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Abstract
Large volumes of contaminated soil are created daily at Alberta’s industrial, oil and gas
facilities. This soil is impacted with a variety of contaminants from multiple small spills comingled into a single containment bin. Due to lack of effective and economical remediation
options, this material is transported to Class II or centrally located Class I landfills for disposal.
A modified Fenton treatment was developed using calcium peroxide, citric acid and iron to
oxidize hydrocarbons. Treatment was attempted on soil bins to establish if partial remediation
could allow soil to be reused as landfill cover at local Class II facilities with stricter acceptance
criteria than generic Class II landfills. Treatment resulted in an average of 19% hydrocarbon
reduction and altered the classification of 18% of bins to meet stricter landfill criteria. Treatment
was found not to be cost effective considering current landfill disposal costs and lack of
government incentives for remediation.
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Introduction
Environmental sustainability is a notion that we, as humans, no longer have the luxury to
ignore. It must be at the forefront of future development, with standardized and enforceable
regulations designed to protect our resources, such as soil. In Canada, contaminated soil,
measured by weight, is the largest of all waste streams (Alberta Environment and Sustainable
Resource Development [AESRD], 2007). Petroleum hydrocarbons (PHCs) are one of the most
common types of contamination in soil in Canada (Canadian Council of Minters of Environment
[CCME], 2008). The number of potential contaminated sites and the extent of PHC
contamination in Canada has created a multibillion dollar problem (CCME, 2008). Dealing with
contaminated soil is part of the regular cost of doing business in the oil, gas and industrial sectors
of Alberta, so much so that it is frequently included not only in facility closure plans, but also as
an expense in the planning of quarterly budgets. It is clear that there needs to be a sustainable
strategy for business and government to work together to maximize the benefit to both parties.
In 2008, Alberta Environment and Sustainable Development released a document entitled
Too Good to Waste which is a waste strategy focused on conservation. The document suggests
that changes need to be made starting with our outlook on waste.
Waste tends to be an indicator of economic success. The more prosperous society
becomes the more waste we generate. As we move to the future, how we reduce waste
and fully utilize our resources will be a more relevant measure of success. (AESRD,
2008)
Too Good to Waste (2008) recognizes a hierarchy of waste management on a four point scale: (1)
reduction, (2) re-use, (3) recycling and (4) waste disposal. To move in a more sustainable
direction, Alberta must move up the waste management hierarchy (Alberta Environment and
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Sustainable Resource Development, 2008) e.g., from disposal to re-use. Contaminated soil
related action items that were identified to help achieve these goals in Too Good to Waste (2008)
are to:
•

Implement new environmental standards for landfills and composting

•

Update hazardous waste management policies to include treatment

•

Integrate policies regarding the management of oilfield and industrial waste to achieve
shared environmental outcomes
The aforementioned sustainable goals regarding soil and land use cannot be achieved

without the help of individuals and industry to manage their activities in a manner that promotes
the integrity of economic, social and environmental imperatives. This requires government
policies to direct citizens and industries, and to enforce a contamination criteria framework on
specific land uses, remediation efforts and disposal options within Alberta and Canada. Policies
need be risk-based to ensure that our country’s future is protected and must engage individuals
and stakeholders to ensure that as new scientific information becomes available, these policies
can evolve to ensure a quality outlook for future Canadians.
In Alberta alone, three million tonnes of contaminated soil are landfilled annually
(AESRD, 2007). Hazardous soil, once inside a landfill, does not have a value. Depositing
contaminated soil in a landfill marks the final stage in the treatment process, providing long-term
containment of the hazardous material (CCME, 2006). The risk posed by the contaminated soil
to human health and the environment has been reduced or removed by the engineered design of
the landfill that is intended to have an effective lifespan of 1,000 years (CCME, 2006).
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To comply with government regulations, small spills on industry sites are cleaned up
immediately through ex-situ techniques to prevent the migration of contamination and ensure
surrounding soil maintains its ecosystem functions in accordance with government regulations.
Each time a small spill occurs, the contaminated soil is removed from the ground, placed into a
containment bin, stored on site until the bin is full, and then transported off site to a waste
transfer facility. The contaminated material resulting from multiple small spills, often of
multiple different contaminants, is frequently co-mingled into a single containment bin. The
impacted soil is tested and disposed of from the transfer station based on contamination level as
either Class I hazardous or Class II non-hazardous landfill waste.
Alberta Landfill Legislation
The Standards for Landfills in Alberta (2010) was developed by a multi-stakeholder
technical committee comprised of representatives from industry and government and was
designed with the intention of being reviewed every five years (Alberta, 2010). This document
encompasses the requirements for all three landfill classes: Class I hazardous waste, Class II
non-hazardous waste and Class III inert waste. Although this document specifies the types of
contaminants that need to be tested for in groundwater and surface water, it does not specify the
required testing for acceptance of waste, including contaminated soil, into Alberta Landfills.
In Alberta there are two pieces of legislation that determine how waste is to be disposed
of: the Waste Control Regulation (1996), created by Alberta Environment and Sustainable
Resource Development (AESRD) and Directive 058 (2006), a document created by the Alberta
Energy Regulator (AER). The Waste Control Regulation (1996) lists criteria for determining
which waste material must go into Class I landfills as opposed to Class II or III landfills. The
Code of Practice for Landfills (1996) includes guidelines for landfills accepting less than 10,000
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tonnes of non-hazardous waste per year while the Standards for Landfills in Alberta (2010)
includes guidelines for all landfill classes that accept any hazardous waste, or more than 10,000
tonnes of non-hazardous
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waste per year. Both these documents were created by Alberta Environment and establish how
Alberta landfills are to be operated. Directive 058 mirrors the waste classification system and
landfill guidelines in the three aforementioned pieces of legislation. Within Alberta, Class I and
Class II landfills are regulated by either Alberta Environment or the AER, with the AER-regulated
landfills restricted to accepting material generated at upstream petroleum facilities.
Acceptance criteria for landfills is outlined in each landfill’s specific environmental
approval. The approval can place further restrictions on what a particular landfill can accept than
what is covered in the Code of Practice for Landfills (1996) or the Standards for Landfills in
Alberta (2010). It specifies the type of material that may be accepted in a particular landfill, as well
as landfill cover requirements based on the specific engineering design of the landfill and the types
of materials it accepts. An example of this can be seen below in Figure 1-1. Waste acceptance
criteria are often unique to a specific landfill. Landfill cover is required for nuisance management
and is typically only required for landfills that accept domestic waste.
Figure 1: Alberta Class II Landfill Acceptance Criteria of Total Petroleum Hydrocarbons
and Chlorides Based on the Liner System

