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Abstract 
The petroleum industry is a major economic driver in Canada; however, toxic and 

persistent contaminants such as Naphthenic Acid Fraction Compounds (NAFCs) and benzene 

can be generated during upstream and downstream operations. NAFCs are acutely toxic 

organics which are solubilized and concentrated during bitumen extraction from Alberta’s oil 

sands. Coupling chemical oxidation with biodegradation may be a feasible remediation method 

that requires further investigation. This research utilized persulfate as a stable, persistent, and 

effective oxidant that has not previously been coupled with biodegradation for NAFCs. An 

initial oxidation phase was followed by a coupled treatment phase consisting of the residual 

persulfate with biodegradation by Pseudomonas fluorescens. The first project used unactivated 

persulfate and commercial Merichem NAs (100 mg/L), while the second project used an initial 

heat activated persulfate phase followed by continued reaction at room temperature for oil 

sands process-affected water (OSPW) NAFCs (61 mg/L). Using 100-1000 mg/L of unactivated 

persulfate, 30-99% of Merichem NAs were removed and toxicity towards Vibrio fischeri was 

reduced by 75-100% over 317 days. Coupled treatments improved Merichem NA and chemical 

oxygen demand (COD) removals by up to 1.8- and 6.7-fold, respectively, compared to 

oxidation alone, and cell counts were higher in bottles with 100-500 mg/L persulfate compared 

to bottles without persulfate. Activating 250-1000 mg/L of persulfate at 60oC for 8 hours 

decreased OSPW NAFCs by 45-89%, significantly reducing the acutely toxic O2 group and 

shifting to more oxidized (O3+) NAFCs. Toxicity towards V. fischeri increased from 18% to 

28-61% inhibition effect after activated persulfate oxidation but was reduced to non-toxic with 

continued oxidation at room temperature. Recalcitrant NAFCs such as those with higher 

molecular weight (n>16) and unsaturation (DBE>6) were oxidized, highlighting the potential 
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to be combined with biodegradation. However, the addition of P. fluorescens with the residual 

persulfate did not improve the treatment over 150 days but increased the toxicity up to 40%. 

The bacteria appeared to experience considerable stress, with cell counts decreasing over 3 

orders of magnitude. This research demonstrated that persulfate oxidation is promising to 

reduce NAFC concentrations and coupling with biodegradation can increase mineralization 

and lower costs, however improving microbial viability is imperative for success.   

Accidental spills and releases at downstream facilities such as refineries and 

underground storage tanks is an additional concern for the oil and gas industry, with benzene 

often driving remediation efforts due to its carcinogenicity. Sites with anaerobic conditions are 

particularly challenging as benzene contamination persists, and thus may require specialized 

bioaugmentation cultures to treat. Salt co-contamination can also occur at these sites, however 

the impact of salinity on in situ anaerobic biodegradation is largely unknown. A highly 

enriched methanogenic benzene-degrading consortium (DGG-B) was tested under sudden 

osmotic stress by adding 2.5-100 g/L NaCl and by gradual acclimation to NaCl. The impact of 

salinity on benzene fermenting bacteria (ORM2) and methanogenic archaea was differentiated 

by feeding DGG-B benzene, acetate or H2/CO2(g). Benzene degradation rates were inhibited 

at 5 and 10 g/L NaCl, decreasing from 20 µM/day in control bottles to 6 µM/day. Benzene 

degradation stalled at 15 g/L NaCl and ORM2 cells exhibited predominately decay. Slowly 

acclimating DGG-B to salinity increased the benzene degradation rate to 29.5 µM/day at 10.5 

g/L NaCl. Methanogenesis occurred at 25 g/L NaCl however shifted from Methanosaeta and 

Methanoregula to Methanosarcina and Methanobacterium. This is one of the first studies to 

show that methanogenic benzene biodegradation is sensitive to salt, however strategies such 

as a gradual acclimation process can improve bioaugmentation success at impacted sites.   
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1.1 Introduction  
Canada is the world’s fifth largest producer of oil in the world, with production growing 

by 3 million barrels per day over the last 30 years, securing Canada’s importance in the global 

petroleum industry (NRCan 2020, CER 2022). Petroleum can be extracted by various methods 

depending on the type (conventional crude oil or bitumen) and the site geology, before being 

sent to refineries and processing plants to create gasoline, diesel and other consumer products 

(CAPP 2013). A key issue with both upstream and downstream petroleum facilities are the 

impacts to the water matrix. Bitumen extraction requires large volumes of water that become 

contaminated and cannot be released back into the environment (Allen 2008a), and 

groundwater contamination is common at downstream sites such as petroleum storage facilities 

(U.S. EPA 2008). Further issues arise as contaminants at these sites can be persistent and 

current remediation technologies are intrusive and expensive. 

1.2 Background 
1.2.1 Upstream Petroleum Processes  

Canada has the third largest oil reserves in the world which can be classified as either 

conventional or unconventional oil (CAPP 2013, NRCan 2020). Conventional oil is extracted 

using traditional drilling and pumping methods which are easier, less expensive, and require 

less processing, yet contributes to less than 30% of total oil production in Canada (ECCC 

2022). Unconventional oil is too heavy and does not flow on its own, instead requiring 

advanced extraction techniques such as oil sands mining. The oil sands have been the main 

contributor to Canadian oil production since 2009, representing over 70% of oil production as 

of 2020 (CAPP 2022, CER 2022). Out of the approximately 168 billion barrels of proven oil 

reserves in Canada, 164 billion barrels exist as bitumen in the Alberta oil sands, with deposits 
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located in Athabasca, Cold Lake and Peace River (NRCan 2020). There are two main methods 

for extracting bitumen from the oil sands: in situ and surface mining. Deposits that are located 

deep underground require in situ extraction, most commonly using steam assisted gravity 

drainage (SAGD) during which bitumen is heated with steam making it fluid enough to pump. 

In suit extraction is energy intensive, however it has a smaller environmental footprint 

compared to surface mining and most emissions are to the air (ECCC 2022).  

Approximately 20% of oil sands deposits are shallow (<75 m) and can be surface 

mined, occurring north of Fort McMurray near the Athabasca River (ACR 2004). Surface 

mined oil sands use a caustic hot water extraction process to separate the bitumen from sand, 

clay and water (Allen 2008a). To produce 1 barrel of oil, approximately 3 barrels of non-saline 

water are required (AER 2016). Leftover sand, clay and water (collectively termed “tailings”) 

are stored long term in tailings ponds, creating a large inventory of waste that cannot be 

discharged into the environment (Allen 2008a). In 2017, there was an estimated 1 billion m3 

of tailings stored in tailings ponds, covering an area of approximately 220 km2 (Foght et al. 

2017, NRCan 2019). Total reported tailings from oil sands surface mining have increased by 

56% between 2010 and 2019 (ECCC 2022). While much of the process-affected water in 

tailings can be recycled after the sand and clay have settled, this creates an increasingly 

contaminated waste stream and may reduce the recovery rate of bitumen (Allen 2008a).  

There are numerous contaminants present in oil sands process-affected water (OSPW) 

such as salts, minerals, heavy metals, bitumen, polyaromatic hydrocarbons (PAHs), benzene, 

toluene, ethylbenzene, xylenes (BTEX), and naphthenic acid fraction compounds (NAFCs) 

(Allen 2008a, Li et al. 2017a). NAFCs are organic compounds in bitumen that are solubilized 

and concentrated during the extraction process and are considered the primary cause of OSPW 
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toxicity (Allen 2008a, Morandi et al. 2017, Scott et al. 2005). In general, NAFC concentrations 

range from 20 – 80 mg/L in fresh settling basins and 5 – 40 mg/L in reclamation ponds (Li et 

al. 2017a). The National Pollutant Release Inventory (NPRI) began tracking NAFC disposal 

and release in 2020. Between 2020 and 2021, three oil sands facilities reported 34,369 tonnes 

of NAFC waste disposed of in tailings ponds, along with approximately 26 tonnes 

unintentionally released to surrounding water (NPRI 2023).  

Remediation of NAFCs is imperative to allow OSPW to be safely reintroduced into the 

watershed. Treatments can be physical (adsorption, filtration), chemical (advanced oxidation 

processes, AOPs), or biological (bioreactors, in situ bioremediation) (Allen 2008b, Quinlan 

and Tam 2015). The lack of harmful by-products and low cost compared to other options make 

bioremediation a desirable choice for the large volumes of OSPW that requires treatment. 

However, the more complex NAFCs, particularly those with higher cyclicity or unsaturation, 

are resistant to biodegradation even under aerobic conditions (Quagraine et al. 2005a, Scott et 

al. 2005).  In order to address the recalcitrant nature of NAFCs, more sophisticated remediation 

options are needed that can produce bioavailable compounds. To date, coupled remediation 

techniques have focused on pre-treatment with ozone generated hydroxyl radicals (OH•) 

followed by a biological polishing step, which has shown improved removal of organics and 

toxicity compared to ozonation alone (Martin et al. 2010, Brown et al. 2013, Dong et al. 2015, 

Zhang et al. 2018a, 2018b). However, issues with ozonation include its high cost, short lifespan 

(seconds to minutes) and the non-selective nature of OH• (Li et al. 2017b, Ganiyu et al. 2022b). 

Persulfate is another effective oxidant that is commonly used in coupling strategies for 

petroleum contaminated sites as it is cheaper, more persistent, and less aggressive than ozone 

(Tsitonaki et al. 2008, 2010, Cassidy et al. 2009, Yen et al. 2011, Liao et al. 2018). 



5 
 

Furthermore, it can be activated to produce both sulfate and hydroxyl radicals which can 

provide more comprehensive removals (Lee et al. 2020). The potential for coupling persulfate 

oxidation (unactivated or activated) with in situ biodegradation for OSPW has not yet been 

studied.  

1.2.2 Downstream Petroleum Processes 

After bitumen is extracted, some undergoes upgrading to create synthetic crude oil at 

which point it is then further refined along with conventional crude oil to make products such 

as gasoline, diesel, jet fuel, kerosene, and naphtha (CAPP 2013). Refined petroleum products 

are then sent to storage tanks and eventually to distribution terminals. More than 30% of 

Canadian oil production is refined in Canada (CAPP 2013), with 18 refineries located mainly 

in Alberta and Ontario along major waterways (NEB 2018, Oil Sands Magazine 2023). 

Gasoline is the largest output from refineries, representing 47% of finished consumer products 

(NEB 2018).  

A range of organic and inorganic contaminants can exist at downstream petroleum 

sites, including petroleum hydrocarbon (PHC) fractions (F1, F2, F3, F4), sodium, chloride, 

arsenic, barium, boron, cadmium, chromium and lead (Thiessen and Achari 2017). The 

aromatic BTEX hydrocarbons exist within F1 PHCs (C6-C10). Benzene is classified as a Group 

1 carcinogen and is one of the most problematic contaminants due to its recalcitrant and mobile 

nature (Bennett 1999, ATSDR 2007, Toth et al. 2021). Benzene is a natural constituent of 

petroleum and thus is a by-product of the oil refining process, and is commonly used to 

manufacture other chemicals and pharmaceuticals (CCME 2004, ATSDR 2007). In gasoline, 

benzene is added as an octane-enhancer and antiknock agent. Previously benzene accounted 

for up to 4% of gasoline, but regulations under the Canadian Environmental Protection Act 
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1999 prohibited the supply of gasoline with a benzene content exceeding 1% (CCME 2004, 

Government of Canada 2020). Main sources of benzene contamination to the subsurface are 

from industrial discharge, or accidental leaks and spills at downstream oil operations such as 

upgrading facilities, refineries, storage facilities, and gas plants (CCME 2004, NPRI 2023). 

Since 2017 there was an average yearly disposal of 1650 tonnes of industrial benzene 

waste in Canada as reported to the NPRI, with an average of 97 tonnes per year inadvertently 

released to nearby water and soil (NPRI 2023). The concentration of benzene in the 

groundwater at oil and gas impacted sites can vary widely (<1 – 100 mg/L) depending on the 

contents, amount, depth and age of the spill, along with the site geology and groundwater 

velocity (Toth, C. 2020. Personal communication). Groundwater near underground storage 

tanks containing gasoline in Canada have been found to range from below detection limit 

(BDL) up to 15 mg/L of benzene (Government of Canada 1993). In the US, groundwater 

plumes from fuel spills at a gasoline station were found to have benzene levels as high as 1.2 

– 19 mg/L, while one bulk storage facility had a benzene concentration of 45 mg/L (ATSDR 

2007). In Alberta, the Tier 1 remediation guideline for benzene in groundwater is 0.005 mg/L 

(Government of Alberta 2022).  

The most commonly used remediation strategy for benzene is excavation and disposal 

of impacted soils, or pump and treat for groundwater. While this approach is simple and time 

efficient, it is also more costly and disruptive. Bioremediation offers a low cost and non-

intrusive method; however, requires longer timelines and an appropriate benzene-degrading 

microbial community (Anderson et al. 1998, Luo et al. 2016). Benzene can be biodegraded 

relatively easy aerobically, often on a timescale of days or weeks, but anaerobic conditions 

quickly develop as aerobic microorganisms utilize the oxygen in the subsurface, at which point 
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benzene contamination persists over many years (Paustenbach et al. 1993, Lovley 2000). 

Recently, microbial communities capable of anaerobic benzene biodegradation have been 

identified (Ulrich and Edwards 2003, Luo et al. 2016), suggesting bioaugmentation may be an 

effective treatment strategy at petroleum impacted sites.  

In Alberta, soil and groundwater can have increased salinity due to both natural and 

anthropogenic factors, but is particularly relevant for both upstream and downstream oil 

facilities due to the release of produced waters (AENV 2001). At high concentrations (> 10 

g/L) salinity can be acutely toxic; however, even lower concentrations salinity can influence 

biological productivity, change microbial community composition and act as a stressor that 

increases the toxicity of other contaminants (Yan et al. 2015). Salts can also influence the 

properties of the contaminant, making them less soluble and accessible for microbes 

(Nicholson and Fathepure 2005, De Visscher 2018). For aerobic hydrocarbon biodegradation, 

increasing salinity leads to increased lag times and decreased degradation (Amatya et al. 2002, 

Børresen and Rike 2007, De Carvalho and Da Fonseca 2005, Ulrich et al. 2009). The impact 

of salt on anaerobic hydrocarbon biodegradation in a naturally non-saline environments has 

not been well studied (Chen et al. 2022a, Jiang et al. 2023). Benzene in particular is already 

challenging to degrade anaerobically, and the impact of salinity is unknown.  

1.3 Research Questions 
The oil and gas industry is a key economic driver in Canada that has been expanding 

at a rapid pace, producing a large inventory of waste that requires remediation. Common 

environmental remediation methods such as excavation, pump-and-treat and chemical 

oxidation are costly and intrusive which has led to a transition to methods such as 

bioremediation. However, issues such as complex contaminants that are recalcitrant and salt 



8 
 

co-contamination hinder the success and large-scale implementation of bioremediation as a 

remediation strategy. Therefore, the overall objective of this research is to address these 

knowledge gaps for NAFCs and benzene, two main contaminations of concern in the Canadian 

oil industry. NAFCs do not currently have a standard remediation protocol and a combination 

of techniques will likely be required. Coupling chemical oxidation with biodegradation may 

be a viable solution, however operational parameters such as the ideal oxidant of choice, dose, 

and biological treatment configurations require investigation. Anaerobic benzene 

bioremediation offers many challenges for practical application in the field. The identification 

of bioaugmentation cultures is promising, however it is still unknown how anaerobic benzene 

biodegradation will be impacted by other environmentally relevant factors such as salinity. The 

specific research questions and hypotheses are as follows:  

Research Question 1: Does coupling unactivated persulfate oxidation and 

biodegradation using Pseudomonas fluorescens decrease Merichem Naphthenic Acid (NA) 

concentration, overall organics (Chemical Oxygen Demand, COD) and toxicity of the water? 

Is the rate of removal of Merichem NAs improved by increasing the temperature to 30oC? Does 

persulfate effect the number of viable bacteria cells?  

Hypothesis: Unactivated persulfate has been shown to be reactive with OSPW NAFCs, 

however long timelines are required (Sohrabi et al. 2013). P. fluorescens is a well-known 

hydrocarbon degrader that is present in OSPW and many oil and gas contaminated sites worldwide 

(Whitby 2010, Imron et al. 2020), therefore it is expected to be capable of degrading by-products 

produced from persulfate oxidation of NAs. Persulfate is considered a less aggressive oxidant and 

while microbial populations have been shown to decline after addition of persulfate, they withstand 

oxidative stress and bounce back (Sutton et al. 2014b). Therefore, it is hypothesized that 
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persulfate will oxidize Merichem NAs, creating more bioavailable organics for the P. fluorescens 

to degrade, thus leading to more complete overall removals. P. fluorescens has an optimal growth 

temperature of 25-30oC (Moore et al. 2006) so increasing the temperature to 30oC is expected to 

improve bacteria growth. Heat can also activate persulfate, creating more sulfate/hydroxyl radicals 

which will improve reactivity with Merichem NAs, but may add stress to the bacteria.  

Research Question 2: Does an initial heat activated persulfate oxidation phase 

followed by unactivated persulfate oxidation coupled to biodegradation using P. fluorescens 

decrease Merichem NA and OSPW NAFC concentration and reduce toxicity of process water? 

How does the NAFC distribution shift with each treatment phase? Is the coupled treatment 

more effective at NAFC and toxicity reduction compared to oxidation or bioremediation alone? 

How is the growth of bacteria impacted by oxidative stress and OSPW toxicity in the coupled 

treatment?  

Hypothesis: Activated persulfate has been shown to effectively oxidize OSPW NAFCs 

and model NAs using heat, ultraviolet (UV), solar and iron as activation methods at much 

faster rates than unactivated persulfate (Aher et al. 2017, Drzewicz et al. 2012, Fang et al. 

2018, Liang et al. 2011, Xu et al. 2016b). Therefore, an initial heat activated persulfate phase 

is expected to be effective in considerably reducing NAFC concentrations. Advanced oxidation 

processes (AOPs) such as ozonation have been shown to preferentially oxidize the more 

biopersistent NAFCs (cyclic and highly unsaturated) (Xu et al. 2017). Augmenting persulfate 

treated-OSPW with bacteria after bulk NAFC removal during persulfate activation is 

hypothesized to lead to more complete mineralization than oxidation alone. Studies using 

ozone pre-treatment followed by biodegradation for NAFCs have shown success in higher 

rates of NAFC removal than ozonation alone (Brown et al. 2013, Martin et al. 2010). Microbes 
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exposed to ozone were able to re-establish (Brown et al. 2013), and since persulfate is a less 

aggressive oxidant the bacteria are expected to have some hindered growth but ultimately not 

impede their biodegradation capabilities.  

Research Question 3: What impact does salt (NaCl) have on anaerobic benzene 

biodegradation of a highly enriched benzene-degrading methanogenic culture? Is there a 

difference in benzene degradation rate when microorganisms have been slowly adapted to high 

salt conditions compared to sudden salt shock? How is the microbial community composition 

impacted by salt? 

Hypothesis: Salt has been shown to negatively impact aerobic biodegradation of 

hydrocarbons (Ulrich et al. 2009, Chang et al. 2018). Concentrations that are relevant to 

produced water (10-50 g/L NaCl) are hypothesized to decrease the extent and the rate of the 

degradation. Microorganisms can enhance their stress tolerance by gradual modifications of 

their stress response and substrate utilization techniques while in a stressful environment. 

Gradual adaptation to stressful environments is commonly used to improve performance of 

microbes in bioengineered strains (Tan et al. 2022). Therefore, slowly adapting the benzene-

degrading microbial communities to salt is expected to increase benzene degradation rates at 

high NaCl concentrations compared to cultures not acclimated to salt. Different 

microorganisms have different salt tolerance levels (Yan et al. 2015), so the addition of salt is 

expected to shift the community, particularly in slowly acclimated cultures.   

 

 

 



11 
 

1.4 Thesis Organization  
Chapter 1 provides a brief introduction to the topic of research, objectives and 

hypotheses. Chapter 2 reviews relevant literature in support of this research, including a review 

on the properties and toxicity of each contaminant of concern (NAFCs and benzene), along 

with relevant remediation options. Chapter 3, 4, and 5 address research questions 1, 2, and 3, 

respectively, as highlighted above. Chapter 6 provides a summary of the findings of this 

research and recommendations for future work.  
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2.1 Introduction  
The petroleum industry is a major economic driver in Canada but contributes to 

significant contamination. The development of effective remediation strategies is increasingly 

important for providing environmental protection, supporting human health and lowering 

public costs. This chapter presents a literature review on persistent contaminants of concern 

for the petroleum industry, including NAFCs for upstream oil sands operations and anaerobic 

benzene for downstream petroleum refineries.  

2.2 Naphthenic Acid Fraction Compounds 
Oil sands process affected water (OSPW) contains naphthenic acids (NAs) which are 

organic compounds in bitumen that are solubilized during the extraction process and 

considered the primary cause of toxicity (Allen 2008a, Morandi et al. 2017, Scott et al. 2005). 

Large volumes of OSPW are currently stored in tailings ponds, and the remediation of NAs is 

a main concern prior to potential discharge into the watershed. This section provides a literature 

review of NA contamination as it relates to the oil sands industry. The properties and toxicity 

of NAs will be reviewed, along with remediation methods currently being studied. 

Biodegradation, chemical oxidation and combined remediation strategies will be explored in 

depth. 

2.2.1 Properties and Toxicity of NAFCs  

NAs are classically defined as a complex mixture of cyclic and acyclic alkanes 

possessing a single carboxylated side chain, with the general formula CnH2n+zO2, where ‘n’ 

represents the carbon number, and ‘z’ represents the hydrogen loss due to ring and double bond 

formation (Brient et al. 2000, Headley et al. 2002). The term naphthenic acid fraction 

compounds (NAFCs) describe a broader class of acid extractable organics that includes the 
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classically defined NAs (O2 group), along with a complex mixture of oxidized compounds (3 

or more oxygen atoms) and compounds containing sulphur and nitrogen (Grewer et al. 2010, 

Headley et al. 2011, Bauer et al. 2015). NAFCs can be described by the formula 

CnH2n+zOxNαSβ, with X, α, and β describing the number of oxygen, nitrogen and sulfur atoms, 

respectively (Vander Meulen et al. 2021). OSPW contains NAFCs with carbon numbers (n) 

ranging from 6 to 50 and z from 0 to -24 (Kannel and Gan 2012).  Fresh OSPW is dominated 

by z=0 family while aged OSPW contains predominately z= -4 and -6 compounds, describing 

a higher level of cyclicity and unsaturation (Grewer et al. 2010). The degree of unsaturation 

and cyclicity can also be discussed in terms of double bond equivalence (DBE) where the 

number of rings is the DBE subtracted by 1 (DBE=1 or z=0 indicates no rings). Commercial 

NA compounds are commonly used to determine mechanisms of toxicity and potential 

biodegradation pathways, and are much simpler than OSPW NAFCs, consisting of only the 

classical O2 group with more straight chained saturated NAs (Barrow et al. 2004). Examples 

of NAFCs found in OSPW are shown in Figure 2-1 below.  

 
Figure 2-1. Examples of aromatic and nonaromatic NAFC structures. R represents aliphatic groups 
and m is the number if CH2 units (from Whitby 2010). 
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The properties of NAFCs will vary with their chemical composition and molecular 

structure. However, in general they are chemically stable, with low volatility, sorption and 

bioaccumulation potential. NAFCs are amphiphilic with a hydrophilic carboxyl functional 

group and hydrophobic alicyclic end, making them surfactants that concentrate at aqueous-

nonaqueous interfaces (Brown and Ulrich 2015). NAFCs are weak acids with a pKa of 5-6, 

and therefore exist in their ionized (anionic) form in OSPW (pH>8) and river water (Brient et 

al. 2000). Sorption to clays is unlikely due to electrostatic repulsion when they exist in their 

anionic form (Marsh 2006). Table 2-1 outlines the range of properties for NAFCs.  

Table 2-1: Physical and Chemical Properties of OSPW NAFCs at pH 7. Data taken from: Kannel and 
Gan 2012. *BCF: bioconcentration factor, Scott et al. 2020. 

Parameter Value Units 

Molecular Weight 140-450 g/mol 

Density 0.97-0.99 g/cm3 

Water Solubility < 50 mg/L 

Vapour Pressure 2.35×10-6 atm 

Henry's Law Constant 8.56×10-6 amt•m3/mol 

log Kow 2.4 unitless 

Kd 0.2-2.5 L/kg 

BCF* 0.24 - 53 L/kg 

 

Exposure to OPSW can cause compromised immune function, developmental delays, 

impaired reproduction, disrupted endocrine system, and tissue specific symptoms to a variety 

of organisms (Li et al. 2017a). In vitro toxicity towards Vibrio fischeri (now Aliivibrio fischeri) 

gives IC50 values of 25-67% for fresh OSPW and 65-100% for aged OSPW (Li et al. 2017a). 

OSPW is a complex mixture which makes it difficult to determine the exact cause of toxicity. 

However, research has consistently suggested that the acidic fraction (NAFCs) are likely the 



16 
 

principal toxicants (Frank et al. 2008, Headley and McMartin 2004, Hughes et al. 2017). 

NAFCs have exhibited toxicity towards invertebrates, fish, amphibians, birds, and mammals 

(reviewed in: Li et al. 2017a). The mechanism of toxicity for NAFCs is not yet fully 

established, but narcosis is considered the main driver due to the surfactant properties of 

NAFCs, allowing them to penetrate and disrupt the cell membrane (Frank et al. 2008, Kannel 

and Gan 2012, Klopman et al. 1999, Quagraine et al. 2005b, Rogers et al. 2002b). Other modes 

of action such as endocrine disruption, oxidative stress, electrophilic reactivity and enzyme 

inhibition have also been suggested (Bauer et al. 2017, Li et al. 2017a).  

