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Abstract 

Groundwater can be impacted by many types of contaminants, some of which are difficult to remediate, 

such as dense non-aqueous phase liquids (DNAPLs). DNAPLs can exist for long periods of time in the 

subsurface and may result in decreased groundwater quality, decreased land value and an increased risk of 

indoor air quality impacts to nearby infrastructure. In situ thermal remediation has been proposed and 

implemented at sites impacted by volatile organic compounds (VOCs) and semi-volatile organic 

compounds (SVOCs), though additional information is required to elucidate fundamental mechanisms and 

establish performance expectations.  

 

Preliminary laboratory studies were conducted to determine the effectiveness of heating at moderate 

temperatures on soil impacted to various degrees with creosote, a multi-component SVOC DNAPL. Co-

boiling temperatures observed during heating were near the boiling point of water due to the low volatility 

of the creosote. Though VOC removal from soil occurred quickly during co-boiling, polycyclic aromatic 

hydrocarbon (PAH) concentrations in soil appeared unchanged, indicating that higher temperatures or 

longer heating durations are necessary to achieve typical regulatory standards.  Subsequent laboratory tests 

were conducted to determine the effectiveness of heating at moderate, elevated and highly elevated 

temperatures on soil impacted with creosote. PAH concentrations in soil decreased the most during co-

boiling for all heating tests, and continued to decrease during extended heating periods of up to 10 days at 

highly elevated temperatures (320 °C). However, PAH concentrations in soil remained above Ontario’s 

regulatory standards after completion of all tests. Dissolution tests designed to simulate groundwater flow 

through treated sites post-heating revealed continuing PAH dissolution into water. 

 

The results from these two studies indicate that in situ thermal remediation of multi-component SVOC 

DNAPLs, at least to the temperatures tested in this study, does not result in soil PAH concentrations below 

applicable regulatory limits. Furthermore, remaining PAHs in treated soil continue to partition into the 
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aqueous phase. Additional research into higher temperature thermal applications and the effects of pumping 

during heating are recommended to fully determine whether in situ thermal remediation is a viable option 

for SVOC DNAPL impacted sites. 
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Chapter 1 

Introduction 

1.1 Groundwater, DNAPL and Creosote  

Groundwater is an important resource for human drinking water supply; it is the world’s largest 

freshwater reserve and comprises 97% of total freshwater. Globally, 2.5 billion people use 

groundwater as their sole drinking water source (UN-WWAP, 2015) and in Canada, 25% of the 

population relies on groundwater as a source for drinking water (Statistics Canada, 2010). Global 

water demand is expected to increase by 55% by 2050 (UN-WWAP, 2015). As the demand for 

clean drinking water increases with the world’s population, it is likely that groundwater will 

become even more integral to human drinking water consumption. However, not all groundwater 

is considered safe to consume. Contamination of groundwater resources poses a threat to water 

supply. Past and current industrial and agricultural activities can lead to groundwater 

contamination. Efforts to remediate known impacted aquifers have been underway since the mid-

eighties and continue into the present. 

 

One type of contaminant frequently found in groundwater is non-aqueous phase liquids (NAPLs). 

They are a class of organic compounds that are immiscible with water and are classified into light 

and dense NAPLs (LNAPL and DNAPL, respectively) corresponding to their density relative to 

water. DNAPLs are particularly concerning when released to the environment, as their density 

allows them to seep through the subsurface, penetrate the watertable, and remain in residual 

saturations and as pooled accumulations on capillary barriers. DNAPLs partition into the aqueous 

phase, forming plumes which can extend significant distances from where the release occurred. 

Dissolution is often a slow process, and therefore plumes can have long term impacts on 

groundwater quality. These plumes can be intercepted by drinking water extraction wells, 
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contaminating drinking water for reliant communities. DNAPLs in the subsurface pose a serious 

challenge for remediation efforts, as locating DNAPL in the subsurface is difficult, and removal 

through groundwater pumping alone is in some cases ineffectual. 

 

DNAPLs can be composed of volatile organic compounds (VOCs), like chlorinated solvents, 

benzene, toluene, ethylbenzene and xylene. Semi-volatile organic compounds (SVOCs) can also 

be constituents in DNAPLs, and may include polychlorinated biphenyls (PCBs) or polycyclic 

aromatic hydrocarbons (PAHs). One example of a multi-component semi-volatile DNAPL is 

creosote. It is formed through the distillation of coal tar and is used for wood preservation of items 

such as bridge timbers, utility poles and railroad ties. Considered toxic and carcinogenic, creosote 

contains approximately 300 different compounds, which include primarily PAHs (85%), with 

lesser amounts of phenolic compounds (10%) and heterocyclics (5%) (Mueller et al., 1989). VOCs 

are also present, though typically comprise less than 1% of creosote mass. The exact composition 

of each individual creosote batch produced is dictated by the composition of the distilled source 

coal tar and by the process employed. Therefore, the composition of individual creosote batches is 

considered unique. During the last two centuries of manufacture, use and storage of creosote, it has 

been released to the environment, impacting soil and groundwater quality. In the United States, 

there are approximately 700 sites that have been used to preserve wood products; the likelihood of 

creosote contamination at these sites is considered high (Mueller et al., 1989). There have been 

efforts to address creosote impacted sites using remediation methods such as pumping, 

bioremediation, natural attenuation, in situ chemical oxidation and in situ thermal remediation 

(ISTR) (Baker et al., 2007; Hansen et al., 1998; Mueller et al., 1989; Neuhauser et al., 2009; 

Thomson et al., 2008; Wu et al., 2000).  
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1.2 Thermal remediation 

Thermal remediation is an in situ subsurface cleanup method. It acts through heating the 

contaminant source zone, delineated during the site investigation process, causing the conversion 

of contaminants from liquid to vapour phase. Water and DNAPL vapour can subsequently be 

extracted from the subsurface and treated on the surface. Thermal conductivity is less affected by 

changes in geologic heterogeneity than hydraulic conductivity. Therefore, in situations where 

pumping may not be particularly effective, thermal methods have potential for success. There are 

two major in situ thermal treatment (ISTT) technologies, thermal conductive heating (TCH) and 

electrical resistance heating (ERH). TCH uses heating elements installed in wells to heat the 

subsurface, allowing temperatures greater than 300 °C to be achieved. ERH uses electrodes and 

involves running alternating current through the subsurface, allowing temperatures up to the boiling 

point of water to be reached. 

 

Thermal remediation has proven to be successful in practice at some sites. A review conducted of 

thermally remediated sites before 2007 indicates high removal, in some cases seeing a 1000 times 

decrease in contaminant concentration (Kingston et al., 2010). Though used primarily on volatile 

DNAPLs such as chlorinated solvents, thermal remediation has been employed for sites 

contaminated with creosote and coal tar as well (Baker et al., 2007, 2006; Hansen et al., 1998). 

Thermal remediation of SVOC sites will be explored further in the following chapters. 

1.3 Research Objectives 

The objectives of this research project are to assess quantitatively the removal of multi-component 

SVOC NAPL from soil treated using thermal methods, to assess the resulting concentrations in soil 

and water during and after thermal treatment, and to better understand the processes at work during 

thermal treatment of these complicated mixtures. The information collected will assist in 

determining whether thermal technologies are capable of reaching concentrations below soil and 
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water regulatory standards. This information will guide remediation practitioners when selecting 

treatment methods for multi-component semi-volatile NAPL impacted sites. 

1.4 Thesis Overview 

Chapter 1 gives an introduction to DNAPL contamination and thermal remediation. Chapter 2 is a 

literature review detailing the relevant background information for this thesis. Chapters 3 and 4 are 

written as independent manuscripts each describing laboratory investigations of thermal 

remediation effectiveness on creosote contaminated soil. The final chapter, Chapter 5, presents 

forthcoming conclusions. Appendices containing supplemental information are included at the end. 

1.5 References 
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Chapter 2 

Literature Review 

This chapter outlines the relevant information required for a thorough understanding of the theory 

and concepts pertaining to thermal remediation of dense non-aqueous phase liquids (DNAPLs). 

First, an overview of selected DNAPLs is presented, followed by a discussion of heat transfer 

principles and phase change for single- and multi-component NAPLs. An overview of thermal 

remediation methods concludes this chapter. 

2.1 Dense Non-Aqueous Phase Liquids 

The mitigation of groundwater contamination presents a challenge to environmental scientists and 

engineers. In Canada, there are over 2500 contaminated sites under the custodianship of the federal 

government where groundwater has been impacted (Treasury Board of Canada Secretariat, 2017). 

Contamination is found in urban and rural areas alike (Figure 2.1). DNAPLs represent a class of 

chemicals which adversely impact groundwater and are particularly difficult to remediate. DNAPL 

enters the subsurface and travels downward, moving preferentially through higher permeability 

areas and pooling on low permeability capillary barriers. DNAPL is denser than water, and is 

therefore able to penetrate the watertable and reach inaccessible depths easily, making their 

recovery challenging. Geologic heterogeneity is the major control for DNAPL migration and for 

this reason small-scale spatial variability in DNAPL content in the subsurface persists (Feenstra, 

2003). There are four different phases in which DNAPL compounds can exist in the subsurface: 

these include as (1) pooled or residual DNAPL, (2) gas in soil vapour, (3) dissolved in groundwater, 

and (4) sorbed on aquifer material (Suchomel and Pennell, 2006). A schematic of DNAPL 

migration through the subsurface is presented in Figure 2.2.   
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Figure 2.1: The 2582 groundwater impacted sites listed in the Federal Contaminated Sites 

Inventory (Treasury Board of Canada Secretariat, 2017). 

 

Figure 2.2: Schematic of DNAPL migration during the early stages of a spill, as presented in 

(Kueper et al., 2014). 
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2.1.1 Chlorinated Solvents 

Chlorinated solvents are a subset of DNAPLs and are the most common organic contaminants in 

groundwater (Stroo et al., 2003). Chlorinated solvents, such as trichloroethene (TCE) and 

tetrachloroethene (PCE), have many characteristics that make them a particularly dangerous source 

of contamination. These include high volatilities, which allow them to partition easily into the gas 

phase and infiltrate nearby buildings, and high densities, which allow them to penetrate the 

watertable (Pankow and Cherry, 1996). Chlorinated solvents have low viscosities, which make 

them a fast travelling source of contamination, and low interfacial tensions, which allow them to 

enter easily into small fractures and pore spaces (Pankow and Cherry, 1996). Once these fractures 

and pores are infiltrated, sorption on and diffusion into the matrix makes complete removal 

difficult. Chlorinated solvents have low absolute solubilities, which allow them to migrate through 

aquifers in DNAPL phase and accumulate in pools, forming long-lasting sources of contamination 

(Pankow and Cherry, 1996). In addition, chlorinated solvents have high relative solubilities 

(compared to their regulatory limits), and consequently, though only a small fraction of the pooled 

DNAPL phase dissolves into the groundwater, this small amount can be orders of magnitude greater 

than what is considered acceptable (Pankow and Cherry, 1996). Chlorinated solvents have been 

associated with chronic and acute human health problems, and as a result, maximum contaminant 

levels as dictated by governing bodies are very low (Moran et al., 2007). 

 

Chlorinated solvent and DNAPL sites are challenging because of the complexity and heterogeneity 

of groundwater and geochemical systems along with the many phases in which DNAPL compounds 

can be present. In addition, their ability to remain undetected in the subsurface makes chlorinated 

solvent and DNAPL contamination particularly difficult to remediate (Henry et al., 2002). 
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2.1.2 Creosote 

Creosote is a blackish-brown DNAPL used for wood preservation of items such as railroad ties, 

utility poles, and bridge timbers. It is produced through the distillation of coal tar, a by-product of 

the coking process. Creosote is multi-component in nature, consisting of hundreds of compounds. 

The chemical composition of an individual creosote sample depends on the composition of the 

source coal tar and the distilling process used. Because of this, composition of individual creosote 

samples is quite variable. Mueller et al. (1989) list the composition of creosote as approximately 

85% aromatic hydrocarbons, such as polycyclic aromatic hydrocarbons (PAHs) and alkyl PAHs, 

10% phenolic compounds, and 5% nitrogen-, sulfur- and oxygen- heterocyclics. Due to the 

complexity of creosote composition and compositional analysis limitations, the exact chemical 

make-up of a given creosote sample remains uncharacterized. Creosote itself is considered toxic 

and carcinogenic. The United States Environmental Protection Agency (US EPA) lists 16 

individual PAHs as priority pollutants, which are heavily regulated. These 16 PAHs are known 

constituents of creosote and are outlined in Table 2.1. Creosote-treated products are major 

contributors of PAHs into aquatic and soil environments, adding up to 2000 tonnes of PAHs per 

year (Government of Canada, 1994). Creosote is included in Health Canada’s Priority Substance 

List 1 and is designated as toxic. As such, creosote may have harmful effects on the environment 

and be a danger to human life and/or health. Five PAHs found in creosote are categorized as 

“probably carcinogenic to humans” by Environment Canada and are also specified in Table 2.1. 
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Table 2.1: Classification of PAHs in Canada and the United States  

Polycyclic Aromatic 
Hydrocarbon 

US EPA 
Priority 
Pollutant1 

May 
constitute a 
danger in 
Canada to 
human life or 
health 2 

Soil standards 
for residential/ 
parkland/ 
institutional/ 
industrial/ 
commercial/ 
community 
property use 
(mg/kg) 3 

Groundwater 
standards for all 
types of 
property uses 
(µg/L) 3 

Acenaphthene x  0.072 4.1 
Acenaphthylene x  0.093 1 
Anthracene x  0.16 0.1 
Benz[a]anthracene x  0.36 0.2 
Benzo[a]pyrene x x 0.3 0.01 
Benzo[b]fluoranthene x x 0.47 0.1 
Benzo[ghi]perylene x  0.68 0.2 
Benzo[j]fluoranthene  x - - 
Benzo[k]fluoranthene x x 0.48 0.1 
Chrysene x  2.8 0.1 
Dibenzo[a,h]anthracene x  0.1 0.2 
Fluoranthene x  0.56 0.4 
Fluorene x  0.12 120 
Indeno[1,2,3-cd]pyrene x x 0.23 0.2 
Naphthalene x  0.09 7 
Phenanthrene x  0.69 0.1 
Pyrene x  1 0.2 

1 United States Environmental Protection Agency (2014) 
2 Government of Canada (1994) 
3 Ontario Ministry of the Environment (2011) 
 

Due to the prevalence of leaking storage tanks, dripping treated lumber, and leaching from unlined 

storage ponds, the likelihood of creosote impacted groundwater at wood treatment facilities is high 

(Mueller et al., 1989). Environment Canada specified 24 creosote contaminated sites known to be 

impacting local soil, groundwater and surface water quality across Canada (Government of Canada 

et al., 1993). Though limited information is available for creosote sites, those for which 

hydrological studies have been conducted indicate large amounts of creosote are present in 

groundwater, soil and surface water (Government of Canada et al., 1993). The 1993 Priority 
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Substances List Assessment Report for creosote-impregnated waste materials, completed under the 

Canadian Environmental Protection Act, concluded that material from creosote contaminated sites 

is having a harmful effect on the environment. Dissolution of creosote in groundwater is slow, and 

therefore creosote spills act as long-lasting sources of contamination. Railroad ties constitute the 

largest number of creosote waste products generated in Canada. Each year, roughly 2 million 

kilograms of creosote is discarded in the form of railroad ties (Konasewich et al., 1991). It is 

speculated that creosote contaminated sites are a greater source of creosote to the environment, 

though the lack of concrete information on creosote contaminated sites makes this difficult to 

definitively conclude (Government of Canada et al., 1993). 

 

Creosote has a density similar to water, ranging from 1.01 to 1.2 g/cm3 and a viscosity ranging from 

10 to 70 mPa·s (Wu et al., 2000). Due to the multi-component nature of creosote, it can form both 

lighter than and heavier than water fractions. Due to the relatively low density and high viscosity 

of creosote in comparison to chlorinated solvents, more lateral spreading is expected for creosote 

spills.  

 

Attempts to remove creosote from groundwater have been conducted, though to limited success. 

Pumping free phase creosote through vertical wells is the most common remedial technology 

applied at creosote impacted sites (Wu et al., 2000). This method can greatly reduce the mass of 

creosote NAPL, though residual creosote will remain. This residual fraction will continue to 

dissolve into surrounding groundwater and form a plume. Priddle and MacQuarrie (1994) indicate 

that complete removal of residual creosote would need a water/creosote ratio >270 000, leading to 

their conclusion that water flushing is ineffective for removing residual creosote. Results from Wu 

et al. (2000) suggest that single-well pumping and water flooding measures would be insufficient 

in mobilizing creosote pools based on simulations using the UTCHEM multiphase flow and 
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transport numerical simulator. In situ chemical oxidation (ISCO) was field tested by Thomson et 

al. (2008) to reduce plume mass discharge.  Their results indicated reductions in mass discharge 

following ISCO application, but rebound of contaminants after four years post-treatment was 

observed. Monitored natural attenuation may be a viable option for some of the components of 

creosote, but would not be appropriate for all, as supported by the four-year field study of an 

emplaced creosote source conducted by King and Barker (1999). Their results indicated that 

different compounds released from the same source exhibit different patterns of plume 

development. 

2.2 Heat Transfer, Thermal Properties and Boiling in Porous Media 

Thermal remediation of multi-component DNAPL, especially for semi-volatile NAPL mixtures, is 

a relatively untouched subject. Most thermal experiments have used single-component DNAPL as 

sources for contamination (Burghardt and Kueper, 2008; Hegele and Mumford, 2015; Martin and 

Kueper, 2011; Munholland et al., 2016; Oberle et al., 2015; Truex et al., 2011). Due to the limited 

information available about multi-component DNAPL and thermal remediation, it is a subject ripe 

for further investigation.  Understanding the concepts of heat and heat transfer is integral to 

successful thermal remediation applications, which endeavor to raise the temperature of the 

subsurface using differing approaches. Increasing the temperature of the subsurface allows for 

easier recovery of contaminants. Below, heat and heat transfer fundamentals are discussed, as well 

as how DNAPL properties are affected by increased temperature. 

