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Abstract  

Benzene, toluene, ethylbenzene, and xylene (BTEX) are common groundwater contaminants that pose 

environmental and health risks. While bioremediation is a sustainable treatment method, low temperatures 

in Canada can limit microbial activity. This thesis investigates the coupling of bioremediation with 

geothermal heat pumps, as there is minimal research on the effects of geothermal heating on groundwater 

chemistry and microbial degradation in monocultures and a consortium. Laboratory experiments at 15, 28, 

and 40 °C evaluated BTEX degradation by Bacillus infantis, Microbacterium esteraromaticum, and a 

consortium. Groundwater parameters were monitored to assess temperature effects. A Triticum aestivum 

seed germination assay evaluated the soil toxicity post-treatment. Results showed that temperature 

enhanced microbial activity, with the consortium achieving 42% degradation at 28 °C. Remediated soils 

supported seed germination, though trace hydrocarbons remained bioavailable and reduced root growth. 

These findings emphasize integrating chemical and biological assessments to evaluate remediation 

effectiveness and support sustainable strategies for contaminated subsurface environments. 
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Chapter 1: Introduction 

1.1 Problem Scope 

Water is vital to global health, serving as the backbone for all living organisms. Covering over 70% of the 

Earth's surface, water shapes the planet’s climate, geography, and ecological balance. Despite its abundance, 

freshwater represents about 2.5% of the global water supply, with 30.1% of that fraction being groundwater, 

making its availability and quality crucial (Canada WaterPortal, 2024). According to the Treasury Board of 

Canada Secretariat, approximately 24,000 federally owned contaminated sites have been reported in 

Canada. Of these, around 3,000 sites involve groundwater contamination, with roughly 400 contaminated 

by BTEX compounds (benzene, toluene, ethylbenzene, and xylene) (Treasury Board of Canada Secretariat, 

2024). 

 

Figure 1.1. Distribution of the contaminated sites in Canada (Treasury Board of Canada Secretariat, 2024) 

BTEX is a group of volatile organic compounds. These compounds are commonly found together in 

petroleum products such as gasoline, diesel, and crude oil, and are widely used in industrial processes, 

including solvent production and fuel distribution. Due to their widespread use, BTEX compounds are 

among the most frequently detected contaminants in soil and groundwater at industrial, commercial, and 

urban sites (Environment and Climate Change Canada & Health Canada, 2016; Environment Canada, 1984; 

Government of Canada et al., 1993; Government of Canada, 1992). 
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Figure 1.2. Conceptual model of BTEX contamination following a spill event, and how it transports 

BTEX compounds typically enter the environment through leaking underground storage tanks and improper 

disposal of petroleum-based products. The average BTEX concentration in the subsurface can vary 

significantly depending on the specific location, depth, and contamination history. Once released, their 

relatively high mobility in both air and water allows them to migrate through soil and groundwater systems, 

posing significant environmental and human health risks, such as acute and chronic health effects, including 

impacts to the nervous and reproductive systems (Bolden et al., 2015a; Environment and Climate Change 

Canada & Health Canada, 2016; Environment Canada, 1984; Government of Canada et al., 1993; 

Government of Canada, 1992; B. Yu et al., 2022). A study at a chemical pesticide industrial site in China 

reported soil concentrations from 0.05 to 142 mg/kg for benzene, 0.05 to 315 mg/kg for toluene, 0.05 to 

889 mg/kg for ethylbenzene, and 0.05 to 2800 mg/kg for xylenes. Groundwater concentrations were also 

reported with ranges from 0.7 to 340,000 µg/L for benzene, 0.9 to 4070 µg/L for toluene, 0.5 to 1900 µg/L 

for ethylbenzene, 1.6 to 6000 µg/L for m-&p-xylene, and 0.6 to 1500 µg/L for o-xylene, exceeding the 

allowable environmental limits (Huang et al., 2024). Depending on the site and the duration of 

contamination, concentrations vary. 

A variety of remediation technologies exist to address BTEX contamination. Biological methods, such as 

bioremediation, utilize nature's counterparts to degrade pollutants. Bioremediation is often considered the 

favoured remediation approach due to its cost-effectiveness and minimal environmental disruption, 

however, there are limitations (Bala et al., 2022; Sharma, 2021). In Canada, the shallow subsurface (below 

20 m) temperature is consistently around 10 °C throughout the year (Ferguson & Woodbury, 2004; Grasby 
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et al., 2012). Since temperatures below 28 ºC can limit microbial growth, an external temperature source is 

often used. Some conventional thermal treatments include electrical resistance heating, steam injection, 

radiofrequency, and thermal conduction heating (Kaur et al., 2021; Krol et al., 2011; Parkinson et al., 2004). 

While these thermally enhanced bioremediation methods are effective at removing contaminants, they 

require substantial external energy to maintain the elevated temperature. For example, a chlorinated solvent-

contaminated site operated a steam injection system for 12 months, using 48*109 kJ, which equates to 

supplying electricity for 1 year to 1.5 single-detached homes (Aydinalp Koksal et al., 2015; Parkinson et 

al., 2004). An alternative is to use renewable energy, such as geothermal heat pumps (GHPs). Geothermal 

heating loops can be installed in the subsurface and connected to a pumping system to extract or inject heat 

as seasonal conditions change. GHPs can be used for heating and cooling of buildings, and GHPs are 

reported to save about 60% in energy costs compared to electric baseboard heating and uses 50% less energy 

than natural gas furnaces (Canada Energy Regulator, 2018). If GHPs are used at contaminated sites, the 

injected heat can be used to enhance bioremediation efficiency.   

To date, minimal literature has been reported on the coupling of bioremediation with GHPs to degrade 

hydrocarbons and on their effects on groundwater chemistry. This thesis investigates the effects of 

temperature on the biodegradation of BTEX, and on groundwater quality parameters. Constant temperature 

experiments with monocultures and a consortium were conducted to investigate the bacterial growth and 

BTEX degradation patterns at 15 °C, 28 °C, and 40 °C. Temperature effects on groundwater pH, dissolved 

oxygen, and anions were observed. Additionally, studies have shown that the bioremediation process can 

produce intermediate byproducts during the breakdown of BTEX contaminants, such as benzyl alcohol, 

benzoyl-CoA, (S)-1-phenylethanol, and methyl benzyl succinate (Hernández-Ospina et al., 2024). To 

investigate these possible toxic byproducts, a seed germination toxicology study was conducted. The study 

used native Triticum aestivum (wheat) seeds from Ontario, Canada, which is a major crop, covering more 

than 18 million acres across Canada, and is commonly used in ecotoxicity studies of petroleum-

contaminated sites (M. K. Banks & Schultz, 2005; Du et al., 2025; Miri et al., 2022; Statistics Canada, 

2025). Overall, the groundwater remediation experiment and the toxicology study were performed to 

investigate the potential environmental impacts of enhanced bioremediation and to design a holistic 

approach to geothermal bioremediation. 

1.2 Research Gaps  

The coupling of GHPs, bioremediation, and their prospective environmental impacts are not well-

understood. This gap prevents the thermal enhancement of bioremediation using a renewable energy source 

while providing heating and cooling for buildings. Both GHPs and bioremediation technologies are well 
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understood in existing literature. However, experimental data on the coupling of the two technologies and 

their respective effects on BTEX contamination and groundwater quality are very limited. We hypothesize 

that mesophilic subsurface temperatures achievable with GHP operation (≈20–35 °C) will enhance aerobic 

BTEX biodegradation while causing measurable but manageable shifts in groundwater chemistry. Thus, 

the investigation of geothermal heating in the subsurface, on contaminant transport and groundwater 

properties, is essential for optimizing the coupling of these two technologies for a possible remediation 

strategy in Canada.  

1.3 Research Objectives  

Considering the significance of possible temperature effects on groundwater quality, the primary objective 

of this research was to investigate the effects of temperature on groundwater, on the biodegradation of 

BTEX in groundwater, and to examine the post-bioremediation effects of BTEX in soil, all under controlled 

laboratory conditions.  

To achieve the primary research goals, the following objectives were established 

1. Investigate and analyze the effects of temperature on groundwater properties under constant 

temperatures, and how it affects BTEX biodegradation with known microbial strains Bacillus 

infantis, Microbacterium esteraromaticum, and a consortium – Chapter 3 

2. Conduct a toxicology assay to study the germination and growth parameters of Triticum aestivum 

on BTEX-remediated soil – Chapter 4 

1.4 Dissertation Layout  

Chapter 1 introduces the study by outlining its specific objectives. It also presents the research motivation, 

identifies existing research gaps, and provides an overview of the thesis structure. 

Chapter 2 is a comprehensive review of the existing literature and is structured into two distinct sections. 

The first section addresses the existence of BTEX in the environment, remediation techniques, and 

geothermal heat pumps (GHPs). The second section reviews the literature on seed germination bioassays 

of petroleum hydrocarbon-contaminated soil. This section dives into a variety of plant species used for 

toxicology assays on contaminated and remediated soil, the different methodologies used, and the toxic 

intermediates produced during remediation.  

Chapter 3 addresses objective 1 by outlining the materials, analytical methods and instruments used in the 

temperature-effect study. The chapter further presents the microbial growth, BTEX degradation, and 
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groundwater quality results from both the preliminary and final experiments, along with insights gained 

throughout the process.  

In Chapter 4, toxicology assays were conducted and analyzed to assess the potential effects of toxic 

intermediates formed from BTEX biodegradation on germinated seeds. Their respective materials, 

analytical methods and instruments were described in accordance with standard regulatory protocols—this 

chapter addresses objective 2.  

Chapter 5 highlights a summary of the research findings, their significance, and recommendations for future 

work.  
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Chapter 2: Literature Review  

2.1 From heat to healing: Geothermal energy as a catalyst for 

environmental remediation 

2.1.1 Introduction  

Globally, about 50% of the world’s population depends on groundwater for domestic use (UNESCO World 

Water Assessment Programme, 2022). In Canada, almost 9 million people solely depend on groundwater 

as their main source of water, which equates to 30.3% of Canada’s population (Environment and Climate 

Change Canada (ECCC), 2013). Additionally, 80% of Canada’s rural population uses groundwater as their 

water source, while 52% of Canada’s First Nations rely on groundwater (Council of Canadian Academics 

(CCA), 2009; Indigenous Services Canada, 2013). Access to clean water is vital for survival, yet the quest 

for potable water is increasingly challenged by pervasive groundwater and soil contamination (Shores et 

al., 2017; B. Yu et al., 2022). This pressing issue highlights the global urgency to address and mitigate 

pollution in our essential water resources. Due to accidental leakages and spills of petroleum hydrocarbons, 

such as crude oil and natural gas, the subsurface can become contaminated, and depending on the conditions 

of the subsurface, the contaminant can persist for a long duration and cause irreversible damage to aquifer 

zones (Braddock & McCarthy, 1996; UNESCO World Water Assessment Programme, 2022). These 

contaminants can infiltrate the unsaturated zone, contaminate groundwater, and disperse further into the 

environment, which poses a threat to our ecosystems. If our groundwater supply is not safeguarded and is 

continuously polluted, many Canadians will not have access to clean drinking water. Additionally, if the 

thousands of contaminated sites across around Canada are not treated, this can further create adverse health 

effects.   

A large quantity of remediation techniques exists to degrade these toxic chemicals, including chemical, 

physical, and biological remediation techniques. Common remediation techniques such as pump-and-treat, 

air sparging, and chemical oxidation often have drawbacks including high costs, long timelines, and risks 

of incomplete contaminant removal (Vidali, 2001; S. Zhao et al., 2023). In contrast, bioremediation offers 

a scalable, cost-effective, environmentally friendly approach that utilizes natural microbial processes to 

degrade contaminants without introducing harmful byproducts (Vidali, 2001; S. Zhao et al., 2023). 

However, natural attenuation—a form of bioremediation relying solely on unassisted microbial activity—

can be limited by slow degradation rates in cold subsurface environments, ≤ 8°C (Van Stempvoort & Biggar, 

2008). By coupling bioremediation with geothermal heating, microbial activity can be enhanced, providing 

optimal temperatures that accelerate the breakdown of contaminants and improve overall remediation 
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efficiency. However, the degradation of BTEX in groundwater has not been addressed under cyclic 

temperatures that range from high temperatures to low temperatures, to mimic geothermal heating and 

cooling cycles. Previous reviews have focused on the effects of temperature on bioremediation though 

thermally enhanced bioremediation at constant temperatures or energy storage systems and heating 

technologies, such as aquifer thermal energy storage systems and electrical resistance heating systems 

(Bonte et al., 2013; Kaur et al., 2021; Moradi et al., 2018; Q. Wang et al., 2022). As such, this chapter 

focuses on the assessment of bioremediation with geothermal heating to decontaminate groundwater. This 

is done by summarizing the thermal effects on the biogeochemical cycle and on bioremediation, providing 

an overview of BTEX and its impact on the subsurface. The removal of BTEX through remediation 

techniques and its enhancing parameters, including geothermal heating, and the impact of temperature on 

groundwater quality, is also discussed. The results of each section should be used to assess and evaluate if 

geothermal heat pumps can theoretically be utilized to remediate BTEX-contaminated groundwater.  

2.1.2 Background on BTEX 

The release of aromatic hydrocarbons, specifically petroleum hydrocarbons, into the environment is a 

serious global issue for our ecosystem. They are environmentally harmful pollutants, that can be released 

into the environment or found naturally in rock formations or volcanoes (J. W. Moore & Ramamoorthy, 

1984; National Research Council (US) Committee on Pyrene and Selected Analogues, 1983). It is estimated 

that 10% of total global anthropogenic nonmethane organic carbon emissions are from aromatic species, 

such as benzene and formaldehyde (Barnes, 2015). There are different forms of aromatic hydrocarbons, 

including monoaromatic, polycyclic, and heterocyclic aromatic compounds. These structure forms have 

common features in their structure; however, they can behave differently due to differences in chemical 

properties and reactivity. Some examples of monoaromatic hydrocarbons are benzene, toluene, 

ethylbenzene, and (o-, m-, p-) xylene isomers (BTEX), the simplest chemical structure being benzene, C6H6 

(Z. Wang et al., 2016). BTEX shares similar chemical properties and environmental behaviours to other 

aromatic hydrocarbons like naphthalene and styrene.  

BTEX is a ubiquitous mutagenic substance that receives significant attention due to its presence in various 

products and processes, different media samples (air, water, soil), and the risk it poses to the environment 

and human health. According to the International Agency for Research on Cancer (IARC), ethylbenzene is 

a possible human carcinogen, while benzene is a classified carcinogen (Environment Canada, 1984). BTEX 

or its monomers, can be found and sourced from petroleum and petroleum products, crude oil, hydraulic 

fracturing, leaks from underground storage tanks and landfills, oil spills, automative products, improper 

treatment and disposal of wastewater, and consumer and personal care products like household cleaners, 

detergent agents, sunscreen, and hand sanitizer (Bolden et al., 2015b; Fetter et al., 2017; Hinwood et al., 
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2007; Nicole, 2022; Pal et al., 2022, 2023; Shores et al., 2017; Van Stempvoort & Biggar, 2008; B. Yu et 

al., 2022; Zanello et al., 2021). Additionally, BTEX is widely used as an industrial solvent and additive, 

potentially allowing these compounds to be unintentionally added to building materials, cosmetics, paints, 

and carpets, which can aid in the emissions of these volatile organic compounds (VOCs) (Weschler & 

Shields, 1997). Specifically in the petrochemical industry, BTEX is one of the most common chemicals 

produced, with benzene accounting for approximately 50 million metric tons globally per year (Somboon 

et al., 2020). These sources can contaminate indoor and outdoor air, different types of water bodies (surface 

water, groundwater, aquifers, oceans) and soil media (Bakhtiari et al., 2018; Honda & Suzuki, 2020; 

Robinson et al., 2009; B. Yu et al., 2022). With the increasing use of BTEX, its contamination is expected 

to continue to rise (Shores et al., 2017). 

The Treasury Board of Canada identified about 24,000 federal contaminated sites, where 3,152 of those 

sites contained hydrocarbon groundwater contamination. These sites were contaminated with petroleum 

hydrocarbons, polyaromatic hydrocarbons, or halogenated hydrocarbons (Treasury Board of Canada 

Secretariat, 2024). Typical field concentrations in groundwater have been reported to be 24-95 mg/L for 

benzene, and 12-60 mg/L for toluene (EPA, 2004). A 2008 study analyzed 33,189 wells that were primarily 

used for conventional oil and gas operations from 13 states in the USA. The highest concentrations for 

benzene, toluene, ethylbenzene, and m-xylene were 27 mg/L, 37 mg/L, 19 mg/L, and 0.611 mg/L. The 

median concentrations however were lower, 10 mg/L, 9.7 mg/L, 1.8 mg/L, and 0.137 mg/L (Guerra & 

Drewes, 2008). A 2016 study in Eastern subarctic Canada examined BTEX levels in tree cores located at 

and near a former landfill site (1990’s) where BTEX contamination and BTEX migration were present. A 

previous study at this site, from 2006 to 2011, indicated that the groundwater samples had concentration 

ranges of benzene (2.0– 990.0 μg/L), toluene (6.5– 27.9 μg/L), ethylbenzene (0.7– 27.9 μg/L), and xylenes 

(2.0–17.1 μg/L) (Fonkwe & Trapp, 2016). All the studies above have BTEX concentrations or its 

compounds higher than the allowable limits set for these compounds, as shown in Table 2.1, according to 

the Canadian and American allowable groundwater limits of BTEX in groundwater. This indicates that the 

concentration of BTEX in the environment exceeds the legal limits, which poses a risk to human health and 

the environment. 

2.1.2.1 Mobilization and Persistence of BTEX in the Subsurface  

BTEX compounds transport in the subsurface through several mechanisms, including advection, diffusion, 

sorption/desorption, and volatilization. Understanding the transport mechanisms is crucial for developing 

effective remediation strategies and protecting groundwater resources from contamination, as these 

mechanisms can greatly contribute to BTEX migration. Advection and dispersion transport dissolved 

contaminants by groundwater flow velocities. If the flow rate increases, the mass transfer of BTEX 
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increases (Savoie et al., 1998). Under diffusion, BTEX molecules move from areas of higher concentration 

to areas of lower concentration. This process is typically slower than advection but can be significant in 

low-permeability zones where groundwater movement is limited (Powers et al., 2001). In soil media, the 

extent of sorption and desorption depends on soil properties, such as organic matter content and soil texture. 

Sorption can have a positive or negative effect on the environment. If BTEX adheres to soil particles, it can 

retard the movement of contaminants, which can decrease contaminant transport. In comparison, the 

negative effect occurs when desorption releases the BTEX compounds into the surrounding groundwater. 

(Zytner, 1994). (Zytner, 1994) demonstrated that the sorption coefficients (Kd) for BTEX compounds can 

vary significantly. Higher sorption coefficients result in greater retardation, particularly for compounds like 

ethylbenzene and xylenes, compared to benzene which would remain mobile and bioavailable over time 

(B. J. Moore et al., 2002; Zytner, 1994). For volatilization, BTEX can transfer from the liquid phase to the 

gas phase and migrate through soil air spaces (such as the vadose zone), which is influenced by soil 

temperature, vapour pressure, and BTEX volatility. (Y. Han et al., 2024) studied the volatilization of BTEX 

in air-dry soils and observed that BTEX volatilized linearly with time. Typically, higher vapour pressure 

and Henry’s constant indicate a greater possibility for the contaminant to volatilize (Arthurs et al., 1995; 

W. S. Chen et al., 2010; Seagren & Becker, 2002). Table 2.1 summarizes these parameters at 25 °C, they 

are expected to increase with temperature.  

When BTEX compounds leak into the subsurface, they migrate through the unsaturated zone and disperse 

as residual saturation. In cases of substantial release, these compounds can reach the capillary fringe and 

spread laterally above the saturated zone, facilitating further contaminant transport. BTEX compounds can 

exist in the subsurface as light non-aqueous phase liquids (LNAPLs). These LNAPLs typically have a 

density lower than water (1 g/mL) and therefore migrate downward through the vadose zone until reaching 

the water table, where they spread laterally and form a floating layer. Once present, BTEX compounds 

partition from the LNAPL phase into the aqueous phase, creating a dissolved contaminant plume in 

groundwater, further contaminating it. LNAPLs can partition into both water and air phases and can be 

retained in the soil media as immobile components (Zanello et al., 2021). Mobility depends on subsurface 

parameters like soil type, pH, and temperature. An increase in temperature can increase the volatilization 

rate of the LNAPL, allowing the contaminant to enter the vapour phase (W. Chen et al., 2010; A. Liu et al., 

2018). Immobile hydrocarbons exist within the soil-water phase, while mobile hydrocarbons may undergo 

partial or full dissolution. BTEX, particularly, is considered a mobile contaminant due to its tendency to 

partially dissolve in water, allowing dissolved contaminants to be transported over long distances 

(Chesnaux, 2008; Feenstra et al., 1991; Illangasekare et al., 1995; Zanello et al., 2021). Studies have shown 

that benzene and toluene have the highest mobility in the dissolved phase, and in sandy loam and clay loam, 

while xylene and ethylbenzene tend to concentrate near the source zone (Shores et al., 2017; Zanello et al., 
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2021). Benzene is notable for its lower sorption potential and higher solubility compared to other BTEX 

compounds, which enables the formation of extensive and larger dissolving plumes in the subsurface (Ruiz‐

Aguilar et al., 2003; Zanello et al., 2021).  

While the fate and transport of BTEX is a concern, the persistence of this contaminant in the environment 

is another component that needs to be studied. Unfavourable redox conditions can make BTEX degradation 

difficult. Factors that influence this are microbial activity, oxygen availability (aerobic or anaerobic), 

temperature, and soil and groundwater properties. Studies have shown that in field sites, BTEX can be 

biodegraded by aerobic microorganisms faster than anaerobic ones, due to the availability of oxygen 

(Barbaro et al., 1992; Lovley, 1997, 2001; National Research Council, 2000; Patterson et al., 1993). 

Additionally, some studies have reported the half-life of BTEX compounds in aerobic conditions in 

laboratory microcosms. Studies measuring primary biodegradation reported half-lives of 0.2-679 days with 

a mean of 1.5 days and initial concentrations of ≤ 5 mg/L for benzene. For toluene, it was reported that half-

lives ranged from <1- 495 days with a mean of 0.5 days. For the half-lives of ethylbenzene, o-xylene, and 

p-xylene, the initial concentrations used for the experiments were ≤ 2 mg/L. From this, the half-lives 

reported for ethylbenzene were 1- 22 days with a mean of 4.4 days, 1- 41 days with a mean of 4.3 days for 

o-xylene, and 1- 28 days with a mean of 4.4 days for p-xylene (Aronson et al., 1999). It could be observed 

that the order of mean half-lives is ethylbenzene > p-xylene > o-xylene > benzene > toluene. These reported 

half-lives do vary, depending on the redox conditions mentioned above and temperature. Subarctic regions 

like Northern Canada have lower temperatures, which can decrease the diffusion rate, volatilization, and 

solubility of organic compounds, thereby reducing microbial activity. Additionally, permafrost can restrict 

groundwater flow and flux, which impacts contaminant transport (Braddock & McCarthy, 1996; Ulrich et 

al., 2010). BTEX persistence can also be impacted by the dissolution rate of BTEX. Table 2.1 has the 

dissolution rate of the BTEX compounds in water, and it has been found that benzene has a dissolution rate 

of 2.6, which is 20.6 times higher than toluene, and ethylbenzene (Njobuenwu et al., 2005). This does vary 

depending on factors such as temperature, surface area, and the concentration, the compounds that have a 

slower rate take a longer time to dissolve in groundwater, which allows it to persist longer in the 

environment.  

Table 2.1. BTEX Properties 

Property  Benzene Toluene Ethylbenzene Xylene 

Chemical Formula C6H6 C6H5CH3 C₆H₅CH₂CH₃ C6H4(CH3)2 

Density (g/cm3)1 0.87 0.86 0.87 m-xylene: 0.86 

p-xylene: 0.10 

o-xylene: 0.88 

 
1 (Fedrizzi et al., 2013) 
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Property  Benzene Toluene Ethylbenzene Xylene 

Water Dissolution rate 

(cm2/s)2 

10.30×10–6 9.10×10–6 8.23×10–6 m-xylene: 8.23×10–6 

p-xylene: 8.23×10–6 

o-xylene: 8.23×10–6 

Solubility (mg/L) at 20 °C3 1780 515 152 m, p-xylene: 198 

o-xylene: 175 

Diffusion coefficient in 

liquid (cm2/d)4 

0.9504 0.81216 0.7344 0.7344 

Mean Aerobic Half-life 

(days)5 

1.5  0.5  4.4 p-xylene: 4.4 

o-xylene: 4.3 

Henry’s Constant 

(dimensionless) 4 

0.19792 0.23391 0.28789 0.260899 

Vapour Pressure at 25 °C 

(atm)1 

0.125 0.037 0.009 m-xylene: 0.00108 

p-xylene: 0.00115 

o-xylene: 0.00861 

Canadian Maximum 

Acceptable Concentration 

(MAC) in Drinking Water 

(mg/L)6 

0.005 0.06 0.14 0.09 

Ontario Potable 

Groundwater Maximum 

Concentrations (mg/L)7 

 0.005  0.0024  0.024  0.3 

American Allowable Limit 

in Groundwater (mg/L)8 

0.005 1.00 0.7 10 

Where can it be found? 3 9 Synthetic 

rubbers, 

insecticides, 

cosmetics, 

cigarette smoke, 

auto exhaust 

Found 

naturally in 

petroleum 

products, 

paints, gums, 

stain removers 

Gasoline 

additive, paints, 

pesticides 

Gasoline, solvent in 

rubber and printing 

*Biodegradation half-life is influenced by factors such as pH, temperature, microbes, and nutrients 

2.1.2.2 Impacts of BTEX on the Environment and Human Health  

As mentioned above, BTEX can contaminate soil, air, and water,  allowing it to easily enter human systems 

through the pathways of ingestion, inhalation, and adsorption through the skin (Honda & Suzuki, 2020; B. 