Note: Adapted from Interim Directive 99-4 Deposition of Oilfield Waste into Landfills, p.7,
by Alberta Energy and Utilities Board, 1999.
Note. From “Interim Directive 99-4 Deposition of Oilfield Waste into Landfills,” by Alberta
Energy and Utilities Board. Copyright 1999. Reprinted with permission.
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MCL Leduc Landfill has an environmental approval with upper limits of 30,000 ppm of F1F4 hydrocarbons for Class II acceptance and 20,000 ppm F1-F4 hydrocarbons for Class II cover
acceptance. This landfill also has a chloride limit of 5,000 ppm for Class II and 3,000 ppm for
Class II cover acceptance. The engineering design of this landfill, and the acceptance criteria in its
approval represents what would be found at a typical municipal landfill in Alberta. For the
purposes of this paper, local landfills with additional total petroleum hydrocarbon (TPH) and
chloride restrictions will be referred to as MCL Class II, and landfills without additional criteria
will be referred to as generic Class II landfills.
Economics of Mixed Contaminated Soil
Currently, there is very little incentive to remediate soil contaminated by small spills on oil,
gas and industrial sites in Alberta. This is due to several factors. Although the impacted material
poses a risk to environmental and human health, from a business standpoint, its lack of intrinsic
value and the complicated nature of remediating multiple contaminants in small volumes of soil
makes it unlikely to be further processed. Unfortunately, current remediation techniques can be
cost-prohibitive, partially or completely ineffective, and can create additional hazardous waste
(Riser-Roberts, 1998, p.1). Furthermore, it has been found that these techniques are only
completely successful 16 % of the time (Riser-Roberts, 1998, p.2).
Landfilling contaminated soil is presently the most economic and low-risk management
option. The current cost for Class I landfill disposal in Alberta is $145 per tonne. There are two
Class I landfills in Alberta, both of which are located centrally within the province. The current
cost for disposal at a generic Class II landfill facility in Alberta is $25 per tonne. MCL Leduc
Landfill, as an example of a local Class II landfill, accepts material for Class II disposal at $26 per
tonne, and material that meets landfill cover criteria at $24 per tonne. The additional analytical
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testing required to ensure compliance with MCL’s Leduc Landfill’s specific acceptance criteria is
$193.95 per sample.
Generic Class II landfills have lower acceptance criteria than Class I landfills, but
significantly reduced disposal costs. Local Class II landfills (e.g., MCL Class II) have stricter
acceptance criteria than the generic Class II facilities and similar disposal costs, but are typically
located in closer proximity to the transfer station looking to dispose of the contaminated soil.
In terms of location, with respect to Edmonton as an example, the closest Class I landfill is
78 km driving distance away. The closest economic option for a generic Class II landfill is 194 km
away, while the closest local Class II landfill is only 35 km away. The closer the landfill to the
facility looking to dispose of the contaminated soil, the lower the transport costs and carbon
emissions.
Partial remediation allows soil impacted by multiple contaminants to meet stricter landfill
acceptance criteria, which can reduce the costs associated with disposal. For example, meeting
generic Class II landfill criteria as opposed to Class I landfill criteria decreases the disposal cost
from $145 per tonne to $25 per tonne, while meeting local Class II landfill criteria compared to
generic Class II landfill criteria can significantly decrease transport costs. Since material does not
have to be fully remediated to be accepted as either Class II waste or landfill cover, the resources
required to treat the material are not as great as they would be if the soil were to be released to the
environment.
Social and Environmental Considerations
Soil remediation to meet landfill cover criteria is a growing industry in Alberta. It presents
an opportunity for communities and municipalities to establish facilities to partially remediate soil
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to the point where it has value as landfill cover material. This reduces the need for using virgin
clean fill material as daily cover at local landfills. The clean fill currently applied as landfill cover
could then be diverted to other more beneficial uses. Partially remediated soil could also be used in
areas where the risk of migration of contaminants is low, such as roadways. When contaminated
soil is treated in proximity to the location where it will be used, either as landfill cover or in other
applications, there is a reduction in transportation-associated greenhouse gas production compared
to shipping the material across the province to a centrally-located Class I or generic Class II landfill.
Partial remediation of contaminated soil can provide employment opportunities at communityowned soil treatment facilities located next to municipal landfills and the tipping fees could be used
within the community for other sustainable efforts, such as waste reduction programs. For this to
be implemented, the remediation technique would need to be safe for workers and the environment
and it would also need to be economically feasible.
Research Questions and Objectives
An economically viable, safe and environmentally responsible technique is needed to
remediate or partially remediate soils contaminated by small spills in Alberta. An advanced
oxidation process (AOP) utilizing a calcium peroxide (CP) treatment will be developed and applied
in an attempt to treat small volumes of contaminated soil. This study will evaluate impacted soil
from a variety of oilfield and industrial facilities throughout Alberta received by a hazardous waste
management facility in Edmonton. Analytical testing, before and after treatment, will be used to
determine if the CP procedure could be used to remediate these soils to meet local Class II landfill
cover criteria. The percentage of successfully treated soil and the cost associated with the treatment
will be evaluated and compared to contaminated soil disposal without treatment to determine if this
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treatment method satisfies economic, environmental and social imperatives to improve the
sustainability of current hazardous waste management practices in Alberta.
To complete this study a number of questions were addressed: (1) Could an advanced
oxidation process utilizing calcium peroxide (CP) treatment be used to partially remediate total
hydrocarbons and benzene, toluene, ethylbenzene and xylenes (BTEX) in soil impacted by a variety
of contaminants at industrial, oil and gas facilities to meet Alberta Class II landfill cover criteria?
(2) Which combination of chelating agents and/or iron supplementation and what concentration of
calcium peroxide would provide the optimum oxidation results? (3) Could the CP treatment be
performed on a commercial scale to meet economic imperatives required to make it a sustainable
practice for Alberta’s waste management industry?
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Literature Review
Remediation of Petroleum Hydrocarbon Contaminated Soil
A large proportion of soils contaminated on Alberta industrial, oil and gas sites contain
petroleum hydrocarbons (PHCs). PHC sources include a wide variety of naturally occurring or man
made products including: crude oil, coal, bitumen, refined fuels and lubricants (CCME, 2001).
Major causes of PHC contamination in soils include leakage of storage tanks and pipelines, land
disposal of petroleum wastes, and spills (Kulkarni, Palande & Deshpande, 2012, p.1). When these
materials are released into soil, they cause a variety of issues based on their persistence, toxicity and
mobility (CCME, 2001). Fuel oil and diesel, especially, are among the most difficult to treat due to
their low volatility, mobility, biodegradability and high viscosity (Tsa & Kao, 2009, p.466). Crude
oil interrupts soil ecosystem functions, damaging crops, decreasing the fertility of soil, and
negatively affecting microbial community structure and diversity by displacing nutrients, reducing
nitrogen and phosphorus availability and creating anoxic soil conditions (Kulkarni et al., 2012,
p.589). Aromatics found in crude oil have also been observed to inhibit microbial activity
(Kulkarni et al., 2012, p.589).
In Alberta, PHC contamination is broken down into four fractions: F1 (C6-C10), F2 (C10C16), F3 (C16-C34) and F4 (C34-C50). The Alberta Environment and Sustainable Resource
Development (AESRD) Tier 1 Soil and Ground Water remediation guidelines provide the levels of
these fractions that are permitted to remain in Alberta soil based on the land use and soil particle
size. The lighter end hydrocarbon chains such as F1 (C6-C10) and F2 (C10-C16) are easier to
remediate than the heavier fractions, F3 (C16-C34), and F4 (C34-C50), as there are less
hydrocarbon bonds that need to be broken. The soil contaminated through the different types of
industry in Alberta, typically contains elevated levels of all four hydrocarbon fractions.
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The soil matrix is complex and can have properties that affect the way contamination reacts
with it. Soil solids are made up of mineral components, including rock parent material and
secondary minerals such as clays, phyllosilicates and carbonates, and organic matter, which is made
up of dead plants, mesofauna, microorganisms and the colloidal humus created by the
microorganisms breaking down plant matter (Pavel & Gavrilescu, 2008, p.816). In soil, solids are
normally clustered together to form aggregates and a system of pores (Pavel & Gavrilescu, 2008,
p.816). When contaminants are introduced to soil, they can move through the pores and become
bonded to the clay and organic matter of the solid structure or can remain un-bonded and be
remobilized when soil conditions, such as pH or redox potential, change (Pavel & Gavrilescu, 2008,
p.816).
Soil remediation aims to control or remove contaminants at a site to prevent deleterious
environmental impacts, negative human health effects, and pollution exposure of other life forms
(Pavel & Gavrilescu, 2008, p.816). Pavel and Gavrilescu (2008) discuss in a paper entitled
Overview of ex situ decontamination techniques for soil clean up how remediation technologies
vary depending on the properties of the soil and the contaminants (p.816). They state that the
criteria for selecting a form of remediation is based on the technology’s ability to address the
following factors:
•

reduce the volume and toxicity of contaminants

•

meet short and long term remediation goals

•

be cost effective

In the case of small spills contaminating soil at Alberta industry sites, localized
environmental protection is achieved through the use of ex-situ techniques, where the contaminated
material is excavated and removed from the site. For these types of small spills, this is the most
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effective strategy to meet the goals above. Once the soil is removed it can be remediated using
biological, physical, chemical, or thermal techniques or it can be directly disposed of in an
appropriate landfill depending on the type and level of contamination.
Bioremediation. Bioremediation is the use of biological organisms to degrade
contaminants in the environment to restore the natural ecosystem functions (Goltapeh, Danesh &
Varma., 2013, p.5). Microorganisms degrade the molecules of natural and synthetic organic
contaminants into carbon dioxide, water and cell biomass and are a valuable alternative to chemical
and physical remediation technologies due to their high reproduction rate, high secretion rates and
enzymatic activity (Goltapeh et al., 2013, p.5). Ex situ bioremediation can take place in the form of
bio piles, landfarming or composting (Xu, 2003, p. 20). The criteria for selecting bioremediation
are that contaminant components are in the biodegradable range, soil and physiological properties
are suitable, and that immediate remediation is not required (Goltapeh et al., 2013, p.119). Factors
affecting the rate of hydrocarbon metabolism using biological remediation in soils are temperature,
moisture, and pH, as well as nutrient and oxygen availability; low temperatures delay
biodegradation making higher temperatures preferable (Goltapeh et al., 2013, p.126).
Drawbacks for bioremediation include the fact that only a few bacteria can remediate a
broad range of organic contaminants and it takes a long time to break down contaminants (Goltapeh
et al., 2013, p.6). Alberta’s climate is conducive to effective bioremediation for only about six
months of the year, due to seasonally cold temperatures. Successful bioremediation is difficult to
achieve on soils with high F3 and F4 concentrations without the use of a surfactant to break this
contaminants down into the biodegradable range. Bioremediation can also be inhibited by soils
contaminated with salts, which are found in soil contaminated with produced water, and heavy
metals, found in soil contaminated with used PHC products. These limitations make
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bioremediation alone a poor choice for remediating the contaminated soil resulting from small spills
at Alberta’s industry sites.
Soil washing. Soil washing is the process of scrubbing soils using water to remove
contaminants in either of two ways (Pavel & Gavrilescu, 2008, p.824). This includes dissolving or
suspending contaminants into the wash solution, to be treated later, or concentrating them into a
smaller volume of soil through particle size or gravity separation and attrition scrubbing (Pavel &
Gavrilescu, 2008, p. 824). Quite often this is used as a pre-treatment for other types of remediation
(Xu, 2003, p.24). Soil washing is conducive for treating soils contaminated by a large variety of
heavy metals, radionuclides and organic contaminants (Pavel & Gavrilescu, 2008, p.824). This
process is not as effective when soil contains high percentages of fine materials such as silt and
clay, as contaminants can bind to the particles (Xu, 2003, p.23). Disadvantages are that the toxicity
of the soil is simply reduced and or transferred; therefore, there are still costs associated with
disposal of the effluent and sludge (Pavel & Gavrilescu, 2008, p.817) or further remediation is
required.
Solidification. Solidification is used to reduce mobility, toxicity or solubility of
contaminants without necessarily changing its physical nature (Xu, 2003, p.22). This can be used
on inorganic contaminants, but has limited effectiveness on volatile organic compounds (VOCs)
(Pavel & Gavrilescu, 2008, p.825). Solidification has other limitations such as volume increases,
and the fact that some wastes are incompatible meaning use of solidification processes requires
treatability studies (Pavel & Gavrilescu, 2008, p.825). Long term effectiveness has not been
demonstrated for many contaminant/process combinations, and this process typically requires
landfill disposal of the resultant materials (Pavel & Gavrilescu, 2008, p.825).
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Thermal treatment. Thermal treatment involves the removal or destruction of
contaminants through high temperature treatment such as thermal desorption, vitrification or
incineration (Pavel & Gavrilescu, 2008, p.825). The process requires intensive energy, water in soil
affects operation and increases the total cost, and soils with rocks and clays may need screening
(Pavel & Gavrilescu, 2008, p.817). Off gases may require a permit to release (Xu, 2003, p.22) or
could be captured and treated. Another downfall is that processes like incineration typically meet
with community resistance (Pavel & Gavrilescu, 2008, p.817).
Chemical remediation. The use of chemicals to remediate a variety of hazardous
compounds through oxidation is a promising method to treat contaminated soil (Goi, Viisimaa,
Trapido, & Munter, 2011, p.1196). Chemical oxidation involves the transfer of electrons and
breaking of chemical bonds. It is effective on inorganics and can be used for VOCs, fuel
hydrocarbons and pesticides (Pavel & Gavrilescu, 2008, p.821). Chemical oxidation can, however,
be cost prohibitive if there are high levels of contaminants in the soil (Pavel & Gavrilescu, 2008,
p.821). This form of ex-situ remediation is better-suited than other ex-situ remediation techniques
to treat multiple contaminants. It does not have high energy demands, or require a great deal of
time or space.
Advanced Oxidation Processes
Advanced oxidation processes (AOP), such the Fenton reaction, are a widely researched
family of techniques to degrade organic compounds (Yap, Gan, & Ng, 2011, p.1415). The classic
Fenton treatment involves using hydrogen peroxide(H2O2), often abbreviated as HP, and ferrous
iron (Fe2+) in solution to yield a hydroxyl radical and ferric iron (Fe3+) (Yap et al., 2011, p.1417).
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2 H2O2