 

Heat is energy transferred due to a temperature gradient, which exists when two systems are in 

thermal disequilibrium (Mahan, 1975). When this occurs, heat is transferred from the system with 

higher thermal energy (warmer system) to the system with lower thermal energy (cooler system). 

Sensible heat is energy that contributes to a change in temperature, whereas latent heat is energy 

that corresponds with a phase change, such as boiling. The sensible energy of a system relates to 
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its temperature, which is proportional to the kinetic energy of the atoms and molecules that 

comprise the system. Greater kinetic energy leads to greater temperature. The three fundamental 

modes of heat transfer are conduction, convection, and radiation. Though discussed separately 

below, it is uncommon for heat transfer to occur solely as a result of a single mechanism (Foster et 

al., 2015). 

2.2.1 Conduction Heat Transfer 

Conduction is heat transfer from high energy to low energy particles which occurs across a 

stationary medium (Incropera and Dewitt, 1985). There are two mechanisms of heat transfer by 

conduction. The first is through molecular interaction, where higher energy particles convey energy 

to nearby lower energy particles. The second mechanism is conduction heat transfer by free 

electrons, which is dominant in pure-metallic solids. The ability of a material to conduct heat is 

directly related to its concentration of free electrons (Foster et al., 2015). No material is exchanged 

through conduction, only molecular motion energy. The conduction rate equation is Fourier’s law, 

as described below (Incropera and Dewitt, 1985):  

𝑞4LL = −𝑘 23
24
	       ( 2.1 ) 

where: 𝑞4LL is the conductive heat flux [W/m2], 

 𝑘 is the thermal conductivity [W/(m∙K)], and 

23
24

 is the temperature gradient [K/m]. 

In porous media, pure conduction occurs when fluid is stagnant. Heat transfer in porous media can 

vary depending on the air and water content as well as the mineralogy of the medium. Because of 

this, conduction in porous media is described macroscopically by averaging microscopic heat 

transfer processes over a representative elementary volume (REV). Heat conduction equations are 

developed assuming local thermal equilibrium between the solid and fluid phases in order to group 
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each of the heat transfer processes into a single conduction equation (Hsu, 2000). Pure conduction 

in isotropic and homogeneous media is represented by the following equation (Hsu, 2005): 

(𝜌𝑐.)H	
a3
aE
= ∇ ∙ 𝑘H∇𝑇 	     ( 2.2 ) 

where:  (𝜌𝑐.)H	is the effective heat capacity of the solid-fluid mixture [J/K], and 

T is the averaged temperature of both the solid and fluid phases [K]. 

The structure of the porous matrix and the individual thermal conductivities of the solid and fluid 

phases greatly influence heat conduction in porous media.  The thermal conductivities of each phase 

are usually dissimilar and therefore differential arrangements of the solid phase and the fluid phase 

can cause different rates of heat transfer. When considering macroscopic heat flow in 

heterogeneous porous media, the effective thermal conductivity (𝑘H) of the phases is used. This 

important parameter in heat transfer will be discussed further in section 2.2.4.  

2.2.2 Convection Heat Transfer 

Convection is heat transfer that occurs between a surface and a moving fluid in thermal 

disequilibrium. Forced convection occurs when fluid is circulated past a solid surface by an external 

force, such as a pump. Free convection occurs due to density differences resulting from temperature 

variations in the fluid (Foster et al., 2015). The convection rate equation is Newton’s Law of 

Cooling, as written below (Incropera and Dewitt, 1985): 

𝑞LL = ℎ 𝑇A − 𝑇"@/       ( 2.3 ) 

where:  𝑞LLis the convective heat flux [W/m2],  

 𝑇A	is the surface temperature [K],  

 𝑇"@/ is the fluid temperature [K], and  

 ℎ is the convective heat transfer coefficient [W/(m2∙K)]. 
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In porous media, convection occurs when fluid moves through interconnected pores. This 

movement can be very complex as it is affected by spatial variations in porosity, which can lead to 

channelized flow (Lauriat and Ghafir, 2000). Assuming local thermal equilibrium, convection in 

porous media is described by the phase-averaged convective energy equation, as described below 

(Lauriat and Ghafir, 2000): 

𝜌𝑐. H
a3
aE
+ 𝜌/𝑐./v ∙ ∇T = ∇ ∙ 𝑘H∇T     ( 2.4 ) 

where:  v is the intrinsic phase averaged velocity [m/s],  

 𝜌/ is the fluid density [kg/m3], and 

 𝑐./ is the specific heat of the fluid [J/(kg∙K)]. 

In the case where the assumption of local thermal equilibrium is not valid, such as systems where 

there is significant heat generation in either phase, when the temperature at the bounding surface 

changes greatly over time, or when the solid and fluid phases have different heat capacities and 

thermal conductivities, more accurate application of the macroscopic heat transfer equations 

requires that the fluid and solid must be considered separately (Kaviany, 1998). 

2.2.3 Radiation Heat Transfer 

Radiation is heat transfer by means of photons in the form of electromagnetic waves, which occurs 

between two surfaces through a vacuum or transparent medium. Radiant heat transfer, unlike 

conductive or convective heat transfer, can occur in the absence of a medium, and is maximized 

when a perfect vacuum separates surfaces (Foster et al., 2015). Radiation is not relevant to 

applications in porous media.  

2.2.4 Key Thermal Properties 

The thermal properties of a medium affect its ability to transfer heat effectively. Three important 

thermal properties are thermal conductivity, specific heat, and thermal diffusivity. These properties 
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are affected by the characteristics of the medium, such as grain size, mineral composition, porosity, 

and water content. 

2.2.4.1 Thermal Conductivity 

The thermal conductivity of a material indicates its propensity to support the flow of heat when a 

temperature gradient is imposed. The thermal conductivity of the conducting medium is a function 

of temperature (Foster et al., 2015). The effective thermal conductivity is a local volume-averaged 

property used to represent the porous medium as a whole and is dependent on: (1) the thermal 

conductivity of each individual phase, (2) the structure of the solid matrix, and (3) the contact 

resistance between the unconsolidated phase (Kaviany, 1998). Air  and water have a lower thermal 

conductivity than the solid phase, and therefore the porosity and distribution of phases throughout 

the medium can have a large impact on the effective thermal conductivity (Smith et al., 2013). A 

more porous medium will have a lower effective thermal conductivity than a less porous medium. 

Grain size also affects the thermal conductivity of a medium. A smaller grain size leads to a greater 

number of grain boundaries in a given area. These boundaries limit conduction, and therefore media 

with the same mineralogy but smaller grain sizes have lower thermal conductivities (Smith et al., 

2013). Also, thermal conductivity increases linearly with moisture content (Sorour et al., 1990).  

 

There are many ways to calculate the effective thermal conductivity of a porous medium, though 

accurately predicting the stagnant thermal conductivity proves difficult. Frequently, the porosity of 

the medium is used to average the thermal conductivity of each individual phase based on their 

respective volumes, such as in Equation 2.5. 

𝑘H = 𝜙𝑘/ + 1 − 𝜙 𝑘A      ( 2.5 ) 

where:   𝑘A and 𝑘/ are the thermal conductivities of the solid and fluid phases, respectively, and 

𝜙 is the porosity [-].  
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The above estimation for effective thermal conductivity proves valid only when the thermal 

conductivities of the solid and fluid phases are roughly equal. The thermal properties for several 

relevant phases are listed in Table 2.2; water and sand have a 0.66 W/(m×K) difference in thermal 

conductivity. For a system containing more than one fluid phase, the effective thermal conductivity 

is represented by the following equation (Dhir, 2000): 

𝑘H = 𝑘A𝜙A + 𝑘,𝜙, + 𝑘@𝜙@ + 𝑘*𝜙*     ( 2.6 ) 

where: 𝑠, 𝑤, 𝑛, and 𝑔 represent the solid, aqueous, NAPL and gas phases respectively.  

2.2.4.2 Specific Heat 

Specific heat is the energy needed to raise the temperature of a unit mass of a substance one degree 

centigrade. The heat capacity, which reflects the material’s propensity to store heat, is the product 

of the specific heat and density of a material. Assuming that the individual thermal resistance of 

each phase acts in parallel, the effective heat capacity is calculated using the following equation 

(Dhir, 2000): 

(𝜌𝑐.)H	 = 𝜌*𝑐.*𝜙* + 𝜌A𝑐.A𝜙A + 𝜌,𝑐.,𝜙, + 𝜌@𝑐.@𝜙@    ( 2.7 ) 

2.2.4.3 Thermal Diffusivity 

The thermal diffusivity of a material represents its ability to conduct thermal energy relative to its 

ability to store it. The greater the thermal diffusivity, the quicker the material will reach thermal 

equilibrium. Like thermal conductivity, thermal diffusivity increases linearly with moisture content 

(Sorour et al., 1990). The three properties discussed above are related through the following 

correlation (Woodside and Messmer, 1961): 

𝛼 = i
jk9l

       ( 2.8 ) 

where: 𝛼 is thermal diffusivity [m2/s], and 

 𝜌Q is bulk density [kg/m3]. 
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Table 2.2 below lists thermal properties of common materials. 

Table 2.2: Thermal properties of common materials 

Material 
Thermal Conductivity 

[W/(m∙K)] 

Heat Capacity 

[kJ/(m3∙K)] 

Thermal 

Diffusivity (m2/s) 

Water1 0.57 4184 1.36 x 10-7 

Air1 0.0218 1.3 1.68 x 10-5 

Dry silty sand2 1.23 1906 9.76 x 10-7 

Saturated silty sand2 1.41 4359 5.82 x 10-7 

Clay minerals2 2.93 2008 1.46 x 10-6 
1 De Vries (1963) 
2 Incropera and Dewitt (1985) 

2.2.5 Boiling in Porous Media 

Boiling is a phase change process whereby vapour is formed. For thermal remediation applications, 

boiling of DNAPLs and subsequent vapour extraction are important processes to understand, as in 

situ thermal treatment (ISTT) technologies aim to convert DNAPL into vapour phase VOC, which 

can be extracted more easily. 

 

Boiling in porous media occurs as a series of steps. The first is nucleation: a process that leads to 

the autogenous creation of a bubble (Jones et al., 1999). There are several types of nucleation, 

though the most relevant for boiling in porous media are pseudo-classical nucleation and non-

classical nucleation, which occur in scratches or pits on the pore wall containing pre-existing gas. 

For pseudo-classical nucleation, pre-existing gas sources have radii of curvature less than the 

critical radius that is needed for nucleation to take place, and therefore additional energy is needed 

to initiate bubble growth (Jones et al., 1999). For non-classical nucleation, the pre-existing gas 

sources in the fluid have radii of curvature greater than the critical nucleation value. This means 

that there is no nucleation barrier to overcome. This kind of nucleation happens at very low 

superheats, and can form steady sources of bubbles. More than one nucleation site can be active at 



 

19 

 

once and can become activated at different times due to differences in nucleation site shape and 

size, though spatial distribution of heat is also a factor (Khurana et al., 1998). The contact angle 

also plays an important role in nucleation temperature. As the contact angle increases, the 

temperature required for nucleation decreases (Li and Cheng, 2004). The presence of dissolved 

gases also lowers the nucleation temperature, while a high flow rate can suppress bubble generation 

in cavities (Li and Cheng, 2004). The number of active nucleation sites is directly proportional to 

the surface roughness (Kurihara and Myers, 1960). However, bubble growth and nucleation is by 

no means consistent or predictable. Even at the same nucleation site and under the same superheat, 

the growth rate of bubbles varies considerably. Strenge et al. (1961) noted variations in growth rate 

of as high as 35%. 

 

Bubble growth follows bubble nucleation and occurs in two steps (Satik and Yortsos, 1996). The 

first step is a slow pressurization step and the second is a quick pore-filling (penetration) step. The 

pressurization step involves little flow and interface movement while the temperature and pressure 

increase. Once the pressure increases enough to overcome the entry pressure of an adjacent pore 

throat, the pore-filling step commences. The entry pressure for a given pore throat is defined in 

Equation 2.9. During the pore-filling step, the vapour redistributes its volume and fills the adjacent 

pore. The gas bubble deforms as it reaches the edges of the pore body and conforms to its shape. 

Multiple pores can be invaded simultaneously during this step. 

𝑃H =
mn opqr

s
       ( 2.9 ) 

where:  𝑃H is the pore throat entry pressure [Pa], 

𝑟 is the equivalent circular pore throat radius [m],  

𝜎 is the interfacial tension [N/m], and  

𝜃 is the contact angle [°]. 
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In both high and low permeability materials, the mobility of the gas phase increases as bubbles 

combine.  In high permeability media, this occurs through displacement of the pore water and in 

low permeability materials through the displacement of the solid matrix (Liu et al., 2014). Bubbles 

expand and move through pore throats until a connected, macroscopic gas phase is formed. This 

connected gas phase is critical to thermal remediation, as it allows vapour to migrate to extraction 

points for recovery (Kingston et al., 2014).  

 

Boiling occurs when the vapour pressure of water is equal to the sum of the water pressure and the 

capillary pressure, as written below: 

𝑃,I = 𝑃, + 𝑃9       ( 2.10 ) 

where:  𝑃,I is the vapor pressure of water [Pa],  

𝑃, is the liquid water pressure [Pa], and  

𝑃9 is the capillary pressure [Pa]. 

 

Vapour pressure is the pressure exerted by fluids and solids at equilibrium with their own vapour 

phase. The vapour pressure of a substance changes significantly with temperature. The most 

common equation to represent the relationship between vapour pressure and temperature is the 

Antoine equation, as written below: 

log 𝑃"I = 	𝐴" −
wx
3yzx

      ( 2.11 ) 

where:  𝑃"I is the vapor pressure of compound i [Pa], and 

𝐴", 𝐵", and 𝐶" are compound specific empirical constants [-]. 

Figure 2.3 displays the vapour pressure changes with temperature for six compounds of interest in 

creosote. 
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Figure 2.3: The effect of temperature on vapour pressure for six compounds found in creosote, 

calculated using the Antoine equation (Equation 2.11) and coefficients from Yaws et al. (2009). 

 

The boiling point of a compound at depth can be calculated by combining the above equations: 

𝑇Q," =
wx

{x|}p~(j�*�y����)
− 𝐶"      ( 2.12 ) 

where:  𝑇Q," is the boiling point of compound i at depth z below the watertable [K],  

 𝑃DEF is the atmospheric pressure [Pa], and 

𝑔 is the gravitational acceleration [9.81 m/s2]. 

2.2.6 Co-boiling 

In the case where two immiscible liquids are present, their individual vapour pressures combine to 

form a total gas pressure, leading to vapour formation at a lower temperature than the boiling point 

for either of the individual components (Kingston et al., 2014). This process is called co-boiling. 
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Common creosote constituents and their respective boiling and co-boiling points are listed in Table 

2.3. 

Table 2.3: Common creosote constituents and their respective boiling and co-boiling points 

NAPL Boiling Point [°C]1 Co-boiling Point (with water) [°C]2 

Benzene 80 69.5 

Naphthalene 218 99.5 

Acenaphthene 277 99.9 

Fluorene 297 99.95 

Phenanthrene 339 99.9 

Pyrene 395 99.999 
1 source: Yaws (2003) 
2 calculated using Antoine equation and coefficients from Yaws et al. (2009) 
 

NAPL-water heating, NAPL-water co-boiling, water heating, and water boiling are the four stages 

of heating observed in thermal remediation applications (Burghardt and Kueper, 2008). These 

stages are distinct on a temperature-time plot (Figure 2.4). 

 

Figure 2.4: Temperature profile showing stages of boiling (adapted from Burghardt and Kueper, 

2008) (1) NAPL-water heating, (2) NAPL-water co-boiling, (3) water heating, and (4) water 

boiling. 
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Burghardt and Kueper (2008) noted a linear correlation between the length of the co-boiling stage 

and the initial saturation of DNAPL in the experiment. Also, the majority of DNAPL is removed 

during co-boiling, before the boiling point of water is reached. Zhao et al. (2014) presented 

evidence that the end of an observed co-boiling plateau may not mark the end of DNAPL co-

boiling, as DNAPL continued to be removed from the system during the water heating stage. It is 

important to note that the co-boiling plateau is only observable in collected temperature data when 

the temperature sensing instrument is placed very near to the DNAPL (Zhao et al., 2014). Co-

boiling plateaus are not observed in temperature data collected by thermocouples located outside 

of DNAPL pools and are thus rarely seen in field applications (Martin and Kueper, 2011). 

 

For multi-component DNAPL, a gradually increasing slope characterizes the co-boiling stage of 

heating, which is in contrast to the constant temperature plateau observed for single-component 

systems (Zhao et al., 2014). An example of a temperature-time plot for multi-component DNAPL 

is shown in Figure 2.5.  

 

Figure 2.5: Theoretical temperature profile for a multi-component immiscible system showing 

the stages of boiling (adapted from Burghardt and Kueper, 2008) (1) NAPL-water heating (2) 

NAPL-water co-boiling (3) water heating (4) water boiling. 
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Raoult’s Law dictates that the gas-phase partial pressure of a compound is equal to the mole fraction 

of the compound in the DNAPL phase multiplied by the vapour pressure of the pure compound. 

Raoult’s law can be used to determine the onset of co-boiling for a multi-component DNAPL. This 

occurs when the following equation is satisfied: 

𝑃,I + 𝑥+𝑃+I@
+ = 𝑃, + 𝑃9     ( 2.13 ) 

	where:  𝑃+I is the pure component vapor pressure of DNAPL component j [Pa],  

 𝑥+ is the mole fraction of component j in the DNAPL [-],  

n is the total number of volatile components in the DNAPL [-], and 

𝑃, is the liquid water pressure [Pa]. 

 

The composition of the vapour phase resulting from boiling is constrained by the relative vapour 

pressures of the components at the co-boiling point. Dalton’s Law dictates that the total pressure 

of a gaseous compound is equal to the sum of the partial pressures of each of its components. This 

allows for the calculation of the mole fraction in the gas phase for each component, below: 

𝑦+ =
��
�

4���
�y����

�
      ( 2.14 ) 

where:  𝑦+ is the mole fraction of component j in the gas phase [-]. 