Yu et al., 2022). BTEX is known for its potential toxic, mutagenic, and carcinogenic effects (Werder et al., 

2019; B. Yu et al., 2022). Due to the severity of the side effects to organisms, there are guidelines for this 

substance under the Canadian Environmental Protection Act (CEPA) 1999 and the U.S. Environmental 

 
2 (Njobuenwu et al., 2005) 
3 (Mitra & Roy, 2011) 
4 (Shores et al., 2017) 
5 (Aronson et al., 1999) 
6 (Government of Canada, 2025) 
7 (Ministry of the Environment, 2011) 
8 (EPA, 2025) 
9 (John V. Headley S. Lee Barbour & Gong, 2000) 



 

12 

 

Protection Agency (US EPA). However, as mentioned, the concentration of BTEX in the environment often 

exceeds the stated allowable limits for drinking and potable groundwater.   

Subsurface BTEX contamination can also significantly impact wildlife and ecosystems. Habitat 

degradation is a common side effect of oil spills or leaks, whether on land or in water bodies, as observed 

in the Deepwater Horizon oil spill in the Gulf of Mexico and in other wetland cases (Barron, 2012; 

McGenity, 2014). This degradation can have a significant impact on wildlife that depends on these habitats 

for food and shelter. In aquatic life, when BTEX enter water bodies, they can cause acute toxicity to fish, 

invertebrates, and plant species (Asejeje et al., 2021; Gissi et al., 2021; Headley et al., 2001). A study on 

biota BTEX concentrations showed that common species consumed by community members had higher 

BTEX levels than those in their surface water exposure media (Asejeje et al., 2021). In 2010, grocery stores 

in Belgium recorded the highest benzene levels in smoked (18.90 μg/kg) and canned (7.40 μg/kg) fish 

(World Health Organization, 2019). Additionally, epidemiological studies have shown that when wildlife is 

exposed to or consumes high concentrations of BTEX or its components, there’s an impact on their immune 

system, lungs, kidneys, liver, reproductive organs, neurobehaviors, and can cause dermatological symptoms 

and mortality (C. J. Davidson et al., 2021; Folkerts et al., 2021; Saunders et al., 2018; L. Wang et al., 2023). 

Similarly with humans, BTEX exposure can lead to adverse effects on the nervous system, heart, kidneys, 

liver, and increase the risk of developing nonlymphocytic leukemia (Wongbunmak et al., 2020; B. Yu et al., 

2022). Studies have also shown that BTEX can have endocrine-disrupting properties that can impact 

reproductive systems (Bolden et al., 2015a; Kassotis et al., 2016). As mentioned, humans can be exposed 

to BTEX through ingestion of food and groundwater. The United States Food and Drug Administration 

evaluated 70 “table-ready” foods from 1996 to 2006. In the majority of the 70 foods, benzene was detected, 

ranging from 1- 190 μg/kg (e.g., fully cooked ground beef), which is above the allowable limits (World 

Health Organization, 2019). Additionally, a study showed that with high peak concentration spills, benzene 

and toluene exceeded the EPA drinking water limit in sandy loam, and benzene exceeded the limit in clay 

loam soil (Shores et al., 2017). According to the regulations, the allowable limits of benzene and toluene in 

groundwater, 0.005 mg/L and 0.06 mg/L, respectively, are less than those of ethylbenzene and xylenes. This 

shows that benzene and toluene are riskier and pose a threat to human health and the ecosystem, when their 

concentrations exceed environmental limits.  

2.1.3 BTEX Remediation Techniques  

Understanding the fate, transport, and distribution of BTEX and other hydrocarbons within the environment 

is vital to effectively managing and remediating this abundant chemical. There are multiple in-situ, on-site, 

and ex-situ remediation technologies that can remove BTEX, including physical, chemical, and biological 
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methods. In-situ remediation occurs within the subsurface without any excavation, on-site remediation 

occurs on the site of the contamination with excavation, and the decontaminated media is returned to the 

original location, while ex-situ remediation occurs off-site for the treatment and processing of the 

contaminant (Caliman et al., 2011; Ossai et al., 2020). 

Physical methods can be in situ, ex situ, or on-site. Some physical remediation techniques include soil 

washing, soil vapour extraction, pump and treat, and incineration. These methods tend to isolate and 

separate the contaminants in the media (Lim et al., 2016; Ossai et al., 2020). Chemical treatment methods 

can be in-situ or ex-situ. Some chemical remediation technologies include chemical oxidation using 

different types of oxidants like ozone and persulfate, activated carbon treatment, electrochemical systems, 

and ultraviolet and photocatalytic oxidation (Ambaye et al., 2022; Ossai et al., 2020). The chemicals used 

can contain, sequester, separate, and remove the contaminants from the polluted media. Biological 

remediation technologies include phytoremediation (using plants to extract contaminants), and different 

bioremediation (supplying nutrients and oxygen to the native microbes in the subsurface) techniques, such 

as  bioaugmentation (supplying microbes to the subsurface), biostimulation (supplying nutrients to the 

subsurface), and bioventilation (supplying oxygen to the subsurface) (Ossai et al., 2020; Van Stempvoort 

& Biggar, 2008). Most bioremediation methods occur in-situ. 

From these different techniques, some methods are favoured over others due to cost-effectiveness and 

environmental sustainability (Caliman et al., 2011; Chesnaux, 2008; Fleuchaus et al., 2018a; Koshlaf & S 

Ball, 2017; Yuniati, 2018). Bioremediation is favoured because it is non-invasive, cost-effective, and it has 

the potential to eliminate waste and contamination permanently (Firmino et al., 2015; Lim et al., 2016; 

Vidali, 2001). According to the US EPA, bioremediation represents 24% of the remediation technologies 

chosen for groundwater and soil remediation (Q. Wang et al., 2022).  

2.1.3.1 Bioremediation of BTEX 

Bioremediation is commonly used for the removal of petroleum hydrocarbons, as it has been in practice 

since the 1940’s (Ossai et al., 2020). Microorganisms, such as bacteria or fungi, are either introduced into 

the subsurface or natively present and utilized to consume and metabolize BTEX compounds. During the 

biodegradation process, microorganisms use the carbon in the BTEX compounds as a food source and 

convert them into less harmful by-products such as carbon dioxide and water (Farhadian et al., 2008; Ossai 

et al., 2020; Wongbunmak et al., 2020). 

The success of bioremediation depends on various factors, including the type and concentration of the 

pollutant, the availability of appropriate microorganisms, and environmental conditions such as 

temperature, pH, and oxygen levels (Kaur et al., 2021; Lim et al., 2016). In soils, depending on soil type 
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and its properties, BTEX behaves differently, as bioremediation in soils is governed by the interactions of 

biological, chemical, and physical processes that control contaminant degradation, mobility, and 

persistence. Microbial activity is the primary driver, with hydrocarbon-degrading microorganisms 

transforming BTEX compounds through enzymatic pathways (e.g., monooxygenases and dioxygenases) 

into intermediate products that can be further mineralized to CO₂ and H₂O (Vidali, 2001). The efficiency of 

these processes is strongly influenced by redox conditions and the availability of electron acceptors such as 

oxygen, nitrate, and sulphate, which determine degradation pathways and rates (Kaur, 2026; Kaur et al., 

2023; Miri et al., 2022). Contaminant bioavailability also plays a critical role, as sorption to soil organic 

matter and mineral surfaces can limit microbial access, particularly in fine-grained soils. Soil physical 

properties, including texture and porosity, influence oxygen diffusion, water retention, and mass transport, 

with clay and silt fractions often restricting permeability while increasing sorption capacity. Chemical 

properties such as pH, nutrient availability, and organic carbon content further regulate microbial activity, 

with optimal biodegradation typically occurring near neutral pH and sufficient nitrogen and phosphorus 

levels. Temperature is another key factor, as increased temperatures enhance microbial metabolism and 

contaminant desorption, although in clay-rich soils these benefits may be offset by diffusion limitations 

(Kaur et al., 2023, 2025). Additionally, moisture content controls both microbial activity and solute 

transport, while plant–microbe interactions in the rhizosphere can further stimulate degradation through the 

release of root exudates (Butcher et al., 2020). Together, these mechanisms highlight the complexity of soil 

bioremediation and the importance of considering site-specific conditions when evaluating contaminant 

fate and remediation efficiency. 

The subsurface itself is home to many microbes with different metabolic pathways: chemotrophic (aerobic), 

chemotrophic (anaerobic), and phototrophic (anoxygenic), and some of them have the potential to degrade 

contaminants. However, the biodegradation process depends on the availability of the microbe and the 

contaminants' transport mechanisms, such as sorption, dissolution, and volatilization (Kaur et al., 2022). 

Additionally, microorganisms have optimal temperature ranges where they experience peak growth and 

degradation rates. In Ontario, Canada, studies have shown that hydrocarbons can be degraded in cold 

climates below 15 ºC (Van Stempvoort & Biggar, 2008). In comparison, a study reported that the 

temperature range of 20- 35 ºC increased cell growth by 4-fold; however, when the temperature increased 

beyond that range to 40 ºC, growth declined rapidly (Deeb & Alvarez-Cohen, 1999). Microorganisms that 

can grow and adapt to cold environments, below 15 ºC, are considered psychrophiles. Mesophilic 

microorganisms grow within the temperature range of 15 ºC to 45 ºC, and thermophilic microorganisms’ 

optimal temperature range is 45 ºC to 75 ºC (Kaur et al., 2021). However, in the literature, most identified 

bacterial strains are mesophiles. Commonly identified genera and species that degrade BTEX include 

Pseudomonas, Burkholderia, Sphingomonas, Ralstonia, Azoarcus, Thauera, Dechloromonas, 
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and Rhodococcus (Chicca et al., 2020; Coppotelli et al., 2010; Kim & Jeon, 2009; Morya et al., 2020). Table 

2.2 summarizes hydrocarbon-degrading bacterial strains with respect to their optimal environmental 

conditions, reflecting the diversity and adaptability of microbial communities in the subsurface. Other 

parameters, like pH, affect degradation rates. For example, the optimal pH for hydrocarbon degradation is 

7.5, with a degradation rate of 78% (Pawar, 2012; Rahman et al., 2002). Extreme pH levels can affect the 

degradation process as they can create a toxic environment for the microbial community.  

Table 2.2. Bacterial Strains that can degrade hydrocarbons in the subsurface 

Bacterial Strains Optimum 

Growth 

Condition

s  

Hydrocarbon 

Degraded 

Bio-

degradabilit

y  

Degradation 

Efficiency  

Study 

Scale  

References  

Bacillus infantis  28 ºC  BTEX  Aerobic  B- 65.2% 

T- 71.02% 

E- 76.44% 

X- 74.04% 

Lab 

Scale 

(Kaur et al., 

2023) 

Microbacterium 

esteraromaticum 

28 ºC  Degrades 

BTEX in 

liquid 

medium and 

soil slurry 

Aerobic  B- 67.98% 

T- 72.8% 

E- 77.52% 

X- 74.58% 

Lab 

Scale 

(Kaur et al., 

2023; 

Wongbunma

k et al., 

2017) 

Bacillus cereus 30- 40 ºC, 

can grow 

at 55 ºC 

BTEX Aerobic or 

facultative 

anaerobic 

63.9-74.7% Lab 

Scale 

(Gilbert et 

al., 1974; 

Handayani 

et al., 2019) 

Pseudomonas 

putida  

28 ºC  Alkanes, 

BTEX  

Aerobic 89% Field 

Study 

(Chicca et 

al., 2020; 

Fonseca et 

al., 2011a; I. 

et al., 2022; 

Palleroni* et 

al., 2010; 

Szulc et al., 

2014; X. Xu 

et al., 2018) 

Acinetobacter sp. 

16S 

30- 37 ºC  Alkanes  Aerobic  69.17% Lab 

Scale  

(Cai et al., 

2021; 

Metzgar, 

2004) 

Pseudomonas 

aeruginosa 

25- 39 ºC  Alkanes, 

BTEX 

Aerobic  73- 81.49% Lab 

Scale 

(Ikram et al., 

2022; 

Kumar et 

al., 2008; 

LaBauve & 

Wargo, 

2012; Ravi 

et al., 2022) 
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Bacterial Strains Optimum 

Growth 

Condition

s  

Hydrocarbon 

Degraded 

Bio-

degradabilit

y  

Degradation 

Efficiency  

Study 

Scale  

References  

Alcanivorax 

borkumensis 

25– 30 °C BTEX Aerobic  64.7% Lab 

Scale 

(Bookstaver 

et al., 2015; 

Kadri et al., 

2018) 

Mycobacterium 

austroafricanum 

25– 37 °C Aromatic 

hydrocarbon

s (BTEX), 

methyl tert-

butyl ether 

(MTBE)  

Aerobic  MTBE: 99% 

removal for 

concentratio

ns up to 

15mg/L 

Lab 

Scale 

(Maciel et 

al., 2008) 

Sphingomonas 

paucimobilis 

20– 30 °C Polycyclic 

aromatic 

hydrocarbon

s (PAHs), 

phenanthren

e 

Aerobic  52.9%  Lab 

Scale 

(Coppotelli 

et al., 2010) 

Bacillus subtilis 25– 37 °C Alkanes 

(C10–C20) 

Aerobic  32.61% Lab 

Scale 

(Parthipan et 

al., 2017) 

Burkholderia sp. 

K24 

25– 37 °C Aromatic 

hydrocarbon

s, BTEX 

Aerobic  Not detected  Lab 

Scale 

(Morya et 

al., 2020) 

Janibacter sp. SB2 25– 35 °C PAHs, 

BTEX 

Aerobic  45.5% Lab 

Scale 

(H. M. Jin et 

al., 2013) 

Peptococcaceae 20– 30 °C Alkanes Anaerobic  Not detected  Lab 

Scale 

(Mohamad 

Shahimin & 

Siddique, 

2017; 

Siddique et 

al., 2015) 

Bacillus 

licheniformis 

ARMP2 

29 °C Petroleum 

hydrocarbon

s 

Aerobic 88% Lab 

Scale 

(Ravi et al., 

2022) 

Bacteria 

consortium: 

Pseudomonas sp., 

Yarroia sp., 

Acinetobacter sp., 

Corynebacterium s

p., 

Sphingomonas sp. 

28- 30 °C BTEX Aerobic B: 97% 

T: 93% 

E: 90% 

X: 98% 

Lab 

Scale 

(batch

) 

(Jo et al., 

2008) 

 

 

Dechloromonas 

aromatica RCB 

30 °C BTEX Anaerobic  Mineralized 

100% B, T, E 

to CO2 

Lab 

Scale  

(Chakrabort

y et al., 

2005) 
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Some successful techniques for enhancing the biodegradation of petroleum hydrocarbons are by 

oxygenating the groundwater, or amendments with nitrate (Van Stempvoort & Biggar, 2008). Oxygenating 

groundwater is an effective way to enhance degradation, as it provides oxygen to microbes, increasing the 

metabolism of organic compounds. In confined aquifers, the groundwater has no air phase, the petroleum 

hydrocarbon plume is anaerobic, which prolongs the degradation process. However, oxygenating the 

groundwater is not the most effective in low-permeability or shallow aquifers. Other electron acceptors, 

like sulphate, nitrate, or ferric iron, can be used to substitute oxygen for anaerobic microorganisms to 

degrade hydrocarbons (Van Stempvoort & Biggar, 2008). Besides providing electron acceptors to increase 

metabolism, another way to improve bioremediation is to increase the temperature of the microbe’s 

environment.  

2.1.3.2 Thermally Enhanced Bioremediation 

Thermally enhanced bioremediation helps to address the challenges of efficiency and duration of the pre-

existing bioremediation technique. Microbes grown at their optimum temperature will positively enhance 

the bioremediation process. There are multiple ways to thermally enhance the bioremediation process, such 

as electrical resistance, radio frequency techniques, and hot fluid injection (Z. Han et al., 2020; Moradi et 

al., 2018; Price et al., 1999).  

The increment in temperature does depend on the contaminants and the microbes, but studies have shown 

that a substantial increase in temperature can enhance bioremediation. Temperature is responsible for 

controlling microbial metabolism, diffusion rates, and solubility (Garnier et al., 2011; Riedel, 2019; 

Somboon et al., 2020). A study on the bioremediation of toluene showed that every time the soil-water 

temperature increased by 10 ºC, the degradation increased by 2-folds (Q. Wang et al., 2022; Yadav et al., 

2012). Additionally, BTEX is usually found in the LNAPL phase, and the permeability of microbial cell 

membranes to LNAPL increase with temperature. This further promotes the uptake of organic compounds 

and nutrients, which are provided to the bacteria (Corseuil & Weber, 1994; Lekmine et al., 2014; Zeman et 

al., 2014) The higher the rate of contaminant uptake, the higher the rate of contaminant decomposition. 

Studies have shown that in warm environments, CO2 concentration increases in the subsurface, which 

impacts microbial respiration, which further helps to understand the relationship between temperature and 

microbial activity (Kaur et al., 2021). Temperature also affects contaminant transport properties. An 

increase in temperature increases contaminant solubility and diffusivity, while decreasing its viscosity 

(Garnier et al., 2011). Majority of the studies highlight the benefits of increasing temperature for microbial 

growth.  

These thermal methods however can be energy demanding, making it not cost-effective and can increase 

GHG emissions with the burning of fossil fuels (Hinchee & Smith, 1992; Yadav & Gupta, 2022). A viable 
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alternative to this problem is using renewable energy, like solar, wind, and geothermal energy, to enhance 

bioremediation (Kaur et al., 2021; Moradi et al., 2018; Nakamura et al., 2000). While harnessing and storing 

the heat from solar and wind is complex because it is not possible to control the timing of the supply, 

underground thermal energy storage (UTES) is often used (Moradi et al., 2018). The most common UTES 

technologies are borehole thermal energy storage (BTES), and aquifer thermal energy storage (ATES)  (Ni 

et al., 2020; Q. Wang et al., 2022).  

BTES uses U-shaped pipes that circulate fluid to transport the heat from the subsurface to buildings. This 

technology has been coupled with in-situ bioremediation (BTES-ISB), and a study showed that after 

increasing the BTES-ISB working temperature 40 ºC to 80 ºC, microbial activity increased by 2-folds 

(Moradi et al., 2018; Roohidehkordi & Krol, 2021). A numerical BTES-ISB study reported 97% 

degradation of benzene over 1 year (Roohidehkordi & Krol, 2021). However, in the field, BTES is reported 

to have a low efficiency of 27- 30% (Moradi et al., 2018).  

Globally, there are more than 2800 ATES systems in operation, where 85% of all systems are in the 

Netherlands (Fleuchaus et al., 2018a). ATES uses groundwater as a sink and source to store heat, for the 

cooling and heating of buildings. ATES systems often have the same depth as groundwater contamination 

(Zuurbier et al., 2013). Thus, ATES has been coupled with in-situ bioremediation (ATES-ISB) (Kaur et al., 

2021). (Zuurbier et al., 2013) presented a numerical study that highlighted a decrease in contaminant mass 

and plume volume of chlorinated solvents. This coupled system was implemented in 2 field scale tests in 

the Netherlands, and one of them showed conditions for reductive dichlorination (Sommer et al., 2013). 

Studies have also shown that this system can degrade chlorinated volatile organic compounds (CVOCs) (Ni 

et al., 2020). (Ni et al., 2016)) carried out a study that revealed ATES environments provided ideal 

conditions for bio-reductive dechlorination through introducing Dehalococcoides into the ATES warm 

wells (20–25 ̊ C). The limitations of the ATES systems are clogging of wells and heat exchangers, corrosion 

of wells, and thermal breakthroughs (Fleuchaus et al., 2018a). 

2.1.4 Geothermal Heating with GHPs  

Electricity generation and space heating account for a large share of global energy consumption, with most 

of this energy sourced from fossil fuels. Fossil fuels are non-renewable, and their use has significant 

environmental consequences, including the release of greenhouse gases and other pollutants that drive 

climate change (Farzanehkhameneh et al., 2020). On average, buildings are responsible for 30% of the 

world's greenhouse gas (GHG) emissions. In 2011, residential buildings accounted for 6% of direct, and 

11% of indirect CO2 emissions (Soltani et al., 2019). These challenges highlight the need for an alternative 

sustainable energy solution. A renewable energy source that has been leveraged for space heating in the 
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past couple of decades is subsurface geothermal heating and cooling (Lee, 2009; Soltani et al., 2019). 

Geothermal heat pumps (GHPs), also known as ground source heat pumps (GSHPs), can be used to harness 

the geothermal heat in the subsurface (Kaur et al., 2021). Studies have shown that GHPs can reduce CO2 

emissions by 40- 60% and provide energy savings of 40- 70%, in comparison to traditional energy sources 

(Fleuchaus et al., 2018b; Kaur et al., 2021). GSHPs initial costs can be high due to borehole drilling, but 

they are economically feasible with their low maintenance cost over a 25-year lifetime period (Daemi & 

Krol, 2019). 

There has been a positive growing trend in the use of GHPs globally. The number of countries with GHP 

installations has increased from 26 in 2000, to 43 in 2010, to 54 in 2020. GHPs now have the largest 

geothermal use worldwide, accounting for 59.2% of the annual energy use (Lund & Toth, 2021). In Europe, 

about 1.7 million ground source heat pump systems with over 20,000 MWt (megawatt thermal) capacity 

were operating at the end of 2015 (Soltani et al., 2019; Vienken et al., 2019). In 2020, Canada had more 

than 700,000 residential GHPs installed with a capacity of 1,822.5 MWt and 14,235 TJ/yr (Lund & Toth, 

2021). As the global adoption of geothermal heat pumps continues to grow, it is critical to examine the 

limitations of this technology and explore its potential applications beyond reducing energy consumption 

and greenhouse gas emissions.  

2.1.4.1 How do GHPs work 

GHPs utilizes ground source thermal energy for space heating and cooling. This low-enthalpy heat is 

derived from the absorption and storage of solar energy within the subsurface, facilitated by the Earth's 

thermal conductivity and high heat storage capacity (Daemi & Krol, 2019; Kaur et al., 2021). Thus, during 

the summer months when temperatures are high, the subsurface acts like a sink. Furthermore, the subsurface 

is separated into two sections: the zone of seasonal fluctuations and below the zone of seasonal fluctuations 

(D. Banks, 2012). The seasonal fluctuations zone is directly below the ground surface, and this zone is 

affected by the seasonal temperature changes (D. Banks, 2012; Kaur et al., 2021). In Canada, this zone is 

reported to be less than 20 m below the ground surface (Kaur et al., 2021).  

Studies have shown that, below this zone, the subsurface temperature is reported to be constant and equal 

to the mean annual surface temperature, equal to around 10- 15 °C (D. Banks, 2012; Wolf, 1980). Thus, 

during the cold seasons, the ground temperature is higher than the atmospheric temperature, so the ground 

temperature can be used for heating. In contrast, during the hot seasons, the atmospheric temperature is 

greater than the ground temperature, so the ground temperature can be used for cooling (Kaur et al., 2021; 

Mustafa Omer, 2008; Roohidehkordi & Krol, 2021; Soltani et al., 2019). The GHPs extract the thermal 

energy from the shallow subsurface through ground loops, which either have groundwater or an antifreeze 

solution, and the heat is then transferred to a building using a heat exchanger. During the cooling mode, the 
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warm indoor air from the building is injected into the subsurface for it to “cool down,” and the cool air 

produced is injected into the building as air conditioning, as shown in Figure 2.1.  

 

Figure 2.1. Schematic illustration of a shallow geothermal ground-source heat pump system operating in 

cooling and heating modes 

GHP loops can either be vertical or horizontal in the subsurface, vertical GHPs require less space and, as 

such, tend to be preferred. These are typically installed at with a depth of 50- 200 m below the surface, as 

the geothermal gradient in the subsurface increases with depth. In southern Canada, the gradient is 0.01 °C 

m-1 at 50–100 m depth, 0.012 °C m-1 at 100–150 m, 0.014 °C m-1 at 150–200 m and 0.016 °C m-1 at 200–

250 m (Kaur et al., 2021). Depending on the latitude, at a depth of 50-200 m, the ground temperature ranges 

from 7°C to 21 °C. In comparison, the temperature ranges for GHP loops usually cycle between 15 ºC to 

37 ºC during the seasons, with the minimum temperature at -5 ºC or the highest temperature at 80 ºC (Lee, 

2009; L. Zhao et al., 2003). While research on the interaction between temperature gradients generated by 

geothermal heat pumps and subsurface temperatures remains limited, this topic will be further explored in 

Section 2.1.5. 

2.1.4.2 Geothermal Remediation  

A way to thermally enhance bioremediation with geothermal heating is through the usage of GHPs. GHPs 

can be utilized in the process of bioremediation to enhance the effectiveness and efficiency of remediation 

efforts by providing a renewable heat source to enhance microbial activity, and increase contaminant 

solubility, which will cumulatively accelerate the biodegradation of the contaminants (Garnier et al., 2011; 

Kaur et al., 2021; Moradi et al., 2018; Roohidehkordi & Krol, 2021). It has been proven through 

temperature-based studies that increasing temperature has a positive effect on the performance of certain 
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microbes (Kaur et al., 2022; Roohidehkordi & Krol, 2021; Van Stempvoort & Biggar, 2008; Vidali, 2001; 

Q. Wang et al., 2022). However, there are very few studies, both lab-based and site-based, that analyze the 

effects of geothermal heating on subsurface bioremediation.  

(Roohidehkordi & Krol, 2021) conducted a numerical study, using FEFLOW, of a GHP system remediating 

a well-defined mass of monoaromatic hydrocarbons for 1 year. The model had a ground temperature 

baseline of 10 °C, and a temperature profile derived from a heat transport simulation. The model switched 

between the heating and cooling mode, and the GSHP resulted in more sorption during the heating season 

(lower subsurface temperatures in November–May). However, during cooling mode, the subsurface 

temperatures rose to 18- 25 °C and the biodegradation rate drastically increased. The study highlighted a 

substantial decrease of the total contaminants mass; 97% for benzene and 93% for toluene (Roohidehkordi 

& Krol, 2021). 

