaporate from an impacted site depends 

heavily upon the contaminant’s volatility (Yong et al. 1992).  More volatile 

contaminants, such as low-molecular weight organic compounds, are more easily lost to 

the atmosphere. 

 

 
1.3 Remediation 

Remediation is generally defined as the process of treating a contaminated site to prevent, 

minimize, or mitigate damage to human or environmental health (Zvomuya and Murata 

2012).   Remediation strategies generally involve some or all of the following elements: 

removal, degradation, immobilization, containment, and monitoring (Zvomuya and 

Murata 2012).  Since contamination may occur under a wide variety of circumstances, 

remediation techniques must also be applicable to many different situations.  In some 

cases, combinations of remediation methods, or treatment trains, may be used to treat 

contamination at a given site.  In general, remediation techniques can be classified as 

either in situ or ex situ.  In situ methods involve the treatment of the contaminated 

material without any excavation or pumping.  Ex situ methods involve the removal of 
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contaminated material prior to its treatment.  Ex situ methods often require transportation 

of contaminated materials which can be very expensive. 

Remediation techniques may also be categorized as physical, chemical, biological, or 

thermal.  Physical remediation methods include soil washing, the use of water or 

surfactants combined with scrubbing to clean soils; soil flushing, the use of an extraction 

solution to flood and clean soils; and soil vapour extraction, the use of vacuum pumping 

to remove gases or volatile contaminants from soils (Sims and Sims 1991; Khan et al. 

2004; Singh et al. 2009).  Chemical remediation techniques include the addition of acids 

or solvents to extract contaminants; the addition of oxidizing or reducing agents to react 

with contaminants; and stabilization, the solidification of contaminated soil to prevent 

contaminant transport (Sims and Sims 1991; Khan et al. 2004; Singh et al. 2009).  

Biological remediation may utilize methods such as bioremediation, the addition of 

water, nutrients, and oxygen to encourage biodegradation of contaminants by microbes, 

or phytoremediation, the use of plants to degrade, immobilize, or remove soil 

contaminants (Sims and Sims 1991; Knox et al. 1999; Khan et al. 2004; Singh et al. 

2009).  Thermal remediation includes incineration, the heating of soil to degrade or 

detoxify contaminants; thermal desorption, the heating of soil to evaporate and then 

collect volatile contaminants; and vitrification, the heating of soil to form a solid glassy 

material in which contaminants are immobilized (Khan et al. 2004; Singh et al. 2009).  

Consideration of contaminant concentration, behaviour, and extent, hydrogeological 

conditions, and treatment cost must all be included in developing and selecting 

remediation strategies for different scenarios (Knox et al. 1999). 
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1.4 General Objective 

The overall objective of this thesis was to examine potential remediation methods for two 

types of environmental contamination.  In the first study, described in Chapter 2, 

laboratory experiments were conducted to investigate Cr dynamics during a chemical 

reduction-sorption treatment of a hexavalent Cr solution.  Findings from the study were 

used to evaluate the applicability of the treatment as a remediation technique for 

hexavalent Cr-contaminated groundwater.  In the second study, described in Chapter 3, 

growth room experiments were carried out to examine the use of different plant species 

for the phytoextraction of soils contaminated with multiple trace elements.  More specific 

objectives are outlined in the appropriate chapters.  The results of both of these studies 

are important for building knowledge regarding remediation methods which could be 

used to ensure that contaminated sites are cleaned up effectively and efficiently.  This is 

vital to preventing or reducing the negative impact of contamination on human and 

environmental health. 
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2. CHROMIUM DYNAMICS DURING REDOX-SORPTION TREATMENT OF 
HEXAVALENT CHROMIUM-CONTAMINATED WATER 

 

 
2.1 Abstract 

Chromium (Cr) is commonly found at contaminated sites due to its extensive use in 

industrial activities such as leather tanning, wood treatment, and metal plating.  The 

behaviour of Cr in the environment is highly dependent upon its speciation.  Hexavalent 

chromium [Cr(VI)] is highly mobile and toxic while trivalent chromium [Cr(III)] is much 

less mobile and considered to be an essential micronutrient for humans.  For this reason, 

many remediation techniques for Cr(VI)-contaminated groundwater focus on the 

reduction of Cr(VI) to Cr(III) followed by immobilization.  This study examined the use 

of sodium dithionite (Na2S2O4), in conjunction with iron (Fe) oxides derived from either 

ferric chloride or ferrous chloride to remediate water artificially contaminated with 

Cr(VI).  Chromium speciation in the aqueous and sorbed phases was determined using 

colorimetry, atomic absorption spectroscopy, and x-ray absorption near edge structure 

(XANES) spectroscopy.  Sodium dithionite was effective in reducing Cr(VI) to Cr(III).  

The acid-consuming reduction reaction increased solution pH enough to cause the 

removal of aqueous Cr(III) through formation of insoluble precipitates.  The ferric-

derived oxide was much more effective in removing aqueous Cr from solution than the 

ferrous-derived oxide.  This was especially evident in treatments with low Na2S2O4 

concentrations where a greater proportion of Cr(VI) was present and less Cr(III) had been 
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removed by precipitation.  Sorption isotherms showed that the ferric-derived oxide had a 

greater Cr(VI) sorption capacity than the ferrous-derived oxide.  Overall, the remediation 

technique was successful and could be applied to sites with Cr(VI)-contaminated 

groundwater.  In some situations, groundwater treatment with the ferric-derived oxide 

alone could remove sufficient quantities of Cr.  The addition of 3-6 mM Na2S2O4 to the 

treatment would be useful in achieving higher Cr removal rates. 

 

 
2.2 Introduction 

2.2.1 Chromium Applications and Sources 

Chromium (Cr) is a trace metal which occurs naturally in the environment.  Chromium 

levels in Earth’s crust average around 100 mg kg-1 but concentrations from 200 to over 

3000 mg kg-1 can be found in ultramafic rocks and serpentine group minerals (Oze et al. 

2007; Kabata-Pendias 2011).   About 95% of global Cr resources are located in 

Kazakhstan and Southern Africa (USDI and USGS 2012).  In Canada, chromite 

(FeCr2O4) ore deposits can be found in Quebec, Ontario, British Columbia, and 

Newfoundland (CCME 1999a; CCME 1999b).  These deposits, which are considered 

low- and medium-grade, have been commercially mined in the past but are no longer 

being exploited (CCME 1999a; CCME 1999b).  Chromium is used extensively for 

industrial purposes and is considered among the top five most valuable metals in terms of 

economic significance (Bartlett and James 1996).  An estimated 24 Mt of Cr was 

produced worldwide in 2011 (USDI and USGS 2012).  In 1991, Statistics Canada 

reported that Canada imported approximately 74,000 Mg of Cr-containing materials, 
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41,000 Mg of which were Cr ferroalloys used in the production of steel (CEPA 1994).  

Chromium is also used for a wide variety of other industrial applications, such as leather 

tanning, pigment and dye production, and wood treatment (Palmer and Wittbrodt 1991; 

CEPA 1994).  Its resistance to corrosion makes it common in metal industries such as 

metal plating and finishing (Palmer and Wittbrodt 1991; CEPA 1994). 

 

2.2.2 Chromium Contamination and Behaviour 

Chromium concentrations in the environment are generally low.  Background dissolved 

and particulate Cr concentrations in uncontaminated surface and marine waters, for 

example, are typically less than 1 mg L-1 (CEPA 1994).  Environmental Cr levels may 

become elevated due to natural events or processes as well as anthropogenic activities 

(Palmer and Wittbrodt 1991; CCME 1999a).  Since Cr exists naturally in the earth’s 

crust, weathering and erosion, volcanic activity, and wind-blown dust can potentially 

cause elevated Cr concentrations in the environment (CCME 1999a; CCME 1999b; Oze 

et al. 2007).  Soils derived from Cr-rich parent materials may have Cr concentrations as 

high as 100,000 mg kg-1 (Kabata-Pendias 2011).  Forest fires, vegetative debris, and 

marine aerosols also contribute to Cr loading in the environment (CCME 1999a; CCME 

1999b).  The main source of Cr contamination, however, is anthropogenic activity 

(Bartlett and James 1996).  In Canada, it is estimated that Cr loading occurs at rates of 84 

Mg yr-1 into the atmosphere, over 27 Mg yr-1 into water, and over 5000 Mg yr-1 onto land 

(CEPA 1994).  Major pathways by which Cr may enter the environment include 

emissions, effluent, sludge, and spills from the numerous industries in which Cr is used 

as well as emissions from fossil fuel combustion, leachate from waste disposal sites, 
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discharge from sewage treatment plants, and urban runoff (Palmer and Wittbrodt 1991; 

Kabata-Pendias 2011).  A study conducted by the Ontario Ministry of the Environment 

(1998) found that Cr concentrations in raw sewage were as high as 820 mg L-1 and 

averaged 51 mg L-1.  The same study measured up to 140 mg L-1 Cr in treated water 

(Ontario Ministry of the Environment 1998).  These concentrations greatly exceed the 

Canadian drinking water guideline of 0.05 mg L-1 (Pawlisz et al. 1997; CCME 1999a). 

The behaviour of Cr in the environment is highly dependent upon it speciation.  

Chromium can exist in any of nine oxidation states ranging from -2 to 6, with Cr(III) and 

Cr(VI) being the predominant species (Kabata-Pendias 2011).  Trivalent chromium 

[Cr(III)] is the main form in the earth’s crust and therefore also the main form in areas 

contaminated with Cr due to natural processes (CEPA 1994).  It is also the dominant 

species in the atmosphere, soils, anaerobic sediments, and biological tissue (CEPA 1994).  

Hexavalent chromium [Cr(VI)], on the other hand, is typically found dissolved in aerobic 

surface waters and groundwater (CEPA 1994).  The difference in behaviour between 

Cr(III) and Cr(VI) is due to their basic chemical properties.  Trivalent chromium exists as 

the chromic cation (Cr3+), which is strongly sorbed by negatively charged clays and iron 

(Fe) and aluminium (Al) oxides found in the soil (Bartlett and James 1996).  Trivalent 

chromium also readily precipitates out of solution as hydroxides, such as Cr(OH)3, 

Cr(OH)2
+, and Cr(OH)4

- (CCME 1999a; Kabata-Pendias 2011).  The sorption and 

precipitation of Cr(III) reduces its mobility and bioavailability.  An exception may occur 

when Cr(III) forms stable complexes with dissolved ligands (Bartlett and James 1996; 

CEPA 1994; Kabata-Pendias 2011).  Since Cr(III) is typically associated with relatively 
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inert solid particles, it can accumulate and persist in the environment (CEPA 1994).  

Nevertheless, Cr(III) toxicity to humans is of low concern.  In fact, small amounts of 

Cr(III) may be necessary in the activation of insulin during glucose metabolism (Bartlett 

and James 1996).   

The behaviour and toxicity of Cr(VI) are opposite to those of Cr(III).  Hexavalent 

chromium generally exists as anions such as chromate (Cr2O4
2-) and dichromate (Cr2O7

4-) 

(Palmer and Wittbrodt 1991; Bartlett and James 1996).  These compounds are weakly 

sorbed by net negative soil surfaces, making Cr(VI) highly mobile and bioavailable 

(Bartlett and James 1996; Taylor et al. 2000).  Hexavalent chromium is also much more 

toxic than Cr(III) and can cause harmful effects in both plants and animals at low 

concentrations (Bartlett and Kimble 1976b).  This is because Cr(VI) can penetrate cell 

membranes relatively easily (CCME 1999a).  Up to 10% of the total Cr(VI) ingested may 

be absorbed from the gastrointestinal tract compared to only up to 3% of Cr(III) (CEPA 

1994).  Toxic effects of Cr(VI) exposure to animals include gene mutation and damage to 

the liver, kidney and DNA (CEPA 1994).  Epidemiological studies have also established 

that inhaled Cr(VI) is a human carcinogen which increases the risk of lung cancer 

(USEPA 1999).   

The chemical reduction of Cr(VI) to Cr(III) may be carried out by many reducing agents 

(USEPA 2000).  In contrast, the transformation of Cr(III) to Cr(VI) is considered rare 

because oxidizing agents capable of the chemical reaction are uncommon and the 

reaction kinetics are very slow (CEPA 1994).  Recently however, it has been determined 
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that birnessite, a common manganese-containing mineral, is capable of oxidizing Cr(III) 

to Cr(VI) (Oze et al. 2007).  

 

2.2.3 Remediation of Hexavalent Chromium-Contaminated Groundwater 

Since Cr(VI) commonly found in contaminated groundwater is highly mobile, 

bioavailable, and toxic, effective remediation techniques are needed to protect human and 

environmental health.  The conventional remediation strategy for Cr(VI)-contaminated 

groundwater is pump-and-treat (Palmer and Wittbrodt 1991; Blowes 1997; USEPA 

2000).  Pump-and-treat involves extracting Cr(VI)-contaminated groundwater in order to 

contain the plume (Keely 1989; USEPA 2000).  One of the major drawbacks to this 

method is that, while Cr(VI) concentrations in extracted water are initially high, 

concentrations decrease quickly to a persistent tail which may remain above guideline 

levels (Palmer and Wittbrodt 1991; USEPA 2000).  Therefore, pump-and-treat 

remediation may extend over a long time frame.  The tail effect occurs for two main 

reasons.  First, while extraction wells can pull water through highly permeable geologic 

layers very quickly, Cr(VI)-contaminated water which has migrated to less permeable 

layers is removed much more slowly by diffusion into the groundwater during the 

flushing process (Palmer and Wittbrodt 1991; USEPA 2000).  Secondly, some Cr(VI) 

may have become associated with the solid phase over time and becomes released slowly 

back into solution during pumping (Palmer and Wittbrodt 1991; USEPA 2000).  Pump-

and-treat is also an expensive remediation technique (Powell et al. 1995; Blowes 1997).   



18 

 

In order to improve the effectiveness and efficiency of Cr(VI)-contaminated groundwater 

remediation, in situ methods may be used.  Since Cr(III) is  a far lesser environmental 

concern than Cr(VI), many in situ remediation strategies involve the chemical reduction 

of Cr(VI) to Cr(III) followed by immobilization (Blowes 1997; Han et al. 2000; USEPA 

2000; Kabata-Pendias 2011).  Reducing agents which may be used to transform Cr(VI) 

into Cr(III) include structural and dissolved ferrous iron [Fe(II)], zerovalent iron (Fe0), 

sodium dithionite (Na2S2O4), calcium polysulfide (CaSx), and organic matter (Powell et 

al. 1995; Taylor et al. 2000; Graham et al. 2005; Niu et al. 2005; Graham et al. 2006).  