 

When there is only one DNAPL component, the mass fraction will remain constant, however, if 

there are multiple components, the vapour phase composition will change over the course of co-

boiling. This occurs because equilibrium partitioning, where the chemical potential of each phase 

is equal, changes with temperature. The mass fraction of each component in the vapour phase is 

described by the following equation:  

𝑥I" =
.x�x
.���	�

���
       ( 2.15 ) 

where:  𝑥I" is the mass fraction of component i in the vapour phase [-], 
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 𝑝" is the partial pressure of component i [Pa], and  

 𝑀" is the molecular weight of component i [kg/mol]. 

2.2.7 Effects of Temperature on DNAPL Properties 

Thermal remediation uses elevated temperature to assist with recovering inaccessible 

contamination. Increased temperature affects many different DNAPL properties, including vapour 

pressure, aqueous solubility, sorption coefficient, viscosity, and interfacial tension. The first three 

topics discussed below, Henry’s Law, aqueous solubility, and the soil-water distribution 

coefficient, describe the partitioning between the aqueous phase and other phases. 

2.2.7.1 Henry’s Law 

Henry’s Law constant indicates the predisposition of a compound to partition between the aqueous 

phase and gaseous phase, and is defined as the ratio of the gaseous and aqueous concentrations of 

the compound at equilibrium. The dimensionless Henry’s Law constant is as follows: 

𝐻 = z�
z�

        ( 2.16 ) 

where:  H is the dimensionless Henry’s Law constant [-],  

𝐶* is the gaseous phase concentration [mol/m3], and  

𝐶, is the aqueous phase concentration [mol/m3]. 

If the partial pressure of a contaminant is known, Henry’s Law constant can be calculated as 

follows: 

𝐾9 =
��
z�

       ( 2.17 ) 

where:  𝐾9 is Henry’s Law constant [Pa∙m3/mol]. 

The two Henry’s Law constants described above can be related by the following equation: 

𝐾9 = 𝐻𝑅𝑇       ( 2.18 ) 

where:  𝑅 is the natural gas constant [8.314 J/(mol∙K)]. 
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An increase in temperature leads to an increase in the Henry’s Law constant. This is desirable in 

thermal remediation because more of the contaminant will partition into the vapour phase, which 

can be removed from the subsurface using vapour extraction wells. The following equation was 

developed using a linear relationship between enthalpy of dissolution and temperature combined 

with the Van’t Hoff equation, and describes Henry’s Law constant with temperature (Heron, 

Christensen, & Enfield, 1998): 

ln 𝐾9 = 	𝐺 − �
3
+ 𝐿 ln 𝑇      ( 2.19 ) 

where:  G, J, and L are compound specific constants [-]. 

2.2.7.1 Aqueous Solubility 

Aqueous solubility is the maximum amount of a compound that can be dissolved in water under 

equilibrium conditions. The equation below represents the effective solubility of a compound from 

a NAPL mixture in groundwater: 

𝐶+ = 𝑥+𝑆+       ( 2.20 ) 

where: 𝐶+ is the effective solubility [mg/L], and 

 𝑆+ is the single-component solubility [mg/L]. 

 

Solubility can increase or decrease with increasing temperature depending on the compound and 

the temperature considered. Increased solubility is desirable from a remediation standpoint as it 

allows for more pooled DNAPL to dissolve into the groundwater, which can be extracted using 

pumping wells down-gradient. For example, Knauss et al. (2000) developed the following equation 

for PCE and TCE to determine their solubilities at different temperatures (Knauss et al., 2000): 

𝑅 ln𝐾 = 𝐷 + �
3
+ 𝐹 ln 𝑇     ( 2.21 ) 

where:  𝐷, 𝐸, and 𝐹 are curve-fitting parameters [-], and 

 𝐾 is the solubility in mole fraction [-],  
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Figure 2.6 is a chart of solubility for three PAHs plotted against temperature. 

 

Figure 2.6: Chart of solubility vs. temperature for common PAHs (Whitehouse, 1984). 

2.2.7.1 Sorption Coefficient 

Aqueous-solid partitioning is the relationship between VOC in the aqueous phase and VOC that is 

sorbed to the solid grains of the medium. This relationship can be described using a distribution 

coefficient, which assumes that there is a linear, instantaneous, and reversible partitioning 

relationship between the sorbed and soil phase. The distribution coefficient is described in the 

following equation: 

𝐾2 = 𝐾89𝑓89       ( 2.22 ) 

where:  𝐾2 is the distribution coefficient [mL/g],  

 𝐾89 is the water/organic carbon partitioning coefficient [mL/g], and  

 𝑓89 is the fraction of organic carbon in the soil [-]. 

Under water-saturated conditions, the fraction of mass dissolved in the aqueous phase compared to 

that sorbed to the porous medium is 1/Rf, where Rf is represented by: 
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𝑅/ = 1 + jk
�
𝐾2       ( 2.23 ) 

where:  𝑅/ is the retardation factor [-]. 

The degree of sorption for DNAPL compounds is expected to decrease with temperature. Higher 

temperatures lead to decreases in equilibrium sorption coefficients and increased sorption rate 

constants, which means the amount of pore volumes needed to flush out the contaminants is 

decreased (Sleep and McClure, 2001). This is advantageous for remediation purposes, allowing 

DNAPL compounds to detach from grain surfaces and mobilize more easily. Though sorption 

isotherms have been developed for certain DNAPLs, sorption behaviour at different sites is 

variable, and a site-specific sorption isotherm may need to be developed (Kingston et al., 2014). It 

is important to note that there can be a recalcitrant fraction of DNAPL compounds that remains 

sorbed to mineral surfaces, despite prolonged heating efforts, as observed by Burghardt and Kueper 

(2008) for PCE. They found that the amount of contaminant remaining was greater with greater 

initial DNAPL saturation. 

2.2.7.2 Interfacial tension 

The interfacial tension of a liquid is the force per unit length exerted in the plane of the liquid’s 

surface (liquid-gas or liquid-liquid interface). Interfacial tension is expected to decrease with 

increasing temperature, as described linearly in the equation below (Reinhard and Drefahl, 1999): 

𝜎 𝑇 = 𝑎% + 𝑎&𝑇      ( 2.24 ) 

where:  𝑎% and 𝑎& are compound specific constants [-].   

 

Figure 2.7 shows the relationship between the NAPL-air interfacial tension of various chlorinated 

solvents and temperature. 
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Figure 2.7: Interfacial tension vs. temperature as presented in Kingston et al. (2014). 

Decreased interfacial tension can lead to mobilization of DNAPL that was previously trapped, such 

as continuous DNAPL resting on capillary barriers. A reduction in interfacial tension reduces the 

maximum height of DNAPL that a capillary barrier can sustain. As a result, DNAPL can penetrate 

the capillary barrier and continue its descent. Uncontrolled or unanticipated movement of the 

DNAPL can be detrimental to remediation efforts. However, the maximum height of DNAPL that 

can be retained on a capillary barrier is inversely proportional to the density difference between the 

DNAPL and water. Fortunately, the decrease in DNAPL density with temperature is expected to 

offset the effects caused by a decrease in interfacial tension (Kingston et al., 2014). The equation 

describing the maximum vertical height of a pooled DNAPL that can be sustained by a capillary 

barrier is written below (Kueper et al., 1993): 

𝐻< =
����|���

∆j*
       ( 2.25 ) 

where:  𝐻< is the maximum vertical height of DNAPL that can be sustained [m], 

 𝑃′′9 is the entry pressure of the capillary barrier [Pa], 
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 𝑃′9 is the capillary pressure at the top of the pool [Pa], and 

 ∆𝜌 is the density difference between the DNAPL and water [kg/m3]. 

2.2.7.3 Viscosity 

Viscosity is the internal resistance of a gas or a liquid to flow. The random kinetic energy of 

molecules increases with increasing temperature, which reduces the effects of intermolecular 

forces, leading to a decreased fluid viscosity (Sleep and Ma, 1997). The most common equation for 

estimating fluid kinematic viscosity is the Andrade equation: 

ln 𝜇 = 𝑏% +
Q�
3

       ( 2.26 ) 

where:  𝜇 is the kinematic viscosity [cSt = 10-6 m2/s], and 

 𝑏% and 𝑏& are compound specific coefficients [-]. 

A decrease in DNAPL viscosity allows for easier movement of continuous DNAPL and recovery 

by pump-and-treat methods. Figure 2.8 below shows the relationship between viscosity and 

temperature for various NAPL compounds. 

 

Figure 2.8: Viscosity vs. temperature as presented in Kingston et al. (2014). 
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2.3 In Situ Thermal Technologies 

Thermal technologies are employed for the purpose of (1) increasing vapour pressures to boil 

NAPL phase contaminants, (2) increasing partitioning to the gas phase causing volatilization and 

vaporization to improve vapour recovery, and (3) increasing the mobility of the contaminant for 

liquid recovery through reductions in viscosity and interfacial tension (Kingston et al., 2014). 

Thermal remediation is advantageous over other remediation methods because heating and heat 

transfer mechanisms are much less affected by geologic heterogeneity than fluid migration 

mechanisms. Therefore, at sites where heterogeneity is particularly limiting for injection-based 

remediation methods, thermal remediation has the potential for success. The two most employed 

thermal remediation technologies are electrical resistance heating (ERH) and thermal conductive 

heating (TCH) (Kingston et al., 2014). 

2.3.1 Electrical Resistance Heating 

Electrical resistance heating (ERH) is the most popular thermal technology. Its use outnumbers 

other thermal technologies by as much as three times since the year 2000 (Kingston et al., 2010). 

ERH heats the subsurface by passing electrical current through a network of electrodes using three 

or six phase alternating current. Electrodes are arranged in triangular or hexagonal patterns 

throughout the source zone. Extraction of vapours and liquids occurs through vapour and liquid 

recovery wells. ERH preferentially heats zones with higher electrical conductivity, such as low 

permeability silts and clays (Johnson et al., 2009). 

 

ERH is limited to temperatures near the boiling point of water (100 °C at 1 atm) because it needs 

moisture in the ground for current flow. Moisture loss occurs preferentially around electrodes 

during ERH applications where temperatures are higher. When the soil moisture decreases, the 

electrical conductivity decreases, leading to poor energy delivery to drier areas. To combat this, 

ERH applications often employ wetting measures near electrodes (Johnson et al., 2009). ERH can 
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also be limited in settings where there is high groundwater flow, as this can serve as an energy sink. 

Measures can be taken to limit the inflow of groundwater from outside the treatment area during 

operation. 

 

Monitoring during ERH operations include current and voltage measurements to ensure power 

delivery. Temperature measurements are also taken throughout the treatment area to ensure desired 

heating performance. In and around the treatment area soil gas pressure and fluid elevation are 

monitored to ensure containment of the contaminant. Also, flows and concentrations of vapour and 

liquid recovery streams are monitored to gauge the mass removal rate (Johnson et al., 2009). ERH 

applications are usually automated and are managed using onsite computers with remote access for 

monitoring. Figure 2.9 below is an example of a typical ERH application. 

 

Figure 2.9: Typical ERH application setup as presented in Johnson et al. (2009). 
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2.3.2 Thermal Conductive Heating 

Thermal conductive heating for source zone remediation is being used with increasing frequency 

(Kingston et al., 2010). TCH heats the subsurface through networks of electric heating elements 

installed vertically in wells or horizontally on the surface. These heaters typically operate at 

temperatures above 500 °C. Extraction of vapours and liquid through wells is employed, providing 

a gradient for vapour flow and reducing the likelihood of contaminants migrating outside of the 

treatment volume. 

 

TCH is not limited by temperature restrictions, like ERH and can therefore be used to remediate 

contamination that requires temperatures greater than the boiling point of water to vaporize, such 

as semi-volatile organic compounds (SVOCs). Like ERH, TCH is affected by high groundwater 

flow into the treatment area, which acts as a heat sink. The energy demand associated with TCH 

applications is high and other associated environmental impacts may be of concern, such as 

potentially significant carbon dioxide production (Kingston et al., 2014) 

 

Monitoring during TCH applications is consistent with monitoring for ERH applications. This 

includes current and voltage measurements to ensure power delivery to heaters. Temperature is 

measured throughout the treatment area to ensure heat delivery. In and around the treatment area 

soil gas pressure and fluid elevation are monitored to ensure containment of the contaminant. Also, 

flows and concentrations of vapour and liquid recovery streams are tracked to gauge the mass 

removal rate (Johnson et al., 2009). Figure 2.10 is a depiction of a typical TCH application. 
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Figure 2.10: Typical TCH application setup as presented in Kingston et al. (2014). 

2.3.3 Operation 

Thermocouples are usually inserted at the center of the heater well configuration, which is assumed 

to be the coolest spot. Temperature rises are affected by conduction and convection as well as the 

change in thermal conductivity of the soil during drying and latent enthalpy changes due to water 

evaporation and condensation. Vapours are recovered using shallow wells installed either vertically 

or horizontally in the treatment zone. The collected vapours are condensed and cooled to ambient 

temperatures and are subsequently treated (US Army Corps of Engineers, 2009).  

 

Thermal remediation projects are usually completed in less than a year, and six months after 

completion the geochemical conditions at the site will typically have reached pre-treatment levels 

(Adamson et al., 2011). The duration of heating for each application varies, though heating 

durations appear to be either arbitrary or linked to time-temperature criterion instead of 

concentration levels or mass removal (Kingston et al., 2010). This has been identified as a possible 

reason for inconsistent success results, and practices should be changed to ensure the end of 

treatment marks the attainment of remediation goals (Kingston et al., 2014). 
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Most often a single treatment technology is applied at a site with the expectation that it will meet 

all objectives, although recently, approaches have involved integrating several technologies in time 

and space (ITRC, 2011). Practitioners are starting to accept that employing more than one 

technology may be necessary in order to achieve remediation goals in all impacted areas, including 

the source zone and the plume (ITRC, 2011; Kavanaugh and Rao, 2003). 

2.3.4 State of the Practice 

2.3.4.1 Thermal Remediation Performance  

The demand for thermal remediation and source depletion technologies has increased with 

increasing regulatory and public pressure to remediate contaminant source zones (Stroo et al., 

2003). There are many benefits linked to DNAPL source depletion, with the main benefit being the 

decreased likelihood of future human exposure and other negative ecological impacts. Also, source 

depletion can lead to lower cleanup durations and can potentially lower overall lifecycle costs 

(Kavanaugh and Rao, 2003). 

 

However, even though thermal remediation is capable of removing NAPL mass at contaminated 

sites, its performance in the field has not been as impressive as in the lab and the associated costs 

are higher than for many other technologies (Stroo et al., 2012). Furthermore, the ability of all 

innovative source zone depletion technologies to achieve groundwater remediation targets within 

reasonable timeframes and at reasonable costs remains uncertain (Kingston et al., 2014). Over the 

last decade, the scientific community has acknowledged that it may not be able to develop 

technologies that can fully restore all groundwater sites (Henry et al., 2002; Stroo et al., 2012).  
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2.3.4.2 Limitations 

A major difficulty for thermal remediation technologies is that they can only be successful if the 

site has been properly characterized. The accuracy of the conceptual site model is crucial, as the 

remediation action plan is entirely dependent on it (Leeson et al., 2013). Poor site characterization 

can lead to high contamination levels post-treatment. Source remediation performance can only be 

as effective as source zone characterization. Therefore, thermal remediation success may be as 

dependent on the skill of system designers and site investigators as the technology’s inherent 

abilities (Kingston et al., 2010). Furthermore, the high costs and energy demands of thermal 

remediation limit its use in practice (Henry et al., 2002). Thermal remediation is more affordable 

for smaller source zones, and should be used as a targeted treatment method. 

 

Another barrier to understanding the success of thermal technologies is the lack of quality 

documentation during field applications. Better documentation of post-treatment performance is 

necessary in order to properly gauge thermal technology’s performance in the field (Kingston et 

al., 2010; McGuire et al., 2006). Also, increased and improved real-time performance assessment 

is essential for connecting operating procedure with remediation objectives (Kingston et al., 2010).  

2.3.4.3 Research Needs 

There are many topics surrounding source zone remediation that could use further research 

attention, especially for conditions considered challenging, such as fractured media, heterogeneous 

media with sharp permeability changes, high quantities of DNAPL and different kinds of 

contaminants such as complex inorganics and multi-component mixtures (Kingston et al., 2014). 

Research should be focused on optimizing current technologies instead of developing entirely new 

ones (Stroo et al., 2003). New methodologies, better monitoring techniques, improved diagnostic 

tools and performance assessment tools should be developed to increase the efficiency of thermal 

remediation and reduce the associated costs (Leeson et al., 2013). 
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2.3.5 Laboratory Studies 

Numerous field applications for thermal remediation have been completed (Gao and Jiang, 2011; 

Heron et al., 2013, 2005), though there are comparatively fewer laboratory studies (Burghardt and 

Kueper, 2008; Hegele and Mumford, 2015, 2014; Heron et al., 1998; Liu et al., 2014; Martin and 

Kueper, 2011; Munholland et al., 2016; Zhao et al., 2014). The following laboratory studies have 

significant implications for investigating DNAPL removal during thermal remediation. 

 

Burghardt and Kueper (2008) completed a series of laboratory heating experiments to determine 

the relationship between PCE mass removal and initial DNAPL saturation, heating duration, and 

soil grain size. A washed composite sample of soil from an industrial site was mixed with PCE and 

packed in 750 mL jars, which were subsequently heated in a convection oven. Temperature was 

measured using a thermocouple probe inserted in the centre of the jar. Once the desired heating 

duration was reached, jars were removed, capped, and placed in an ice bath to simulate sampling 

conditions. Results indicate the duration of co-boiling is linearly dependent on the initial saturation 

of the DNAPL and DNAPL concentration ceases to decrease past dry-out. Also, smaller grain sizes 

led to lower post-heating soil concentrations. 