Fe3+ + OH- + OH•

2H2O + O2

Organic Compound + OH•
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(F1)
(F2)

H2O + CO2 + Partial Oxidation Products

(F3)

Modified Fenton (MF) AOPs include the use of ferric iron or naturally occurring iron oxides
such a magnetite, goethite and iron chelates (Tsai & Kao, 2009, p.466). These metal ions can
promote the oxidation of contaminants at a wider pH range (Goi et al., 2011, p.1197). MF
treatments have been extensively studied and it has been found that the resulting hydroxyl radicals
are capable of oxidizing and degrading numerous organic substances such as diesel, aromatic
hydrocarbons such as BTEX, and chlorinated compounds (Tsai & Kao, 2009, p.466). The
efficiency of the AOP has been found to be dependent on hydrogen peroxide (HP) concentration,
iron source, the presence of other oxidant consuming compounds and pH (Tsai & Kao, 2009,
p.466).
Calcium peroxide oxidation. Recently, studies have suggested that a more effective source
of HP for use in natural soils is calcium peroxide (CaO2), often abbreviated as CP. The HP release
is controlled by the rate at which calcium peroxide (CP) is dissolved. The slow rate of the CP
reaction with water prevents the extreme exothermic reaction associated with oxygen production
from hydrogen peroxide (F2) and therefore favours the production of hydroxyl ions (MF2)
(Northup & Cassidy, 2008, p.1165). This produces a much safer reaction than hydrogen peroxide
for use in an industrial setting (D. Cassidy, personal communication, July 10, 2014).
Calcium Peroxide (CP) is made through adding hydrogen peroxide to slaked lime (calcium
hydroxide), then drying it to create a powder (D. Cassidy, personal communication, Oct 14, 2015).
In the presence of water, CP naturally decomposes very slowly to form calcium hydroxide and
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either oxygen or hydrogen peroxide (depending on the environment) according to the reaction
below (D. Cassidy, personal communication, Oct 14, 2015)
2CaO2(s) + 2H2O

2Ca(OH) 2(s) + O2

(1)

H2O2 + Ca(OH)2(s)

(2)

or
CaO2(s) + 2H2O
H2O2 + Fe2+

Fe3+ + OH- + OH

Organic Compound + OH•

H2O + CO2 + Partial Oxidation Products

(MF1)
(MF2)

Northup and Cassidy (2008) performed a study to show that MF oxidation using CP could
produce HP that would release hydroxyl ions at a controlled rate to more efficiently remediate
PHCs at a higher pH than HP, and in fact, the release of HP could be controlled by adjusting the
pH. When oxidation of tetrachloroethene (PCE, a chlorinated solvent commonly found in industryused products such as parts cleaners, water repellents and paint thinners) was compared at four
different pHs (6-9), they found that the highest level of decontamination occurred at a pH of 8. At
this pH, complete dissolution of CP was observed at 52 hours. As the pH is reduced, the time
require for complete dissolution of CP decreases. At a pH of 7 dissolution occurred at 20 hours and
at a pH of 9 six days were required for complete dissolution.
A study performed by Ndjou’ou and Cassidy (2006) compared removal of F1-F4
hydrocarbon fractions between HP, CP and a biological treatment. Results of this study showed
that calcium peroxide decontaminated all hydrocarbon fractions better than the other two
treatments, but was considerably superior in treating the heavier hydrocarbon fractions (F3-F4).
With calcium peroxide treatment, total PHC were reduced by 95.7%, compared to liquid HP
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treatment and biological action, which reduced total PHC by only 73.7% and 29.6% respectively.
This research also found that MF oxidation did not significantly affect the microbial population in
the soil. This suggests that biological and chemical remediation can occur simultaneously with MF
reactions (Ndjou'ou & Cassidy, 2006, p.1615).
The research listed above was performed with in-situ soil remediation in mind. Research
was needed to determine how chemical oxidation using CP will work for ex-situ remediation.
Research was also lacking in remediation of any kind with soil impacted by multiple contaminants
(small spills) characteristic of oil, gas and industrial sites in Canada with unknown contaminant
types and concentrations. An economic feasibility study of partial remediation using chemical
oxidation for landfill cover material compared to landfilling contaminated soil had not been
completed and the sustainability of this process had not been established to determine if this was a
responsible way to treat soil with different contamination types in varying concentrations.
Chelating agents. Iron minerals naturally occurring in soils have been found to be able to
serve as catalysts in lieu of soluble iron in Fenton processes (Vicente, Rosas, Santos, & Romero,
2011, p.689). This allows treatment of contaminated soils without the pH being adjusted from its
natural state (Vicente et al., 2011, p.689). At a neutral pH, chelates are required to increase iron
(III) in the aqueous phase (Northup & Cassidy, 2007, p.1164). Chelating agents are used in
circumneutral pH conditions to extract transition metals from the soil and sustain their required
concentrations as a catalyst for MF processes (Vicente et al., 2011, p.689).
Chelating agents can also promote desorption of contaminants (Vicente et al., 2011, p. 690).
Accessibility of contaminants can be an issue in MF processes, as contaminants can become
sequestrated in the soil matrix, even in soil with low organic matter (Vicente et al., 2011, p.689).
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Although some authors propose that hydrophobic contaminants are desorbed by Fenton reactions,
Vicente et al. (2011) have observed that refractory fractions remained in the solid phase after
treatment and thought it was likely due to an entrapment phenomenon (Vicente, et al., 2011, p.689).
In this study, it was found that citric acid was able to stabilize the hydrogen peroxide reaction in
natural pH soil remediation. They recommended the use of citric acid for in-situ remediation due to
its biodegradability and ability to act as a food source for microbes to promote bioremediation.
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Methodology
Sampling Location and Participants
A basic research-designed study was conducted using soil that resulted from the excavation
of small spills in Alberta’s oil and gas or industrial sectors and that was received at RBW Waste
Management Ltd. (RBW), a hazardous waste management and recycling facility based in
Edmonton. RBW currently receives an average of 2800 cubic meters of soil per year in one cubic
meter bins. The nature of the contamination is not fully known by the generators of the waste, as
there are different operators and service companies on these sites that use the contaminated soil bins
for various spills (L. Reckhow, personal communication, May 5, 2014). Some of the more
commonly spilled materials on these sites include fuels, lubricants, solvents, produced water,
antifreeze and crude oil (L. Reckhow, personal communication, May 5, 2014).
Each cubic meter of soil that RBW receives is sampled and those samples are combined into
a composite sample for an end dump load. The composite samples are taken to Exova, an
accredited lab in Edmonton, for analytical testing. This testing includes Toxicity Characteristic
Leaching Procedure (TCLP) (to determine leachable metals such as nickel, lead and iron), pH,
flashpoint, paint filter test (determines if the soil contains free liquids) and the breakdown of BTEX
(Benzene, Toluene, Ethylene, Xylene) and hydrocarbon fractions. Once the results are received
they are compared to Alberta Landfill Criteria and the impacted material is taken to either a Class II
or a Class I landfill for disposal.
RBW sponsored this study with the goal of finding a sustainable solution for this
contaminated material that would allow it to be reused without increasing the risk to the
environment or human health
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Soil Contamination Levels and Types
In February 2014, RBW began requesting additional analytical testing over and above what
is required to determine compliance with Class I and generic Class II landfill criteria. This
additional testing was required to determine if untreated soil could go to MCL Leduc Landfill (with
hydrocarbon restrictions) as Class II or Class II landfill cover material. Between February 2014 and
August 2015, 183 composite samples, representing approximately 4,026,000 kg of contaminated
soil, were subjected to this additional testing. The results were evaluated to determine the strictest
disposal criteria met by each sample. The results are shown in Table 1 where the types of landfills
are listed in decreasing order of the strictness of their disposal criteria, from least strict (can accept
the most contaminated material) to most strict (can accept minimal contamination).
Table 1
Results of Analytical Testing to Determine Potential Disposal Options: February 2014 – August
2015
Landfill Type

# of Samples for which this was the strictest disposal criteria met
(out of 183 samples)

Class I

64

Generic Class II

39

Local Class II

31

Class II Landfill Cover

53

This is also shown in Figure 2 below. The contaminants found to exceed landfill cover
criteria were total hydrocarbons, BTEX and chlorides. Lead and nickel were also occasionally
found to exceed Class II criteria. An interview conducted on May 5, 2014 with the Plant Manager,
Lynne Reckhow, suggested these elevated metal concentrations could be attributed to the current
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practice of co-mingling sandblast waste with the contaminated soil for disposal. It was suspected
that if this waste stream was segregated from soil, the occasional excessive lead and nickel
concentration would no longer be relevant in managing contaminated soil. The composite samples
showed that the contaminated soil was generally slightly basic, with an average pH of 9.2.