(Garnier et al., 2011) explored the concept of “biothermoremediation”. The article suggested that 

bioremediation with geothermal heating can degrade 90% of organic pollutants. In the study, a field site 

was contaminated with polyaromatic hydrocarbons (PAH), volatile aromatic compounds (VAC), volatile 

organic hydrocarbons (VOHC) and hydrocarbon oil. The site remediation was enhanced with an ATES 

system, and after 5 years, 80% of the organic compounds degraded. The microbial activity was enhanced 

by the temperature increase from the ATES system, and to examine this temperature effect on the metabolic 

activity, 2 methods were used. The first method used the Dehydrogenase activity (respiratory activity) 

approach, and the second approach used the carbon source utilization profile. In the study it was observed 

that increased temperatures up to 36 °C promoted higher bacterial respiratory activity, enhancing the 

breakdown of carbon substrates. However, beyond this point, a decline in metabolic activities was observed 

due to the denaturation of enzymes. Additionally, higher temperatures reduced the viscosity, increased the 

mobility of contaminants which improved the breakdown efficiency by the bacteria, and enhanced the 

solubility and volatilization of organic pollutants (Garnier et al., 2011). In contrast, increased contaminant 

transport can be a concern if groundwater velocities are high (Kaur et al., 2021).   

(Yadav & Gupta, 2022) investigated the impact of temperature variations on biodegradation rates of 

LNAPLs, specifically toluene, in soil-water environments by using a one-dimensional column setup. The 

biodegradation rates of toluene at the certain temperatures were 0.002 mg/L/h at 4 °C, 0.008 mg/L/h at 20 

°C, 0.012 mg/L/h at 28 °C, and 0.015 mg/L/h at 36 °C (Yadav & Gupta, 2022). The elevated temperatures, 

particularly 28– 36 °C, promoted microbial growth, as the microbial count at 36 °C increased from 28 × 

104 CFU/mL to 120 × 104 CFU/mL. Additionally, the dissolution rates of NAPLs increased with 

temperature, resulting in higher concentrations of dissolved toluene in the soil water (Yadav & Gupta, 
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2022). This is good for the microbes because it enhances the bioavailability of toluene as a carbon source 

for the microbes, which accelerates its biodegradation.  

(Ni et al., 2020) conducted a comparative life cycle assessment (LCA) between the integration of ATES 

with in-situ bioremediation (ISB), and conventional heating and cooling with ISB. The study focused on 

remediating chlorinated volatile organic compounds (CVOCs). The results demonstrated that the ATES-

ISB system enhanced the biodegradation of CVOCs 13-folds compared to natural conditions. As well, the 

LCA estimated that it would take 30 years to remediate the contamination, whereas the conventional method 

would require 390 years to achieve the same level of remediation (Kaur et al., 2021; Ni et al., 2020). 

Based on the reviewed studies, geothermal heating can effectively enhance the bioremediation process. The 

findings demonstrated that the temperature generated by GHPs impacts the existing subsurface thermal 

conditions and microbial ecosystem. Microorganisms have temperature requirements for optimal growth 

and activity, and geothermal systems can help maintain the desired temperature range, providing favorable 

conditions for the microbial populations involved in bioremediation processes (Jesußek et al., 2013; Kaur 

et al., 2021). While these 2 technologies do form a more efficient technology, the feasibility of GHPS with 

bioremediation relies on the lasting impacts on the environment.  

2.1.4.3 Environmental Implications of GHPs 

While geothermal heat pumps are celebrated for their sustainable energy potential, their environmental 

impacts, ranging from subsurface temperature changes to effects on groundwater quality and ecosystems, 

reveal a complex balance between benefits and unintended consequences. The policies and regulatory 

guidelines are currently evolving for geothermal heating and ground source heat pumps. The guidelines 

already established vary across the globe, where some just focus on water supply issues, and product and 

installation guidelines, instead of thermal impacts. In Canada, there is an Ontario Regulation in the 

Environmental Protection Act about ground source heat pumps, and it only mentions the restrictions on the 

heat transfer fluid (Environmental Protection Act, 2012). The National Ground Water Association in the 

U.S. performed a study, and it stated that heat transfer calculations are approximately only required in 4% 

of the state regulatory agencies (Freedman et al., 2012). In comparison, some European countries have 

regulations specifying the minimum distance between nearby pumps, the size of the thermal plumes, and 

the operating temperature (Casasso & Sethi, 2015, 2019).  With the popularity of this technology and the 

influx of research studied in this area, policies need to be formed to protect the future of the subsurface as 

aquifers have long term memory, so the long-term effects of GHP systems can be mitigated.  

GHPs and geothermal heating offer several significant advantages. Firstly, GHPs are highly energy 

efficient. This efficiency translates into reduced energy consumption and associated cost savings. 
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Additionally, as a renewable energy source, geothermal heating contributes to a reduction in greenhouse 

gas emissions, further enhancing its environmental benefits. For example, in northern China, a life-cycle 

assessment was calculated for the energy and emissions of GHP utilization, considering the extraction, 

manufacturing, transportation, construction, and operation. The life-cycle energy consumption was 192TJ, 

with the building heating and cooling allocating 56% and 36%. The SO2, NOx, and GHG emissions were 

estimated to have a footprint of 35 MT (metric tons), 45 MT, and 19130 MT CO2e (Chang et al., 2017). 

Moreover, compared to municipal heating and cooling, there was an energy use reduction of 84% and 83%, 

and the facility is projected to achieve economic cost-effectiveness in 7.4 years, which is similar to other 

studies (Allouhi et al., 2016; Farzanehkhameneh et al., 2020; Mustafa Omer, 2008; X. Zhao et al., 2015).  

With these benefits of GHPs, some of the unintended environmental consequences can be derived from 

issues with the system itself, or from thermal effects. The temperature effects on the subsurface ecology 

and composition will be explored in Section 2.1.5. There have been reports of pipe leakages of anti-freeze 

solutions from BHEs into the subsurface, as well as defective borehole filling. Both incidents can lead to 

subsurface contamination and the distribution of contaminants between aquifers (Casasso & Sethi, 2019). 

With open-loop GHP systems (groundwater is used as the fluid in the underground loops), the re-injection 

of groundwater into the same aquifer can create a shift in the flow pattern up to several kilometres. This 

can mix different groundwater types which can impact the groundwater chemistry and cause mineral 

precipitation, resulting in possible clogging at the wells (Bonte et al., 2013). Additionally, a study from 

Washington State conducted a heat transport analysis study to compare the impacts of flow rate and 

temperature on the subsurface. The study compared different wells for a 20-year simulation period for peak 

and average load scenarios. In one scenario, the pumping rates were the same, and the subsurface injection 

temperatures were 18.1 °C and 23.1 °C. The results showed a minimal temperature drift of <0.3 °C. In 

comparison to increasing the pumping rate to 0.14 m3/s with an injection temperature of 18.1 °C, the 

temperature drift at the extraction wells increased to 0.7 °C (Freedman et al., 2012). However, it is important 

to note that the temperatures in this study are relatively close in comparison to the temperature range GHPs 

operate within (15 °C and 40 °C) as there are studies that indicate that temperature changes the subsurface. 

GHP systems can also alter subsurface temperatures in both heating and cooling modes. This has been 

demonstrated in numerous studies that discuss the impact of the alterations of subsurface temperatures 

(Barla et al., 2020; Casasso & Sethi, 2015; Herbert et al., 2013; Moradi et al., 2018; Piga et al., 2017; 

Roohidehkordi & Krol, 2021). Heating-dominating systems extract more heat in winter compared to the 

amount injected in summer, leading to a gradual subsurface temperature decline, while cooling-dominating 

systems increase ground temperatures (Marazuela & García-Gil, 2022; Roohidehkordi & Krol, 2021). In 

urban areas like Lyon, France, high GHP density resulted in permanent subsurface temperature increases, 
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sometimes exceeding 10 °C, due to the imbalance in heating and cooling demands (Garnier et al., 2011). 

Additionally, due to long-term or unbalanced operations, the propagation of thermal plumes can lead to a 

possible increase in temperature up to 70 °C (Jesußek et al., 2013). Thermal plumes can affect the efficiency 

of GSHPs, which rely on stable subsurface temperature dissipation (Casasso & Sethi, 2015). Overuse of 

GHPs can reduce system sustainability, potentially causing ground freezing, which damages structures, or 

ground warming, which decreases efficiency of the overall system and the geothermal resources (Daemi & 

Krol, 2019; UNESCO World Water Assessment Programme, 2022). 

2.1.5 Implications for Groundwater Quality and Geothermal Bioremediation   

Groundwater is a hidden resource that is sensitive to temperature and climate change effects. Increased 

groundwater and surface water temperatures, precipitation intensity, and land use changes are anticipated 

to amplify water pollution, which can negatively impact natural environments and human health (Bates et 

al., 2013). This situation is concerning because groundwater is being prioritized as a solution to alleviate 

poverty, improve access to food and water, and promoting socio-economic development (Egidio et al., 

2024). Thus, understanding and quantifying the availability of good-quality groundwater is critical. 

Quantitative projection studies have been developed for predicting the future availability of groundwater 

through quantifying groundwater recharge rates, predicting precipitation intensity, and groundwater 

vulnerability (Amanambu et al., 2020; Atawneh et al., 2021; Riedel, 2019; Stevenazzi et al., 2017; Taylor 

et al., 2013). However, there is a lack of projection tools and studies to predict groundwater quality.  

Groundwater quality considers the physical, chemical, and biological properties of this resource. 

Additionally, the biogeochemical cycle in groundwater and soils above aquifers involves the transformation 

and movement of chemical elements through biological, geological, and chemical processes. Groundwater 

is a key part of the hydrological cycle and plays a significant role in the cycling of carbon, nitrogen, sulphur, 

iron, and other elements (Ciais et al., 2014; Kappler et al., 2021; Pathak et al., 2022; Watanabe & Ortega, 

2011). Microbial activity, chemical reactions, and interactions between dissolved substances and minerals 

in the subsurface environment mediate this cycle. Microorganisms facilitate critical processes such as 

carbon respiration, nitrification, denitrification, sulphate reduction, and iron cycling, utilizing available 

electron donors (e.g., dissolved organic carbon) and electron acceptors (e.g., oxygen, nitrate, sulphate, Fe2+). 

These microbial processes regulate the mobility of nutrients and contaminants, influencing the chemical 

composition of groundwater. For example, sulphate-reducing bacteria transform sulphate into sulphide, 

immobilizing metals, while iron-reducing bacteria convert Fe3+ to Fe2+, affecting the fate of contaminants 

like arsenic by absorbing and immobilizing them (Bonte et al., 2013; Kappler et al., 2021; Pathak et al., 

2022). Phosphorus cycling, controlled by sorption to iron oxides and microbial uptake, can limit microbial 

growth, affecting organic contaminant degradation. In the biogeochemical cycle of soil, climate change can 
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alter soil moisture and atmospheric CO2 levels, thereby affecting soil microbial communities and 

hydrological cycles (Riedel, 2019). Furthermore, studies have shown that warming can affect microbial 

respiration, thereby altering the cycling of soil carbon (E. A. Davidson & Janssens, 2006; Moradi et al., 

2018). Overall, environmental contaminants and temperature changes not only affect groundwater quality 

but also alter various biogeochemical cycling processes by altering native microbial communities (Borch 

et al., 2010; Hemme et al., 2015; Madsen, 2011), and this will be investigated in the following subsections.  

2.1.5.1 Microbial Activity and Ion Interactions Influencing Groundwater 

The intersection of geothermal heating, microbial activity, ion interactions, and biodegradation in 

groundwater is a critical aspect of the biogeochemical cycling of elements, particularly in subsurface 

environments. As aforementioned, geothermal heating can enhance microbial activity, thereby accelerating 

the biodegradation of organic pollutants under favourable conditions (Bonte et al., 2013). However, the 

influence of geothermal systems on microbial communities, ion mobility, and contaminant degradation is 

complex. 

Groundwater ecosystems host diverse microbial communities that drive biodegradation by metabolizing 

organic pollutants, such as hydrocarbons, into less toxic forms. Microbial degradation processes depend 

heavily on subsurface conditions, including the availability of electron acceptors (oxygen, nitrate, sulphate, 

Fe3+) and the presence of dissolved organic carbon (DOC), which serves as an energy source for microbes 

(Kaplan & Newbold, 2000). Ions such as sulphate, nitrate, iron, and manganese serve as electron acceptors 

and donors in redox reactions that are vital to microbial respiration in groundwater. Studies have shown 

that sulphate-reducing bacteria (SRB) reduce sulphate to hydrogen sulphide during the degradation of 

organic matter at 30 °C (Deng et al., 2018, 2023). Similarly, iron-reducing bacteria utilize Fe3+ as an electron 

acceptor reducing it to Fe2+, which may influence the mobility of other contaminants, such as arsenic, 

through sorption or precipitation processes (Xue et al., 2020). These ion-driven processes regulate the 

supply of essential elements, such as nitrogen, sulphur, and carbon in groundwater, and directly modify the 

efficiency of contaminant degradation (Flynn et al., 2021). Redox conditions in the subsurface control 

microbial respiration rates and dictate whether biodegradation occurs via aerobic or anaerobic pathways. 

Under anoxic conditions, iron and sulphate reduction are dominant processes that can enhance the 

breakdown of certain organic compounds while simultaneously immobilizing metals through sulphide or 

iron precipitation (Weber et al., 2006). 

2.1.5.2 Temperature Effects on Groundwater Quality 

The influence of temperature on groundwater quality is an essential factor in understanding the complex 

interactions between chemical, biological, and physical processes within subsurface environments. 
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Elevated temperatures, whether from climate change, natural geothermal sources, or anthropogenic 

activities such as geothermal energy systems, can notably alter groundwater chemistry, microbial activity, 

and the mobility of contaminants, thereby altering overall water quality and ecosystem health. Most of the 

available knowledge on temperature-associated changes in groundwater quality is derived from studies on 

geothermal energy use (Bonte et al., 2013; Griebler et al., 2016; Vienken et al., 2019).  

2.1.5.3 Temperature Effects on Groundwater Ecology 

With respect to groundwater ecology, an increase in subsurface temperature can alter recharge rates, the 

volume of groundwater discharge, and flow rates, and can affect living organisms. With climate change 

increasing air temperatures and precipitation, studies have projected a 34% increase in groundwater 

discharge volume and a maximum temperature increase of 3.6 °C in adjacent rivers during summer months 

(Kurylyk et al., 2014). Laboratory studies suggest that a few-degree increase can alter microbial community 

structure and fauna. Groundwater invertebrates are sensitive to heat discharge; for example, stygobites 

survive in low-temperature groundwater, less than 16 °C, which is in line with the average subsurface 

temperature (Brielmann et al., 2009; Kaur et al., 2021).  

High temperatures and thermal plumes can affect groundwater flow and increase contaminant mobilization. 

Thermal plumes with high temperatures can alter groundwater density, changing the direction of 

groundwater flow. For example, groundwater can become denser due to GHP cooling or increased salinity, 

causing denser groundwater to sink while less dense groundwater rises. Differences in density can create a 

convective flow pattern, thereby impacting the general (Bonte et al., 2011, 2014; Daemi & Krol, 2019). 

Additionally, ATES operational studies have demonstrated that changes in subsurface temperatures can 

affect mineral desorption, microbial communities, and groundwater quality. A study in the Netherlands with 

an ATES system reported that a well 570 m away contained fecal microbes and that groundwater quality 

affected by the ATES system (Bonte et al., 2011; Jesußek et al., 2013). Furthermore, a laboratory study 

observed an increase in temperature from 5 °C to 60 °C, which enhanced the mobilization of heavy metals 

such as arsenic and trace elements such as potassium and phosphorus (Bonte et al., 2013).  

2.1.5.4 Temperature Effects on Groundwater Chemical and Physical Properties 

The temperature of groundwater plays an important role in modifying its chemical and physical properties, 

including solubility, ion exchange, redox reactions, and mineral dissolution. Large temperature variations 

can significantly alter groundwater chemistry and the behaviour of dissolved substances, thereby affecting 

processes such as contaminant transport, nutrient availability, and overall water quality. Studies have shown 

that naturally occurring temperature changes also affect groundwater quality. A time series analysis 

observed that climate change has been increasing soil and groundwater temperature by 0.3 °C per decade 
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(Riedel, 2019). In Italy, a 16-year study (2004-2020) examined the relationship between climate change 

and dissolved ions in groundwater. The study indicated that water hardness was significantly affected, 

aquifer discharge was reduced, and sulphate increased by about 5 mg/L at all field locations (Barbieri et al., 

2023). This may have occurred because temperature can increase the dissolution rate of minerals, thereby 

increasing the concentrations of ions such as sulphate and iron. A large-field study found that when the 

temperature is naturally in the range of 5- 20 °C, a difference of +1K can decrease oxygen saturation by 

4%, and pH by 0.02 (Riedel, 2019). Similarly, in an in-situ subsurface heating experiment, temperature 

reductions below 25 °C were associated with changes in the concentrations of Mg, Si, Li, and ammonium 

(Riedel, 2019). In a laboratory batch and column experiment, the experimental temperatures were in the 

range of 0- 100 °C, and it was observed that significant changes in the groundwater composition occurred 

in temperatures less than 40 °C (Bonte et al., 2013; Riedel, 2019). This indicates that minimal changes in 

the subsurface temperature relative to the average can impact overall groundwater quality and ecology. 

2.1.5.5 Groundwater Quality Impacts on Bioremediation  

Impact of Ions on Bacterial Metabolic Rates and Bioremediation 

Ions and chemical compounds in groundwater play a vital role in bacterial metabolism, serving as nutrients, 

electron donors, and acceptors, and directly influencing microbial processes such as bioremediation. pH 

affects enzyme activity and microbial cellular function, with neutral pH levels (6.5- 7.5) being optimal for 

growth, while extreme pH may impair metabolism and enzyme functions (Srivastava et al., 2014; Yates et 

al., 1988). CO₂ supports microbial respiration, serving as a carbon source for autotrophic bacteria, 

improving the breakdown of organic pollutants. High levels of CO2 can enhance the microbial breakdown 

of organic pollutants by providing an additional carbon source, thereby stimulating microbial growth and 

activity (Q. Jin & Kirk, 2016). Dissolved organic carbon (DOC) fuels heterotrophic bacteria growth and 

pollutant degradation, though excessive DOC can lead to oxygen depletion, hindering aerobic processes (F. 

Liu & Wang, 2022). Dissolved oxygen (DO) is necessary for aerobic biodegradation. Aerobic microbes use 

oxygen as the final electron acceptor in the breakdown of organic compounds, making DO a limiting factor 

in bioremediation. Low DO levels slow down aerobic degradation, but in anaerobic conditions, alternative 

electron acceptors (such as nitrate or sulphate) can be used (Wilson & Bouwer, 1997). Chemical oxygen 

demand (COD) reflects organic compound levels and promotes microbial activity, but excessive COD can 

deplete oxygen and create anoxic conditions (Kuo et al., 2012).  

Iron, in both Fe3+ and Fe2+ forms, participates in redox reactions and anaerobic respiration, aiding in the 

degradation of pollutants (Gadd, 2004; Rivett et al., 2008; Weber et al., 2006). Sulphate and nitrate serve 

as electron acceptors in anaerobic conditions, supporting sulphate-reducing and nitrate-reducing bacteria in 

the breakdown of organic pollutants (Z. Zhang et al., 2022). Sulphate is an important electron acceptor in 
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anaerobic conditions. SRB can use sulphate to degrade organic pollutants, producing hydrogen sulphide as 

a by-product. Sulphate availability is important for supporting anaerobic degradation pathways. Like 

sulphate, nitrate acts as an electron acceptor in the absence of oxygen. Nitrate-reducing bacteria facilitate 

denitrification, a process where nitrate is reduced to nitrogen gas while degrading organic contaminants 

(Rivett et al., 2008).  

Impact of Ions and Chemical Compounds on Temperature in Bioremediation 

The interactions among groundwater temperature (GWT), microbial activity, and chemical compounds are 

crucial to bioremediation. Increased GWT has been shown to enhance bacterial proliferation, as temperature 

is a key factor in promoting microbial diversity and activity. However, studies reveal that rapid temperature 

shifts, such as those near geothermal heat exchangers, may reduce bacterial populations due to thermal 

shock (Egidio et al., 2024). These temperature variations can also affect water quality parameters such as 

pH, dissolved oxygen levels, and manganese levels, leading to higher water treatment costs. More 

significantly, temperature increases may destabilize ecosystems, making them less habitable for certain 

organisms, thus leading to imbalances that are difficult to resolve. 

Temperature directly influences the natural attenuation of contaminants, including chlorinated solvents, by 

enhancing microbial activity. Studies have demonstrated that technologies such as ATES can maintain 

optimal subsurface temperatures, thereby considerably improving the efficiency of bioremediation 

processes (Ni et al., 2020). Research consistently shows that elevated temperatures increase biodegradation 

rates across soil, marine, and freshwater ecosystems (Roohidehkordi & Krol, 2021). In the subsurface, 

“augmented bioremediation” techniques, including the use of residual heat from thermal technologies, have 

been employed to boost the breakdown of contaminants. Seasonal temperature changes, particularly in 

colder climates, also affect biodegradation efficiency. For instance, in Nunavut, Canada, cyclic temperature 

shifts significantly improved the biodegradation rates due to the growth of psychrophilic microorganisms 

(Roohidehkordi & Krol, 2021). These data emphasize that even minor temperature fluctuations can 

remarkably enhance biodegradation, a promising concept for future bioremediation strategies. 

Temperature changes also impact groundwater quality. For example, increases in groundwater temperature 

during GSHP operations may trigger the mobilization of harmful elements, such as heavy metals, and alter 

microbial communities. Some laboratory studies found that increasing groundwater temperature enhanced 

the mobility of elements such as arsenic, iron, and phosphorus, as well as elevating DOC concentrations  

(Bonte et al., 2013). Additionally, an increase in GWT tends to decrease DO levels, limiting aerobic 

microbial activity, which is more exothermic than anaerobic processes. The reduction in DO levels can slow 
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down biodegradation, leading to higher chemical oxygen demand (COD), as more oxygen is required to 

break down organic compounds (Kuo et al., 2012).  

Moreover, ions and compounds such as CO₂, iron, sulphate, and nitrate interact with temperature to affect 

microbial metabolism and, consequently, bioremediation. For example, SRB and methanogens display 

greater activity at elevated temperatures, thereby accelerating the degradation of contaminants such as 

hydrocarbons (Bethke et al., 2011). Higher temperatures can similarly enhance redox reactions, influencing 

the concentration of these compounds in groundwater. For instance, warmer temperatures accelerate the 

reduction of iron and sulphate, promoting biodegradation but also increasing the risk of heavy metal 

contamination in aquifers. 

Chemical compounds such as pH and CO₂ further represent the link between temperature and microbial 

function. Higher temperatures can lead to a drop in pH, as water becomes slightly more acidic due to 

increased hydrogen ion dissociation (Yates et al., 1988). This pH change can affect microbial growth, as 

most microbes thrive within a narrow pH range. Similarly, elevated temperatures enhance microbial 

respiration, which increases CO₂ production. This rise in CO₂ can decrease pH levels by forming carbonic 

acid in water, additionally influencing microbial communities (Q. Jin & Kirk, 2016). DOC levels are also 

influenced by temperature, with elevated temperatures encouraging more rapid microbial degradation of 

organic matter and increasing DOC concentrations (Rajendiran et al., 2023).  

In conclusion, ions and chemical compounds, including pH, CO₂, DOC, DO, and various redox-sensitive 

elements, strongly influence temperature changes during bioremediation. Their interactions with microbial 

processes influence the overall rate and capability of contaminant degradation, making them important 

factors in the success of bioremediation strategies. Understanding these complex relationships is key to 

optimizing bioremediation in various environmental contexts, particularly in response to climate-induced 

changes in groundwater temperatures. 

2.1.6 Conclusion  

The combination of geothermal heat pumps with bioremediation is a promising, energy-efficient solution 

for degrading BTEX in groundwater. Through leveraging controlled temperature increases, GHPs enhance 

microbial activity and significantly improve the degradation rates for contaminants. The review identifies 

a range of operational parameters, including the optimal temperature range (20–35 °C), that maximize 

microbial degradation while sustaining system sustainability, and how these temperature changes impact 

the groundwater ecosystem. However, the study also reveals multiple challenges, including thermal plume 

management and potential adverse effects on groundwater chemistry, such as the release of heavy metals 

due to elevated temperatures. 



 

30 

 

To enhance Geothermal Remediation, subsequent research will need to investigate field experiments and 

numerical models and conduct environmental risk and sustainability assessments. Operational parameters 

of GHPs, including flow rates, temperature cycles, and microbial consortium selection, need to be 

optimized to assess the long-term impacts of sustained temperature increases on microbial diversity and 

groundwater quality. Numerical models need to simulate the interactions among geothermal heat, microbial 

kinetics, and contaminant transport to improve efficiency. Lastly, geothermal heating of groundwater 

chemistry, particularly the mobilization of ions (e.g., Fe, Mn, As) and organic matter, warrants further 

investigation to better understand the subsurface biogeochemical limits. 
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2.2 Ecotoxicological Assessment of Bioremediated BTEX-

Contaminated Soils Using Seed Germination Bioassays 

2.2.1 Introduction 

BTEX compounds are characterized by relatively high volatility, moderate water solubility, and low to 

moderate sorption to soil organic matter (W. Chen et al., 2010; John V. Headley S. Lee Barbour & Gong, 

2000). These properties allow partitioning among soil, groundwater, and the atmosphere. Particularly, 

benzene exhibits high mobility in groundwater and soil due to its solubility and high soil organic carbon 

sorption coefficient (Koc = 60- 83), increasing the risk of aquifer contamination (Agency for Toxic 

Substances and Disease Registry (US), 2007; Braddock & McCarthy, 1996). Toluene and xylenes can 

similarly migrate through porous media, depending on soil composition and hydraulic gradients (Lueders, 

2017; Njobuenwu et al., 2005). The environmental persistence of BTEX varies with oxygen availability, 

temperature, nutrient status, and microbial community composition (Morgan et al., 1993). Under aerobic 

conditions, BTEX compounds can biodegrade relatively quickly; however, in oxygen-limited or 

heterogeneous subsurface environments, degradation may be slower and incomplete. Sorption to soil 

particles and diffusion into low-permeability zones may further prolong their environmental residence time 

(Zytner, 1994). Therefore, BTEX contamination can persist for extended periods, notably in complex 

subsurface systems. 