 

The importance of sufficient gas capture has been emphasized by Martin and Kueper (2011) and 

Munholland et al. (2016). Martin and Kueper (2011) conducted ERH experiments in a 

polycarbonate test cell (73.66 cm × 13.97 cm × 38.1 cm) using a heterogeneous sand pack, pools 

of TCE and passive venting conditions. Two stainless steel electrodes were used to deliver electrical 

power while thermocouples arranged in a grid allowed for spatial temperature resolution. Processed 

images were used to track the migration of the gas. Results indicated that gas venting in proper 

locations is vital when using ERH in heterogeneous media, as the gas phase can become trapped 

beneath capillary barriers and re-condense during cooling, which can lead to migration of the 

DNAPL to previously uncontaminated regions. Munholland et al. (2016) completed a series of 
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ERH laboratory experiments using a two-dimensional flow cell (92 cm × 61 cm × 7.6 cm) to 

examine gas production and migration during DNAPL heating. TCE, chloroform, and PCE pools 

were heated in separate experiments under flowing groundwater conditions. Temperature, gas 

saturation, and aqueous phase concentrations were monitored using thermocouples, image capture, 

and post-treatment soil sampling, respectively. This research concluded that layered heterogeneity 

can facilitate movement of contaminants outside of the heated treatment area through mobilization 

and condensation of the gas phase during ERH, further emphasizing the importance of vapour phase 

recovery during applications.  

 

Very few laboratory experiments have investigated heating of multi-component DNAPLs and 

DNAPL mass removal during heating. Zhao et al. (2014) completed laboratory heating experiments 

with single (PCE) and multi-component DNAPL (1,2-dichloroethane, PCE and chlorobenzene). 

Jars of sand were packed with varying saturations of DNAPL and heated in a convection oven. 

Vapour was collected, condensed, and cooled. Temperature, gas composition, and soil VOC 

concentrations were monitored throughout the duration of the experiment. Their results indicated 

that local-scale temperature measurements may be mistakenly considered the termination of 

DNAPL-water co-boiling, despite DNAPL saturations of up to 9% remaining in the specimen. 

Their work also determined that the co-boiling plateau does not exist for multi-component DNAPL, 

and is instead represented by a period of gradually increasing temperature. They also stipulate that 

gas production and gas composition are promising metrics for tracking DNAPL removal during 

thermal remediation. Zhao et al. (2014) suggest that the gas production rate may be a better 

indicator of DNAPL depletion, as the rate of gas production slows during co-boiling and water 

heating and increases during water boiling. 
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Chapter 3 

A laboratory investigation assessing the effectiveness of thermal 

remediation on creosote impacted soil 

Abstract 

In situ thermal remediation has been proposed and implemented at sites impacted by volatile 

organic compounds (VOCs) and semi-volatile organic compounds (SVOCs), though additional 

information is required to elucidate fundamental mechanisms and establish performance 

expectations. The purpose of this study was to determine the effectiveness of heating at moderate 

temperatures (130 °C) on soil impacted to various degrees with creosote (10%, 30%, 60% pore 

space) using laboratory tests. Co-boiling temperatures observed during heating were near the 

boiling point of water due to the low volatility of the creosote. Though VOC removal from soil 

occurred quickly during co-boiling, polycyclic aromatic hydrocarbon (PAH) concentrations in soil 

appeared unchanged, indicating that higher temperatures or longer heating durations are necessary 

to achieve typical regulatory standards.   

3.1 Introduction 

In situ thermal remediation (ISTR) has been used to remove volatile non-aqueous phase liquids 

(NAPLs) at contaminated sites (Gao and Jiang, 2011; Heron et al., 2016, 2015, 2013, 2005; McGee, 

2003; Oberle et al., 2015). These technologies, including thermal conductive heating (TCH) and 

electrical resistance heating (ERH), facilitate the removal of contaminants through increasing 

NAPL vapour pressure and solubility, and decreasing its viscosity and interfacial tension. This can 

lead to NAPL recovery through vapour extraction or through increased liquid recovery due to 

mobility increases. ISTR has been proposed and implemented at sites impacted with volatile 

organic compounds (VOCs) and sites impacted with semi-volatile organic compounds (SVOCs) 

(Kingston et al., 2014). Volatile NAPLs, such as chlorinated solvents, typically have lower 
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viscosities, higher vapour pressures and higher solubilities than SVOCs like coal tar and creosote. 

These compounds will exhibit different behaviour in the subsurface, and it cannot be inferred that 

remedial performance during ISTR would be as effective for SVOC sites as it is for select VOC 

sites. Further information about the behaviour of SVOC impacted sites during thermal applications 

is necessary to understand fundamental mechanisms and establish appropriate performance 

expectations.  

 

During a typical ISTR application, where volatile NAPLs are heated in the presence of water, the 

process of co-boiling occurs. At the interface between these immiscible liquids, the vapour 

pressures of each individual phase are additive. Therefore, the interface between each liquid is the 

first location to boil and does so at a temperature lower than the boiling point of either individual 

liquid. On a temperature vs. time plot, co-boiling appears as a plateau for single-component 

NAPLs, the duration of which depends upon the amount of NAPL present. These plateaus have 

been observed in laboratory experiments (Burghardt and Kueper, 2008; Devoe and Udell, 1998; 

Hegele and Mumford, 2014; Martin and Kueper, 2011; Zhao et al., 2014). In situations where 

volatile NAPLs are composed of more than one compound, a co-boiling plateau is not detected. 

Instead, a steadily increasing co-boiling region, which spans the co-boiling temperatures of each of 

the individual components of the NAPL, is observed (Zhao et al., 2014).  

 

Figure 3.1 shows typical temperature vs. time plots for single-component and multi-component co-

boiling of volatile NAPL. The co-boiling temperature of multi-component NAPL and water in 

porous media depends upon the total vapour pressure of the NAPL and water, described by 

(Kingston et al., 2014):  
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𝑃,I +	 𝑥",@𝑃",@I�
" = 𝑃, + 𝑃9     ( 3.1 ) 

where 𝑃,I is the vapour pressure of the aqueous phase, 𝑥",@ is the mole fraction of component 𝑖 in 

the NAPL phase, 𝑃",@I is the pure phase vapour pressure of the NAPL component 𝑖, 𝑃, is the liquid 

water pressure and 𝑃9 is the capillary pressure. With increased temperature comes increased vapour 

pressure, a relationship that can be modelled using the Antoine Equation (Lide and Kehiaian, 1994): 

log 𝑃"I = 	𝐴" −
wx
3yzx

      ( 3.2 ) 

where 𝑃"I is the vapour pressure of compound i, 𝑇 is the temperature, and 𝐴", 𝐵", and 𝐶" are 

compound specific empirical constants [-]. 

 

Figure 3.1: Expected temperature vs. time curves for the co-boiling of a) single component VOC, 

b) multi-component VOC and c) multi-component SVOC and water. 

 

Increased depth below the watertable results in an increased water pressure at that position, leading 

to higher temperatures needed to initiate co-boiling. The volatility of the NAPL plays a role in co-

boiling temperature as well. For less volatile NAPLs, higher temperatures are needed to produce 

vapour pressures that satisfy Equation 3.1. Table 3.1 lists example groundwater contaminants and 
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their respective boiling and co-boiling temperatures. During ISTR of volatile compounds 

(trichloroethene and tetrachloroethene), co-boiling allows for the bulk of these compounds to be 

recovered in the vapour phase before the boiling point of water is reached. For semi-volatile NAPL 

components (naphthalene, phenanthrene and pyrene), the same equations apply. However, because 

their vapour pressures are low, the contribution to the total vapour pressure from the NAPL is small, 

and therefore co-boiling temperatures near the boiling point of water are expected for these 

compounds (Figure 3.1). This means recovery of contaminants in the vapour phase will only begin 

to occur near the boiling point of water, even for the most volatile SVOC components.  

Table 3.1: Boiling and co-boiling points for several volatile and semi-volatile compounds.  

Compound Boiling Point (°C)1 Co-boiling Point (with 
water) (°C)2 

Trichloroethene 87 73.6 
Tetrachloroethene 121 88.0 
Naphthalene 218 99.5 
Phenanthrene 339 99.9 
Pyrene 395 99.999 

1Source: Yaws (2003). 
2Calculated using the Antoine equation and coefficients from Yaws et al. (2009). 
 

Different design elements and remedial action objectives (RAOs) are typically specified at SVOC 

sites compared to VOC impacted sites. For example, in situ thermal desorption (ISTD) vendors 

may employ a tailored heating approach for manufactured gas plant (MGP) sites (Baker et al. 2006) 

impacted by coal tar. The first level (gentle heating) targets temperatures below 100 °C and is used 

when the remedial objective is removing NAPL. This is achieved through reductions in viscosity, 

which allow for increased pumping effectiveness. The second level (moderate heating) targets 

temperatures near 100 °C.  Moderate heating removes any VOCs present in the coal tar, such as 

benzene. The third level (elevated heating) targets temperatures above 100 °C.  Elevated heating is 

used to vaporize polycyclic aromatic hydrocarbons (PAHs) when the RAOs include reducing 

NAPL saturations beyond what can be achieved during gentle heating. 
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In addition to coal tar, another example of a multi-component SVOC NAPL is creosote.  Creosote 

can be employed as an industrial wood preservative (Mueller et al., 1989) and is designated as toxic 

under the Canadian Environmental Protection Act (Government of Canada et al., 1993). It is 

estimated to be composed of up to 300 individual compounds and consists primarily of 85% PAHs, 

10% phenolic compounds and 5% N,S,O-heterocyclics, and lesser amounts of VOCs are also 

present (Mueller et al., 1989). Creosote contamination has been found all over the world in soil 

near facilities that produced and/or used creosote, as well as in soil near wood products that had 

been treated with it (Melber et al., 2004). In the United States, an estimated 700 sites have been 

used for wood preservation (Mueller et al., 1989). Creosote is a distillate of coal tar, which was 

produced at approximately 2000 MGP sites in the United States (Neuhauser et al., 2009). When 

creosote is released, it travels down into the subsurface and is capable of penetrating the watertable 

due to its higher-than-water density. Creosote is difficult to remediate from soil and groundwater 

due to its density, viscosity and multi-component nature. Pumping of creosote has been reported as 

the most frequently applied remediation approach for creosote impacted sites. Residual saturations 

of creosote remain after such applications, which can continue to partition to the aqueous phase, 

affecting down-gradient groundwater quality (Wu et al., 2000).  Therefore, there is a need for other 

remediation technologies that are capable of removing more creosote mass to result in lower 

concentrations in both soil and groundwater.   

 

The purpose of this study was to determine the effectiveness of heating at moderate temperatures 

on soil impacted with creosote. Combinations of sand, water and creosote were mixed in stainless 

steel cylinders and heated using a convection oven to temperatures simulating moderate levels of 

thermal treatment (130 °C). Samples with three different initial saturations of creosote (10%, 30% 

and 60% of pore space) were heated until pore water was boiled and dry-out conditions were 

reached. Vapour produced during heating was passively collected, condensed and sampled. Soil 
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samples were taken at key stages of the heating process and analyzed for VOC and PAH 

concentrations. Chemical analysis of samples and the measured condensate volumes were used to 

evaluate each experiment. 

3.2 Materials and Methods 

3.2.1 Physical Setup 

Four custom-made 1 L cylinders (denoted A, B, C and D) were fabricated to hold sand, creosote 

and water heated during these experiments. Each cylinder was composed of a single 10.2 cm inner 

diameter and 13.2 cm long stainless steel tube with two removable end plates secured using 

stainless steel quick clamps and high-temperature silicone gaskets (McMaster-Carr, 4520K48). 

Each cylinder had four connections in the top plate, two of which were used to connect to 

thermocouples, one to connect to a pressure relief valve and one to connect to a 0.6 cm outer 

diameter copper outlet tube. Compression fittings (Swagelok SS-200-1-2BT, SS-400-1-2BT) were 

used to secure connections. Two (K-type or T-type) thermocouples were inserted into each 

cylinder, allowing for spatial and temporal temperature measurements throughout each experiment. 

The first thermocouple, labelled ‘centre’ in subsequent charts, was inserted in the centre of the top 

plate and extended 5.0 cm into the cylinder (approximately 2 cm into the packed sand).  The second, 

labelled ‘edge’ in subsequent charts, positioned at the midpoint between the centre thermocouple 

and the edge of the cylinder, was also extended 5.0 cm into the cylinder.  For cylinder B, the centre 

thermocouple was longer, extending into the cylinder 8.5 cm, reaching approximately 5 cm into 

the packed sand.  

 

Each 1 L cylinder was filled with 800 mL of sand, creosote and water in three lifts. Quantities of 

each material for each test are listed in Table 3.2. A third of the clean, dry silica sand (AGSCO 

Corporation, 40/60 mesh, grain density = 2.65 g/cm3) needed for the entire cylinder was added, 

followed by a third of the creosote (Stella-Jones Inc., density = 1.06 g/cm3 ± 3 × 10-5 g/cm3) needed 
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to achieve the desired initial creosote saturation. The contents were then mixed using a glass stir 

rod with the goal to achieve an even distribution of creosote in sand. A third of the required water 

volume was added to the cylinder and mixed again. Pressure was applied to the contents of the 

cylinder to consolidate and reduce volume. The second and third lifts were completed in an identical 

manner. Once packed, a stainless steel mesh (70 x 70 mesh size, 0.17 mm wire diameter) with two 

holes punched for thermocouple access were placed atop the sand mixture. The mesh was used to 

limit rearrangement of sand grains during boiling and prevent clogging of the copper tube and 

pressure relief valve. Washed and dried peastone (Pike Farms Landscaping Products, Kingston, 

Canada), was added above the mesh to ensure it remained in place. Each packed cylinder was 

weighed using a balance (Sartorius ENTRIS 6202-1S) before being secured to the thermocouples 

and copper tubes in the convection oven. Cylinders were removed sequentially during heating for 

the collection of soil samples (see section 3.2.3). Cylinder D was used to take an initial soil sample, 

after which the contents were discarded and the cylinder repacked. Cylinder D was removed from 

the oven at the onset of co-boiling, C was removed at the approximate halfway point of co-boiling, 

B was removed at the end of co-boiling, and A after the target temperature (130 °C) was reached.  

Table 3.2: Quantity of materials packed into each cylinder during each test 

Test Creosote 
saturation (%) 

Volume of 
creosote (mL) 

Volume of 
water (mL) 

Mass of 
sand (g) 

Porosity 
(%) 

S-10 10 28 252 1378 35 
S-30 30 84 196 1378 35 
S-60 60 168 112 1378 35 

 

3.2.2 Heating and Temperature Measurement 

All cylinders were heated in a convection oven (Binder 9010-0131 ED). Each cylinder was 

connected to a copper tube that threaded through an opening in the back of the oven, acting as an 

outlet for vapour produced in each cylinder during boiling. Heating tapes (Omega, HTWC101-002) 

were wrapped around the portion of the copper tubes outside of the oven to ensure produced 
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vapours remained in the gas phase. Temperatures above 100 °C were ensured by monitoring the 

temperature of the copper tubes using two additional T-type thermocouples. For cylinders B, C and 

D, the copper tubes were wrapped with a single heating tape and vented above the oven. Stray 

vapours were collected by an overhead vent. The copper tube for cylinder A was connected to a 

Liebig condenser using a rubber stopper. Condensed vapours from the Liebig condenser were 

routed through a distilling trap and a sample valve connected to a glass 250 mL graduated cylinder, 

which stored the condensate from cylinder A. Adapters with outlets were used to prevent pressure 

build-up both above and below the sample valve and were routed to the vent above the oven. The 

graduated cylinder was placed in an insulated box with an access slit, allowing for visual 

monitoring of the aqueous, LNAPL and DNAPL phases in the condensate. The insulated box 

contained a periodically-replaced ice pack, to reduce gas partitioning from the liquid condensate.  

 

A digital multi-meter (Keithley 2700, Keithley 7709 40-channel multiplexer) was used to record 

temperature data from the eight thermocouples in the stainless steel cylinders, the two 

thermocouples placed on the copper outlet tubes and a thermocouple measuring room temperature.  

 

3.2.3 Sampling Procedure 

Samples of the condensate from cylinder A and soil from each cylinder in the oven were taken 

periodically during each test. Condensate samples were obtained by closing the sample valve and 

allowing condensate to build up in the distilling trap over 90 minutes. Two condensate samples 

were collected from the trap in 4 mL glass vials with no headspace; one to be analyzed for VOCs 

and one for PAHs. In order to take a soil sample, one of the four cylinders in the oven was 

disconnected mid-heating and removed from the oven. While hot, the top plate, peastone and mesh 

were removed. The top 0.5 cm of soil was discarded before taking a soil sample for VOC analysis 

using an En Core Sampler (En Novative Technologies). Subsequently, a 125 mL amber jar was 

filled for PAH analysis. All condensate and soil samples were cooled to 5 °C while awaiting 
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chemical analysis. VOC soil samples were extracted using 10 mL of methanol within one week of 

the experiment. VOC samples were analyzed by Gas Chromatography/Mass Spectrometry 

(GC/MS) (Hewlett Packard 5890 Series II, Hewlett Packard 5972 Series Mass Selective Detector) 

using an analytical method modified from USEPA 8260C and 5030C (United States Environmental 

Protection Agency, 2006, 2003). PAH samples were analyzed by GC/MS (Agilent Technologies 

6890N Network GC System, Agilent Technologies 5975 Inert Mass Selective Detector) using an 

analytical method based on USEPA 8270d (United States Environmental Protection Agency, 

2007). The PAHs analyzed were in accordance with the 16 PAHs identified as priority pollutants 

(United States Environmental Protection Agency, 2014). Analytical results for 

benzo(b)fluoranthene and benzo(k)fluoranthene are combined as benzo(bkj)fluoranthene. 

Detection limits for the samples analyzed in these tests are listed in Table 3.3 and 3.4. 

 

Table 3.3: VOC Detection limits for laboratory analyzed samples. 

Compound Condensate (mg/L) Soil (mg/kg) 
benzene 0.032 0.200 
toluene 0.032 0.800 
ethylbenzene 0.032 0.360 
p+m-xylene 0.080 2.000 
o-xylene 0.080 0.800 
styrene 0.080 2.000 
isopropylbenzene 0.048 0.800 
1,3,5-trimethylbenzene 0.032 0.800 
1,2,4-trimethylbenzene 0.032 1.200 
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Table 3.4: PAH Detection limits for laboratory analyzed samples. 