MCL Class II
Landfill Cover
29%

Class I
34%

MCL Class II
Landfill
16%
Class I

Generic Class II

Generic Class II
21%
MCL Class II

MCL Class II Landfill Cover

Figure 2: Soil Classification of End Dump Loads Leaving RBW’s Waste Transfer Station
from February 2014 to August 2015
Materials and Methods
Initial experiments were required to determine if a chelating agent or additional iron was
required for the reaction to take place, the concentration of CP to be applied to soil and the optimal
reaction time. Using my personal experience as a waste management professional, I identified a
heavily contaminated soil bin for the initial treatments. The first initial experiment, utilized ferric
sulfate as an iron source with trisodium nitrilotriacetate (NTA) or citric acid as potential chelating
agents. This is subsequently be referred to as Treatment 1. Additional experiments were used to
determine the optimal CP concentration and experimental treatment period. Through these initial
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experiments, the treatment plan was determined and was applied to 10 replicates, so that statistical
inferences could be made.
Materials. For this experiment the products: IXPER 60C (60% Calcium Peroxide (CP));
Ferriclear (55-66% wt/wt ferric sulphate); Citric Acid, anhydrous; and Versene NTA 152 chelating
agent were used. These materials were chosen due to availability at RBW and cost effectiveness.
All chemicals were supplied by Epsilon Chemicals Ltd. (Edmonton, Alberta). A Belle Group
Minimix 150 cement mixer with a rotation of 25 RPM was used to continually mix the soil during
the treatment period. In the event that a scale up of the treatment is likely, a modified cement truck
could be used to mix larger quantities of contaminated soil. All samples were taken with a clean
hand shovel and put into four 250 ml glass jars and one polyethylene bag and were placed in a
cooler with ice packs until they were submitted to Exova for analysis. Exova is an accredited lab
that holds the Standards Council of Canada recognition.
Quality Assurance and Quality Control
The integrity of the soil samples collected was ensured throughout the experiments. This
included proper documentation in an experimental log book that included the date, time, facility
temperature, order of events and accurate weight of reagents. The use of proper sample containers,
preservation, handling and transport methods were used for all samples. The scales used at RBW
were calibrated prior to use. All sampling equipment was cleaned between samples. Split
duplicates or triplicates were analysed for 12.5% of samples. Trip blanks and field blanks were
found to be unnecessary due to volatiles and trace minerals not being found in any of the samples
prior to treatment. Chain of custody documents were used for all samples. At Exova, calibration
checks, sample replicates, blanks and control samples were used.
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Part A: Initial Treatments
The soil in the bin selected for the initial experiments was a mixture of gravel, soil and sand
and contained globules of thick black hydrocarbon material in sizes up to 75 mm. A photo of a
larger globule in a cement mixer can be seen in Appendix C. This bin had a very strong odour.
Soil was removed from the bin and placed on a plastic sheet to be mixed with a shovel. This
homogenization process was used prior to Before samples being taken and soil being distributed
into cement mixers. An initial sample was taken of the mixed material to compare to the soil after
the treatment period. Twenty kilograms of the mixed soil was weighed out and placed into each of
the cement mixers. Each cement mixture was then labelled with its treatment type, and loaded with
the corresponding treatment chemicals in the quantities listed in Table 2. Calcium peroxide was the
second last chemical to be added to each mixer. Water was added last to all the cement mixers.
The open ends of the mixers were then covered with shrink wrap with holes in it to keep the
material in the mixers while allowing air flow. The order of chemicals and the use of shrink wrap
was replicated in all subsequent treatments.
Initial Experiment 1: chelating agents and iron combination. Initial Experiment 1 was
completed with 2% CP concentration for 24 hours, as indicated in Table 2. Citric acid and NTA
were utilized at 1% by weight. Iron (ferric sulphate) was also added at 1% by iron (III) weight. Six
cement mixers were used for this treatment, and each was mixed for a 24 hour period. Analytical
testing was conducted before and after treatment to determine the effect of the treatment protocols.
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Table 2
Initial Experiment 1: Chelating Agents and Iron Combinations with 2% CP for 24 Hours
Treatment

Ferric Sulphate

No iron addition

NTA

Iron/NTA
20 kg of Soil
667 g Calcium Peroxide
364 g Ferriclear
400 mL NTA
4.4 L Water

NTA
20 kg of Soil
667 g Calcium Peroxide
400 mL NTA
4.4 L Water

Citrate

Iron/Citric Acid
20 kg of Soil
667 g Calcium Peroxide
364 g Ferriclear
200 g citric acid
4.4 L Water

Citrate
20 kg of Soil
667 g Calcium Peroxide
200 g citric acid
4.4 L Water

No Chelating Agent

Iron Only
20 kg of Soil
667 g Calcium Peroxide
364 g Ferriclear
4.4 L Water

Control
20 kg of Soil
667 g Calcium Peroxide
4.4 L Water

Initial Experiment 2: calcium peroxide and citric acid concentration. A higher
concentration of citric acid was used in Experiment 2 with the intention of maintaining a lower pH
throughout the experiment to meet landfill acceptance criteria (see appendix B). A lower pH was
also anticipated to increase the rate and overall amount of oxidation taking place and therefore
increase the hydrocarbon reduction. CP concentrations of 1% and 2% were applied to the soil, with
samples taken at 24, 48 and 72 hours to determine the optimum treatment time and CP
concentration with the Iron/Citric Acid treatment. The time period was not extended beyond 72
hours, as this would not have been practical to treat this material for any longer. The amount of
iron (ferric sulphate) was kept constant from Initial Experiment 1. The quantities of the chemicals
used in the treatments are shown below in Table 3.

OXIDATION OF SPILL IMPACTED SOIL FOR LANDFILL COVER

36

Table 3
Initial Experiment 2: Calcium Peroxide and Citric Acid Concentration Treatments
Before (Control)

1% Calcium Peroxide

2% Calcium Peroxide

20 kg of Soil
4 L Water

20 kg of Soil
333.5 g Calcium Peroxide
364 g Ferriclear
400 g citric acid
4.4 L Water

20 kg of Soil
667 g Calcium Peroxide
364 g Ferriclear
800 g citric acid
4.4 L Water

Initial Experiment 3: treatment time and calcium peroxide concentration. For this
experiment, the Iron/Citric Acid treatment from Initial Experiment 1 was repeated using 1% and 2%
CP. The iron and citric acid were mixed together before they were added to the soil to prevent the
iron from binding to the soil. Next 2 L of water was added and mixed for 2 minutes before the CP
and the rest of the water was added. The treatment protocols are shown in Table 4. To ensure that
the samples taken prior to amendment were indeed accurate representations of the material in the
cement mixers, and to try to make the samples more homogeneous, the weight of the initial samples
was measured and that additional amount of soil was added to the cement mixers before any
treatment chemicals were added. The soil was mixed in the cement mixer for 10 minutes prior to
the initial, untreated samples being taken. This procedure was replicated in all subsequent
experiments. The treated soil was sampled at 24, 36 and 48 hours for testing.
Table 4
Initial Experiment 3: Treatment Time and Calcium Peroxide Concentration Treatments
Before (Control)

1% Calcium Peroxide

2% Calcium Peroxide

Soil Mixed with Cement Mixer

20 kg of Soil
333.5 g Calcium Peroxide
364 g Ferriclear
200 g Citric Acid
4.4 L Water

20 kg of Soil
667 g Calcium Peroxide
364 g Ferriclear
200 g Citric Acid
4.4 L Water

OXIDATION OF SPILL IMPACTED SOIL FOR LANDFILL COVER

37

Initial Experiment 4: water concentration. In Experiment 4, the Iron/Citric Acid
treatments from Experiment 3 was repeated using different concentrations of CP (1% and 2%) and
three different treatment periods (24, 36 and 48 hours). In this experiment, 9 L of water was used in
each treatment to determine if water was the limiting reagent and increasing the amount available
could improve the results. The treatment protocols can be found in Table 5.
Table 5
Initial Experiment 4: Increase Water Concentration Treatments
Before (Control)

1% Calcium Peroxide

2% Calcium Peroxide

Soil Mixed with Cement Mixer

20 kg of Soil
333.5 g Calcium Peroxide
364 g Ferriclear
200 g citric acid
9 L Water

20 kg of Soil
667 g Calcium Peroxide
364 g Ferriclear
200 g citric acid
9 L Water