The toxicity of NAFCs will depend on their structure and composition, with the 

classical O2 group demonstrating the highest toxicity. Bartlett et al. (2017) found that 

commercial NAs, which contain only the O2 group, were more toxic than OSPW. Furthermore, 

aged OSPW was less toxic than fresh OPSW which contains more O2 compounds. Lower 

molecular weight NAFCs have generally shown greater toxicity, likely due to the decreased 

carboxylic acid groups which increases hydrophobicity (Frank et al. 2009). Conversely, 

increased molecular weight for NAFCs is often due to increased oxygenated groups and 

aromaticity, which can increase aqueous solubility and thus decreases toxicity (Morandi et al. 

2015, Bauer et al. 2017). However, some studies have found that higher molecular weight 

NAFCs were more toxic, suggesting that toxicity is not only driven by molecular weight but 

by aromaticity and heteroatom content (Bauer et al. 2017, Hughes et al. 2017). The increased 

presence of aromatic rings and double bond equivalence has increased toxicity towards fish 

(Scarlett et al. 2013, Morandi et al. 2015). Therefore, it appears that the structure-toxicity 

relationship for NAFCs depends on many complex factors. 
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2.2.2 Remediation Techniques  

The goal of remediation is to eliminate toxicity and allow OSPW to be safely 

reintroduced into the watershed. Due to the large volumes of OSPW, any treatment option 

needs to have considerable scale-up capacity. There are many physical, chemical and 

biological remediation techniques currently being investigated, however the lack of 

remediation guidelines makes implementation difficult. The complex water chemistry of 

OPSW impacts removals rates and costs of potential treatments, which is further complicated 

as different sources of OSPW have different chemistry (Allen 2008b).  

Physical treatments such as granular activated carbon (GAC) adsorption and membrane 

filtration make use of adsorption, electrostatic attraction or size exclusion to remove NAFCs 

from the water stream (Quinlan and Tam 2015). Coagulation and flocculation are commonly 

studied for settling fines in OSPW, but some research has shown that the positive surface 

charge from alum precipitates attract the negatively charged NAFCs (Pourrezaei et al. 2011). 

Physical treatments are simple but often do not lead to complete removal of NAFCs (Allen 

2008b).  One of the most significant disadvantages of physical treatments is that they require 

treatment of a secondary waste stream, such as used sorbent during GAC adsorption, 

retentate/brine from membrane filtration and sludge in coagulation and flocculation (Allen 

2008b, Quinlan and Tam 2015).  

Chemical oxidation describes processes where NAFCs are partially or completely 

degraded through oxidation reactions. While oxidation reactions are fast and effective for 

NAFC removal, there are various considerations. For example, oxidants can be scavenged by 

other organics or inorganics in OSPW, and reaction intermediates may be more resistant to 

oxidation, requiring greater amounts of energy and chemical reagents to achieve adequate 
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removals (Allen 2008b, Brown and Ulrich 2015). The main limitation of chemical oxidation 

is the cost and possible by-products. 

Conversely, biological treatments that utilize microorganisms to metabolize the 

NAFCs are low cost and produce negligible by-products. Biological treatment is often 

enhanced through the addition of nitrogen and phosphorous (biostimulation) and can be done 

via in situ biodegradation in tailings ponds or ex situ treatment in bioreactors. However, a 

portion of NAFCs are recalcitrant and persist regardless of nutrient addition and incubation 

time, limiting their remediation potential (Han et al. 2008, Toor et al. 2013, Yue et al. 2016, 

Xue et al. 2018). Constructed wetlands and end pit lakes (EPLs) where a freshwater cap is 

applied over tailings is another technique currently being investigated by industry. These wet 

landscape methods utilize natural detoxification processes and are advantageous for large scale 

application. However, there is the potential for NAFCs and other contaminants to diffuse from 

tailings into the freshwater cap, and relying on natural attenuation is not recommended for 

OSPW due to the long timelines involved and persistence of NAFCs (Allen 2008b, Brown and 

Ulrich 2015, White and Liber 2020, Kuznetsov et al. 2023).   

Given the limitations of each individual remediation method, emerging research has 

focused on using a combination of techniques, primarily by combining physical or chemical 

treatment with biodegradation. Examples include using GAC-bioreactors or membrane-

bioreactors and ozone pre-treatment followed by biological polishing (Allen 2008b, Brown 

and Ulrich 2015, Quinlan and Tam 2015).   

2.2.3 Biodegradation of NAFCs 

Biodegradation is the most cost-effective remediation technique for the large volumes 

of OSPW that require treatment. Unfortunately, a portion of NAFCs are recalcitrant even under 
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aerobic conditions, and the practical limit for in situ biodegradation of NAFCs was estimated 

to be 18 mg/L with a half life up to 14 years (Han et al. 2009, Quagraine et al. 2005b). 

Biodegradation in OSPW has been found to be nitrogen and phosphorous limited (Herman et 

al. 1994); the biodegradation of model NAs has been improved 2-fold by addition of N and P 

(Lai et al. 1996). However, even the addition of nitrogen and phosphorous does not appear to 

facilitate the complete degradation of NAFCs in situ (Toor et al. 2013), and despite decades 

long residence times aged OSPW still exhibits toxic effects (Anderson et al. 2012a).  

There has been extensive research done on the biodegradation potential of NAFCs. 

Early work done by Herman et al. (1994) showed 50% removal of commercial Kodak NAs 

and only 20% removal of OSPW NAFCs in 24 days. Similarly, Scott et al. (2005) observed 

77-93% removal of various commercial NAs in 10 days compared to 25% NAFC removal in 

OSPW after 49 days; while Han et al. (2008) found that over half of OSPW NAFCs remained 

after 98 days of incubation. Commercial NAs have consistently been shown to be more 

biodegradable than NAFCs from OSPW (Clemente et al. 2004, Del Rio et al. 2006, Han et al. 

2008, Headley et al. 2010, Herman et al. 1994, Scott et al. 2005, Toor et al. 2013). OSPW 

NAFCs have undergone extensive biodegradation in tailings ponds and oil deposits, leaving 

behind more recalcitrant NAFCs, while commercial NAs come from petroleum sources that 

have not yet been subject to significant biodegradation (Quinlan and Tam 2015). Bioreactors 

are often utilized to improve degradation of recalcitrant organics as they can better tolerate 

stressful conditions due to the help of a protective extracellular polymeric substance (EPS) 

barrier (Xue et al. 2018). However, even the more resilient bioreactors still cannot fully 

degrade NAFCs and classical O2-NAs. A moving bed biofilm reactor removed 18% and 35% 
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of NAFCs and O2-NAs, respectively (Shi et al. 2015), while an integrated fixed film activated 

sludge reactor degraded 12% and 43% of NAFCs and O2-NAs (Huang et al. 2015).  

The dominant factors that have been shown to impact OSPW NAFC biodegradability 

include the molecular weight, chain length, number of carbon atoms in the alkyl chain, the 

number of cyclic rings and the number and position of alkyl groups (Quagraine et al. 2005a, 

2005b). There have been some inconsistencies in correlation between carbon numbers and 

biodegradability as it appears to also depend on other structural components (Han et al. 2008). 

In general, lower molecular weight NAFCs are preferentially degraded, leaving behind a larger 

fraction of n > 22 compounds that are mostly comprised of O3+ NAFCs in aged ponds 

(Holowenko et al. 2002, Bataineh et al. 2006, Han et al. 2009). Increasing cyclicity increases 

bio-persistence, with linear and monocyclic NAFCs more degradable than bicyclic NAFCs 

(Lai et al. 1996, Del Rio et al. 2006, Quesnel et al. 2011, D’Souza et al. 2014). The amount 

and location of alkyl side branching also plays a vital role, with increasing branching increasing 

persistence. For example, Smith et al. (2008) found that over 97% of less branched model NAs 

were degraded compared to only 2.5% of highly branched NAs. Overall, lower molecular 

weight, acyclic NAFCs are the most labile, and those with a higher degree of branching and 

cyclization persist (Clemente et al. 2004, Han et al. 2008). This further explains why 

commercial NAs are more readily biodegradable, as they consist of more structurally simple 

compounds with lower molecular weights (Scott et al., 2005). 

Microorganisms capable of partial degradation of recalcitrant model NA compounds 

have been identified (Demeter et al. 2015, Paulssen and Gieg 2019, Miles et al. 2020). 

Significantly, an algal-bacteria community isolated from an oil sands tailings pond was able to 

biodegrade up to 80% of 1-adamantane carboxylic acid (ADA) over 90 days (Paulssen and 
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Gieg 2019). ADA is a diamondoid NA compound that is known to be recalcitrant and toxic in 

OSPW. However, model NA compounds may not behave the same as OSPW NAFCs and there 

is still significant research needed in improving biodegradability of NAFCs. Techniques such 

as bioaugmentation with microbes capable of degrading refractory NAFCs, use of bioreactors 

optimized for NAFC degraders, and biostimulation have been suggested to improve 

biodegradation, but have not demonstrated success for completely removing OSPW toxicity 

(Whitby 2010, Xue et al. 2018). Therefore, the long timelines and bio-persistence of NAFCs 

imply that bioremediation will need to be supplemented with more powerful remediation 

methods to be viable (Foght et al. 2017, Scott et al. 2005). 

2.2.4 Chemical Oxidation of NAFCs   

Oxidizing agents that have been studied for NAFC remediation in OSPW include ozone 

(O3), hydrogen peroxide (H2O2), chlorine (Cl), and persulfate (S2O82-) (Xu et al. 2017, Ganiyu 

et al. 2022b). While these have varying abilities to oxidize organics on their own, they are often 

activated to form powerful reactive oxygen species (ROS) which are referred to as advanced 

oxidation processes (AOPs). The oxidation of NAFCs during AOPs involves a complex series 

of propagation reactions where ROS are formed from the oxidizing agent, the NAFCs, and 

intermediates in the reaction pathway (Xu et al. 2017). Activation of oxidants to form ROS 

can occur by the addition of catalysts such as iron, alkaline conditions, and ultraviolet (UV) 

radiation. ROS can also be formed by electrochemical oxidation, photocatalysis of TiO2 and 

gamma-ray irradiation. Hydroxyl radicals (OH•) are the most common ROS utilized for NAFC 

oxidation. Oxidants, ROS, and their oxidation potentials, Eo, are listed below in Table 2-2.  
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Table 2-2. Oxidation potentials, Eo (v), for common oxidizing agents and ROS (Ganiyu et al. 2022b) 
*Lenntech 2023. 

Oxidants Eo (v) 

Cl* 1.4 

H2O2
* 1.8 

O3 2.1 

S2O8 2- 2.1 

Cl• 2.4 

OH• 2.8 

SO4•- 2.5-3.1 

 

Oxidation of NAFCs using hydrogen peroxide and ozone has been well reviewed 

(Brown and Ulrich 2015, Xu et al. 2017, Ganiyu et al. 2022b). For oxidation of organic 

contaminants, H2O2 is often catalyzed with Fe2+ (Fenton’s reaction) at low pH (~3) to form 

OH•. However, this is not relevant for alkaline OSPW (pH~8), so iron chelates (Zhang et al. 

2016c, 2016b, 2016a) and UV light (Afzal et al. 2012a, 2012b, Drzewicz et al. 2010, Liang et 

al. 2011, Wang et al. 2016) have been used instead. Ozone is commonly studied for NAFC 

removal both academically and by industry (Scott et al. 2008, Gamal El-Din et al. 2011, 

Garcia-Garcia et al. 2011, Pérez-Estrada et al. 2011, Anderson et al. 2012b, Wang et al. 2013b, 

2016, Pereira et al. 2013, Islam et al. 2014, Klamerth et al. 2015). Ozone is an electrophilic 

oxidant with selective reactivity towards electron rich moieties in organics and can react 

directly or indirectly to form OH•. Ozone and hydroxyl radicals oxidize NAFCs by hydrogen 

abstraction, selectively attacking hydrogen atoms attached to tertiary carbons that exist in more 

complex structural elements, preferentially oxidizing NAFCs with higher carbon number and 

cyclicity (Scott et al. 2008, Gamal El-Din et al. 2011, Pérez-Estrada et al. 2011, Wang et al. 

2013b, Pereira et al. 2013, Islam et al. 2014).  
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There are several drawbacks that have limited the industrial application of ozonation 

for NAFC remediation. Complete mineralization with ozone is challenging due to the creation 

of less reactive intermediate species, and increased exposure to ozone does not proportionally 

increase NAFC degradation (Gamal El-Din et al. 2011, Pérez-Estrada et al. 2011, Wang et al. 

2013b). There is also concern over reaction intermediates and oxidation by-products having 

toxic effects (Garcia-Garcia et al. 2011). Ozone treatment has a high initial investment and an 

extremely short lifespan once added to OSPW (Ganiyu et al. 2022b). Therefore, the large 

amount of energy and high ozone dose needed to achieve complete mineralization of NFACs 

may be cost prohibitive (Brown and Ulrich 2015).  

Recently, persulfate has been gaining interest as an alternative to ozone as it is a 

powerful oxidant, economical, simple to utilize and versatile. In addition, persulfate has a high 

water solubility, no odour, is persistent and is effective over a wide range of pH (Liang et al. 

2006, Drzewicz et al. 2012, Wacławek et al. 2017). Persulfate can be used either unactivated 

or activated. Unactivated persulfate reacts directly with the compound, taking two electrons to 

form two sulfate anions (Eq 1) (Tsitonaki et al. 2010). Activation aims to create sulfate radicals 

by either imparting energy (heat or UV light) to cleave the peroxide bond (Eq 2) or undergoing 

a redox reaction with an electron donor (transition metals) (Eq 3) (Matzek and Carter 2016). 

The sulfate radicals can then also react with water to create hydroxyl radicals (Eq 4).   

S2O8 2− + 2 𝑒𝑒 − → 2 SO4 2−                             (𝐸𝐸q 1) 

S2O8 2−    →    2 SO4•−                                    (Eq 2) 

S2O8 2− + Mn+   →     SO4•− + SO42- + Mn+1      (Eq 3) 

SO4•−  +  H2O   →     OH• + SO42- + H+             (Eq 4) 

 



24 
 

Despite a lower redox potential, unactivated persulfate can be useful in situ because it 

does not require a catalyst thus lowering costs and increasing the lifespan (Tsitonaki et al. 

2010, Sohrabi et al. 2013). However, some studies have suggested that a degree of thermal 

activation occurs at ambient temperatures, and that some activation can occur in situ due to 

naturally occurring minerals (Liang et al. 2008a). This may provide a balance between utilizing 

the advantages of both activated and unactivated persulfate. The main concerns when using 

persulfate are acidification and increased electrical conductivity due to the production of 

sulfate ions (Tsitonaki et al. 2010).  

For OSPW, unactivated persulfate along with UV, heat and iron activated persulfate 

has been studied for NAFC remediation, summarized in Table 2-3. Activated persulfate has 

been shown to be more effective than other commonly used oxidants such as hydrogen 

peroxide. Liang et al. (2011) compared UV activated TiO2, periodate, hydrogen peroxide and 

persulfate for commercial NA (Sigma) degradation. UV activated persulfate gave the fastest 

degradation with half lives of 18-28 min for 10-20 mM persulfate, while higher concentrations 

of hydrogen peroxide (50 mM) were required to reach a similar degradation rate. Similarly, 

Fang et al. (2020) compared UV activated chlorine, hydrogen peroxide and persulfate for 

OSPW NAFC removal. Activated persulfate exhibited higher removals of classical (O2) NAs 

at 81-95%, compared to 71-84% for hydrogen peroxide and chlorine. The authors attributed 

the improved degradation to the combination of sulfate and hydroxyl radicals; sulfate radicals 

are more effective than hydroxyl radicals for aliphatic acid oxidation, thus each radical 

removed different groups of NAFCs. Similar to ozonation, persulfate oxidation appears to be 

highly reactive with higher carbon and z number NAFCs (Fang et al. 2019). To-date, only one 

study focused on unactivated persulfate oxidation (Sohrabi et al. 2013). The authors found that 
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10 g/L of persulfate was able to reduce the OSPW NAFC concentration from 57 mg/L to <1 

mg/L over 111 days, demonstrating that the unactivated persulfate ion can react with NAFCs, 

albeit at much slower timeframes. Furthermore, only 20% of the persulfate was consumed over 

the experiment timeframe, indicating that much smaller doses of persulfate can be used, 

lowering treatment costs.   

Most AOPs for treatment of produced waters, including OSPW, are still in lab and pilot 

scale and there are very few used in industrial applications. The main limiting factor is their 

cost, as large quantities of reagent are required to achieve adequate removals of recalcitrant 

NAFCs. Sulfate radical based AOPs such as persulfate may be more cost effective but are still 

being validated at the lab scale and require more research on fundamentals, cost, and efficiency 

(Ganiyu et al. 2022b).
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Table 2-3. Summary of Studies Utilizing Persulfate Oxidation for Oil Sands NAFCs  

Reference NA Type & 
Concentration 

Persulfate 
Dose 

Activation 
Method Timeline Results 

(Liang et al. 
2011) Sigma NA: 100 mg/L 3800 mg/L 

 
UV 6 hours • 95% degradation with UV activation  

• No removal without activation  

(Drzewicz 
et al. 2012) 

Model NA (CHCA):  

50 mg/L 

OSPW: 35 mg/L 

100-2000 
mg/L 

 

Heat (20-
80oC) + ZVI 6 days 

• 90% NAFC removal at 20oC in 6 days 
• 20, 45, 90% CHCA removal at 40, 60, 80oC in 

2 hours 
• ZVI improved PS reaction at low temperatures 

only  

(Sohrabi et 
al. 2013) OSPW: 57 mg/L 10,000 mg/L N/A 111 days • 98% degradation O2-NAs  

• 20% persulfate consumed 

(Xu et al. 
2016b) 

Model NA (CHCA, 
CHBA, 2-NA, 1234-T-

2): 50 mg/L 

10-100% 
stoichiometric 

dose 

Heat 

(40-97oC) 
1 day 

• 100% degradation at 80oC, >40% 
stoichiometric dose 

• Chloride (10 - 50 g/L) had negative effect 
• Bicarbonate (0.5, 10g/L) had negligible effect 

(Aher et al. 
2017) 

OSPW: 34 mg/L 

Sigma NA: 38 mg/L 
5000 mg/L 

 
Iron 10 min • OSPW: 95% degradation 

• Sigma NA: 46% degradation 

(Xu et al. 
2018a) 

Model NA (CHCA):  

50 mg/L 

20% 
stoichiometric 

dose 

Heat   
(Followed by 

H2O2) 
6 hours 

• 40% mineralization by heat activated PS  
• 80% mineralization by heat activated PS-H2O2 

system 
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Table 2-3 (cont’). Summary of Studies Utilizing Persulfate Oxidation for Oil Sands NAFCs  

Reference 
NA Type & 

Concentration 
Persulfate 

Dose 
Activation 

Method 
Timeline Results 

(Fang et al. 
2018) 

Model NA (CHCA, 
PVA, CHPA, HPA, 

ADA): 0.39 mM 
2 mM 

 
UV 30 min 

• 100% degradation 
• Chloride (824 mg/L) significantly decreased 

removal 

(Xu et al. 
2019b)  

Model NA (CHCA, 
CHBA, 2-NA, 1234-T-

2): 50 mg/L 

5, 20% 
stoichiometric 

dose 

Heat 

(80oC) 
2-4 hours • Decarboxylation is initial step in PS oxidation 

• Oxygen plays important role  

(Fang et al. 
2019) OSPW: 40.8 mg/L  0.5, 2, 4 mM  UV 40 min  

• 59, 84, 92% removal O2-NAs for 0.5, 2 and 4 
mM PS 

• Higher carbon and z numbers have higher 
reactivity  

(Fang et al. 
2020)  OSPW: 40.8 mg/L 0.5, 2, 4 mM UV 40 min 

• 81-94% removal classical NAs 
• Toxicity reduced from 31% to 2% 
• Formed chlorinated byproducts  

(Ganiyu et 
al. 2022a) 

Model NA (PVA): 50 
mg/L 

OSPW: 35.9 mg/L 

0.5, 2, 5,       
10 mM Solar 6 hours • 39-100% PVA removal for 0.5-10mM PS 

• 96-99% OSPW NA removal for 5-10 mM PS 

CHCA: cyclohexane carboxylic acid; CHBA: cyclohexanebutyric acid; 2-NA: 2-napthoic acid; 1234-T-2: 1,2,3,4-tetrahydro-2-napthoix acid; PVA:5-phenylvaleric acid; 
CHPA: cyclohexanepentanoic acid; HPA: heptanoic acid; ADA: 1-adamantane carboxylic acid; UV: ultraviolet light; ZVI: zero valent iron; PS: persulfate  
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2.2.5 Coupling Chemical Oxidation and Biodegradation for NAFC 
Remediation 

Chemical oxidation can be used to enhance bioremediation by transforming recalcitrant 

NAFCs into more bioavailable compounds for the microbes to degrade into non-toxic end 

products, which would otherwise require substantial volumes of chemical oxidation to 

accomplish. The combined remediation method has higher cleanup efficiency, shorter duration 

and moderate costs (Michael-Igolima et al. 2022).  

There has been significant research into using ozone as a pre-treatment to make NAFCs 

more bioavailable. Ozone is highly reactive with cyclic and alkyl-branched NAFCs which are 

considered the most bio-persistent fractions (Martin et al. 2010, Hwang et al. 2013, Wang et 

al. 2013b, Islam et al. 2014). After ozonation, there is a shift in composition to simpler, lower 

molecular weight NAFCs that may be more susceptible to biodegradation, as seen by increased 

BOD/COD ratios (Gamal El-Din et al. 2011, Wang et al. 2013b, Brown and Ulrich 2015, 

Zhang et al. 2018a, 2018b, Al Jibouri et al. 2018).  

For OSPW, most studies that combine oxidation and biodegradation have been applied 

using various ex situ bioreactor configurations (Huang et al. 2015, Hwang et al. 2013, Islam et 

al. 2014, Shi et al. 2015, Zhang et al. 2016d, 2018a, 2018b, 2019), or with batch suspended 

growth microcosm systems (Brown et al. 2013, Dong et al. 2015, Martin et al. 2010, 

Vaiopoulou et al. 2015, Wang et al. 2013b, Xue et al. 2016a, 2016b). These studies have 

consistently demonstrated higher biomass in reactors utilizing ozonated-OSPW and improved 

removals of classical NAs. Martin et al. (2010) found that microbes grew more rapidly in 

ozonated-OSPW due to the formation of labile intermediated products such as hydroxylated 

NAFCs and short chains acids. Mineralization was significantly improved in a combined 
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ozonation-fluidized bed biofilm reactor system, increasing from 33% after ozonation to 62% 

after combined ozonation-biodegradation (Islam et al. 2014). Furthermore, while ozonation 

alone often does not significantly improve toxicity of OSPW due to incomplete mineralization 

(Meshref et al. 2017), combined treatments have shown complete removals in toxicity to V. 

fischeri (Dong et al. 2015, Wang et al. 2013b).  

Overall, ozonation coupled with biodegradation appears to provide greater rates and 

extent of NAFC removal than biodegradation or ozonation alone (Martin et al. 2010, Brown et 

al. 2013, Hwang et al. 2013, Wang et al. 2013b). The main concern when developing a coupling 

treatment is how the chemical oxidant will impact the microbial population, which can occur 

through oxidative stress, changes in pH and changes in redox conditions (Sutton et al. 2011). 

To-date, most studies on coupling oxidation and biodegradation apply pre-ozonated OSPW to 

an ex situ bioreactor with an active microbial population, or will inoculate a batch system with 

unstressed indigenous microbes after ozonation. While this could simulate ozonated-OSPW 

entering a tailings pond with an established microbial community, it is also important to 

understand how native communities are affected during ozonation, for which there has only 

been one study. Brown et al. (2013) utilized a coupled system and found that indigenous OSPW 

microbes were not eliminated after ozonation and could re-establish. In addition, the microbes 

exposed to ozone could perform as well as those not exposed. Ozonation improved 

biodegradability of organic fraction of aged OPSW by 20% over 12 weeks incubation, however 

microbial degradation stagnated after 35 days. As ozone is an expensive, aggressive and short-

lived oxidant, the coupled treatment may be improved by exploring other oxidants.   

Persulfate oxidation has been successfully coupled with bioremediation for various 

petroleum contaminants (Bumbac and Diacu 2012, Mora et al. 2014, Bajagain et al. 2018, Liao 
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et al. 2018, Medina et al. 2018, Gou et al. 2020b, 2020a, Xia et al. 2020). Furthermore, many 

studies have suggested it may be more effective than other oxidants in coupled systems and 

has less impact on microbial populations. Cassidy et al. (2009) compared coupling ozone, 

Fenton’s reagent, and iron activated persulfate with indigenous soil microbes for dinitrotoluene 

(DNT) removal. While activated persulfate less effectively oxidized DNT, overall remediation 

occurred within 14 days, as opposed to 30-90 days for Fenton’s reagent and ozonation. 

Persulfate showed a minimal impact on microbial numbers and time for rebound, suggesting 

that using a less aggressive oxidant minimizes microbial stress and thus enhances overall 

remediation. Permanganate is another common oxidant combined with biodegradation for in 

situ treatment of hydrocarbon contaminated soils.  There have been limited studies to-date on 

permanganate use for OSPW NAFC remediation, however results suggest that persulfate leads 

to more mineralization of NAFCs than permanganate (Sohrabi et al. 2013). Conversely, iron 

activated persulfate oxidation alone was less effective than permanganate and Fenton’s reagent 

for PAH removal, but the coupled persulfate-biodegradation treatment gave the highest overall 

removal efficiency and increase in microbial plate counts following oxidation (Liao et al. 2018, 

2019). Heat activated persulfate was found to be less damaging to indigenous soil microbes 

when compared with Fenton’s reagent, hydrogen peroxide and permanganate (Tsitonaki et al. 