Due to their hazardous and mutagenic properties, BTEX compounds represent risks to both environmental 

and human health. Benzene is classified as a known human carcinogen and is linked to hematological 

disorders and leukemia (Bolden et al., 2015a). Ecologically, BTEX compounds can cause acute and chronic 

toxicity to aquatic organisms, soil invertebrates, and plants. Exposure may impair fish survival, alter 

microbial communities, and inhibit plant germination and growth (Gissi et al., 2021; Headley et al., 2001). 

Plants are particularly important indicators of soil ecosystem health, as contaminated soils can reduce soil 

stabilization and delay ecological recovery. Given the widespread occurrence and environmental 

importance of BTEX contamination, remediation strategies are commonly implemented to reduce 

environmental risk. 

2.2.2 Need for Ecotoxicological Assessment in Remediated Soils 

Bioremediation is widely applied to treat BTEX-contaminated soils by stimulating microbial degradation 

of hydrocarbons. The success of remediation is typically evaluated using chemical analyses that measure 

decreases in contaminant concentrations. However, chemical measurements alone may not accurately 

represent ecological recovery (Alexander, 2000; National Research Council, 2003). Aging processes, 
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sorption to soil organic matter, and sequestration within soil micropores may alter bioavailability 

independently of measured concentration (Alexander, 2000; Chung & Alexander, 1998; Xiao & Zytner, 

2019). In addition, microbial degradation of hydrocarbons can produce intermediate metabolites such as 

phenols, aldehydes, and organic acids that may retain toxicological properties (El-Naas et al., 2014; 

Hernández-Ospina et al., 2024; Ladino-Orjuela et al., 2016; Weelink et al., 2010). Consequently, soils that 

meet regulatory concentration thresholds may still exhibit residual toxicity due to transformation products 

or complex mixture effects. 

Ecotoxicological assessments address this limitation by measuring the biological responses of organisms 

exposed to contaminated soils. Instead of evaluating individual chemicals in isolation, these assays assess 

endpoints such as survival, growth, and reproduction (Gong et al., 2001; Valerio et al., 2007). In the context 

of remediated BTEX soils, biological testing provides insight into whether remediation has restored 

ecological functionality rather than reduced measurable contaminant concentrations (National Research 

Council, 2013; United States Environmental Protection Agency, 1998). Biological endpoints reflect 

organism-level responses to complex environmental contaminants. Integrating bioassays with chemical 

analyses is essential for realistic environmental risk assessments, since the bioavailable fraction of 

contaminants often drives ecological effects more than total concentrations (Q. Li et al., 2023). Evidence 

from studies of hydrocarbon-contaminated soils demonstrates that decreases in contaminant concentrations 

do not always correspond to reduced toxicity. A study on microbial degradation of polycyclic aromatic 

hydrocarbons (PAHs) reduced concentrations of benzo[a]anthracene and benzo[a]pyrene by 70.4% and 

49.9%, respectively, yet soil toxicity temporarily increased due to the formation of toxic intermediate 

metabolites. These intermediates inhibited wheat seed germination and growth, induced oxidative stress, 

and reduced soil enzyme activity, demonstrating that microbial degradation of pollutants can generate 

transient toxic by-products that affect ecological health. Some of the metabolites, intermediates, and 

derivatives identified were cis-1,2-diacetoxy-1,2-dihydrochrysene, 2,4-di-tert-butylphenol, phthalic acid, 

bis(7-methyloctyl) ester (Du et al., 2025). 

2.2.3 BTEX Bioremediation and Formation of Toxic Intermediates 

Bioremediation relies on microbial metabolic pathways to transform organic contaminants into less 

complex compounds and ultimately mineralize them into carbon dioxide and water. Currently, the literature 

contains an abundance of toxicology research on phytoremediation, which uses plants to remediate land (L. 

Li et al., 2020; Steliga & Kluk, 2020, 2021; J. Tang et al., 2010; Xi et al., 2018). However, there is a lack 

of research on toxicology studies completed on remediated lands (Hernández-Ospina et al., 2024; Kaur et 

al., 2025).  
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During microbial metabolism, aromatic hydrocarbons undergo enzymatic transformations that yield 

intermediate metabolites before complete mineralization. Under aerobic conditions, BTEX degradation is 

initiated by monooxygenase or dioxygenase enzymes that introduce oxygen into the aromatic ring structure 

(El-Naas et al., 2014). These reactions produce intermediate compounds such as benzyl alcohol, 

benzaldehyde, benzoic acid, catechol, benzoic acid, and propionic acid (Hernández-Ospina et al., 2024; 

Kaur et al., 2023, 2025; Sathesh-Prabu et al., 2023; Wu et al., 2023; H. Yu et al., 2001; Yuxuan et al., 2023). 

Different BTEX compounds produce distinct intermediates. Benzene's main intermediate product is 

catechol, while toluene and ethylbenzene produce substituted catechols such as 3-methylcatechol and 3-

ethylcatechol. Additionally, xylene isomers are metabolized to mono-methylated catechols. M-xylene 

degrades to 3-methylcatechol, and some studies show that p-xylene leads to 3,6-dimethylcatechol (El-Naas 

et al., 2014).  

Anaerobic BTEX degradation occurs through different biochemical pathways. For example, toluene may 

undergo fumarate addition to form benzyl succinate intermediates, which are subsequently converted to 

benzoyl-CoA (Beller & Spormann, 1998; Leuthner et al., 1998). These processes ultimately contribute to 

hydrocarbon mineralization, although intermediate metabolites may temporarily accumulate and influence 

soil toxicity. Depending on the bacterial strain or degradation pathway, ethylbenzene can degrade into 

carbon dioxide. Xylene isomers exhibit different degradation pathways under different redox conditions. 

For example, under nitrate-reducing conditions, p- and m- xylene degraded only (Weelink et al., 2010). 

Benzene is considered recalcitrant under anaerobic conditions unless the degradation is under different 

redox conditions, such as nitrate (Weelink et al., 2010). Several studies have identified phenolic 

intermediates, such as phenol, cresols, and catechols, as transient products of BTEX biodegradation (El-

Naas et al., 2014; Hernández-Ospina et al., 2024). Not all metabolic intermediates are harmful, and aerobic 

biodegradation is less likely to produce harmful intermediates (Hernández-Ospina et al., 2024).  

2.2.4 Seed Germination Bioassays in Soil Ecotoxicology 

Seed germination bioassays are widely used to evaluate the phytotoxic effects of contaminated soils. These 

assays assess the ability of seeds to germinate and develop into early seedlings when exposed to 

contaminated substrates. Standardized methodologies such as ISO 11269-2 and OECD guidelines ensure 

consistency and reproducibility in phytotoxicity testing (International Organization for Standardization 

(ISO), 1993). Multiple protocols have been developed by individual researchers, the Organization 

Cooperation and Development (OECD), and the U.S. Environmental Protection Agency (EPA) (OECD, 

2006; US EPA, 1996).  
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Seed germination assays typically evaluate several endpoints, including germination percentage, root 

elongation, shoot length, and seedling vigour index. Among these endpoints, root elongation is often the 

most sensitive indicator of toxicity because roots are in direct contact with the soil matrix and respond 

rapidly to bioavailable contaminants (OECD, 2006). Inhibition of root growth may occur even when 

germination rates remain unaffected, making it a valuable indicator of sublethal toxicity (Adam & Duncan, 

2002; M. K. Banks & Schultz, 2005; Wei et al., 2013). 

A wide range of plant species has been employed in soil ecotoxicological testing. Commonly used species 

include lettuce (Lactuca sativa), garden cress (Lepidium sativum), wheat (Triticum aestivum), maize (Zea 

mays), barley (Hordeum vulgare), and onion (Allium cepa). Table 2.3 compares the different plant species 

used in ecotoxicology assays on remediated soil. These plants are selected based on several criteria, 

including rapid germination, uniform seed size, high sensitivity to contaminants, and reproducibility under 

controlled laboratory conditions (M. K. Banks & Schultz, 2005).  
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Table 2.3. Plant germination responses to hydrocarbon-contaminated soils following remediation treatments 

Common 

name 

Scientific 

name 

Key reference Reported sensitivity to 

contamination 

Crop 

relevance 

(Canada) 

Residual contaminant levels reported 

Lettuce Lactuca 

sativa 

(Baud-Grasset 

et al., 1993) 

37/40 seeds germinated (94%), 

indicating low residual 

phytotoxicity after remediation 

Yes — 

greenhouse 

leafy crop 

Soil remediated ~49%; total PAHs remaining 

≈ 2997.78 mg/kg 

Garden 

cress 

Lepidium 

sativum 

(Marzi et al., 

2025) 

Slight inhibition, less than 20%. 

Germinated seeds after 3 days 

C- 9.5/10, S- 5.25/10, SB- 

1.5/10, SBB- 1/10, SBP- 7/10, 

SBBP- 1/10 

Primarily 

laboratory 

bioassay 

species 

The soil was treated with these methods with a 

final hydrocarbon concentration of  

i) natural attenuation (S) – 5500 ±607 mg/kg,  

ii) treatment with biochar (SB) – 3363 ±292,  

iii) treatment with microorganism-enriched 

biochar (SBB) – 969 ±28.3,  

iv) treatment with biochar and 

phytoremediation (SBP) – 1178 ±40.3,  

v) treatment with microorganism-enriched 

biochar and phytoremediation 

(SBBP) 1199 ±99.3   

Tall 

fescue 

Festuca 

arundinacea 

Slight inhibition, less than 20%. 

Germinated seeds after 3 days 

C- 5.5/10, S- 2.25/10, SB- 

2.5/10, SBB- 4.75/10, SBP- 

6/10, SBBP- 4.75/10 

Oat Avena sativa (Baud-Grasset 

et al., 1993) 

21/22 seeds germinated (95%), 

indicating relatively low residual 

toxicity after remediation 

Yes — 

cereal crop 

grown in 

Canada 

Soil remediated ~49%; total PAHs remaining 

≈ 2997.78 mg/kg 

Wheat Triticum 

aestivum 

(Du et al., 

2025) 

Reduced germination, seedling 

growth and chlorophyll due to 

toxic intermediates; oxidative 

stress observed. Root length 

inhibition rates 26.24% with a 

germination potential of 60% at 

20 days 

Yes — 

major crop 

TPH concentration was 134 mg/kg 

Benzo[a]anthracene was reduced by 70.4% 

and benzo[a]pyrene by 49.9% during 

microbial degradation, with a final 

concentration of 2.66 mg/kg BaA, 3.5 mg/kg 

BaP 

Wheat Triticum 

aestivum 

(Miri et al., 

2022) 

p-xylene inhibits seed 

germination and root elongation. 

Yes — 

major crop 

Mean p-xylene removal for sample X (94.1%) 

and X/5 (92.9%) 
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Common 

name 

Scientific 

name 

Key reference Reported sensitivity to 

contamination 

Crop 

relevance 

(Canada) 

Residual contaminant levels reported 

Sample X had 18/20 seeds 

germinated, X/5 had 15/20 seeds 

germinate 

White 

mustard 

Sinapis alba (M. Wang et 

al., 2025) 

10 seeds, triplicates, germination 

rate after 4 months 

BT1: 90% 

BT2: 100% 

BT3: 90% 

Minor crop/ 

cover crop 

After 4 months, these are the degradation rates 

of  

BT1 (bacterial treatment 1), 63.42% 

BT2 (bacterial treatment 2), 73.08% 

BT3 (bacterial treatment 3), 78.34% 

 

TPH concentrations at 3 sampling points:  

BT1- 11036 ± 225 mg/kg, 5736 ± 324 mg/kg, 

4038 ± 71 mg/kg 

 

BT2- 11318 ± 103 mg/kg, 4731 ± 99 mg/kg, 

3046 ± 60 mg/kg 

 

BT3- 10941 ± 145 mg/kg, 2433 ± 76 mg/kg, 

2370 ± 34 mg/kg 

Sorghum Sorghum 

saccharatum 

10 seeds, triplicates, germination 

rate after 4 months 

BT1: 86.7% ± 9.4% 

BT2: 83.3% ± 12.5% 

BT3: 83.3% ± 4.7% 

Regional 

forage crop 

Garden 

cress 

Lepidium 

sativum 

10 seeds, triplicates, germination 

rate after 4 months 

BT1: 90% 

BT2: 100% 

BT3: 100% 

Primarily 

laboratory 

bioassay 

species 
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The selection of plant species is an important consideration in seed germination bioassays because different 

species exhibit varying sensitivities to environmental contaminants. Studies have shown that lettuce and 

garden cress are among the most sensitive species for detecting hydrocarbon toxicity, while cereal crops 

such as wheat and barley may demonstrate greater tolerance to certain petroleum hydrocarbons (M. K. 

Banks & Schultz, 2005). Smaller seeds may also demonstrate increased sensitivity due to limited nutrient 

reserves during early development (Robson et al., 2004). In addition to sensitivity considerations, the 

ecological relevance of selected species should be considered. For studies conducted in Canada, crop 

species such as wheat, barley, and lettuce are particularly relevant because they are widely cultivated and 

represent economically important agricultural plants. Evaluating the effects of contaminants on these 

species can therefore provide insight into the potential impacts of soil contamination on agricultural 

productivity and ecosystem health. 

Studies have demonstrated variable plant responses to hydrocarbon-contaminated soils. Lactuca sativa and 

Avena sativa showed high germination success following remediation, with germination rates of 94% and 

95%, respectively, suggesting relatively low residual phytotoxicity despite total PAH concentrations 

remaining at approximately 2997.78 mg/kg (Baud-Grasset et al., 1993). Similarly, Lepidium sativum 

exhibited only slight inhibition (<20%) across several remediation treatments, with germination occurring 

within three days; however, treatments involving microorganism-enriched biochar substantially reduced 

hydrocarbon concentrations to as low as 969 ± 28.3 mg/kg (Marzi et al., 2025).  

In contrast, Triticum aestivum demonstrated greater sensitivity to contamination. (Du et al., 2025) reported 

a germination potential of approximately 60% after 20 days, with root length inhibition of 26.24%, 

indicating significant phytotoxic effects likely associated with toxic intermediate metabolites formed during 

PAH degradation. Other species, such as Sinapis alba and Sorghum saccharatum demonstrated relatively 

high germination rates after microbial treatment, ranging from 83.3% to 100%, suggesting improved soil 

conditions following biodegradation (M. Wang et al., 2025). 

2.2.5 Advantages and Limitations of Seed Germination Bioassays 

Seed germination bioassays offer several advantages for evaluating soil toxicity. One of the primary 

strengths of these assays is their simplicity and rapid turnaround time. Germination tests can typically be 

completed within a few days to two weeks, allowing researchers to screen multiple soil samples or 

remediation treatments rapidly (Adam & Duncan, 2002; Masakorala et al., 2013). Additionally, the assays 

require relatively inexpensive materials and minimal laboratory equipment, making them accessible for 

routine environmental monitoring. Another advantage is the ecological relevance of plant endpoints. Plants 

play a fundamental role in terrestrial ecosystems by stabilizing soil, cycling nutrients, and forming habitats. 
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Consequently, inhibition of plant germination or early growth may signal broader ecological impairment, 

because seed germination assays measure biological responses to the bioavailable fraction of contaminants, 

they can detect toxicity even when chemical analyses suggest that contaminant concentrations are below 

regulatory thresholds (Zaman et al., 2025). 

However, seed germination bioassays have limitations. Laboratory test conditions may not fully replicate 

field environments, where factors such as soil heterogeneity, microbial interactions, and climate influence 

plant growth. In addition, germination assays focus primarily on early developmental stages and may not 

capture long-term ecological effects on plant communities. For this reason, seed germination assays are 

often used in combination with other ecotoxicological tests, including microbial respiration assays, 

earthworm survival tests, and enzymatic activity measurements (M. K. Banks & Schultz, 2005; Knoke et 

al., 1999; Roques et al., 2023). Integrating multiple biological endpoints with chemical analyses provides 

a more comprehensive evaluation of soil toxicity and remediation effectiveness. 

2.2.6 Knowledge Gaps and Future Directions 

Despite extensive application of seed germination bioassays in contaminated soil studies, several 

knowledge gaps persist. First, there is no universally accepted species selection framework specific to 

BTEX-impacted soils, and sensitivity data for many crops remain inconsistent across studies (M. K. Banks 

& Schultz, 2005). Standardization of test species, exposure durations, and endpoint metrics is needed to 

enable direct comparisons among remediation approaches and contaminated sites. Second, while 

germination endpoints are useful for early toxicity screening, there is limited understanding of the long-

term ecological relevance of early plant responses, particularly for plant establishment and community 

dynamics in situ. Integrating seed assays with longer-term growth experiments or field trials could help 

bridge this gap. 

Furthermore, most bioassays focus on parent compounds, yet toxic intermediates produced during 

biodegradation may exert distinct or delayed effects on plant physiology (M. Wang et al., 2025; W. Wang, 

1991). Future research should therefore expand to include targeted analysis of known transformation 

products alongside biological endpoints and biomarkers. Finally, incorporating seed germination assays 

into regulatory risk assessment frameworks for contaminated land could improve decision-making by 

emphasizing functional recovery alongside chemical thresholds. 

2.2.7 Conclusion 

Seed germination bioassays represent a valuable ecotoxicological tool for assessing the environmental 

impacts of BTEX-contaminated soils and evaluating the effectiveness of remediation strategies. While 
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chemical analyses provide essential information regarding contaminant concentrations, they do not 

necessarily reflect the biological availability or ecological effects of pollutants and their transformation 

products. Biological assays, therefore, play a crucial complementary role in environmental risk assessment. 

During the bioremediation of petroleum hydrocarbons, microbial metabolic processes transform BTEX 

compounds via a series of intermediate metabolites before complete mineralization. Some of these 

intermediates may temporarily increase soil toxicity and affect plant development. 

Seed germination bioassays are particularly useful for this purpose because early plant development is 

highly sensitive to environmental stressors. Measurements of germination rate, root elongation, and 

seedling vigour provide rapid, cost-effective indicators of soil phytotoxicity. When applied alongside 

chemical analyses and other biological assays, seed germination tests can provide a comprehensive 

evaluation of soil quality and ecological recovery following remediation. Overall, integrating 

ecotoxicological bioassays into remediation assessment frameworks enhances the understanding of 

contaminant bioavailability, transformation processes, and ecological risk.  
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Chapter 3: Temperature Impacts on Groundwater 

Properties and BTEX Biodegradation  

3.1 Introduction 

Groundwater is a critical source of drinking water in many regions worldwide, including Ontario, Canada, 

where a significant portion of the municipal water supply relies on subsurface aquifers. However, 

groundwater systems are vulnerable to contamination from petroleum hydrocarbons, particularly 

monoaromatic compounds such as benzene, toluene, ethylbenzene, and xylene (BTEX). These compounds 

are commonly released into the subsurface through fuel leaks, industrial activities, and improper waste 

disposal. Due to their relatively high solubility and mobility in water, BTEX compounds can migrate 

through aquifers, posing significant risks to human health and aquatic ecosystems. Among these 

compounds, benzene is particularly concerning due to its persistence and known carcinogenic properties. 

Biodegradation is widely recognized as one of the most effective and sustainable mechanisms for removing 

petroleum hydrocarbons from contaminated groundwater. Indigenous and introduced microorganisms can 

metabolize hydrocarbons as carbon and energy sources through aerobic or anaerobic pathways. Numerous 

bacterial genera have demonstrated the ability to degrade BTEX compounds, including Bacillus, 

Microbacterium, and various mixed microbial consortium. Compared to monocultures, microbial 

consortium often exhibits enhanced degradation efficiency due to synergistic metabolic interactions, in 

which one organism further transforms intermediate products generated by another. 

Environmental factors play a critical role in controlling microbial activity and biodegradation rates in 

groundwater systems. Among these factors, temperature is particularly important because it directly 

influences microbial metabolism, enzyme activity, and substrate utilization rates. Temperature variations 

can alter microbial growth kinetics, affect the stability of hydrocarbon-degrading enzymes, and influence 

the physical properties of groundwater such as dissolved oxygen availability. In subsurface environments 

influenced by geothermal heat pump (GHP) systems or seasonal temperature fluctuations, groundwater 

temperatures may vary substantially, potentially impacting the natural attenuation of hydrocarbon 

contaminants. 

Despite the importance of temperature in microbial degradation processes, there is limited experimental 

data examining how temperature variations influence microbial growth and BTEX biodegradation in 

groundwater systems representative of Ontario aquifers. Understanding these interactions is important for 
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predicting biodegradation potential in subsurface environments and for designing effective bioremediation 

strategies. 

Therefore, the objective of this chapter was to investigate the influence of temperature on microbial growth 

dynamics and BTEX biodegradation in groundwater. Groundwater samples collected from the Waterloo 

region were first characterized to determine their physicochemical and biological properties. Two bacterial 

strains (Microbacterium esteraromaticum and Bacillus infantis) and a laboratory-prepared microbial 

consortium were then evaluated for their growth performance and BTEX degradation ability in groundwater 

microcosms. Experiments were conducted at three temperatures (15 °C, 28 °C, and 40 °C) to represent 

potential environmental and geothermal conditions. 15 °C mimics the average temperature of the Canadian 

shallow subsurface, 28 °C is the optimum temperature for the mesophilic bacteria used in the experiments, 

and 40 °C was the upper bound to pose stress on the microbes. Microbial growth, BTEX degradation 

kinetics, and changes in groundwater properties were analyzed to assess how temperature influences 

microbial activity and contaminant degradation in groundwater systems. 

3.2 Materials, Analytical Methods and Instruments  

3.2.1 Groundwater 

3.2.1.1 Groundwater Collection 

Waterloo is the largest urban municipality in Ontario that relies heavily on groundwater for drinking water. 

In this region, the Waterloo Moraine comprises several aquifers and aquitard units, and the permitted 

location for water collection is at the Wilmot Centre Well Field. Groundwater samples were collected from 

an overburden well on November 28th, 2022, and on May 9th, 2024, in a dark opaque 25 L container. The 

well was screened from 45.4 to 48.5 mBGS (below ground surface), and the borehole profile is available 

in Appendix A. The well was situated near agricultural farmland, and the water quality reports from the 

Waterloo region are in Appendix A. The groundwater was stored at 4 °C in a cold room until it was used in 

experiments. 

3.2.1.2 Groundwater Characterization and Analytical Methods 

The water quality reports from the Waterloo region served as a baseline for understanding the 

characterization and types of organics, salts, and metals present, as detailed in Appendix A. Once obtained, 

the groundwater samples underwent various water quality tests to assess its physicochemical and biological 

properties which are described below. Biological tests included analyzing the groundwater for microbial 

communities through colony-forming unit (CFU) plating and a DNA extraction kit. Physicochemical tests 
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involved measuring pH, dissolved oxygen (DO), total solids (TS), volatile solids (VS), chemical oxygen 

demand (COD), and analyzing anions using an ion chromatography system. 

In the growth kinetic experiments to observe the effects of temperature on groundwater properties, data for 

the following 3 analytical methods were collected: pH, DO, and ion chromatography for anion analysis.  

CFU Plating 

The groundwater sample contained some sediments, thus it was mixed to a homogeneous mixture. 50 µL 

of the groundwater sample was spread onto a prepared agar Petri plate and incubated at 30 ± 1 °C for 48 h. 

This was completed for both groundwater samples (2022 and 2024).  

DNA Extraction Kit 

A Zymo Research Quick-DNA Fecal/Soil Microbe Micro-Prep DNA Extraction Kit was used, and the 

procedure was completed. The remaining sample was analyzed with the Thermo Scientific™ Nanodrop 

Lite Spectrophotometer UV/V is reader.  

pH and DO 

The pH and DO meters were calibrated before use, and readings were obtained immediately upon sample 

preparation. 

Total Solids   

Total solids were measured according to US EPA Method 1684. Samples were taken in triplicate. First, the 

empty aluminum trays were weighed (Wdish). 30 g of the sample was placed on the tray and covered with a 

watch glass. The samples were then dried at 105 ± 2 °C for 12 h in the VWR Gravity Convection Oven. 

Trays were cooled in a desiccator containing fresh desiccant and weighed using a bench scale. The trays 

were placed in the oven again for 1 h, cooled in the desiccator to balance the temperature, and weighed 

again. The heating, cooling, desiccating, and weighing procedure was repeated until the weight change was 

less than 4% or 50 mg, whichever was lower. The final weight was recorded (Wtotal) (US EPA Office of 

Water, 2001). 

Volatile Solids  

The volatile solids procedure was conducted in conjunction with the total solids procedure, following the 

US EPA Method 1684. The evaporating dishes containing the dried residues were transferred to a cool 

muffle furnace. The furnace was heated to 550 ± 1 °C, and trays were placed in for 2 hours. The trays were 

then cooled in a desiccator to balance the temperature. Residues were weighed. The procedure of igniting 
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(30 min), cooling, desiccating, and weighing was repeated until the weight change was less than 4% or 50 

mg, whichever was lower. The final weight was recorded (Wvolatile) (US EPA Office of Water, 2001). 