Immobilization may be carried out via fixation of Cr to solid surfaces of the aquifer, 

called geological fixation, or via fixation of Cr to reactive media added to the system 

(USEPA 2000).  The latter case is referred to as the permeable reactive barrier (PRB) 

method.  In the PRB method, a portion of the contaminated aquifer is removed and 

replaced with a reactive material (Blowes 1997).  The reactive material may be 

positioned in the path of groundwater flow either horizontally as a treatment layer or 

vertically as a treatment wall (Blowes 1997; Blowes et al. 2000).  Contaminated 

groundwater may be allowed to flow passively through the reactive material or assisted 

with pumping wells (Blowes 1997; Wilkin et al. 2005).  Both the geological fixation and 

permeable reactive barrier methods prevent the spread of Cr(VI) contamination along the 

groundwater flow gradient and the uptake of Cr(VI) with groundwater usage. 
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2.2.4 Objectives 

The overall objective of this study was to examine Cr dynamics during reduction-sorption 

treatment of aqueous Cr(VI).   Sodium dithionite was used as the reducing agent and two 

different types of Fe oxide were used as sorbents.  Specific objectives were to: 

1. Determine the speciation of aqueous and precipitated Cr following reduction with 

varying amounts of Na2S2O4; 

2. Determine the speciation of aqueous and sorbed Cr following treatment with the two 

Fe oxides; 

3. Model Cr sorption by the Fe oxides; and  

4. Evaluate the effectiveness of the reduction-sorption treatment as a potential 

remediation strategy for groundwater contaminated with Cr(VI). 

 

 
2.3 Materials and Methods 

2.3.1 Iron Oxides 

Two types of synthetic Fe oxide were prepared for this study according to a method 

adapted from Goh et al. (1987).  The first oxide (ferric-derived oxide) was prepared by 

titrating 3.2 L of a 0.05 M ferric chloride (FeCl3) solution with 0.5 M sodium hydroxide 

(NaOH) to pH 7 under constant stirring.  The second oxide (ferrous-derived oxide) was 

prepared by titrating 3.2 L of a 0.05 M ferrous chloride (FeCl2) solution with 0.5 M 

NaOH to pH 7 under constant stirring.  Both titrations were done by adding the NaOH 

dropwise at room temperature (~21 ± 2°C).  After titration, the volumes of the Fe oxide 

suspensions were adjusted to 4.5 L with reverse osmosis (RO) water.  Three 4.5 L 
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batches of each type of Fe oxide were prepared.  Each batch was stored in a plastic 

carboy to age for 7 wk at room temperature. 

After aging, the carboys were agitated to resuspend the Fe oxides.  The suspensions were 

then filtered through 0.45 µm Millipore filter membranes under a pressure of 

approximately 275 kPa.  Five 600-mL aliquots of RO water were flushed through the 

filtration system to wash each Fe oxide sample.  The oxide samples were then transferred 

from the filter membranes into glass beakers and oven-dried at 80°C for 24 h.  This 

temperature was chosen to speed up the drying process while avoiding mineralogical 

changes (Goh 2011, personal communication).  Subsamples of each dry Fe oxide sample 

were further oven-dried for 24 h at 105°C.  Moisture content was calculated as the 

difference between the subsample mass after drying at 80°C and the subsample mass 

after drying at 105°C relative to the subsample mass after drying at 105°C. 

The ferric- and ferrous-derived oxides were taken to the Canadian Light Source (CLS) 

synchrotron in Saskatoon, SK for Fe analysis by X-ray absorption near edge structure 

(XANES) spectroscopy.  In this technique, X-ray radiation is applied to samples and 

spectra showing X-ray absorption as a function of energy are analyzed.  At the specific 

energies required to excite core electrons of a given element, photoelectrons are produced 

and sharp increases in X-ray absorption can be seen (Schulze and Bertsch 1995; Penner-

Hahn 2004).  The location of these absorption edges, as well as spectral features near the 

edges can be used to gain information about the samples including elemental 

composition, bonding, and oxidation state (Schulze and Bertsch 1995; Penner-Hahn 

2004).  Statistical analysis of the XANES data was done using Athena software version 
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0.8.054 (Bruce Ravel, Chicago, IL).  Counts from the total electron yield detector were 

normalized against the upstream slit current and plotted against the scanning energy.  

Scans were corrected with a +2.4 eV energy shift when necessary.  Scans for the same 

oxide were merged into single spectra and compared to reference spectra. 

 

2.3.2 Hexavalent Chromium Reduction 

This experiment was conducted to examine Cr dynamics during reduction of Cr(VI) to 

Cr(III) by different concentrations of Na2S2O4.  The methodology was based on a study 

by Taylor et al. (2000).  A 0.02 M Cr(VI) stock solution was prepared using potassium 

chromate (K2CrO4).  Ten millilitres of the stock solution were added to each of six 50-mL 

plastic centrifuge tubes.  A 0.1 M hydrochloric acid (HCl) solution was prepared and 2.1 

mL were added to each centrifuge tube to bring the pH to ≤ 5 to prevent precipitation of 

Cr hydroxides, which occurs above pH 5.5 (Bartlett and Kimble, 1976a; Kabata-Pendias 

2011).  A stock solution of 0.25 M Na2S2O4 was prepared and 0, 0.24, 0.48, 0.76, 0.96, 

and 1.2 mL were added to the centrifuge tubes.  The Na2S2O4 concentrations were chosen 

so that the highest [S2O4
2-]:[Cr(VI)] ratio was 3:2.  This ratio was based on that used by 

Murata (2010) and the proposed redox reaction equation

2CrO4
2- + 3S2O4

2- + 4H+  2Cr3+ + 6SO3
2- + 2H2O [1]

which shows that three moles of dithionite react with every two moles of Cr(VI).  The 

volume of each centrifuge tube was adjusted to 20 mL with RO water to give final 

treatment concentrations of 10 mM Cr(VI) and 0, 3, 6, 9.5, 12, and 15 mM Na2S2O4.   
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The solutions were allowed to react at room temperature for 24 h before colorimetric 

determination of Cr speciation.  Hexavalent chromium concentration was determined by 

the s-diphenyl carbazide method (Bartlett and Kimble 1976a).  In this method, the s-

diphenyl carbazide reagent reacts with Cr(VI) in solution, reducing it to Cr(III) and 

forming a reddish violet diphenylcarbazone complex (Bartlett and James 1996).  

Trivalent chromium originally in the solution does not interfere with this method and the 

limit of quantitation is approximately 0.3 μmol L-1, which was acceptable for this study 

(Bartlett and James 1996).  The s-diphenyl carbazide reagent was prepared by dissolving 

200 mg of s-diphenyl carbazide in 100 mL of 95% ethanol and adding 120 mL of 85% 

phosphoric acid (H3PO4) in 280 mL of water.  A small amount (approximately 10-15 

crystals) of potassium permanganate (KMnO4) was added until the solution turned pink 

and then the solution was heated to 60°C until the pink colour disappeared and the 

solution turned orange.  The reagent was stored under refrigeration at 4°C.   

In order to determine the concentration of Cr(VI) in a given sample, 1 mL of s-diphenyl 

carbazide reagent was added to 7 mL of RO water and 1 mL of sample and allowed to 

stand for 5 min.  Absorbance was read at 540 nm using a UV-vis spectrophotometer 

(Ultrospec 2100 Pro, GE Healthcare, Mississauga, ON).  When necessary, the 1 mL of 

sample was diluted to fall within the linear calibration range of the UV-vis 

spectrophotometer.   

The samples were then filtered through 0.45 µm Millipore filter membranes under 

vacuum suction to remove any precipitate and analyzed for total dissolved Cr 

concentration by atomic absorption spectroscopy.  The concentration of Cr(III) in each 
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sample was calculated as the difference between the concentration of total Cr and the 

concentration of Cr(VI). 

The reduction study was carried out in duplicate and then repeated with the same 

concentrations but volumes an order of magnitude larger in order to facilitate the 

recovery of any precipitate formed.  The precipitates were rinsed with three 20-mL 

aliquots of a 0.1 mM sodium chloride (NaCl) solution and three 20-mL aliquots of RO 

water.  The precipitates were taken to the CLS synchrotron for Cr analysis by XANES 

spectroscopy.  Statistical analysis of the XANES data was done using Athena software.  

Counts from the silicon drift detector were normalized against the beam intensity and 

plotted against the scanning energy.  Scans were corrected with a +2.0 eV energy shift 

when necessary.  Scans for the same treatments were merged into single spectra.  The 

resulting precipitate spectra were fitted to the reference spectra using the linear 

combination fit function. 

 

2.3.3 Reduction-Sorption 

The methodology for the reduction-sorption study was based on work by Cheslock-

Fitzgerald (1990) and Taylor et al. (2000).  In this study, Cr(VI) solutions were reduced 

to Cr(III) to varying degrees using Na2S2O4 as described above.  After allowing the 

solutions to react for 24 h, 260 mg (dry wt.) of each oxide (ferric-derived and ferrous-

derived) were added to the centrifuge tubes.  The study was carried out in triplicate for 

each type of Fe oxide.  The centrifuge tubes were placed on a mechanical shaker set to 

120 excursions per minute for another 24-h reaction period.  Agitating the samples 
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ensured that the solid oxides remained in suspension and had the maximum surface area 

exposed to the Cr solution and available for sorption.  The samples were filtered through 

0.45 µm Millipore filter membranes under vacuum suction to remove and recover the Fe 

oxides and any precipitate that had formed.  The filtrates were analyzed for total Cr 

concentration by atomic absorption spectroscopy and for Cr(VI) concentration by the s-

diphenyl carbazide method.  Trivalent chromium concentration was calculated as the 

difference between total Cr and Cr(VI) concentrations.  Recovered Fe oxides and 

precipitates were rinsed with three 20-mL aliquots of a 0.1 mM NaCl solution and three 

20-mL aliquots of RO water.  They were then taken to the CLS synchrotron for Cr 

analysis by XANES spectroscopy. 

The amount of aqueous total Cr removed from solution due to each reduction-sorption 

treatment was calculated as the difference between the pre-treatment concentration of Cr 

(10 mM) and the final concentration of Cr in the filtrate.  Analysis of variance (ANOVA) 

was performed using PROC MIXED in SAS version 9.2 (SAS Institute, 2008) to 

determine the effects of Na2S2O4 addition and oxide type on aqueous total Cr removal.   

The amount of Cr(VI) and Cr(III) sorbed by each treatment (qi, mmol g-1 of Fe oxide) 

was found using the equation 

qi = (Ci - Cf)*V/m [2] 

where Ci is the aqueous concentration (mM) of Cr(VI) or Cr(III) after reaction with 

Na2S2O4, Cf is the aqueous concentration of Cr(VI) or Cr(III) after sorption (mM), V is 

the volume of solution (L), and m is the dry mass of Fe oxide used (g).  The amount of 

each Cr species sorbed was plotted against its equilibrium (post-treatment) concentration 



 

in solution.  Langmuir and Freundlich models were fitted to the sorption data using 

PROC NLIN in SAS.  When applicable, the fits of the Langmuir and Freundlich models 

were compared using the Akaike’s Information Criterion (AIC).  In this method, AIC is 

calculated for each model using the equation 

AIC = n*ln(SSE/n) + 2k + (2k(k+1))/(n-k-1) [3]

where n is sample size, SSE is the sum of squares for the residuals, and k is the number 

of parameters in the model (Motulsky and Christopolous 2003).  The probability of the 

model with the lower AIC being more correct was then calculated using the equation 

probability = (e-0.5ΔAIC)/(1+ e-0.5ΔAIC) [4] 

where ΔAIC is the lower AIC score minus the higher AIC score (Motulsky and 

Christopolous 2003). 

Statistical analyses of the XANES spectroscopy data for the recovered Fe oxides and 

precipitates were performed using Athena software as described previously.  The 

derivative option of the linear combination fit function was used because fitting using the 

mean option resulted in an underestimated significance of the Cr(VI) pre-edge peak. 

 
 

2.4 Results and Discussion 

2.4.1 Iron Oxides 

The FeCl3 began as an orange solution and gradually became dark reddish brown when 

titrated with NaOH.  On average, 1.13 L of 0.5 M NaOH were required to adjust the pH 

of 0.05 M FeCl3 to 7.  This was greater than the 810 mL of NaOH required for the 

titration of FeCl3 in the study by Murata (2010) because a lower concentration of FeCl3 

(0.03 M) was used in that experiment.  As the samples aged in plastic carboys, the dark 
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reddish brown Fe oxide settled to the bottom and the supernatant became clear and 

colourless.  After the Fe oxide samples were recovered via filtration, dried at 80°C, and 

combined, the ferric-derived oxide appeared reddish-brown.  The total dry mass of ferric-

derived oxide made from the three titrations was 50.1 g.  Its moisture content was 321 g 

kg-1.  This was greater than the 83 g kg-1 moisture content measured for the ferric-derived 

oxide prepared by Murata (2010).   

The FeCl2 began as an orange solution and gradually became dark greenish black when 

titrated with NaOH.  The average amount of 0.5 M NaOH added to the 0.05 M FeCl2 to 

reach pH 7 was 333 mL.  This volume of NaOH was very similar to the volume used in 

the preparation of ferrous-derived oxide by Murata (2010).  When the suspensions were 

aged in plastic carboys, the dark brown Fe oxide settled to the bottom and the supernatant 

lost its dark greenish colour and became brownish orange.  After the ferrous-derived 

oxide was recovered via filtration, dried at 80°C, and combined into one composite 

sample, it appeared dark brown in colour.  The total mass of ferrous-derived oxide 

prepared from the three titrations was 16.2 g.  Its moisture content was 116 g kg-1.  This 

was greater than the 19 g kg-1 moisture content measured for the ferrous-derived oxide 

prepared by Murata (2010).   

It is possible that the higher moisture contents determined in this study compared to those 

reported by Murata (2010) occurred because, in the earlier study, the oxides were air-

dried and ground with a mortar and pestle before being oven-dried at 80°C.  Grinding the 

oxides could have allowed more water to evaporate during the oven-drying process by 

breaking up oxide aggregates.  Despite the differences in the moisture content 
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measurements, the ferric-derived oxide was found to have the greater moisture content in 

both this study and the study by Murata (2010).   