Compound Condensate (mg/L) Soil (mg/kg) 
Naphthalene 0.038 0.010 
Acenaphthylene 0.002 0.006 
Acenaphthene 0.002 0.006 
Fluorene 0.002 0.020 
Phenanthrene 0.004 0.020 
Anthracene 0.002 0.020 
Fluoranthene 0.004 0.020 
Pyrene 0.002 0.020 
Benzo(a)anthracene 0.003 0.020 
Chrysene 0.004 0.020 
Benzo(bkj)fluoranthene 0.010 0.020 
Benzo(a)pyrene 0.002 0.020 
Dibenzo(a,h)anthracene 0.004 0.006 
Indeno(123-cd)pyrene 0.010 0.020 
Benzo(ghi)perylene 0.004 0.020 

3.3 Results and Discussion 

3.3.1 Co-boiling of SVOCs 

Figure 3.2, 3.3 and 3.4 display the temperature in cylinder A and the saturation of each phase in 

this cylinder during test S-10, S-30 and S-60, respectively. Both the centre and edge thermocouple 

temperature data are plotted. The dips in temperature occurring at 5, 12 and 18 hours for S-10 mark 

the time at which a cylinder (B, C or D) was removed from the oven. Because the oven door had 

to be opened, the internal temperature decreased briefly, causing a short delay in heating. Similar 

dips are also visible in temperature data from S-30 and S-60. The centre and edge thermocouples 

do not always read the same temperature at the same time due to their positions in cylinder A. The 

edge thermocouple is closer to the hot air in the oven, and therefore heats quicker than the centre 

thermocouple.  This delay is particularly apparent at the end of co-boiling, where increases above 

100 °C occur first at the edge thermocouple and then at the centre thermocouple. 
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Figure 3.2: S-10 temperature and saturation of water, gas and creosote in cylinder A over time. 

 

Figure 3.3: S-30 temperature and saturation of water, gas and creosote phases in cylinder A over 

time. 
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Figure 3.4: S-60 temperature and saturation of water, gas and creosote in cylinder A over time. 

 

In these plots, there is a period of NAPL-water heating, where the temperature increases from room 

temperature to nearly the boiling point of water. At this point (99.5 °C for S-10) co-boiling begins 

and the temperature in cylinder A rises incrementally to 99.9 °C over the next 15 hours, while both 

water and creosote components are vaporized. This occurs effectively at water-boiling temperatures 

because the total vapour pressure of creosote is low, and therefore the vapour pressure at the 

interface of creosote and water is almost entirely contributed by the vapour pressure of water 

(Equation 3.1). This has implications for NAPL recovery timing at SVOC sites. At a volatile NAPL 

site, the majority of NAPL mass is recovered before the boiling point of water is reached (Heron et 

al., 2013); temperatures must be measured in the proximity of the NAPL-water interface to 

accurately reflect this (Zhao et al. 2014). In the case of SVOCs, recovery of compounds only starts 

near the boiling point of water. The co-boiling plateau is longest for S-10 and shortest for S-60. 

This occurs because the co-boiling plateau only lasts as long as there is sufficient water and creosote 
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NAPL present. The largest volume of water was initially placed in the S-10 test with lesser amounts 

in the S-30 and S-60 tests. A co-boiling plateau duration that is inversely proportional to the initial 

NAPL saturation is in contrast to previous experiments with chlorinated solvents (Zhao et al. 2014; 

Burghardt and Kueper 2008), where the co-boiling plateau duration was extended with greater 

saturations of NAPL.   

3.3.2 Recovery of Creosote During Heating 

Water, DNAPL and LNAPL were recovered in the condensate (see section 3.3.5) and used to 

calculate the saturations of water, gas and creosote remaining in cylinder A.  The saturation data 

(Figures 3.2, 3.3 and 3.4) show that the saturation of creosote in cylinder A was reduced during 

each test. Table 3.5 lists the saturations of creosote in the cylinder before and after test completion. 

The remaining saturation of creosote in cylinder A after each test was sizeable, particularly for S-

60 where NAPL still occupied over half of the pore space. In terms of relative removal, 36% of the 

initial NAPL saturation was removed in S-10, 14.3% in S-30 and 5.3% in S-60. Therefore, in tests 

where there was the most creosote present, the least creosote was removed proportionally. This 

correlates to water saturations. In the test with the highest percentage removal (S-10), the largest 

volume of water was present. This indicates that the presence of water is vital in the removal of 

SVOC from the subsurface. Additions of water during boiling will likely lead to further creosote 

saturation reductions during thermal applications.  

 

Water saturations above zero after the end of co-boiling were observed in all tests and indicate that 

water remained trapped in the sand despite prolonged (6-8 hrs) heating above 100 °C. Creosote and 

water mass balances were closed for all tests, which indicates that the cylinders did not leak during 

heating. Control tests conducted with 0% creosote initial saturation indicated no trapping of water 

in the sand at the cessation of heating. Therefore, it can be concluded that the presence of creosote 

in the porous medium caused trapping of water in the cylinder, even though the cylinder contents 
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were at temperatures above the boiling point of water. Films have been noted for creosote-water 

systems (Alshafie and Ghoshal, 2004), and these films may have prevented complete water 

removal. Further research into the effects of films on SVOC NAPLs during thermal treatment is 

recommended. 

Table 3.5: Saturations of creosote calculated before and after each test. 

Test Target Temperature  
(°C) Initial saturation (%) Final Saturation  

(%) 
S-10 130 10 ± 0.4 6.4 ± 1.9 
S-30 130 30 ± 1.3 25.7 ± 2.2 
S-60 130 60 ± 2.6 56.8 ± 3.1 

3.3.3 VOC Removal During Moderate Heating 

Figure 3.5 tracks VOC concentrations in the aqueous phase condensate vs. time for S-10, which 

were similar to those in S-30 and S-60 (not shown). Figure 3.5 shows that VOCs are being 

vaporized from the soil at the beginning of co-boiling, but that their removal rate decreases as co-

boiling continues. For all tests completed, VOCs in condensate were at or very near detection limits 

at the end of co-boiling, indicating VOCs had been largely removed from the cylinder. Because no 

condensate was produced before 4 hours into the test (the beginning of the co-boiling plateau), it is 

expected that no VOCs were removed between 0 and 4 hours. This conclusion is corroborated by 

the results for VOC concentrations in soil samples taken from cylinders B, C and D during testing 

(Figure 3.6). Decreases in VOC concentrations are noted between the initial soil sample and the 

sample taken after 5 hours of heating. It is likely that this decrease occurred during co-boiling 

between the fourth and fifth hours of the test, after the onset of gas production. Temperature data 

collected from cylinders B, C and D followed similar trends to the temperature data collected in 

cylinder A. As a result, the soil samples from these cylinders can be used to infer behavior regarding 

cylinder A.  
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Figure 3.5: S-10 VOCs detected in aqueous condensate samples collected during co-boiling. 

Error bars represent 5% error. 

 

Figure 3.6: S-10 VOCs detected in soil samples collected during heating. Error bars represent 

one standard deviation as calculated from analytical replicates. 
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3.3.4 PAH Removal During Moderate Heating 

PAH concentrations in the aqueous phase condensate collected from cylinder A during S-10 are 

shown in Figure 3.7. These results indicate that PAHs are being vaporized throughout co-boiling. 

PAH concentrations in the condensate increased earlier during co-boiling (Figure 3.7 for S-10 and 

Figures A.8 and A.9 for S-30 and S-60 in Appendix A). This is likely due to an increase in the mole 

fractions of lower volatility PAHs during co-boiling as VOCs and higher volatility PAHs were 

being preferentially vaporized.  These concentrations continued to increase in S-60 due to its higher 

initial creosote saturation. In the final sample taken, PAH concentrations remained above detection 

limits, and indicate that PAHs remain in soil. These include relatively volatile PAHs such as 

naphthalene (co-boiling point of 99.5 °C) and phenanthrene (co-boiling point of 99.9 °C). These 

results are corroborated by PAH concentrations measured in soil during these tests (in Appendix 

A). Measured concentrations were high in all soil samples collected during heating. Elevated 

concentrations produced large uncertainty in the measurements, but showed negligible decreases 

during the experiment for all tests. These results show that heating for longer durations and/or at 

higher temperatures is necessary for substantial PAH removal. 
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Figure 3.7: S-10 PAHs detected in condensate samples collected during co-boiling. Error 

represents one standard deviation as calculated from analytical replicates of similarly analyzed 

samples. 

3.3.5 Condensate Production and Soil Texture  

Visual observations of condensate produced during heating revealed the early presence of light 

non-aqueous phase liquid (LNAPL) and later production of dense non-aqueous phase liquid 

(DNAPL) along with the aqueous phase. Due to the preferential vaporization of higher volatility, 

lighter compounds, the LNAPL was observed in the graduated cylinder first and was visible on top 

of the aqueous phase at the very early stages of co-boiling. Solid naphthalene precipitated from the 

DNAPL at the bottom of the graduated cylinder used to collect the condensate as well as in the 

condenser. Soil samples observed throughout heating showed some improvements in appearance 

as shown in Figure 3.8. Final samples demonstrated similar textures to untreated samples, although 

with lower moisture content.  
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Figure 3.8: Soil appearance before (top row) and after (bottom row) heating. Far left – 0% initial 

creosote saturation, centre left – 10% initial creosote saturation, centre right – 30% initial 

creosote saturation, far right – 60% initial creosote saturation. 

3.4 Conclusions 

In all heating tests conducted, the concentrations of VOCs in soil were reduced to low and/or non-

detect values within the early stages of co-boiling. It is important to note that naphthalene, the most 

volatile of analyzed PAHs, is only partially removed during these experiments. PAHs were 

removed throughout co-boiling, but higher temperatures are needed for soil concentrations to be 

noticeably reduced. It is possible that additional water added to the system during heating and a 

prolonged co-boiling plateau would result in further removal of PAHs from the soil. However, 

whether this will reduce PAH concentrations in soil to below regulatory standards remains 

unknown. 

 

These results are specific to passively vented systems where no fluid pumping occurs. Further 

investigation into the effectiveness of thermal technologies when fluid flow is implemented is 

recommended.   
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Chapter 4 

Laboratory experiments assessing the effectiveness of heating for PAH 

removal from multi-component SVOC impacted soil 

Abstract 

In situ thermal remediation (ISTR) has been proposed and implemented at sites impacted by semi-

volatile organic compound (SVOC) mixtures, though additional information is required to elucidate 

fundamental mechanisms and establish performance expectations. The purpose of this study was 

to determine the effectiveness of heating at moderate, elevated and highly elevated temperatures 

on soil impacted with SVOCs, specifically using creosote in laboratory tests. Co-boiling 

temperatures observed during heating were near the boiling point of water due to the low volatility 

of the creosote mixture. PAH concentrations in soil decreased the most during co-boiling for all 

heating tests, and continued to decrease during extended heating periods at highly elevated 

temperatures (320 °C). However, PAH concentrations in soil remained above Ontario’s regulatory 

standards after completion of all tests. Dissolution tests designed to simulate groundwater flow 

post-heating revealed continuing PAH dissolution into water, resulting in concentrations above 

Ontario’s regulatory limits, and indicating that water quality can continue to be affected by PAHs 

after thermal treatment has been terminated. 

4.1 Introduction 

In situ thermal remediation (ISTR) has been used to remove volatile non-aqueous phase liquids 

(NAPLs) from both saturated and unsaturated porous media (Gao and Jiang, 2011; Heron et al., 

2016, 2015, 2013, 2005; Kingston et al., 2014; McGee, 2003; Oberle et al., 2015). Thermal 

remediation technologies, including thermal conductive heating (TCH) and electrical resistance 

heating (ERH), facilitate NAPL removal by increasing vapour pressure and solubility, and 

decreasing viscosity and interfacial tension (Kingston et al., 2014). This can lead to NAPL recovery 



 

67 

 

through vapour extraction or through increased liquid recovery due to increased mobility. ISTR has 

also been proposed and implemented at sites impacted with semi-volatile organic compounds 

(SVOCs) (Baker et al., 2007, 2006), though the majority of ISTR literature to date has addressed 

volatile organic compounds (VOCs).  Further information regarding the behavior of SVOC 

impacted soil during thermal applications is necessary to better understand fundamental 

mechanisms that control removal, and to establish appropriate performance expectations.  

 

During a typical ISTR application, where volatile NAPLs are heated in the presence of water, gas 

is first produced through co-boiling. At the interface between immiscible liquids, the vapour 

pressures of each individual phase are additive, and therefore boiling occurs here at a temperature 

lower than the boiling point of either individual liquid. On a temperature vs. time plot, co-boiling 

appears as a plateau, the duration of which depends upon the amount of NAPL present. These 

plateaus have been observed in laboratory experiments (Burghardt and Kueper, 2008; Devoe and 

Udell, 1998; Hegele and Mumford, 2014; Martin and Kueper, 2011; Zhao et al., 2014). During the 

heating of volatile NAPL mixtures, a co-boiling plateau is not detected. Instead, a steadily 

increasing co-boiling region, which spans the co-boiling temperatures of each of the individual 

components of the NAPL is observed (Zhao et al., 2014). Figure 4.1 illustrates example temperature 

vs. time plots for single-component and multi-component co-boiling. Co-boiling of multi-

component NAPL and water in porous media occurs when the total vapour pressure of the NAPL 

and water is equal to the sum of the water pressure and a characteristic capillary pressure, which 

represents a gas nucleation threshold at first gas formation and must be greater than the entry 

pressure for continued expansion and connection (Zhao et al., 2014):  
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𝑃,I +	 𝑥",@𝑃",@I�
" = 𝑃, + 𝑃9      ( 4.1 ) 

 
where 𝑃,I is the vapour pressure of the aqueous phase, 𝑥",@ is the mole fraction of component 𝑖 in 

the NAPL phase, 𝑃",@I is the pure phase vapour pressure of the NAPL component 𝑖, 𝑃, is the liquid 

water pressure and 𝑃9 is the capillary pressure.  

 

Figure 4.1: Co-boiling plateau for single-component NAPL and water (20% PCE initial 

saturation), and co-boiling region observed for multi-component NAPL and water (20% initial 

saturation of mixture: 1,2-dichloroethane, tetrachloroethene, chlorobenzene), from Zhao et al. 

(2014). 

The less volatile the components, the higher the co-boiling temperature. Table 4.1 lists example 

NAPL components and their respective boiling and co-boiling temperatures. During ISTR of 

volatile compounds, co-boiling allows for NAPL removal in the vapour phase at the NAPL-water 

interface before the normal boiling point of water is reached. For semi-volatile NAPLs, the same 
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equations apply. However, because NAPL vapour pressures are low, the contribution to the total 

vapour pressure from the NAPL is small, and co-boiling temperatures near the boiling point of 

water are expected. This implies that NAPL removal in the vapour phase will only begin once the 

boiling point of water is achieved.  

Table 4.1: Boiling and co-boiling points for various volatile and semi-volatile compounds.  

Compound Boiling point (°C)a Co-boiling point (with water) (°C)b 
Trichloroethene 87 73.6 
Tetrachloroethene 121 88.0 
Naphthalene 218 99.5 
Phenanthrene 339 99.992 
Pyrene 395 100c 
Acenaphthene 277 99.92 
Acenaphthylene 270 99.92 
Benzo(a) anthracene 438 100c 
Benzo(a) pyrene 475 100c 
Benzo(b) fluoranthene 481 100c 
Benzo(k) fluoranthene 480 100c 
Chrysene 441 100c 
Anthracene 342 100c 
Benzo(ghi)perylene 278 100c 
Fluorene 297 100c 
Dibenzo(h)anthracene 524 100c 
Indeno(1,2,3-cd)pyrene 536 100c 
Fluoranthene 289 100c 

a source: Yaws (2003). 
b calculated using the Antoine equation and coefficients from Yaws et al. (2009). 
c Antoine constants not valid below 100 °C due to low volatility of compound. Co-boiling 
temperatures are indistinguishable from the boiling point of water. 
 
During thermal applications, volatile components are preferentially vaporized, reducing their mole 

fraction in the NAPL phase.  This leads to changes in both the vapour pressure (Equation 4.1) and 

effective solubility (Equation 4.2) of each individual component.  The effective solubility is given 

by: 

𝐶" = 𝑥",@𝑆"	      ( 4.2 ) 

where 𝐶" is the effective solubility of component 𝑖 and 𝑆" is the pure component solubility of 

component 𝑖.   
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As the more volatile components, which are also often the more soluble components, are removed, 

their mole fraction decreases along with their vapour pressure and effective solubility.  The opposite 

occurs for the less volatile components, which see increased mole fraction, vapour pressure and 

effective solubility. ISTR for VOC impacted sites results in a decrease in the mole fraction for the 

most volatile and often soluble components, allowing for less aqueous partitioning post-treatment, 

leading to lower groundwater quality impacts. However, for multi-component SVOC sites, where 

mole fractions increase for less volatile and less soluble components (due to the decrease in mole 

fraction of volatile and soluble components), groundwater quality could be impacted to higher 

degrees with less soluble, lower volatility compounds. However, solidification of NAPL 

comprising un-vaporized low-volatility compounds has been reported for SVOC impacted soil 

heated to the boiling point of water. Subsequent leaching tests conducted on this soil indicated 

remaining compounds did not dissolve into water (Hayes, 2009). Replication of these results and 

an assessment of the impact of ISTR for SVOC impacted sites on groundwater quality is needed to 

ensure risks to groundwater are indeed reduced. 

 

One example of a multi-component semi-volatile NAPL is creosote.  Creosote is an industrial wood 

preservative (Mueller et al., 1989) and is designated as toxic under the Canadian Environmental 

Protection Act (Government of Canada et al., 1993). It is estimated to be composed of up to 300 

individual compounds, and consists of 85% polycyclic aromatic hydrocarbons (PAHs), 10% 

phenolic compounds and 5% N,S,O-heterocyclics (Mueller et al., 1989). In the United States, an 

estimated 700 sites have been used for wood preservation (Mueller et al., 1989). Creosote is a 

distillate of coal tar, which was a by-product of manufactured gas produced at approximately 2000 

manufactured gas plant (MGP) sites in the United States (Neuhauser et al., 2009). Creosote is 

classified as a dense non-aqueous phase liquid (DNAPL) and is difficult to remediate from soil and 
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groundwater due to its density, multi-component nature and the low aqueous solubilities of its 

components.  