Initial Experiment 5: soil mixing control. The soil bin used in all the initial experiments
was sampled and then mixed for 48 hours in a cement mixer with 4.4 L of water before being
sampled. This experiment was performed to determine what the effect of mixing, alone, would be
on contamination levels.
Part B: Final Treatment and Replicates
The best CP treatment, as indicated by the results of the initial experiments, was applied to
10 additional soil bins to determine if this treatment would work on other types of soil and
contamination received at the RBW waste transfer station. It was found that the greatest
hydrocarbon reduction took place at 48 hours with 2% CP, 1% iron and citric acid. The same
procedure and reagent concentrations were replicated from Initial Experiment 3 and can be found in
Table 4 under 2% calcium peroxide.
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Information regarding the 10 soil bins, as well as the bin used for Part A can be found in
Table 6. This information includes: the bin number, the type of operations conducted at the site
where the soil was contaminated, and the location where the soil was generated. Bin number
MB105452 was used to bulk soil drums from multiple customers and thus contains contaminated
material generated at several locations with different operations. The bin used for the initial
experiments (MB102746) is included in Table 6 and will be included in the statistical analysis.
Photos of the soil in all the bins showing the visual differences between the contaminated soil from
the different industries and areas can be found in Appendix A.
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Table 6
Part B: Information on the Selected Soil Bins Used for Treatment
Bin/Drum number

Operation Type

Area Soil was Generated

MB102746

Industrial – Oil Pipeline Operations

Edmonton South

SB108473

Oil Producer – SAGD Operation

Lac La Biche

SB107524

Oil Producer – SAGD Operation

Lac La Biche

SB105801

Oil Producer – SAGD Operation

Lac La Biche

SB108471

Oil Producer – SAGD Operation

Lac La Biche

SB104006

Oil Producer

Consort

SB107049

Oil Producer – SAGD operation

Wabasca

MB103092

Oil Producer

Alliance

MB100200

Gas Producer

Bowden

MB103649

Oil Producer

Alliance

MB105452

Oil Producer

Bassano

Industrial – Emergency Response

Edmonton North

Industrial – Service Company

Medicine Hat

Industrial – Pipeline Operations

Gilby

Statistical analysis. Replication of the selected treatment protocol on several soil types
with varying contamination levels from different industries was completed, using probability-based
sampling. Every third soil bin received at the facility over a two week period was sampled and used
to determine how this treatment would work on contaminated soil generated in different areas and
by different industries within Alberta. This sampling method allowed for statistical inferences to be
made (Environmental Protection Agency, 2002, p.22) as to whether the treated soil was
significantly different than untreated soil. This also allowed inferences to be made regarding the
treatability of the soil received at RBW.
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All parameters required to be tested for generic Class II landfill criteria and the Class II
landfill cover criteria imposed by MCL, were measured and used as an indication of treatment
success or failure. The null hypothesis for this experiment is that the CP treatment will have no
effect on the levels of contamination found in randomly selected contaminated soil collected in bins
at oil, gas or industrial sites in Alberta. A paired sample t-test using Excel software was be used to
compare the total F1-F4 hydrocarbon contaminant levels before and after treatment.
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Results
All results from the initial experiments and final experiment show no BTEX concentration
that exceeds generic Class II landfill leachable BTEX criteria. All treatment results were compared
to generic Class II, MCL Class II and MCL Class II landfill cover criteria, which can be found in
Appendix B.
Initial Treatment 1: Chelating Agents and Iron Combination Results
It is clear from results summarized in Figure 3 that the most effective treatment was the Iron
Citric Acid treatment, as with it the F1-F4 hydrocarbons levels saw the highest percent reduction
(66%) compared to the untreated soil. The second highest percent reduction was found in the Citric
Acid treatment which saw a 39% reduction from the untreated sample. NTA alone was found to be
the treatment with the lowest F1-F4 hydrocarbon reduction.
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Figure 3: Percent Reduction of F1-F4 Hydrocarbons after Treating Soil with 1% Chelating
Agents and Iron for 24 hours with 2% CP
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The Iron NTA, NTA and CP treatments all exceeded a pH of 12 after the 24 hour treatment
period (Figure 4). To meet MCL Class II landfill cover criteria, the pH of the soil must be between
5 and 12. The Iron Citric Acid, Citric Acid and Iron treatments were able to maintain a pH below
12. Since the initial study using 2% CP showed that more than 50% of the treated soil samples had
a pH in excess of 12, higher concentrations of CP were not explored in Initial Experiment 2.
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Figure 4: The Effect of Soil Treatments on pH Before and After Treating Soil with 1% Chelating
Agents and Iron for 24 hours with 2% CP
The leachable iron concentration before the soil was treated was 1.6 ppm. Without the use of
either the NTA or Citric Acid chelating agents, the leachable iron levels were found to be under 1
ppm. With the chelating agents alone, the leachable iron was found to be between 24.2 and 25.9
ppm; whereas when both iron and chelating agents were present, the resultant iron concentration
was between 89.1 and 98.4 ppm.

OXIDATION OF SPILL IMPACTED SOIL FOR LANDFILL COVER

43

120

Leachacle Iron (ppm)

100
80
60
40
20
0
Before

Iron NTA

NTA

Iron Citric Citric Acid
Acid

Iron

Calcium
peroxide

Iron and Chelating Agent Treatments

Figure 5: Leachable Iron Before and After Addition of 1% Chelating and Iron Treatments
with 2% CP
Although the Iron Citric Acid treatment was able to reduce F1-F4 levels From 71,430 ppm
to 24,510 ppm, which met MCL Class II landfill criteria (30,000 ppm), it was unable to reduce the
levels to Class II landfill cover criteria (20,000 ppm). This indicated that a longer treatment period
may be required. It is also possible that the concentration of CP and citric acid may need to be
adjusted. A study by Northup and Cassidy (2008) found that the lower the pH the more rapid the
dissolution of CP, so by adding more acid to the reaction, it could be possible to shorten the
treatment period (p.1167).
Initial Experiment 2: Calcium Peroxide and Citric Acid Concentration Results
It was found that there was a 48% F1-F4 hydrocarbon reduction with the 2% CP and 4%
Citric Acid treatment and 43% reduction with the 1% CP and 2% Citric Acid treatment after 72
hours. It can be seen in Figure 6 that the largest reduction in hydrocarbons occurred between 24
and 48 hours, as the 2% CP treatment went from a 13% reduction to a 46% reduction in this 24 hour
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period. Very little change in F1-F4 hydrocarbons occurred with the 2% CP and 4% Citric Acid
treatment between 48 and 72 hours. It was clear from these results that these treatments were not as
efficient as the Iron Citric Acid treatment in Initial Experiment 1.
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Figure 6: Initial Experiment 2 - Percent Reduction in F1-F4 Hydrocarbons at 24, 48 and 72
hours with 1% CP, 2% Citric Acid and 2% CP, 4% Citric Acid
For the 1% CP and 2% Citric Acid treatment, the pH of the soil dropped over the 72 hour
period; whereas the 2% CP and 4% Citric Acid treatment increased from 8.3 to 9.8 within 24 hours
before dropping slightly to 9.7 at 72 hours. This can be seen in Figure 7. The pH did, however,
remain below 10 during the entire 72 hour treatment period for both concentrations of CP and Citric
Acid.
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Figure 7: Initial Experiment 2 - pH changes at 24, 48 and 72 hours with 1% CP, 2% Citric
Acid and 2% CP, 4% Citric Acid
Initial Experiment 3: Treatment Time and Calcium Peroxide Concentration Results
Only the 2% CP treatment showed a reduction in hydrocarbons compared to the untreated
sample. The 1% CP treatment showed a steady increase in hydrocarbons over the 48 hour period.
This can be seen in Figure 8. The greatest hydrocarbon reduction was found in the 2% CP
treatment at 48 hours with an 11.8 % reduction. Since the “adsorption of added iron to surface soils
may affect the rate in which contaminants are transformed,” iron and citric acid were added
together for this and subsequent treatments to reduce the potential of this from occuring (Pignatello,
Oliveros & Mackay, 2006, p. 11).

Total F1-F4 Hydrocarbons (ppm)
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Figure 8: Total F1-F4 hydrocarbons in ppm Before and After treatment at 24, 36 and 48
hours with 1% Citric Acid and Iron with 1% and 2% CP
Initial Experiment 4: Water Concentration Results
When the CP treatment had a higher water content (9 L vs 4.4 L in previous treatments) the
percent total hydrocarbons increased, as seen in Figure 9. It seems that the total hydrocarbon
increased between 0 and 36 hours and began to lower between 36 and 48 hours. At 48 hours the
hydrocarbons concentration was still higher than it was without treatment.

Total Hydrocarbons (ppm)

OXIDATION OF SPILL IMPACTED SOIL FOR LANDFILL COVER

34766

34613

47

34081
33244

32883
31670

31320
30050

1% CP

2% CP
Treatment

Before

24 hours

36 hours

48 hours

Figure 9: Total F1-F4 Hydrocarbons Before and After Treatment with 9 L of water, 1%
Citric Acid, 1% Ferriclear and 1% and 2% Calcium Peroxide
Initial Experiment 5: Soil Mixing Control Results
Figure 10 shows that with mixing alone a slight total F1-F4 hydrocarbon reduction occurred
after mixing for 48 hours. There was an increase in F4 hydrocarbon concentration after mixing,
whereas the F1-F3 hydrocarbons decreased after mixing.
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Figure 10: Hydrocarbon Fractions in ppm Before and After Mixing for 48 Hours with
4.4 L of Water
Figure 11 shows the variability of the total F1-F4 hydrocarbons in the 1 m3 soil bin
(MB102746) used for Part A Initial Experiments. These samples were taken prior to any treatment
over the course of the Initial Experiments. The results of these samples show that there can be
considerable variation in a single 1 m3 bin of contaminated soil.