Chemical Oxygen Demand (COD)  

The COD method followed the US EPA Reactor Digestion Method 8000. According to WHO Guidelines, 

groundwater is expected to have a COD less than 10 mg/L because groundwater has low organic matter, 

thus the ultra-low range was selected: 0.7 to 40 mg/L COD (Huo et al., 2021). The DRB200 Reactor was 

preheated to 150 ± 1 °C. COD hatch vials were used. 2 mL of a homogeneous groundwater mixture was 

added to each vial. A blank vial with deionized water was also prepared. Vials were tightly closed and gently 

inverted several times. The vials were placed in the digester for 2h at 150 ± 1 °C. Afterwards, the digester 

was turned off, and the vials were cooled to 120 ± 1 °C or lower for 20 minutes. Vials were inverted, and 

the COD was measured with the DR3900 HACH Spectrophotometer (US EPA, 2021).  

Ion Analysis  

Ion concentrations were detected using a Thermo Scientific™ Dionex Ion Chromatography (IC) system 

(Dionex AS158 ion chromatograph) integrated with an autosampler at York University. The anion separator 

column (Dionex IonPac AS15, 4x250 mm) was integrated into the IC system, with an AG15 guard column 

and a suppressed conductivity detector. The system temperature was maintained at 30 °C. Sample vials 

were 1.5 mL, and the injection volume was 25 µL. The system had a flow rate of 1.2 mL/min, with a 

duration of 20 minutes/ injection. The analysis was performed with 38 mH potassium hydroxide (KOH) as 

the carrier eluent. The software connected to the system was the data collection software Chromeleon.  

The anions phosphate (PO4), nitrite (NO2), chloride (Cl), sulphate (SO4), and nitrate (NO3) were selected 

for analysis based on the Region of Waterloo groundwater characteristics and the anions that facilitate 

microbial growth. Standard samples with the concentration of 0.01 mg/L, 0.05 mg/L, 0.1 mg/L, 0.5 mg/L, 

and 1 mg/L were made with the following salts: (NH4)2SO4, NaNO3, KH2PO4, NaCl, and NaNO2. 

(NH4)2SO4, NaNO3, KH2PO4, NaCl all had purities > 99%, and NaNO2 had a purity of > 97%. The standards 

and blanks (DI water) were placed in 1.5 mL Dionex AS-AP Autosampler vials with split caps. Samples 

and blanks were tested on the instrument.  

3.2.1.3 Statistical Treatment and Uncertainty  

All experiments were completed in duplicates (n=2). Calibration curves were created for each anion 

phosphate (PO4), nitrite (NO2), chloride (Cl), sulphate (SO4), and nitrate (NO3), and graphs are in Appendix 

D, Figure D.1-D.5. The limit of detection (LOD) and limit of quantification (LOQ) of the system for each 

compound was determined before experimental use to ensure proper use of the chromatography unit. The 
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LOD was 1 mg/L, and the LOQ was 50 mg/L. 100 mg/L stock solutions were prepared for each ion and 

diluted to concentrations of 1 mg/L, 5 mg/L, 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, and 50 mg/L for 

calibration curves. Duplicate vials and duplicate injections per vial were completed. If sediment or microbes 

were present in the samples, the samples were filtered using a 0.2 µm syringe filter. All curves had an R² > 

0.95. Data was processed using Excel. 

3.2.1.4 Groundwater Sterilization  

The groundwater was sterilized to remove native microbial communities noticed from the CFU count. 

Different sterilization methods were applied to the groundwater, including autoclave steam sterilization at 

121 ± 1 °C, dry heat oven sterilization at 160 ± 1 °C for 2 h, and pasteurization at 70 ± 1 °C for 30 seconds. 

Pasteurization sterilized the groundwater, leaving it free of any precipitate. The final pasteurization method 

included filtration with a 0.22 µm sterilized syringe filter in an autoclaved flask, which was then placed on 

a hot plate, and the groundwater temperature was measured repeatedly until it reached 70 ± 1 °C. The 

groundwater was heated to 70 ± 1 °C for 30 seconds, then cooled to below 15 ± 1 °C. 

3.2.2 Microorganisms and Growth Media  

3.2.2.1 Microorganism Selection 

Microbacterium esteraromaticum, Bacillus infantis, and a laboratory-prepared microbial consortium were 

used in the experimental trials. These microorganisms were isolated from soil samples collected from 

boreholes located in Toronto, Ontario. The sampling site was non-contaminated, and the boreholes were 

originally constructed for a planned geothermal heat pump installation. Microbacterium esteraromaticum, 

Bacillus infantis, and the strains incorporated into the consortium were selected based on their demonstrated 

growth performance and BTEX degradation potential, as reported in the literature and supported by 

preliminary experiments conducted by a laboratory colleague (Kaur et al., 2023). The consortium was 

created with 12 isolates with higher growth and degradation ability.   

Table 3.1. 12 isolates in the consortium with their optimum growth temperature (Kaur et al., 2023; Schober 

et al., 2025) 

 Soil-isolated Strain  
Accession Number by 

GenBank 

Optimum Growth 

Temperature  

1 Microbacterium paraoxydans OQ582075 37 °C 

2 Microbacterium paraoxydans OQ582076 37 °C 

3 Bacillus subtilis OQ582077 30 – 35 °C 
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 Soil-isolated Strain  
Accession Number by 

GenBank 

Optimum Growth 

Temperature  

4 
Microbacterium 

esteraromaticum 
OQ582078 30 °C 

5 Microbacterium paraoxydans OQ582079 37 °C 

6 Microbacterium lacusdiani OQ582080 28 °C 

7 Nocardia asteroides OQ582088 30 – 37 °C 

8 Peribacillus simplex OQ582088 30 °C 

9 Microbacterium maritypicum OQ582090 28 – 30 °C 

10 Microbacterium paraoxydans OQ582091 37 °C 

11 Bacillus infantis OQ582092 37 – 40 °C 

12 Exiguobacterium mexicanum OQ582093 30 °C 

 

3.2.2.2 Microorganism Growth and Preparation Methods 

Tryptic soy agar (TSA) was prepared by dissolving 30 g of dehydrated tryptic soy broth (TSB) in 1 L of 

distilled water, with 1.5% agar added as a solidifying agent. The TSA was poured into sterile Petri plates 

and allowed to solidify before use for plating and streaking microorganisms. All individual strains and the 

consortium culture were stored at −80 ± 1 °C before use and defrosted for streaking plates. The streaked 

plates were incubated in a static incubator for 48h at 28 ± 1 °C. For inoculum preparation, single colonies 

were grown in flasks containing TSB media for 24 h in a shaker incubator (INFORS HT) at 28 ± 1 °C and 

200 RPM. TSB was used as it is a nutrient-rich medium that provides essential compounds for microbial 

growth. Each 20 mL microcosm was inoculated with a starting OD600 = 0.04 (equivalent to 2% of an OD600 

2.0 culture). 

3.2.2.3 Growth Media Selection  

To determine the nutrient media that enhance microbial growth in monocultures, preliminary experiments 

were conducted. Microbacterium esteraromaticum and Bacillus infantis were attempted to grow in 

unsterilized groundwater (no nutrients), 2% Lysogeny broth (LB), mineral salt media (MSM), 3% yeast 

extract, 3% dextrose, and a combination of 3% yeast extract and 3% dextrose. LB media was curated by 
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mixing 2.0 g of LB in 1 L of distilled water. MSM media was made with the composition of 1.8 g K2HPO4, 

4.0 g NH4Cl, and 0.01 g FeSO4. 7H2O, 0.1 g NaCl, and 0.2 g MgSO4.7H2O per 1 L of distilled water. The 

iron sulphate salt was prepared separately in distilled water, sterilized by a 0.5µm syringe filter, and added 

to the salt media before the experiment. Yeast extract and dextrose were both prepared at 3.0 g/L. All media 

were autoclave sterilized at 121 ± 1 °C before use in experiments. The selected media for the final bacterial 

growth experiments vary. Microbacterium esteraromaticum and the consortium were grown with 3% yeast 

extract, and Bacillus infantis was grown with 3% yeast extract and 3% dextrose. Yeast extract contains 

amino acids, peptides and vitamins, while dextrose and BTEX are carbon sources, both essential for 

microbial growth.  

3.2.2.4 Microorganism Analytical Methods 

To record the growth rate, microbial samples were collected every 4 h for the first 16 h, then every 8 h until 

the strain began to decline. A micro-syringe was used to collect the sample, and the cell count was obtained 

using a spectrophotometer (96-well plate reader, Gen5, Epoch (BioTek)) at 600 nm.  

3.2.3 BTEX and Degradation 

BTEX, the contaminant of concern, was used as a carbon source for the selective isolation of BTEX-

degrading bacteria and for growth experiments. B, T, E, X compounds were acquired from Fisher Scientific 

at a >97% purity grade. Experiments contained a total of 200 mg/L BTEX at a 1:1:1:1 ratio (therefore 50 

mg/L of each compound).  

3.2.3.1 BTEX Degradation Analytical Method 

BTEX concentrations were detected and analyzed using a Gas Chromatography- Mass Spectrometry (GC-

MS) system (Agilent 7820A, Agilent Technologies) connected to a Solid Phase Micro-Extraction (SPME) 

headspace sampler (Clarus 500, PerkinElmer, USA) at York University, Ontario. The column integrated 

into the GC system was an Agilent J&W CP-Sil 5 CB GC column (30 m × 0.25 mm × 1.00 μm). The 

headspace system was maintained at 90 ± 1 °C and 120 ± 1 °C for the needle and the transfer line, 

respectively. Sample vials were heated and agitated for 10 min at 80 ± 1 °C before injection. The vials were 

auto-sampled with a needle and transferred to the column. The extraction occurred at 40°C for 24 minutes. 

The analysis was performed with helium as the carrier gas.  

3.2.3.2 GC Sample Preparation 

Samples were prepared in 20 mL GC headspace vials. Each vial consisted of 20 μL of the test solution, 5 

mL of distilled water, and 30 μL of fluorobenzene-D5 (4 mg/L, diluted in methanol) as the internal standard. 

Using the dilution formula, 20 μL of the test solution equated to a concentration of 200 μg/L for each BTEX 
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compound, to remain within the LOQ of the GC system. Vials were sealed with crimp caps to prevent 

volatilization.  

3.2.3.3 Statistical Treatment and Uncertainty  

All experiments were completed in duplicates (n=2). Calibration curves were created for each BTEX 

compound, graphs are in Appendix C, Figure C.1- C.5. Internal standards were used to assess 

reproducibility. The LOD for all compounds was 2 μg/L. The LOQ for benzene was 200 μg/L, as 

concentrations past that would plateau and not provide accurate concentration readings. For toluene, 

ethylbenzene, and m-, p-, o- xylene, the LOQ was 1045 μg/L, but to be consistent, the calibration curves 

were generated over the range of 2-209 μg/L. All curves had a R² > 0.95. Data was processed using Excel. 

3.2.3.4 BTEX degradation half-life 

BTEX half-life was determined by estimating compound half-lives based on measured concentrations 

through the degradation experiments. To calculate the half-life, first-order degradation kinetics were used. 

The rate constant 𝑘 represents the rate of decay over time, and the contaminant half-life 𝑡1/2 represents the 

time required for the concentration to decrease by 50%.  

The model assumes that contaminant concentration decreases exponentially with time.  

Rate constant: 

𝑘 =
ln⁡(𝐶0/𝐶𝑡)

𝑡
 

Half-life: 

𝑡1/2 =
ln⁡(2)

𝑘
 

Where, 

• 𝐶0= initial contaminant concentration 

• 𝐶𝑡= concentration at time 𝑡 , at the end of the experiment or when the compound was completely 

degraded  

• 𝑡= time (h) 

• 𝑘 =⁡first-order degradation rate constant (h-1) 

• 𝑡1/2= contaminant half-life (h) 
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3.2.3.5 Detection of Biodegradation Metabolites Using LC–MS 

The following treatment, as shown in Table 3.2, was submitted for chemical characterization by liquid 

chromatography-mass spectrometry (LC-MS). Similar to the preparation of the serum bottles for the 

BTEX degradation and growth analysis, the serum bottles with the treatments listed below were incubated 

in the shaker incubator (INFORS HT) at 28 °C and 180 RPM for 48 h. BTEX control and BTEX 

treatment samples were submitted at 0 h, while all 3 treatments were submitted for 48 h. Collected 

samples were filtered using a 0.22 µm syringe filter to remove possible suspended matter. Filtered 

samples were transferred into 1.5 mL glass vials and stored at 4 °C before analysis to minimize chemical 

transformation and microbial activity. The three treatment sets were submitted for untargeted and targeted 

analyses to detect a wide range of organic compounds and to identify compounds reported as 

intermediates in BTEX biodegradation pathways. LC-MS analysis was performed at the YSCi Core Mass 

Spectrometry Facility at York University by Maxime Rossato.  

Table 3.2. Treatment groups submitted for LC-MS analysis. 

 
Untargeted Targeted 

Treatment set T0 T48 T0 T48 

1. Groundwater    x     

2. Groundwater + yeast extract + 200 mg/L BTEX  x x     

3. Groundwater + yeast extract + 200 mg/L BTEX + 

consortium  x x   x 

3.2.4 Experimental Set-up  

To study the growth effects and biodegradation abilities of the previously mentioned bacterial strains, batch 

treatments were used. 100 mL serum bottles with septum crimp caps were used, containing 20 mL of 

groundwater supplemented with/without nutrients, depending on the experiment, and spiked with 200 mg/L 

of BTEX. Serum bottles were inoculated with the bacteria at 2% of 2 OD. Bottles were incubated in a 

shaker incubator (INFORS HT, MaxQ 6000 Stackable Incubated and Refrigerated Shakers, and/or MaxQ 

4450 Benchtop Orbital Shaker) at 15 ± 1 °C, 28 ± 2 °C, and 40 ± 1 °C. The temperature range was selected 

based on the GHP working conditions (Roohidehkordi & Krol, 2021). Groundwater characteristics, 

microbial growth and BTEX degradation were analyzed for each temperature-dependent experiment. Table 

3.3 describes the samples in the batch experiment and their purpose. The analysis parameter dictates the 

negative control in the treatment set. For analyzing bacterial growth, the positive control is a sample 

containing only bacteria. For analyzing BTEX degradation, the positive control in the sample contains only 

BTEX. All experiments were completed in duplicates. 



 

49 

 

Table 3.3. Experimental samples used in batch experiments 

 

 

Figure 3.1. Schematic representation of bacterial preparation and BTEX degradation 

3.2.4.1 Personal Protective Equipment (PPE) 

Due to the nature of the experiments involving bacteria and volatile compounds (BTEX), lab coats, gloves, 

and masks were always worn. Safety glasses were sometimes worn during the experiment setup. All BTEX 

sampling was done in the fume hood.  

3.3 Results and Discussion  

3.3.1 Initial Characteristics and Properties of Groundwater 

The presence of microbial communities in the groundwater samples was assessed using the plate count 

method. Samples were directly inoculated on nutrient agar plates, and the total bacterial count was 

Sample Description Purpose 

1 Groundwater Abiotic control 

2 Groundwater + bacteria Bacterial growth control 

3 Groundwater + 200 mg/L BTEX BTEX volatilization control 

4 Groundwater + bacteria + 200 mg/L BTEX Biodegradation experiment  
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expressed as colony-forming units per millilitre (CFU/mL). The 2022 groundwater sample was plated 

twice, yielding colony counts of 40 CFU/mL and 100 CFU/mL. For the 2024 groundwater sample, the CFU 

count was 20 CFU/mL of groundwater on 2 different plates, as shown in Figure A.3 in Appendix A. This 

low microbial count indicates a limited presence of culturable microorganisms within the sampled 

groundwater. Despite the low CFU count, the presence of even a small number of viable microorganisms 

suggests that some indigenous bacteria may persist under certain conditions, which requires that the 

groundwater be sterilized.  

The DNA extraction kit showed low 260/280 readings and low concentration readings on the Nanodrop 

spectrophotometer. The 260/280 reading was 1.18, yielding a concentration of 6.5 ng/µL. This is lower than 

the ideal ratio of 1.80, with a concentration of 15 ng/µL; thus, the DNA and/or RNA are below the detection 

limit, indicating the groundwater sample has low DNA/RNA.   

pH readings were taken in triplicate, resulting in an average pH of 7.7 ± 0.02. This indicates a neutral pH, 

typical for water. The pH was expected to be in the range of 6.5-8.8, as the well site was near an agricultural 

area and nitrate fertilizers could acidify the groundwater. The DO had a concentration of 7.05 mg/L 

Groundwater typically has low organic matter content; the VS and TS were expected to be low. The mean 

total solids were 3 ± 0.003 mg, and the volatile solids mean was 0.8 ± 0.001 mg. Similarly, the COD did 

result in the ultra-low range value, 26 ± 1.4 mg/L, which was higher than expected, but still in the ultra-low 

range, 40 mg/L (Huo et al., 2021).  

The groundwater had concentrations of chloride (Cl⁻), nitrate (NO₃⁻), sulphate (SO₄²⁻), and phosphate (PO₄) 

of 35 mg/L, 2 mg/L, 71 mg/L, and 8.3 mg/L, respectively. Nitrite (NO₂⁻) was not detected with the IC. 

These results correlate with the ion concentrations reported by the region of Waterloo (Figure A.1 and A.2 

in Appendix A), except for Cl, for which the IC detected Cl levels three times higher than what was reported 

by the region of Waterloo.   

3.3.2 Temperature Influence on Microbial Growth in BTEX-Contaminated 

Groundwater 

Microbial growth experiments with Bacillus infantis, Microbacterium esteraromaticum, and a mixed 

microbial consortium were conducted to evaluate bacterial tolerance and growth dynamics in groundwater 

spiked with BTEX. Cultures were incubated at 15 °C, 28 °C, and 40 °C to examine the influence of 

temperature on microbial activity. Microbacterium esteraromaticum and the consortium were grown in 3 

% yeast extract, while Bacillus infantis cultures were grown in groundwater supplemented with 3 % yeast 
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extract and 3 % dextrose. Bacillus infantis required an additional carbon source (dextrose) with BTEX, as 

it exhibited growth issues in preliminary experiments.  

The microbial growth experiments with Bacillus infantis, Microbacterium esteraromaticum, and a 

consortium demonstrated microbial growth at all temperatures. The results, shown in the growth curves in 

Figure 3.2, demonstrate the influence of temperature on growth. Abiotic controls with groundwater (not 

shown on graphs) and groundwater and BTEX showed negligible OD changes. This confirms observed 

turbidity increases were associated with microbial biomass accumulation rather than abiotic precipitation. 

Similar observations were reported in groundwater microcosm studies, where BTEX compounds were 

substrates for microbial metabolism under aerobic conditions (Das & Chandran, 2011; Lovley, 2003).  
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Figure 3.2. Growth curves of (1) Bacillus infantis, (2) Microbacterium esteraromaticum, and (3) Consortium in the presence and absence of BTEX. 

Absorbance (OD600) of bacteria at different temperatures (a)15 °C (b)28 °C (c)40 °C  
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At 15 °C, all microbial systems demonstrated slower growth rates compared to higher temperatures, 

indicating that cold conditions limit metabolic activity in mesophilic microbial strains. Although 15 °C may 

not be the optimum environment for mesophilic microbes, they can survive and adapt to low temperatures, 

like Pseudomonas putida, a well studied mesophilic BTEX-degrading strain (Fonseca et al., 2011b; Kaur 

et al., 2023; Leahy & Colwell, 1990). Bacillus infantis (1.a) exhibited gradual growth, with an OD of ≈ 0.55 

after 250 hours in groundwater without BTEX, while cultures exposed to BTEX reached ≈ 0.45 OD. This 

low and slow growth suggests that the low temperature decreased enzyme activity, which slowed the 

substrate intake and metabolic reaction, as the strain started to decline at 250 h (Margesin & Schinner, 

2001). Microbacterium esteraromaticum demonstrated slightly greater tolerance to cold conditions, 

reaching ≈ 0.75 OD within the first 60 hours before stabilizing (2.a). Although BTEX exposure caused a 

minor reduction in biomass, growth remained relatively stable throughout the incubation period. This 

observation is consistent with previous reports identifying Microbacterium esteraromaticum as a BTEX-

degrading bacterium capable of metabolizing BTEX through enzymatic pathways (Hernández-Ospina et 

al., 2024; Kaur et al., 2025). These enzymes catalyze the initial oxidation of aromatic hydrocarbons, 

converting them into intermediates such as phenol or catechol that can subsequently enter central metabolic 

pathways. Similarly, this reasoning can be applied to 3.a, the growth with the consortium. The microbial 

consortium resulted in the highest biomass accumulation at 15 °C, reaching ≈ 1.2 OD in groundwater 

without BTEX and ≈ 0.75 OD in microcosms with BTEX. Although growth in the presence of BTEX was 

reduced, the consortium maintained moderate metabolic activity throughout the incubation period. The 

enhanced performance likely reflects collaborative interactions among the 12 bacterial species, in which 

metabolic intermediates produced by one organism can be further degraded by another. Such cooperative 

interactions are common in hydrocarbon-degrading microbial communities and often lead to higher 

degradation efficiency than single strains alone (Leahy & Colwell, 1990). 

At 28 °C, microbial growth was substantially faster, reaching the exponential phase more quickly and more 

stably across all treatments, indicating that this temperature provided conditions closer to the optimal 

metabolic range for the bacteria. Bacillus infantis exhibited rapid exponential growth, reaching an OD of 

approximately 1.3–1.4 within 60–80 h in both groundwater and BTEX-containing microcosms (1.b). The 

similar growth patterns observed across these treatments suggest that Bacillus infantis can tolerate and 

potentially metabolize BTEX compounds under favourable environmental conditions. Members of the 

genus Bacillus are known to degrade aromatic hydrocarbons through oxygenase-mediated pathways that 

convert benzene and toluene into catechol intermediates, which are subsequently mineralized via ortho- or 

meta-cleavage pathways (Das & Chandran, 2011; Hernández-Ospina et al., 2024). Growth of 

Microbacterium esteraromaticum at 28 °C was moderate, reaching ≈ 0.7 OD in groundwater microcosms 

and slightly lower values when BTEX was present (2.b). Although hydrocarbon exposure reduced 
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metabolism, the bacteria maintained consistent growth. Thus, suggesting the presence of enzymatic 

pathways transformed the BTEX compounds into less toxic metabolites, like the results for this strain at 15 

°C. The consortium again produced the highest growth with an OD of ≈ 1.25 in groundwater, and a slightly 

lower growth in the presence of BTEX, OD of ≈ 1.0 (3.b). Rapid growth occurred during the first 20 h and 

remained relatively stable throughout the incubation period, before gradually declining after 120 h.  

At 40 °C, microbial growth patterns differed from those observed at lower temperatures. All microbial 

systems showed rapid initial growth, but over time, growth declined gradually. Bacillus infantis reached ≈ 

0.6 OD at 36 h in groundwater and ≈ 0.6 OD at 68 h in BTEX-containing treatments (1.c), suggesting that 

higher temperatures increased metabolic stress and intensified hydrocarbon toxicity. High temperatures 

with a 180 RPM can increase membrane permeability, allowing hydrophobic hydrocarbons to diffuse more 

readily into bacterial cells and disrupt intracellular processes, which can lead to cell death (Heipieper et al., 

2007). Microbacterium esteraromaticum also exhibited reduced growth at 40 °C (2.c), reaching an OD near 

0.8 at 36 h before declining over time. The BTEX sample reached its exponential phase at 84 h, with an 

OD of 0.46. The optimal growth for this strain is 30– 33 °C, thus metabolic efficiency may be reduced at 

higher temperatures (Wongbunmak et al., 2017). The decline in biomass observed at 40 °C therefore likely 

reflects thermal stress and reduced stability of hydrocarbon-degrading enzymes. The microbial consortium 

showed the highest initial growth among all conditions, reaching approximately 1.5 OD at 12 h (3.c). 

However, the growth gradually declined after this peak, indicating that sustained exposure to elevated 

temperature reduced microbial stability over time. In the BTEX-spiked sample, the consortium reached a 

lower peak of approximately 0.98 OD at 24 h, then gradually decreased. These results suggest that although 

elevated temperature initially stimulated microbial metabolism and biomass production, prolonged 

exposure likely induced physiological stress, limiting long-term growth. Similar patterns have been 

reported in hydrocarbon-degrading microbial communities, where temperatures above 35 °C reduce 

biodegradation efficiency due to decreased enzyme stability and reduced dissolved oxygen availability. 

(Das & Chandran, 2011). 

3.3.2.1 Overall Temperature Effects 

Collectively, the results demonstrate that temperature strongly influences microbial growth kinetics and 

BTEX tolerance in groundwater systems. Growth was slow but sustained at 15 °C, rapid and stable at 28 

°C, and rapid but less stable at 40 °C. Among the three microbial systems tested, the consortium consistently 

produced the highest biomass accumulation, indicating that cooperative metabolic interactions enhanced 

microbial resilience and substrate utilization. 

These findings are consistent with previous hydrocarbon bioremediation studies demonstrating that most 

BTEX-degrading bacteria are mesophilic and exhibit optimal biodegradation activity between 25 °C and 
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30 °C (Leahy & Colwell, 1990). Additionally, previous research examining BTEX-degrading bacteria 

isolated from subsurface environments reported that higher temperatures significantly enhanced both 

microbial growth and biodegradation efficiency, with increases of 35–49 % in hydrocarbon removal with 

consortium compared to colder conditions. (Kaur et al., 2023). The results, therefore, suggest that the 

microbial consortium used in this study is well-suited for biodegradation. 

In all three microbial systems, the groundwater + bacteria treatments consistently showed higher growth 

than the groundwater + BTEX + bacteria treatments, suggesting that BTEX had some inhibitory effects on 

microbial proliferation. Aromatic hydrocarbons are hydrophobic molecules that can partition into microbial 

cell membranes, disrupting membrane structure and impairing cellular respiration. (Heipieper et al., 2007) 

all stress, limiting long-term growth. Similar patterns have been reported in hydrocarbon-degrading 

microbial communities, where temperatures above 35 °C reduce biodegradation efficiency due to decreased 

enzyme stability and reduced dissolved oxygen availability (Das & Chandran, 2011). Despite this 

inhibition, measurable growth was observed in the BTEX-containing microcosms, suggesting that the 

microorganisms were able to tolerate and potentially utilize these compounds as carbon sources through 

aerobic degradation pathways. 