2008). Persulfate concentrations ≤10g/L did not impact cell density but hindered acetate 

consumption at 10g/L, indicating membrane integrity does not always relate to metabolic 

activity.  

The studies above suggest that persulfate is less damaging to microbial populations 

than other commonly used oxidants; however, the impact depends on site specific factors, 

oxidant dose and activation conditions (Kakosová et al. 2017). Higher doses of persulfate 
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(>10g/L) lead to more effective short-term removal from the oxidant but have been shown to 

hinder biological activity, leading to 1-3 order magnitude decreases in bacterial abundance, 

largely due to oxidative stress and decrease in pH (Gou et al. 2020b, Mora et al. 2014, 

Richardson et al. 2011, Sutton et al. 2015). While microbial abundance is often restored to 

initial levels after oxidation, there can be considerable lag phases ranging from 30 to 200 days 

(Chen et al. 2016, Medina et al. 2018, Richardson et al. 2011, Sutton et al. 2015). As discussed 

above, more aggressive oxidation does not improve overall removal efficiency in a treatment 

coupled with biodegradation and therefore lower oxidant doses are recommended. Using lower 

persulfate doses can have a biostimulatory effect and shorten lag phases without negative 

impacts on soil properties (Mora et al. 2014, Sutton et al. 2015). For example, Xu et al. (2019a) 

found that 2.7-5.4 g/L persulfate promoted microbial viability and facilitated the occurrence of 

more PAH degrading microbes. Further increasing the persulfate dose made the coupled 

treatment system ineffective and only the oxidant removed PAHs.  

Persulfate is not as well studied for oxidation of NAFCs and only two studies have 

looked at coupling it with biodegradation. Balaberda and Ulrich (2021) utilized unactivated 

persulfate coupled to biodegradation for commercial Merichem NAs with results presented in 

Chapter 3 of this thesis. Ganiyu et al. (2022a) examined two sulfate radical based AOPs, 

persulfate and peroxymonosulfate, and found that biofiltration following oxidation led to 60% 

dissolved organic carbon (DOC) and 40% COD reduction, which is a greater extent of 

mineralization than most studies in coupled ozone-biodegradation systems. Persulfate is 

emerging as a promising oxidant for NAFC remediation that may be less harmful than ozone 

to microbial populations, making it an ideal choice in a combined oxidation-biodegradation 

treatment. Utilizing lower doses of less aggressive oxidants can lead to more efficient overall 
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remediation of contaminants, as seen in studies with other petroleum contaminants. The 

potential for coupling persulfate oxidation with biodegradation for NAFC remediation is an 

area that requires more research.  

2.3 Benzene Contamination at Petroleum Sites  
Benzene is a natural constituent of crude oil and gasoline. Accidental spills and 

releases, particularly from underground storage tanks, make benzene a widespread 

contaminant at petroleum sites (Paustenbach et al. 1993, Lovley 2000). However, benzene 

contamination can occur anywhere during the production, transport and use of crude oil, 

gasoline and isolated benzene (Health Canada 2009). Benzene is classified as a Group 1 

carcinogen, with blood forming organs exhibiting the most sensitivity, potentially leading to 

leukemia after long-term exposure. Acute benzene exposure affects the central nervous system, 

causing drowsiness, dizziness, headaches, tremors, confusion, and unconsciousness at lower 

levels, and death at high levels (Health Canada 2009).  

This section provides a literature review of benzene contamination as it relates to 

downstream petroleum sites. The properties of benzene and its fate and transport in the 

subsurface will be reviewed, along with commonly used remediation strategies. Anaerobic 

benzene biodegradation and the impact of salt co-contamination will be explored in depth.  

2.3.1 Benzene Properties, Fate and Transport  

Benzene is one of the simplest aromatic hydrocarbons with the molecular formula 

C6H6, with the 6 carbon atoms arranged in a hexagon as a stable ring without any side chains 

(Health Canada 2009). The physical and chemical properties of benzene that impact its fate 

and transport through the environment are listed in Table 2.4 below.  
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Table 2-4: Physical and Chemical Properties of Benzene at 25oC. Data taken from: ATSDR 2007. 
“BCF” bioconcentration factor. 

Parameter Value Units 

Molecular Weight 78.11 g/mol 

Density 0.88 g/cm3 

Water Solubility 1.8 g/L 

Vapour Pressure 12.7 kPA 

Henry's Law Constant 
0.23 unitless 

5.5×10-3 amt•m3/mol 

log Kow 2.13-2.15 unitless 

log Koc 1.78-1.92 unitless 

BCF 4.27 unitless 

 

When benzene enters the environment, it will preferentially distribute to the 

atmosphere as it is highly volatile (H > 10-3 atm•m3/mol) (Katyal and Morrison 2007). Issues 

of benzene persistence arise when benzene is released deeper underground (e.g., from leaking 

underground storage tanks) where volatilization to the atmosphere is not possible. Benzene is 

considered mobile, with little sorption to soil particles occurring, as can be seen by the low soil 

adsorption coefficient (log Koc < 2) (McCall et al. 1980). Therefore, while some residual 

benzene may be left in soil pores, the bulk will continue to flow downward through the 

unsaturated subsurface via gravity. Benzene is relatively soluble in water, so once it reaches 

the groundwater the contamination is easily spread via advection and dispersion. Alternatively, 

if benzene encounters an impermeable layer, the bulk mass can pool as a light non-aqueous 

phase liquid (LNAP) as it is slightly lighter than water (density < 1 g/cm3). The low 

bioconcentration factor (BCF < 1000) and octanol-water partition coefficient (log Kow < 4) of 

benzene indicates that it will not bioaccumulate in fatty tissue of organisms (Paustenbach et al. 
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1993, CCME 1999). Overall, benzene is a problematic contaminant at petroleum impacted 

sites due to its carcinogenicity and highly mobile nature in the subsurface.  

2.3.2. Benzene Remediation Options  

A variety of in situ and ex situ remediation technologies exist for aromatic 

hydrocarbons such as benzene. Common remediation methods utilized include pump-and-

treat, excavation/removal (dig-and-dump), soil vapour extraction (SVE), in situ chemical 

oxidation, monitored natural attenuation and in situ bioremediation (U.S. EPA 2018). The 

choice of remediation technology depends on several factors such as the depth and extent of 

the contamination, soil permeability and heterogeneity, along with financial constraints (FRTR 

2023).  

Ex situ methods such as physical excavation of contaminated soil and pump-and-treat 

for contaminated groundwater are the most traditional remediation techniques. Contaminated 

soil that is excavated and removed from the site can be treated by incineration or stored in 

landfills. Excavation is easily implemented for more shallow spills; however, is very disruptive 

to the site and involves health risks from removing contaminated material (Sutton et al. 2011). 

Contaminated water that is pumped out can be treated with activated carbon which would 

require periodic replacement and disposal as it becomes saturated. Pump-and-treat is simple to 

implement but is higher cost than other methods (FRTR 2023). Since these ex situ methods are 

often expensive, energy intensive and intrusive, there has been a transition towards utilizing in 

situ remediation methods (Sutton et al. 2011). In particular, in situ methods are preferred for 

deeper or more widespread contamination, along with sites below existing infrastructure, 

where contamination is more difficult to treat (Toth et al. 2021).  
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SVE is a common remediation method for benzene contamination in the unsaturated 

vadose zone. In this technique, a vacuum is applied to create a controlled flow of air and induce 

the transfer of benzene to the airstream, which is collected and treated above ground (FRTR 

2023). SVE is very effective for volatile contaminants but only works for non-saturated soils 

with high permeability; additional disadvantages are that SVE has a diminished rate of 

contaminant removal over time and the high energy requirements can be economically 

prohibitive (Aparicio et al. 2022, FRTR 2023). In situ chemical oxidation (ISCO) is an 

effective choice for benzene contamination since oxidants such as hydrogen peroxide, ozone 

and persulfate are very reactive with benzene (FRTR 2023). Chemical oxidation is fast, ideal 

for high concentrations of contaminants and does not generate a secondary waste stream; 

however, it can create toxic intermediates and require large volumes of chemicals. 

Furthermore, despite fast removals initially, chemical oxidation often reaches a point of 

diminishing return where the amount of oxidant required for complete removal is not viable 

(Aparicio et al. 2022, FRTR 2023).   

In situ bioremediation makes use of the reduction-oxidation (redox) reactions occurring 

during microbial metabolism. For benzene biodegradation, microorganisms use benzene as an 

electron donor and commonly used terminal electron acceptors (TEA) include oxygen, iron, 

nitrate, sulfate, and CO2 (methanogenic). Depending on site conditions, biodegradation may 

require biostimulation (addition of nutrients/TEA) or bioaugmentation (addition of specialized 

microbes). Bioremediation has many advantages over other remediation technologies: it is 

simple with minimal site disruption, has low installation and operating costs, is effective for 

low concentrations that SVE and ISCO cannot efficiently treat, can be applied for widespread 

contamination, and has high public acceptance (Aparicio et al. 2022, Michael-Igolima et al. 
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2022). While benzene degrades easily aerobically, under anaerobic conditions benzene 

biodegradation has drawbacks such as long timelines, low predictability, and persistence 

(Michael-Igolima et al. 2022).  

2.3.3 Benzene Biodegradation  

Aerobic benzene biodegradation occurs relatively quickly with a half-life ranging 

between 6 hours and 28 days, and thus is the preferred in situ remediation strategy for 

contamination in the shallow subsurface (CCME 1999, Lovley 2000). However, oxygen is 

quickly depleted by aerobic benzene-degrading microorganisms, leading to the development 

of anaerobic conditions. Anaerobic benzene biodegradation was not thought to be possible 

until the late 1980s, when Wilson et al. (1986) reported the first disappearance of benzene in 

methanogenic aquifer materials after a lag period of 20 weeks. To-date, anaerobic benzene 

biodegradation remains inconsistent and is characterized by considerable lag phases (>100 

days) and low degradation rates, with a half life ranging from 28-720 days (CCME 2004, Foght 

2008, Vogt et al. 2011).  

Due to the persistence of benzene in anaerobic conditions, injecting air into the 

subsurface (biosparging) to stimulate aerobic biodegradation is sometimes recommended 

(Michael-Igolima et al. 2022). However, maintaining aerobic conditions can be technically 

difficult and expensive, particularly for deep, widespread contamination. Furthermore, oxygen 

may not be distributed equally at heterogenous sites or those with fine textured soils (Aparicio 

et al. 2022, FRTR 2023). Therefore, utilizing anaerobic bioremediation would be ideal. 

Researchers now believe that benzene persistence may be due to a low abundance of intrinsic 

benzene-degrading microbes (Anderson et al. 1998, Luo et al. 2016). Bioaugmentation with a 

commercially developed benzene-degrading consortium may be useful as it can take a long 
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time for native microbial communities to reach levels needed to degrade benzene, or they may 

not be capable.  

Laboratory enriched cultures capable of anaerobic benzene biodegradation have been 

established under various TEAs, such as iron (Lovley et al. 1996, Nales et al. 1998, Weiner 

and Lovley 1998, Kunapuli et al. 2007, Zhang et al. 2012, Lee and Ulrich 2021), nitrate 

(Burland and Edwards 1999, Ulrich and Edwards 2003, van der Zaan et al. 2012), sulfate 

(Edwards and Grbic-Galic 1992, Phelps et al. 1996, 1998, Nales et al. 1998, Caldwell and 

Suflita 2000, Kleinsteuber et al. 2008, Abu Laban et al. 2009), and carbon dioxide (Grbić-

Galić and Vogel 1987, Kazumi et al. 1997, Ulrich and Edwards 2003, Sakai et al. 2009, 

Noguchi et al. 2014, Lee and Ulrich 2021). The amount of energy released from the oxidation 

of benzene and potentially available for microbial growth under different electron-accepting 

conditions is shown below (Table 2-5). 

Table 2-5: Stoichiometric equations and standard free energy changes (ΔG°) for benzene oxidation. 
Modified from Vogt et al. 2011. 

Electron Acceptors 

(oxidized/reduced) 
Stoichiometric Equation 

ΔG° 

(kJ/mol) 

O2 / H2O C6H6 + 𝟕𝟕.𝟓𝟓 𝐎𝐎𝟐𝟐 + 3 H2O → 6 HCO3
− + 6H+ -3,173 

Fe3+ / Fe2+ C6H6 + 18 H2O + 𝟑𝟑𝟑𝟑 𝐅𝐅𝐅𝐅𝟑𝟑+  → 6 HCO3
− + 30 Fe2+ + 36 H+ -3,070 

NO3
- / N2 C6H6 + 𝟔𝟔 𝐍𝐍𝐎𝐎𝟑𝟑

− → 6 HCO3
− + 3 N2 -2,978 

NO3
- / NO2

- C6H6 + 𝟏𝟏𝟓𝟓 𝐍𝐍𝐎𝐎𝟑𝟑
− + 3 H2O → 6 HCO3

− + 15 NO2
− + 6 H+ -2,061 

SO4
2- / H2S C6H6 + 3 H2O + 𝟑𝟑.𝟕𝟕𝟓𝟓 𝐒𝐒𝐎𝐎𝟒𝟒

𝟐𝟐−  → 6 HCO3
− + 1.875 H2S + 1.875 HS− + 0.375 H+ -185 

CO2 / CH4 C6H6 + 6.75 H2O → 2.25 HCO3
− + 3.75 CH4 + 2.25 H+ -116 
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During biodegradation, the more energetically favorable electron acceptors are quickly 

depleted, leading to the development of methanogenic conditions in the regions closest to the 

contaminant source. Methanogenic benzene degrading cultures are of particular interest for 

bioremediation as the microbes are not limited by an exogenous electron acceptor and there is 

no need to inject nutrients into the subsurface (Luo et al. 2016). Ulrich and Edwards (2003) 

studied benzene degrading cultures under nitrate, sulfate and methanogenic conditions, and 

found that the methanogenic cultures utilized the highest substrate concentration and gave the 

maximum benzene degradation rates, highlighting the potential for methanogenic application. 

The slow growth of microorganisms under methanogenic conditions makes it challenging to 

create large volumes needed for a bioaugmentation culture, and there are currently very few 

long-term methanogenic enrichment cultures successfully maintained (Luo et al. 2016, Phan 

et al. 2021).  

While some benzene-degrading isolates have been identified for nitrate- and iron-

reducing conditions (Coates et al. 2001, Kasai et al. 2006, Dou et al. 2010, Holmes et al. 2011, 

Zhang et al. 2012), no isolate has been found to degrade benzene under sulfate-reducing or 

methanogenic conditions. During methanogenesis, benzene is degraded by a microbial 

consortium, and microbial community structure remains highly complex even after decades 

long enrichment (Ulrich and Edwards 2003, Noguchi et al. 2014, Luo et al. 2016). Sequencing 

confirms the abundance of fermentative bacteria, acetoclastic methanogens and 

hydrogenotrophic methanogens in enrichment cultures (Sakai et al. 2009, Noguchi et al. 2014, 

Luo et al. 2016).  

To-date, microbes identified in benzene-degrading cultures belong to a few clades, 

primarily in the class Deltaproteobacteria (now proposed to be Desulfobacterota) (Toth et al. 
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2021). Luo et al. (2016) examined 16 methanogenic benzene-degrading enrichment cultures 

from soils at an oil refinery and former gas station. The authors found that an operational 

taxonomic unit (OTU) from Deltaproteobacteria, Deltaproteobacteria candidate Sva0485 

(ORM2), was consistently identified in all the cultures and typically comprised of at least half 

of the bacterial sequence. Subsequent microcosm studies verified that ORM2 abundance 

increased only when benzene was present. Similarly, a research group in Japan identified a 

putative benzene-degrader in enriched methanogenic cultures (Hasda-A) that has a nearly 

identical 16S rRNA sequence to ORM2 (Sakai et al. 2009, Masumoto et al. 2012, Noguchi et 

al. 2014, Phan et al. 2021). Qiao et al. (2018) also recently showed field and microcosm 

evidence that anaerobic benzene bioremediation at a contaminated site in China was attributed 

to enrichment of Deltaproteobacteria Sva0485. This suggests that bioaugmentation with 

enrichment cultures that have a high abundance of Sva0485 shows promise as a bioremediation 

strategy. Toth et al. (2021) demonstrated that inoculating PHC contaminated aquifer materials 

with 2.5% of an enriched methanogenic consortium containing ORM2 led to benzene 

biodegradation in only 34 days. Conversely, natural attenuation and sulfate biostimulation did 

not degrade any benzene after 1-2 years of incubation.  

Methanogenic benzene biodegradation is most likely initiated by fermentative bacteria 

(eg. ORM2) that convert benzene to benzoyl-CoA, which is eventually transformed to 

hydrogen, formate and acetate to be mineralized by methanogenic archaea (Toth et al. 2021). 

However, the lack of a methanogenic benzene degrading isolate makes it difficult to determine 

the benzene activation mechanism. Benzene is persistent due to the thermodynamic stability 

of the aromatic ring without any reactive substituents (Foght 2008). The detection of toluene 

(Ulrich and Edwards 2003), phenol (Caldwell and Suflita 2000), and benzoate (Caldwell and 



40 
 

Suflita 2000, Ulrich et al. 2005) during anaerobic benzene biodegradation has led to three 

pathways being proposed for benzene activation: methylation, hydroxylation and 

carboxylation.  

2.3.4 Impact of Salt on Benzene Biodegradation  

High salinity at a contaminated site can complicate biological remediation methods as 

salt is acutely toxic to microorganisms at high concentrations; however, even at lower 

concentrations salt can lower microbial activity due to osmotic stress (Yan et al. 2015). Cells 

act under positive turgor pressure, and the maintenance of this outward-directed pressure is 

essential as the driving force for cell division and growth. Therefore, for proper cell function, 

the osmotic pressure of the cytoplasm must exceed that of the outside medium (Martin et al. 

1999, Gunde-Cimerman et al. 2018). High concentrations of soluble salts in the medium will 

increase the osmotic potential, drawing water out of the cell, resulting in dehydration and cell 

lysis (Singh 2016, Yan et al. 2015). Salts can also influence the properties of the contaminant 

by acting as a stressor that increases contaminant toxicity and by decreasing contaminant 

solubility, making it less accessible for microbes (Nicholson and Fathepure 2005, Yan et al. 

2015). Lozupone and Knight (2007) found that salt was a greater factor in shaping microbial 

communities compared to temperature or pH. These microbial community changes occur as 

different microorganisms have different tolerances toward osmotic stress (de Souza Silva and 

Fay 2012). Depending on their salt tolerance, microbes can be classified as non-halophiles 

(<1% NaCl), slightly halophilic (1-3% NaCl), moderately halophilic (3-15% NaCl) and 

extremely halophilic (15-32% NaCl) (Fathepure 2014, Ahmadi et al. 2017). 

There are two approaches that microbes use to cope with osmotic stress from high 

salinity: the salt-in strategy and the compatible solute strategy. The salt-in strategy achieves 
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osmotic balance between the high salt medium and the cell by accumulating high 

concentrations of salts (normally KCl) in the cytoplasm (Oren 2002, Gunde-Cimerman et al. 

2018). In this strategy, intracellular enzymes have adapted to high levels of internal salts, 

making the metabolic and regulatory cell functions extremely halotolerant. These cells may 

require high levels of salt for their growth and thus are less flexible to changing salt 

concentrations in the environment. This method is mainly used by aerobic halophilic bacteria 

and archaea that thrive when salinity levels are >20% (Oren 2002).  

The second method, known as the compatible solute or low salt-in strategy, is where 

microbes avoid the high concentrations of salts in the medium from reaching the cytoplasm. 

Unlike the salt-in strategy, cellular enzymes are not adapted to the presence of high salt and 

microbes protect the cell using organic solutes that are either synthesized by the cell or 

accumulated from the medium (Oren 2002). These solutes accumulate at intracellular regions 

and enhance the production of EPS, thus forming a protective layer (Hu et al. 2020). This 

strategy is more flexible and can be rapidly adjusted based on external salt concentrations. 

However, the synthesis of compatible solutes is energetically expensive which reduces the 

energy available for microbial growth and activity (Gunde-Cimerman et al. 2018, Hoehler et 

al. 2010, Yan et al. 2015). This method is widely used by halotolerant bacteria and 

methanogenic archaea (Oren 2002).  

Anthropogenic salinity sources have been found to cause a more drastic impact to 

microorganisms than natural salinity sources (de Souza Silva and Fay 2012). In Alberta, salt 

affected soils are becoming more widespread due to increasing oil and gas sites and related 

produced water spills (AENV 2001). While both sodium chloride (NaCl) and sodium sulfate 

(Na2SO4) are common salts in Alberta, chloride is more toxic and abundant in produced waters 
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(AENV 2001, Rath et al. 2016). Saline water is commonly described in terms of the 

concentration of total dissolved salts (TDS; most commonly NaCl) or the electrical 

conductivity (EC, dS/m). Freshwater is defined as having less than 1000 mg/L of dissolved 

salts, while seawater is 35,000 mg/L TDS (AENV 2001). Brackish water refers to salt 

concentrations between freshwater and seawater, while brine water is when the salinity is 

higher than that of seawater. In Alberta, groundwater with > 4000 mg/L of dissolved salts or 

soil with EC > 2 dS/m is classified as saline (Water Act, RSA 2000, c W-3; AENV 2001). 

Table 2-6 lists common salt concentrations in Alberta from both natural and anthropogenic 

sources. 

Table 2-6: Salinity concentrations relevant to Alberta (data from AENV 2001 unless otherwise stated). 

 Sample Type EC  
(dS/m) 

Na+ 

(mg/kg soil; 
mg/L water) 

Cl- 

(mg/kg soil; 
mg/L water) 

SO4
2- 

(mg/kg soil; 
mg/L water) 

Soils 

Non-Saline Soils 0.5 6 6 0.3 

Solonetzic Soils (Csk horizon) 7.2 161 0.1 1,537 

Solonetzic Soils (Bnt horizon) 1.9 185 trace 432 

Solonetzic Soils (Bntks horizon) 7.8 1,425 71 3,459 

Brine Contaminated Soils 25.3 2,580 4,270 10 

Water 

River Water <1 7 8 31 

Seawater 30-60** 10,800  19,500 2,700 

Alberta Basin Formation Water N/A 390 - 100,800 305 - 
199,510 1 - 6,444 

Western Canadian Basin Formation Water N/A 14,340 26,920 350 

Viking Formation - Swan Hills 19.6 15,000 24,800 150 

Gilwood Formation – Swan Hills N/A 62,800 132,000 500 

Oil Battery Brine Water 187 47,250 125,000 <3 

Oil Sands Process Affected Water* 1-4 381 - 950 44 - 57 85 - 536 

* (Mahaffey and Dube 2016)        **(Zheng et al. 2018)        N/A: Not available 
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Halophilic microorganisms isolated from hypersaline environments that are capable of 

hydrocarbon degradation have been well-studied (Riis et al. 2003, Kleinsteuber et al. 2006, 

Abed et al. 2006, Minai-Tehrani et al. 2009, Bonfá et al. 2011, Liang et al. 2014, Shetaia et al. 

2016). For benzene contamination, aerobic halophilic benzene-degrading microorganisms 

such as Marinobacter spp. have been isolated from saline environments including brine soils 

near an oil production facility (Nicholson and Fathepure 2004), Utah’s Great Salt Lake region 

(Nicholson and Fathepure 2005, Sei and Fathepure 2009), seawater near a petroleum refinery 

(Berlendis et al. 2010), oil contaminated harbour sediments (Lee and Lin 2006),  a saline lake 

in Egypt (Hassan et al. 2012), and hypersaline coastal regions (Al-Mailem et al. 2013). Under 

anaerobic sulfate-reducing conditions, benzene-degrading cultures have been identified from 

marine sediments (Lovley et al. 1995, Coates et al. 1996, Phelps et al. 1996) and salt marsh 

sediment (Yu et al. 2012).  

Bioaugmentation with halophilic hydrocarbon-degrading microorganisms isolated 

from hypersaline environments is one proposed remediation strategy for petroleum sites with 

salt co-contamination (Fathepure 2014, Khoshkholgh Sima et al. 2019). A potential drawback 

to this strategy is that these microbes may be less flexible to varying levels of salinity at 

contaminated sites depending on how they adapt to salt stress. Furthermore, benzene is already 

difficult to degrade anaerobically, particularly in methanogenic conditions, and finding 

specialized microbes that can do so in high salinity is a challenge (Fathepure 2014). Therefore, 

understanding the impact of produced water spills on microorganisms from naturally non-

saline environments is important. Currently, there are limited studies examining the impacts of 

salt co-contamination on hydrocarbon degradation in naturally non-saline environments, and 

even less so under anaerobic conditions, summarized in Table 2-7.   
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Table 2-7: Summary of studies on impact of salinity for hydrocarbon biodegradation in naturally non-saline environments.  