Results from XANES spectroscopy showed that the two Fe oxides differed from their 

starting materials (FeCl2 and FeCl3) and each other (Figure 2.1).   
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Figure 2.1 X-ray absorption near edge structure (XANES) spectroscopy spectra showing 

 

The difference in the peak energy of FeCl2 compared to that of FeCl3 was due to 

oxidation state.  The difference in the peak energies of FeCl2 and FeCl3 compared to 

those of the Fe oxides was due to the presence of oxygen bonds.  Small differences 

between the spectra for the ferric- and ferrous-derived oxides are indicative of underlying 

iron (Fe) peaks for the synthetic Fe oxides and their starting materials. 
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structural or compositional dissimilarities which were also suggested by differing NaOH 

titration volumes, colours, and moisture contents. 

 

2.4.2 Hexavalent Chromium Reduction 

The K2CrO4-contaminated water was initially bright yellow and became increasingly 

green with the addition of Na2S2O4.  After 24 h, a precipitate was observed in all 

treatments where Na2S2O4 was added.  The precipitate appeared yellowish brown at 

lower concentrations of Na2S2O4 (≤6 mM) and green at higher concentrations of Na2S2O4 

(≥9.5 mM). 

Results from the aqueous Cr speciation analysis showed that, as expected, the Na2S2O4 

was successful in reducing Cr(VI).  Figure 2.2 shows that the concentration of aqueous 

Cr(VI) decreased as more Na2S2O4 was added.  The concentration of aqueous total Cr 

also decreased as more Na2S2O4 was added, likely due to precipitation of Cr(III) formed 

following reduction of Cr(VI).   
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Figure 2.2 Speciation of aqueous chromium (Cr) following addition of various 
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Hexavalent chromium concentrations appear to exceed total Cr concentrations for the 6 

mM and 9 mM Na2S2O4 treatments.  This may have been caused by continued Cr(VI) 

reduction and Cr(III) precipitation during the time following analysis by colorimetry but 

prior to atomic absorption spectroscopy. 

These Cr reduction results differed from those from a study by Murata (2010) where the 

formation of a precipitate was not observed.  This was likely due to the fact that Murata 

(2010) reduced the pH of the solutions to 5 or lower as the final step in the laboratory 

method rather than one of the first steps.  Since the reduction of Cr(VI) to Cr(III) is an 

concentrations of sodium dithionite (Na2S2O4).  Vertical bars represent st
deviation. 
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acid-consuming reaction (Equation 1), the methodology used in this study would allow 

the pH to increase above the desired level, resulting in the precipitation of Cr(III). 

X-ray absorption near edge spectroscopy was successful in differentiating between 

Cr(III) and Cr(VI) in the solid precipitate.  In Figure 2.3, the principal Cr peak can be 

observed around 6112 eV for all treatment spectra.  A smaller pre-edge peak can be 

observed around 5995 eV for low-Na2S2O4 (≤6 mM) treatment scans.  This peak is only 

observed when Cr(VI) is present.   
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Figure 2.3 X-ray absorption near edge structure (XANES) spectroscopy spectra showing 

chromium (Cr) peaks for the precipitate formed during the reduction study. 



 

 

Fitting the scans in Athena confirmed that a greater proportion of the precipitate was 

composed of Cr(VI) for the 3 and 6 mM Na2S2O4 treatments (Figure 2.4).  In other 

words, when more Cr(VI) was present in the aqueous form, more Cr(VI) was also present 

in the solid form.   
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Figure 2.4 Chromium (Cr) form in the precipitate produced during the reduction 

 

Regardless of Na2S2O4 concentration, Cr(III) was the dominant Cr species in the 

precipitate.  Analysis of XANES data indicated that the Cr(III) precipitate was a mixture 

of Cr2O3 and Cr2(SO4)3.   

 

The use of Na2S2O4 as a reducing agent for Cr(VI) has been studied under field 

conditions by Khan and Puls (2003).  They found that aqueous Cr(VI) concentrations in 

reaction.  Vertical bars represent standard deviation. 
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the aquifer zone reduced by Na2S2O4 decreased below detectable levels within 2

treatment (Khan and Puls 2003).  Therefore, they also determined that Na2S2O4 was 

effective in reducing Cr(VI) to Cr(III) for the purpose of groundwater remediation (Kha

and Puls 2003). 

 

2.4.3 Reduction

4 h of 

n 

-Sorption 

nalysis of variance results showed that Na2S2O4, Fe oxide, and their interaction were all 

 total Cr removed from solution (Table 2.1). 

Table 2.1 Iron (Fe) oxide and sodium dithionite (Na2S2O4) effects on aqueous total 

Effect 
Aqueous Total Cr Removed 

A

significant for the percent of

chromium (Cr) removal. 

(%) 

Fe oxide  

   Ferric-derived 

   Ferrous-derived 

oncentration (mM) 

88.7 

 

 

 

ide <0.0001 

93.0 

75.3 

Na2S2O4 c  

   0 45.6 

   3 74.7 

   6 

   9.5 97.4 

   12 99.0 

   15 99.4 

 P 

Fe ox

Na S2 2O4 concentration <0.0001 

e Oxide × Na2S2O4 concentration <0.0001 F
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Average rived oxide t removed 

pproximately 18% more total Cr from solution than the ferrous-derived oxide treatment.  

2 2 4

d across all Na2S2O4 levels, the ferric-de  treatmen

a

This is consistent with observations by Murata (2010) who also found greater aqueous Cr 

removal with the ferric-derived oxide treatment.  Both oxide treatments exhibited a trend 

where aqueous total Cr removal increased as a quadratic function of Na S O  

concentration (Figure 2.5).   
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Figure 2.5 Decrease in aqueous total chromium (Cr) concentrations following reduction-
sorption treatment of hexavalent chromium- [Cr(VI)] contaminated water.  
Vertical bars represent standard error of the mean. 

xide w  with Na2S2O4 alone.  At 

 

The quadratic fit for Cr removal due to treatment with Na2S2O4 and the ferrous-derived 

as similar to the fit for Cr removal due to treatmento
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Na2S2O4 levels ≤6 mM, the ferric-derived oxide treatment removed significantly more 

total Cr from solution than the ferrous-derived oxide treatment.  This was likely due t

differences in the oxides’ abilities to sorb Cr(VI).  Within the 0-9.5 mM Na2S2O4 range

the difference in aqueous total Cr removal between the two oxide treatments decreased 

with increasing Na2S2O4 concentration.  At high Na2S2O4 levels, the ferric- and ferrous-

derived oxide treatments were no longer statistically different and aqueous total Cr 

removal was unaffected by Na2S2O4 concentration.  All Na2S2O4 treatments ≥9.5 mM 

resulted in the near complete removal of Cr from solution.  This was due to the remo

of Cr as a Cr(III)-dominated precipitate. 

o 

, 

val 

The effect of Na2S2O4 concentration on aqueous total Cr removal found in this study 

differed from the effect seen by Murata (2010).  In that study, optimal aqueous Cr 

use 

e 

This reduction-sorption treatment was more successful in removing Cr from solution than 

the treatment used by Taylor et al. (2000).  In that study, Na2S2O4 was used as a reducing 

ted or 

removal occurred at a Na2S2O4 concentration of 9 mM (Murata 2010).  This was beca

no Cr(III) precipitation occurred and at 9 mM Na2S2O4 both Cr(VI) and Cr(III) wer

present in solution and could make use of positive and negative sorption sites on the 

oxides (Murata 2010). 

agent and the clay minerals smectite, illite, vermiculite, and kaolinite were used as 

sorbents (Taylor et al. 2000).  Although the Na2S2O4 reduced nearly all the Cr(VI) to 

Cr(III), most of the Cr(III) remained in the aqueous form rather than being precipita

sorbed on the clays (Taylor et al. 2000).  
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No measurable Cr(III) sorption was evident in this experiment because of precipitation of 

the Cr(III) following Na2S2O4 treatment.  Sorption curves for the Cr(VI) data showed that 

sorption followed the L-curve isotherm for both oxide treatments.  This is a very common 

sorption isotherm found in soil chemistry studies (Sposito 1989).  The L-curve is 

characterized by a relatively steep slope at low equilibrium sorbate concentrations in 

solution which decreases as equilibrium sorbate concentration increases (Sposito 1989).  

The L-curve isotherm indicates that the aqueous Cr(VI) had a high affinity for the Fe 

oxides at low surface coverage and that the number of sorption sites decreased as Cr 

surface excess increased (Sposito 1989).  Murata (2010) also reported that the L-curve 

sorption isotherm adequately described Cr(VI) sorption.  Comparison of nonlinear 

regression fits of the Langmuir and Freundlich sorption models to Cr(VI) sorption data 

indicated that the Freundlich model provided valid fits for both oxide treatments (Figure 

2.6). 
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Figure 2.6 Freundlich isotherms for sorption of hexavalent chromium [Cr(VI)] by ferric- 

and ferrous-derived oxides. 
 

The Freundlich K parameter was significantly greater for the ferric-derived oxide than the 

ferrous-derived oxide, while the n parameter did not differ significantly between the two 

oxides (Table 2.2).   

Table 2.2 Sorption parameter estimates according to the Freundlich model.  Error values 
represent standard error of the mean. 

Oxide K ((mmol g-1)(mmol L-1)1/n) 1/n 
Ferric-Derived 0.319 ± 0.013a† 0.685 ± 0.047 
Ferrous-Derived 0.057 ± 0.011b 0.442 ± 0.113 
†Means in the same column followed by the same letter are not significantly different  
(P < 0.05) according to the Tukey test. 
 

The Freundlich K is related to the sorption capacity of the oxide for Cr(VI) (Summers et 

al. 2010).  The higher K value for the ferric-derived oxide treatment indicates that the 
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ferric-derived oxide could sorb and retain more Cr(VI) per mass of oxide than the 

ferrous-derived oxide.  This difference in Cr(VI) sorption capacity explains the difference 

in aqueous total Cr removal between the two oxide treatments.   These results agree with 

Murata (2010) who also found that the ferric-derived oxide had a greater ability to sorb 

Cr(VI) than the ferrous-derived oxide.  In some groundwater contamination scenarios, 

Cr(VI) sorption by the ferric-derived oxide may provide sufficient remediation without 

the addition of Na2S2O4.  The Freundlich parameter 1/n represents relative sorption 

strength with smaller values indicating greater strength (Snoeyink and Summers 1999).  

Similar Cr(VI) sorption strength was observed for two Fe oxides. 

The Langmuir model provided a valid fit for the Cr(VI) sorption data for ferrous-derived 

oxide treatment (Figure 2.7) but not the ferric-derived oxide treatment.  When fits of the 

Freundlich and Langmuir models were compared for the ferrous-derived oxide treatment, 

the Langmuir model was found to have a 99.9% probability of being the more correct 

model.  
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Figure 2.7 Langmuir isotherm for the sorption of hexavalent chromium [Cr(VI)] by 
ferrous-derived oxide. 

 

The Langmuir parameter estimates were Smax=0.167 ± 0.028 mmol g-1 and K=0.598 ± 

0.281 L mmol-1.  The Smax parameter is indicative of the maximum sorption possible.  In 

other words, the ferrous-derived oxide can sorb a maximum of approximately 0.167 

mmol of Cr(VI) per gram of oxide.  The sorption constant K is indicative of relative 

binding strength between the sorbate and the sorbent. In this case, the value of K is moot 

because the Langmuir model was not a good fit for the ferric-derived oxide data so K 

values cannot be compared.  Therefore, it was not possible to make any conclusion about 

the strength or permanence of Cr(VI) sorption in this study.  However, Ajouyed et al. 
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(2010) reported that the iron oxides hematite and goethite could be used as Cr(VI) 

sorbents for remediation purposes, particularly under low-pH conditions.  Superior 

Cr(VI) sorption at low pH was thought to have occurred due to the neutralization of 

negatively charged sorption sites by H+ ions and the resulting increase in attraction 

between Cr(VI) anions and the Fe minerals (Ajouyed et al. 2010). 

ed in scans corresponding to lower Na2S2O4-addition treatments (Figures 2.8 and 

.9). 

 

X-ray absorption near edge spectroscopy for the recovered oxides and precipitates 

showed that the proportion of Cr(VI) in the sorbed state increased with decreasing 

Na2S2O4 concentration.  This pattern was observed in both the ferric- and ferrous-derived 

oxide treatments.  As with the Cr precipitate scans, a larger Cr(VI) pre-edge peak can be 

observ

2
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Figure 2.8 X-ray absorption near edge structure (XANES) spectroscopy spectra showing 

chromium (Cr) peaks for the sorbed Cr produced during the ferric-derived oxide 
treatment. 
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Figure 2.9 X-ray absorption near edge structure (XANES) spectroscopy spectra showing 

 

Analysis of XANES data indicated that the trend of increasing sorbed Cr(VI) content 

with decreasing Na2S2O  addition was more pronounced in the ferric-derived oxide 

treatment (Figure 2.10).   

chromium (Cr) peaks for the sorbed Cr produced during the ferrous-derived oxide 
treatment. 

4
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Figure 2.10 orm of chromium (Cr) in the sorbed state for the ferric-derived oxide (a) 

 

When no Na2S2O4 was added, and the maximum sorbed Cr(VI) was observed, 

approximately 53% of the total Cr sorbed by ferric-derived oxide was Cr(VI) while only 

about 23% of the total Cr sorbed by ferrous-derived oxide was Cr(VI).  This finding 

further supports the observation that the ferric-derived oxide was superior to the ferrous-

derived oxide in terms of Cr(VI) sorption. 

 

 

 F
and ferrous-derived oxide (b) treatments as affected by sodium dithionite 
(Na2S2O4) concentration.  Vertical bars represent standard deviation. 
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2.5 Conclusions 

The two Fe oxides prepared for this study differed with respect to physicochemical 

properties.  The oxides required different amounts of NaOH in their preparation by 

titration and had different colours, moisture contents, and XANES spectra.  Identification 

of the oxide types and more extensive examination of their differences were beyond the 

scope of this study and would require mineralogical analysis.   

Sodium dithionite was effective in reducing Cr(VI) to Cr(III).  The acid-consuming 

nature of the reaction raised the solution pH enough to allow for the precipitation of 

Cr(III).  Since Cr(III) precipitates are fairly insoluble and very unlikely to be converted 

back to Cr(VI), this is not considered a drawback for this remediation method.  When a 

greater proportion of the aqueous Cr was in the Cr(VI) oxidation state, a greater 

proportion of the Cr precipitate was also in the Cr(VI) form.  Trivalent chromium 

dominated the precipitate regardless of the amount of Na2S2O4 added. 