3.3.3 BTEX degradation ability of bacterial strains  

BTEX degradation experiments were conducted to evaluate the ability of Bacillus infantis, Microbacterium 

esteraromaticum, and a microbial consortium to degrade benzene, toluene, ethylbenzene, and xylene in 

groundwater at 15 °C, 28 °C, and 40 °C. Concentration changes were monitored over time and expressed 

as normalized concentration ratios (C/C₀), where C0 is the initial concentration, and C is the final 

concentration. The results demonstrate that BTEX degradation occurred primarily in the consortium 

cultures, whereas monocultures of Bacillus infantis and Microbacterium esteraromaticum showed BTEX 

loss. However, there were instrumental issues with the monoculture degradation, which did not produce 

promising results. Additionally, the absence of degradation by the monocultures indicates that the microbial 

strain can grow in the presence of BTEX but may not have the metabolic ability to degrade it in the presence 

of nutrients and groundwater. This suggests that other nutrients should be supplemented to assist in the 

degradation pathways of BTEX.  

The consortium cultures in this study demonstrated measurable degradation of several BTEX compounds, 

as shown in Figure 3.3. The degradation results at 40 °C and the BTEX control graph are included in 

Appendix C, Figure C.8 and C.9. At 15 °C, degradation of ethylbenzene and xylene was limited but 

detectable, with concentrations declining gradually over the 96-hour incubation period. The slow 

degradation at 15 °C is consistent with previous findings of decreased hydrocarbon metabolism due to 
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reduced enzyme activity and slower substrate uptake (Margesin & Schinner, 2001). Cold groundwater 

environments are therefore known to limit the rate of BTEX biodegradation even when degradative 

microorganisms are present. The consortium exhibited high degradation activity at 28 °C. Toluene 

concentrations declined rapidly within the first 24 hours and was almost 100% degraded at 96 h. 

Ethylbenzene and xylene also showed progressive declines, reaching approximately 20–50 % of their initial 

concentrations by 96 h. These results indicate that mesophilic conditions promoted optimal metabolic 

activity for the microbial community, allowing the consortium to metabolize aromatic hydrocarbons more 

efficiently. Numerous studies have reported that the optimal temperature range for aerobic hydrocarbon-

degrading bacteria lies between approximately 25 °C and 30 °C, where enzymatic activity and microbial 

growth rates are highest (Das & Chandran, 2011; Kaur et al., 2023; Wu et al., 2023). 

In contrast, at 40 °C, none of the BTEX compounds degraded. Based on this observation, an instrumental 

error was assumed, as no volatilization occurred. The graph is in Appendix C, C.8. Concentrations remained 

close to their initial values throughout the incubation period (no data reported at 24 h), suggesting that the 

elevated temperature inhibited biodegradation. High temperatures can destabilize key enzymes involved in 

aromatic hydrocarbon metabolism and may also increase the toxicity of hydrophobic compounds by 

enhancing their diffusion across microbial membranes (Heipieper et al., 2007).  
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Figure 3.3. BTEX degradation graphs with consortium at 15 °C, and 28 °C for 96 hours 

3.3.4 Kinetic Analysis of BTEX Degradation by Consortium 

The degradation kinetics of benzene, toluene, ethylbenzene, and xylenes by the microbial consortium were 

evaluated using first-order kinetic modelling. The results (Table 3.4) indicated that degradation rates varied 

among compounds and were strongly influenced by temperature. The calculated degradation rate constants 

(k) and half-life values (t½) varied between compounds and temperatures, indicating strong compound-

specific and temperature-dependent biodegradation behaviour. Overall, measurable degradation was 

observed for toluene, ethylbenzene, and xylenes at 15 °C and 28 °C, while benzene showed no degradation 

(ND = not detected), and none occurred at 40 °C. 
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Table 3.4. First-order degradation kinetics and half-life values for BTEX compounds degraded by the 

microbial consortium at different temperatures 

 15 °C 

Compound C0 Ct t (h) k (h-1) t1/2 (h) t1/2 (day) 

Benzene 1.00 1.00 96.00 ≈ 0.00 ND ND 

Toluene 1.00 0.00 96.00 - <48.00 <2.00 

Ethylbenzene 1.00 0.91 96.00 9.82 x10-4 705.56 29.40 

Xylene (m-, p-, o-) 1.00 0.55 96.00 6.23 x10-3 111.31 4.64 

 28 °C 

Compound C0 Ct t (h) k (h-1) t1/2 (h) t1/2 (day) 

Benzene 1.00 1.00 96.00 ≈ 0.00 ND ND 

Toluene 1.00 0.00 48.00 - <24.00 <1.00 

Ethylbenzene 1.00 0.80 96.00 2.32 x10-3 298.20 12.43 

Xylene (m-, p-, o-) 1.00 0.50 96.00 7.22 x10-3 96.00 4.00 

 

Overall, only the consortium shows measurable degradation, especially toluene, nearly 100% in 48- 96 h at 

28 °C; ethylbenzene and xylene were slower; benzene was persistent within 96 h. At 15 °C, toluene 

degraded the fastest, being completely removed within 96 h, corresponding to an apparent half-life based 

on the last non-zero point of 48 h (2 days). Xylene had a half-life of 111.31 h (4.64 days), followed by 

ethylbenzene with a half-life of 705.56 h (29.4 days). At 28 °C, degradation rates increased substantially 

for several compounds. Toluene was completely removed within 48 h, corresponding to an apparent half-

life based on the last non-zero point of 24 h (1 day). Xylene had a half-life of 96 h (4 days), while 

ethylbenzene had a half-life of 298.2 h (12.43 days). These results correspond to the aerobic biodegradation 

half-lives in groundwater, with toluene ranging from 2- 92 days, ethylbenzene ranging from 0.1- 231 days, 

and xylene ranging from 3.1 h to 4.1 days (Health Canada, 2015). Benzene has a reported half-life of 28 

days, which can be applied to these results, as there was no degradation of benzene in 96 h, which 

emphasizes how harmful benzene can be to ecosystems as it persists longer (Agency for Toxic Substances 

and Disease Registry (US), 2007).  
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3.3.5 Identification of Biodegradation Metabolites Associated with BTEX 

Degradation 

The objective of this analysis was to identify intermediate metabolites produced during microbial 

degradation and determine whether these compounds could contribute to the phytotoxic effects observed in 

seed germination bioassays. Targeted and untargeted analyses were completed for the three treatment sets 

at time = 0 (T0) and time = 48 h (T48). In the untargeted analysis, comparisons were made between (1) 

microbial treatments at T0 and T48 to identify new metabolites produced through degradation, and (2) 

microbial treatment to BTEX control to determine if the metabolites were microbially produced. The 

complete list of chemicals resulting from comparing the data sets can be found in Appendix C.  

From the targeted analysis, Benzyl alcohol and Diethyl succinate were detected. The untargeted LC-MS 

analysis revealed numerous metabolites detected in the bacterial treatment but absent in the BTEX control. 

Several of the identified compounds belong to chemical classes commonly associated with aromatic 

hydrocarbon degradation pathways, including phenolic compounds, aromatic acids, and catechol 

derivatives (Hernández-Ospina et al., 2024; Ladino-Orjuela et al., 2016). These metabolites are known 

intermediates produced during the microbial transformation of aromatic hydrocarbons. Several compounds 

identified in the treatment samples, including 2-Methylhippuric acid, 3,4-Dihydroxybenzeneacetic acid, 

3,4-Dihydroxyacetophenone, and 2-Aminobenzoic acid, are structurally related to known intermediates in 

degradation pathways. The formation of catechol-like metabolites is significant because catechol 

derivatives are central intermediates that facilitate the oxidative cleavage of aromatic rings and subsequent 

mineralization of hydrocarbons. However, several of these intermediate metabolites have been reported to 

exhibit greater toxicity than the parent hydrocarbons, particularly toward plants and microorganisms. Table 

3.5 has compounds that are very consistent with BTEX transformation pathways. Several aromatic 

metabolites were detected at T48 that were absent at T0, suggesting the formation of intermediate 

degradation products during microbial transformation of BTEX compounds. 

Table 3.5. Compounds detected by the LC-MS that are consistent with BTEX transformation pathways 

Detected compound Role in degradation Literature relevance 

2-Methylhippuric acid xylene oxidation 

metabolite 

reported metabolite of xylene 

transformation 

3,4-Dihydroxybenzeneacetic acid catechol derivative catechol pathway intermediate 

3,4-Dihydroxyacetophenone phenolic oxidation product aromatic ring hydroxylation product 
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Detected compound Role in degradation Literature relevance 

2-Aminobenzoic acid (anthranilic 

acid) 

aromatic degradation 

intermediate 

detected in aromatic compound 

biodegradation 

4-Hydroxy-3-methylbenzoic acid methylbenzene oxidation 

product 

toluene/xylene oxidation 

Quinolin-6-ol / methylquinolinol heterocyclic aromatic 

products 

microbial transformation of aromatic 

compounds 

3-Coumaric acid phenolic aromatic 

compound 

secondary aromatic metabolite 

In Section 3.3.3, toluene was degraded in less than 48 h, indicating that there was early-stage oxidation of 

toluene. The proposed pathway of toluene to catechol is in Figure 3.4 (a) (Basu et al., 2003). In Figure 3.4 

(b), ethylbenzene had a proposed degradation pathway to 3,4-Dihydroxyacetophenone (Gao et al., 2023). 

For Figure 3.4 (c), the proposed toluene degradation pathway led to 3,4-Dihydroxybenzeneacetic acid 

through the microbial metabolism of p-hydroxyphenylacetic acid (Sparnins et al., 1974; Y. Tang et al., 

2016a). The following proposed pathways were created from using Kegg Pathway and from research 

articles. Figures C.9, C.10, and C.11 in Appendix C have the correlating putative ID level, m/z, and retention 

times.   

 

Figure 3.4. Comparison of three proposed microbial degradation pathways for aromatic compounds: (a) 

Toluene degradation to Catechol, (b) Ethylbenzene degradation to 3,4-Dihydroxyacetophenone, and (c) an 

alternative Toluene pathway leading to 3,4-Dihydroxybenzeneacetic acid 
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These types of phenolic and catechol-derived intermediates are widely reported during aerobic BTEX 

degradation. Phenolic compounds and catechol derivatives, such as 3,4-Dihydroxybenzeneacetic acid, are 

known to induce oxidative stress, disrupt cellular membranes (Y. Tang et al., 2016b). Additional aromatic 

compounds identified in the treatment samples included 2-aminobenzoic acid, 4-hydroxy-3-methylbenzoic 

acid, and 3-coumaric acid, consistent with the oxidative transformation of substituted benzene rings. These 

metabolites suggest that microbial oxidation reactions, including hydroxylation and side-chain 

modification, occurred during the degradation process. Similar transformation products have been reported 

during microbial metabolism of toluene and xylene in contaminated soils and groundwater systems. 

The LC-MS analysis also revealed the presence of several dicarboxylic acids, including pimelic acid, 

suberic acid, azelaic acid, and 3,3-dimethylglutaric acid. These compounds are commonly formed during 

the oxidative degradation of hydrocarbons and may represent downstream products resulting from aromatic 

ring cleavage. The formation of these organic acids suggests that partial mineralization of BTEX 

compounds occurred, resulting in smaller carbon intermediates that can enter central microbial metabolic 

pathways such as the tricarboxylic acid (TCA) cycle (Y. Tang et al., 2016b). 

In addition to degradation intermediates, numerous microbial biomass metabolites and cellular metabolism 

were detected in the treatment samples. These included nucleobase derivatives such as uracil, dihydrouracil, 

and hypoxanthine, as well as amino-acid-related metabolites including N-acetyl-L-phenylalanine and 

guanidinopropionic acid. The presence of these compounds likely reflects increased microbial activity and 

biomass production stimulated by the addition of yeast extract and BTEX substrates. 

Overall, the LC-MS metabolomic profile indicates that the microbial consortium actively transformed 

BTEX compounds, producing a diverse suite of secondary metabolites. The detection of aromatic oxidation 

products, catechol derivatives, and organic acids suggests that microbial biodegradation pathways were 

actively operating during the incubation period. Importantly, several of the detected compounds, 

particularly phenolic and quinone-like metabolites, have been reported to exhibit phytotoxic properties, 

which may contribute to the inhibitory effects (Hernández-Ospina et al., 2024; Kaur et al., 2025; Ladino-

Orjuela et al., 2016). The formation of such intermediates cannot be fully evaluated through chemical 

analysis alone; complementary ecotoxicological assays are necessary to assess their potential biological 

impacts. Seed germination bioassays are widely used as sensitive indicators of soil phytotoxicity and have 

been applied extensively in studies evaluating the ecological safety of bioremediated soils (Du et al., 2025; 

Gong et al., 2001). 
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3.3.6 Effects of Temperature on Groundwater Properties  

Groundwater properties were observed for the BTEX degradation experiments with the consortium and not 

observed for Microbacterium esteraromaticum and Bacillus infantis experiments, as no degradation 

occurred. 

3.3.6.1 pH and Dissolved Oxygen Influence  

Table 3.6 shows the pH and DO data collected from the degradation experiment. Across all experimental 

treatments and temperatures (15 °C, 28 °C, and 40 °C), pH values remained relatively stable and within a 

narrow range of 7.0–8.5. Groundwater control consistently exhibited slightly alkaline conditions (~8.4), 

whereas treatments containing microbial consortium ranged from 7.0 to 7.8. During aerobic BTEX 

biodegradation, microorganisms oxidize hydrocarbons to produce carbon dioxide and water. Dissolved CO₂ 

can form carbonic acid, which may slightly lower the pH. However, carbonate buffering generally prevents 

significant pH shifts in groundwater systems. Similar observations have been reported in microcosm studies 

examining petroleum hydrocarbon biodegradation, where pH remained relatively constant despite active 

microbial degradation due to the buffering capacity of groundwater matrices (Chapelle, 2000; Riedel, 

2019). Groundwater studies investigating BTEX degradation have reported that microbial biodegradation 

occurs primarily within a near-neutral pH range, as extreme pH values inhibit microbial activity (Z. Liu et 

al., 2024). 

Table 3.6. Observed pH and DO concentrations (mg/L) in the BTEX degradation consortium experiment 

   GW 
GW + 

Consortium 

GW + 

BTEX 

GW + BTEX 

+ Consortium 

15 

pH Day 1 8.40 7.06 7.89 7.12 

  Day 10 8.35 7.52 7.93 7.55 

DO Day 1 7.15 1.62 7.04 1.07 

  Day 10 7.38 2.53 12.33 0.44 

28 

pH Day 1 8.42 7.21 8.03 7.07 

  Day 10 8.39 7.58 7.99 7.64 

DO Day 1 7.20 2.66 6.80 1.74 

  Day 10 6.67 1.91 8.90 3.04 

40 

pH Day 1 8.48 7.30 8.07 7.34 

  Day 10 8.47 7.75 8.02 7.78 

DO Day 1 7.22 2.16 7.00 2.04 

  Day 10 7.03 2.52 12.16 3.03 
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Dissolved oxygen concentrations showed distinct trends between treatments with and without microbial 

addition. Groundwater control treatments maintained relatively high DO concentrations (~7 mg/L), whereas 

treatments containing the microbial consortium exhibited substantially lower DO values. The lower DO 

concentrations in treatments with microorganisms are attributed to aerobic respiration during BTEX 

biodegradation. During this process, bacteria oxidize hydrocarbons and use oxygen as the terminal electron 

acceptor, producing CO₂ and water (Kaur et al., 2025). Aerobic degradation of aromatic hydrocarbons such 

as BTEX is known to require significant oxygen consumption. The relatively consistent DO levels observed 

in the groundwater controls indicate that abiotic oxygen consumption was minimal, confirming that the DO 

decreases observed in consortium treatments were primarily due to microbial respiration. Interestingly, DO 

values remained relatively similar across temperature treatments but consistently decreased when microbial 

consortium was present. This pattern suggests that oxygen consumption was primarily driven by microbial 

metabolism rather than by temperature alone. Although microbial activity typically increases with 

temperature within the mesophilic range, the availability of oxygen and substrate can limit respiration rates. 

Therefore, similar DO trends across temperatures likely reflect comparable metabolic oxygen demand 

across treatments rather than temperature-dependent effects on oxygen solubility. 

3.3.6.2 Anion Trends during BTEX degradation experiments 

The concentrations of the anions chloride (Cl⁻), nitrate/nitrite (NO₃⁻/NO₂⁻), sulphate (SO₄²⁻), and phosphate 

(PO₄³⁻) were monitored throughout the consortium experiments to assess potential geochemical changes 

associated with microbial metabolism and BTEX degradation. Table D.1 and Figure 3.5 shows that anion 

concentrations remained relatively stable across the different temperature treatments (15 °C, 28 °C, and 40 

°C), suggesting that temperature did not exert a direct effect on anion concentrations within the time scale 

of the experiment. Instead, variations in anion concentrations are more likely associated with microbial 

metabolic processes and groundwater geochemistry than with thermal effects alone, as evidenced by 

changes from day 1 to day 10. 

Nitrate and nitrite had moderate fluctuations between treatments with and without consortium. Such 

variability is consistent with microbial utilization of nitrate as an alternative electron acceptor during 

hydrocarbon degradation. In oxygen-limited environments, microorganisms capable of degrading aromatic 

hydrocarbons may shift from aerobic respiration to denitrification, reducing nitrate to nitrite and ultimately 

to nitrogen gas. This metabolic shift is commonly observed in petroleum-contaminated aquifers once 

dissolved oxygen becomes depleted. Studies investigating natural attenuation of petroleum hydrocarbons 

have reported that nitrate reduction often accompanies microbial degradation of BTEX compounds, 

particularly in groundwater systems where oxygen concentrations decline due to microbial respiration 

(Barbaro et al., 1992; Chapelle, 2000; McDonough et al., 2020). The small changes in nitrate observed in 
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the present study, therefore, likely reflect localized microbial activity rather than temperature-driven 

geochemical processes. 

Sulphate concentrations also remained relatively consistent across the temperature treatments, but they did 

increase from day 1 to day 10. This suggests that the increase in sulphate concentrations results from the 

oxidation of reduced sulphur compounds present in the groundwater matrix or in microbial biomass. When 

dissolved oxygen is available, sulphur-oxidizing microorganisms can convert reduced sulphur species such 

as sulphide (H₂S) or elemental sulphur into sulphate. This oxidation process can lead to gradual increases 

in sulphate concentrations in aerobic groundwater systems (Chapelle, 2000). With DO remaining detectable 

in several of the microcosm treatments, conditions may not have progressed sufficiently toward the strongly 

reducing environments required to stimulate significant sulphate reduction. 
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Figure 3.5. Anion plots by concentration vs temperature and time 
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Chloride concentrations had minimal variation across treatments and temperatures. This observation is 

expected because BTEX compounds do not contain chlorine, and thus their degradation does not produce 

chloride as a metabolic by-product. In groundwater, chloride concentration is largely unaffected by 

biological or chemical reactions (Nagpal, 2003). Phosphate concentrations had minor changes across 

treatments, which may be attributed to microbial nutrient uptake and release during biomass growth. 

Phosphorus is an essential nutrient required for microbial metabolism, cellular energy transfer, and nucleic 

acid synthesis (Nicholls et al., 2023). During hydrocarbon biodegradation, microorganisms often digest 

available phosphate to support cell growth and enzymatic activity. On the contrary, microbial life-death 

cycles and mineralization processes can release phosphate back into solution, resulting in small variations 

in measured concentrations (Richardson & Simpson, 2011). 

Overall, the anion data suggest that temperature did not directly affect anion concentrations in groundwater. 

Instead, the differences appeared to be primarily controlled by microbial metabolic processes and the 

geochemical buffering capacity of the groundwater system. Temperature can influence microbial activity 

and degradation kinetics; however, it does not typically alter the concentrations of conservative ions or 

electron acceptors unless microbial metabolism drives redox transformations. The experiment was 

conducted over a relatively short duration, and oxygen remained present in several treatments; major shifts 

toward strongly reducing conditions were not observed. Consequently, the modest anion fluctuations 

recorded in this study are consistent with early-stage biodegradation processes occurring in a buffered 

groundwater environment. 

3.4 Conclusions  

This chapter investigated the influence of temperature on microbial growth and BTEX biodegradation in 

groundwater systems using two bacterial monocultures (Bacillus infantis and Microbacterium 

esteraromaticum) and a mixed microbial consortium. Groundwater collected from the Waterloo region was 

first characterized to establish baseline physicochemical and biological conditions prior to conducting 

biodegradation experiments. Groundwater characterization results indicated low microbial abundance, low 

organic matter content, and near-neutral pH, typical of natural groundwater environments. The low 

abundance of indigenous microorganisms confirmed the need to sterilize the groundwater before 

conducting controlled microbial growth and degradation experiments. Physicochemical parameters, 

including dissolved oxygen, total solids, volatile solids, and chemical oxygen demand, were consistent with 

values expected for relatively clean groundwater systems. 

Microbial growth experiments demonstrated that temperature significantly influenced bacterial growth 

dynamics. At 15 °C, all microorganisms exhibited slower metabolic activity and reduced growth rates, 
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reflecting the limitations of mesophilic bacteria under colder conditions. At 28 °C, microbial growth was 

substantially enhanced, with all cultures entering exponential growth phases more rapidly and achieving 

higher biomass concentrations. In contrast, experiments conducted at 40 °C showed rapid initial growth 

followed by a gradual decline in biomass, suggesting that prolonged exposure to elevated temperatures 

induced physiological stress and reduced microbial stability. Among the tested microbial systems, the 

consortium consistently exhibited the highest biomass accumulation across all temperatures. This 

observation highlights the advantages of mixed microbial communities, where cooperative metabolic 

interactions allow microorganisms to collectively utilize substrates and tolerate environmental stressors 

more effectively than individual strains. 

BTEX degradation experiments revealed that significant biodegradation occurred primarily in the microbial 

consortium cultures. Monocultures of Bacillus infantis and Microbacterium esteraromaticum showed little 

to no degradation beyond the losses observed in abiotic controls, indicating that volatilization was the 

dominant mechanism for BTEX removal in these treatments. In contrast, the microbial consortium 

demonstrated measurable degradation of toluene, ethylbenzene, and xylene, particularly at 28 °C, where 

toluene was completely degraded within 48 hours. Degradation rates were slower at 15 °C and negligible 

at 40 °C, indicating that mesophilic temperature conditions are optimal for BTEX biodegradation in the 

studied groundwater system. Benzene degradation was not observed within the experimental time frame, 

reflecting its known persistence and resistance to microbial breakdown. LC-MS analysis identified common 

metabolic intermediates generated during the degradation process, including phenolic compounds, aromatic 

acids, and catechol derivatives. 

Temperature also influenced groundwater properties during the biodegradation experiments. Dissolved 

oxygen concentrations decreased significantly in treatments containing microbial consortium, confirming 

oxygen consumption during aerobic microbial metabolism. However, pH values remained relatively stable 

due to the groundwater's buffering capacity. Anion concentrations showed only minor fluctuations 

throughout the experiments, suggesting that short-term temperature variations had minimal direct influence 

on groundwater geochemistry. 

Overall, the results demonstrate that temperature is a key environmental factor influencing microbial 

growth and BTEX biodegradation in groundwater systems. Mesophilic conditions near 28 °C supported the 

highest microbial activity and degradation efficiency, while colder temperatures slowed metabolic 

processes and higher temperatures induced microbial stress. Additionally, the superior performance of the 

microbial consortium highlights the importance of microbial community interactions in hydrocarbon 

biodegradation. These findings contribute to a better understanding of temperature-dependent 

biodegradation processes in groundwater environments and provide valuable insight for predicting natural 
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attenuation and designing bioremediation strategies for BTEX-contaminated aquifers, particularly in 

systems influenced by geothermal heating or subsurface temperature fluctuations. 
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Chapter 4: Bioremediation assessment of BTEX-

contaminated soil using toxicology assay 

4.1 Introduction 

Industrial exploration, fuel storage, transportation, and accidental spills are all ways in which petroleum 

hydrocarbons contribute to global environmental pollution. Many countries, including Canada, are facing 

hydrocarbon contamination on land, surface water, air, and the subsurface (Lins, 2019; Mohanta et al., 

2024; Treasury Board of Canada Secretariat, 2024; Wanjala et al., 2025; C. Xu et al., 2019). Bioremediation 

has emerged as an effective and environmentally sustainable strategy for the treatment of petroleum- 

contaminated soils, as microorganisms can metabolize aromatic hydrocarbons under both aerobic and 

anaerobic conditions. During microbial degradation, hydrocarbons are utilized as carbon and energy 

sources, initiating enzymatic oxidation reactions that ultimately convert these compounds into carbon 

dioxide, water, and biomass (Hernández-Ospina et al., 2024; Pandolfo et al., 2023). Aerobic degradation of 

BTEX typically begins with oxygenase-mediated hydroxylation reactions that produce common 

intermediate compounds such as benzyl alcohol, benzaldehyde, benzoic acid, cresols, and catechol 

derivatives. These intermediates are subsequently metabolized through central aromatic degradation 

pathways, which generate metabolites such as cis,cis-muconate and 3-oxoadipate before entering central 

carbon metabolism (Wu et al., 2023). Under anaerobic conditions, BTEX degradation may proceed through 

alternative activation mechanisms such as fumarate addition reactions, producing intermediates like benzyl 

succinate and phenylitaconate before further transformation (Hernández-Ospina et al., 2024). 