 

The purpose of this study was to determine the effect of heating at different temperatures and 

durations on creosote concentrations and saturations in soil. Known amounts of sand, water and 

creosote were mixed in stainless steel cylinders and heated using a convection oven to temperatures 

simulating both moderate and elevated levels of thermal treatment (130 °C, 205 °C and 320 °C) for 

up to 10 days. Subsequent column tests were conducted using the thermally treated soil samples to 

assess changes in the dissolution of priority PAH components. 

4.2 Materials and Methods 

4.2.1 Experiment 1: Heating Tests 

Heating tests were conducted in custom-made 1 L cylinders packed with sand, creosote and water. 

Four cylinders, referred to as A, B, C and D, were used in each text.  Each cylinder was composed 

of a single 10.2 cm inner diameter and 13.2 cm long stainless steel tube with two removable end 

plates secured using stainless steel quick clamps and high-temperature silicone gaskets (McMaster-

Carr, 4520K48). Each cylinder had four connections in the top plate, two of which were used to 

connect to thermocouples, one to connect to a pressure relief valve and one to connect to a 0.6 cm 

outer diameter copper outlet tube. Compression fittings (Swagelok SS-200-1-2BT, SS-400-1-2BT) 

were used to secure connections. Two thermocouples (K-type and T-type) were inserted into each 

cylinder, allowing for spatial and temporal temperature measurements throughout each experiment. 

The first thermocouple (labelled ‘center’ in subsequent charts) was inserted in the center of the top 

plate and extended 5.0 cm into the cylinder (approximately 2 cm into the packed sand).  The second 

thermocouple (labelled ‘edge’ in subsequent charts) was positioned at the midpoint between the 

center thermocouple and the edge of the cylinder, and extended 5.0 cm into the cylinder.  For 
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cylinder B, the center thermocouple was longer, extending into the cylinder 8.5 cm, reaching 

approximately 5 cm into the packed sand.  

 

Each 1 L cylinder was filled with 84 mL of creosote, 196 mL of water and 1,378 g of dry sand to 

achieve a gravimetrically-determined average initial creosote saturation of 30%.  Creosote was 

sourced from Stella-Jones Inc. and was pure unweathered creosote with a density of 1.06 g/cm3 ± 

3 × 10-5 g/cm3. Compositional data, based on 16 priority PAH compounds, is shown in Figure 4.2, 

which make up only 42% of the total mass. Sand, creosote and water were added in three lifts. In 

each lift, a third of the clean, dry, silica sand (AGSCO Corporation, 40/60 mesh, grain density = 

2.65 g/cm3) was added, followed by a third of the creosote. The contents were then mixed using a 

glass stir rod to achieve an even distribution of creosote in sand. A third of the required water 

volume was added to the cylinder, and the contents were mixed again. The contents of the cylinder 

were consolidated by tamping. The second and third lifts were completed in an identical manner. 

Once packed, a stainless-steel mesh (70 × 70 mesh size, 0.17 mm wire diameter) with two holes 

punched for thermocouple access, were placed atop the sand mixture. The mesh was used to prevent 

clogging of the copper tube and pressure relief valve. Washed and dried peastone (Pike Farms 

Landscaping Products) was added above the mesh to ensure it remained in place. Each cylinder 

was weighed using a balance (Sartorius ENTRIS 6202-1S) prior to beginning each heating 

experiment. Cylinder D was used to take an initial soil sample, after which the contents were 

discarded and the cylinder repacked for heating.  
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Figure 4.2: Average initial PAH composition of creosote sample. Error bars represent standard 

deviation based on four analyzed samples.  

Three heating tests (H-130, H-205 and H-320) were conducted.  In each test, cylinders A, B, C and 

D were placed in a convection oven (Binder 9010-0131 ED) at room temperature (24 °C) and then 

heated to their respective specified maximum temperatures (Table 4.2).  To collect soil samples 

and assess the removal of creosote components during heating, cylinders were removed 

sequentially from the oven.  Cylinder D was removed from the oven at the end of co-boiling, C was 

removed once the maximum temperature was reached, and B and A after 5 and 10 days at the 

maximum temperature, respectively. 
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Table 4.2: Test designation, maximum temperature reached and compounds targeted for removal.  

Test Description Maximum Temperature 
(°C) 

Target compounds for 
removal 

H-130 Moderate heating 128 VOCs 
H-205 Elevated heating 205 low-boiling point PAHs 
H-320 Highly elevated heating 319 high-boiling point PAHs 

 

While in the oven, each cylinder was connected to a copper tube that threaded through an opening 

in the back of the oven, which acted as an outlet for vapour produced during boiling. Heating tapes 

(Omega, HTWC101-002) were wrapped around the portion of the copper tubes outside of the oven 

to ensure produced vapours remained in the gas phase. Temperatures above 100 °C (for H-130) 

and above 150 °C (for H-205 and H-320) were ensured by monitoring the temperature of the copper 

tubes using two additional T-type thermocouples. Vapour outlet tubes from cylinders B, C and D 

were wrapped with a single heating tape and were directed to an overhead vent for vapour capture. 

The vapour outlet tube from cylinder A was connected to a Liebig condenser and a glass 250 mL 

graduated cylinder to condense and collect gas produced during heating. The graduated cylinder 

was placed in an insulated box with an access slit, allowing for visual monitoring of condensate 

phases. Images were taken periodically to monitor the volume of condensate. The insulated box 

contained an ice pack, which was replaced periodically, to ensure minimal gas partitioning from 

the liquid condensate. Figure 4.3 is a schematic of the lab setup used. 

 

A digital multi-meter (Keithley 2700, Keithley 7709 40-channel multiplexer) was used to record 

temperature data from the eight thermocouples (two per cylinder), the two thermocouples placed 

on the vapour outlet tubes and a thermocouple measuring room temperature.  
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Figure 4.3: Schematic of laboratory setup used in heating experiments 

To collect soil samples from the cylinders removed from the oven, the top plate, peastone and mesh 

were removed while the cylinder was hot (< 5 min after being removed from the oven). The top 0.5 

cm of soil was discarded and 125 mL of soil from 0.5 - 5 cm depth was collected in an amber jar. 

Following collection, all soil samples were cooled to 5 °C while awaiting chemical analysis. Soil 

samples were analyzed for PAH concentrations by GC/MS (Agilent Technologies 6890N Network 

GC System, Agilent Technologies 5975 Inert Mass Selective Detector) using an in-house analytical 

method based on USEPA 8270d (United States Environmental Protection Agency, 2007). Specific 

PAHs analyzed were in accordance with the 16 PAHs identified as priority pollutants (Table 4.3) 

(United States Environmental Protection Agency, 2014). Only 15 PAHs are listed in Table 4.3 

because benzo(b)fluoranthene and benzo(k)fluoranthene were reported as total 

‘benzo(bkj)fluoranthene.’ VOCs were not analyzed in these experiments because previous heating 

tests conducted at 130 °C showed that the majority of VOCs were removed in the early stages of 

co-boiling (Chapter 3).  
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Table 4.3: PAH detection limits in soil and water using the outlined analytical method. 

Compound Detection limit in soil (mg/kg) Detection limit in water (µg/L) 
Naphthalene 0.010 0.200 
Acenaphthylene 0.006 0.010 
Acenaphthene 0.006 0.010 
Fluorene 0.020 0.010 
Phenanthrene 0.020 0.020 
Anthracene 0.020 0.010 
Fluoranthene 0.020 0.020 
Pyrene 0.020 0.012 
Benzo[a]anthracene 0.020 0.015 
Chrysene 0.020 0.020 
Benzo[bkj]fluoranthene 0.020 0.050 
Benzo[a]pyrene 0.020 0.010 
Dibenzo[a,h]anthracene 0.006 0.020 
Indeno[1,2,3-cd]pyrene 0.020 0.050 
Benzo[ghi]perylene 0.020 0.020 

4.2.2 Experiment 2: Dissolution Tests 

Dissolution tests were conducted using both heated and unheated mixtures of sand, creosote and 

water.  Heated soil was obtained from cylinder A at the end of each heating test after the sample 

was collected for PAH analysis. This soil was placed in a sealed glass jar and stored at 5 °C until 

dissolution tests were conducted.  Unheated soil was prepared in the same manner as the heating 

tests, with a creosote saturation of 30% (Table 4.4). Heated or unheated soil was packed into 7.28 

cm diameter, 5.05 cm long stainless steel cylinders.  These cylinders were similar to those used for 

the heating tests, but were smaller and equipped with flow distribution plates and screens on either 

end.  Degassed, de-ionized water was pumped through the cylinders at 0.29 mL/min using a 

peristaltic pump (Masterflex, 07528-10). Water was pumped through the cylinders at room 

temperature to simulate the reintroduction of groundwater post-heating.  Effluent water samples 

were collected in triplicate using 1 L amber bottles and analyzed for PAH concentrations using the 

method outlined in section 4.2.1, adjusted for water samples (Table 4.3). Figure 4.4 shows the setup 

used in this experiment. 
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Table 4.4: Dissolution test designation, heating test performed prior to dissolution, porosity and 

aqueous phase velocity. 

Test Soil description Porosity (%) 
Average linear pore 
water velocity 
(cm/day) 

D-0 Untreated 39.5 25.3 
D-130 Heated to 128 °C for 10 days 39.9 25.1 
D-205 Heated to 205 °C for 10 days 39.5 25.3 
D-320 Heated to 319 °C for 10 days 37.2 26.9 

 

 

Figure 4.4: Schematic for setup used in dissolution tests. 

Dissolution tests were carried out at average linear pore water velocities expected to produce local 

equilibrium mass transfer conditions (Miller et al., 1990; Imhoff et al., 1993; Nambi and Powers, 

2003). These calculations are available in Appendix G.   

4.3 Results and Discussion 

4.3.1 Co-boiling for SVOCs 

Figure 4.5 displays the temperature evolution in cylinder A during the moderate heating test (H-

130) for the first 24 hours, and is representative of temperatures measured in the other three 

cylinders (B, C and D). Three distinct stages are observed: creosote-water heating (0-4 hours), 

creosote-water co-boiling (4-17 hours), and creosote-matrix heating (17-24 hours). For all heating 

tests, the pore water was depleted during co-boiling before the creosote was depleted, and therefore 
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no water boiling stage was observed. This is in contrast to previous experiments using higher 

volatility NAPLs (Burghardt and Kueper, 2008; Zhao et al., 2014). Figure 4.5 indicates that the co-

boiling plateau begins at 4 hours at 99.3 °C and persists for 13 hours, gradually increasing to 99.9 

°C. As expected, due to the low volatility of the creosote components and the total vapour pressure 

being dominated by the vapour pressure of water (Equation 4.1), co-boiling began at 99.3 °C and 

gradually increased to 99.9 °C. Figure 4.5 shows that the edge thermocouple reached co-boiling 

temperatures slightly before (0.5 hours) and began creosote-matrix heating before (1.8 hours) the 

center thermocouple due to its placement closer to the edge of the cylinder, which resulted in a 

shorter duration co-boiling plateau. The dips displayed by both the edge and center thermocouple 

at 16.8 hours and 23.9 hours occurred due to cylinders D and C being removed from the oven for 

soil sampling. The temperature plateaus observed in the elevated (H-205) and highly elevated (H-

320) tests occurred at the same temperatures but for shorter durations (2 hours and 1 hour, 

respectively).  
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Figure 4.5: Temperature vs. time curve for H-130 test displaying a 13 hour-long co-boiling 

plateau. 

4.3.2 Creosote Saturation Reduction During Heating 

Saturations of water, creosote and gas remaining in cylinder A over time were calculated based on 

measured condensate volumes and known initial saturations (30% creosote and 70% water), and 

are shown in Figure 4.6 and Figure 4.7 for the H-130 and H-320 tests. During these tests, creosote 

and water began co-boiling at the boiling point of water and no removal of water or any individual 

creosote components occurred before temperatures reached the boiling point of water. This is in 

contrast to what occurs with a volatile multi-component NAPL. During creosote co-boiling, the 

saturations of water and creosote dropped (Table 4.5), while the gas saturation increased with time. 

The largest decrease in creosote saturation occurred during co-boiling for both tests. However, for 

the H-320 test (Figure 4.7b), the creosote saturation continued to decrease over the subsequent 10 
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days, while the creosote saturation remained constant over this period for the H-130 test (Figure 

4.7). Saturations for the H-205 test are not shown because leaks in the vapour outlet led to 

incomplete recovery of condensed fluids during that test.  

 

Saturation and temperature data from the H-130 and H-320 tests are shown together in Figure 4.8, 

which removes differences associated with different heating times. No decrease in creosote 

saturation occurred in either test until co-boiling at approximately 100 °C, and similar reductions 

were observed up to a temperature of 130 °C. In the H-320 test, no further decrease in saturation 

occurred until temperatures greater than 290 °C were reached, with further creosote saturation 

reductions up to the 320 °C maximum temperature of the test. Saturations continued to decrease 

until they reached 20.7%, confirmed by five measurements of condensate volume that were 

constant over the last 5 days of the H-320 test. This saturation data suggests that high levels of 

heating are the most effective for reducing the saturation of creosote in soil. However, because 

removal happened in two stages (at 100 °C and > 290 °C), setting ISTR targets between these 

temperatures will not result in additional removal, only increased energy costs. However, non-zero 

saturations of creosote remain in the H-320 test, and therefore, heating to temperatures greater than 

320 °C is likely necessary for complete removal. Figure 4.8 indicates that the duration of the co-

boiling plateau is not linked to saturation reduction. The same amount of pore water was packed in 

cylinder A for both H-130 and H-320. Though the co-boiling plateau was 13 times shorter in H-

320, the same approximate creosote saturation reductions were realized during co-boiling, because 

creosote removal is controlled by the amount of water available for co-boiling and not the rate at 

which co-boiling occurs. Therefore, the rate of heating does not appear to impact creosote recovery. 

A significant saturation decrease occurs during the co-boiling plateau, the duration of which 

depended on the amount of water present for these tests. The addition of water to the soil during 

heating, as is done in ERH field applications, may lead to greater saturation reductions. Because 
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the pore-water was depleted before the creosote in all tests, it could be reasoned that additional 

water would extend the co-boiling plateau leading to further removal. During heating, only test H-

320 resulted in solidification of the soil and the remaining creosote (See Appendix Figure B.5); for 

H-130 and H-205 the soil texture remained unchanged. The congealing of the soil in H-320 is likely 

a result of the removal of the higher volatility components, leaving behind the heavier less-volatile 

fractions. It should be noted that it is difficult to conclude whether a solid was formed during H-

320, or simply a highly viscous liquid. 
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Figure 4.6: Saturation of creosote, water and gas in cylinder A: a) first 24 hours of H-130 and b) 

first 24 hours of H-320. Error bars represent the error associated with the measurement of 

condensate (NAPL and water) volumes in the graduated cylinder. 
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Figure 4.7: Saturation of creosote, water and gas in cylinder A: a) entire H-130 test and b) entire 

H-320 test. Error bars represent the error associated with the measurement of condensate (NAPL 

and water) volumes in the graduated cylinder. 

Table 4.5: Calculated initial and final creosote saturations in soil for each heating test. 

Test Description 
Maximum 
temperature 
(°C) 

Initial  
creosote  
saturation (%) 

Final creosote 
saturation 
(%) 

Saturation 
reduction 
(%) 

H-130 Moderate heating 128 30 ± 1 26.4 ± 2 12 
H-320 Highly elevated heating 319 30 ± 1 20.7 ± 2 31 
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Figure 4.8: Creosote saturation in cylinder A vs. temperature measured by the centre 

thermocouple for H-130 and H-320.  

4.3.3 Produced Condensate 

Condensate produced during these tests consisted of three separate phases: LNAPL, DNAPL and 

an aqueous phase. At the onset of co-boiling in each test, aqueous condensate and LNAPL was 

produced and visible in the graduated cylinder (Figure 4.9). As co-boiling progressed, the volumes 

of aqueous and LNAPL condensate increased and small volumes of DNAPL appeared at the bottom 

of the graduated cylinder (after 10.5 hours in H-130, 3.5 hours in H-205, 2 hours in H-320). LNAPL 

volume did not appear to decrease when DNAPL was produced. LNAPL and DNAPL were yellow 

in colour, with the DNAPL being a darker shade. For all tests, solid naphthalene precipitated out 

of the DNAPL. This precipitate was also visible in the condenser during each test. During H-205, 

solid naphthalene precipitated out of the LNAPL (Figure 4.10). The precipitate formed a layer 

which rested at the interface between the LNAPL and aqueous phases, and dropped out of the 
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LNAPL phase when enough mass had accumulated. This did not occur during the H-130 nor H-

320 tests. During H-320, additional condensate was produced and collected at temperatures above 

290 °C, the colour of which differed from condensate collected earlier in the test and during H-130 

and H-205 (Figure 4.9). This likely impeded naphthalene precipitation. The higher boiling PAHs, 

would have been boiled at these temperatures, and are likely the reason for the condensate colour 

change.  

 

Figure 4.9: LNAPL condensate produced in a) H-130 (image taken after 15 hours of heating), b) 

H-205 (image taken after 4 days of heating) and c) H-320 (image taken after 2 hours and 40 

minutes of heating). 
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Figure 4.10: Naphthalene precipitate in produced LNAPL condensate during H-205. Images 

taken after 2.5 days (left) and 3.5 days (right) of heating 

Condensation of DNAPL in cold spots during heating has been noted as a potential mechanism for 

reducing DNAPL recovery during application of a thermal remedy (Munholland et al., 2016). 

During all heating tests presented here, LNAPL, DNAPL and aqueous phase condensate was 

produced. Therefore, during a thermal application for multi-component SVOC DNAPLs like 

creosote, it is possible to condense LNAPL or DNAPL in cold spots in the subsurface if lateral gas 

migration outside the heated zone occurs. The presence of solid naphthalene in the subsurface may 

lead to increased permeability variations, and could cause groundwater flow to be impeded. It will 

likely dissolve in adjacent groundwater, forming a plume. 