Results from the reduction-sorption study showed that the ferric-derived oxide was more 

effective in removing Cr from solution than the ferrous-derived oxide.  This observation 

was especially apparent at low levels of Na2S2O4 addition, when more Cr(VI) was 

available in solution.  It was proposed that the reason behind Cr removal differences 

between the two oxides was Cr(VI) sorption capacity.  Sorption modelling according to 

the Freundlich model confirmed that the ferric-derived oxide had a greater capacity to 

sorb Cr(VI) than did the ferrous-derived oxide.  However, the Langmuir sorption model 

provided a better fit to the ferrous-derived oxide data.    This indicates that the two oxides 

may differ in their sorption mechanisms, ostensibly due to their structural differences.  
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The higher moisture content of the ferric-derived oxide may be indicative of its greater 

surface area to which the Cr could sorb. 

Overall, these results suggest that chemical reduction of Cr(VI) using Na2S2O4 followed 

by Cr immobilization on iron oxides can be an effective groundwater remediation 

strategy.  In some Cr(VI)-contamination scenarios, the addition of the ferric-derived 

oxide alone may remove sufficient quantities of Cr from solution to meet guideline 

concentrations.  The Fe oxide could be added to the contaminated groundwater system 

either through an injection well or as a permeable reactive barrier (PRB) installed 

downgradient of the plume.  When higher Cr removal rates are required, the addition of 

3-6 mM Na2S2O4 could be used to increase remediation effectiveness.  Adding high 

concentrations (12-15 mM) of Na2S2O4 without any Fe oxide could also be used to 

achieve high Cr removal rates.  However, this option would be much less cost effective. 
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3. PHYTOEXTRACTION REMEDIATION OF SOILS CONTAMINATED WITH 
MULTIPLE TRACE ELEMENTS 

 

 
3.1 Abstract 

Soils which have been contaminated due to industrial activities often contain complex 

mixtures of trace elements.  Affected sites are frequently large in extent and therefore ill-

suited to conventional remediation techniques such as soil excavation and disposal.  

Phytoremediation is a promising remediation strategy since it is inexpensive, can be 

applied in situ, and has been found to be effective for numerous individual trace element 

contaminants.  The purpose of this study was to examine the use of agronomic 

(Brassicae) and native (Deschampsia caespitosa) plant species for the phytoremediation 

of low- and high- organic matter (OM) soils contaminated with multiple trace elements.  

Growth room experiments were conducted to quantify germination and early growth in 

the contaminated soils and to measure above-ground biomass production, shoot trace 

element concentrations, trace element uptake, and change in soil trace element 

concentrations over multiple harvests.  Results showed that D. caespitosa had better early 

growth in the contaminated soils than any of the Brassicae.  Deschampsia caespitosa 

plants grown in the contaminated high-OM soil accumulated significantly higher 

concentrations of arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), 

and zinc (Zn) in their above-ground tissue 25 wk after plant establishment compared to 

plants grown in the contaminated low-OM and non-contaminated soils.  However, the 

48 

 



 

trace element concentrations were low from an environmental perspective and decreased 

by the next harvest (44 wk after plant establishment).  Calculated bioconcentration 

factors were all < 1, the threshold value for plants to be considered suitable for 

phytoextraction purposes.  Plants grown in the contaminated soils produced less biomass 

than those grown in a fertilized non-contaminated low-OM soil.  Maximum trace element 

uptake was ≤ 30 µg pot-1 (67 µg kg-1 of dry soil) for all trace elements except Zn which 

had uptake of 940 µg pot-1 (2.1 mg kg-1 of dry soil).  Only As and Pb concentrations in 

the high-OM contaminated soil and Cr concentration in the low-OM contaminated soil 

decreased after the phytoextraction treatment.  These results indicate that the treatment 

period (equivalent to ≤ 3 growing seasons) employed in this study was not long enough 

to effectively reduce trace element concentrations in the highly contaminated soils tested. 

This is consistent with numerous previous studies, which showed that most contaminated 

sites will require more than 5 yr to remediate using phytoextraction. 

 

 
3.2 Introduction 

3.2.1 Phytoextraction 

Industrial sites are often contaminated with multiple trace elements (Quartacci et al. 

2006).  Remediation of these sites is complex due to variation in the physical, chemical, 

and biological behaviours of different contaminants.  For industrial activities such as 

smelting, where the release of contamination is atmospheric, remediation efforts can be 

further complicated due to the vast extent of contamination.  Phytoremediation, the use of 

plants for contamination clean-up, is a promising remediation strategy for such sites since 

49 

 



 

it is inexpensive and can be performed in situ (McGrath and Zhao 2003; Marques et al. 

2009; Kabata-Pendias 2011).  When compared to conventional soil remediation 

techniques such as excavation and reburial, phytoremediation can be up to 1,000 times 

less expensive (Memon and Schroder 2008).  Phytoremediation techniques for trace 

elements can be divided into two main categories.  Phytostabilization is the use of plants 

to stabilize impacted soil or immobilize the contaminants held in said soil so as to reduce 

or prevent contaminant transport (McGrath and Zhao 2003; Marques et al. 2009).  

Phytoextraction is the use of plants to take up contaminants from impacted material and 

transport them into harvestable plant tissue (Van Nevel et al. 2007; Marques et al. 2009; 

Kabata-Pendias 2011).  This process concentrates the contaminants and decreases the 

volume of impacted material (Salt et al. 1995a; Raskin et al. 1997).  The plant tissue is 

then stored in an area where it can no longer pose a threat to environmental or human 

health (Kumar et al. 1995; Nowack et al. 2006).  Incineration or composting may be used 

to further reduce the volume of contaminated material (Kumar et al. 1995; Raskin et al. 

1997; Nowack et al. 2006; Memon and Schroder 2008). 

As with all phytoremediation techniques, the main advantages of phytoextraction are its 

low cost and in situ applicability (McGrath and Zhao 2003, Kabata-Pendias 2011).  After 

planting, only minor costs and maintenance are required for field management and 

harvesting (Memon and Schroder 2008).  According to Salt et al. (1995a), remediation of 

one acre of sandy loam soil to a depth of 50 cm would cost at least $400,000 using 

conventional methods including excavation and storage.  Raskin et al. (1997) estimate the 

cost of excavation and reburial at a hazardous waste site to be $1,000,000 per acre of soil 

area.  In contrast, remediation estimates are only $60,000-100,000 per acre using 
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phytoextraction (Salt et al. 1995a).  This is particularly important in the case of large or 

remote contaminated sites whose extent or distance from treatment or disposal centres 

renders conventional dig-and-dump or ex situ remediation methods so expensive that 

they become economically infeasible.  Another advantage of phytoextraction is its 

relatively low release of carbon dioxide.  In fact, plants can be considered living pumps 

which remove contaminants from the soil by using solar power (Salt et al. 1995a).  Even 

if the harvested plant biomass is incinerated, no more carbon dioxide will be released 

than the amount the plants originally took from the atmosphere (Memon and Schroder 

2008).  Disadvantages of phytoextraction relate to limitations in its application.  

Phytoextraction is a relatively slow treatment method and is only effective within the root 

zone (Van Nevel et al. 2007).  It is not uncommon for remediation time frames to be in 

the range of decades (Memon and Schroder 2008).  Another disadvantage of 

phytoextraction is the risk of contaminant redistribution in the environment via litter fall 

and herbivore consumption (Van Nevel et al. 2007).  Litter fall is mainly a concern for 

tree species which are not being considered in this study.  The introduction of 

contaminants into the food chain by herbivore consumption could possibly be 

discouraged by the use of animal deterrents in and around the area being remediated.   

A simple model for phytoextraction efficiency can be written as 

Efficiency = f(biomass, concentration) [1] 

In this model, biomass refers to shoot tissue since only the above-ground portion of the 

plants can be easily harvested (McGrath and Zhao 2003).  Bioconcentration is an 

indicator of how well a plant species can accumulate contaminants from the soil.  It is 

usually represented by bioconcentration factor (BCF), the ratio of a contaminant’s 



 

concentration in the shoot tissue to its concentration in the soil (McGrath and Zhao 

2003).  According to McGrath and Zhao (2003), species with BCF <1 for a given 

contaminant are not suitable phytoextractors for that contaminant because of the long 

time frame that would be required to attain significant reduction in soil contamination 

regardless of biomass yield.  Optimal plant species for phytoextraction can be described 

as being able to tolerate contamination, accumulate contaminants in harvestable tissue, 

and quickly produce large quantities of harvestable biomass (Salt et al. 1995a).  

Hyperaccumulators are plant species which are exceptionally capable of taking up trace 

elements above background soil concentrations (Marques et al. 2009; Kabata-Pendias 

2011); they generally have BCF >1, a shoot to root contaminant concentration ratio > 1, 

and hypertolerance to contamination (McGrath and Zhao 2003).  Threshold shoot trace 

element concentrations required for hyperaccumulator status depend on the contaminant 

in question.  For example, hyperaccumulators can concentrate Cu or Pb above 1000 mg 

kg-1 and Zn above 10,000 mg kg-1 in shoot tissue (Kabata-Pendias 2011).  

Hyperaccumulators are rare with less than 0.2% of angiosperms being defined as such 

(McGrath and Zhao 2003).   

Brassica juncea (L.) Czern. (Indian mustard) is among the hyperaccumulator species 

most commonly studied in phytoextraction projects and is known to accumulate large 

amounts of lead (Pb), zinc (Zn), nickel (Ni), copper (Cu), cadmium (Cd), chromium (Cr), 

uranium (U), and manganese (Mn) in its tissues (Environment Canada 2003, Kababa-

Pendias 2011).  Most phytoextraction studies, however, focus on one or two 

contaminants which have been intentionally added to a growth medium.  For example, 

Salt et al. (1995b) grew B. juncea plants in a hydroponic solution containing 0.1 µg mL-1 
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Cd.  Concentrations of Cd in dried shoot and root tissue were found to be 1100 and 6700 

times the concentration in solution, respectively (Salt et al. 1995b).  Some studies have 

addressed the slow speed of phytoextraction by looking at the use of chelating agents to 

increase the bioavailability and uptake of trace element contaminants.  Vassil et al. 

(1998) conducted a study where B. juncea plants were grown in hydroponic solutions 

containing various 0.5 mM Pb and various concentrations (0.1-2.5 mM) of the chelating 

agent ethylenediaminetetraacetic acid (EDTA).  The study showed that Pb was 

transported as a complex with EDTA and that the addition of EDTA to the system greatly 

increased Pb uptake, with concentrations up to 75 times the concentration in solution 

being measured in the shoot tissue (Vassil et al. 1998).  In a study by Epstein et al. 

(1999), B. juncea was grown in pots of sandy clay loam soil amended with different 

concentrations of Pb and supplied with different concentrations of EDTA upon flowering.  

The results supported those for the hydroponic system found by Vassil et al. (Epstein et 

al. 1999).  While these studies have successfully demonstrated the ability of B. juncea 

plants to take up trace elements from growth media, contaminant concentrations in shoot 

tissue may be much higher than those that could be expected from applied 

phytoextraction treatments.  This is because the bioavailability of trace elements in 

hydroponic solutions or spiked soils is higher than in soils which have previously been 

contaminated and have had time to reach stable equilibria (Quartacci et al. 2006).  These 

studies also ignore the effect of multiple contaminants on trace element uptake. 

Very little research has been done on the phytoextraction of soils contaminated by 

multiple trace elements even though most polluted soil contains several substances at 

toxic levels (Quartacci et al. 2006).  One of the few papers which studied a complex 
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mixture of trace element contaminants was a greenhouse experiment conducted by 

Kumar et al. (1995).  B. juncea was grown in a mixture of sand and perlite treated with a 

10 mL solution containing 2 mg L-1 Cd, 50 mg L-1 trivalent Cr, 3.5 mg L-1 hexavalent Cr, 

10 mg L-1 Cu, 100 mg L-1 Ni, 500 mg L-1 Pb, and 100 mg L-1 Zn (Kumar et al. 1995).  

Results showed that B. juncea was capable of accumulating Cd, hexavalent Cr, Cu, Ni, 

and Zn at concentrations 52, 58, 7, 31, and 17 times their respective growth medium 

concentrations (Kumar et al. 1995).  B. juncea was also able to accumulate Pb, a highly 

immobile contaminant, to levels of 108 mg g-1 dry root tissue and 35 mg g-1 dry shoot 

tissue (Kumar et al. 1995).  A study by Quartacci et al. (2006) examined the effect of 

nitrilotriacetate (NTA) and citric acid chelating agent addition on the B. juncea uptake of 

trace elements from a growth medium contaminated with 40 mg kg-1 Cd, 190 mg kg-1 Cu, 

1330 mg kg-1 Pb, and 3330 mg kg-1 Zn.  They reported that NTA addition increased the 

availability of all elements except Cr but decreased biomass production; therefore, only 

total uptake of Cu and Zn was significantly improved (Quartacci et al. 2006).  Citric acid 

was not found to affect shoot trace element concentrations (Quartacci et al. 2006). 

Overall, much of the existing literature focuses on simplified contaminated growth media 

which have been treated with a known concentration of only one or two trace elements 

(Salt et al. 1995b, Vassil et al. 1998, Epstein et al. 1999).  Therefore, a gap in knowledge 

exists regarding the effectiveness of phytoextraction on commonly occurring soils 

contaminated with a complex mixture of several trace elements.  Furthermore, there is a 

dearth of published research on the phytoextraction of organic soils contaminated with 

multiple trace elements. 
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3.2.2 Contaminated Soil Source 

The contaminated soil for this study was collected from the town of Flin Flon, MB 

(55°N, 102°W).  Flin Flon is a mining community located about 750 km north-northwest 

of Winnipeg on the MB-SK border.  The city is situated on the Paleozoic-Precambrian 

Shield boundary in a low hilly Boreal forest area composed mostly of jack pine (Pinus 

banksiana Lamb.), black spruce (Picea mariana (Mill.) B.S.P.), white spruce (Picea 

glauca (Moench) Voss), trembling aspen (Populus tremuloides Michx.), and balsam 

poplar (Populus basamifera L.) (Franzin et al. 1979; Hogan and Wotton 1984; Henderson 

et al. 1998; McMartin et al. 1999).  Mineral operations in the Flin Flon area began with 

the establishment of Cu-Zn mines by Hudson Bay Mining and Smelting Co., Ltd. in 1927 

and smelting in 1930 (Franzin et al. 1979).  The smelter was closed in mid-June 2010.  

During its operation, the Flin Flon complex produced Cu, Zn, and Cd metals on site and 

sent Pb, gold (Au), silver (Ag), selenium (Se), and tellurium (Te) materials off-site for 

further processing (Franzin et al. 1979).  Historically, smelter emissions were released 

from low stacks (30 m) until 1974, when a 251-m stack was constructed (Franzin et al. 