Although bioremediation can substantially reduce concentrations of parent BTEX compounds, incomplete 

degradation may lead to the accumulation of toxic intermediate metabolites. Aromatic compounds such as 

phenol, catechol, cresols, and benzaldehyde have been identified as common intermediates during BTEX 

biodegradation and may exhibit toxic effects on microorganisms and plants at elevated concentrations 

(Hernández-Ospina et al., 2024; Wu et al., 2023; H. Yu et al., 2001). Catechol is a common microbial 

metabolite formed during benzene and toluene degradation, and it has been shown to exhibit greater 

microbial toxicity than the parent compound benzene, with reported EC₅₀ values of approximately 0.77 

mg/L compared with 39.9 mg/L for benzene in bacterial bioassays and in vitro studies (Boyd et al., 1997; 

Wan & Winn, 2004). Consequently, removal or reduction of the original hydrocarbon concentrations does 

not necessarily guarantee that remediated soils are free from toxic effects. 
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For effective bioremediation assessment, biological toxicity assays are widely employed to evaluate the 

ecological safety of soils following remediation treatments. Seed germination and early seedling growth 

assays represent a widely accepted ecotoxicological approach because early stages of plant development 

are highly sensitive to environmental contaminants (Cruz et al., 2013; Gong et al., 2001; OECD, 2006). 

Germination tests provide rapid indicators of phytotoxicity by measuring parameters such as germination 

percentage, root elongation, and shoot growth. These bioassays are valuable because they assess the 

combined biological effects of complex mixtures of residual contaminants and transformation products that 

may be present after remediation.  

Wheat (Triticum aestivum) is frequently used in phytotoxicity testing due to its rapid germination, well-

characterized physiology, and sensitivity to environmental stressors, and environmental regulatory 

organizations recommend it for evaluating the chronic effects of soil contaminants (Du et al., 2025; Khaeim 

et al., 2022; Khan et al., 2018; Salisbury et al., 1987). Wheat seedlings respond rapidly to chemical stress 

through measurable changes in germination, root elongation, and shoot development, making them useful 

indicators of soil quality and contaminant toxicity. In addition, wheat produces sufficient biomass within 

short experimental periods, allowing for both morphological measurements and chemical analysis of 

contaminant uptake (Du et al., 2025). Plants growing in contaminated soils may absorb organic pollutants 

through their root systems, providing insight into the potential transfer of contaminants or degradation 

products into biological systems and the broader food chain (Du et al., 2025; Khan et al., 2018). 

This study aimed to evaluate the bioremediation efficiency of BTEX-contaminated soil using a seed 

germination bioassay. Wheat seeds were grown in remediated soil samples containing varying residual 

concentrations of BTEX and potential biodegradation byproducts. Germination success, root and shoot 

growth, and early seedling development were monitored over 14 days to assess potential phytotoxic effects. 

In addition, BTEX concentrations in both soil and plant tissues were quantified using gas chromatography–

mass spectrometry (GC-MS) to determine the persistence of aromatic hydrocarbons and evaluate potential 

contaminant uptake by plants. By integrating chemical analysis with biological toxicity testing, this study 

provides a comprehensive assessment of the ecological safety of soils following BTEX bioremediation. 

4.2 Materials and Methods 

4.2.1 Soil Samples 

The soil samples used for the germination study were collected after a bioremediation study performed by 

the Inzymes group at York University using the same microbial consortium described and used in Chapter 

3 (Kaur et al., 2023). The thermally enhanced bioremediation process was conducted in stainless steel 
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columns (15 cm x 3.5 cm) filled with silty loam soil. The columns were monitored to assess the effects of 

cyclic temperatures (5 °C to 40 °C) on bacterial growth and BTEX degradation over 18 days. The treatment 

columns were initially supplemented with 200 mg/L of a BTEX solution and 2% bacterial cells, at a flow 

rate of 1 mL/min. Each temperature point (10 °C intervals) was maintained for 48 h, and injections of 

bacteria and the contaminant were administered every 48 h (Kaur, 2026). The control columns were kept at 

12 °C, which is the average annual temperature of the shallow subsurface. Table 4.1 presents the 

physicochemical properties, determined by another member of the group, and the remaining fractions of 

BTEX detected in the treated soil. The soil samples were labelled as SS1 (soil sample 1), SS2, and SS3.  

SS3 was virgin, non-contaminated soil and was used as a control sample to validate seedling growth relative 

to seeds grown in BTEX-contaminated soil. SS1 had lower BTEX concentrations than SS2.  

 Table 4.1. Soil characterization and BTEX concentration in soil samples after remediation (Kaur, 2026)  

Physicochemical property 

Soil type Silty loam 

pH 7.6 

Clay content 13% 

Silt content 56% 

Sand content 29% 

Moisture content 13.80% 

Plasticity index 10.1 

Nitrate 76 mg/L 

Sulphate  184 mg/L 

Ferric 1.20% 

Fraction of organic carbon (foc) 0.021 

Cation exchange capacity (CEC) 2.15 mg/kg 

Heavy metals Not detected  

BTEX concentration in soil samples 

 SS1 SS2 SS3 

Benzene 14.5 mg/kg 67.5 mg/kg 

0 mg/kg 
Toluene 26.5 mg/kg 72.4 mg/kg 

Ethylbenzene 30.1 mg/kg  52.8 mg/kg 

m-, p-, o- Xylene 30.7 mg/kg 42.3 mg/kg 
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Soil type played a significant role in controlling bioremediation processes in this study. The silty loam soil, 

characterized by moderate clay content (13%) and a high silt fraction (56%), provided a balance between 

contaminant retention and microbial accessibility, retaining high moisture due to its fine-grained, small-

pore structure. Clay minerals contributed to the sorption of contaminants and nutrients, reducing 

bioavailability, explaining the low foc value, while also influencing microbial activity and redox conditions. 

However, the fine-grained nature of the soil limited oxygen and nutrient transport, constraining degradation 

of more recalcitrant compounds such as benzene. Under thermally enhanced conditions, elevated 

temperature stimulated microbial metabolism and contaminant desorption, but the influence of clay and silt 

continued to restrict mass transport. These findings highlight that soil texture, particularly the presence of 

clay, plays a critical role in governing the efficiency of thermally enhanced bioremediation. 

4.2.2 Seed Germination 

4.2.2.1 Seed selection 

Several plant species have been recommended in protocols and literature for phytotoxicity testing due to 

their sensitivity to environmental contaminants and rapid germination rates. Among these species, lettuce 

(Lactuca sativa) and wheat (Triticum aestivum) are frequently used as model organisms in soil toxicity 

assays (M. K. Banks & Schultz, 2005; Miri et al., 2022; OECD, 2006; Valerio et al., 2007). Lettuce is 

commonly used in standardized soil toxicity protocols because it is highly sensitive to soil contaminants 

and produces measurable responses in germination and root elongation assays. For example, lettuce 

germination tests have been widely applied to evaluate soil phytotoxicity associated with heavy metals and 

other pollutants (M. K. Banks & Schultz, 2005). Additionally, studies have demonstrated that soil 

contaminants can significantly influence wheat germination and early seedling growth, making it a useful 

indicator species for evaluating soil toxicity.  

The agricultural relevance of wheat and lettuce in Canada also informed the selection of plants for this 

study. Wheat is one of the most widely cultivated cereal crops in Canada and is commonly grown across a 

variety of soil types. Lettuce is also an economically important crop grown in Canadian agricultural 

systems. These commonly cultivated crops provide environmentally relevant information regarding the 

potential impact of soil contamination on agricultural productivity in Canada. 

Before the main experiment, preliminary germination trials were conducted to evaluate the germination of 

wheat, lettuce, barley, and oats. The seed supplier, C&M Seeds, an agricultural seed supplier located in 

southwestern Ontario that provides certified crop seeds for research and commercial agricultural use, 

provided samples for barley, oats, and wheat. These preliminary tests included sterilizing the seeds and 

growing them on Whatman filter paper in Petri dishes. The filter paper was saturated with deionized water 
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to provide moisture for seed germination. Wheat showed 100% germination rate, while lettuce showed the 

fastest germination rate within 2 days. Wheat was selected for further experiments because it produced 

more biomass, was easier to work with, and had the highest germination rate. Table E.1 in Appendix E has 

the results from this preliminary trial. 

4.2.2.2 Seed sterilization 

Seeds were surface sterilized using a modified standard sterilization protocol. Similar sterilization 

procedures using ethanol, followed by sodium hypochlorite and sterile water rinses, have been used in seed 

germination to eliminate surface microorganisms before experimentation (Dos Santos et al., 2020; Sauer & 

Burroughs, 1986; Varasteh et al., 2015). 70% ethanol and 1.2% sodium hypochlorite were prepared in 

separate flasks. The sterilization was performed in a UV-sterilized laminar air flow cabinet. Seeds were 

wrapped in cheesecloth and immersed in 70% ethanol in a 50 mL beaker for 1 min. Afterwards, the excess 

ethanol was squeezed from the cheesecloth and immersed in 1.2% sodium hypochlorite for 12 min. The 

seeds were then rinsed three times with sterile deionized water to remove residual disinfectant.  

4.2.2.3 Petri dish plating 

In the laminar airflow cabinet, 100 g of soil was weighed and plated into a 100 mm by 17 mm Pyrex petri 

dish. Pyrex dishes were selected for the study to prevent BTEX from adsorbing to the plates. After 

sterilization, plump, uniform, undamaged seeds were selected for plating in soil. Each dish had 12 seeds, 

and all seeds were spaced about 10 mm apart, to provide space for germination (Miri et al., 2022). The 

dishes were immediately covered with the corresponding Pyrex cover and placed in the enclosed 

environment described in Section 4.2.2.4. All treatments were plated in Pyrex dishes with glass lids; the 

control set used a glass vessel of equivalent volume and lid to maintain an identical headspace. The glass 

lids minimized volatilization loss. 

4.2.2.4 Germination set-up/conditions 

The Petri dishes containing the seeded soil samples were placed inside a controlled growth chamber to 

maintain stable environmental conditions for seed germination and early seedling development. The 

chamber dimensions were 24 in × 21 in × 12 in (L × W × H), and the interior was lined with aluminum foil 

to help stabilize internal temperature and distribute light more uniformly. An image of the chamber setup is 

provided in Figure 4.1. The chamber was located inside a laboratory fume hood with proper ventilation 

during the experimental period to prevent exposure to BTEX. The temperature within the chamber was 

maintained at 25 ± 1 °C with a relative humidity of 20% to 30%, which falls within the optimal range for 

wheat (Triticum aestivum) germination and early seedling growth. Previous studies have shown that 

Triticum aestivum seeds typically germinate most effectively at temperatures between 20–30 °C, with 
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approximately 25 °C commonly used in laboratory germination experiments (Khaeim et al., 2022; Salisbury 

et al., 1987; Siddiqui, 2008).  

  

Figure 4.1. Growing chamber used for seed germination study, unlit and lit 

Illumination was provided using white LED lights installed within the chamber. The photoperiod was 

maintained at 16 hours of light and 8 hours of darkness, with the dark period occurring between 9:00 AM 

and 5:00 PM to simulate typical plant growth conditions used in controlled laboratory experiments (OECD, 

2006). The LED lights had a wavelength of 451 nm (blue light). Light intensity was measured with a light 

meter and recorded as 33 ± 3 µmol m⁻² s⁻¹, corresponding to photosynthetic photon flux density (PPFD). 

Additional spectral measurements were obtained using a FLAME miniature spectrometer. The mean radiant 

intensity within the chamber was measured as 7.06 × 10² ± 15 µW cm⁻². Blue wavelengths within the 450 

nm range are known to influence plant photoreceptors, which regulate early seedling development and 

photomorphogenic responses (Kang et al., 2008; P. Xu et al., 2009). Additionally, Petri dishes were 

randomly arranged within the chamber and periodically rotated to minimize potential variability in light 

exposure. 

Soil moisture within the Petri dishes was monitored periodically throughout the experiment to ensure 

adequate hydration for seed germination. When the soil surface appeared dry, 1 mL of deionized (DI) water 

was added to maintain sufficient moisture conditions. Maintaining adequate moisture is critical for seed 

germination, as water uptake initiates metabolic activity and radicle emergence. All environmental 

conditions, including temperature, photoperiod, and light intensity, were kept consistent across treatments 

to ensure that any observed differences in germination or seedling growth could be attributed to BTEX 

exposure rather than variations in growth conditions. 
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4.2.3 Evaluation of Germination, Growth, and BTEX Concentrations 

4.2.3.1 Germination and Growth Assessment 

Seed germination and seedling growth were evaluated throughout the experimental period using both 

qualitative observations and quantitative measurements. Observations were conducted at three time points: 

the day of sowing (Day 0), midway through the study (Day 8), and at the end of the experiment (Day 14). 

At each time point, seeds and developing seedlings were visually inspected to document morphological 

characteristics associated with germination and early plant development. Qualitative observations included 

the emergence of the radicle, development of root hairs, plumule sprouting, and the formation of shoots and 

leaves. In addition, the overall condition of the seedlings was assessed, including signs of discoloration, 

abnormal growth, or other morphological changes that may indicate stress caused by BTEX exposure. 

Photographs were taken during each observation period to document seed and seedling development over 

the 14-day study period and to facilitate comparisons of morphological responses among treatments. 

Quantitative analysis included measurements of germination percentage, germination rate, and seedling 

growth parameters. Germination percentage was determined on Days 8 and 14 by counting the number of 

seeds that had successfully germinated relative to the total number of seeds planted (n = 12). A seed was 

considered germinated when the radicle visibly emerged from the seed coat. The rate of germination was 

calculated based on the number of seeds germinated within the observation period (8 or 14 days), allowing 

for comparison of germination timing among treatments. At the conclusion of the experiment (Day 14), 

root and shoot lengths were measured for each germinated seedling. Figure 4.2 demonstrates the typical 

plant structure of wheat. Root and shoot length were measured separately from the base of the seed to the 

tip of the primary root and from the seed to the tip of the shoot, respectively, using a measuring tape. These 

measurements were used to evaluate the effects of BTEX exposure on early seedling growth and 

development. 
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Figure 4.2. Plant structure of Triticum aestivum (wheat) 

4.2.3.2 BTEX Concentration Analysis 

BTEX concentrations in both soil and plant tissues were analyzed at the conclusion of the 14-day 

experimental period to evaluate contaminant persistence in the soil and potential uptake by germinated 

seedlings. Before sampling, the soil in each Petri plate was visually inspected to assess contamination and 

overall soil condition. At Day 14, representative seedlings were collected from each experimental plate for 

further analysis. Depending on the growth per plate, 1-2 seedlings were selected from each Petri plate. The 

seedlings were carefully removed from the soil, placed on tissue paper, photographed, and measured for 

root and shoot length. They were then gently rinsed with deionized (DI) water to remove any adhering soil 

particles. 

Following the initial measurements, the plant tissues were mechanically homogenized to prepare samples 

for BTEX analysis. The roots, shoots, and leaves were crushed and weighed before being transferred to 

headspace vials for gas chromatography (GC). The purpose of analyzing the root and shoot tissues was to 

determine whether uptake or accumulation of BTEX compounds had occurred within the plant tissues 

during the experimental period. 
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We normalized BTEX concentrations to sample mass (mg/kg). Plant tissues (0.05- 0.20 g) and soil (0.01- 

0.20 g) were weighed into 20 mL headspace vials with 5 mL DI and fluorobenzene-d₅ internal standard. An 

internal standard was used to assess the reproducibility. Samples exceeding the calibration range were 

diluted prior to analysis. Concentrations were back-calculated to mg/kg using the recorded mass. The vials 

were immediately sealed using crimp caps to prevent volatilization of the target compounds prior to 

analysis. 

Gas Chromatography Analysis 

BTEX concentrations were analyzed using a Gas Chromatography–Flame Ionization Detector (GC–FID) 

system (Agilent 7820A, Agilent Technologies) equipped with a Solid Phase Micro-Extraction (SPME) 

headspace sampler (Clarus 500, PerkinElmer, USA) at York University, Ontario. Separation of the BTEX 

compounds was achieved using an Agilent J&W CP-Sil 5 CB GC column (30 m × 0.25 mm × 1.00 μm). 

Prior to injection, sample vials were heated and agitated for 10 minutes at 80 ± 1 °C to promote volatilization 

of BTEX compounds into the headspace. The headspace system was maintained at 90 ± 1 °C for the needle 

and 120 ± 1 °C for the transfer line. The samples were automatically injected onto the GC column using 

the autosampler. Solid-phase microextraction was performed at 40 °C for 24 minutes before analysis. 

Helium was used as the carrier gas throughout the chromatographic separation. The resulting 

chromatograms were analyzed to quantify BTEX concentrations in both soil and plant tissue samples. 

4.2.4 Data Processing and Concentration Calculations 

Quantification of BTEX compounds was performed using a calibration curve generated from known 

standard concentrations, in Appendix E, Figure E.1- E.5. A series of BTEX standards with known 

concentrations was analyzed using the same GC–FID conditions to establish a calibration curve relating 

peak area and retention time to compound concentration. The retention times and peak areas of the soil and 

plant tissue samples were then compared with the calibration curve to determine the corresponding BTEX 

concentrations in each sample. 

To account for variations in sample mass, dilution factors were applied to calculate the final contaminant 

concentrations. The measured GC concentration values were converted to soil or plant tissue concentrations 

using the following equation: 

𝐶𝑓𝑖𝑛𝑎𝑙 =
𝐶𝐺𝐶 × 𝑉𝑤𝑎𝑡𝑒𝑟
𝑀𝑠𝑎𝑚𝑝𝑙𝑒

 

where: 

• 𝐶𝑓𝑖𝑛𝑎𝑙= final BTEX concentration in the sample (mg/kg soil or mg/kg plant tissue) 
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• 𝐶𝐺𝐶= concentration obtained from the GC calibration curve (µg/L) 

• 𝑉𝑤𝑎𝑡𝑒𝑟= volume of distilled water used in the GC vial (L) 

• 𝑀𝑠𝑎𝑚𝑝𝑙𝑒= mass of the soil or plant tissue sample placed in the vial (g) 

This calculation accounted for dilution during sample preparation and allowed BTEX concentrations to be 

expressed in standardized units of mg/kg soil or mg/kg plant tissue. 

4.3 Results and Discussion  

4.3.1 Soil Characteristics 

The soil, Table 4.1 was classified as silty loam, with silt having the dominant fraction of 56% (Kaur, 2026). 

The composition included other fine particles, sand and clay, which influence contaminant behaviour in 

soil through sorption capacity. Soils with a low clay content exhibit a lower adsorption capacity, and greater 

contaminant mobility (H. Yu et al., 2014). Moreover, the relatively low clay content (13%) and low cation 

exchange capacity (2.15 mg/kg) indicated a limited ability for the soil to retain positively charged ions and 

contaminants which reduces the sorption potential and allows BTEX compounds to remain more mobile 

within the soil matrix (Nguyen & Marschner, 2016; Schönsee et al., 2021). The pH (7.6) and the soil 

moisture content of 13.8% supports the conditions for microbial growth and hydrocarbon biodegradation 

(Chandra et al., 2013). Additionally, the presence of the electron acceptors such as nitrate (76 mg/L), 

sulphate (184 mg/L), and ferric iron (1.20%) suggested that multiple microbial respiration pathways can 

occur when oxygen becomes limited. Microorganisms can utilize nitrate, sulphate, and ferric iron as 

alternative electron acceptors during the degradation of hydrocarbons, which can explain the difference in 

the BTEX concentrations in the soil, SS1 and SS2 (K. Zhang et al., 2019; Zhu et al., 2020).  

4.3.2 Seed Germination and Growth 

Seed germination and early seedling development were monitored over a 14-day period to evaluate the 

potential phytotoxic effects of residual BTEX compounds in the remediated soil samples. Germination 

observations were recorded at Day 0, Day 8, and Day 14, and are summarized in Table 4.2 and Table 4.3. 

Wheat seeds demonstrated germination in all soil samples, differences in germination rate and seedling 

growth were observed between contaminated soils and the uncontaminated control soil (SS3).  

In the control soil, germination occurred rapidly, with 91.7% germination observed in 8 days, producing 

healthy seedlings with well-developed root systems and shoots. By Day 14, germination reached 100% and 

the seedlings revealed a root length of 5.6 cm, and a shoot length of 21.6 cm. 8 out of 12 germinated seeds 
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developed shoots with 2 leaves, indicating that the seeds entered the seedling growth phase, but had not 

reached the tillering phase (> 3 leaves) (Grains Research & Development Corporation, 2016)(Grains 

Research & Development Corporation, 2016).  

Seedlings grown in soils containing residual BTEX compounds exhibited reduced germination and 

variability in seedling morphology compared with the uncontaminated control soil. SS1, which contained 

the lower initial BTEX concentration, resulted in a higher germination rate, 50% by Day 8 and increased 

to 66.7% by Day 14, than SS2. Seedlings grown in SS1 exhibited a root length of 5.0 cm and a shoot length 

of 14.5 cm. Although shoot growth was somewhat reduced compared with the control soil, root 

development remained relatively similar. In contrast, SS2 contained higher initial BTEX concentrations 

and had the lowest germination rate. Germination reached only 16.7% by Day 8 and increased to 33.3% by 

Day 14. Seedlings grown in SS2 also displayed reduced root development, with an average root length of 

1.8 ± 0.4 cm, while shoot length reached 18.2 cm. These results indicate that elevated BTEX concentrations 

may have inhibited early plant development, particularly root elongation. 

Root growth is often the most sensitive indicator of phytotoxic stress because the root system is the first 

plant structure to interact directly with soil contaminants (Ranucci et al., 2024). Organic pollutants are toxic, 

and exposure can cause oxidative stress in seedlings that can inhibit cell division and elongation in root 

tissues. This leads to reduced root length and impaired nutrient uptake, which can explain the short root 

length in SS2 (Wei et al., 2013). Similar inhibitory effects on root growth have been reported in previous 

studies examining plant responses to polycyclic aromatic hydrocarbons (PAHs), where exposure to 

compounds such as phenanthrene significantly reduced root length in wheat seedlings (Wei et al., 2013; 

Zeng et al., 2025).  

Previous studies examining hydrocarbon-contaminated soils have reported similar inhibitory effects on seed 

germination and root development. For example, petroleum hydrocarbons and aromatic compounds present 

in contaminated soils have been shown to significantly reduce germination rates and seedling growth in 

various plant species, including cereals and grasses (Adam & Duncan, 2002; Haider et al., 2021). 

Experiments investigating the phytotoxicity of benzene and toluene in contaminated soils have also 

demonstrated reductions in seed germination and early plant survival, confirming the sensitivity of 

seedlings to volatile aromatic hydrocarbons (Adam & Duncan, 2002; M. K. Banks & Schultz, 2005; 

Masakorala et al., 2013; Wei et al., 2013) 

Although germination still occurred in SS2, the reduced germination percentage and shorter root length 

observed in this treatment suggest that higher BTEX concentrations exerted measurable phytotoxic effects 

on early plant development. Nevertheless, wheat seeds germinated across all soil treatments, indicating that 
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the residual contaminant concentrations following bioremediation were not sufficiently high to completely 

inhibit germination.  

Table 4.2. Summary table of the seed germination results 

 
Soil initial concentration 

(mg/kg) 

Soil final concentration 

(mg/kg) 

Seed final concentration 

(mg/kg) 

 SS1 SS2 SS1 SS2 SS1 SS2 

Benzene 14.5  67.5  0.0 0.0 0.0 0.0 

Toluene 26.5  72.4  0.0 0.0 0.0 0.0 

Ethylbenzene 30.1  52.8  3.9 5.3 1.2 2.3 

m-, p-, o- Xylene 30.7  42.3  2.8 2.8 1.3 1.2 

Wheat germination rate, root and shoot length 

 SS1 SS2 SS3 

Day 8 

Germination Rate  
50% 16.7% 91.7% 

Day 14 

Germination Rate  
66.7% 33.3% 100% 

Root and Shoot 

length of sample 

in GC vial 

Root: 5.0 ± 0.3 cm* 

Shoot: 18.2 cm 

Root: 1.8 ± 0.4 cm 

Shoot: 14.5 cm 

Root: 5.6 ± 0.3 cm 

Shoot: 21.6 cm 

*Not all germinated seeds had multiple root hairs available to determine a standard deviation, as some hairs 

broke off during the extraction from the silty loam 
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Table 4.3. Triticum aestivum seed germination and early seedling development in remediated soil samples and control soil over a 14-day period. 

Representative photographs and germination percentages are shown for Day 0, Day 7, and Day 14 

  May 15th: Day 0 May 23rd: Day 8  May 29th: Day 14   

  Photos Photos Germination 

Rate  

Photos Germination 

Rate  

SS1 Top 

view 

  

50% 

 

66.7% 

 

Final day 

notes 

- 8/12 

germinated 

seeds had 2 

leaves 

- average 

shoot 

lengths >15 

cm Side 

view 

 

 

 

 

SS2 Top 

view 

 
 

16.7% 

 

33.3% 

 

Final day 

notes 

- 3/12 

germinated 

seeds had 2 

leaves 

- average 

shoot 
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  May 15th: Day 0 May 23rd: Day 8  May 29th: Day 14   

  Photos Photos Germination 

Rate  

Photos Germination 

Rate  

Side 

view 

  

 

lengths >15 

cm 

SS3 Top 

view 

 
 

91.7% 

 

100% 

 

Final day 

notes 

- 8/12 

germinated 

seeds had 2 

leaves 

- average 

shoot 

lengths >20 

cm                                                                   
Side 

view 

 

 
 



 

83 

 

4.3.3 BTEX Concentrations in Soil and Plant Tissues 

Table 4.2 includes the BTEX concentrations measured in both soil and plant tissues after the 14-day growth 

period to evaluate contaminant persistence and potential uptake by the wheat seedlings. The analytical 

results indicated that benzene and toluene were not detected in the soil or plant tissue samples at the 

conclusion of the experiment, despite initial soil concentrations ranging from 14.5–67.5 mg/kg for benzene 

and 26.5–72.4 mg/kg for toluene. In contrast, ethylbenzene and xylenes remained detectable in soil samples, 

with final concentrations of 3.9– 5.3 mg/kg for ethylbenzene and approximately 2.8 mg/kg for total xylenes. 

This suggests that benzene and toluene were removed more rapidly than ethylbenzene or xylene during the 

experiment.  