Reference  Contaminant Microbial 
Source 

Aerobic/ 
Anaerobic Salt Concentration Degradation Results 

(Rhykerd 
et al. 
1995) 

Motor oil Uncontaminated 
soil Aerobic 0, 0.4, 1.2, 2 % w/w 

NaCl 
• Inhibited mineralization by 10% (0.4% NaCl) to 

44% (2% NaCl) 

(Amatya et 
al. 2002) 

Flare pit 
hydrocarbons 

PHC 
contaminated 

soil 
Aerobic  0, 20, 40 dS/m • 8% less oil and grease reduction in soil 

treatments with EC 40 dS/m  

(De 
Carvalho 
and Da 
Fonseca 
2005) 

Methanol, 
ethanol,  

n-Hexane,  
Iso-octane,  
n-Octane 

Rhodococcus 
erythropolis 

DCL14  
(isolated from 

uncontaminated 
sediment) 

Aerobic 1, 2, 2.5% w/v NaCl 
• Increased lag phases from 50 - 200 hrs with 1 - 

2.5% NaCl 
• Cell size decreased 30% at 2.5% NaCl 

(Lee and 
Liu 2006) 

Toluene and 
trichloroethane 

(TCE) 

Uncontaminated 
sediments with 
freshwater or 
saline water   

Aerobic 0, 2, 3.5 % w/v NaCl 

• Toluene removal time increased from 2 hrs to 13 
hrs at 3.5% NaCl 

• Long term salt exposure caused loss of TCE 
degradation ability 

(Lee and 
Lin 2006) 

Benzene, 
toluene,  
xylene 

Oil 
contaminated 

sediment 
Aerobic 0.1, 1, 2, 3, 4, 5 % w/v 

NaCl 

• Benzene removal time increased from 21 hrs to 
30-40 hrs at 2% NaCl 

• Incomplete benzene removal in 120 hrs at 4% 
NaCl 

(Børresen 
and Rike 

2007) 
Hexadecane 

PHC 
contaminated 

arctic soils 
Aerobic 

0, 0.02, 0.04, 0.08, 
0.17, 0.25, 0.42% w/w 

NaCl 

• Increased initial lag phase, but similar final 
degradation extent  

• Low levels (<0.3% w/w) slightly stimulated 
rates 

(Ulrich et 
al. 2009) 

Hexadecane, 
phenanthrene, 

decane, 
toluene 

PHC 
contaminated 

soils  
Aerobic 0, 0.5, 1.0, 2.5, 5% w/v 

NaCl 

• Increased lag time and decreased degradation 
rates with increasing salinity 

• NaCl < 1% slightly stimulated mineralization for 
phenanthrene 
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Table 2-7 (cont’d): Summary of studies on impact of salinity for hydrocarbon biodegradation in naturally non-saline environments.  

Reference Contaminant Microbial 
Source 

Aerobic/ 
Anaerobic Salt Concentration Degradation Results 

(Hua and 
Wang 
2014) 

Crude oil 

Pseudomonas 
sp. DG17 

(isolated from 
PHC 

contaminated 
soil) 

Aerobic 0.5, 1, 2, 3, 5 % w/v 
NaCl 

• Removal increased 45-55% when salinity 
increased from 0.5-1% NaCl 

• Removal deceased to <30-10% for 2-5% NaCl 

(Chang et 
al. 2017) 

Diesel fuel, 
hexadecane 

Dietzia maris 
(isolated from 

PHC 
contaminated 

sub-arctic soil) 

Aerobic 0, 2.5, 5, 7.5, 10, 12.5 
% NaCl 

• Cold tolerant bacteria can exhibit dual tolerance 
to salinity: best growth was achieved at 2.5 – 
10% NaCl 

• Growth was slightly hindered at 0 and 12.5 % 
NaCl 

(Feizi et 
al. 2020) Phenanthrene 

Bacillus kochii 
AHV-KH14 

(isolated from 
compost) 

Aerobic 0.5, 1, 1.5, 2 % w/v 
NaCl 

• Similar removals (63-65%) up to 1.5% NaCl 
• Decreased removal to 32% at 2% NaCl 

(Hu et al. 
2020) Diesel oil 

Rhodococcus sp. 
HX-2  

(isolated from an 
oil field) 

Aerobic 0, 1, 2, 3, 4, 5, 6, 7, 8, 
9, 10 % w/v NaCl 

• Similar removals (>80%) up to 2% NaCl  
• Decreased removal (<50-10%) at 6-10% NaCl  

(Akbari et 
al. 2021) Hexadecane  

Weathered PHC 
contaminated 

soils  
Aerobic 0, 2.5, 5 % w/v NaCl 

• Without nutrients, salinity improved 
mineralization from 19-44% with 0-5% NaCl  

• With nutrients, salinity decreased mineralization 
from 53-37 % at 0-5% NaCl 
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Table 2-7 (cont’d): Summary of studies on impact of salinity for hydrocarbon biodegradation in naturally non-saline environments.  

 
 
 

Reference Contaminant Microbial 
Source 

Aerobic/ 
Anaerobic Salt Concentration Degradation Results 

(Zhang et 
al. 2021) 

n-decane,  
n-dodecane,  

n-hexadecane 

Enriched culture 
from crude oil 
contaminated 

soil  

Aerobic 0.5, 1, 2, 3 % w/v 
NaCl 

• Salinity up to 2% NaCl inhibited overall bacteria 
growth but similar degradation extent 

• No growth or degradation at 3% NaCl 

(Li et al. 
2022) 

 Phenanthrene, 
pyrene 

Crude oil 
contaminated 

soil 
Aerobic 0, 1, 3 % w/v NaCl • Removal increased from 65-82% with 0-1% NaCl 

• Removal decreased to 40% at 3% NaCl  

(Chen et 
al. 2022a) 

Benzene, 
toluene, 

ethylbenzene, 
xylene 

BTEX/salt co-
contaminated oil 

field  

Anaerobic  
and Aerobic   
(6 well sites)  

0.08 - 3.7 g/L Cl- 
• Archaea was more susceptible to elevated BTEX 

and salinity  
• Produced water enriched salt-tolerant microbes 

(Jiang et 
al. 2023) Toluene 

PHC 
contaminated 

soil 
Anaerobic 0.1, 1, 2 % w/v NaCl • Removal decreased with salinity, from 100, 60 

and 25% at 0.1, 1, and 2 % NaCl 

“PHC”: Petroleum hydrocarbon; “BTEX”: Benzene, toluene, ethylbenzene, xylenes. 
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Overall, microcosm studies have shown increased lag times and decreased hydrocarbon 

degradation when salt is applied to microorganisms sourced from non-saline environments 

(Amatya et al. 2002, Børresen and Rike 2007, De Carvalho and Da Fonseca 2005, Ulrich et al. 

2009). In general, some salt is helpful as it provides a more ionically balanced medium, while 

zero salinity can destabilize intracellular pressure and cause cell lysis (Martin et al. 1999, 

Ulrich et al. 2009, Imron et al. 2020). Increasing NaCl concentrations up to 1% (10 g/L) 

stimulated aerobic mineralization of hexadecane, phenanthrene, pyrene and crude oil, while 

further increasing NaCl led to decreased rates of degradation (Ulrich et al. 2009, Hua and Wang 

2014, Li et al. 2022). Rhykerd et al. (1995) found that the addition of 0.4% and 2% NaCl 

inhibited aerobic biodegradation of motor oil by 10% and 44%, respectively, compared to 

microcosms without additional NaCl. Similarly, an anaerobic toluene degrading consortia 

using humin as a TEA showed a decrease in toluene removals from 100% to 60% and 25% 

when salt was increased from 0.1% to 1% and 2.5% NaCl, respectively (Jiang et al. 2023). 

The impact of salt on a microbial consortium will vary depending on which 

hydrocarbon is added as a substrate (Ulrich et al. 2009, Zhang et al. 2021). For example, 

degradation of n-decane and n-dodecane were not impacted at salt levels up to 2% NaCl, while 

n-hexadecane degradation was improved with salinity (Zhang et al. 2021). However, despite 

the improved degradation there was a significant decrease in optical density, indicating 

hindered microbial growth. Akbari et al. (2021) found that aerobic mineralization of 

hexadecane was enhanced by salinity in the absence of nutrients. The authors noted a 5.2× 

decrease in overall microbial population size, but a 4.8× increase of halotolerant hydrocarbon 

degrading bacteria. However, in the presence of nutrients salinity decreased the extent of 

mineralization (Akbari et al. 2021).  
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To-date, few studies have examined the impact of salt on benzene biodegradation. 

Aerobic benzene biodegradation in water samples taken from Utah’s Great Salt Lake varied 

from 100% removal when salt levels were 16% but was reduced to 60% removal in areas of 

the lake containing 34% salt (Prince and Prince 2022). Similarly, a trickle bed bioreactor was 

no longer able to fully degrade benzene after the addition of 4% NaCl  (Lee and Lin 2006). 

Currently, most studies have looked at the impact of salt on aerobic biodegradation (Table 2-

7). However, anaerobic conditions can quickly develop at sites with subsurface petroleum 

contamination, as discussed earlier. Salt itself can also cause anaerobic conditions to develop 

as it affects the structure of the soil and reduces soil pore oxygen levels (Khoshkholgh Sima et 

al. 2019). Therefore, it is vital to understand how anaerobic microbial communities are 

impacted by salt. Anaerobic benzene degradation was found to be inversely related to sediment 

salinity with freshwater sediments (0.17 g/L Cl) providing the highest degradation rates 

compared to brackish (4.5 g/L Cl) and saltwater (7.9 g/L Cl) sediments (Tao and Yu 2013). 

This suggests that degradation by anaerobic microbes is negatively impacted by increasing 

salinity, similar to the trends noted for aerobic studies above. Under salt stress, non-halophilic 

microorganisms need to redirect energy for cell growth towards stress adaptation. Therefore, 

the impact of salt may be more notable for anaerobes, particularly methanogens, which already 

have less energy available for their growth compared to aerobic microbes. For example, Chen 

et al. (2022a) found that methanogenic archaea were the most susceptible to elevated levels of 

salinity at a BTEX and salt co-contaminated oil field site.  

The mobility, persistence and carcinogenicity of benzene make it a primary 

contaminant of concern for the petroleum industry. Anaerobic bioremediation of benzene is 

emerging as a promising, cost-effective remediation method for the many petroleum impacted 
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sites in Alberta. Salt co-contamination due to the release of produced water at these sites 

complicates remediation efforts. While the impact of salt on aerobic biodegradation of 

hydrocarbons has been explored, there are limited studies for anaerobic biodegradation of 

hydrocarbons, highlighting a critical research need.  

Effective and economical remediation methods are required to manage the petroleum 

industry in an environmentally sustainable manner and restore the land to a usable state. In situ 

bioremediation is advantageous as it is less intrusive and often lower cost than other commonly 

used remediation methods, however issues can arise that hinder large-scale implementation. 

For upstream bitumen extraction in the oil sands, acutely toxic NAFCs have a recalcitrant 

portion that persists over decades and will likely require a combination of remediation 

techniques, however still requires research development and validation. For downstream 

petroleum facilities, the impact of salt co-contamination on persistent contaminants such as 

benzene in anaerobic environments is unknown. This research aimed to address these key 

knowledge gaps for NAFCs and benzene, two contaminants of concern in the Canadian 

petroleum industry.  
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Chapter 3  
Persulfate Oxidation Coupled with Biodegradation by 

Pseudomonas fluorescens Enhances Merichem 
Naphthenic Acid Remediation and Toxicity Reduction  
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3.1 Introduction  
The extraction of surface mined bitumen produces large volumes of OSPW containing 

acutely toxic NAFCs, which operate under a zero-discharge policy and are stored in tailings 

ponds (Allen 2008a, Brown and Ulrich 2015, Finkel 2018, Morandi et al. 2017, Scott et al. 

2005). With the large footprint currently required to store tailings and concerns of subsurface 

contamination, effective water management and remediation methods is an ever-increasing 

concern. Chemical oxidation and biodegradation have been extensively reviewed for NAFC 

remediation (Ganiyu et al. 2022b, Whitby 2010, Xu et al. 2017, Xue et al. 2018). However, the 

cost needed for oxidants to mineralize NAFCs can become prohibitive (Brown and Ulrich 

2015), and a portion of NAFCs are resistant to biodegradation by indigenous tailings 

microorganisms (Foght et al. 2017, Quagraine et al. 2005a, Scott et al. 2005). Therefore, a 

combined treatment may be more effective, where chemical oxidant is used to breakdown 

recalcitrant NAFCs into more bioavailable compounds for microorganisms to further degrade.  

Ozone is highly reactive with the most bio-persistent NAFCs, such as those with higher 

cyclicity, and therefore has been studied as a pre-treatment for biodegradation (Hwang et al. 

2013, Islam et al. 2014, Martin et al. 2010, Wang et al. 2013b). The use of lower doses of less 

aggressive oxidants has been shown to improve remediation for creosote (Valderrama et al. 

2009), jet fuel hydrocarbons (Xie and Barcelona 2003), dinitrotoluene (DNT) (Cassidy et al. 

2009) and diesel (Jung et al. 2005). As ozone is an expensive and aggressive oxidant, the 

coupled treatments for OSPW may be improved by exploring alternative oxidants, such as 

persulfate, which may be less harmful towards soil microbes than ozone (Cassidy et al., 2009). 

Persulfate oxidation has been coupled with bioremediation for petroleum contaminants such 

as total petroleum hydrocarbons (TPHs) in diesel (Bajagain et al. 2018, Chen et al. 2016, Sutton 
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et al. 2014a, 2014b), PAHs (Mora et al. 2014, Xu et al. 2016a, Medina et al. 2018, Liao et al. 

2019), and BTEX (Xiong et al. 2012, Shayan et al. 2018, Bartlett et al. 2019). Persulfate 

oxidation has demonstrated >90% removals for OSPW NAFCs and model NAs using 

activation methods such as UV (Liang et al. 2011, Fang et al. 2018, 2019, 2020), heat (Xu et 

al., 2016b, 2018b, 2019b), and iron (Drzewicz et al. 2012, Aher et al. 2017). In addition, 

activated persulfate was more effective than hydrogen peroxide and chlorine commercial NAs 

and OSPW NAFCs (Liang et al. 2011, Fang et al. 2020). Some studies have suggested that 

unactivated persulfate is not reactive with NAFCs (Liang et al. 2011, Fang et al. 2018). 

However, the short time frame of these studies (minutes-hours) would be insufficient for an 

unactivated persulfate reaction, which requires anywhere from days to months (Drzewicz et al. 

2012, Sohrabi et al. 2013). Despite the longer timeframes involved, unactivated persulfate has 

the advantage of being more economical, having fewer scavenging reactions and being less 

harmful to microbial populations. Furthermore, longer timelines are ideal for oil sands in situ 

applications such as end pit lakes and groundwater systems.  

To date, no studies have examined the potential for coupling unactivated persulfate 

oxidation and biodegradation for NA removal and toxicity reduction, and thus was a primary 

focus for this research project. The objectives of this study were to: 1) compare persulfate 

oxidation alone with persulfate oxidation coupled to biodegradation for Merichem NA, COD 

and toxicity reduction; 2) investigate the performance of unactivated (21oC) persulfate 

compared to heat activated (30oC) persulfate; and 3) determine the concentration of persulfate 

that improves biodegradation potential with the least detrimental effect on microbial viability. 
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3.2 Materials and Methods 
3.2.1. Source of NAs and Bacteria  

Commercial NAs were gifted from Merichem Chemicals and Refinery Services LLC 

(Houston, TX). Merichem NAs are known to only have O2- species and are the closest match 

to NAFCs in OSPW (Bartlett et al. 2017) and thus were used to create a controlled system 

focused on the most toxic NA fraction.  

Pseudomonas fluorescens was chosen to study biodegradation potential as it is a well-

known hydrocarbon degrader that is native to OSPW and has previously shown potential to 

degrade NAs (Del Rio et al. 2006, Herman et al. 1994). P. fluorescens LP6a was previously 

obtained from Dr. Julia Foght and had been isolated from an enrichment culture derived from 

petroleum condensate-contaminated soil and has demonstrated potential to utilize various 

PAHs as the sole carbon and energy source (Foght and Westlake 1991, 1996). Preliminary 

unpublished work in our lab verified that P. fluorescens LP6a is capable of degrading BTEX 

compounds and grows in the presence of both Merichem NAs and OSPW NAFCs.  

3.2.2. Experimental Setup 

Unless otherwise stated, all materials were purchased from Thermo Fisher Scientific 

(Waltham, MA). Microcosms were created using 1L FisherbrandTM glass media bottles, filled 

aseptically with 500 mL of Bushnell Haas (BH) media (per L: 1 g K2HPO4; 1 g KH2PO4; 0.2 

g MgSO4.7H2O; 0.02 g CaCl2.2H2O; 0.05 g FeCl3; 1 g NH4NO3, pH adjusted to 8.2), 100 mg/L 

Merichem NAs, and either 0 (biological treatment), 100, 250, 500, or 1000 mg/L of sodium 

persulfate (> 98%, Sigma Aldrich). Bottles were shaken at 150 rpm. For the first stage of the 

experiment, bottles were loosely topped with aluminum foil to prevent bacterial contamination 

while allowing for the release of carbon dioxide produced from the persulfate reaction. 
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Unactivated persulfate (PS) refers to conditions where there was no intention activation and 

was tested at room temperature (21oC), and heat activated persulfate (APS) was done at 30oC.  

The chemical reaction between Merichem NAs and persulfate was left for 

approximately 2 months (68 days for unactivated persulfate, 52 days for activated persulfate) 

to provide time for the persulfate to oxidize NAs into more bioavailable carbon sources before 

the P. fluorescens (CPS, CAPS) was inoculated. P. fluorescens was grown in Luria-Bertani 

(LB) media (per L: 10 g peptone; 5 g yeast extract; 5 g sodium chloride) to exponential phase 

(optical density, OD ~ 0.9), cells were then washed 3× by centrifuging at 4000 rpm for 4 min, 

discarding the supernatant and resuspending in phosphate buffer solution. Cells were 

inoculated into microcosms to an initial starting concentration of approximately 6.0x105 

colony forming units (CFU) per mL. The persulfate reaction was not quenched to better mimic 

in situ conditions and examine any stress effects on the bacteria from the combination of 

oxidant and contaminant, creating the coupled treatment bottles (100CPS-1000CPS, 

500CAPS-1000CAPS; Table 3-1, Figure 3-1). FisherbrandTM caps, modified with 20 mm blue 

butyl septa, were added at the same time as P. fluorescens to allow for measurement of 

headspace carbon dioxide (CO2(g)). pH was routinely monitored and adjusted to 8.2 by the 

addition of 1.5 mL of 1 N NaOH when required.  

Negative controls contained only 100 mg/L of Merichem NAs (0NC), biological 

treatment bottles did not have persulfate added (0CPS, 0CAPS) and chemical treatment bottles 

were not inoculated with bacteria (100PS-1000PS, 500APS-1000APS) in order to differentiate 

the chemical and biological contribution in the coupled bottles. No carbon controls (NCC) 

were created containing 1000 mg/L of persulfate without Merichem NAs to determine the 
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decomposition of persulfate in the absence of NAs. Treatments containing P. fluorescens were 

set up in triplicate and chemical treatments were set up in duplicate (Table 3-1). 

 

Figure 3-1. Illustration of experimental set-up. Unactivated Persulfate (S2O8
2-) experiments were 

completed at 21oC and activated experiments were done at 30oC. P. fluorescens was inoculated into 
select treatment bottles after 68 days (unactivated) or 52 days (activated). Created in BioRender.  
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Table 3-1. Summary of persulfate oxidation and biodegradation experimental bottles.  
Note: “PS”: persulfate concentration, “CPS”: coupled treatment bottles, “APS”: activated persulfate, 
“CAPS”: coupled activated persulfate treatment bottles, “NCC”: no carbon controls, P. fluorescens was 
added after 2 months (*). 

Identification Label Persulfate 
(mg/L) 

Pseudomonas 
fluorescens* 

Merichem 
NAs (mg/L) 

Temperature 
(oC) Replicates 

Unactivated Persulfate  
Negative Control 0NC 0 No 100 21 2 

Chemical Treatment 

100PS 100 No 100 21 2 
250PS 250 No 100 21 2 
500PS 500 No 100 21 2 

1000PS 1000 No 100 21 2 
Biological 
Treatment 0CPS 0 Yes 100 21 3 

Coupled Treatment 

100CPS 100 Yes 100 21 3 
250CPS 250 Yes 100 21 3 
500CPS 500 Yes 100 21 3 

1000CPS 1000 Yes 100 21 3 

No Carbon Control 1000CPS-NCC 1000 Yes 0 21 3 

Activated Persulfate 
Chemical Treatment 1000APS 1000 No 100 30 3 

Biological 
Treatment 0CAPS 0 Yes 100 30 3 

Coupled Treatment  
500CAPS 500 Yes 100 30 3 

1000CAPS 1000 Yes 100 30 3 

No Carbon Control 1000CAPS-NCC 1000 Yes 0 30 3 

 

3.2.3 Chemical Analyses  

Merichem NAs 

The persulfate reaction was quenched with excess sodium thiosulfate, filtered with 0.22 

µm nylon filters and stored at 4oC until analysis. Merichem NA content in samples was then 

determined using Fourier transform infrared (FTIR) spectroscopy (Jivraj et al. 1995, Scott et 

al. 2008, Brown et al. 2013). Briefly, 8mL of filtered samples were acidified to pH 2.0 by 
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adding concentrated HCl, exchanged three times with approximately 5-6 mL of HPLC grade 

dichloromethane (DCM), passed through a sodium sulfate column to remove trace water, and 

then dried overnight. The dried Merichem NAs were then reconstituted in a known amount of 

DCM and measurement was completed on a Spectrum 100 FTIR (Perkin Elmer, Waltham, 

MA) using a 3 mm-spaced, potassium bromide window cell (International Crystal, Garfield, 

NJ). Data was collected with Spectrum software (V10, Perkin Elmer, Waltham, MA) using 32 

scans with a spectral resolution of 4 cm-1. Absorbance at 1743 cm-1 (for monomers) and 1706 

cm-1 (for hydrogen-bonded dimers) were summed to calculate total Merichem NAs 

concentration. Standard solutions were prepared using known concentrations of Merichem 

NAs (Merichem Chemicals and Refinery Services, Houston, TX) in DCM.  

Chemical Oxygen Demand  

Chemical oxygen demand (COD) was measured with HACH COD Low Range (LR; 

limits of 3 - 150 mg/L) digestion solution vials (product 2125815, Fisher Scientific, Fair Lawn, 

NJ) following method 8000, using a HACH digestor reactor and UV-Vis Hach DR/4000 

spectrophotometer (Hach, Loveland, CO). COD was measured immediately after sampling, 

without filtering or quenching samples as sodium thiosulfate interferes with the COD digestion 

solution.  

Carbon Dioxide 

Headspace CO2(g) was measured with an Agilent 7890A gas chromatograph equipped 

with a thermal conductivity detector (GC-TCD) (Agilent HP-PLOT/Q column: 30 m x 320 µm 

x 0.2 µm) using an injection volume of 100 µL. The oven temperature gradient was as follows: 

50°C for 2 min, then increased at a rate of 30°C min-1 to 150°C which was maintained for 

2 min. Helium was used as carrier gas with the following flow program: 8.83 mL min-1 for 
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2 min, decreasing to 5.67 mL min-1 until the end of the separation. Total run time was 7.33 

min. The detector was maintained at 200°C, and the injection port at 300°C. The makeup gas 

(helium) was set to 5 mL min-1. The injector split ratio was set to 5:1 (no gas saver), with a 

column flow of 8.89 mL min-1, split vent flow of 44.4 mL min-1, and a septum purge flow of 

58.3 mL min-1 under a pressure of 30 pounds per square inch (psi). Standards were created 

using various concentrations of CO2 and N2 gas mixes in Tedlar gas sampling bags.  

Persulfate   

The persulfate (S2O82-) concentration in solution was determined based on a rapid 

spectrophotometric method developed by Liang et al. (2008b). In this method, 500 µL of 

sample was added to a 40 mL EPL glass vial containing 0.2 g of NaHCO3, 4 g of KI, and 40 

mL of Milli-Q water. The resulting solution was hand shaken and allowed to equilibrate at 

room temperature for 15 min. The absorbance of 1 mL of solution at 352 nm was then measured 

on a UV-Vis spectrophotometer (Nano Drop 2000c Spectrophotometer, Thermo Fisher 

Scientific, Waltham, MA).  

3.2.4 Bacterial Enumeration  

Viable bacterial cell counts were obtained using the drop plate method (Zelver et al. 

1999). A series of 10-fold dilutions were performed to obtain the dilution that would provide 

30-300 colonies per plate. 100 µL of each dilution was plated on LB agar plates (per L: 10 g 

peptone; 5 g yeast extract; 5 g sodium chloride; 12 g agar) in triplicate. Plates were incubated 

at 28oC for 24 hours before counting.  

3.2.5 Microtox Assay  

Acute toxicity was measured immediately after sampling (samples were not filtered or 

quenched) at the beginning and end of the experiment, via a Microtox assay with a Model 500 
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Analyzer (Modern Water, New Castle, DE) and Microtox Omni 4.3 (Modern Water, New 

Castle, DE) software. The 81.9% basic toxicity method was employed with four 2:1 dilutions 

and incubation times of 5 min and 15 min. There was no significant difference between 

incubation times, therefore only the 5 min data was used to estimate the IC50 toxicity, which 

represents the percent volume of sample required to reduce the bioluminescence of the test 

specimen (Vibrio fischeri, now Aliivibrio fischeri) by 50%. Toxicity units (TU) were then 

derived from IC50 (TU=100/IC50). Phenol (100 mg/L) and deionized water were used as 

positive and negative controls, respectively, according to the manufacturer instructions (data 

not shown). 

3.2.6 Statistical Analysis 

Welch's t-tests (two independent samples, normal distribution, unequal variance) were 

performed in Microsoft Excel 2014 to examine the statistical significance of the chemical 

treatments compared to coupled treatments; while paired t-tests were used to determine 

significance over time in individual treatments. p values less than 0.05 were used to indicate a 

statistically significant difference. 