1979; Hogan and Wotton 1984; McMartin et al. 1999).  Emission quantities and 

composition has varied over time due to changing ore material and processing, recovery, 

and smelting technologies (McMartin et al. 1999; Intrinsic Environmental Sciences Inc. 

2010).  Particulate emissions have been estimated at about 7150 t yr-1 prior to 1974, about 

6834 t yr-1 beginning 1974, and about 632 t yr-1 following technology changes in 1995 

(McMartin et al. 1999).  Historically, predominant emission components have included 

sulfur dioxide (SO2), Zn, iron (Fe), and Pb (Intrinsic Environmental Sciences Inc. 2010).  

Other trace elements emitted include arsenic (As), Cu, Cd, mercury (Hg), Ag, aluminium 
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(Al), magnesium (Mg), Mn, Se, antimony (Sb), Ni, Cr, and cobalt (Co) (Intrinsic 

Environmental Sciences Inc. 2010).     

Franzin et al. (1979) conducted a study of the atmospheric deposition of trace elements in 

the Flin Flon area and determined that the smelter was a significant source of Zn, Cd, Pb, 

As, and Cu to an area up to 250,000 km2 in size.  Hogan and Wotton (1984) studied the 

distribution and effects of metal contaminants near the smelter in Flin Flon after 

approximately 50 yr of operation.  Within 5 km of the smelter, tree mortality, reduction in 

species diversity, stunted growth, and soil erosion were reported (Hogan and Wotton 

1984).  They measured elevated levels of Cu, Zn, and Pb in soil samples up to 35-40 km 

from the smelter and noted that metal concentrations were highest at the surface of the 

soil profile due to the atmospheric nature of contamination (Hogan and Wotton 1984).  

Soil pH was not correlated with distance from the smelter, indicating that stack emissions 

had not caused soil acidification (Hogan and Wotton 1984).  McMartin et al. (1999) 

reported that surface organic horizon concentrations of As, Cd, Cu, Hg, Pb, and Zn were 

elevated nearby the smelter and decreased with distance in all directions.  The trace 

element distribution was slightly skewed to the southeast in accordance with prevailing 

wind conditions (McMartin et al. 1999).  Distance to background concentrations were 

determined to be 70 km for Cd, 76 km for Pb, 84 km for Zn, 85 km for Hg, 90 km for Cu 

and 104 km for As (McMartin et al. 1999).  These results supported those of Zoltai 

(1988) who reported trace element contamination of peat to distances of 65 km for Pb, 77 

km for Zn, and 110 km for Cu and As.  Henderson et al. (1998) reported that the majority 

of Zn in the surface organic horizon at sites within 50 km of the smelter was in labile 

forms with an average of 54% in the soluble organic phase.  This supported the findings 
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by Hogan and Wotton (1984) that 50-60% of Zn and 18-36% of the Cu in the surface 

organic horizon at sites within 70 km of the smelter was bioavailable. 

Given the large extent of contamination found at Flin Flon, a cost efficient remediation 

method such as phytoextraction is desirable.  The distribution of contamination in the soil 

profile is suited to phytoextraction because it is concentrated near the surface, well within 

the root zone.  The slow speed of phytoextraction is not a major concern for the Flin Flon 

site because the contamination is not considered to be an immediate threat to human 

health (Intrinsic Environmental Sciences Inc. 2010). 

 

3.2.3 Deschampsia caespitosa 

Deschampsia caespitosa (L.) Beauv. (tufted hairgrass) is a perennial grass which forms 

dense tussocks with numerous shoots (Darris et al. 1995; FAO 2004).  It occurs naturally 

in temperate humid regions across the northern Hemisphere (Darris et al. 1995; FAO 

2004).  Tufted hairgrass is an incredibly robust species which can tolerate drought 

conditions due to its deep roots, grow in soils with pH 4.3-8.1, survive at altitudes as 

great as 2750 m, and tolerate waterlogging and frost (FAO 2004).  Gunn et al. (1995) 

documented the changes in the area surrounding several Sudbury, ON smelters following 

a nearly 90% reduction in SO2 which began around 1960.  The emission controls which 

caused the SO2 reduction did not greatly reduce the acidity or metal concentrations in 

soils surrounding the smelters (Gunn et al. 1995).  The soils were reported to contain 

elevated levels of Ni, Cu, Co, Ag, Fe, and Pb (Hutchinson and Whitby 1974).  Gunn et al. 

(1995) found that D. caespitosa was among the first vascular species to recolonize the 

more severely impacted barrens surrounding the smelters approximately 10 yr after the 
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SO2 emission reductions began.  D. caespitosa from the Sudbury area was found to be 

tolerant to Cu and Ni (Cox and Hutchinson 1979; Rauser and Winterhalder 1985).  The 

same studies also reported Zn-tolerance which was suggested as having developed 

coincidentally alongside the Cu- and Ni-tolerances since elevated levels of Zn were not 

observed in the Sudbury soil (Cox and Hutchinson 1979; Rauser and Winterhalder 1985).  

Tolerance to trace element contamination can occur either when plants exclude or have 

metabolic tolerance for the contaminants (Memon and Schroder 2008; Marques et al. 

2009).  Since D. caespitosa can naturally survive in trace element-contaminated soils, it 

is reasonable to propose that it may have the potential to take up contaminants as well.  

The perennial nature of D. caespitosa would make phytoextraction particularly cost-

efficient since no replanting would be required in between harvests. 

 

3.2.4 Objectives 

The objectives of this study were to: 

1. Quantify the germination and early growth of three Brassica species and D. 

caespitosa in low- and high-organic matter (OM) soils contaminated with multiple 

trace elements; 

2. Compare above-ground biomass yields and trace element uptake by plants grown in 

fertilized vs. non-fertilized contaminated and non-contaminated soils; and 

3. Quantify changes in soil trace element concentrations following multiple harvests of 

plants growing in contaminated soils. 
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3.3 Materials and Methods 

3.3.1 Soils 

Bulk soil samples (0-15 cm layer) were collected from Flin Flon, MB at sites located 

within 250 m of each other and approximately 5 km southwest of the Hudson Bay 

Mining and Smelting Co. smelting complex.  Five of the samples were relatively low in 

OM while the other five were high in OM.  Each group of five samples was mixed to 

give two composite soils: a low-OM contaminated (CLOM) soil with 34 mg kg-1 OM and 

a high-OM contaminated (CHOM) soil with 236 mg kg-1 OM.  The contaminated soils 

were analyzed for trace element concentrations by inductively-coupled plasma mass 

spectrometry (ICP-MS) according to a procedure adapted from USEPA method 200.2 at 

a commercial laboratory in Winnipeg, MB.   

Two non-contaminated soils were included in the study for comparison.  The first, 

referred to as the non-contaminated low-OM (NLOM) soil, was a 2:1:1 mixture of soil, 

peat, and sand commonly used as a growth medium for potted plants.  The second, called 

the non-contaminated high-OM (NHOM) soil, was a peat also used as a growth medium 

for potted plants.  These non-contaminated soils were analyzed for trace element 

concentration by ICP-MS following aqua regia digestion at a commercial laboratory in 

Vancouver, BC.  Both the non-contaminated and contaminated soils were analyzed for 

nitrate-nitrogen (NO3-N), Olsen phosphorus (Olsen P), potassium (K), pH, OM, and 

cation exchange capacity (CEC) at a commercial laboratory in Northwood, ND, U.S.A.  

Field capacity moisture contents of all growth media were also determined by measuring 

the moisture content of covered sample cores which had been allowed to drain freely for 

3 d. 
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3.3.2 Seed Germination 

A growth room study was carried out in order to examine the germinability and early 

growth of three Brassica species (B. carinata A. Braun, B. juncea, and B. napus L.) in the 

contaminated soils.  Brassica juncea was chosen due to its frequent use in 

phytoremediation research and its known hyperaccumulator status (Environment Canada 

2003), while B. carinata was included because of its robustness and potential for high 

biomass production.  Inclusion of B. napus was based on its potential for biofuel 

production.  One seed of each Brassica species was planted in each of 24 germination 

cells containing one of the four soils.  The growth room was maintained at a day 

temperature of 22°C for 16 h and a night temperature of 15°C for 8 h, with relative 

humidity set at 60%.  The germination trays were watered regularly.  No nutrient 

amendments were applied.  Maximum germination counts and plant height 4 wk after 

seeding were recorded.  The study was done in triplicate with a randomized complete 

block design. 

A second growth room germination study was conducted using D. caespitosa due to its 

robustness and potential for contaminant extraction.  Two D. caespitosa seeds were 

planted in each of 24 germination cells for each of the four soil types.  The growth room 

was maintained at a day temperature of 22°C for 16 h and a night temperature of 15°C for 

8 h, with relative humidity set at 60%.  The germination trays were watered regularly and 

no fertilizer was added.  The germination trays were covered with transparent plastic 

sheets until the grass grew tall enough to touch them.  This was done in order to prevent 

the soils from drying out too quickly while still allowing airflow.  Maximum germination 
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counts and plant height 4 wk after seeding were recorded.  The study was done in 

triplicate with a randomized complete block design. 

Analysis of variance (ANOVA) of the germination and early growth data was performed 

using PROC MIXED in SAS version 9.2 (SAS Institute, 2008).  For the Brassica 

germination study, the effects of species and soil type on germination percentage and 

plant height after 4 wk were determined.  For the D. caespitosa germination study, the 

effect of soil type on germination percentage and plant height after 4 wk was determined. 

 
3.3.3 Phytoextraction 

The multiple harvest phytoextraction experiment was conducted in a growth room in 

order to determine the phytoextraction capability of D. caespitosa.  Two pre-germinated 

D. caespitosa seedlings were transplanted into each pot.  The individual seedlings were 

transplanted into pots containing the same soil type in which they had been pre-

germinated.  There were 12 pots for each soil type.  The mass of dry soil in each pot was 

1.31 kg for the low-OM soils, 450 g for the CHOM soil, and 246 g for the NHOM soil.  

Half of the pots of each soil type were fertilized with urea and monoammonium 

phosphate at rates of 40 kg ha-1 P2O5 and 60 kg ha-1 N.  These rates were based on 

nutrient recommendations from MAF (2001) and FAO (2004).  The growth room was 

maintained at a day temperature of 22°C for 16 h and a night temperature of 15°C for 8 h, 

with relative humidity set at 60%.  The pots were watered regularly to approximately 

70% of field moisture capacity. 

The first D. caespitosa harvest was carried out 14 wk after transplanting.  The second 

harvest occurred 11 wk later and the third harvest occurred 19 wk after that.  At each 
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harvest, above-ground biomass samples were collected by cutting the grasses at a height 

of approximately 3 cm from the soil surface.  Above-ground tissue samples were not 

collected during the first harvest for plants grown in the CLOM soil because the biomass 

was insufficient for trace element analysis.  Soil samples were collected during each 

harvest using a small (~2 cm diameter) soil probe.  Two soil cores were taken from each 

pot; one sample was collected close to the D. caespitosa plants and the other was 

collected approximately 8 cm from the plants.  After each harvest, pots assigned to the 

fertilizer treatment received urea and monoammonium phosphate at rates of 40 kg ha-1 

P2O5 and 60 kg ha-1 N.   

Shoot and soil samples collected at each harvest were air-dried.  The dry mass of each 

plant tissue sample was measured and recorded.  Shoot samples were then finely ground 

using a ceramic mixer mill (8000M, SPEX Sample Prep, Metuchen, NJ, U.S.A.).  Soil 

samples were ground using an agate mortar and pestle and passed through a 100-µm 

sieve.  The above-ground plant tissue samples were digested in a microwave oven 

(MARS 5, CEM Corp., Matthews, NC, U.S.A.).  Fifty-milligram (dry wt.) subsamples 

were digested in 1 mL of 15.8 M HNO3.  The samples were brought to 200°C in the 

microwave over a 10-min period.  The samples were then held at 200°C for 15 min.  For 

each run of 12 plant samples, one blank, two certified reference materials, and three 

duplicates were included.  Once the samples cooled, the extract was diluted 20 times and 

analyzed for trace element concentrations using ICP-MS (Elan DRC II, Perkin Elmer, 

Waltham, MA, U.S.A).  Soil samples from the final harvest were sent to a commercial 

laboratory in Vancouver, BC for aqua regia digestion and trace element analysis by ICP-

MS. 
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Since the first harvest of plant tissue from the CLOM soil did not occur until the second 

harvest for the other plants, biomass values from the first two harvests were combined for 

the NLOM, NHOM, and CHOM pots.  This may have affected the biomass collected 

from the clean mineral, clean organic, and contaminated organic pots.  A study by 

Stohlgren et al. (1989) found that additional harvests in a D. caespitosa-Carex rostrata 

Stokes. plant community resulted in a 15-20% decrease in biomass production.  

However, the effect of repeated harvests specifically on D. caespitsoa was not 

determined (Stohlgren et al. 1989).  In any case, the data transformation allowed for the 

statistical analysis of the biomass and trace element data.  The period of plant growth 

from seeding until the first harvest for contaminated mineral pots and the second harvest 

for all other pots was classified as Time 1.  The period of growth leading up to the second 

harvest for contaminated mineral pots and the third harvest for all other pots was 

classified as Time 2.  Mean shoot trace element concentrations for the two time periods 

were determined for the NLOM, NHOM, and CHOM pots by the total trace element 

uptake from each pot for that period and dividing it by the corresponding total biomass 

yield for the same period.  Trace element uptake was calculated for each phytoextraction 

period by multiplying biomass yield by trace element concentration.  Change in soil trace 

element concentration was calculated as the difference between the initial and post-

phytoextraction soil trace element concentrations.  Analysis of variance was performed 

using PROC MIXED in SAS to determine the effects of soil type, fertilizer application, 

and time on biomass, shoot trace element concentration, trace element uptake, and 

change in soil trace element concentration.  When necessary, data were transformed to 

fulfil the normality of residuals assumption of the ANOVA procedure.  For shoot 
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concentrations of As, Cr, and Cu, the -0.25 power transformation was used.  The 0.25 

power transformation was used for the Cd, Pb, and Zn shoot concentration data.  Shoot 

Se concentration data were omitted from the analysis because nearly all concentrations 

were below the analytical detection limit.   For the other trace elements, values below the 

detection limit were replaced by concentrations equal to half of the detection limit.   