Total Hydrocarbons (ppm)
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Figure 11: Comparison of Total F1-F4 Hydrocarbons of 8 Samples Taken from Bin
MB102476 with No Treatment
Final Experiment Results
The average percent reduction of hydrocarbons in the 11 soil bins was 19.3 %. After
remediation; seven of the soil samples had between 5% and 70% hydrocarbon reduction, two bins
had between 0 - 5% reduction and the last two bins had an increase in hydrocarbon concentration,
shown in Figure 12. The total F1-F4 hydrocarbons before and after treatment are shown in Figure
13. Of the two bins that showed an increase in total F1-F4 hydrocarbons, one increased by 5072
ppm and the other only increased by 3 ppm.
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Figure 12: F1-F4 Percent Hydrocarbon Reduction After Final Treatment of 2% CP, 1%

Total Hydrocarbon (ppm)
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Figure 13: Total F1-F4 hydrocarbons in ppm Before and After 2% CP, 1% Citric Acid and
Iron Treatment Mixed for 48 Hours
A paired sample t-test was performed to compare the total hydrocarbon concentration of the
samples before and after treatment. There was no significant difference between the soil before and
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after it was treated with a 95% confidence interval as t = 2.04 < p = 2.23. When the paired sample
t-test was performed with a 90% confidence interval however, it was found that there was
significant difference in total F1-F4 hydrocarbon concentration after treatment as t =2.04 > p =
1.81. This shows that with a 90% confidence interval, there is a significant difference in the
contamination level of the soil following treatment.
Figure 14 shows that before treatment, five bins passed generic Class II criteria, two bins
passed MCL Class II criteria and four bins could have been accepted as MCL Class II landfill
cover. After treatment, two of the generic Class II soil bins were able to be accepted at MCL Leduc
Landfill, one as Class II landfill and the other as Class II landfill cover material. The disposal class
of two of the 11 bins was changed through the applied treatment, which is equal to an 18%
classification change.

Class II Landfill Cover

MCL Class II

Generic Class II

0

1

2

3

4

5

Number of Soil Bins
After Treatment

Before Treatment

Figure 14: Landfill classification before and after CP treatment
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Before treatment, 2 of the 11 bins exceeded MCL Class II landfill cover material acceptance
criteria for chlorides, which is less than 3000 ppm. After remediation all soil bins met this criteria
as shown in Table 4-1 below.
Table 7 shows that in ten bins, the iron increased after treatment, whereas in bin number
SB107049 the iron actually decreased after treatment. This bin only showed a 3.6% hydrocarbon
reduction. The largest increase in iron (115.6 ppm) was seen in bin number SB108471. This bin
showed an increase in F1-F4 hydrocarbons of 3 ppm after treatment. The average increase in iron
after treatment was found to be 64.9 ppm.
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Table 7
Final Results with Percent Reduction
Analyte (ppm)
F1
F2
F3
F4
F4+
Fe
pH
Chlorides
Sum
% reduction

Analyte (ppm)
F1
F2
F3
F4
F4+
Fe
pH
Chlorides
Sum
% reduction

SB108473
Before
After
<10
<10
107
125
2500
6660
586
1480
708
1890
<0.1
35.7
8.3
11
96
27
3193
8265

SB104006
Before
After
681
354
10900
10000
35600
32200
13200
12100
25400
23500
0.3
54.9
8.4
11.2
137
114
60381
54654

SB107049
Before
After
1090
356
19700
18100
50900
50500
20900
20300
47500
50700
108
83.2
7.1
11.4
1560
1620
92590
89256

SB107524
Before
After
337
156
7380
4590
33100
23400
14200
10100
28000
20100
<0.1
90.5
7.8
11.2
1980
2440
55017
38246

SB105801
Before
After
30
102
5310
4830
18900
13600
6540
2620
11900
5540
<0.1
84.1
7.8
11.4
3460
2730
30780
21152

MB103092
Before
After
22
<10
1390
1180
8370
6860
2580
2380
4660
3930
8.5
43.5
8.4
10.6
829
988
12362
10420

0

9.5

3.6

30.5

31.3

15.7

MB100200
Before
After
77
<10
1280
426
26500
10600
32400
7980
42500
11800
<0.1
79.4
8.1
11.5
67
82
60257
19006
68.5

MB103649
Before
After
64
<10
4260
3620
17500
12800
5350
4580
10800
8840
0.1
98
8.6
11.2
3980
2790
27174
21000
22.7

SB108471
Before
After
<10
<10
<50
<50
105
108
<100
<100
<100
1070
2.4
118
8.6
10.5
952
1010
105
108
0

MB105452
Before
After
41
<10
339
248
6010
4490
1070
1360
1520
2600
<0.1
46.5
9.6
11.4
28
42
7460
6098
18.3

MB102476
Before
After
<10
57
3990
3300
16800
15100
6950
6020
13600
9940
1.2
101
8.7
11.3
79
27740
24477
11.8
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Discussion and Recommendations
Discussion
In Initial Experiment 1, it became clear that the best hydrocarbon reduction and lowest
pH were achieved with citric acid, suggesting that a chelating agent is required to ensure that
iron is available to the Fenton reaction. The ability of citric acid to maintain a lower pH was
likely the reason for better hydrocarbon reduction seen in Initial Experiment 1. It was expected
that better hydrocarbon reduction would result from increasing the amount of citric acid in Initial
Experiment 2, but this was not the case. With 2% CP and a 1:2 ratio of citric acid to CP (Initial
Experiment 1), 66% hydrocarbon reduction was seen at 24 hours, whereas with a 2:1 ratio of
citric acid to CP (Initial Experiment 2), hydrocarbon reduction was observed to be only 44%
after 72 hours.
It was expected that increasing the concentration of water in Initial Experiment 4 would
result in better mixing of the contaminated soil, allowing more of the heavily contaminated
material in the bin to be broken down and be available to the oxidation reaction. Although this
did appear to be the case, as the total hydrocarbons increased during the first 36 hours of
treatment, the reduction in hydrocarbons seen in the final 12 hours (36-48 hours) was not enough
to reduce the total hydrocarbons below levels initially seen in the sample before treatment. Since
it has been observed with in a study by Northup and Cassidy (2008) that at a pH of 8 complete
CP dissociated at 52 hours, it is unlikely that increasing the reaction time would have increased
the hydrocarbon reduction.
In Initial Experiment 3, the highest hydrocarbon reduction was seen with 1% citric acid
and iron, 2% CP with 4.4 L of water and the optimal treatment time was found to be 48 hours.
This was the treatment that was subsequently applied to an additional 10 soil bins to obtain
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information to complete statistical analyses on the success at achieving partial remediation of the
contaminated material.
Although there was a hydrocarbon reduction in 9 of the 11 bins tested, and it was found
that there was a significant difference between the soils before and after treatment with a 90%
confidence interval, there were no large changes in the classification of the contaminated soils.
All the soils were able to meet generic Class II landfill criteria before being treated, with six of
the bins meeting the additional acceptance criteria for MCL Class II landfill at 30,000 ppm TPH.
Of those six soil bins, four were able to meet MCL Class II landfill cover criteria without
treatment. After treatment the classification changed for two of the bins: one from generic Class
II to MCL Class II landfill cover material, and the other from generic Class II to MCL Class II
landfill material. This classification change resulted in 18% of bins treated.
Since none of the bins exceeded generic Class II criteria before treatment, it is unknown
if the selected treatment protocol would be able to reduce BTEX levels or otherwise reduce the
contamination to the point where the material would not require Class I landfill disposal.
The highest level of remediation was observed as a 66% reduction in hydrocarbons. This
reduction was found on the only soil bin that contained soil generated from a natural gas
production company. Five of the 11 bins tested came from steam assisted gravity drainage
(SAGD) operations. These bins were not only variable in contamination level, but also had
mixed remediation results. Total F1-F4 hydrocarbons in bins from SAGD varied from 105 ppm
to 95,590 ppm before treatment. The reduction in hydrocarbon was between 3.6% and 31.3% for
three of the bins, whereas the other two saw an increase in hydrocarbons after treatment.
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Since the current practice is to perform composite sampling of multiple bins to create an
end dump load of soil to be disposed of in a landfill, it is possible that a 19% reduction in
hydrocarbons would be enough to change the classification of soil. This is demonstrated by
comparing the average total F1-F4 hydrocarbons before and after treatment of the 11 bins. If
these bins were part of a composite sample for an end dump load, the CP treatment would have
reduced the hydrocarbons from 39,798 ppm to 27,768 ppm. Therefore the classification of this
soil load would have been reduced from generic Class II landfill to MCL Class II landfill.
Depending on the amount of the prior contamination of the soil, this treatment could allow the
contaminated material to move up the waste management hierarchy to be used by local landfills
with stricter acceptance criteria as landfill cover material.
Increase or no reduction in hydrocarbons. The increase in hydrocarbon concentration
exhibited by two of the 11 bins could be explained by a few factors. These include heterogeneity
and dilution of the contaminated soil as well as contaminant adsorption or oxidation inhibitors.
Soil samples could have been diluted or polluted due to their heterogeneous properties.
Not only was the soil visually extremely heterogeneous in nature, with large globules of heavily
contaminated hydrocarbon material present in some of the bins, but it also contained many rocks.
Since the procedure at the laboratory to analyze the soil includes grinding the sample into a
homogenous mixture, it is likely that some samples could be diluted by the amount of rocks in
the grab samples. In a similar way, the hydrocarbon globules sampled would have been broken
down in the grinding process and could have further contaminated samples of soil. It is also
probable that during sampling, more or less globules of heavy hydrocarbon material were
included in each grab sample. A photo of a cement mixer with a large globule of hydrocarbons
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can be found in Appendix D. Although this globule was reduced in size over the treatment
period, it was still present after treatment concluded.
Adsorption could have been another reason for the increase in hydrocarbon concentration
or less effective remediation seen in some of the soil samples, although there is very little
organic matter in the soil bins received at RBW due to the fact that many oil and gas sites have
been back-filled with road crush. When there is a spill on one of these sites, the contaminated
material that is cleaned up will only contain organic soil matter if the contamination travelled
below or beyond the road crush layer. When soil is contaminated with organic contaminants,
they can sorb to organic material (Pignatello et al., 2006, p. 52). This could reduce the
probability of the hydroxyl ions, formed in the soil solution, from interacting with sorbed
contamination (Pignatello et al., 2006, p. 52).
The two bins that saw no reduction in hydrocarbon material were both from SAGD
facilities. Typical contaminants from these facilities could include downhole chemicals,
produced water and crude oil. These bins could have contained contaminants that were not
tested for that could have inhibited oxidation. Fenton oxidation has been found to be inhibited
by certain concentrations of chloride, bromide, floride, sulphate and phosphate anions as these
inorganic molecules can bond to scavenger hydroxyl ions, precipitate iron or bind with dissolved
iron (III) to create a less reactive complex (Pignatello et al., 2006, p. 11). Of the two bins that
demonstrated an increase in F1-F4 hydrocarbons, SB108473 showed a lower increase in iron
after treatment than most bins (35.7 ppm vs the average of 64.9 ppm increase after treatment) ,
which could have been due to iron precipitation reducing leachable iron in the sample and
SB108471 had the highest increase in iron (115.6 ppm), which could have been due to iron
binding, so that leachable iron is present in the sample but is not being utilized. In both these
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scenarios, limited amounts of iron would have been available to the Fenton reaction, preventing
oxidation and therefore hydrocarbon remediation from taking place. Although the chlorides in
these bins were not found to be excessive, other anions, such as sulphate, could have been
present in the contaminated soil that may have inhibited oxidation.
Waste generator practices and education. Since soil has become a casualty of Alberta
industry, it is important that industry practices are developed in such a way as to prevent soil
contamination wherever possible, and minimize it when it occurs. While sampling soil from the
bins, it appeared that used oil had been poured into one of the bins after it was filled with
already-contaminated soil. This type of practice is likely an attempt to reduce the amount of
waste that a facility produces. The consequence is increasing the contamination of the soil,
pushing it further down the waste management hierarchy and requiring a greater cost and greater
long term environmental liability associated with its disposal. An example of this can be seen in
Appendix A with bin number SB107049, which was one of the bins that had the highest total
hydrocarbons initially, and less than 4% hydrocarbon reduction after remediation. It is possible
the soil in this bin was only lightly contaminated prior to having been re-contaminated after it
was put in the bin with used oil.
It is possible that the amount of contaminated soil that is currently going to Class I
landfill facilities could be reduced by better segregation and classification achieved through
education of waste generators. Currently these waste generators understand that their material is
going to landfill anyway, so they believe there is no harm in further contaminating it. In reality
some contaminated soil could likely be used as landfill cover and additional contaminants like
used oil could be re-used in a fuel blend product.