3.3 Results and Discussion 
To determine the efficacy of coupling persulfate oxidation and biodegradation for 

commercial Merichem NA remediation, the degradation of organics, including both Merichem 

NAs and by-products, was first investigated; second, the impact of the coupled treatment 

system on the bacteria and subsequent toxicity reduction was examined. For each result, the 

coupled treatment was compared to the chemical and biological treatments, and the effect of 

temperature and persulfate concentration was studied. 
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3.3.1 Degradation of Organics 

Merichem NA and COD Removal 

NAFCs represent a major toxic fraction in OSPW; in particular, the classical O2- species 

are considered main contributors to acute toxicity (Hughes et al. 2017, Morandi et al. 2017). 

Therefore, the use of commercial NA mixtures such as Merichem NAs, which are comprised 

solely of O2- species, creates a controlled system to study the most toxic fraction directly, while 

also accounting for the complexity of a mixture of compounds (Miles et al. 2020). Since 

quantifying classical NAs requires methods with high resolving power, using FTIR 

spectroscopy to measure the acid extractable NAFCs is commonly done in the oil sands 

industry (Dong et al. 2015, Ripmeester and Duford 2019). Figure 3-2 displays the results of 

Merichem NA degradation for the unactivated (21oC) and activated (30oC) persulfate 

experiments. Chemical oxygen demand is also commonly used to determine the amount of 

oxidizable organics, including potential by-products without carboxyl groups that are not 

captured by FTIR (Figure 3-3).  
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Figure 3-2. Merichem NA concentration for (a) unactivated persulfate bottles at 21oC, and (b) and 
activated persulfate bottles at 30oC. Note: “PS”: unactivated persulfate, “CPS”: coupled unactivated 
persulfate with P. fluorescens, “APS”: activated persulfate, “CAPS”: coupled activated persulfate with 
P. fluorescens, “NC”: negative controls, “NCC”: no carbon controls, P. fluorescens was added after 2 
months ( ), dashed lines represent chemical treatments. All data points are an average of duplicate or 
triplicate bottles. Error bars represent one standard error of the averaged value. 

At 21oC, negative control bottles without persulfate or P. fluorescens (0NC) showed 

no significant Merichem NA or COD removal over the course of the experiment (p>0.05; 

paired t-test), indicating that degradation in experimental bottles occurred only due to 

persulfate oxidation and/or microbial degradation. Biological treatment bottles were used to 

demonstrate the capacity of the isolate to biodegrade Merichem NAs, and thus contained P. 

fluorescens without persulfate (0CPS). Results showed that P. fluorescens alone at 21oC 

removed 15.9% of Merichem NAs by day 313 (Figure 3-2a) and 11.5% of COD by day 310 

(Figure 3-3a). Similarly, P. fluorescens (LD2) isolated from wetland sediments exposed to 

OSPW degraded 15% of commercial Kodak NAs, however a mixture of P. fluorescens and P. 

putida improved degradation to >95% (Del Rio et al. 2006). Microbial isolates commonly do 
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not perform as well as a microbial community where synergistic relationships exist among 

microorganisms (Demeter et al. 2015). In this study, an isolate was used to create a controlled 

system for proof of concept, and it is important to note that the treatment will likely improve 

when using an indigenous microbial consortium, which should be investigated in the future. 

However, microbial degradation in nutrient limited OSPW may be hindered and require 

biostimulation (Herman et al. 1993, Lai et al. 1996, Kinley et al. 2016). BH media was used in 

this study to examine the potential of Merichem NAs to act as a carbon source without nitrogen 

and phosphorous as confounding variables. In addition, Merichem NAs generally contain 

linear, lower molecular weight compounds with 7-17 carbon atoms (n), which are considered 

more biodegradable than the complex mixture of NAFCs found in OSPW including higher 

molecular weight (n=7-28) compounds (Han et al. 2009, Scott et al. 2005). At 30oC, the 

bacteria performed significantly better compared to biological treatments at 21oC (p<0.05), 

removing 33.9% of Merichem NAs over a slightly shorter period of 246 days (0CAPS). This 

is expected as P. fluorescens is a mesophilic microorganism with optimal growth temperatures 

between 25-30oC (Moore et al. 2006).  

Chemical treatment bottles (PS) were used to determine the capability of persulfate 

alone to oxidize Merichem NAs. As expected, increasing the concentration of persulfate led to 

increased Merichem NA removal. For unactivated persulfate (21oC), Merichem NA removals 

were 30.2%, 53.9%, 84.5% and 95.1% for 100PS, 250PS, 500PS and 1000PS, respectively, by 

day 317 (Figure 3-2a). Persulfate concentrations of 250-1000 mg/L exhibited a linear 

degradation trend; however, microcosms with 100 mg/L exhibited no significant Merichem 

NA removal in the first 68 days, followed by a large reduction at day 163 and then no further 

significant removal for the remainder of the experiment (p>0.05; paired t-test). Removal of 
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COD was also found to increase with increasing persulfate concentration, with 4.6%, 23.1%, 

29.2%, and 71.9% COD removed for 100PS, 250PS, 500PS and 1000PS, respectively, by day 

310 (Figure 3-3a). The incomplete COD removals suggest that the persulfate alone was not 

completely mineralizing Merichem NAs. In particular, the lower persulfate concentrations 

tested (100-500 mg/L) showed very little COD removal, despite 30-85% Merichem NAs 

degradation.  

 
Figure 3-3. Chemical oxygen demand for (a) unactivated persulfate bottles at 21oC on day 310, and (b) 
and activated persulfate bottles at 30oC on day 240. Dashed pattern indicates chemical treatments and 
solid pattern indicates coupled treatments. Note: “PS”: unactivated persulfate, “CPS”: coupled 
unactivated persulfate with P. fluorescens, “APS”: activated persulfate, “CAPS”: coupled activated 
persulfate with P. fluorescens, “NC” negative control. Data points represent a single microcosm for 
each condition.  

Overall, all chemical treatments showed removal of organics over the course of the 

experiment, demonstrating that lower concentrations of unactivated persulfate than previously 

studied (2-10 g/L) can degrade Merichem NAs. Current literature on NA oxidation using 

unactivated persulfate is lacking and provides inconsistent results regarding the reaction 

timeframe. Sohrabi et al. (2013) utilized a much higher dose of 10 g/L of unactivated persulfate 
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and found OSPW NAFCs were removed to <1 mg/L by day 111, with the majority removed 

by day 60. Conversely, Drzewicz et al. (2012) found that only 2000 mg/L of unactivated 

persulfate was needed to remove >95% of classical NAs after only 6 days. Regardless, these 

studies verify that unactivated persulfate can degrade OSPW NAFCs and therefore should be 

considered as a treatment option for OSPW.  

At 30oC, 1000 mg/L of activated persulfate (1000APS) led to improved Merichem NA 

removals, in terms of both quantity and rate, with 99.2% Merichem NA removal by day 89 and 

100% removal by day 131 (Figure 3-2b). Activating persulfate is well known to increase 

removal efficiency. For various model NA compounds, temperatures as high as 80oC were 

required to achieve complete mineralization in 4 hours, compared to less than 10% TOC (total 

organic carbon) removal over 24 hours at 40oC (Xu et al. 2016b). For OSPW NAFCs, 

increasing the activation temperature to 80oC led to >90% removal in 2 hours compared to 6 

days required at 20oC; activating persulfate using zero valent iron significantly improved 

NAFC removal at lower temperatures (Drzewicz et al. 2012). Likewise, 95% NAFC 

degradation occurred in only 10 minutes in produced water samples using 5000 mg/L of iron 

activated persulfate at 23oC (Aher et al. 2017). Commercial Sigma NAs were found to be less 

reactive and only 46% were removed, indicating activated persulfate may be more reactive 

towards OSPW NAFC compared to commercial NA mixtures (Aher et al. 2017). Ozonation 

also appears to be more effective for OSPW NAFCs compared to commercial Merichem NAs 

(Martin et al. 2010). How this applies to unactivated persulfate reactivity with OSPW NAFC 

is uncertain. Unactivated persulfate has been shown to preferentially react with n=12-14 and 

O2- species in OSPW NAFCs (Sohrabi et al. 2013) which are present in Merichem NAs, 
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compared to activated persulfate which is more reactive towards higher carbon numbers and 

ring containing NAFCs not found in commercial NA mixtures (Fang et al. 2018, 2020).  

It is important to note that the controlled system utilized in this study (BH media and 

commercial Merichem NAs) may impact the persulfate oxidation kinetics compared to OSPW 

NAFCs. The high concentration of bicarbonate ions in OSPW have the potential to act as 

oxidant scavengers by forming relatively non-reactive free radical sinks, or positively 

contribute to degradation by propagating free radical chain reactions (Petri et al. 2011). Xu et 

al. (2016b) found that 0.5-10 g/L of bicarbonate had a negligible effect on model NA 

degradation by heat activated persulfate. However, chloride ions can also act as oxidant 

scavengers and have been shown to negatively impact model NA degradation by persulfate in 

concentrations ranging from 0.8-50 g/L (Xu et al. 2016b, Fang et al. 2018). BH media contains 

only 300 mg/L of chloride while OSPW commonly contains up to 600 mg/L (Allen 2008a) 

which may affect persulfate oxidation.  

Coupled treatment bottles (CPS) where P. fluorescens was inoculated into persulfate 

bottles were used to determine if the combined strategy would improve removals compared to 

the biological and chemical treatments alone. At 21oC, unactivated persulfate coupled with P. 

fluorescens removed 52.8%, 65.1%, 85.1% and 98.9% for 100CPS, 250CPS, 500CPS and 

1000CPS, respectively, by day 317 (Figure 3-2a). As described in Section 3.2.2, P. fluorescens 

was inoculated at day 68 to allow time for the persulfate to create more bioavailable carbon 

sources and thus shorten the lag phase. At all concentrations of persulfate tested, there was 

increased removal in the coupled treatments compared to the chemical treatment bottles. 

However, only 100CPS exhibited significantly improved Merichem NA degradation, 

removing 1.8× more Merichem NAs than persulfate oxidation alone (p<0.05).  
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An interesting trend was noted for 250CPS and 500CPS, where the coupled treatment 

bottles followed the same linear trend as the chemical treatments until day 200, at which point 

the coupled treatments exhibited a sharp increase in Merichem NA removal. Therefore, while 

the final Merichem NA removals were not significantly different between coupled and 

chemical treatments (p>0.05), the coupled bottles achieved the final removals more quickly.  

As the concentration of persulfate was increased, the difference between chemical and 

coupled treatments decreased, suggesting that the persulfate was primarily responsible for the 

Merichem NA degradation. However, more notable differences can be seen when comparing 

the COD removals. At day 310, 30.8%, 56.5%, 69.2% and 85.4% of COD was removed, for 

100CPS, 250CPS, 500CPS and 1000CPS, respectively (Figure 3-3a), which is 1.2-6.7× more 

than the chemical treatments. This indicates that while the persulfate may have been primarily 

responsible for degrading the Merichem NAs, the P. fluorescens assisted in the removal of the 

oxidation by-products, leading to more complete mineralization. Similar to Merichem NA 

removals, the greatest difference in COD removal between the chemical and coupled 

treatments bottles (6.7×) was seen at the lowest concentration of persulfate tested (100 mg/L).  

The coupled system at 30oC (CAPS) removed more Merichem NAs at a faster rate 

compared to at 21oC, with 99.7% removed by day 131 for 500CAPS, and 99.4% removed by 

day 89 for 1000CAPS. Even with the improved Merichem NA degradation at 30oC, 500APF 

removed 73.5% of COD, which is only 1.1× more compared to 21oC (500CPS). 1000CAPS 

was the only treatment that resulted in 100% removal of COD, possibly due to the sulfate 

radicals assisting the P. fluorescens with degrading by-products.  

Biodegradation enhancing mineralization by assisting with by-product degradation is 

commonly noted in studies that have coupled ozonation with biodegradation. Brown et al. 
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(2013) found that ozonation removed OSPW NAFCs but did not decrease DOC and instead 

doubled the labile fraction of DOC, allowing for more complete mineralization by 

microorganisms. Dong et al. (2015) also noted that ozonation alone and combined with 

biodegradation removed similar amounts of OSPW NAFCs (33.6-41.5%); however, there was 

a significant difference in COD, with ozone alone removing only 13.5% while the combined 

system with biodegradation removed 62.5%. Ozonation appears to remove more COD for 

commercial NA mixtures, as Vaiopoulou et al. (2015) found 50% COD removal of NAs 

obtained from Tokyo Chemical Industry Co. (TCI); however, the removal further increased to 

89% removal after biodegradation.  

Coupling unactivated persulfate oxidation and biodegradation has not previously been 

studied for OSPW remediation but has shown positive results for other common environmental 

contaminants. For diesel contaminated soil, Bajagain et al. (2018) found that application of a 

50 mN persulfate foam followed by 1 month of bioaugmentation removed 1.2× more TPHs 

than the persulfate foam alone, and 1.5× more than when only bioaugmented. Some studies 

have suggested persulfate provides a biostimulatory effect by releasing nutrients. In particular, 

lower persulfate concentrations have been recommended to enhance removals without the 

negative effects on physicochemical and biological soil properties (Mora et al. 2014). Medina 

et al. (2018) found that persulfate (33 g/kg) removed a significant amount of PAHs and created 

more bioavailable daughter compounds, while also oxidizing and mobilizing organic matter 

from the soil matrix, promoting cometabolic degradation. This coupled system saw a 

substantial increase in aliphatic hydrocarbon removal to 66%, compared to negligible removal 

for persulfate or biodegradation alone, and improved PAH removal by 1.6× compared to 

persulfate oxidation alone.  
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This is the first study to couple persulfate oxidation and biodegradation for oil sands 

remediation and demonstrated up to 1.8× improvement in Merichem NA removal and 6.7× for 

COD removal compared to persulfate oxidation alone. While COD can be used as a general 

indicator of mineralization, the amount of CO2 produced can also be examined as an ideal non-

harmful end-product.  

CO2 Production 

Production of carbon dioxide in the headspace can be used to estimate the 

mineralization of organics and track microbial growth as a metabolic by-product. After 

approximately 2 months of persulfate oxidation (68 days for unactivated, 52 days for 

activated), P. fluorescens was inoculated into coupled treatment bottles, lids were added to 

close the system to air, and CO2(g) was tracked (Figure 3-4). 

Biological treatment bottles containing P. fluorescens alone (0CPS) showed a gradual 

increase in CO2 to a final concentration of 2.7 mg/L, suggesting some microbial growth and 

mineralization of organics; however, the increase was not statistically significant (p>0.05) 

compared to negative control bottles without bacteria (0NC). At 30oC, P. fluorescens produced 

more CO2, demonstrating a slow increase to day 199, followed by a sharp rise to 7.6 mg/L by 

day 240. The increase in CO2 production at 30oC corresponds with the greater extent of 

Merichem NA removal (Figure 3-2b). 
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Figure 3-4. Carbon dioxide concentration in the headspace for (a, b) unactivated persulfate bottles at 
21oC, and (c) and activated persulfate bottles at 30oC. Note: “PS”: unactivated persulfate, “CPS”: 
coupled unactivated persulfate with P. fluorescens , “APS”: activated persulfate, “CAPS”: coupled 
activated persulfate with P. fluorescens, “NC” negative controls, “NCC”: no carbon controls, P. 
fluorescens was added after 2  months ( ), dashed lines represent chemical treatments. All data points 
are an average of duplicate or triplicate bottles. Error bars represent one standard error of the averaged 
value. 

Chemical treatment bottles at 21oC produced 1.5, 1.7, 5.9, and 22.2 mg/L CO2 by day 

320, for 100PS, 250PS, 500PS and 1000PS, respectively (Figure 3-4). Both 100PS and 250PS 

did not produce significantly more CO2 than the negative control bottles (0NC) (p>0.05), 

indicating that very little Merichem NAs were mineralized at this concentration, further 



70 
 

confirmed by the small COD decrease noted above (Figure 3-3a). Conversely, 500PS and 

1000PS produced 2.7× and 10.1× more CO2 than the negative control bottles, suggesting 

complete mineralization of Merichem NAs by persulfate. In general, ozonation transforms 

rather than mineralizes NAFCs, causing ozone persistent NAFCs and by-products to 

accumulate (Martin et al. 2010, Vaiopoulou et al. 2015). Conversely, the results of this study 

suggests that persulfate does mineralize Merichem NAs. Similarly, Sohrabi et al. (2013) found 

that persulfate led to more complete mineralization of OSPW NAFCs, seen by 100% and 94% 

removal of NAFCs and DOC, compared to permanganate which, despite removing 93% of 

NAFCs, saw only 33% DOC removed.  

Coupled treatments with P. fluorescens and persulfate at 21oC (100CPS-1000CPS) all 

exhibited significantly more (p<0.05) CO2 production compared to their respective chemical 

treatment bottles. At day 311, there was 4.6, 5.8, 11.6, and 32.9 mg/L of CO2 produced, for 

100CPS, 250CPS, 500CPS and 1000CPS, respectively (Figure 3-4a,b). Similar to results seen 

for Merichem NA degradation (Figure 3-2a), the lower concentrations of persulfate exhibited 

a larger difference between chemical and coupled treatments; in particular, 3.4× more CO2 was 

produced for 250CPS compared to 250PS. Conversely, as the concentration of persulfate 

increased, the difference between chemical and coupled bottles declined, with 500CPS 

producing 2.0× more than 500PS, and 1000CPS producing only 1.5× more CO2 than 1000PS. 

Potentially, the persulfate reaction was more aggressive at higher concentrations and 

preferentially reacted with Merichem NAs and by-products, decreasing the carbon sources 

available for P. fluorescens in addition to higher oxidative stress. Regardless, the overall 

enhanced CO2 production and COD removal noted for coupled treatments suggests that there 

was microbial growth and some increased Merichem NA mineralization with the addition of 
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P. fluorescens. The most CO2 was produced at 30oC for 1000CAPS (38.4 mg/L), in addition 

to the complete removal of COD noted earlier, this indicates complete mineralization of all 

Merichem NAs for this condition.  

3.3.2 Persulfate Persistence 

Unactivated persulfate is known to be a persistent oxidant which is a significant 

advantage in situ as it allows time for the oxidant to come in contact with the contaminant. Yen 

et al. (2011) demonstrated that unactivated persulfate could persist for 5 months in diesel 

contaminated soil, and Li et al. (2017b) found that iron activated persulfate had a longer half-

life compared to hydrogen peroxide and permanganate for benzene degradation, decreasing 

only 35% over 40 days.  

Figure 3-5 illustrates the change in persulfate concentration over the experimental 

timeframe. Regardless of the concentration of persulfate added and the amount of Merichem 

NAs removed, over 320 days at 21oC, the persulfate proved to be persistent and had 

approximately half remaining in the system (45.6-61.7%). Sohrabi et al. (2013) found 

persulfate was persistent in OSPW with less than 10% of persulfate consumed over 111 days.  

Chemical and coupled treatment bottles did not show a statistically significant 

difference in final persulfate concentrations (p>0.05). The no carbon control (1000CPS-NCC) 

was used to demonstrate the decomposition of persulfate in the absence of Merichem NAs and 

had 88.0% remaining (982.1 mg/L) by day 320. It is possible that the persulfate was reacting 

with the small concentration of organics from the inoculated cells and that there was some 

level of activation even at 21oC, causing decomposition of the persulfate anion (Petri et al. 

2011).  
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Figure 3-5. Persulfate concentration for (a) unactivated persulfate bottles at 21oC, and (b) and activated 
persulfate bottles at 30oC. Note: “PS”: unactivated persulfate, “CPS”: coupled unactivated persulfate 
with P. fluorescens, “APS”: activated persulfate, “CAPS”: coupled activated persulfate with P. 
fluorescens, “NCC”: no carbon control, P. fluorescens was added to  after 2 months ( ), dashed lines 
represent chemical treatments. All data points are an average of duplicate or triplicate bottles. Error 
bars represent on standard error of the averaged value. 

Based on the stoichiometric COD model proposed by Mahour (2016), to remove 260 

mg/L of COD (the equivalent of 100 mg/L Merichem NAs) would require a dose of 3.9 g/L of 

persulfate. Therefore, 100-1000 mg/L of persulfate should theoretically remove 2.6-26% COD. 

As discussed earlier, at 21oC, 100-1000 mg/L of persulfate alone removed 4.6-71.9% COD, 

considerably more than predicted, with half the persulfate remaining in solution. Therefore, it 

is likely that sulfate radicals were created at 21oC, and radical chain reactions enhanced 

removal. Future work should monitor the presence of radicals to verify the presence and impact 

of radicals at room temperature. 
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Raising the temperature to 30oC activated the persulfate and caused increasing amounts 

of radicals to be created, which led to considerably faster decomposition of persulfate, with 

14.6-25.1% remaining by day 260 (Figure 3-5b). A steep linear decrease was observed until 

day 105, at which point persulfate removal slowed, likely because there were little organics 

left to react with, as all Merichem NAs were removed by day 89 and 131 for 1000CAPS and 

500CAPS, respectively. The creation of radicals due to heat also led to an increase in the 

decomposition of persulfate in the absence of Merichem NAs (1000CAPS-NCC), with only 

52.3% remaining by day 260.  

In OSPW studies combining ozonation with biodegradation, ozonation often does not 

fully remove the bio-persistent fraction leading to biodegradation activity eventually stalling 

(Brown et al. 2013, Dong et al. 2015). In addition, increasing the ozone dose does not appear 

to lead to increased biodegradability (Dong et al. 2015). As ozone reacts quickly, repeated 

applications may be required to remove the bio-persistent fraction. In this study, Merichem 

NA degradation did not stall in coupled persulfate and biodegradation treatment bottles (Figure 

3-2). The persistence of persulfate allowed the persulfate and P. fluorescens to continually act 

simultaneously throughout the experiment duration, with the persulfate breaking down the 

Merichem NAs while the bacteria degraded the by-products. Similarly, oxidant persistence has 

been positively correlated to diesel removal, with enhanced removal seen when using 

persulfate compared to permanganate and hydrogen peroxide (Chen et al. 2016).  

3.3.3 Impact on Bacteria 

In addition to examining the impact of the coupled treatment on removal of organics, 

it is important to understand the impact on the bacteria. A treatment tailored to the 

microorganisms is not only more cost-effective as it requires a lower quantity of chemical 
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oxidant, but can also be quicker and lead to more comprehensive overall remediation (Jung et 

al. 2005, Cassidy et al. 2009, Siegrist et al. 2011, Sutton et al. 2011). This study looked at the 

viability of P. fluorescens as the Merichem NA degrader of interest, and toxicity towards V. 

fischeri as the industry standard used to reflect toxicity towards aquatic microorganisms.  

Microbial Viability 

Viable cell counts were completed to identify the number of living cells in the bottles 

at the end of the experiment, shown in Figure 3-6, which can indicate availability of carbon 

sources along with potential toxic effects from the Merichem NAs and persulfate. Plate 

counting is known to underestimate the quantity of bacterial cells (Glaze 1987, Paslawski et 

al. 2009); however, bacterial numbers have demonstrated similar trends when compared to 

measuring cell concentration via real time polymerase chain reaction (qPCR) (Dong et al. 

2015).  

Control microcosms without Merichem NAs (1000CPS-NCC) did not show extensive 

growth, indicating that there were no other sources of carbon in the bottles. Biological 

treatment bottles containing only P. fluorescens (0CPS) yielded 9.9×104 CFU/mL at 21oC and 

2.4×105 CFU/mL at 30oC (0CAPS), further verifying that P. fluorescens prefers 30oC as there 

were 2.4× more viable cells in addition to the improved Merichem NA degradation (Figure 3-

2b). Increasing concentrations of persulfate (0-250 mg/L) led to increased bacterial numbers 

until 500 mg/L, at which point they declined considerably (Figure 3-6). The 100CPS 

microcosms exhibited the greatest variability in microbial growth due to one triplicate bottle 

showing higher cell counts. Excluding the outlier bottle, the average bacterial number 

decreased from 2.7×105 to 1.3×105 CFU/mL, which is only slightly higher than the biological 

treatments (0CPS), suggesting that 100 mg/L of persulfate did not enhance microbial viability.  



75 
 

 
Figure 3-6. Number of colony forming units for (a) unactivated persulfate bottles at 21oC on day 320, 
and (b) and activated persulfate bottles at 30oC on day 260. Note: “PS”: unactivated persulfate, “CPS”: 
coupled unactivated persulfate with P. fluorescens, “APS”: activated persulfate, “CAPS”: coupled 
activated persulfate with P. fluorescens, “NCC”: no carbon controls. All data points are an average of 
triplicate bottles. Error bars represent one standard error of the averaged value. 

Microcosms with 250CPS produced the highest number of colony forming units at 

4.5×105 CFU/mL (Figure 3-6), which is 4.6× the amount generated at 0CPS, indicating that 

this concentration of persulfate provided the ideal balance between the production of more 

biodegradable carbon sources without creating significant oxidative stress. Further increasing 

the concentration of persulfate to 500 mg/L possibly increased stress on the bacteria and thus 

decreased bacterial number to 2.1×105 CFU/mL; however, there were still significantly more 

viable cells (p<0.05) at 500CPS compared to 0CPS, likely due to the increase in bioavailable 

carbon sources. At 30oC, activated persulfate likely produced a higher concentration of sulfate 

and hydroxyl radicals which inhibited the bacterial growth and decreased colony forming units 

to 1.3×105 CFU/mL (500CAPS), which was 0.5× less than biological treatments at 30oC 

(0CAPS).  
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The highest concentration of persulfate tested (1000 mg/L, 1000CPS) exhibited the 

lowest bacterial number at 6.2×104 CFU/mL (Figure 3-6). Despite the improved Merichem NA 

and COD removal (Figure 3-2a, 3-3a), the bacteria were subject to more oxidative stress and 

thus produced 0.3× less cell counts than at 0CPS, implying that this concentration is 

unfavorable for P. fluorescens. At 30oC there were slightly more colony forming units 

produced (8.4×104 CFU/mL) for 1000CAPS compared to 1000CPS, despite the increased 

stress from the radicals; however, similar to 500CAPS, there were still 0.4× less bacterial 

number than at 0CAPS, overall suggesting that microbial viability was not enhanced in coupled 

systems using activated persulfate.  