Statistical analysis of the trace element uptake data also required transformations.  As, 

Cd, Cu, Pb, and Zn data were transformed to the power of 0.25.  The -0.25 power 

transformation was used for Cr uptake data.   Statistical analysis of the change in trace 

element content of the contaminated soils following phytoextraction treatment required 

data transformations for Cr and Pb.  For both elements, the data were made positive by 

adding a constant prior to applying a 0.25 power transformation. 

 

 
3.4 Results and Discussion 

3.4.1 Soils 

The four soils used in this study were found to vary in their basic chemical properties 

(Table 3.1).  Both contaminated soils had very low NO3-N concentrations while the 

NLOM soil had high NO3-N concentrations (Marx et al. 1996).  Nitrate-nitrogen 

measurements for the NHOM soil were omitted because the results were likely invalid 

due to an overestimate of bulk density.  It is probable that NO3-N was low in the NHOM 

soil.  Olsen-P analyses showed that the NHOM and CLOM soils had low P 

concentrations (Marx et al. 1996).  The NLOM and CHOM soils had moderate P levels 

(Marx et al. 1996).   
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Table 3.1 Chemical properties of the contaminated and non-contaminated soils. Error 
values represent standard deviation. 

Property 
Soil 

NLOM NHOM CLOM CHOM 

Nitrate-N (mg kg-1) 43.7 ± 6.5 - 0.5 ± 0 1.5 ± 1.0 

Olsen-P (mg kg-1) 12 ± 2 3 ± 1 6 ± 1 12 ± 1 

K (mg kg-1) 189 ± 28 19 ± 2 231 ± 4 126 ± 10 

pH 7.6 ± 0.1 4.4 ± 0.1 6.7 ± 0.2 6.3 ± 0.1 

OM (%) 3.9 ± 0.4 96.3 ± 1.0 3.4 ± 0.1 23.6 ± 2.3 

CEC (meq) 26.5 ± 2.5 7.6 ± 0.8 15.6 ± 1.7 12.3 ± 0.1 

 

Both low-OM soils had moderate K levels while the CHOM soil had low K levels and the 

NHOM soil had very low K levels (Marx et al. 1996).  Soil pH was nearly neutral for the 

NLOM soil and both contaminated soils.  The NHOM soil was at the very acidic end of 

acceptable growing conditions for D. caespitosa (FAO 2004).  The low-OM soils had 

similar OM concentrations while the NHOM soil had a much greater OM concentration 

than the CHOM soil.  Cation exchange capacity increased in the following order: NHOM 

< CHOM < CLOM < NLOM. 

Due to the differences in soil properties the non-contaminated soils cannot be considered 

experimental controls for the contaminated soils.  Instead, the non-contaminated soils 

were included to allow for comparison in germination, growth, and trace element uptake 

between plants grown in the contaminated soils and plants grown in commonly used non-

contaminated soils.  Based on its chemical properties, the NLOM soil was determined to 

offer the best growing conditions of all four soils. 
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ICP-MS analyses confirmed that the composite soils from Flin Flon contained multiple 

trace elements, most of which exceeded Canadian Council of Ministers of the 

Environment (CCME) soil quality guidelines (Table 3.2).   

Table 3.2 Concentrations of selected trace elements in the contaminated soils compared 
to the Canadian soil quality guidelines for agricultural land (CCME 2007). 

Trace Element 

Concentration (mg kg-1) 

CLOM Soil CHOM Soil 
Canadian Soil Quality 

Guideline 

As 22 159 12 

Cd 7.4 28.3 1.4 

Cr 111 45 64 

Cu 440 1590 63 

Pb 67 4500 70 

Se 3 10 1 

Zn 2000 7460 200 

 

In general, the CHOM soil was more heavily impacted and contained higher 

concentrations of As, Cd, Cu, Pb, Se, and Zn than the CLOM soil.  The opposite was true 

for Cr.  The CHOM soil was expected to contain higher trace element concentrations due 

to cycling within the soil.  Trace elements become enriched in the upper portion of soil 

OM through long-term upwards movement by plant roots and atmospheric interception 

by vegetative canopy followed by accumulation and decay of plant litter (Stevenson 

1994).  Therefore, the CHOM soil would contain trace elements of atmospheric origin as 

well as those translocated from deeper in the profile. 

 

66 

 



 

3.4.2 Seed Germination 

Analysis of variance for Brassica species germination percentage data indicated a 

significant species effect but non-significant soil type and interaction effects (Table 3.3).   

Table 3.3 Species and soil effects on germination percentage and plant height 4 wk after 
seeding for Brassica plants. 

Effect Germination (%) Height (cm) 

Species   

   B. carinata 49.7b† 7.18 

   B. juncea 96.5a 8.91 

   B. napus 90.6a 9.34 

Soil   

   NLOM 79.6 11.80 

   NHOM 82.4 12.35 

   CLOM 75.0 6.94 

   CHOM 78.7 2.82 

 P 

Species <0.0001 <0.0001 

Soil 0.40 <0.0001 

Species × soil 0.99 <0.0001 

†Means in the same column followed by the same letter are not significantly different  
(P > 0.05) according to the Tukey test. 
 

Brassica carinata had a significantly lower germination percentage than either B. juncea 

or B. napus.  The non-significant soil effect agrees with research by Meng et al. (2008) 

which showed that germination counts for B. napus seeded on filter papers in various Cd 

solutions was not negatively impacted until very high aqueous Cd concentrations of > 

200µM (22 mg L-1) were applied.  
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Plant height after 4 wk was significantly affected by Brassica species, soil type, and the 

interaction between the two (Table 3.3).  In general, Brassicae grown in the non-

contaminated soils had greater early growth than Brassicae grown in the contaminated 

soils (Figure 3.1).   
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Figure 3.1 Four-week growth of Brassica species in various soils.  Vertical bars 
represent standard error of the mean.  Columns labelled with the same letter are 
not significantly different (P > 0.05) according to the Tukey test. 

 

However, the height of B. napus plants grown in the CLOM soil was not significantly 

different from the height of B. napus plants grown in the NLOM soil or B. carinata plants 

grown in either non-contaminated soil.  The significant interaction arose because within 

each soil type, the ranking of the Brassicae was not the same.  All Brassica species 

grown in the CHOM soil were extremely stunted and exhibited a purple colouration.  The 
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Brassicae did not die during the study but growth appeared to have stopped completely 

by 4 wk after seeding.  Purpling is typically indicative of elevated levels of anthocyanin, 

a pigment which accumulates due to various plant stresses (McCauley et al. 2009).  In 

frequent cases, purpling is associated with P deficiency (McCauley et al. 2009).  Since 

the purpling was observed in plants germinated in the CHOM soil which actually had 

higher Olsen-P concentrations than either the CLOM soil or the NHOM soil, P deficiency 

is likely not the cause of the discolouration in this study.  Instead, it is possible that plant 

stress due to high trace element concentrations resulted in the purpling.  The 

contaminants could have interfered with biochemical reactions or the uptake of essential 

nutrients (Kabata-Pendias 2011).  Quartacci et al. (2006) also reported stunted growth of 

B. juncea seedlings sown in soil contaminated by multiple trace elements.  Instead of a 

purple discolouration, however, the plants exhibited chlorosis and nectrotic areas 

(Quartacci et al. 2006). 

Soil type did not have a significant effect on D. caespitosa germination percentage but 

did have a significant effect on D. caespitosa height after 4 wk (Table 3.4).  Plants grown 

in the NLOM soil had the greatest early growth.  Plants grown in the NHOM and CLOM 

soils had statistically similar heights 4 wk after seeding. 
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Table 3.4 Soil effect on germination percentage and plant height 4 wk after seeding for 
Deschampsia caespitosa.   

Effect Germination (%) Height (cm) 

Soil   

   NLOM 32.6 7.26a† 

   NHOM 54.9 5.39b 

   CLOM 50.7 4.55b 

   CHOM 86.8 3.63c 

 P 

Soil 0.062 <0.0001 
†Means in the same column followed by the same letter are not significantly different  
(P > 0.05) according to the Tukey test. 
 

As with the height of Brassicae 4 wk after seeding, plants grown in the CHOM soil were 

stunted.  However, the D. caespitosa did not exhibit any discolouration and growth did 

not appear to have stopped.  This may have been due to the plants’ tolerance to 

contamination.  As a result, D. caespitosa was chosen for further study in the 

phytoextraction experiment. 

 

3.4.3 Phytoextraction 

When transplanted from the germination cells, the D. caespitosa had multiple thin shoots.  

As the plants grew, it became apparent that some were not D. caespitosa.  This occurred 

in the case of two of the 24 contaminated mineral plants and 18 of the 24 contaminated 

organic plants.  The unknown grasses were larger than the D. caespitosa and had broader 

shoots.  Since no unknown plants were present in the clean soils, it is believed they 

germinated from seeds stored in the contaminated soils.  These plants were replaced with 
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D. caespitosa still growing in the germination trays two weeks after the original 

transplant. 

During the next 12 wk of plant growth, D. caespitosa plants grown in the NLOM soil 

appeared to be the healthiest.  They appeared very green and seemed to have the highest 

above-ground biomass yield.  The plants from the CHOM soil also appeared healthy and 

plants from seven of the pots had begun to flower by the end of 12 wk.  Plants grown in 

the NHOM soil appeared to be highly dependent on fertilizer application.  The pots 

which were not fertilized had very small plants.  The pots which were fertilized had much 

larger plants but the shoots were chlorotic.  Deschampsia caespitosa plants grown in the 

CLOM soil produced very little biomass.  At the time of the first harvest, above ground 

plant tissue was only harvested for D. caespitosa grown in the NLOM, NHOM, and 

CHOM soils.  The plants from the CLOM soil had not produced enough mass to allow 

for trace element analysis. 

After the first harvest, all plants continued to grow.  After approximately 8 wk, the plants 

in the CHOM soil developed a pinkish brown colouration.  Plants from the fertilized 

NHOM soil still appeared yellowish and plants from all other treatments had a few 

yellow and brown shoots.  At the time of the second harvest, 11 wk after the first, D. 

caespitosa plants from all soil types had produced sufficient biomass for trace element 

analysis so above ground biomass samples were collected from all pots. 

After the second harvest, the plants from all soil types appeared to be growing at a much 

slower rate.  After about 12 wk, the plants from the CHOM soil were green again.  After 

19 wk, a third harvest was conducted and above-ground tissue was collected from all 

71 

 



 

pots.  It is possible that the slow growth during Time 2 occurred as a stress symptom due 

to the lack of rest or winter period in the study.   

Analysis of variance for above-ground biomass indicated significant effects of soil type, 

fertilizer, and time as well as significant interactions between soil and fertilizer, soil and 

time, and soil, fertilizer, and time (Table 3.5). 

Table 3.5 Soil, fertilizer, and time effects on above-ground biomass yield for 
Deschampsia caespitosa plants. 

Effect Biomass (g, dry wt.) 

Soil  

   NLOM 7.31 

   NHOM 2.51 

   CLOM 1.24 

   CHOM 2.50 

Fertilizer  

  Yes 4.54 

   No 2.24 

Time  

   1 4.81 

   2 1.98 

 P 

Soil <0.0001 

Fertilizer <0.0001 

Time <0.0001 

Soil × fertilizer <0.0001 

Soil × time <0.0001 

Fertilizer × time 0.13 

Soil × fertilizer × time 0.005 
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During Time 1, D. caespitosa plants growing in fertilized NLOM soil produced the 

greatest biomass followed by D. caespitosa plants growing in unfertilized NLOM soil 

(Figure 3.2).   
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Figure 3.2 Above ground biomass of Deschampsia caespitosa grown in various soils 

or 

 

The treatments which produced the least above ground biomass were the fertilized and 

unfertilized CLOM soils and the unfertilized NHOM soil.  Biomass yield from Time 2 

was highest for plants growing in the fertilized NLOM soil.  All the other Time 2 soil-

fertilizer treatments had statistically similar biomass yields.  The high biomass production 

of plants grown in the NLOM soil was expected due to that soil’s superior chemical 

with fertilizer (a) and without fertilizer (b).  Vertical bars represent standard err
of the mean.  Columns in the same panel labelled with the same letter are not 
significantly different (P > 0.05) according to the Tukey test. 
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properties such as NO3-N concentration, Olsen-P concentration, and CEC.  All pots 

except the fertilized CLOM treatment had greater yields during Time 1 than Time 2.  The 

difference for the fertilized CLOM soil treatment was likely due to the low biomass of 

plants grown in the CLOM soil during the first part of Time 1.  Also, the shoot harvest of 

plants grown in the other three soils partway through Time 1 may have encouraged 

further biomass production.  Within each time period, fertilized pots produced more 

above-ground biomass than unfertilized pots of the same soil type.  This was expected 

because none of the soils had sufficient nutrient concentrations for optimum growth. 

Trace element analysis results showed that shoot concentrations of Cd, Cr, Pb, and Zn 

were significantly affected by soil, time, and the soil by time interaction (Table 3.6).  Soil 

and the soil by time interaction were significant for the concentration of As in the above-

ground biomass.  Soil and time were significant for the concentration of Cu in above-

ground plant tissue. 
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Table 3.6 Soil, fertilizer, and time effects on shoot trace element concentrations for 
Deschampsia caespitosa. 

Effect 
Shoot Concentration (µg g-1) 

As Cd Cr Cu Pb Zn 

Soil       

   NLOM 0.52 0.14 2.28 5.17 0.22 26 

   NHOM 0.42 0.11 2.35 6.36 0.42 105 

   CLOM 0.52 3.58 1.88 10.95 0.52 371 

   CHOM 6.58 9.21 5.14 57.40 19.30 2598 

Fertilizer       

  Yes 0.79 1.30 2.57 10.40 1.43 343 

   No 0.82 1.38 2.71 11.25 1.60 310 

Time       

   1 0.91 2.20 3.77 18.01a† 3.31 542 

   2 0.71 0.76 1.90 6.88b 0.57 182 

 P 

Soil <0.0001 <0.0001 0.003 <0.0001 <0.0001 <0.0001

Fertilizer 0.87 0.74 0.81 0.75 0.69 0.55 

Time 0.07 <0.0001 0.0073 0.0012 <0.0001 0.0005 

Soil × fertilizer 0.85 0.61 0.99 0.95 0.49 0.71 

Soil × time <0.0001 0.0002 0.003 0.49 <0.0001 <0.0001

Fertilizer × time 0.94 0.82 0.81 0.58 0.34 0.94 

Soil × fertilizer × time 0.78 0.53 0.99 0.65 0.71 0.90 
†Means in the same column followed by the same letter are not significantly different  
(P > 0.05) according to the Tukey test. 
 