OXIDATION OF SPILL IMPACTED SOIL FOR LANDFILL COVER

59

Better classification of contaminated soil according to the actual contaminants present
(e.g., crude oil, refined oil, produced water) could allow waste management companies to better
segregate the soil. If done properly, this would maximize the amount of soil eligible for Class II
landfill cover, local Class II landfill and generic Class II landfill respectively. It would increase
the chances that Class I landfill waste loads would consist of only Class I landfill material. This
is currently not standard practice. Generators of contaminated soil do not typically communicate
the contaminants in each bin to waste management companies as there is little incentive for them
to catalog and retain such information. Without that generator knowledge, and faced with the
alternative of costly analytical testing to do bin-specific classification, waste management
companies often find themselves inadvertently mixing soil of different initial classifications. If
material that is impacted by salt contamination is mixed with oil-contaminated material, the
chlorides from just a few bins could prevent this material from being accepted as Class II landfill
cover material. If this material could be better initially classified, it would allow for better
management of the material so that soil is not becoming diluted or polluted by other soil bins.
Treatment and testing costs. A cubic meter of contaminated soil has an average weight
of 1500 kg. To treat this with the treatment method specified above with 2% CP, 1% citric acid
and 1% Ferriclear, the cost of chemicals alone is $672.25. This does not include the cost of the
additional labour required to treat the material or the energy required to mix the material. If the
39 end dump loads that were found to meet generic Class II criteria at RBW between February
2014 and August 2015 were remediated and the results were similar to those found in this study,
18% or 7 loads would have been downgraded to a lesser criteria. The cost savings associated
with this would be $7,367.28, whereas the cost of chemicals would have been $384,524.00. For
this treatment to be cost effective, it would have to cost less than $12.88 to treat a 1500 kg bin.
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The additional analytical testing required to determine if soil can go to an MCL-type
Class II landfill (as cover or Class II material) is $193.95. Since RBW began this additional
testing, it was determined that 84 out of 183 loads met MCL criteria. This soil would otherwise
have gone to a Class II facility that was 159 km farther away than MCL. The difference between
these two disposal options is a cost savings of $75,564.04 for the loads that were eligible to go to
MCL. The cost of testing all 183 loads for the additional analytes was $36,368.65, meaning that
overall the additional testing would have saved RBW $39, 295.39 in disposal and trucking costs
if all the soil able to go to MCL did.
With the current cost of landfilling and the present landfill acceptance criteria in Alberta,
it does not make sense to remediate the type of contaminated soil seen in this study with CP.
Removal of the material from the site of generation to dump it in a landfill is currently the most
economic option, and it controls the risk to the environment and the population. If there were
more economic incentives and risk assurances provided for soil remediation, less material would
be landfilled, as it would be in industry’s best interest to seek other options.
Recommendations
Sustainability must be incorporated at the forefront of development to ensure that we are
looking towards the future and evaluating the potential consequences of our current actions and
decisions. Economic, social and environmental imperatives must be considered and brought
together when developing regulations and incentive programs that determine how industries
perform environmentally in Canada and provinces such as Alberta, to ensure that decisions made
today will not be detrimental to future generations and our country. Natural resource
development should optimize the value for the largest number of Albertans, while reducing
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waste and ensuring that our land and resources provide economic opportunities for future
Albertans (Alberta Environment and Sustainable Resource Development, 2008).
An evaluation should be conducted by the government to determine more sustainable
practices in the management of industry waste. Globally, landfilling has two problems: (1) the
cost of landfilling increases as landfills become more scarce and (2) landfilling is a long term
liability (Xu, 2003, p. 19). In Canada there is a cradle-to-grave liability with waste, meaning the
generator of the waste is responsible for it from its inception to its final state. Even in a landfill,
the generator is still liable for the waste, but with the design and the acceptance criteria of a
landfill, as long as the waste meets the criteria, there is very little chance that the generator
would ever be liable for any releases. Also since landfills are not scarce in Canada, landfilling as
a disposal option, is extremely cost-effective.
There should be government regulations that make it mandatory for contaminated soil in
Alberta to be evaluated to determine if it is able to be remediated, and if there is a better use for it
than its current fate of landfill disposal. If there were regulations in place or sufficient incentives
to industry, soil contaminated with hydrocarbons that can be easily treated through biological or
chemical remediation would be. Incentives could take the form of a government landfill tax,
which would encourage sustainable initiatives in a few ways. Increasing the cost of landfill
disposal would make remediation more feasible as it could be the more economic option for
industry. An increased emphasis on soil remediation could create local jobs for Albertans that
would encourage better management of our environmental resources. Research into efficient
remediation techniques for a variety of different contaminants would create jobs and scientific
progress. Promoting remediation would also encourage waste generators to put more resources
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into spill prevention training, techniques and equipment that would work to reduce the overall
amount of contaminated soil generated on oil, gas and industrial sites in Alberta.
If the remediation of contaminated soil became a cost effective management option with
the help of government incentives, it would become a sustainable practice. Remediation
facilities could be located in proximity to where the contaminated soil is being generated.
Compared to current landfill practices, this would reduce carbon dioxide emissions and the costs
associated with trucking the contaminated material to a transfer station to be subsequently tested
and disposed of at a landfill. The remediated soil could be tested locally to confirm its final
contamination levels, and used as landfill cover at a nearby municipal landfill or other possible
uses as appropriate. The soil could be partially or fully remediated based on the demand for soil
material and its desired end use.
Further scientific research to remediate mixed contaminant soil bins could explore ideas
such as:
•

surfactant use to break down heavier hydrocarbons and increase the homogeneity
of the soil before remediation is to take place

•

methods in which to separate large masses of hydrocarbons from the rest of the
soil material so that it may be treated separately and more effectively

•

automated equipment for remediation using a less expensive, more volatile
chemical (such as hydrogen peroxide) to keep employees safe and reduce the cost
of chemical remediation