The absence of benzene and toluene in the final soil samples is consistent with the well-documented 

environmental behaviour of these compounds. Benzene and toluene are generally less persistent in soils 

than ethylbenzene and xylene due to their higher volatility and greater susceptibility to microbial 

degradation under aerobic conditions (Braddock & McCarthy, 1996). As a result, these compounds are often 

depleted earlier during remediation processes and may be present at lower residual concentrations following 

treatment. Previous studies examining BTEX-contaminated soils have reported that benzene and toluene 

typically exhibit faster degradation rates and shorter environmental half-lives than ethylbenzene and 

xylenes, which tend to persist longer due to slightly greater hydrophobicity and stronger sorption to soil 

organic matter (Environment and Climate Change Canada (ECCC), 2024; Hernández-Ospina et al., 2024). 

Consequently, their absence in the post-treatment soil samples used in the germination assay likely reflects 

differences in compound persistence rather than processes occurring during the germination experiment 

itself. 

4.3.4 Plant Uptake of BTEX Compounds 

Trace concentrations of BTEX compounds detected in plant tissues indicate that wheat seedlings could 

absorb hydrocarbons from the contaminated soil. In the assay, ethylbenzene concentrations of 1.2–2.3 

mg/kg and xylenes concentrations of 1.2–1.3 mg/kg were detected in plant tissues, while benzene and 

toluene were not detected. This suggests that some BTEX compounds were taken up by the plants, but that 

uptake and accumulation were relatively limited. Plants can absorb organic contaminants through their root 

systems when compounds are sufficiently small and moderately hydrophobic. BTEX compounds have log 

Kₒw values between 1.56 and 3.53, a range that exhibits root uptake and partial translocation through plant 

tissues (Namiki, 2022). Plant uptake of BTEX was minor relative to microbial removal and volatilization, 

and the root suppression observed likely reflects residual toxicity from possible intermediates highlighted 

in Section 3.3.5. 
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Previous studies have demonstrated that aromatic hydrocarbons can enter plant tissues via both root uptake 

and atmospheric exposure. Experimental research using benzene and toluene showed that these compounds 

can penetrate plant leaves and be metabolized within plant tissues, where they are transformed into organic 

acids and incorporated into plant metabolites (Ugrekhelidze et al., 1997). These findings indicate that plants 

can absorb and metabolize monocyclic aromatic hydrocarbons once they enter plant tissues. Field and 

laboratory studies examining phytoremediation systems have also reported that BTEX compounds can be 

detected in plant transpiration streams when plants grow in contaminated environments. For example, 

research investigating hybrid poplar trees at hydrocarbon-contaminated sites detected toluene within plant 

tissues and demonstrated that plants can contribute to the transport of BTEX compounds within vegetated 

systems (BenIsrael et al., 2025). However, direct plant uptake generally represents only a minor pathway 

for BTEX removal compared with microbial degradation occurring in the rhizosphere. Investigations of 

vegetated remediation systems have shown that plant roots primarily enhance contaminant removal by 

stimulating microbial communities that degrade petroleum hydrocarbons in the surrounding soil. Root 

exudates and oxygen release from plant roots can increase microbial activity and support the degradation 

of aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylenes (Simmer & Schnoor, 2022).  

Consequently, the trace BTEX concentrations detected in wheat tissues in the present study suggest that, 

while some uptake occurred, plant accumulation likely accounted for only a small fraction of the total 

contaminant reduction observed during the earlier soil treatment process. Instead, the primary mechanism 

responsible for the reduction of BTEX concentrations in the soil was likely microbial degradation 

stimulated by the soil microbial community during remediation, and the root suppression observed was 

possibly from toxic intermediates produced from the catechol-pathway products. 

4.4 Conclusions  

This study evaluated the phytotoxicity of soils following BTEX bioremediation using a wheat seed 

germination assay. The results demonstrate that remediated soils supported successful seed germination and 

early seedling development, indicating that the bioremediation process substantially reduced contaminant 

toxicity. This study applies only to early stage phytotoxicity. Soil texture and type strongly impacted the 

outcome of the bioassay. Soil characterization showed that the silty loam texture and relatively low clay 

content contributed to increased contaminant mobility and bioavailability within the soil matrix. 

Environmental conditions maintained during the experiment, including temperature, light intensity, and soil 

moisture, supported optimal germination conditions for wheat seedlings. 

Although germination rates remained moderate across all treatments, differences in seedling growth 

parameters suggested that residual contaminants may still exert minor phytotoxic effects on early plant 
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development. Root elongation appeared to be the most sensitive growth parameter, which is consistent with 

previous studies evaluating plant responses to hydrocarbon-contaminated soils. Chemical analysis of soil 

and plant tissues revealed that benzene and toluene were not detected after the 14-day experimental period, 

likely due to volatilization and microbial degradation. However, the detection of BTEX compounds in plant 

tissues suggests that residual contaminants remained bioavailable and capable of being absorbed by plant 

roots. 

Overall, the results indicate that while bioremediation significantly reduced BTEX contamination in silty 

loam soil, trace levels of hydrocarbons may persist and remain biologically accessible. Seed germination 

assays, therefore, provide a valuable complementary approach for evaluating the ecological safety of 

remediated soils. Additionally, common crop plants can be grown on sites with very low levels of trace 

contaminants. 
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Chapter 5: Conclusions and Recommendations for 

Future Work 

This study investigated the effects of temperature on BTEX biodegradation in groundwater and evaluated 

the ecological safety of remediated soils using a wheat seed germination bioassay. The research addressed 

an important knowledge gap by examining an integrated assessment of BTEX biodegradation with 

geothermal heating and post-bioremediation impacts.   The novelty of this thesis resides in the investigation 

of these two technologies with monocultures, a consortium, and observing the effects on groundwater 

chemistry, as there are limited studies.   

Toluene was completely removed within 48 h at 28 °C; xylene t½ ≈ 96 h; ethylbenzene t½ ≈ 298 h in the 

consortium. The results showed that temperature plays an important role in influencing microbial activity 

and the degradation behaviour of BTEX compounds. Changes in groundwater physicochemical parameters, 

including pH, dissolved oxygen, and anion concentrations, were investigated under different thermal 

conditions, and the results showed that temperature can alter microbial metabolic functions and contaminant 

transportation pathways. This evidence suggests that thermal inputs from geothermal systems may affect 

both contaminant degradation rates and groundwater chemistry within subsurface environments. 

The phytotoxicity study further demonstrated that soils subjected to bioremediation could support wheat 

seed germination and early seedling growth, indicating that the remediation process reduced contaminant 

toxicity. Post-remediation, SS1 had a lower BTEX concentration than SS2, and the germination rates were  

66.7% and 33.3%. Differences in root elongation and seedling growth in the soil treatments suggested that 

trace levels of residual contaminants may still have minor phytotoxic effects, as SS1 had a longer root 

length than SS2, by 3.2 cm. Root growth was identified as the most sensitive indicator of residual toxicity, 

which was consistent with previous studies evaluating plant responses to hydrocarbon-contaminated soils. 

The chemical analysis showed that some BTEX compounds were undetectable at the end of the 

experimental period, likely due to volatilization and microbial degradation. Nevertheless, the detection of 

trace hydrocarbons in plant tissues indicates that residual contaminants may remain bioavailable and 

capable of being absorbed by plant roots. These results emphasize the importance of integrating biological 

toxicity assessments with chemical measurements when evaluating remediation success. 

Overall, this research indicates that bioremediation can significantly reduce BTEX contamination and 

restore soil conditions appropriate for plant growth. At the same time, the study highlights the importance 

of evaluating both contaminant transformation processes and ecological responses when assessing 

remediation technologies. By combining temperature-controlled biodegradation experiments with 
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ecotoxicological bioassays, this research offers a more comprehensive approach for evaluating the 

environmental impacts of subsurface remediation strategies.  

Despite the promising outcomes of this research, certain limitations warrant consideration. Batch 

experiments were conducted in a controlled environment, which does not fully reflect the spatial and 

temporal variability of natural subsurface environments. Additionally, some limitations with the 

instruments occurred, as the temperature could not exceed 40 °C. The relatively short experimental duration 

limited the ability to observe long-term degradation, especially for benzene. Lastly, with the toxicology 

bioassay being conducted on collected bioremediated soil, while it mimics real-world engineering 

situations, it presents some unknowns, such as unidentified metabolites produced, the microbial community 

presence during and after the remediation, and any changes in geochemistry. 

While this research provides insights into the interactions among temperature, microbial degradation, and 

ecological responses in BTEX-contaminated environments, several areas warrant further investigation. 

Future work should move beyond laboratory conditions and implement a field-scale pilot study to evaluate 

the feasibility of coupling geothermal heat pump (GHP) systems with bioremediation under realistic 

subsurface conditions. A testable next step would be to install a pilot GHP system at a BTEX-contaminated 

site and operate it under controlled cyclic temperature regimes that mimic seasonal heating and cooling. 

Groundwater monitoring wells should be installed to measure key parameters, such as BTEX 

concentrations, dissolved oxygen, redox conditions, pH, and microbial activity, over time. This design 

would allow direct comparison between steady-state and cyclic thermal conditions to quantify how 

temperature fluctuations influence contaminant degradation rates, plume dynamics, and microbial 

community responses. 

A second recommendation is to further conduct metabolite toxicity assays. Investigating the metabolic 

degradation pathways of BTEX in plant systems, in the silty loam soil used in the germination assay, and 

in other soil types, would help determine whether the transformation products observed in groundwater are 

similarly produced in soil or if additional metabolites are formed due to plant–microbe interactions and 

soil-specific properties. Furthermore, evaluating how factors such as soil type, organic matter content, and 

microbial community composition influence degradation pathways would improve understanding of 

contaminant fate, persistence, and potential toxicity. Such research would also support the development of 

more effective phytoremediation and soil remediation strategies by identifying conditions that promote 

complete mineralization versus the accumulation of intermediate by-products.  

Additionally, future research should develop and validate coupled reactive transport models that integrate 

thermal, hydraulic, and biogeochemical processes. A practical next step would be to calibrate a modelling 
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framework using tools such as MODFLOW for groundwater flow, MT3DMS for contaminant transport, 

and RT3D for biodegradation kinetics. These models should be parameterized using laboratory- and pilot-

scale data, then used to simulate different operating scenarios, including temperature-cycling frequency, 

flow velocity, and soil heterogeneity. Model outputs can be validated against field observations to improve 

predictive accuracy and guide system design. 

Despite the technical potential, several policy and implementation barriers may limit the adoption of GHP-

assisted bioremediation. Regulatory frameworks for contaminated site management and geothermal energy 

systems are often developed independently, creating uncertainty around permitting and liability. 

Additionally, there may be limited guidance on how to account for remediation benefits within existing 

environmental assessment protocols. High upfront installation costs on brownfield sites, lack of 

standardized design guidelines, and uncertainty in long-term performance may also deter stakeholders. 

Addressing these barriers will require the development of integrated regulatory pathways, economic 

motivations, and clear design and monitoring standards to support the safe and effective implementation of 

combined geothermal–bioremediation systems. 
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Appendix A : Supporting Information for 

Groundwater Characterization  

  

Figure A. 1. Water quality analysis report from the Region of Waterloo for the 2022 groundwater sample 
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Figure A. 2. Water quality analysis report from the Region of Waterloo for the 2024 groundwater sample 

 

Figure A. 3. Plated groundwater results showing low microbial growth after 48 hours 
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Table A. 1. CFU counts for groundwater sample (CFU/mL) 

 
 

Sample 1 Sample 2 

Raw Data Old groundwater 2 5 

New groundwater 1 1 

CFU Count  

CFU/mL =CFU/V x10 dilution 

factor 

V= 0.5 mL 

Old groundwater 40 CFU/ml 100 CFU/ml 

New groundwater 

20 CFU/ml 20 CFU/ml 
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Appendix B : Nutrient Selection for Groundwater 

Temperature Experiments  

The following Appendix outlines the different nutrient medias used to grow Microbacterium 

esteraromaticum and Bacillus infantis. Some experiments did not include duplicate sampling, resulting in 

no standard deviation in Figures B.1-B.3. 

The treatment set was incubated at 28°C and 200 RPM. There was no growth in unsterilized GW.  

Figure B. 1. Bacterial growth of Microbacterium esteraromaticum and Bacillus infantis in unsterilized 

groundwater 
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Figure B. 2. Bacterial growth of Microbacterium esteraromaticum and Bacillus infantis in sterilized 

groundwater supplemented with lysogeny broth, and different concentrations of BTEX 

 

Figure B. 3. Bacterial growth of Microbacterium esteraromaticum and Bacillus infantis in sterilized 

groundwater supplemented with mineral salt media, and different concentrations of BTEX  
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Appendix C : BTEX Degradation Supplementary 

Material  

Calibration curves for B, T, E, X in the Consortium experiment 

  

Figure C. 1. Benzene calibration curve 

 

Figure C. 2. Toluene calibration curve 
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Figure C. 3. Ethylbenzene calibration curve 

 

Figure C. 4. m-, p- Xylene calibration curve 
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Figure C. 5. o- Xylene calibration curve 
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Microbacterium esteraromaticum degradation results  

The treatment sample contained groundwater, yeast extract, BTEX (200 mg/L), and Microbacterium 

esteraromaticum. Here are the BTEX degradation results for observations only, but due to instrumental 

errors, this data was not used to compare within the thesis.  

  

 

 

Figure C. 6. Microbacterium esteraromaticum BTEX degradation results at 15 °C, 28 °C, and 40 °C of the 

bacteria treatment 
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 Bacillus infantis degradation results 

The treatment sample contained groundwater, yeast extract, BTEX (200 mg/L), and Bacillus infantis. Here 

are the BTEX degradation results for observations only, but due to instrumental errors, this data was not 

used to compare within the thesis.  

 

 

 

Figure C. 7. Bacillus infantis BTEX degradation results at 15 °C, 28 °C, and 40 °C of the bacteria treatment 
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Consortium degradation results 

The treatment sample contained groundwater, yeast extract, BTEX (200 mg/L), and the consortium. Here 

are the BTEX degradation results at 40 °C for observations only. The results showed no volatilization, 

which was unexpected; this data was not used to compare within the thesis.  

 

Figure C. 8. Consortium BTEX degradation results at 40 °C of the bacteria treatment 

BTEX control used for experiments 

 

Figure C. 9. BTEX control graph for the consortium experiment 
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Dihydrouracil Smart Confirmation C2HF3O2 
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Chemical hit Chemical formula 

Uracil Smart Confirmation C4H4N2O2 

3,4-Dihydroxyacetophenone (NIST) Smart Confirmation C2H5FN4O3 

3-Hydroxy-3-methylglutaric acid (NIST) Smart Confirmation CH9N8OP 

o-Tyrosine Smart Confirmation C7H15F2NOS 

2-Isopropylmalic acid Smart Confirmation C3H8F4N4 

Guanidinopropionic acid (NIST) Smart Confirmation C6H13NO2 

Pimelic acid (NIST EL) Smart Confirmation C7H12O4 

2-Aminobenzoic acid Smart Confirmation C7H7NO2 

4-Hydroxy-3-methylbenzoic acid (NIST EL) Smart Confirmation C8H8O3 

1,3-Cyclohexanedicarboxylic acid (NIST EL) Smart Confirmation C8H12O4 

Quinolin-6-ol (NIST EL) Smart Confirmation C9H7NO 

2-Propylglutaric acid (NIST) Smart Confirmation C8H14O4 

4-Methylquinolin-2-ol (NIST) Smart Confirmation C10H9NO 

Phenylacetic acid (NIST) Smart Confirmation C8H8O2 

2-Thiopheneacrylic acid (NIST) Smart Confirmation C9H14O2 

DL-.beta.-Homoleucine (NIST) Smart Confirmation C9H7NO 

Azelaic acid Smart Confirmation C9H16O4 

Indoleacetic acid Smart Confirmation C10H9NO2 

3,4-Dihydroxybenzeneacetic acid Smart Confirmation C9H12O3 

4-Hydroxyisophthalic acid (NIST) Smart Confirmation C12H10N2 

Phenylacetic acid (NIST) Smart Confirmation C8H8O2 

Chrysin (NIST EL) Smart Confirmation C8H23N4O3P 

4-Hydroxyisophthalic acid (NIST) Smart Confirmation C12H22O 

4-Thiazolidinecarboxylic acid, 2-undecyl-, (4R)- (NIST) Smart 

Confirmation 

C16H33NO3 

Trihydroxycholestanoic acid (NIST) Smart Confirmation C24H26F3O3P 

Cholesterol sulfate Smart Confirmation C23H46O9 

Saluamine (NIST) Smart Confirmation C15H22O3 

Benzenesulfonic acid, 4-undecyl- (NIST) Smart Confirmation C10H27FN6P2 

3-tert-Butylphenol (NIST EL) Smart Confirmation C10H14O 

3-tert-Butylphenol (NIST) Smart Confirmation C10H14O 

p-Bromophenylacetic acid (NIST) Smart Confirmation C3H3FN2O8 

Decylbenzenesulfonic acid (NIST) Smart Confirmation C14H20F2N4O 

3,4-Dihydroxybenzeneacetic acid Smart Confirmation CH4N2P4 

2-Methylhippuric acid (NIST) Smart Confirmation CH8FNOP4 

 

Table C. 2. List of new chemicals identified through the degradation process of BTEX between the BTEX 

control and consortium treatment set at T48 

Chemical hit Chemical formula 

Dihydrouracil Smart Confirmation C2HF3O2 

2-Methylcinnamic acid (NIST) Smart Confirmation C3H3N2O4P 
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Chemical hit Chemical formula 

2-Deoxyribose 5-phosphate (NIST) Smart Confirmation C3H5N2PS3 

Uracil Smart Confirmation C4H4N2O2 

Hypoxanthine  Smart Confirmation C2H5FN4O2 

3,4-Dihydroxyacetophenone (NIST) Smart Confirmation C2H5FN4O3 

3-Hydroxy-3-methylglutaric acid (NIST) Smart Confirmation CH9N8OP 

o-Tyrosine Smart Confirmation C7H15F2NOS 

2-Isopropylmalic acid Smart Confirmation C3H8F4N4 

Guanidinopropionic acid (NIST) Smart Confirmation C6H13NO2 

Pimelic acid (NIST EL) Smart Confirmation C7H12O4 

2-Aminobenzoic acid Smart Confirmation C7H7NO2 

4-Hydroxy-3-methylbenzoic acid (NIST EL) Smart Confirmation C8H8O3 

Suberic acid (NIST EL) Smart Confirmation C8H14O4 

1,3-Cyclohexanedicarboxylic acid (NIST EL) Smart Confirmation C8H12O4 

N-Acetyl-L-phenylalanine (NIST) Smart Confirmation C11H13NO3 

Quinolin-6-ol (NIST EL) Smart Confirmation C9H7NO 

2-Propylglutaric acid (NIST) Smart Confirmation C8H14O4 

4-Methylquinolin-2-ol (NIST) Smart Confirmation C10H9NO 

2-Thiopheneacrylic acid (NIST) Smart Confirmation C9H14O2 

Azelaic acid Smart Confirmation C9H16O4 

Indoleacetic acid Smart Confirmation C10H9NO2 

3,4-Dihydroxybenzeneacetic acid Smart Confirmation C9H12O3 

4-Hydroxyisophthalic acid (NIST) Smart Confirmation C12H10N2 

Ketoprofen (NIST) Smart Confirmation C7H22N6O2S 

Chrysin (NIST EL) Smart Confirmation C8H23N4O3P 

4-Hydroxyisophthalic acid (NIST) Smart Confirmation C12H22O 

4-Thiazolidinecarboxylic acid, 2-undecyl-, (4R)- (NIST) Smart 

Confirmation 

C16H33NO3 

Trihydroxycholestanoic acid (NIST) Smart Confirmation C24H26F3O3P 

Cholesterol sulfate Smart Confirmation C23H46O9 

Saluamine (NIST) Smart Confirmation C15H22O3 

Benzenesulfonic acid, 4-undecyl- (NIST) Smart Confirmation C10H27FN6P2 

Retinal Smart Confirmation C18H36O2 

3-tert-Butylphenol (NIST EL) Smart Confirmation C10H14O 

3-tert-Butylphenol (NIST) Smart Confirmation C10H14O 

3-Coumaric acid (NIST EL) Smart Confirmation C12HF 

Myristyl sulfate (NIST) Smart Confirmation C13H28FN2O2P 

3,3-Dimethylglutaric acid (NIST EL) Smart Confirmation C4H5N2OPS 

3,4-Dihydroxybenzeneacetic acid Smart Confirmation CH4N2P4 

2-Methylhippuric acid (NIST) Smart Confirmation CH8FNOP4 
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Figure C. 10. Benzyl alcohol putative ID level, m/z, and RT 

 

Figure C. 11. 3,4 dihydroxyacetophenone putative ID level, m/z, and RT 
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Figure C. 12. 3,4 dihydroxybenzeneacetic acid putative ID level, m/z, and RT  
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Appendix D : Effects of Temperature on Groundwater 

Properties 

Calibration Curves for the anions 

 

Figure D. 1. Chlorine calibration curve 

 

Figure D. 2. Nitrite calibration curve 

y = 4.1427x - 0.1577
R² = 0.9995

0

10

20

30

40

50

60

0 2 4 6 8 10 12 14

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)

Area

Chlorine

y = 6.4865x - 0.1198
R² = 0.999

0

10

20

30

40

50

60

0 2 4 6 8 10

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)

Area

Nitrite



 

137 

 

 

Figure D. 3. Sulphate calibration curve 

 

Figure D. 4. Nitrate calibration curve 

 

Figure D. 5. Phosphate calibration curve 
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Table D. 1. Mean (±SD) anion concentrations at 15 °C, 28 °C, and 40 °C on Day 1 and Day 10 under different treatments 

  

Cl NO2 SO4 NO3 PO4 

Day 1 Day 10 Day 1 Day 10 Day 1 Day 10 Day 1 Day 10 Day 1 Day 10 

Temperature 15 15 15 15 15 15 15 15 15 15 

Groundwater  

31± 

0.11 42± 0.13 

12± 

0.05 

20± 

0.10 

77± 

0.36 

154± 

0.89 3± 0.00 3± 0.02 nd 3± 0.00 

Groundwater + Consortium 

17± 

0.05 44± 0.00 

24± 

0.53 

28± 

0.13 

94± 

0.32 

186± 

0.28 nd 3± 0.28 nd 

107± 

0.05 

Groundwater + BTEX (200 mg/L) 

13± 

0.01 33± 0.10 

16± 

0.04 

29± 

0.54 

91± 

0.19 

174± 

0.66 3± 0.01 5± 0.29 nd 

105± 

0.31 

Groundwater + BTEX (200 mg/L) 

+ Consortium 

15± 

0.10 40± 0.08 

23± 

1.16 

40± 

0.22 

90± 

0.67 

236± 

0.12 nd 3± 0.02 nd 

129± 

0.56 

Temperature 28 28 28 28 28 28 28 28 28 28 

Groundwater  

16± 

0.15 22± 0.00 

11± 

0.07 

18± 

0.02 

78± 

0.59 

153± 

0.08 3± 0.08 3± 0.00 nd 5± 0.02 

Groundwater + Consortium 

15± 

0.03 26± 0.07 

20± 

1.70 

30± 

0.01 

92± 

0.33 

208± 

0.26 nd 3± 0.02 

53± 

1.45 

132± 

0.37 

Groundwater + BTEX (200 mg/L) 

14± 

0.06 27± 0.80 

21± 

0.51 

35± 

2.31 

91± 

0.48 

175± 

1.00 nd nd 

54± 

0.12 

124± 

2.04 

Groundwater + BTEX (200 mg/L) 

+ Consortium 

13± 

0.04 25± 0.14 

21± 

1.04 

40± 

0.43 

90± 

0.12 

230± 

0.45 nd 4± 0.03 nd 

156± 

0.55 
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Temperature 40 40 40 40 40 40 40 40 40 40 

Groundwater  

12± 

0.02 21± 0.07 

11± 

0.01 

17± 

0.03 

78± 

0.16 

153± 

0.34 3± 0.01 3± 0.01 nd 4± 0.05 

Groundwater + Consortium 

13± 

0.01 28± 0.17 

19± 

0.72 

42± 

0.19 

91± 

0.01 

253± 

1.17 nd 5± 0.01 

50± 

1.58 

172± 

1.40 

Groundwater + BTEX (200 mg/L) 

11± 

0.02 28± 0.06 

34± 

2.54 

28± 

0.08 

85± 

0.17 

175± 

1.44 nd nd 

54± 

1.16 

116± 

0.01 

Groundwater + BTEX (200 mg/L) 

+ Consortium 

15± 

0.03 28± 0.09 

19± 

0.73 

40± 

0.45 

91± 

0.02 

242± 

0.44 nd 4± 0.12 

51± 

2.96 

175± 

0.56 
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Appendix E : Seed Germination  

Table E. 1. Preliminary trials for seed selection 

 Day 1 Day 8 Germination 

rates and 

notes 

Wheat 

  

-100% 

germination 

-3/5 seeds 

germinated in 

3 days 

Lettuce 

  

-90% 

germination  

- 9/10 seeds 

germinated in 

2 days 

Oats 

  

- 14% 

germination 

- 1/7 seed 

germinated 

after 1 week 

Barley  

  

- 71% 

germination 

rate 

- 5/7 seeds 

germinated 

after 1 week 

- 2 seeds grew 

white mold 
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Calibration Curves for BTEX concentrations 

 

Figure E. 1. Benzene calibration curve for soil and seed analysis 

 

Figure E. 2. Toluene calibration curve for soil and seed analysis 
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Figure E. 3. Ethylbenzene calibration curve for soil and seed analysis 

 

Figure E. 4. m-, p- xylene calibration curve for soil and seed analysis 
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Figure E. 5. o- xylene calibration curve for soil and seed analysis 

Table E. 2. Log Kₒw Ranges for Individual BTEX Compounds (at 20–25 °C) (Environment and Climate 

Change Canada (ECCC), 2024) 

 log Kₒw  

Benzene  1.56–2.69 

Toluene 2.69–2.82 

Ethylbenzene 3.03–3.53 

Xylenes 2.73–3.48 
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