It can be seen in Figure 3.3 that As, Cd, Cr, Cu, Pb, and Zn after Time 1 were all by far 

the most concentrated in shoots from CHOM soil.   
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Figure 3.3 Concentrations of trace elements in above-ground plant tissue.  Columns in 
the same panel labelled with the same letter are not significantly different  
(P > 0.05) according to the Tukey test. 

 

At the end of Time 1, shoots from the CHOM soil contained 30 µg g-1 As.  At the end of 

Time 2, the plants grown in CHOM soil still contained significantly more As than any of 
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the other treatments but the concentration was much lower at 2.2 µg g-1.  All the other 

treatments resulted in shoot As concentrations below 0.7 µg g-1.  Shoot Cd concentration 

in plants from the CHOM soil after Time 1 was 18 µg g-1.  The next highest shoot Cd 

concentrations ranging from 2.9-4.3 µg g-1 were found in shoots from the CHOM soil 

after Time 2 and shoots from the CLOM soil after Times 1 and 2.  Cadmium 

concentrations in the above-ground biomass of plants grown in the non-contaminated 

soils were all below 0.3 µg g-1.  For Cr, shoot concentration was 19 µg g-1 for plants from 

the CHOM soil after Time 1.  All other treatments resulted in shoot Cr concentrations 

less than 3.0 µg g-1.  Shoot Cu concentrations were 154 µg g-1 and 26 µg g-1 for plants 

from the CHOM soil after Times 1 and 2, respectively.  All other shoot Cu concentrations 

were below 16.0 µg g-1.  Lead was present at 51 µg g-1 in shoots from the CHOM soil 

after Time 1.  The next highest shoot concentration was 5.3 µg g-1 in shoots from the 

CHOM soil after Time 2.  All other treatments resulted in shoot Pb concentrations below 

1.0 µg g-1.  Shoot Zn concentration was 5580 µg g-1 for shoots from the CHOM soil after 

Time 1.  After Time 2, plants from the CHOM soil had a shoot Zn concentration of 1010 

µg g-1.  All other shoot Zn concentrations were below 450 µg g-1. 

It is clear that the above-ground biomass from plants grown in CHOM soil after Time 1 

had much higher trace element levels than any of the other shoots.  By the end of Time 2, 

the concentrations had dropped significantly.  This may have occurred due to the most 

available forms of the trace element contaminants being taken up during Time 1.  By 

Time 2, the contaminants remaining would be in forms that could not easily be removed 

from the soil.  Only a fraction of the total trace element content of a soil is in the aqueous, 

easily dissolved, or easily desorbed forms which are available to plants (Salt et al. 1995a; 
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Marques et al. 2009).  Trace elements strongly bound to organic matter or included in 

silicate mineral structures, precipitates, and insoluble compounds such as oxides and 

hydroxides are not considered to be phytoavailable (Salt et al. 1995a).  In a repeated 

harvest phytoextraction study using Pteris vittata L. to remove As from contaminated 

soils, a similar decrease in shoot concentration was reported for the second harvest 

(Gonzaga et al. 2008).  However, this reduction was attributed to stress caused by a 

drastic first harvest method which also resulted in reduced growth during the period 

leading up to the second harvest (Gonzaga et al. 2008).  For plants growing in most of the 

studied soils, shoot As concentrations from the third harvest had returned to the level of 

those from the first harvest since P. Vittata is highly effective in As solubilisation 

(Gonzaga et al. 2008).  A decrease in available forms of Cd and Zn following three 

phytoextraction harvests was reported by Keller and Hammer (2004) who studied the 

treatment of trace element-contaminated soils with Thlaspi caerulescens J. and C. Presl.   

The decrease was attributed to the inability of the soil system to replenish bioavailable 

pools of trace elements as quickly as they were being phytoextracted (Keller and 

Hammer 2004).  Reduced shoot trace element concentrations for plants grown in the 

CHOM soil during Time 2 could have also resulted from reduced uptake due to toxicity 

effects or plant stress caused by the lack of winter period. 

Trace element concentrations in shoots from the CLOM soil were relatively low and 

statistically similar to concentrations in shoots from the non-contaminated soils except in 

the case of Cd.  It was expected that shoots from the CLOM soil would have lower trace 

element concentrations than shoots from the CHOM soil because soil trace element 

concentrations were lower in the CLOM soil. 
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Table 3.7 shows the BCF calculated for each trace element based on its concentrations in 

soil and shoot tissue.   

Table 3.7 Trace element concentrations in above-ground Deschampsia caespitosa tissue 
and soil and the resulting bioconcentration factors (BCFs). 

Element 

Maximum Shoot 

Concentration (mg kg-1) 

Soil Concentration 

(mg kg-1) 
BCF 

CLOM CHOM CLOM CHOM CLOM CHOM 

As 0.58 30 22 159 0.03 0.19 

Cd 4.3 18 7.4 28.3 0.58 0.64 

Cr 1.9 19 111 45 0.02 0.42 

Cu 16 154 440 1590 0.04 0.10 

Pb 0.78 51 67 4500 0.01 0.01 

Zn 442 5580 2000 7460 0.22 0.75 

 

For both contaminated soils, the BCFs for every trace element studied were well below 

one.  Therefore, phytoextraction using D. caespitosa would require more than 100 

harvests and the treatment is considered unfeasible unless trace element uptake can be 

improved (McGrath and Zhao 2003).  Also, although D. caespitosa appears to tolerate the 

contaminants, it cannot be considered a hyperaccumulator for As, Cd, Cr, Cu, Pb, or Zn.   

In general, the BCFs for plants grown in the CHOM soil are higher than the BCFs for 

plants grown in the CLOM soil.  This may be due to greater quantities of phytoavailable 

trace elements in the CHOM soil which was found to contain greater total trace element 

concentrations.  It is important to note, however, that the BCFs for plants grown in the 

CHOM soil decrease over time, possibly due to the preferential removal of the most 

phytoavailable forms of the trace elements or reduced uptake due to either contaminant 

toxicity or stress associated with the lack of winter period.  The length of this study was 
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insufficient to determine whether the long-term average BCFs for plants grown in the 

CHOM soil would be higher than those for plants grown in the CLOM soil.   

The addition of a chelating agent to the contaminated soils may improve trace element 

uptake.  Chelating agents bind with the trace elements to form soluble complexes and 

decrease precipitation and sorption in the soil, thus making the trace elements more 

bioavailable (Marques et al. 2009).  However, the increased trace element availability 

may also result in a greater risk of contaminant transport to groundwater by leaching, 

particularly on coarse-textured soils (Marques et al. 2009).  Soil acidification by the 

addition of ammonium-containing fertilizers or soil acidifiers could also increase the 

phytoavailablity of the trace element contaminants (Salt et a. 1995a).   

The Cu and Pb BCFs for plants grown in the CHOM soil in this study were comparable 

to those (0.13 and 0.02, respectively) found for B. juncea plants grown in a sandy soil 

contaminated with multiple trace elements (Quartacci et al. 2006).  The Cd and Zn BCFs 

for plants grown in the CHOM soil were higher than those (0.50 and 0.45, respectively) 

reported by Quartacci et al. (2006).  However, the addition of the chelating agent NTA 

resulted in the Cd, Cu, and Zn BCFs (0.88, 0.40, and 0.90, respectively) being higher for 

the B. juncea plants than for the D. caespitosa plants grown in the CHOM soil (Quartacci 

et al. 2006).  Kumar et al. (1995) reported much higher Cd, Cu, Pb, and Zn BCFs for B. 

juncea than those found by Quartacci et al. (2006).  They determined BCFs of 52, 7, 1.7, 

and 17 for Cd, Cu, Pb, and Zn, respectively.  These BCFs may be elevated due to 

differences in the growth media used in the two studies.  The growth medium used by 

Kumar et al. (1995) was a sand-Perlite mixture spiked with various contaminants rather 

than a naturally-existing soil impacted by long-term contamination used by Quartacci et 
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al. (2006).  Therefore, the trace elements were likely much more bioavailable in the 

Kumar et al. (1995) study.  Kumar et al. (1995) also used much lower contaminant 

concentrations than Quartacci et al. (2006).  This may have resulted in greater BCFs due 

to reduced stress to the plants. 

Soil, time, and the soil by time interaction effects were significant for As, Cd, Cu, Pb, and 

Zn uptake (Table 3.8).  Fertilizer also had a significant effect on Cr uptake. 
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Table 3.8 Soil, fertilizer, and time effects on the uptake of trace elements by 
Deschampsia caespitosa. 

Effect 
Uptake (µg pot-1) 

As Cd Cr Cu Pb Zn 

Soil       

   NLOM 0.20 0.05 0.58 2.85 0.08 8.60 

   NHOM 0.05 0.01 0.21 1.21 0.05 12.28 

   CLOM 0.04 0.23 0.12 0.92 0.03 25.18 

   CHOM 1.33 1.06 0.40 8.75 2.39 308.98 

Fertilizer       

  Yes 0.26 0.20 0.37a† 3.16 0.25 54.70 

   No 0.14 0.12 0.19b 2.00 0.15 27.45 

Time       

   1 0.42 0.34 0.53 6.75 0.58 87.67 

   2 0.07 0.06 0.14 0.69 0.05 14.42 

 P 

Soil <0.0001 <0.0001 0.0002 <0.0001 <0.0001 <0.0001

Fertilizer 0.14 0.15 0.04 0.28 0.27 0.08 

Time 0.0003 0.001 0.002 0.0006 <0.0001 0.001 

Soil × fertilizer 0.50 0.85 0.29 0.38 0.87 0.79 

Soil × time <0.0001 <0.0001 0.0001 0.003 <0.0001 <0.0001

Fertilizer × time 0.46 0.78 0.11 0.59 0.57 0.97 

Soil × fertilizer × time 0.38 0.51 0.75 0.32 0.90 0.67 
†Means in the same column followed by the same letter are not significantly different  
(P > 0.05) according to the Tukey test. 
 

Figure 3.4 shows that the greatest trace element uptake for As, Cd, Cr, Cu, Pb, and Zn 

occurred in plants growing in the CHOM soil during Time 1.   
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Figure 3.4 Trace element uptake by Deschampsia caespitosa.  Columns in the same 

 

panel labelled with the same letter are not significantly different (P > 0.05) 
according to the Tukey test. 
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This was because that treatment resulted in much higher shoot trace element 

concentrations than all the other treatments.  Even though above-ground biomass after 

Time 1 for plants grown in the CHOM soil was only moderate, the high trace element 

concentrations translated into the highest trace element uptake.  In the case of Cr, shoot 

concentration in plants from the NLOM soil after Time 1 was still lower than shoot 

concentration in plants from the CHOM soil after Time 2, but not to such an extreme 

extent.  Therefore, when multiplied by Time 1 biomass, which was very high for plants 

grown in the NLOM soil, Cr uptake was similar between the NLOM and CHOM soil 

treatments.  Cu uptake from the NLOM soil after Time 1 was elevated for the same 

reason.  Fertilizer application was not a significant factor in trace element uptake for any 

contaminant except for Cr.  Cr uptake was significantly higher for fertilized treatments 

(0.4 µg pot-1) than for unfertilized treatments (0.2 µg pot-1).   

Although statistically significant amounts of trace element contaminants were taken up 

by plants grown in the CHOM soil during Time 1, it is important to note the actual uptake 

values from an environmental perspective.  All Time 1 trace element uptake values other 

than Zn were below 30 µg pot-1 (67 µg kg-1 of dry soil) for plants grown in the CHOM 

soil.  Zn uptake was higher at about 940 µg pot-1(2.1 mg kg-1 of dry soil), but still very 

low compared to soil Zn content.  Therefore, from an environmental standpoint, even the 

Time 1 contaminant uptake by plants grown in the CHOM soil did not result in 

significant contaminant uptake.  This means that phytoextraction by D. caespitosa is not 

a suitable short-term remediation treatment for soils contaminated with multiple trace 

elements.  However, it does not prohibit the possibility of using phytoextraction by D. 

caespitosa for long-term clean-up efforts. 
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Trace element uptake by D. caespitosa in this study was lower than that reported for B. 

juncea by Quartacci et al. (2006).  Uptake of Cd, Cu, Pb, and Zn was greater for B. 

juncea by factors of 10, 2, 5, and 2, respectively, when no chelating agent was added 

(Quartacci et al. 2006).  The addition of NTA resulted in Cu and Zn uptake being greater 

for B. juncea by a factor of 3 (Quartacci et al. 2006).  When no chelating agent was 

added, the greater trace element uptake by B. juncea can be explained by its larger above-

ground biomass production compared to D. caespitosa.  When NTA was added, 

increased trace element phytoavailability also played a role in the superior contaminant 

uptake. 

Results for the change in trace element content of the contaminated soils following 

phytoextraction showed that soil type was the only significant factor affecting the change 

in soil concentrations of As, Cd, Cr, and Pb (Table 3.9).  The interaction between soil 

type and fertilizer was significant for the change in soil Zn content.  Neither soil type, 

fertilizer, nor the interaction was significant for the change in Cu or Se concentrations. 
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Table 3.9 Soil and fertilizer effects on the change in soil trace element concentrations 
following phytoextraction treatment. 

Effect 
Change in Soil Concentration (%) 

As Cd Cr Cu Pb Se Zn 

Soil        

   CLOM 7.4a† 17.3a -17.1b 1.1 39.6a 6.8 -5.8 

   CHOM -27.8b 0.15b 1.6a 6.2 -37.3b -0.49 11.6 

Fertilizer        

  Yes -9.5 5.6 -11.5 4.8 -12.5 6.3 1.7 

   No -10.9 11.9 -6.9 2.5 -3.7 -0.02 4.1 

 P 

Soil <0.0001 0.0003 0.046 0.60 0.012 0.49 0.11 

Fertilizer 0.81 0.12 0.43 0.79 0.62 0.55 0.80 

Soil × fertilizer 0.06 0.11 0.17 0.09 0.95 0.37 0.049 
†Means in the same column followed by the same letter are not significantly different  
(P > 0.05) according to the Tukey test. 
 

The phytoextraction treatment resulted in a much greater soil As and Pb reduction in the 

CHOM soil than in the CLOM soil.  Since much more As and Pb were taken up by D. 

caespitosa plants grown in the CHOM soil than in the CLOM soil, it follows logically 

that the concentrations of As and Pb in the CHOM soil would decrease significantly more 

than the concentrations of As and Pb in the CLOM soil.  In contrast, soil Cr decreased 

more in the CLOM soil than in the CHOM soil.  This does not seem to agree with above-

ground tissue Cr concentration data and Cr uptake data.  D. caespitosa plants grown in 

the CHOM soil contained higher concentrations of Cr and had higher Cr uptake values.  