Currently, only one other study simultaneously coupled chemical oxidation and 

biodegradation of OSPW to evaluate the impact of the oxidation on the microorganisms. 

Brown et al. (2013) found that an ozone dose of 50 mg/L did not completely inhibit microbial 

growth, as ozonated OSPW showed higher rpoB gene copy numbers than the sterile control. 

However, ozonated OSPW did not show clear evidence of improved growth compared to raw 

OSPW. Conversely, Dong et al. (2015) re-inoculated ozonated OSPW with unstressed 

indigenous microorganisms which exhibited no lag phase and reached a peak of 106 CFU/mL 

at day 60, compared to indigenous microorganisms in raw OSPW which had a 15-day lag 

period and reached only 105 CFU/mL by day 70.  

Persulfate is generally considered less harmful to microorganisms compared to other 

commonly used chemical oxidants; however, the reason why has not yet been determined and 

is likely highly dependent on the specific chemistry of the water matrix. Compared to 

potassium permanganate and Fenton’s reagent, iron activated persulfate gave the highest PAH 

removal and showed the greatest increase in microbial plate counts following oxidation (Liao 
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et al. 2018). For benzo[a]pyrene removal, a higher concentration of iron activated persulfate 

(20 mM) was able to be utilized without damaging microbial degradation compared to only 10 

mM for permanganate (Xu et al. 2019a). In addition, 10-20 mM (2.7-5.4 g/L) of iron activated 

persulfate increased the occurrence of PAH degrading bacteria, leading to 12-18% higher 

degradation efficiency compared to permanganate. Similarly, Cassidy et al. (2009) found that 

while iron activated persulfate alone removed the least amount of DNT, the persulfate showed 

a minimal impact on both number of indigenous soil microorganisms and rebound time, 

leading to overall DNT remediation occurring in 14 days, compared to 30 and 90 days required 

for Fenton’s reagent and ozone, respectively. This demonstrates that designing the treatment 

based on what is least harmful to the microorganisms leads to more effective overall 

remediation.  

Tsitonaki et al. (2008) studied the effect of heat (40oC) activated persulfate on both 

indigenous soil microorganisms and the isolate Pseudomonas putida (KT2440) using 

microscopic enumeration to measure cell density and acetate consumption to measure 

metabolic activity. Results showed that oxidation with persulfate was less damaging toward 

microorganisms compared to similar studies using Fenton’s reagent, hydrogen peroxide and 

permanganate. Persulfate concentrations ranging from 0.1-10 g/L did not affect the indigenous 

site microbial cell density but were detrimental to P. putida at 10 g/L. Other studies have also 

shown that exponentially growing laboratory strains are more vulnerable to oxidative and heat 

stress compared to stationary phase cultures (Izawa et al. 1996, Díaz-Acosta et al. 2006, 

Vattanaviboon et al. 2011). However, for both indigenous microorganisms and P. putida, 

acetate consumption was inhibited at 10 g/L, suggesting that membrane integrity does not 

always relate to metabolic activity. It is important to note that Tsitonaki et al. (2008) did not 
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adjust for pH, and at 10 g/L of persulfate the pH dropped to 3 which likely played a role in the 

damaging effects at that concentration.  

The reduction of pH is a disadvantage when using persulfate and is likely a primary 

reason for studies that noted detrimental effects in microbial density following persulfate 

oxidation (Chen et al. 2016, Liao et al. 2019, Sutton et al. 2015, Sutton et al. 2014a, 2014b). 

In this study, pH was monitored and controlled to avoid additional microbial stress. The 

unactivated persulfate bottles did not show a change in pH and did not require adjustment. 

Conversely, the activated bottles needed to be supplemented with sodium hydroxide 18 days 

after the addition of P. fluorescens as the pH dropped to 6.5, demonstrating an advantage to 

using unactivated persulfate despite slower reaction rates. However, pH changes in the field 

are often mitigated due to incoming groundwater and fast rebounds of microbial density to 

above pre-exposure levels have been observed (Medina et al. 2018, Bartlett et al. 2019, Liao 

et al. 2019). 

Toxicity Reduction 

The mechanism of action for NA acute toxicity may be from their surfactant 

characteristics, which allow them to penetrate and disrupt the cell cytoplasmic membrane, 

altering membrane properties such as fluidity, thickness and surface tension, leading to cell 

death (Frank et al. 2008, Kannel and Gan 2012, Klopman et al. 1999, Quagraine et al. 2005b). 

However, it is important to note that OSPW has many additional organic and inorganic 

compounds that contribute to toxicity (Li et al. 2017a). Furthermore, the addition of a chemical 

oxidant can generate more toxic by-products and act as a stressor, creating an increasingly 

complex system. To date, this is the only study that did not quench persulfate prior to toxicity 

measurement in order to determine the toxicity of the whole system rather than just the NAFCs.   
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Table 3-2 outlines the TU towards V. fischeri obtained from Microtox for the start and 

end of the experiment. The toxicity of 100 mg/L of Merichem NAs was found to be 11.30 TU 

based on the IC50 5 min acute toxicity results. Comparatively, OSPW has much lower toxicity, 

ranging from 1.49-4.17 TU, based on IC50 (Li et al. 2017a). As discussed previously, Merichem 

NAs consist solely of O2- species, which are considered the most acutely toxic fraction, and 

thus cause the discrepancy in toxicity values compared to OSPW.  

Table 3-2. Acute toxicity, measured as toxicity units, at the start (day 0) and end of the experiment for 
unactivated (21oC; day 320) and activated (30oC; day 260) persulfate bottles. Note: “PS”: unactivated 
persulfate, “CPS”: coupled unactivated persulfate  with P. fluorescens, “APS”: activated persulfate, 
“CAPS”: coupled activated persulfate with P. fluorescens, “NCC”: no carbon controls, “N/A”: not 
applicable. Data points represent a single microcosm for each condition. 

Persulfate Concentration Day 0 
Experiment Start 

Day 320 Day 260 
PS CPS APS CAPS 

0 mg/L 11.30 14.16 7.81 N/A 6.98 
100 mg/L  15.01 3.83 1.99 N/A N/A 
250 mg/L  16.13 0.97 0.40 N/A N/A 
500 mg/L  24.81 0.66 0 N/A 0 

1000 mg/L  Too Toxic 0.02 0 0 0 
1000 mg/L - NCC 0 0 0 N/A 0 

 

Negative control microcosms containing only 100 mg/L Merichem NAs with no 

bacteria or persulfate (0NC) saw an increase to 14.16 TU over 320 days, possibly due to 

evaporation and subsequent concentration of Merichem NAs. P. fluorescens alone in the 

biological treatments decreased the toxicity by 31.0% and 38.2%, at 21oC and 30oC, 

respectively, which are relatively similar despite the 2.1× more Merichem NAs removed at 

30oC (Figure 3-2). However, at 21oC, the bacteria removed 3.0× more COD (Figure 3-3), 

which may include any toxic by-products from biodegradation. Further work is required to 

establish the by-products created during biodegradation.   
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The addition of persulfate caused a substantial increase in the initial toxicity of the 

system, to 1.3- 1.4- and 2.2- fold higher than bottles with 100 mg/L Merichem NAs alone 

(0NC), for 100PS, 250PS and 500PS, respectively (Table 3-2). For 1000 mg/L of persulfate 

(1000PS), the toxicity increased to above the detection limit, meaning that for all 4 dilutions 

tested, the bioluminescence of V. fischeri was reduced by more than 50%. Interestingly, 

microcosms containing 1000 mg/L of persulfate without Merichem NAs (1000CPS-NCC) 

showed no toxicity via Microtox (Table 3-2). Together, these results suggest that acute toxicity 

effects of persulfate are due to synergistic interactions, where the toxicity is enhanced beyond 

that of the individual compounds. 

Despite the large increase in initial toxicity, chemical treatment bottles at 21oC 

exhibited a 74.5%, 93.9%, and 97.4% decrease in TU for 100PS, 250PS, and 500PS, 

respectively, by the end of the experiment (Table 3-2). The initial toxicity of 1000PS could not 

be determined, however the final TU was the lowest of all the chemical treatments at 0.02 TU. 

Moreover, as discussed in Section 3.3.1, most of the chemical treatment bottles had 

considerable COD remaining, therefore the large reduction in toxicity implies that the 

oxidation by-products produced were less toxic than the parent compound. For example, 

250PS saw a substantial toxicity reduction due to the removal of 53.9% of Merichem NAs, yet 

only 23.1% of COD was removed and an insignificant amount of CO2 was produced.  

Similarly, Sohrabi et al. (2013) found no detectable toxicity of NAFCs after unactivated 

persulfate treatment, however the authors used extracted NAFCs where by-products may not 

be extracted by DCM, and persulfate was removed from the system. When comparing UV 

activated persulfate, hydrogen peroxide and chlorine, Fang et al. (2020) found that 

UV/persulfate showed the greatest reduction in toxicity (via Microtox). The dissolved organic 
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matter from the three oxidants had similar elemental compositions despite vastly different 

toxicity reductions, suggesting toxicity originated from non-degraded organics rather than by-

products produced. Another possibility is that the UV/persulfate treatment created by-products 

with different molecular structure or polarity which had lower permeability though the cell 

membrane compared to UV/hydrogen peroxide and UV/chlorine (Fang et al. 2020).  

Coupled treatments all showed improved toxicity reduction compared to the chemical 

treatment bottles, with 86.8%, 97.5%, 100% and 100% decrease in TU for 100CPS, 250CPS, 

500CPS and 1000CPS, respectively, by the end of the experiment (Table 3-2). This trend has 

also been observed in studies with combined ozonation and biodegradation for OSPW 

treatment, where despite similar NAFC removals, there is a significant difference in toxicity 

removal with the addition of microorganisms (Martin et al. 2010, Vaiopoulou et al. 2015, 

Wang et al. 2013b).  Vaiopoulou et al. (2015) noted ozonation decreased the toxicity of 

commercial TCI NAs by 3.3-fold, while the addition of microorganisms improved toxicity 

reduction to a 15-fold decrease. For OSPW, NAFC removals of 50-75% (Martin et al. 2010) 

and 90% (Wang et al. 2013b) after ozonation did not reduce toxicity towards V. fischeri, while 

the inoculation of microorganisms caused significant acceleration of toxicity removal. The lack 

of toxicity reduction from ozonation alone in these studies is likely because NAFCs are 

generally not mineralized after ozonation, leading to an accumulation of potentially toxic by-

products. While this study also noted that most conditions had COD remaining (Figure 3-3), 

there was notable toxicity removed, and the higher persulfate concentrations (500-1000PS) 

exhibited a large production of CO2 (Figure 3-3), indicating mineralization was occurring. As 

CO2 is a harmless by-product, the greater extent of mineralization with persulfate oxidation 

compared to ozonation is a significant advantage.  
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At 30oC. all persulfate concentrations tested for both chemical and coupled treatments 

(500CAPS, 1000APS, 1000CAPS) showed a complete removal of toxicity by the end of the 

experiment (Table 3-2). This is expected since these conditions also showed complete removal 

of Merichem NAs (Figure 3-2b). As noted above, the decreased acute toxicity is interesting as 

there was a considerable amount (14.6-25.1%) of persulfate anions remaining in the system 

(Figure 3-5). In addition, activated persulfate would create sulfate radicals which would have 

been expected to increase the toxicity. It is possible that sulfate radicals require longer 

timelines to penetrate the cell membrane due to their relatively large size compared to hydroxyl 

radicals (Tsitonaki et al. 2008). Another possibility is that the toxic effects of persulfate anions 

and sulfate radicals comes primarily from physicochemical changes to the environment, such 

as pH decreases discussed above, or increase salinity from sulfate ions produced during the 

reaction.  

It is interesting to note that despite the complete removal of Microtox acute toxicity 

noted in activated persulfate coupled treatments, microbial viability of P. fluorescens was 

negatively impacted (Figure 3-6b). This further suggests that toxic effects from persulfate may 

be due to long term physicochemical changes to the environment, or a lack of available carbon 

sources if the persulfate reacted with the organics faster than the bacteria could utilize them. 

Regardless, bacterial growth was enhanced in the lower persulfate concentrations, which 

should be considered when designing a treatment strategy.  

3.4 Conclusions 
This study has demonstrated the potential of different doses of unactivated and 

activated persulfate coupled with biodegradation as an efficient treatment strategy to degrade 

Merichem NAs and reduce toxicity. The addition of 100 mg/L of unactivated persulfate and P. 
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fluorescens improved Merichem NA degradation by 1.8× compared to persulfate oxidation 

alone. For unactivated persulfate concentrations of 250-1000 mg/L, the coupled treatment 

system inoculated with P. fluorescens exhibited similar Merichem NA removals compared to 

the chemical treatment bottles with persulfate alone. However, COD removal was improved 

1.2-6.7× and CO2 production was significantly higher when P. fluorescens was added to the 

coupled system, suggesting that the persulfate was primarily responsible for Merichem NA 

removal, while the P. fluorescens degraded the oxidation by-products. The impact of the 

bacteria became less pronounced at higher persulfate concentrations (1000 mg/L), likely 

because there were less carbon sources for the bacteria and increased stressors. Microbial 

density increased 4.6× with the addition of 250 mg/L of unactivated persulfate, which provided 

enough increased bioavailable carbon sources to outweigh the oxidative stress effect of the 

persulfate. At 30oC, the production of radicals created a more aggressive oxidation reaction, 

improving the amount and rate of Merichem NA removal; however microbial viability was 

reduced. The acute toxicity was found to increase considerably due to the addition of 

persulfate, however persulfate alone did not show toxicity towards V. fischeri, suggesting 

increased toxicity may be due to synergistic interactions.  

As Alberta’s oil sands industry continues to expand, there is an increasing need for 

more effective water management and remediation methods. Coupling persulfate oxidation 

and biodegradation decreases the chemicals required compared to chemical oxidation alone by 

utilizing microorganisms to degrade the remaining compounds, thereby significantly reducing 

treatment costs and toxicity of tailings wastewater.  
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Chapter 4  
OSPW NAFC Remediation and Toxicity Reduction by 
Persulfate Oxidation and Persulfate Oxidation Coupled 

to Biodegradation  
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4.1 Introduction  
Unconventional oil sands extraction in Alberta is the main contributor to Canadian oil 

production (CAPP 2022, CER 2022). After bitumen extraction, large volumes of tailings 

(OSPW, sand, clay, and residual bitumen) are stored in tailings ponds. Wet landscape 

reclamation strategies such as constructed wetlands and end pit lakes are currently being 

explored by industry (Brown and Ulrich 2015, Cossey et al. 2021). However, to create a viable 

self-sustaining ecosystem, the numerous contaminants in OSPW must be addressed. NAFCs 

in particular are one of the primary causes of OSPW acute toxicity towards aquatic organisms 

(Li et al. 2017a). Chemical oxidation treatments have been shown to effectively reduce parent 

NAFC concentrations, but do not lead to complete mineralization and toxicity reduction 

(Meshref et al. 2017). Therefore, oxidation is commonly paired with biological treatment 

(Dong et al. 2015, Wang et al. 2013b). Sulfate radical based AOPs such as persulfate (PS) and 

peroxymonosulfate (PMS) offer an advantage over hydroxyl based AOPs (i.e., catalytic 

ozonation) in that they generate both sulfate (SO4•-) and hydroxyl (OH•) radicals which 

preferentially react with different compounds, leading to more thorough removals (Lee et al. 

2020). Activated persulfate has oxidized >90% of OSPW NAFCs and model NAs using heat, 

UV, solar and iron as activation methods (Aher et al. 2017, Drzewicz et al. 2012, Fang et al. 

2018, Liang et al. 2011, Xu et al. 2016b). Sohrabi et al. (2013) found that 10 g/L of unactivated 

persulfate could react with OSPW NAFCs, however required months of oxidation compared 

to only hours or days required for activated persulfate. Similarly, the previous study (Chapter 

3) found that much lower concentrations of unactivated persulfate (0.1 – 1 g/L) could oxidize 

commercial Merichem NAs and led to a considerable reduction in toxicity. Coupling 

unactivated persulfate oxidation with biodegradation was more effective at lower persulfate 
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concentrations and led to increased mineralization of organics. OSPW and model NAs 

pretreated with solar activated PS and PMS have also demonstrated improved mineralization 

and toxicity reduction by up to 50% and 80%, respectively, when followed with biofiltration  

(Arslan et al. 2023, Ganiyu et al. 2022a). However, the ability to couple persulfate oxidation 

with in situ biodegradation processes that already occur in tailings ponds is unknown.  

This study aimed to explore the potential for an initial heat activated persulfate 

treatment followed by a coupled biodegradation and unactivated persulfate stage to remove 

NAFCs and acute toxicity from OSPW. Unactivated persulfate can reduce NAFC 

concentrations, however long timelines can be required. Therefore, heat activated persulfate 

was chosen for this study to create a more aggressive initial oxidation phase, utilizing the high 

temperatures (40-60oC) already used during bitumen extraction. The objectives of this study 

were to: 1) determine the overall reduction of NAFCs after heat activated persulfate oxidation 

and the shifts in NAFC distribution; 2) investigate if residual unactivated persulfate was 

reactive with remaining organics, and if the addition of bacteria would improve mineralization 

and toxicity reduction; and, 3) examine the impact of oxidative stress and OSPW toxicity on 

the growth of bacteria.  

4.2 Materials and Methods 
4.2.1 Materials  

Commercial NAs were gifted from Merichem Chemicals and Refinery Services LLC 

(Houston, TX). The OSPW used was surface water (0 m) from an active settling basin collected 

in 2012, containing 61.5 ± 0.5 mg/L of NAFCs and stored at 4oC until use. BD DifcoTM 

Bushnell-Haas Broth (BH) was used to provide nutrients for bacteria (per L: 1 g K2HPO4; 1 g 

KH2PO4; 1 g NH4NO3; 0.2 g MgSO4.7H2O; 0.02 g CaCl2.2H2O; 0.05 g FeCl3; pH adjusted to 
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8.2). Sodium persulfate (>98%) was purchased from Sigma Aldrich (St. Louis, MO). Unless 

otherwise stated, all materials were purchased from Thermo Fisher Scientific (Waltham, MA). 

Pseudomonas fluorescens LP6a was chosen to study biodegradation potential as 

described in Section 3.2.1. P. fluorescens was previously grown in 100 mL of BH mineral 

media with 0.3 mM acetate and 50 mg/L Merichem NAs for three growth cycles to acclimate 

the bacteria to the presence of NAs. Cells were grown to exponential phase (OD ~0.9) and 

washed 3× prior to inoculation into experimental bottles by centrifuging at 4000 rpm for 4 min, 

discarding the supernatant and resuspending in phosphate buffer solution.  

4.2.2 Preliminary Experiments  

Preliminary experiments were completed to determine the persulfate activation 

temperature and reaction time to be used in the more comprehensive experimental microcosm 

treatments. Trial experiments were completed in 250 mL flasks containing 100 mL of either 

OSPW or 50 mg/L of Merichem NAs in Milli-Q® Ultrapure water with 250, 500, or 1000 mg/L 

of sodium persulfate. Flasks were left on an incubator shaker (150 rpm) at 40oC, 50oC or 60oC 

for up to 24 hours. OSPW trials were completed using single flasks and Merichem trials were 

done in duplicate.  

A second experiment was conducted to determine the impact of inorganic radical 

scavengers in BH mineral media. Single 250 mL flasks contained 50 mg/L Merichem NAs 

with 250 and 500 mg/L PS at 60oC in 100 mL of either 100% BH mineral media, 5% BH 

mineral media, or Milli-Q® Ultrapure water. In addition, 100 mL of OSPW was supplemented 

with 0.75 mM P as PO42- and 1.24 mM N as NH4+/NO3- and reacted with 250 mg/L PS at 60oC 

to determine any scavenging effects.  
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4.2.3 Experimental Set-Up 

Treatments were created using 500 mL FisherbrandTM glass media bottles loosely 

topped with aluminum foil to prevent bacterial contamination and allow for gas exchange. 

Experiments were conduced with either Merichem NAs (50 mg/L) or OSPW containing 0 

(biological treatments), 250, 500, or 1000 mg/L of sodium persulfate. Merichem bottles were 

filled aseptically with 300 mL of a 5% dilution of BH mineral media. OSPW bottles contained 

300 mL of OSPW supplemented with 0.05 g/L K2HPO4, 0.05 g/L KH2PO4, and 0.05 g/L 

NH4NO3. In the initial activated persulfate stage of the experiment, bottles were placed in a 

60oC shaking incubator (130 rpm) for 8 hours. Bottles were then removed from heat and placed 

in a water bath to quickly lower temperature to ~20oC and pH was adjusted (pH ~8) with 1 M 

NaOH where required. The unactivated persulfate reaction was left for 150 days at room 

temperature (20oC; 130 rpm) (Figure 4-1). In this project, unactivated persulfate is defined as 

having no intentional activation applied.  
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Figure 4-1. Illustration of experimental set-up. Persulfate (S2O8

2-) was activated with heat (60oC) to 
produce sulfate and hydroxyl radicals. Once removed from heat, P. fluorescens was inoculated in select 
treatment bottles; unactivated persulfate and biodegradation was left to occur at room temperature for 
150 days.  

Chemical treatment bottles contained only persulfate (250-1000PS), while coupled 

treatments (250-1000CPS) and biological treatments (0CPS) were inoculated with 

approximately 108 CFU/mL P. fluorescens (1% v/v) during the room temperature treatment 

phase. Killed controls (KC) were set up by inoculating with cells that had been previously 

autoclaved three times. Negative controls (0NC) contained Merichem NAs and OSPW without 

persulfate or bacteria and no carbon controls (250-1000NCC) contained persulfate in 5% BH 

without Merichem NAs (Table 4-1 and 4-2; Figure A-1).  
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Table 4-1. Summary of experimental bottles for Merichem NAs. Treatments were heated (60oC) for 8 
hours and then removed to room temperature for 150 days. P. fluorescens was added after removing 
from heat.  

50 mg/L Merichem NAs in 5% BH Mineral Media 
  ID Persulfate (mg/L) P. fluorescens NA Source Replicates 

No Carbon 
Control 

250NCC 250 No None 2 
500NCC 500 No None 2 

1000NCC 1000 No None 2 
Negative Control 0NC 0 No Merichem 2 

Chemical 
Treatment 

250PS 250 No Merichem 3 
500PS 500 No Merichem 3 

1000PS 1000 No Merichem 3 
Biological 
Treatment 0CPS 0 Yes Merichem 3 

Coupled 
Treatment 

250CPS 250 Yes Merichem 3 
500CPS 500 Yes Merichem 3 

1000CPS 1000 Yes Merichem 3 

Killed Control 

0KC 0 Killed Merichem 2 
250KC 250 Killed Merichem 2 
500KC 500 Killed Merichem 2 

1000KC 1000 Killed Merichem 2 
 

Table 4-2. Summary of experimental bottles for OSPW. Treatments were heated (60oC) for 8 hours 
and then removed to room temperature for 150 days. P. fluorescens was added after removing from 
heat.  

OSPW with added nitrogen and phosphorous 
  ID Persulfate (mg/L) P. fluorescens NAFC Source Replicates 

Negative Control 0NC 0 No OSPW 2 

Chemical 
Treatment 

250PS 250 No OSPW 3 
500PS 500 No OSPW 3 

1000PS 1000 No OSPW 3 
Biological 
Treatment 0CPS 0 Yes OSPW 3 

Coupled 
Treatment 

250CPS 250 Yes OSPW 3 
500CPS 500 Yes OSPW 3 

1000CPS 1000 Yes OSPW 3 

Killed Control 

0KC 0 Killed OSPW 2 
250KC 250 Killed OSPW 2 
500KC 500 Killed OSPW 2 
1000KC 1000 Killed OSPW 2 
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4.2.4 Chemical Analyses 

Samples were filtered with a 0.22 µm nylon filter and pH, COD, anion and persulfate 

concentrations were measured immediately. The remaining sample volume was quenched with 

excess sodium thiosulfate (15 mM) and stored at 4oC for remaining analyses. The pH was 

measured using an Accumet AR50 Dual Channel pH/Ion/Conductivity meter. COD was 

measured using HACH COD Low Range digestion solution vials (LR; limits of 3 - 150 mg/L; 

product 2125815) for Merichem NA samples, and HACH COD High Range (HR; limits 20 – 

1500 mg/L; product 2125915) for OSPW samples, following method 8000, with a HACH 

digestor reactor and UV-Vis Hach DR/4000 spectrophotometer.  

Anions (F-, Cl-, NO2-, SO42-, Br-, NO3-) were analyzed on a Dionex ion chromatography 

(ICS-2100, Dionex™ IonPac™ AS18 IC columns). Eluent (KOH) was isocratic at 32 mM with 

a flow rate of 0.25 mL/min for a run time of 15 min. Oven and detector temperature was 30oC 

and 35oC, respectively. Detection occurred using an anion self-regeneration suppressor (ASRS 

2 mm) at 20 mA current. System backpressure was 1500 – 2000 psi and background 

conductance was lower than 2 μS.  