•

potential use of sodium percarbonate, as a less expensive, faster reacting
alternative to CP, which can maintain lower pH values throughout the reaction
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Hazardous waste management companies could also offer generators specific bins for
soil resulting from different types of contamination. This, along with the education of waste
generators on segregation of contaminated soil, could allow soil to be more efficiently
remediated in the future.
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Conclusion
In Alberta, small volumes of soil impacted by multiple contaminants created by Alberta’s
industries are currently being landfilled. Through this study the most effective treatment for this
contaminated soil was found to be 2% calcium peroxide (CP) with a 1% citric acid and iron
supplement after 48 hours of mixing. The percent reduction of hydrocarbons was variable with
this treatment, as it ranged from no reduction to 68.5 % hydrocarbon reduction. It is likely that
the lack of hydrocarbon reduction was due to additional reactions taking place, inhibiting the
oxidation of hydrocarbons. It is still unclear if this treatment would have worked to remediate
BTEX, as the randomly selected soil used in this study did not exhibit elevated BTEX levels
before treatment. The CP treatment was, however, able to exhibit a significant difference in the
total hydrocarbons in the treated soil compared to untreated soil. Treatment results showed an
average of 19% reduction in hydrocarbons in the contaminated soil. This CP treatment was able
to change the classification of 18% of the soil treated to a landfill with more stringent criteria to
be disposed of or used as cover material.
With current regulations and landfill costs, the chemical remediation of soil with varying
types and levels of contamination using CP is not financially feasible. For remediation of this
soil to be a viable option, government incentives and regulations would need to be in place to
promote the reduction, remediation and reuse of waste. It is important that regulations and
incentive programs are designed to ensure the protection of our resources such as soil. This
would promote further research into industry practices and remediation options to reduce the
contamination of this material and move it up the waste management hierarchy from disposal to
re-use. Such research could lead to the creation of local jobs, reduced environmental impacts,
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reduced transportation demands, and better protection of resources which could help to ensure
that Alberta industry is more sustainable.
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Appendix A: Photos of Soil Bins
Table A
Soil Bins Selected for Treatment
Bin Number

Industry Operations

MB102746

Industrial – Oil
Pipeline Operations

SB108473

Oil ProducerSAGD Operation

Picture
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SB107524

Oil ProducerSAGD Operation

SB105801

Oil ProducerSAGD Operation
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SB108471

Oil ProducerSAGD Operation

SB104006

Oil Producer

SB107049

Oil ProducerSAGD operation
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MB103092

Oil Producer

MB100200

Gas Producer
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MB103649

Oil Producer/
Industrial Producers
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Appendix B: Landfill Criteria
Table B
Landfill Criteria

Leachable Inorganic- TCLP
Antimony
Arsenic
Barium
Beryllium
Boron
Cadmium
Chromium
Cobalt
Copper
Hexavalent Chromium
Iron
Lead
Mercury
Nickel
Selenium
Silver
Thallium
Uranium
Vandaium
Zinc
Zirconium

Generic Class II

MCL Class II

MCL Class II
Cover Material

500
5
100
5
500
0.5
5
5
100

500
5
100
5
500
0.5
5
5
100

500
5
100
5
500
0.5
5
5
100

1000
5
0.1
5
1
5
5
2
5
500
500

1000
5
0.1
5
1
5
5
2
5
500
500

1000
5
0.1
5
1
5
5
2
5
500
500

Metals Strong Acid Digestion
Lead

100

Salinity
Chloride (mg/kg)

3000

Soil Acidity
pH

2.5-12.5

2.5-12.5

5.0-12.0

Waste Characterization
Flashpoint
Paint Filter (Pass/Fail)

61
Pass

61
Pass

61
Pass

Alberta Landfill Solvents
Scan- Leachate
Benzene
Ethylbenzene

0.5
0.5

0.5
0.5

0.5
0.5

OXIDATION OF SPILL IMPACTED SOIL FOR LANDFILL COVER
Toluene
Total Xylenes

0.5
0.5

0.5
0.5

75
0.5
0.5

Extractable Petroleum
Hydrocarbons- Soil
F2 (C10-C16)
F3 (C16-C34)
F4c (C34-C50)
F4HTGCc
Mono-Aromatic
Hydrocarbons- Soil
Benzene
Toluene
Ethylbenzene
Total Xylenes

55
340
400
130

Volatile Petroleum
Hydrocarbons- Soil
F1 C6-C10
F1 BTEX
Soil % Moisture
moisture
Total Hydrocarbons (C6-C50)

30000

20000
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Appendix C: Tables of Results
Table C-1
Initial Treatment 1 Results Compared with Class II Landfill Cover Criteria
Analyte
(ppm)
F1
F2
F3
F4
F4+(C34C50+)
Benzene
Toluene
Ethylbenzene
Xylene
F1 (BTEX)
Benzene
Leachate
Toluene
Leachate
Ehtylbenzene
Leachate
Total Xylenes
Leachate
pH
Leachable
Iron
Total F1-F4
Hydrocarbon
Reduction
(%)

Before

Iron
NTA

NTA

Iron
Citric
Acid

Citric
Acid

Iron

Calcium
peroxide

Class II
Cover
Criteria

1,130
13,600
42,100
14,600

898
9,910
30,100
10,300

802
10,600
32,900
10,600

1,040
4,620
14,200
4,650

1,010
8,300
25,400
8,880

684
10,000
29,600
10,900

1,010
9,150
28,300
9,640

*
*
*
*

25,100

18,900

19,600

8,030

16,300

20,000

17,400

*

0.021
1.04

0.026
1.59

0.032
1.32

0.043
2.14

0.021
1.7

0.043
1.92

0.022
1.88

55
340

0.233

0.952

0.84

0.924

1.02

0.99

0.933

400

39.4

34.7

35.8

41.3

35.7

35

40.8

130

1,090

861

764

996

972

646

966

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

0.5

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

0.5

0.2

0.1

0.1

0.3

0.3

0.2

0.2

0.5

0.2

0.1

0.1

0.3

0.3

0.2

0.2

0.5

7.9

12

12.3

11.2

11.9

11.7

12.2

1.6

89.1

24.2

98.4

25.9

1

0.6

1000

71,430

51,208

54,902

24,510

43,590

51,184

48,100

0

28.3

23.1

65.7

39.0

28.3

32.7

*the sum of these analytes cannot exceed 20,000 ppm for Landfill Cover or 30,000 for Class II landfill
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Table C-2
Initial Experiment 2 Results: Before and After Treating with a 1:2 Ratio of CP to Citric Acid and
1% Ferriclear for 24, 48 and 72 hours
Analyte (ppm)

Before

pH
Leachable Iron
F2
F3
F4
F4 +
Total F1-F4

8.3
1.1
9530
34500
14100
25200
58365

1% CP and 2% Citric Acid
24 hours
48 hours
72 hours
8.1
8.1
7.6
176
177
195
6660
6890
5500
23500
25600
19600
9420
10200
8170
17500
18800
13300
39891
43013
33282

2% CP and 4% Citric Acid
24 hours
48 hours
72 hours
9.8
9.6
9.7
149
168
165
8,350
6340
4920
30300
15600
18700
11600
9420
7000
21800
17800
11100
50639
31542
30620

Table C-3
Initial Experiment 6 Results Before and After Treating with 1% Citric Acid and Ferriclear with
1% and 2% CP for 24, 36 and 48 hours
Analytes (ppm)
F1 (mg/kg)
F2 (mg/kg)
F3 (mg/kg)
F4 (mg/kg)
F4+ (mg/kg)
pH
Iron (mg/L)
Total F1-F4

Before
<10
3090
13100
5190
9630
8.8
22.8
21380

1%
24 hours 36 hours
18
42
3310
3610
14100
16200
5650
6380
9480
10700
10.9
11
74.7
71.6
23078
26232

48 hours
34
4190
18300
7130
11800
11.1
82.1
29654

Before
<10
3990
16800
6950
13600
8.7
1.2
27740

2%
24 hours 36 hours
38
28
3710
3450
16900
15200
6590
6010
11500
10800
11.1
11.2
101
109
27238
24688

48 hours
57
3300
15100
6020
9940
11.3
101
24477
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Table C-4
Initial Experiment 5 Results Before and After Treating with 9L of Water, 1% Citric Acid and
Ferriclear and 1% and 2% CP for 24, 36 and 48 hours
Analytes
(ppm)
F1 (mg/kg)
F2 (mg/kg)
F3 (mg/kg)
F4 (mg/kg)
F4+ (mg/kg)
pH
Iron (mg/L)
Total F1-F4

1 % Calcium Peroxide
Before
<10
3920
17900
8230
15500
8.9
1.2
30050

24 hours
36
4880
20600
9250
15600
11.2
72.1
34766

36 hours
33
4780
21000
8800
16300
11.2
60.6
34613

2% Calcium Peroxide
48 hours
14
4210
20800
8220
16200
11
55.1
33244

Before
<10
4100
18900
8320
16500
8.8
17.9
31320

24 hours
33
4200
19700
8350
14600
11.4
111
32283

36 hours
21
4700
20800
8560
16400
11.4
73
34081

48 hours
30
4290
19300
8050
15900
11.3
96.8
31670

Table C-5
Initial Experiment 6: Comparison of analytical before and after mixing for 48 hours with 4L 16
oz of water
Analyte (ppm)
F1
F2
F3
F4
F4 +
Total F1-F4

Before Mixing
16
3200
15000
5170
8610
23386

After Mixing
10
2540
14300
5710
9690
22560
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Appendix D: Photo of Heterogeneous Soil
Below is a photo of the hydrocarbon globules in the soil during treatment.
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