It is possible that D. caespitosa plants grown in the CLOM soil took up Cr from the soil 

and stored it in root tissue.  However, analysis of root tissue was not within the scope of 

this study so this suggestion requires further research.  Although the change in soil Cd 
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following phytoextraction was statistically different for the two contaminated soils, soil 

Cd concentration did not appear to decrease in either soil.  The apparent increase in soil 

Cd in the CLOM soil is likely within the margin of error for the measurement.  Soil Zn 

appeared to decrease by the greatest percentage in the fertilized CLOM pots and by the 

least in the fertilized CHOM pots.  However, the differences in the change in soil Zn for 

the various treatments were not significant.  The change in soil Cu and Se concentrations 

were not significantly affected by soil type and appeared to be unchanged by 

phytoextraction.  Overall, the D. caespitosa phytoextraction treatment can only be 

considered effective in reducing soil levels of As and Pb in the CHOM soil and Cr in the 

CLOM soil.  The soil trace element results support the shoot trace element concentration 

and uptake findings saying that the D. caespitosa phytoextraction treatment was 

unsuccessful in providing adequate contaminant reduction over a short time period. 

 
 

3.5 Conclusion 

Both contaminated soils, with low to moderate nutrient levels, provided less suitable 

growth conditions than the NLOM soil.  Analysis of trace element concentrations in the 

soils indicated that the CHOM soil was more highly contaminated than the CLOM soil. 

Brassica carinata, B. juncea, and B. napus all exhibited extremely stunted growth in the 

CHOM soil.  Deschampsia caespitosa showed less stunted growth and was therefore 

considered to have greater potential for biomass production and trace element uptake in 

the contaminated soils. 
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The fertilized NLOM soil resulted in the greatest above-ground biomass production 

during each phytoextraction period.  After Time 1, biomass from plants grown in the 

CHOM soil was greater than biomass from plants grown in the CLOM soil.  After Time 

2, the contaminated soils had similar biomass yields.  The finding that D. caespitosa 

plants grown in the contaminated soils could not give the optimal biomass produced by 

plants grown in the fertilized NLOM soil ultimately translates into decreased 

phytoextraction efficiency. 

Results from analyses of shoot trace element concentrations showed that As, Cd, Cr, Cu, 

Pb, and Zn were all much more highly concentrated in shoots grown in the CHOM soil 

after Time 1 than any other treatment.  The large decrease in shoot trace element 

concentrations in plants grown in the CHOM soil from Time 1 to Time 2 can be 

attributed to the preferential uptake of more bioavailable contaminant forms during the 

earlier phytoextraction period.  For all trace elements other than Cd, concentrations in 

shoots grown in the CLOM soil were statistically similar to concentrations found in 

shoots from the non-contaminated soils.  This may have occurred because the CLOM soil 

was low in contaminants in bioavailable forms.  Bioconcentration factors calculated for 

each trace element indicate that D. caespitosa is not a hyperaccumulator and is not 

suitable for phytoextraction use unless trace element uptake can be improved.  When the 

relatively low biomass production of plants grown in the CHOM soil was taken into 

consideration, trace element uptake was still found to be greatest for plants grown in the 

CHOM soil after Time 1.  However, the study period was much too short for adequate 

contaminant removal and therefore the amounts of trace elements taken up were low 

from an environmental standpoint.  Although shoots from plants grown in the CHOM soil 
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did contain statistically elevated levels of As, Cd, Cr, Cu, Pb, and Zn, low biomass 

production meant that actual uptake values were below 30 µg pot-1 (67 µg kg-1 of dry 

soil) for every contaminant other than Zn (2.1 mg kg-1 of dry soil).  Analysis of the 

change in soil trace element concentration following phytoextraction showed that more 

As and Pb were removed from the CHOM soil than from the CLOM soil.  Soil Cr 

decreased more in the CLOM soil than in the CHOM soil.  For all other trace elements, 

no significant decrease in soil concentration was apparent.   

Overall, D. caespitosa plants did not take up large enough amounts of trace elements to 

provide adequate remediation of the contaminated soils.  Therefore, the D. caespitosa 

phytoextraction treatment cannot be considered effective for the short-term (≤ 3 seasons) 

phytoremediation of soils contaminated by multiple trace elements.  Nevertheless, by 

tolerating the trace elements and therefore providing a vegetative cover, D. caespitosa 

can effectively minimize or prevent the off-site migration of contaminants.  
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4. OVERALL SYNTHESIS 

 
 

4.1 Summary of Research 

Trace element contamination of the environment is a common occurrence due to 

industrial activities such as fossil fuel combustion, mining, manufacturing, and waste 

disposal (Knox et al. 1999; Hooda 2010; Kabata-Pendias 2011).  At elevated 

concentrations, trace elements can pose serious risks to environmental and human health.  

These risks can be minimized through the use of various remediation methods which 

detoxify, immobilize, or remove contaminants from the environment (Sims and Sims 

1991; Khan et al. 2004; Singh et al. 2009; Zvomuya and Murata 2012).  The purpose of 

this thesis was to examine remediation strategies for two different trace element 

contamination scenarios. 

Chapter 2 of this thesis focussed on the remediation of groundwater contaminated with 

hexavalent chromium [Cr(VI)].  Several laboratory experiments were conducted to 

examine a multi-stage treatment which first reduced various concentrations of aqueous 

Cr(VI) to Cr(III) through the addition of the reducing agent sodium dithionite (Na2S2O4) 

and then immobilized the Cr by sorption on different types of synthetic iron (Fe) oxides.  

Addition of Na2S2O4 to water artificially contaminated with Cr(VI) solutions resulted in a 

decrease in total aqueous Cr concentrations due to the formation of a Cr(III)-dominated 

precipitate.  Subsequent addition of Fe oxides derived from ferric chloride (FeCl3) or 

ferrous chloride (FeCl2) resulted in further removal of Cr from the aqueous phase.  The 
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ferric-derived oxide was more effective in decreasing aqueous Cr concentrations due to 

its greater ability to sorb Cr(VI).  Treatment of Cr(VI)-contaminated water with the 

ferric-derived oxide alone may provide sufficient aqueous Cr removal in some situations.  

In scenarios where greater Cr removal is required or desired, 3-6 mM of Na2S2O4 could 

be added to the groundwater as well. 

Chapter 3 of this thesis focussed on the remediation of high- and low-organic matter 

(OM) soils contaminated with multiple trace elements, including arsenic (As), cadmium 

(Cd), Cr, copper (Cu), lead (Pb), selenium (Se), and zinc (Zn).  Growth room experiments 

were conducted to examine the ability of Deschampsia caespitosa (L.) Beauv. to grow in 

and phytoextract contaminants from the soils over multiple harvests.  Early growth of D. 

caespitosa was found to be less inhibited by the contaminated soils than was early growth 

of Brassica juncea (L.) Czern., a commonly studied hyperaccumulator, as well as 

Brassica carinata A. Braun, and Brassica napus L.  Trace element analysis of above-

ground biomass indicated that D. caespitosa plants grown in the contaminated high-OM 

soil contained elevated concentrations of As, Cd, Cr, Cu, Pb, and Zn.  However, the trace 

element concentrations were low from a phytoextraction perspective.  It was also 

determined that D. caespitosa plants grown in the contaminated soils could not produce 

the optimal above-ground biomass observed for plants grown in fertilized non-

contaminated low-OM soil.  Low biomass yield combined with low trace element 

concentrations resulted in environmentally insignificant levels of trace element uptake by 

plants grown in contaminated high-OM soil and statistically insignificant uptake by 

plants grown in contaminated low-OM soil.  Only As and Pb in the contaminated high-

OM soil and Cr in the contaminated low-OM soil were found to decrease due to the 

94 

 



 

phytoextraction treatment.  Overall, it was concluded that D. caespitosa was not effective 

in the short-term phytoremediation of soils contaminated with multiple trace elements. 

Results from both chapters highlight the importance of contaminant and environmental 

characteristics in the development and implementation of trace element remediation 

strategies.  Consideration should be given to both the nature and number of contaminants.  

For trace element contaminants such as Cr, whose behaviour is linked to speciation, 

highly effective remediation methods which include redox reactions can be developed.  

For situations involving multiple trace element contaminants, remediation techniques 

proven effective for single-contaminant sites may not be viable.  Environmental 

conditions must also be considered when developing remediation strategies.  For 

example, Cr precipitation in the Cr(VI) remediation study was dependent upon the pH of 

the system.  Also, alteration of soil conditions, including the addition of chelating agents 

or soil acidifiers, may help improve the phytoextraction ability of D. caespitosa. 

 

 
4.2 Practical Implications 

Results of this thesis research can be utilized in the development of trace element 

remediation techniques for soil systems.  The reduction-sorption treatment of Cr(VI)-

contaminated groundwater studied in Chapter 2 was deemed effective and could be 

applied as an in situ clean-up method following successful field-scale testing.  This 

remediation strategy would involve the construction of injection wells or a permeable 

reactive barrier to allow for the addition of Fe oxide to the contaminated system (Blowes 

et al. 1997; Blowes et al. 2000; Khan and Puls 2003).  In some cases, Cr(VI) sorption by 

the Fe oxide would provide sufficient Cr remediation.  In scenarios which call for higher 
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Cr removal rates, Na2S2O4 could also be added to the contaminated plume through the 

injection well.  Pumping wells could be included to increase the flow of groundwater 

through the treatment zone (Blowes et al. 1997).   

The D. caespitosa phytoextraction treatment studied in Chapter 3 was not successful on a 

short time scale but still has valuable information to contribute regarding the 

development of phytoremediation strategies for soils contaminated with complex 

mixtures of trace elements.  Results showed that B. juncea, a known hyperaccumulator of 

several individual contaminants, grew extremely poorly in the heavily contaminated 

high-OM soil.  Therefore, although many previous studies which only examined one or 

two contaminants report excellent phytoextraction by B. juncea, the species may not be 

suitable for soils containing several trace elements (Salt et al. 1995, Vassil et al. 1998, 

Epstein et al. 1999).  Since such soils are very common, alternative phytoremediation 

species must be considered.  This study showed that D. caespitosa grew much better than 

B. juncea in the contaminated high-OM soil.  However, during the timeframe tested in 

this research, D. caespitosa performed poorly in terms of trace element accumulation.  

There is opportunity to improve the phytoextraction capability of D. caespitosa, however, 

whether it be by the addition of chelating agents to increase trace element bioavailability 

or by the selection or development of varieties which are better adapted for contaminant 

uptake (Salt et a. 1995a; Marques et al. 2009).  Regardless of trace element uptake, D. 

caespitosa could be seeded on highly contaminated land to effect phytostabilization.  The 

ability of the plants to grow in the soils used in this study indicate that it could be useful 

in providing a vegetative cover to prevent wind and water erosion of soils containing 

multiple trace elements (McGrath and Zhao 2003; Marques et al. 2009). 
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4.3 Recommendations for Further Study 

The research described in this thesis raises further scientific questions and provides 

openings for additional research regarding the remediation of trace element 

contamination.  In Chapter 2, differences in the sorptive ability of the two synthetic Fe 

oxides were reported but the cause of said differences remains unknown.  Mineralogical 

analysis of the Fe oxides would provide information on structural and compositional 

differences.  This information would be useful for explaining the observed sorptive 

differences but also for developing methods of preparing even more effective Fe oxides. 

In this study, Cr was removed from solution either as insoluble Cr(III) precipitates or as 

sorbed Cr(VI).  In a similar study, Cr was also removed as sorbed Cr(III) (Murata 2010).  

Trivalent chromium is known to be more easily sorbed than Cr(VI) but it would be useful 

to conduct a sequential extraction study to quantitatively determine the ease with which 

immobilized Cr can return to the aqueous phase (Bartlett and James 1996; Kabata-

Pendias 2011). 

The phytoextraction study conducted as part of this thesis focussed mainly on the trace 

element of above-ground biomass.  A study on the trace element content of the plant 

roots is currently underway.  Results from this study will provide useful information on 

the trace element distribution within D. caespitosa plants.  It could also explain why a 

decrease in soil Cr concentration was observed for the low-OM contaminated soil even 

though no significant uptake into shoot tissue was found. 
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It would also be useful to conduct a sequential extraction study to determine the 

bioavailability of the trace elements in the contaminated soils over time during 

phytoextraction treatment.  Results could explain the difference in trace element uptake 

from two contaminated soils and the significant decrease in trace element concentrations 

over time seen in the above-ground tissue of plants grown in the high-OM contaminated 

soil. 

Since bioconcentration of trace elements by D. caespitosa was very low, research could 

be conducted to study the effect of different chelating agents and soil acidifiers on trace 

element bioavailability and uptake.  Such a study should also include research on the 

effect of the amendments on trace element leaching.  If phytoextraction agents are found 

to be capable of increasing trace element transport into the shoot tissue of D. caespitosa 

plants without causing excessive leaching risks, then phytoextraction using D. caespitosa 

could become a viable remediation technique. 
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APPENDICES 

 
 
 

I. Qualitative Description of Iron Oxide Synthesis 

The ferric chloride (FeCl3) began as an orange powder and remained orange when made 

into a 0.05 M solution.  When titrated with 0.5 M sodium hydroxide (NaOH), a clear 

liquid, the solution turned slightly darker where the NaOH droplets hit.  As more NaOH 

was added, the sample gradually became more red coloured and eventually turned dark 

reddish brown.  The ferrous chloride (FeCl2) began as a yellowish orange powder with a 

tinge of green.  Once mixed into a 0.05 M solution, it was orange in colour.  When 

titrated with NaOH, the solution turned greenish brown where the drops of NaOH landed.  

As more NaOH was added, the sample progressed from orange through to reddish orange 

and brown before becoming a very dark greenish black colour. 

 

 
II. Qualitative Description of Hexavalent Chromium Reduction 

The potassium chromate (K2CrO4) began as a bright yellow solution.  The addition of 

hydrochloric acid (HCl) caused the solution to become slightly darker.  As the amount of 

sodium dithionite (Na2S2O4) added increased, the solution turned increasingly green.  

After the 24-hour reaction period, a precipitate was observed in all the treatments where 

Na2S2O4 was added.  The colour of the precipitate differed with the amount of Na2S2O4 

100 

 



 

101 

 

added.  At lower concentrations of Na2S2O4, the precipitate appeared yellowish brown.  

At higher concentrations of Na2S2O4, the precipitate appeared green. 
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