4.3.4 PAH Removal During Heating 

Figure 4.11 contains the concentration results for 15 PAHs of interest in soil samples collected 

from cylinders A, B, C and D during the H-130, H-205 and H-320 heating tests. These results 

largely follow the same trend as the saturation results, where the greatest decrease in PAH 

concentrations occurred during co-boiling for all tests. Extended heating had little effect on PAH 

concentrations in the H-130 and H-205 tests. In the H-320 test, extended heating did further 

decrease PAH concentrations in soil, though all 15 compounds remained above detection limits at 
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the end of the test. These results indicate that a higher maximum temperature is more impactful for 

achieving removal than is the duration of heating. Test H-130 experienced a 55.9% reduction in 

total detected PAHs, H-205 a 72.2% reduction and H-320 the highest removal of PAHs at 94.7% 

(Table 4.6). When final soil concentrations for each of the three tests are compared to the regulatory 

standard (Ontario Ministry of the Environment, 2011), it is clear that all PAHs in all soil samples 

remained above acceptable levels. When the boiling point of these PAHs is considered, the 

additional condensate produced around 290 °C occurs because several PAHs (fluoranthene, 

fluorene, benzo(ghi)perylene) reach their boiling points (Table 4.1). For H-130 and H-205, little 

decreases in concentrations of these components occurs during the 10 days elapsed at the maximum 

temperature. Comparably smaller concentration decreases are observed for the higher molecular 

weight PAHs (green and purple lines in Figure 4.11).  
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Figure 4.11: 15 PAH concentrations in soil samples taken during heating tests. PAHs are 

coloured according to number of benzene rings (red = 2, blue = 3, green = 4, purple = 5+). 

Vertical arrow in each figure denotes the end of co-boiling. Error bars represent one standard 

deviation from triplicate analysis. 



 

89 

 

Table 4.6: PAH concentrations before and after heating tests.  

PAH compound 

 Soil concentration (mg/kg) 

Regulatory 
Standard1 

Average 
initial2 

H-130 H-205 H-320 

After 
10 
days 
at 128 
°C 

% 
Removed 

After 
10 
days 
at 205 
°C 

% 
Removed 

After 
10 
days 
at 
319 
°C 

% 
Removed 

Naphthalene 0.09 1.5 0.2 87.6 0.2 88.5 0.3 81.8 
Acenaphthylene 0.093 11.0 1.2 89.3 0.5 95.3 0.1 98.9 
Acenaphthene 0.072 389.9 53.4 86.3 19.2 95.1 2.1 99.5 
Fluorene 0.12 511.8 121.6 76.2 41.2 92.0 3.1 99.4 
Phenanthrene 0.69 1991.8 916.5 54.0 489.2 75.4 33.5 98.3 
Anthracene 0.16 104.2 51.6 50.5 30.6 70.6 2.5 97.6 
Fluoranthene 0.56 1401.4 709.2 49.4 501.2 64.2 66.1 95.3 
Pyrene 1 853.4 446.4 47.7 316.6 62.9 53.6 93.7 
Benzo(a)anthracene 0.36 282.9 131.1 53.7 100.0 64.6 40.9 85.5 
Chrysene 2.8 183.4 96.9 47.2 75.2 59.0 48.3 73.6 
Benzo(bkj)fluoranthene 0.47 185.9 82.2 55.8 66.2 64.4 46.1 75.2 
Benzo(a)pyrene 0.3 66.7 26.9 59.6 22.5 66.3 12.3 81.6 
Dibenzo(ah)anthracene 0.1 4.4 2.0 53.6 1.6 64.4 1.4 67.3 
Indeno(123cd)pyrene 0.23 17.9 9.0 49.7 6.7 62.4 4.1 76.9 
Benzo(ghi)perylene 0.68 12.3 5.9 52.0 4.9 59.7 3.6 70.4 
Detectable SVOCs  6018.4 2654.1 55.9 1675.8 72.2 318.0 94.7 

1 Ontario Full Depth Background Site Condition Standards for residential, parkland, institutional, 
industrial, commercial and community property use (Ontario Ministry of the Environment, 2011). 
2 Average initial concentrations were calculated as the arithmetic mean of the individual test 
initial concentrations. 
 

4.3.5 Post-heating Dissolution Tests 

Figure 4.12 shows the normalized concentrations of PAHs in the collected effluent for each 

dissolution test compared to D-0 (unheated); concentrations are listed in Table 4.7. There is a 

decrease in aqueous concentrations for some of the more volatile and soluble PAHs (e.g., 

naphthalene, acenaphthylene and acenaphthene) for D-130, D-205 and D-320. This stems from an 

effective solubility reduction (Equation 4.2) due to reduction of mole fractions during heating as 

these compounds are removed.  However, for some PAHs, such as phenanthrene, the aqueous 

concentration increases for samples which experienced elevated and highly elevated heating levels. 

Due to the reduced amount of volatile PAHs, the mole fraction of phenanthrene likely increased, 
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increasing its effective solubility. Some PAHs are below Ontario’s groundwater quality limits, even 

in untreated soil (fluorene, benzo[bkj]fluoranthene, dibenz[a,h]anthracene, indeno[1,2,3-

cd]pyrene and benzo[ghi]perylene). For other PAHs, even the highest level of heating employed 

in these tests is unable to reduce concentrations below Ontario’s regulatory limits (acenaphthene, 

phenanthrene, anthracene, fluoranthene, pyrene and chrysene). However, there are some PAHs that 

exist above Ontario’s regulatory limits before heating and are reduced to acceptable levels 

(naphthalene, acenaphthylene, benzo[a]anthracene and benzo[a]pyrene). These PAHs are reduced 

to acceptable levels in the D-320 test, and for the D-205 test (acenaphthylene only). Therefore, it 

can be concluded that heating to elevated and highly elevated levels can result in decreases to below 

regulatory limits for certain PAHs.  

Table 4.7: Average concentration of PAHs as measured in each dissolution test compared to 

Ontario’s regulatory standards (Ontario Ministry of the Environment, 2011) 

Compound 
Aqueous Concentration (µg/L) 
Regulatory 
Standard D-0 D-130 D-205 D-320 

Naphthalene 7.0 1433.48 715.78 223.63 2.97 
Acenaphthylene 1.0 14.38 2.04 0.42 0.31 
Acenaphthene 4.1 201.30 156.18 140.45 46.68 
Fluorene 120.0 63.06 68.04 50.22 59.52 
Phenanthrene 0.1 60.92 67.71 73.23 100.44 
Anthracene 0.1 20.49 12.51 11.30 5.31 
Fluoranthene 0.4 8.48 6.97 11.91 9.81 
Pyrene 0.2 4.26 3.18 5.87 5.04 
Benzo(a)anthracene 0.2 0.29 0.20 0.29 0.18 
Chrysene 0.1 0.22 0.15 0.25 0.18 
Benzo(bkj)fluoranthene 0.1 0.07 0.09 0.07 0.05* 
Benzo(a)pyrene 0.01 0.02 0.02 0.02 0.01* 
Dibenzo(ah)anthracene 0.2 0.02* 0.02* 0.02* 0.02* 
Indeno(123cd)pyrene 0.2 0.05* 0.05* 0.05* 0.05* 
Benzo(ghi)perylene 0.2 0.02* 0.02* 0.02* 0.02* 

*Concentrations are listed as the detection limit. 
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Figure 4.12: PAH concentrations normalized to D-0 for each dissolution test. The three last 

PAHs (dibenzo(ah)anthracene, indeno(123cd)pyrene and benzo(ghi)perylene) were below the 

detection limit in all tests, so no change was observed. 

4.4 Conclusions 

PAH removal from soil occurs during moderate, elevated and highly elevated heating. Creosote 

saturations and PAH concentrations in soil were decreased at the highest rate during co-boiling, 

and at lower rates during extended periods of heating at the maximum temperature, but significant 

removal did not occur between 150 °C and 290 °C. The greatest reduction of creosote saturation 

and PAH concentrations in soil occurred during the highly elevated heating test (320 °C). Cold 

spots in the subsurface may allow for the condensation of LNAPL and DNAPL with different 

chemical compositions than the original SVOC DNAPL, leading to increased source zone 

complexity. Finally, dissolution experiments indicated that aqueous concentrations of some PAHs 

can be decreased to below regulatory limits after heating, while other PAHs remain above 
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acceptable levels. In this experiment PAHs continue to partition into the aqueous phase post-

heating and are therefore not inert, as has been previously reported (Hayes, 2009). 

 

The goals of thermal remediation must be established before selecting a thermal treatment option. 

If the goal of treatment is to reduce the most mobile compounds (VOCs, naphthalene) and reduce 

vapour intrusion risks, then moderate heating (100 °C) could be implemented. It should be noted 

that none of the thermal heating levels employed in this experiment resulted in soil PAH 

concentrations below Ontario’s regulatory limits, and therefore, if reducing PAH concentrations in 

soil to below regulatory limits is the objective, higher temperatures and/or longer heating durations 

would be necessary. Finally, if the goal is to reduce groundwater concentrations to below regulatory 

limits, high levels of heating (> 320 °C) can be employed, though select PAHs may still not be 

reduced enough. 

 

These results are specific to passively vented systems where no fluid addition or removal through 

pumping occurs. Because the greatest decreases in PAH concentration were observed during co-

boiling, adding water will extend the co-boiling plateau and may result in further PAH removal. 

Pumping of liquid would allow for recovery of creosote due to viscosity decreases, and may result 

in more favorable treatment outcomes.  
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Chapter 5 

Conclusions and Recommendations 

5.1 Results 

Laboratory studies were carried out to assess the effectiveness of in situ thermal remediation 

technologies on soil impacted by multi-component, semi-volatile DNAPLs. Two studies were 

conducted: one assessing the impact of initial NAPL saturation on thermal success and the second 

assessing the impact of maximum treatment temperature and extended heating durations on soil 

quality. 

 

The results from Chapter 3 indicated that concentrations of VOCs are reduced to low and/or non-

detect values within the early stages of co-boiling. It is important to note that naphthalene, the most 

volatile of analyzed PAHs, was only partially removed during these experiments. PAHs were 

removed throughout co-boiling, but higher temperatures are needed for soil concentrations to be 

noticeably reduced. 

 

Results from Chapter 4 showed that PAH removal from soil occurs during moderate, elevated and 

highly elevated heating. Creosote saturations and PAH concentrations in soil were decreased at the 

highest rate during co-boiling, and at lower rates during extended periods of heating at the 

maximum temperature, but significant removal did not occur between 150 °C and 290 °C. The 

greatest reduction of creosote saturation and PAH concentrations in soil occurred during the highly 

elevated heating test, where temperatures reached 320 °C in the soil. Cold spots in the subsurface 

may allow for the condensation of LNAPL and DNAPL with different chemical compositions than 

the original SVOC DNAPL, leading to increased source zone complexity. Finally, dissolution 

experiments indicated that concentrations of some PAHs can be decreased to below regulatory 
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limits, while other PAHs remain above acceptable levels. In this experiment PAHs continue to 

partition into the aqueous phase post-heating, potentially leading to continued impacting of down-

gradient water quality. 

5.2 Recommendations 

Considering the results outlined above, it is evident that the goals of thermal remediation must be 

established before selecting a thermal treatment option. If the goal of treatment is to reduce the 

most mobile compounds (VOCs) and reduce vapour intrusion risks, then moderate heating (100 

°C) could be implemented. It should be noted that none of the thermal heating levels employed in 

this experiment resulted in soil PAH concentrations below Ontario’s regulatory limits, and 

therefore, if reducing PAH concentrations in soil to below regulatory limits is the objective, higher 

temperatures and/or longer heating durations would be necessary. Finally, if the goal is to reduce 

groundwater concentrations to below regulatory limits, high levels of heating (> 320 °C) can be 

employed, though select PAHs may still not be reduced enough to meet standards.  

 

In both sets of experiments conducted, several phases of condensate were collected (LNAPL, 

DNAPL, aqueous, solid). The production of additional phases of contaminant increases the 

complexity of the source zone. Careful attention to vapour migration pathways should be paid, to 

ensure more mobile contaminant phases do not spread beyond the treatment area. 

 

These results are specific to passively vented systems where no fluid addition or removal through 

pumping occurs. Because the greatest decreases in PAH concentration were observed during co-

boiling, it is possible that additional water added to the system during heating and a prolonged co-

boiling plateau would result in further removal of PAHs from the soil. However, whether this will 

reduce PAH concentrations in soil to below regulatory standards remains unknown. Further 

research into this topic is recommended. Pumping of liquid would allow for recovery of creosote 
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due to viscosity decreases, and may result in more favorable treatment outcomes. Further research 

into these topics is encouraged. 

 

Certain thermal applications have the ability to reach temperatures above those tested in these 

studies. Testing of temperatures above 350 °C is recommended, and would allow for conclusive 

assessment of the ability of thermal conductive heating (TCH) to reduce PAH concentrations in 

soil to below regulatory limits.
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Chapter 3 Additional Figures 

A.1 Temperature Data 

 
Figure A.1: Temperature data collected from all thermocouples for S-10. 
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Figure A.2: Temperature data collected from all thermocouples for S-30. 

 

Figure A.3: Temperature data collected from all thermocouples for S-60.  
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A.2 VOCs in Condensate Samples 

 
Figure A.4: VOCs detected in condensate samples during S-30. 

 
Figure A.5: VOCs detected in condensate samples during S-60. 
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A.3 VOCs in Soil Samples 

 
Figure A.6: VOCs detected in soil samples during S-30. 

 
Figure A.7: VOCs detected in soil samples during S-60. 
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A.4 PAHs in Condensate Samples 

 

Figure A.8 PAHs detected in condensate samples during S-30. 

 
Figure A.9: PAHs detected in condensate samples during S-60. 
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A.5 PAHs in Soil Samples 

 
Figure A.10: PAHs detected in soil samples collected during S-10.  

 
Figure A.11: PAHs detected in soil samples during S-30. 
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Figure A.12: PAHs detected in soil samples during S-60. 

 



 

106 

 

 

Figure A.13: Control test conducted without creosote. This confirms complete removal of 

water from cylinder A when creosote is absent. 

A.6 Images of condensate 

 

Figure A.14: Images of graduated cylinder and condensate at end of S-10 test. 
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Figure A.15: Images of graduated cylinder and condensate at end of S-30 test. 

 

Figure A.16: Images of graduated cylinder and condensate at end of S-60 test. 
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A.7 Images of setup 

 
Figure A.17: Cylinders in convection oven showing all connections. 

 
Figure A.18: Convection oven and condensing system. 
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Chapter 4 Additional Figures 

B.1 Temperature Data 

 

Figure B.1: Temperature data collected from all thermocouples for H-130. 
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Figure B.2: Temperature data collected from all thermocouples for H-205. 

 

Figure B.3: Temperature data collected from all thermocouples for H-320. 
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B.2 Saturation vs. Time Data 

 

Figure B.4: Saturation vs. time plot for H-205. Saturations not calculated after 150 °C due to seal 

failure. 

B.3 Images of Heated Soil 

 

Figure B.5: H-320 solidified soil layer in cylinder A immediately after removal from oven. 
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Figure B.6: Left to right, cylinder A from H-130, H-205, H-320 after sampling at end of test. 

B.4 Images of Dissolution Test Setup 

 
Figure B.7: Picture of dissolution test setup. Two tests were simultaneously run. 
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Figure B.8: Picture of stainless steel cylinder filled with soil for D-205. 
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Chapter 3 Concentration Data 

C.1 Tables of VOC Concentrations  

Table C.1: VOC concentrations in condensate for S-10. 

Compound 
S-10 VOCs in Condensate (mg/L) 
4.5 hours 11.5 hours 17.3 hours 

benzene 1.50 0.08 0.03 
toluene 4.65 0.05 0.06 
ethylbenzene 21.43 0.01 0.01 
p+m-xylene 11.41 0.02 0.02 
o-xylene 17.34 0.02 0.02 
styrene 1.13 0.02 0.02 
isopropylbenzene 8.44 0.33 0.01 
1,3,5-trimethylbenzene 0.61 0.92 0.01 
1,2,4-trimethylbenzene 19.20 4.08 0.01 

 

Table C.2: VOC concentrations in condensate for S-30. 

Compound 
S-30 VOCs in Condensate (mg/L) 
5.2 hours 11.2 hours 17 hours 

benzene 6.04 0.04 0.02 
toluene 15.79 0.06 0.03 
ethylbenzene 63.07 0.01 0.01 
p+m-xylene 41.44 0.02 0.02 
o-xylene 45.80 3.82 0.02 
styrene 2.47 0.02 0.02 
isopropylbenzene 20.04 5.15 0.17 
1,3,5-trimethylbenzene 1.06 6.96 0.80 
1,2,4-trimethylbenzene 27.82 25.71 4.17 
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Table C.3: VOC concentrations in condensate for S-60. 

Compound 
S-60 VOCs in Condensate (mg/L) 
7 hours 11 hours 

benzene 13.64 1.95 
toluene 200.32 5.13 
ethylbenzene 2824.64 6.75 
p+m-xylene 10232.73 7.11 
o-xylene 2380.23 10.65 
styrene 147.48 7.19 
isopropylbenzene 453.55 6.44 
1,3,5-trimethylbenzene 1305.51 32.24 
1,2,4-trimethylbenzene 10426.54 65.45 

 

Table C.4: VOC concentrations in soil for S-10. 

Compound 
S-10 VOCs in Soil (mg/kg) 
0 hours 5 hours 12 hours 18 hours 24 hours 

benzene 0.02 0.02 0.02 0.02 0.02 
toluene 0.08 0.08 0.08 0.08 0.08 
ethylbenzene 44.29 31.56 0.04 0.04 0.04 
p+m-xylene 17.15 10.61 0.20 0.20 0.20 
o-xylene 30.20 29.12 0.08 0.08 0.08 
styrene 0.20 0.20 0.20 0.20 0.20 
isopropylbenzene 32.25 27.39 0.08 0.08 0.08 
1,3,5-trimethylbenzene 190.10 121.87 0.08 0.08 0.08 
1,2,4-trimethylbenzene 0.12 0.12 0.12 0.12 0.12 

 

Table C.5: VOC concentrations in soil for S-30. 