Acute toxicity was measured via Microtox with a Model 500 Analyzer (Modern Water, 

New Castle, DE) and Microtox Omni 4.3 (Modern Water, New Castle, DE) software. The 

81.9% screening toxicity method was employed with incubation times of 5 min and 15 min, 

and only 5 min data was plotted. Samples with a negative inhibition effect indicate the bacteria 

experienced initial light stimulation, possibly caused by hormesis or the presence of certain 

nutrients or salts. These were plotted as 0% effect (non-toxic), however full results can be 

found in Table A-9, A-10. Phenol (100 mg/L) and deionized water were used as positive and 

negative controls, respectively, according to the manufacturer instructions (data not shown). 
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Analytical methods for NAFC concentration (via FTIR), persulfate concentration (via 

spectrophotometer) and viable cell counts were previously described in Section 3.2.3, 3.2.6 

and 3.2.7. Unless otherwise stated, statistical analysis was carried out using a Student’s t-test 

(two independent samples, normal distribution, equal variance) comparing chemical 

treatments to coupled treatments at each persulfate concentration, analyzed in Microsoft Excel 

with significance set at p < 0.05. Paired t-tests were used as noted throughout the text to 

determine significance over time for individual treatments. 

Orbitrap Mass Spectrometer (MS) analysis was completed by Dr. John Headley’s lab 

(National Hydrology Research Centre, SK). Samples were shipped on ice, then stored at 4°C 

for several days until extractions could proceed. Sample extracts were prepared using a 

previously reported SPE procedure (Headley et al. 2002) using 200 mg ENV+ cartridges 

(Biotage, Uppsala, Sweden). The SPE cartridges were initially rinsed with 6 mL each of MilliQ 

water and LCMS-grade methanol (Fisher Scientific, Hampton, NH), then conditioned with a 

further 6 mL of MilliQ water (> 18.2 MΩ). Sample aliquots of approximately 100 mL (± 0.5 

mL) were acidified to pH <2 with formic acid, then extracted through pre-conditioned SPE 

cartridges. Cartridges were de-salted post-extraction by rinsing with a further 6 mL of MilliQ 

water, then dried under vacuum. Once dry, SPE cartridges were eluted with LCMS-grade 

MeOH, then dried under gentle N2 flow (5.0 grade) in a 40°C water bath. Sample residues were 

reconstituted by adding 1.00 mL of 50:50 ACN:H2O with 0.1% NH4OH and transferred to 2 

mL LCMS vials for analysis. Sample extracts were analyzed via loop injection to 

an Orbitrap™ Velos Elite MS (ThermoFisher Scientific, Waltham, MA) operating in negative-

ion electrospray ionization with resolution set to 240,000 at 400 m/z. Samples were bracketed 

with external calibration standards every 10-12 samples, where standards were prepared to 
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between 10 to 100 mg/L total NAFCs using the an OSPW-derived NAFC extract, where details 

around extract preparation have been previously reported (Rogers et al. 2002a). Spectral data 

were initially processed in XCalibur software (ver. 2.2, ThermoFisher Scientific, Waltham, 

MA). Processed data were imported into Composer64 software (ver 1.5.6., Sierra Analytics, 

Modesto, CA), where formulae were assigned to a level-4 confidence level  (Schymanski et al. 

2014). 

4.3 Preliminary Experiment Results  
To determine the persulfate activation temperature and reaction time to be used in the 

experimental treatments, preliminary trials were conducted using both OSPW and Merichem 

NAs. The activation temperatures were chosen as 40oC, 50oC and 60oC to reflect the 

temperatures utilized during bitumen extraction (Foght et al. 2017). The degradation of NAFCs 

and Merichem NAs were investigated (Figure 4-2 and A-3) along with COD to estimate the 

extent of mineralization (Figure A-2 and A-3).  

 
Figure 4-2. Degradation of NAFCs in OSPW with a) 250 mg/L persulfate (PS) and b) 1000 mg/L PS 
activated at various temperatures. Data represents single treatment bottles. 

 



94 
 

At lower persulfate doses (250 mg/L), 40oC did not provide adequate persulfate 

activation. Increasing the persulfate concentration to 1000 mg/L showed an increase in NAFC 

degradation at 40oC, however degradation extent was improved 3.7-fold when the temperature 

was increased to 60oC (Table A-1). Conversely, Drzewicz et al. (2012) found that heating 

OSPW at 40oC with 2000 mg/L PS for 2 hours led to >80% NAFC removal and there was little 

change when increasing the temperature to 60oC. It is likely that the higher persulfate 

concentration created more rapid radical propagation reactions leading to faster NAFC 

removal. However, the goal of this research project is to reduce the parent NAFC concentration 

using limited amounts of persulfate followed with biological treatment, to create a more 

economical remediation method. After 8 hours of reaction at 60oC there was 42% and 79% 

NAFC removal for 250 and 1000 mg/L PS, respectively, and increasing the time to 24 hours 

did not improve NAFC removal for 250 mg/L PS. Therefore, 8 hours of reaction at 60oC were 

chosen as the activation conditions for future experiments.  

Preliminary trials at 50oC and 60oC were also completed using commercial Merichem 

NAs in ultrapure water (Figure A-3). There was little change in Merichem NA degradation 

between 50oC and 60oC or when increasing the concentration from 250 to 500 mg/L PS. 

Merichem NA bottles exhibited 20% removal with 250 mg/L PS, at 60oC for 8 hours, 2× less 

than what was found for OSPW. The difference in reactivity might be attributed to the 

differences in structure between commercial NAs and OSPW NAFCs, such as the higher 

cyclicity NAFCs in OSPW which are more reactive with oxidants (Chen et al. 2022b, Fang et 

al. 2018, 2019, Wang et al. 2013b). Differences in the water matrix can also significantly 

impact the oxidation chemistry as various organics and inorganics can act as either persulfate 

sinks or activators. Merichem activation temperature experiments were carried out in Milli-Q® 
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ultrapure water; the impact of inorganic salts was explored comparing 250 and 500 mg/L PS 

at 60oC in 100% BH mineral media (15 mM P, 25 mM N), 5% BH mineral media (0.1 mM P, 

1.3 mM N), and Milli-Q water (Figure 4-3).  

 
Figure 4-3. Percent decrease of naphthenic acids after 8 hours at 60oC with 250 or 500 mg/L of 
persulfate (PS) in different water matrices. “OSPW + N/P” represents OSPW supplemented with 
nitrogen (N) and phosphorous (P) to the same concentrations present in 5% Bushnell Haas (BH) mineral 
media (0.75 mM P, 1.25 mM N). Data represents single treatment bottles.  

Oxidation reactions occurring in 100% BH mineral media were inhibited and showed 

almost no Merichem NA removal. Each individual component of BH media was then reacted 

with heat activated persulfate; visual observations (Figure A-4) showed that only bottles 

containing the phosphate buffer (~15 mM PO4) had foaming remaining after the heat activated 

persulfate reaction, which may indicate the continued presence of surfactants like NAFCs. 

Oxyanions, in particular phosphate and carbonate, are known to scavenge sulfate radicals by 

creating weak and highly selective radicals, decreasing treatment efficiency (Lee et al. 2020). 

Therefore, the use of these anions as pH buffers has the potential to complicate the 

interpretation of results. Moving forward, a 5% dilution of BH media was chosen as it 

represented the nitrogen and phosphorus concentrations that are commonly used to supplement 

OSPW in biodegradation studies (0.7 mM P, 1.3 mM N) (Brown et al. 2013, Scott et al. 2005). 
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Interestingly, bottles with the diluted mineral media showed improved oxidation of Merichem 

NAs. Some studies have noted that small concentration of phosphate ions activate persulfate 

while increasing the concentration further leads to radical scavenging (Lee et al. 2020). The 

addition of 0.75 mM phosphate did not appear to improve or hinder persulfate oxidation in 

OSPW.  

Based on the results from the preliminary trials, experimental treatments utilizing 

OSPW and Merichem NAs were set-up containing 250, 500 and 1000 mg/L of persulfate, 

activated at 60oC for 8 hours. Bottles were then removed from heat and inoculated with bacteria 

to simulate OSPW entering tailings ponds containing indigenous microorganisms (Figure 4-

1). 

4.4 Results and Discussion 
The following sections include a discussion on water chemistry, removal of organics, 

contribution of radical species, NAFC distribution, toxicity reduction and viable cell counts; 

comparing biodegradation, persulfate oxidation (activated and unactivated stages) and coupled 

remediation treatments. 

4.4.1 Water Chemistry  

Benefits to using persulfate for remediation include its powerful oxidizing properties 

and ability to create sulfate and hydroxyl radicals. Furthermore, persulfate is economical, 

stable, has a high water solubility, and is effective over a wide range of pH (Tsitonaki et al. 

2010, Wacławek et al. 2017). However, persulfate oxidation can also cause acidification, 

mobilization of metals, and increased electrical conductivity, which can negatively impact the 

receiving ecosystem (Tsitonaki et al. 2010). 
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Impact on pH 

As described in Section 4.3, a 5% dilution of BH was used in Merichem bottles to avoid 

radical scavenging effects from the phosphate buffer. Without an adequate pH buffer, heat 

activated persulfate caused a steep drop in pH to 6.4, 2.6 and 1.8 for 250PS, 500PS and 1000PS, 

respectively, after 8 hours (Figure A-5). No carbon controls (250-1000NCC) also showed a 

decrease in pH due to the decomposition of persulfate under heat, however it was much less 

significant without the increased radical propagation reactions with organics. During the 

remaining 150 days of unactivated persulfate reaction, the pH was adjusted and maintained to 

pH > 7 by the addition of 1 M NaOH. While the effect of inorganic radical scavengers was 

controlled in Merichem bottles, OSPW is well-buffered due to the high concentration of 

carbonate ions, commonly ranging from 550-820 mg/L CaCO3 (Abdelrahman et al. 2023, 

Allen 2008a, Drzewicz et al. 2012, Gamal El-Din et al. 2011, Mahaffey and Dube 2016). The 

OSPW used in these experiments had an alkalinity of 800 mg/L CaCO3, which was adequate 

to ensure the pH remained consistent over the course of the experiment and did not require any 

adjustments. Therefore, the natural buffering capabilities of OSPW are well suited to persulfate 

oxidation treatment.  

Impact on Salinity 

Electrical conductivity can increase during persulfate oxidation due to the formation of 

sulfate ions (Equations 1-4, Chapter 2). Sulfate concentrations are provided in Figure 4-4 and 

Table A-3. Merichem bottles contained a diluted mineral media and therefore initially had 

minimal sulfate present (6.2 mg/L), however reached a high of 643.3 mg/L by day 150 for 

1000PS. Most of the sulfate was produced during heat activation, which is expected as that is 

the most aggressive reaction stage.  
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Figure 4-4. Sulfate concentrations (mg/L) for a) Merichem NA and b) OSPW persulfate oxidation 
treatments (PS) after 8 hours of heat activation (red), followed by 150 days of unactivated persulfate 
reaction (blue). No carbon controls (NCC) contain persulfate without Merichem NAs (grey). Error bars 
represent one standard deviation of triplicate bottles.  

OSPW has elevated salinity from both naturally occurring saline sediments in the 

region and additives used during bitumen recovery (NaOH and CaSO4) (Allen 2008a, 

Chalaturnyk et al. 2002, Kessler et al. 2010). Therefore, the initial sulfate concentration of 

OSPW (345.7 mg/L) was considerably higher than Merichem NA bottles and reached 938.4 

mg/L by day 150 for 1000PS. Regardless of the higher initial concentrations, the net sulfate 

production by day 150 was similar between Merichem and OSPW bottles (Table A-4). The 

sulfate guidelines for the protection of aquatic life as laid out in the Environmental Quality 

Guidelines for Alberta Surface Water (Government of Alberta 2018) range from 128-429 

mg/L, depending on the hardness of the water. The salinity of OSPW and tailings is already a 

challenge when designing reclamation wetlands as native vegetation is sensitive or intolerant 

to high salinity (Gibson and Peters 2022). Therefore, remediation techniques that increase 
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salinity should be carefully designed to mitigate impacts. An additional benefit to using lower 

concentrations of persulfate is the smaller impact on salinity of the water matrix.  

Persulfate Utilization 

As expected, most persulfate was consumed after the first 8 hours of heat activation, 

with 42%, 57% and 74% decrease in Merichem bottles, for 250PS, 500PS and 1000PS, 

respectively (Figure 4-5). Persulfate continued to be utilized at a much slower rate during the 

unactivated persulfate stage, leading to a total of 82-89% persulfate consumption by day 150. 

Similarly, no carbon controls had a 17-21% decrease in persulfate concentration during heat 

activation and then was essentially unchanged over the remaining 150 days. This indicates 

there was no activation occurring in the Merichem system, and persulfate consumption was 

due to reaction with organics.  

Less persulfate was consumed during heat activation for OSPW, with approximately 

40% utilized regardless of the initial concentration. OSPW is a much more complex water 

matrix, containing numerous inorganics (chloride, bicarbonate) and background organic matter 

which have the potential to be scavenged by radicals, decreasing treatment efficiency. 

Generally, sulfate radicals are more selective and thus less impacted by scavengers compared 

to hydroxyl radicals. However, humic like substances with aromatic and olefinic moieties that 

may be present in OSPW have been found to scavenge sulfate radicals away from aliphatic 

acid oxidation (Lee et al. 2020, Romera-Castillo and Jaffé 2015). Additionally, the high pH of 

OSPW may increase the amount of hydroxyl radicals generated in that system which are non-

selective. In general, bicarbonate has not been shown to have an impact on persulfate oxidation 

of model NAs (Xu et al. 2016b), but chloride concentrations as low as 500 mg/L have 

negatively impacted the degradation of model NAs (Fang et al. 2018). The OSPW used in this 
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study had approximately 636 mg/L chloride (Table A-2) which may explain the reduced 

consumption of persulfate. Ganiyu et al. (2022a) used electron paramagnetic resonance (EPR) 

spectra to identify radical species during persulfate oxidation and noted that OSPW showed 

similar peaks to those in the simpler model NA water matrix, however the intensity of peaks 

was much lower, likely due to inorganic and organic scavengers. Scavenging effects are more 

prominent with more aggressive activation such as heat (Tsitonaki et al. 2010). 

 
Figure 4-5. Persulfate concentration (mg/L) for a) Merichem NA and b) OSPW after 8 hours of heat 
activation (60oC) followed by 150 days at room temperature. Treatments include persulfate oxidation 
(PS; ■), persulfate coupled with P. fluorescens (CPS; ●), killed controls (KC; ▲), negative controls 
without persulfate (0NC; ♦) and no carbon controls without Merichem NAs (250-1000NCC; ♦). Error 
bars represent one standard deviation of triplicate bottles. 
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During the unactivated persulfate stage, the persulfate utilization rate was 2.6- to 3.8-

fold higher for OSPW compared to Merichem bottles (Table A-5), with 99%, 99% and 85% 

persulfate consumed by day 150 for 250PS, 500PS and 1000PS. This indicates that there may 

have been a small degree of activation occurring at room temperature. OSPW contains trace 

metals such as iron that have been found to cause natural in situ persulfate activation in soil 

(Liang et al. 2008a, Yen et al. 2011, Mahaffey and Dube 2016). Certain organics (quinone and 

phenol derivatives) may also be present and can also cause some activation of persulfate 

depending on their specific pKa and functional groups (Lee et al. 2020). Despite the longer 

timeframes involved, less aggressive activation can mitigate the impact of scavengers and 

some activation may occur naturally, providing a balance between the advantages of activated 

and unactivated persulfate.  

The addition of microbes in the OSPW coupled treatments significantly reduced (p < 

0.05) the overall persulfate utilized (56-67% consumed) and led to a 2.7- to 11.4-fold decrease 

in rate compared to chemical treatments (Table A-5). Some scavenging impacts may arise from 

cell biomass, however killed controls (250-1000KC) did not exhibit the same drastic effect, 

indicating that live cells were primarily responsible. One possibility is that bacterially produced 

dissolved organic matter (DOM) from metabolism of organics or cell lysis contained electron 

donating functional groups that can act as oxidant scavengers (Romera-Castillo and Jaffé 2015, 

Wang et al. 2020). Additionally, P. fluorescens may have been producing extracellular 

polymeric substances (EPS). Bacteria isolated from produced water and oil contaminated soil 

have shown strong EPS production with antioxidant abilities (Darwish et al. 2019, Mohamed 

et al. 2019). Pseudomonas species are known to be large EPS producers (Costa et al. 2018) 

and some strains of P. fluorescens have been shown to produce EPS with strong antioxidant 
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properties (Raza et al. 2012, Sirajunnisa et al. 2016). Hydroxyl groups in EPS can donate 

electrons to reduce radicals to more stable forms, or EPS may be reacting directly with free 

radicals and terminate the chain reactions (Raza et al. 2012, Wang et al. 2017, Min et al. 2019). 

Another possibility is that EPS chelated ions (ferrous iron) that were activating persulfate 

(Wang et al. 2017, Min et al. 2019). Further analyses would be required to determine the cause 

of scavenging; regardless, the interaction between bacteria and persulfate in OSPW could 

negatively impact treatment efficiency by scavenging persulfate away from the contaminants 

of concern. Furthermore, it could increase the persistence of persulfate in the water matrix 

which could impact water toxicity.  

4.4.2 Removal of Organics 

NAFCs are principal toxicants in OSPW, however accurate determination of NAFCs 

can be challenging due to their highly complex nature and will vary depending on the method 

used.  This experiment tracked total NAFC concentrations via FTIR (Figure 4-6) as a 

reproducible method commonly used by industry that has been found to correlated well with 

higher resolution techniques such as Orbitrap-MS (Hughes et al. 2017). Liquid-liquid 

extraction (LLE) of NAFCs was utilized which has been found to provide >80% recovery of 

total NAFCs, but only 49% recovery of DOC (Qin et al. 2019). Therefore, oxidation by-

products may not be captured by LLE and the measurement of carboxyl bonds in FTIR, or may 

not be part of the acid extractable fraction, thus COD was tracked (Figure 4-7) to determine 

the extent of mineralization.  

Biodegradation 

Biodegradation of NAFCs is the most economical remediation strategy but does not 

lead to complete removal of recalcitrant fractions (Brown and Ulrich 2015). This study used 
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the bacterial isolate P. fluorescens, a common hydrocarbon degrader present in tailings ponds, 

to determine biodegradation potential (0CPS). P. fluorescens degraded 45% of Merichem NAs, 

mostly occurring in the first 30 days; however, the COD was essentially unchanged, suggesting 

Merichem NAs were transformed rather than mineralized. The previous study (Chapter 3) 

found only 16% of Merichem NAs were biodegraded by P. fluorescens over 313 days. Notable 

differences include a lower concentration of Merichem NAs in this study (50 mg/L vs 100 

mg/L) and a higher initial cell count (108 CFU/mL vs 105 CFU/mL). Therefore, the improved 

biodegradation is likely due to lower NA toxicity and increased biomass.  

OSPW did not show any statistically significant biodegradation of NAFCs or COD 

between 8 hours and 150 days (p>0.05; paired t-test). It is well known that commercial NA 

mixtures such as Merichem are more biodegradable than OSPW NAFCs as they consist of 

simpler structures with lower molecular weights (Han et al. 2008, Quagraine et al. 2005a, Scott 

et al. 2005, Whitby 2010, Xu et al. 2017). In addition, OSPW contains other toxic compounds, 

high salinity and a higher pH which all may cumulatively stress the bacteria, hindering growth.  
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Figure 4-6. a) Merichem NA and b) OSPW NAFC concentrations after 8 hours of heat activation 
(60oC) followed by 150 days at room temperature. Treatments include persulfate oxidation (PS; ■), 
persulfate coupled with P. fluorescens (CPS; ●), killed controls (KC; ▲), negative controls without 
persulfate (0NC; ♦) and no carbon controls without Merichem NAs (250-1000NCC; ♦). Error bars 
represent one standard deviation of triplicate bottles. 
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Figure 4-7. Chemical oxygen demand (COD) for a) Merichem NA and b) OSPW after 8 hours of heat 
activation (60oC) followed by 150 days at room temperature. Treatments include persulfate oxidation 
(PS; ■), persulfate coupled with P. fluorescens (CPS; ●), killed controls (KC; ▲), negative controls 
without persulfate (0NC; ♦) and no carbon controls without Merichem NAs (250-1000NCC; ♦). Error 
bars represent one standard deviation of triplicate bottles. 

Persulfate Oxidation 

Chemical oxidation is an effective treatment for NAFCs but can be expensive for the 

large volumes of OSPW that require remediation. After 8 hours of heat activated persulfate 

reaction, Merichem NAs exhibited 74.8%, 92.6%, and 96.4% removal for 250PS, 500PS and 

1000PS, respectively, showing a considerable improvement over biodegradation. Furthermore, 

mineralization increased with persulfate dose, as seen by the 15.5%, 55.2% and 79.3% COD 
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removal for 250PS, 500PS and 1000PS. After bottles were removed from heat for the 

unactivated persulfate stage, Merichem NA removal increased to ~90% for 250PS, mostly 

occurring in the first 30 days. At the higher persulfate concentrations (500PS and 1000PS), 

almost all Merichem NAs were oxidized during heat activation and no further removal was 

seen. Additionally, the 1000PS bottles did not show any improved COD removal and little 

change in persulfate concentration (Figure 4-5) suggesting the remaining by-products may not 

have been reactive with unactivated persulfate. COD removal increased 3× during the 

unactivated persulfate stage for 250PS, demonstrating the potential of lower persulfate doses 

despite longer reaction times.  

OSPW similarly had most NAFC removal occurring during heat activation, with 

45.2%, 76.3%, and 89.1% removal for 250PS, 500PS and 1000PS, respectively. However, less 

mineralization occurred with 0%, 18.5% and 26.0% COD removed for 250PS, 500PS and 

1000PS. Unactivated persulfate oxidation increased NAFC removals to 69.5%, 89.8% and 

95.1% for 250PS, 500PS and 1000PS. Mineralization was also improved for 1000PS (57.2% 

COD removed), however was relatively minor for 250 and 500PS (11.9% and 25.6% COD 

removal). Despite large reductions in NAFCs, OSPW exhibited less mineralization of organics 

compared to Merichem NAs.  

Coupled Persulfate Oxidation + Biodegradation 

After removing from heat, some bottles were inoculated with P. fluorescens to examine 

the potential for coupling residual unactivated persulfate oxidation with biodegradation (250-

1000CPS). Both Merichem and OSPW did not show any significant difference in NAFC 

removal between chemical (PS) and coupled (CPS) treatments at each persulfate concentration 

(p>0.05). As most NAFCs were removed during heat activated persulfate reaction, it was 
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expected there would be little differences during the unactivated persulfate and biodegradation 

stage. The addition of bacteria was hypothesized to improve overall removal of organics in the 

system, however bottles containing P. fluorescens all showed an increase in COD. Soluble 

microbial products are known to increase BOD and COD during wastewater treatment due to 

substrate metabolism, biomass decay and cell lysis (Ni et al. 2011). Killed controls similarly 

saw some increase in COD, suggesting a portion is from cell lysis of dead biomass. The 

potential role of EPS in coupled treatments was discussed in Section 4.4.1. Solubilization and 

hydrolysis of EPS is another potential source of soluble microbial products that could increase 

the COD (Li et al. 2013, Mesquita et al. 2010, Ni et al. 2011).  

Combining chemical oxidation and biodegradation has been previously shown to be a 

successful remediation method for OSPW (Brown et al. 2013, Dong et al. 2015, Martin et al. 

2010, Wang et al. 2013b) (see Section 2.1.5). In this study, the addition of microbes did not 

improve the removal of organics from the system in terms of NAFCs or COD. The previous 

study (Chapter 3) did demonstrate successful coupling of persulfate activation and 

biodegradation. However, OSPW or diluted mineral media (BH) used here is a more stressful 

growth medium for bacteria compared to nutrient rich BH media used in Chapter 3. 

Furthermore, the higher concentrations of phosphate used as a pH buffer in BH media likely 

scavenged the persulfate (Section 4.3), possibly increasing the availability of carbon sources 

for microbes and preventing oxidative stress impacts. Combined treatments for OSPW often 

use ozone which is short lived and depleted before inoculation of bacteria (Dong et al. 2015, 

Martin et al. 2010, Vaiopoulou et al. 2015). As persulfate is a persistent oxidant, the activation 

time could be increased to remove more persulfate from the system, or persulfate could be 

quenched prior to addition of bacteria. Therefore, the residual simple, low molecular weight 
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organics that are often not as reactive with oxidants may have been biodegraded by bacteria in 

the absence of oxidative stress.  

4.4.2 Contribution of Radicals  

Unlike hydroxyl radical based AOPs such as catalytic ozonation, sulfate radical AOPs 

can generate both SO4•- and OH•. Radical quenching tests were performed to identify the 

contribution of each radical species during heat activation. Tert-Butyl alcohol (TBA) is often 

chosen to scavenge OH• with a rate constant of 3.8-7.6×108 M-1s-1, approximately 1000-fold 

greater than with SO4•- (4.0-9.1×105 M-1s-1). Ethanol (EtOH) is commonly used to scavenge 

both OH• and SO4•-, with rate constants of 1.2-2.8×109 and 1.6-7.7×107 M-1s-1, respectively 

(Anipsitakis and Dionysiou 2004). While other ROS such as the singlet oxygen (1O2) and 

superoxide ion (O2•-) have been identified during persulfate AOPs (Lee et al. 2020, Petri et al. 

2011), quenching studies and EPR spectra suggest they play a minimal role so were excluded 

from this study (Ganiyu et al. 2022a, Lei et al. 2020).  

Quenching tests were performed with 50 mg/L of Merichem NAs and 1000 mg/L PS 

at 60oC for 8 hours, in either 5% BH or 5% BH supplemented with a carbonate buffer (5 mM). 