Compound 
S-30 VOCs in Soil (mg/kg) 
0 hours 5 hours 11 hours 15.5 hours 24 hours 

benzene 1.16 0.50 0.31 0.14 0.12 
toluene 10.86 0.46 0.33 0.25 0.20 
ethylbenzene 100.10 75.97 0.04 0.04 0.04 
p+m-xylene 56.07 32.41 0.20 0.20 0.20 
o-xylene 64.99 57.86 0.08 0.08 0.08 
styrene 0.20 0.20 0.20 0.20 0.20 
isopropylbenzene 0.08 0.08 0.08 0.08 0.08 
1,3,5-trimethylbenzene 232.50 218.13 5.53 0.08 0.08 
1,2,4-trimethylbenzene 1508.22 1098.18 41.69 0.12 1.41 
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Table C.6: VOC concentrations in soil for S-60. 

Compound 
S-60 VOCs in Soil (mg/kg) 
0 hours 20 hours 

benzene 12.23 1.26 
toluene 101.29 3.52 
ethylbenzene 451.09 4.07 
p+m-xylene 488.43 4.52 
o-xylene 478.18 6.70 
styrene 221.34 4.34 
isopropylbenzene 71.82 5.33 
1,3,5-trimethylbenzene 300.56 12.53 
1,2,4-trimethylbenzene 1331.39 35.74 

C.2 Tables of PAH Concentrations  

Table C.7: PAH concentrations in condensate for S-10. 

Compound  
S-10 PAHs in Condensate (mg/L) 
4.5 hours 11.5 hours 17.3 hours 

Naphthalene 27.10 241.63 29.85 
Acenaphthylene 0.05 3.40 0.50 
Acenaphthene 0.88 96.61 16.26 
Fluorene 0.26 39.62 6.39 
Phenanthrene 0.35 17.22 3.36 
Anthracene 0.02 1.05 0.27 
Fluoranthene 0.12 3.38 0.31 
Pyrene 0.05 0.95 0.10 
Benzo(a)anthracene 0.01 0.04 0.01 
Chrysene 0.01 0.02 0.01 
Benzo(bkj)fluoranthene 0.01 0.03 0.01 
Benzo(a)pyrene 0.00 0.00 0.00 
Dibenzo(ah)anthracene 0.00 0.00 0.00 
Indeno(123-cd)pyrene 0.01 0.01 0.01 
Benzo(ghi)perylene 0.00 0.00 0.00 
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Table C.8: PAH concentrations in condensate for S-30. 

Compound  
S-30 PAHs in Condensate (mg/L) 
5.2 hours 11.2 hours 17 hours 

Naphthalene 25.40 996.52 476.68 
Acenaphthylene 0.03 2.74 2.10 
Acenaphthene 0.64 138.02 34.70 
Fluorene 0.14 49.21 12.08 
Phenanthrene 0.10 27.76 6.88 
Anthracene 0.02 1.27 0.33 
Fluoranthene 0.04 3.22 2.45 
Pyrene 0.02 1.17 1.04 
Benzo(a)anthracene 0.01 0.03 0.03 
Chrysene 0.00 0.02 0.02 
Benzo(bkj)fluoranthene 0.04 0.01 0.03 
Benzo(a)pyrene 0.00 0.00 0.00 
Dibenzo(ah)anthracene 0.00 0.00 0.00 
Indeno(123-cd)pyrene 0.01 0.01 0.01 
Benzo(ghi)perylene 0.00 0.00 0.00 

 

Table C.9: PAH concentrations in condensate for S-60. 

Compound  
S-60 PAHs in Condensate (mg/L) 
4.5 hours 11.5 hours 17.3 hours 

Naphthalene 10.59 79.87 1917.07 
Acenaphthylene 0.02 0.23 18.46 
Acenaphthene 0.36 6.56 506.07 
Fluorene 0.14 1.97 160.19 
Phenanthrene 0.15 1.99 103.68 
Anthracene 0.02 0.17 4.46 
Fluoranthene 0.03 0.34 17.72 
Pyrene 0.01 0.10 5.55 
Benzo(a)anthracene 0.01 0.01 0.21 
Chrysene 0.00 0.00 0.13 
Benzo(bkj)fluoranthene 0.01 0.01 0.05 
Benzo(a)pyrene 0.00 0.00 0.01 
Dibenzo(ah)anthracene 0.00 0.00 0.00 
Indeno(123-cd)pyrene 0.01 0.01 0.01 
Benzo(ghi)perylene 0.00 0.00 0.00 
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Table C.10: PAH concentrations in soil for S-10. 

Compound  
S-10 PAHs in Soil (mg/kg) 
0 hours 5 hours 12 hours 18 hours 24 hours 

Naphthalene 0.72 1.21 1.34 1.46 0.17 
Acenaphthylene 24.35 11.80 9.85 46.18 2.95 
Acenaphthene 962.35 463.71 398.16 1942.96 82.07 
Fluorene 1569.33 983.33 879.45 2698.56 376.04 
Phenanthrene 7705.20 3987.68 6999.67 3943.26 3241.52 
Anthracene 435.21 292.24 137.09 268.20 156.06 
Fluoranthene 9990.95 3271.29 12783.48 4234.23 4622.43 
Pyrene 6306.63 3001.12 7351.61 2838.46 3000.19 
Benzo(a)anthracene 1056.83 1035.95 959.26 804.67 702.42 
Chrysene 391.71 404.45 417.46 292.06 336.13 
Benzo(bkj)fluoranthene 648.23 288.28 1065.99 464.80 173.73 
Benzo(a)pyrene 357.09 170.32 486.17 336.02 147.40 
Dibenzo(ah)anthracene 14.19 13.66 16.02 18.21 7.35 
Indeno(123-cd)pyrene 60.19 60.69 48.65 62.54 16.64 
Benzo(ghi)perylene 46.58 31.82 28.95 39.91 9.09 

 

Table C.11: PAH concentrations in soil for S-30. 

Compound  
S-30 PAHs in Soil (mg/kg) 
0 hours 5 hours 12 hours 18 hours 24 hours 

Naphthalene 2.59 2.11 1.02 2.86 5.20 
Acenaphthylene 20.83 34.38 21.57 59.80 41.34 
Acenaphthene 840.27 1154.27 835.84 2399.48 1015.54 
Fluorene 899.85 1169.16 1700.84 2265.75 1338.94 
Phenanthrene 3450.14 5248.21 8301.83 13571.50 6846.63 
Anthracene 186.48 202.83 404.87 598.56 243.20 
Fluoranthene 1391.24 52.33 6251.23 8701.71 5462.58 
Pyrene 1084.81 2636.59 5937.61 8964.94 5390.80 
Benzo(a)anthracene 1554.84 528.99 823.02 1028.95 770.46 
Chrysene 323.53 105.20 547.81 476.58 320.97 
Benzo(bkj)fluoranthene 156.42 82.60 632.29 631.48 1095.49 
Benzo(a)pyrene 106.22 33.75 124.19 440.30 433.08 
Dibenzo(ah)anthracene 4.96 5.33 18.13 19.95 16.93 
Indeno(123-cd)pyrene 17.30 10.87 66.72 74.14 93.51 
Benzo(ghi)perylene 15.76 7.96 57.05 43.17 40.39 
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Table C.12: PAH concentrations in soil for S-60. 

Compound  
S-60 PAHs in Soil (mg/kg) 
0 hours 5 hours 11 hours 15.5 hours 24 hours 

Naphthalene 17.05 3.13 0.94 1.52 2.01 
Acenaphthylene 45.67 20.23 5.01 9.50 9.51 
Acenaphthene 1484.01 734.98 201.92 463.89 412.72 
Fluorene 1567.23 886.33 385.07 739.53 527.75 
Phenanthrene 5503.86 1231.05 1918.39 2664.25 2363.97 
Anthracene 239.95 150.91 89.70 110.67 100.73 
Fluoranthene 3995.13 2257.63 1273.37 1597.49 1381.18 
Pyrene 2064.20 1580.52 766.11 1065.36 697.43 
Benzo(a)anthracene 2813.88 1458.75 984.52 1017.80 1137.42 
Chrysene 625.02 311.04 206.17 224.34 251.47 
Benzo(bkj)fluoranthene 540.80 345.35 134.46 181.85 180.68 
Benzo(a)pyrene 182.88 123.39 67.78 66.01 82.35 
Dibenzo(ah)anthracene 9.26 4.19 2.83 3.97 2.80 
Indeno(123-cd)pyrene 57.12 15.10 16.24 17.65 15.07 
Benzo(ghi)perylene 28.33 4.68 9.83 17.56 10.72 
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Chapter 4 Concentration Data 

D.1 Tables of PAH concentration 

Table D.1: PAH concentrations in soil for H-130. 

Compound  
H-130 PAHs in Soil (mg/kg) 
0 days 1 day 6 days 11 days 

Naphthalene 1.49 0.24 0.27 0.18 
Acenaphthylene 11.04 4.94 1.00 1.18 
Acenaphthene 389.87 217.44 123.34 53.42 
Fluorene 511.75 305.41 164.31 121.56 
Phenanthrene 1991.83 1297.49 921.90 916.49 
Anthracene 104.19 65.51 56.81 51.61 
Fluoranthene 1401.36 906.70 710.69 709.20 
Pyrene 853.43 543.64 440.82 446.42 
Benzo(a)anthracene 282.89 169.43 132.67 131.07 
Chrysene 183.35 105.43 95.32 96.88 
Benzo(bkj)fluoranthene 185.90 105.69 84.54 82.24 
Benzo(a)pyrene 66.71 38.65 25.66 26.95 
Dibenzo(ah)anthracene 4.39 2.40 2.16 2.04 
Indeno(123-cd)pyrene 17.89 10.14 8.98 9.00 
Benzo(ghi)perylene 12.28 6.46 5.64 5.89 
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Table D.2: PAH concentrations in soil for H-205. 

Compound  
H-205 PAHs in Soil (mg/kg) 
0 days 0.2 days 0.4 days 5.4 days 10.4 days 

Naphthalene 1.49 0.20 0.24 0.21 0.17 
Acenaphthylene 11.04 1.47 1.37 0.53 0.52 
Acenaphthene 389.87 48.49 36.84 19.45 19.22 
Fluorene 511.75 102.99 62.63 44.89 41.18 
Phenanthrene 1991.83 673.78 548.88 520.13 489.17 
Anthracene 104.19 43.99 39.15 33.92 30.64 
Fluoranthene 1401.36 593.18 561.97 562.13 501.23 
Pyrene 853.43 366.94 353.40 350.64 316.62 
Benzo(a)anthracene 282.89 121.01 122.45 127.47 100.04 
Chrysene 183.35 92.68 91.87 90.06 75.17 
Benzo(bkj)fluoranthene 185.90 84.32 86.25 89.79 66.15 
Benzo(a)pyrene 66.71 31.61 30.65 31.18 22.45 
Dibenzo(ah)anthracene 4.39 2.02 2.24 2.11 1.56 
Indeno(123-cd)pyrene 17.89 7.55 7.70 8.15 6.72 
Benzo(ghi)perylene 12.28 5.91 6.29 6.14 4.95 

 

Table D.3: PAH concentrations in soil for H-320. 

Compound  
H-320 PAHs in Soil (mg/kg) 
0 days 0.2 days 5.4 days 10.2 days 

Naphthalene 1.49 0.21 0.16 0.27 
Acenaphthylene 11.04 2.91 0.03 0.12 
Acenaphthene 389.87 60.72 0.73 2.13 
Fluorene 511.75 75.98 1.29 3.07 
Phenanthrene 1991.83 804.96 70.40 33.46 
Anthracene 104.19 59.83 5.09 2.46 
Fluoranthene 1401.36 715.39 166.76 66.12 
Pyrene 853.43 447.13 121.98 53.59 
Benzo(a)anthracene 282.89 153.63 60.86 40.90 
Chrysene 183.35 117.14 62.66 48.33 
Benzo(bkj)fluoranthene 185.90 113.14 49.67 46.08 
Benzo(a)pyrene 66.71 34.36 13.18 12.27 
Dibenzo(ah)anthracene 4.39 3.26 1.32 1.44 
Indeno(123-cd)pyrene 17.89 11.14 4.03 4.14 
Benzo(ghi)perylene 12.28 8.82 3.40 3.63 
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Chapter 3 Calibration Curves 

E.1 VOC Calibration Curves 

 

Figure E.1: Calibration curves with equations for soil and water samples analyzed for VOCs in 

tests S-10 and S-30. X-axis represents area under chromatogram peak and y-axis represents 

concentration in mg/L. 
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Figure E.2: Calibration curves with equations for soil and water samples analyzed for VOCs in 

test S-60. X-axis represents area under chromatogram peak and y-axis represents concentration in 

mg/L. 
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E.2 PAH Calibration Curves 

 

Figure E.3: Calibration curves with equations for aqueous samples analyzed for PAHs in tests S-

10, S-30 and S-60. X-axis represents area under chromatogram peak and y-axis represents 

concentration in µg/L. 
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Figure E.4: Calibration curves with equations for soil samples analyzed for PAHs in test S-10 

and the last three samples for S-30. X-axis represents area under chromatogram peak and y-axis 

represents concentration in µg/L. 
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Figure E.5: Calibration curves with equations for soil samples analyzed for PAHs in test S-60 

and the first two samples for S-30. X-axis represents area under chromatogram peak and y-axis 

represents concentration in µg/L. 
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Chapter 4 Calibration Curves 

F.1 Heating Test Calibration Curves 

 

Figure F.1: Calibration curves with equations for soil samples analyzed for PAHs in tests H-130 

and the last two samples for H-320. X-axis represents area under chromatogram peak and y-axis 

represents concentration in µg/L. 
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Figure F.2: Calibration curves with equations for soil samples analyzed for PAHs in test H-205 

and the first two samples for H-320. X-axis represents area under chromatogram peak and y-axis 

represents concentration in µg/L. 
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Figure F.3: Calibration curves with equations for water samples analyzed for PAHs in tests D-0 

and D-205. X-axis represents area under chromatogram peak and y-axis represents concentration 

in µg/L. 
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Figure F.4: Calibration curves with equations for water samples analyzed for PAHs in tests D-

130 and D-320. X-axis represents area under chromatogram peak and y-axis represents 

concentration in µg/L. 
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Chapter 4 Local Equilibrium Mass Transfer Calculations 

For the dissolution experiments carried out in Chapter 4, a flowrate needed to be determined. 

Equilibrium partitioning was desired to ensure concentrations of PAHs in soil were representative 

of those produced in groundwater. To determine whether an aqueous velocity of 0.2 m/day would 

produce local equilibrium mass transfer conditions, the following equations were solved in 

succession: 

 

Darcy flux calculation: 

𝑞 = 𝑣𝜙 

Input	 Value	 Unit	

𝑣	 0.25	 m/day	
2.89E-06	 m/s	

𝜙	 0.39	 -	
Output	 Value	 Unit	
𝑞	 1.13E-06	 m/s	

 

Reynold’s number calculation: 

𝑅𝑒 = 	
𝜌𝑞𝑑�%
𝜇

 

Input	 Value	 Unit	
𝜇	 0.001	 Pa.s	
𝜌	 1000	 kg/m3	
𝑑�%	 0.0003	 m	
𝑞	 1.13E-06	 m/s	

Output Value	 Unit	
𝑅𝑒 0.00034	 -	
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Imhoff et al., 1994: 

𝑆ℎ = 340 ∗ 𝑆@%. ¡ ∗ 𝑅𝑒%.¡& ∗
𝑑¢%
𝑥

%.�&

 

Item	 Value	 Unit	
𝑆@

a	 0.2	 	-	
𝑅𝑒	 0.00034	 	-	
𝑑¢%	 0.0003	 m	
𝑥	 0.05	 m	

Output	 Value	 Unit	
𝑆ℎ	 0.059	 -		

a Remaining saturation in cylinder A estimated at 20% pore space based on mass balance results for H-130. 
 

Miller et al., 1990: 

𝑆ℎ = 12 ∗ 𝑅𝑒%.¡¢ ∗ 	𝑆@%.¤ ∗ 𝑆𝑐%.¢ 

Item	 Value	 Unit	
𝑅𝑒	 0.00034	 	-	
𝑆@

a	 0.2	 	-	
𝑆𝑐b	 1333.333333	 	-	
𝜇	 0.001	 Pa.s	
𝜌	 1000	 kg/m3	
𝐷F

c	 7.5E-10	 m2/s	
Output	 Value	 Unit	
𝑆ℎ	 0.416	 -		

a Remaining saturation in cylinder A estimated at 20% pore space based on mass balance results for H-130. 
b 𝑆𝑐 is the Schmidt number, 𝑆𝑐 = ¥

j<�
. 

c 𝐷F is the mass diffusivity. The value selected is specific to naphthalene. 
 

Nambi and Powers, 2003: 

𝑆ℎ = 37.15 ∗ 𝑅𝑒%.¤& ∗ 𝑆@&.m¨ 

Input	 Value	 Unit	

𝑅𝑒	 0.00034	 -	
𝑆@

a	 0.2	 -	
Output		 Value	 Unit	

𝑆ℎ	 0.0386	 -	
a Remaining saturation in cylinder A estimated at 20% pore space based on mass balance results for H-130. 
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z
zA
	calculation:  

𝐶
𝐶𝑠

= 1 − 𝑒
|©ª∗<�∗

«
2¬ 

Input	 Value	 Unit	
𝐷F

a	 7.5E-10	 m2/s	
𝐿	 0.05	 m	
𝑑		 0.0003	 m	
𝑞	 1.128E-06	 m/s	

a 𝐷F is the mass diffusivity. The value selected is specific to naphthalene. 
 
Results: 

Model 𝑪
𝑪𝒔

 

Imhoff et al., 1994 1 

Miller et al., 1990 1 

Nambi and Powers, 2003 0.999999348	
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