A carbonate buffer was used to mitigate pH drops and determine the impact of carbonate ions 

as radical scavengers due to their dominance in OSPW. Control bottles without any scavengers 

degraded 93% of Merichem NAs (Figure 4-8). Carbonate buffer controls had a similar final 

Merichem NA degradation after 8 hours, however exhibited a 3-fold decrease in degradation 

rate (Table A-6). The addition of TBA decreased final degradation to 67.5% and 71.1% for 

unbuffered and carbonate buffered systems, respectively, with a 2- to 4-fold decrease in rate 

compared to controls. EtOH further suppressed Merichem NA degradation, with only 21.7% 

and 31.2% degradation for unbuffered and carbonate buffered systems and an 8- to 14-fold 
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decrease in rate compared to controls. Even with the addition of a carbonate buffer, the pH in 

the EtOH system dropped (pH 5.5-5.8) and needed to be continuously adjusted with 1 M NaOH 

(Figure A-6). The reaction of EtOH with SO4•- produces H+ ions (Neta et al. 1988) which were 

not fully mitigated with the carbonate buffer. 

Overall, these results suggest that both sulfate and hydroxyl radicals play a role in the 

oxidation of Merichem NAs using heat activated persulfate, with SO4•- being the predominant 

radical species. The contribution of radical species will vary depending on the water chemistry, 

contaminants, and activation method. Xu et al. (2016b) found a similar trend for heat activated 

persulfate oxidation of a model NA compound (1,2,3,4-T-2-NA), with TBA inhibiting some 

degradation and EtOH almost completely inhibiting removal, suggesting the dominance of the 

sulfate radical. Heat activated persulfate is commonly studied as a treatment for pharmaceutical 

pollutants where the sulfate radical is similarly the primary ROS (Fan et al. 2015, Gao et al. 

2018, Sun et al. 2019).   

 
Figure 4-8. The effect of radical scavengers tert-butyl alcohol (TBA) and ethanol (EtOH) (30 mM) on 
Merichem NA removal with 1000 mg/L PS at 60oC in a) unbuffered 5% BH mineral media, or b) 5 
mM carbonate buffer in 5% BH. Error bars represent one standard deviation of duplicate bottles. 
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Sulfate radicals also dominated in solar activated persulfate oxidation of PVA (Ganiyu 

et al. 2022a); however, Fang et al. (2018) found that hydroxyl radicals were more significant 

in the degradation of CHCA under UV activated persulfate. Hydroxyl radicals were also 

dominant in a system using peroxymonosulfate activated with biochar to oxidize ADA (Song 

et al. 2022). However, PMS with electro-cocatalytic iron activation found that the relative 

contribution of sulfate and hydroxyl radicals varied depending on which model NA compound 

was used (Chen et al. 2022b). Similarly, radical contribution shifted depending on the 

persulfate activation method for PHC degradation, where hydroxyl radicals dominated for UV 

activated persulfate, but sulfate radicals dominated with the addition of iron (Li et al. 2020).  

Compared to AOPs that only involve hydroxyl radicals, persulfate AOPs have much 

more complex oxidation pathways that alter depending on water constituents and types of 

activators (Lee et al. 2020). This can provide a benefit as each radical preferentially oxidizes 

different types of compounds, potentially leading to more comprehensive removals. Model 

NAs are commonly used to determine structure reactivity and elucidate degradation pathway. 

Some studies have found that saturated aliphatic rings are more reactive than aromatic rings 

with persulfate and peroxymonosulfate (Chen et al. 2022b, Xu et al. 2016b), while others have 

found that aromatic rings are more reactive (Fang et al. 2018). Contradictory results could be 

due to differences in model NA structures and dominant radical species. The reactivity of the 

aromatic rings are strongly impacted by the substituents present, and the aromatic model NA 

(PVA) used by Fang et al. (2018) had a longer alkyl chain which increases reactivity (Lee et 

al. 2020). Furthermore, hydroxyl radicals dominated which are generally more reactive with 

aromatics. Conversely, Xu et al. (2016b) used a bicyclic aromatic (2-NA) in a system where 



111 
 

sulfate radicals dominated, illustrating why they were not as well oxidized since sulfate 

radicals selectively react with aliphatic carboxylic acids.  

The improved oxidation of aliphatic carboxylic acids with SO4•- is because they react 

uniquely via decarboxylation, whereas OH• use hydrogen abstraction. For aromatic carboxylic 

acids, SO4•- still utilize decarboxylation while OH• more effectively use hydroxylation (Lee et 

al. 2020). Products identified during heat activated persulfate reaction of model NA 

compounds verified that decarboxylation was the initial step when sulfate radicals dominated 

(Xu et al. 2019b). A significant advantage to persulfate AOPs for OSPW is the generation of 

SO4•- and OH• which allow for more effective aliphatic acid oxidation.  

4.4.3 NAFC Distribution  

The distribution of NAFCs is helpful in determining treatment efficiency since different 

fractions are associated with varying recalcitrance and toxicity (further discussed in Section 

4.4.4). Bottles containing 500 mg/L PS (500PS, 500CPS) and biological treatment bottles 

(0CPS) were analyzed via Orbitrap to determine changes in NAFC distribution over the course 

of the treatment. Distribution of classical O2-NAs compared to oxidized (O3+) and 

heteroatomic (N/S) classes is showed in Figure 4-9. A more in-depth analysis of the toxic O2-

NAs in terms of carbon numbers (n) and hydrogen deficiency as double bond equivalence 

(DBE) is provided in Figure 4-10, 4-11 and A-8. 

Initial Distribution 

Merichem NAs consist solely of the O2 group (>99.9% abundance), predominantly 

containing more saturated NAs with DBE 1-3 (linear, 1 ring, 2 ring). These less complex 

structures are generally considered more biodegradable (Scott et al. 2005) and can account for 

the improved biodegradation noted for Merichem (Figure 4-6). OSPW initially has a wider 
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range of class distribution than Merichem NAs, consisting primarily of classical O2-NAs, 

oxidized O3 and O4 NAFCs, along with a smaller abundance of heteroatomic N and S 

containing species. Within the O2 group, OSPW contains higher DBE compounds, 

representing increase in hydrogen deficiency, with DBE 3, 4 and 7 the most abundant. This 

source of OSPW and Merichem have similar carbon numbers, ranging from n=10-19, with 

highest proportion being n=15 and 16. However, OSPW commonly has n=5-33 and DBE=1-

10, with aged OSPW having a higher proportion of higher molecular weight, cyclic compounds 

(Bauer et al. 2015, Brown and Ulrich 2015). 

Changes to Class Distribution with Different Treatments  

Biodegradation of Merichem (0CPS) did not lead to any major changes in class 

distribution, with the O2-NAs representing 96.9% abundance. After activated persulfate 

oxidation (500PS), both Merichem and OSPW bottles had a considerable reduction of the O2 

class, decreasing to 2.2% and 6.9% abundance, respectively, with a shift to more oxidized 

NAFCs (O3+). Merichem bottles saw a notable increase in O5 and O8 class compounds along 

with nitrogen containing compounds (N2O2), while OSPW primarily increased in O3, O4 and 

O5 compounds. Over the 120 days of residual unactivated persulfate reaction, treatments 

continued to shift to more oxidized NAFCs. This shift to more oxidized NAFCs (O3-O6) after 

AOPs is commonly seen for persulfate oxidation and ozonation (Abdelrahman et al. 2023, 

Arslan et al. 2023, Fang et al. 2019, Ganiyu et al. 2022a, Meshref et al. 2017). Often oxidized 

NAFCs do not change considerably during AOP treatments, possibly because the rate of 

removal is equal to the rate of formation. Additionally, the increased oxygen atoms can 

increase resistance to oxidation due to the reduction in electrophilic sites that are most 

susceptible to attack (Arslan et al. 2023).  
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Figure 4-9. NAFC class distribution in a) Merichem NA and b) OSPW after 8 hours of heat activation 
(60oC) followed by 120 days at room temperature. Treatments include: 500 mg/L persulfate oxidation 
after 8 hours of heat activation (8h PS) and 120d at room temperature (120d PS); coupled 500 mg/L PS 
and P. fluorescens after 120d at room temperature (120d CPS); and biological treatments with only P. 
fluorescens after 120d (120d BIO). Data represents single treatment bottles. 

P. fluorescens in Merichem coupled treatments (500CPS) completely degraded the O3-

O7 compounds, leading to a 14.5% and 8.3% increase in O8 and N2O2 compounds. The lack of 

COD removal in CPS treatments (Figure 4-7) further supports that P. fluorescens was 

transforming NAFCs. Oxidized NAFCs are created as intermediates during biodegradation, 

and some studies have suggested they are more recalcitrant due to their persistence in aged 

OSPW and during laboratory biodegradation experiments (Han et al. 2009, Huang et al. 2017, 

Xue et al. 2016a). Coupling chemical oxidation and biodegradation may be more effective at 

removing oxidized NAFCs (Wang et al. 2013b, Xue et al. 2016a). Zhang et al. (2018a) found 

that ozonation and biofiltration alone did not removal any oxy-NAs, but the combined 

treatment removed 53% O3-NAs and 43% O4-NAs. Similar to trends for classical NAs, 

biodegradation of oxidized NAFCs may depend on cyclicity and carbon number (Zhang et al. 

2016d).  
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O2-NA Shifts in Carbon Number and DBE with Treatment 

The O2 class was mostly removed during persulfate oxidation, however the remaining 

NAs with varying carbon number and DBE can still contribute to bio-persistence. Heat 

activated persulfate preferentially oxidized higher molecular weight NAFCs, removing n>13 

for Merichem and n>16 for OSPW, leading to a higher dominance of n=9-12. This is common 

in AOP treatments where radicals usually attack the C-H bond rather than O-H bond, so higher 

carbon number compounds have more hydrogen atoms available for radical abstraction (Afzal 

et al. 2012b). Conversely, higher carbon number NAFCs are considered more resistant towards 

biological treatment (Clemente et al. 2004, Han et al. 2009, Holowenko et al. 2002, Scott et al. 

2005). However, inconsistencies with this correlation have been noted as it appears to be highly 

dependent on other structural features such as alkyl side chain branching and number of rings 

(Bataineh et al. 2006, Han et al. 2008).  
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Figure 4-10. Classical O2-NA distribution in Merichem NA bottles after 8 hours of heat activation 
(60oC) followed by 120 days at room temperature. Treatments include biological treatments containing 
only P. fluorescens (0CPS) and 500 mg/L persulfate oxidation (500PS). Plots illustrate abundance vs 
carbon number and double bond equivalence (DBE). Data represents single treatment bottles. 

Heat activated persulfate preferentially oxidized higher DBE compounds in OSPW, 

completely removing highly unsaturated DBE 7 and 8 NAFCs. The higher hydrogen deficiency 

associated with the formation of rings increases tertiary carbons which increases reactivity with 

radicals due to the creation of more stable tertiary carbon-centered radicals after hydrogen 

abstraction (Chen et al. 2022b). Conversely, tertiary carbons hinder β-oxidation, which is 

thought to be the primary pathway utilized by bacteria during NAFC degradation (Whitby 

2010).  Therefore, cyclicity has been found to be a greater indicator of biodegradability than 
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carbon number, with decreasing biodegradation efficiency as DBE increases (Han et al. 2008, 

Huang et al. 2015, 2017, Wang et al. 2013b, Xue et al. 2016b, 2017). Unactivated persulfate 

continued to oxidize these cyclic, unsaturated compounds leading to simple and linear DBE 1 

compounds remaining for Merichem, while OSPW saw a decrease in abundance of DBE 3-6 

with an increase in DBE 1. This removal of highly unsaturated NAFCs is beneficial for future 

biological treatment which most effectively remove DBE <3  (Han et al. 2009, Huang et al. 

2017, Islam et al. 2015).  

Similarly, NAFCs with DBE>6 and n>15 have been shown to be preferentially 

oxidized in OSPW treated with UV activated persulfate and ozone, shifting to a higher 

abundance of DBE 3-4 compounds with n=10-14 (Meshref et al. 2017, Fang et al. 2019). 

Therefore, oxidized, lower molecular weight, and more saturated NAFCs are generally leftover 

after AOPs, regardless of oxidant or activation method. Since NAFC persistence is often tied 

to higher cyclization and molecular weight, chemical oxidation has the potential to be 

combined with biological treatments as the composition shifts to simpler, more biodegradable 

compounds.  

 

 

 



117 
 

 
Figure 4-11. Classical O2-NA distribution in OSPW bottles after 8 hours of heat activation (60oC) 
followed by 120 days at room temperature. Treatments include biological treatments containing only 
P. fluorescens (0CPS) and 500 mg/L persulfate oxidation (500PS). Plots illustrate abundance vs carbon 
number and double bond equivalence (DBE). Data represents single treatment bottles. 

4.4.4 Acute Toxicity Assessment  

OSPW is a complex water matrix, consisting of thousands of polar and nonpolar 

organics, suspended and dissolved solids, salts and metals, all of which can contribute to 

toxicity (Vander Meulen et al. 2022). Regardless, NAFCs are consistently found to be main 

contributors to acute toxicity due to their surfactant characteristics (Frank et al. 2008, Hughes 

et al. 2017, Li et al. 2017a). The toxicity of NAFCs is driven by molecular weight, aromaticity, 

and heteroatom content (Bauer et al. 2017); therefore, an overall reduction in NAFC 

concentration does not always correlate to toxicity reduction (He et al. 2012, Wang et al. 
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2013b). The Microtox bioassay is a simple, useful method to provide information on the quality 

of wastewater and is widely used for OSPW toxicity assessment (Clemente and Fedorak 2005, 

Yue et al. 2015). The inhibition effect towards V. fischeri bioluminescence was analyzed at 

various treatment stages, shown in Figure 4-12. Overall, Merichem and OSPW bottles showed 

opposite trends; while activated persulfate reduced Merichem toxicity, it increased OSPW 

toxicity. Further reaction with unactivated persulfate and biodegradation increased Merichem 

toxicity but reduced OSPW toxicity.  

 
Figure 4-12. Percent inhibition of V. fischeri bioluminescence for a) Merichem NA and b) OSPW after 
8 hours of heat activation (60oC) followed by 150 days at room temperature. Initial toxicity of 
Merichem NAs and OSPW represented as the black star. Treatments include persulfate oxidation (PS; 
■) and persulfate coupled with P. fluorescens (CPS; ●). Error bars represent one standard deviation of 
triplicate bottles. 
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Contributions to Merichem NA Toxicity 

Commercial NAs contain only the O2 class which are considered the most acutely toxic 

fraction. The impact of the O2 class can be seen by the high initial toxicity, exhibiting an 88.5% 

inhibition effect towards V. fischeri. Biodegradation by P. fluorescens reduced the toxicity 2.7-

fold (33.3% effect). While the biological treatment did not show a major shift in class 

composition away from the acutely toxic O2 group (Figure 4-9), the overall concentration of 

O2-NAs was decreased which can account for the reduced toxicity.  

In chemical oxidation treatments, the activated persulfate stage led to similar reductions 

in inhibition effect regardless of the persulfate concentration, showing 31.7%, 40.8%, and 

39.4% effect after 8 hours, for 250PS, 500PS and 1000PS, respectively. While the toxicity was 

similar to that after biodegradation, they likely come from different sources. The biological 

bottles (0CPS) still contained predominantly O2-NAs, whereas persulfate treatments (250-

1000PS) saw almost complete removal of Merichem NAs (Figure 4-6) and the O2 class (Figure 

4-9). Furthermore, the distribution shifted to more oxidized NAFCs (O3+) which are not 

generally associated with toxicity, possibly because the increased OH groups reduce 

hydrophobicity (Wang et al. 2013a, Yue et al. 2015). Therefore, in persulfate treatments, 

toxicity may be attributed to oxidation by-products or residual species that may not be captured 

in the acid extractable fraction (Meshref et al. 2017, Morandi et al. 2017). Residual toxicity 

despite high levels of O2-NA removals is common in AOP treatments, and often attributed to 

incomplete mineralization (Dong et al. 2015, He et al. 2012, Martin et al. 2010, Meshref et al. 

2017). Wang et al. (2013b) found that there was still 31-34% inhibition towards V. fischeri 

after ozonation of OSPW despite >90% NA degradation. Similarly, 2 mM of UV-activated 
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persulfate removed 84% of classical O2-NAs which corresponded to only a 10% reduction in 

toxicity (Fang et al. 2019).  

Over the remaining 150 days of the unactivated persulfate stage, all chemical 

treatments exhibited an increase in toxicity by day 150, reaching 58.0%, 65.1% and 83.4% for 

250PS, 500PS and 1000PS, respectively. For 500PS, the primary difference in NAFC 

distribution between 8 hours and 120 days was the increase in O8 and N2O2 classes, with the 

remaining O2 class consisting of n=14, DBE 1 (Figure 4-9 and 4-10). None of these classes are 

associated with toxicity (Yue et al. 2015), which further suggests the residual toxicity 

components may not be represented in the acid extractable compounds. However, the lowest 

toxicity occurred at day 71, indicating that the transformation of by-products throughout the 

treatment shifts toxicity.  

Merichem coupled treatments with persulfate and P. fluorescens (500CPS-1000CPS) 

exhibited some higher toxicity in the middle of the experiment (day 46-120), however had 

similar toxicity to their chemical treatment counterparts by day 150. Notably, 250CPS were 

the only coupled treatment that showed significantly improved toxicity reduction compared to 

chemical oxidation alone at day 150 (p<0.05). While the chemical oxidation bottles increased 

over time (58.0% effect), the coupled bottles remained significantly lower (<15.0% effect) 

before showing a complete removal of toxicity by day 150. This demonstrates the potential in 

a coupled remediation treatment where bacteria can degrade toxic oxidation by-products into 

non-toxic forms.    

Contributions to OSPW Toxicity  

The initial toxicity of OSPW was considerably lower than that of Merichem NAs, with 

a 18.2% inhibition effect towards V. fischeri. OSPW inhibition values vary with source and 
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age, but in general range from 29-53% with older OSPW exhibiting lower toxicity (Fang et al. 

2019, Shu et al. 2014, Wang et al. 2016, Wang et al. 2013b, Zhang et al. 2016b).   

Unlike Merichem NA bottles, OSPW exhibited a 1.5- to 3.3-fold increase in toxicity 

after activated persulfate oxidation, reaching 28.1%, 41.8%, and 60.9% inhibition for 250PS, 

500PS and 1000PS, respectively. Residual O2-NAs contained n=14-16 and DBE 3-5 (Figure 

4-11) which are considered some of the most toxic compounds within the O2-NA fraction (Yue 

et al. 2015). However, the overall abundance of these compounds decreased during the 

oxidation treatment, suggesting that while they may contribute to toxicity, they are likely not 

the primary cause. Similar to Merichem NAs, the increase in toxicity could be a cumulative 

effect of residual NAFCs and oxidation by-products. The production of toxic by-products has 

also been observed in other studies utilizing sulfate radical AOPs (Arslan et al. 2023, Ganiyu 

et al. 2022a). For example, the inhibition effect towards V. fischeri increased from 58% for 

raw OSPW to >95% after 3-6 hours of solar activated PMS treatment (Ganiyu et al. 2022a). 

Chlorinated by-products have been detected during persulfate oxidation of NAFCs, more 

notably when using higher concentrations of persulfate (Fang et al. 2020), which could explain 

why 1000PS had the highest toxicity. Despite the initial increased toxicity, all treatments (250-

1000PS) exhibited significant toxicity reduction during the unactivated persulfate stage, 

showing no inhibition effect by day 150 (p<0.05; paired t-test between 8 hours and 150 days). 

Part of the toxicity reduction may be due to a decrease in DBE 3-4 O2-NA compounds (Figure 

4-11), along with continual transformation of by-products to less toxic compounds.  

Coupled treatments containing persulfate and P. fluorescens (250-1000CPS) showed 

different trends depending on the persulfate concentration. Unlike Merichem NA bottles, 

250CPS bottles for OSPW showed no improvement in toxicity reduction compared to 250PS. 
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Both 500CPS and 1000CPS exhibited higher toxicity than the chemical treatments, with 

1000CPS reaching 41.2% inhibition by day 150, compared to the nontoxic 1000PS. The NAFC 

distribution shows 500CPS have almost double the abundance of the potentially toxic DBE 3 

and 4 fractions in the O2 group on day 120 (Figure A-8). More specifically, 500CPS contain 

C15H24O2 (DBE 4, n=15) which has been found to be one of the most abundant compounds 

within toxic NAFCs (Yue et al. 2015) and was removed in the 500PS treatment (Table A-7, 

A-8). Furthermore, 500CPS bottles contained O3S compounds, which have been thought to 

contribute to toxicity (Quesnel et al. 2015, Yue et al. 2015). While these toxic NAFCs are 

present in CPS and not PS treatments, their overall abundance is still low and likely contribute 

to some but not all of the increased toxicity.  

Overall, these results suggest that the coupled treatments were not as effective as 

chemical oxidation alone for OSPW remediation, and in some cases the addition of microbes 

appears to have hindered detoxification. As discussed in earlier sections, there was less 

persulfate consumed and more COD in CPS bottles, possibly due to the formation of EPS and 

soluble microbial products which acted as antioxidants. These may have scavenged the 

persulfate away from organics, thus hindering the potential for detoxification. Future research 

should aim to analyze the oxidation by-products produced during persulfate oxidation to help 

elucidate the toxicity trends. Specialized toxicity assays for genotoxicity and estrogenicity 

along with in vivo studies can also provide more information.  

4.4.5 Bacterial Viability 

Viable cell counts were completed to determine the ability of P. fluorescens to 

proliferate by utilizing the remaining carbon sources, along with the impact of persulfate 

oxidative stress and wastewater toxicity. Biological (0CPS) and coupled treatments (250-
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1000CPS) were inoculated with 108 CFU/mL after bottles were removed from heat, and viable 

cell counts were completed during the 150 days of unactivated persulfate reaction and 

biodegradation at room temperature, shown in Figure 4-13. 

 
Figure 4-13. Colony forming units (CFU) on a semi-log plot for a) Merichem NA and b) OSPW 
biological and coupled treatments. Bottles were inoculated with P. fluorescens after 8 hours of heat 
activation once the temperature reached ~20oC. “0CPS” represent biological treatments without 
persulfate. Error bars represent one standard deviation of triplicate bottles. 

Merichem biological treatments (0CPS) exhibited a 1 order of magnitude decrease in 

viable cells from day 2 to 100, likely due to the high toxicity of Merichem NAs. Regardless, 

the bacterial numbers at the end of the experiment (6×106 CFU/mL) were higher than in the 

previous study (1×105 CFU/mL) which ultimately supported higher degradation extents 

(Figure 4-6). Viable cell counts in coupled treatments (250-1000CPS) decreased 1.1 – 3.1 and 

3.0 – 3.4 orders of magnitude by day 100 for Merichem and OSPW bottles, respectively. 

250CPS initially showed the largest decrease, possibly due to the higher concentration of 

NAFCs compared to 500CPS and 1000CPS (Figure 4-6). 1000CPS maintained the lowest 

bacterial numbers throughout most of the experiment; these bottles also had higher 

concentrations of persulfate remaining in the system (2-4× higher than 250CPS and 500CPS) 

which could create oxidative stress. Microtox also showed the highest acute toxicity in 
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1000CPS treatments (Figure 4-12), indicating that in addition to oxidative stress, there could 

be toxic intermediates hindering cell growth. Furthermore, 1000CPS had the lowest COD 

remaining after activated persulfate treatment, particularly in Merichem bottles (Figure 4-7), 

limiting bioavailable carbon sources.  

All OSPW treatments exhibited a much sharper decrease in viable cell counts compared 

to Merichem, with less variability between persulfate concentrations. However, Microtox 

analysis showed Merichem bottles as more acutely toxic than OSPW (Figure 4-12). OSPW has 

many more compounding factors that can contribute to microbial stress and reduced cell 

viability. For example, the pH range of OSPW (>8.5) may be too high for the ideal growth of 

P. fluorescens which generally prefers pH 4-8 (Moore et al. 2006). Furthermore, OSPW bottles 

had higher persulfate and sulfate concentrations (Figure 4-4, 4-5) which may have increased 

oxidative and osmotic stress. While sulfate anions have been found to be less toxic to microbes 

than chloride in terms of microbial respiration, the increased ionic strength from sulfate has 

similar impacts on decreasing bacterial growth as cells move energy away from biomass 

production and towards maintenance (Rath et al. 2016). These stresses may not be accounted 

for in Microtox, where the persulfate is quenched, pH is adjusted and the test bacteria is a 

marine organism that may not be impacted by the increased salinity (Johnson 2005). 

For both OSPW and Merichem, the number of viable cells began to recover between 

day 100 and 150, indicating the lag phase required for the bacteria to acclimate to the stressful 

environment. Furthermore, this increase in cell viability corresponds with a decrease in COD 

in the 250-1000CPS bottles between day 120 and 150 (Figure 4-7). The previous study ran for 

>300 days and showed improved mineralization in coupled treatments (Section 3.3.1); 

therefore, improved COD removal and biomass growth may have been seen over more time. 
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The Merichem 250CPS bottles saw a significant increase in viable cell counts from day 37 to 

150 (p<0.05; paired t-test), reaching the same number of cells as treatments without persulfate 

(0CPS) which improved detoxification (Figure 4-12). This increase in viable cells may be tied 

to the decreasing concentration of persulfate in the system (Figure 4-5). Similarly, 250 mg/L 

PS provided the highest viable cells counts (4×105 CFU/mL) in the previous study (Section 

3.3.3). These results suggest that lower doses of oxidant are preferred when coupling with 

biodegradation and the resulting higher biomass may be correlated to improved toxicity 

reduction.  

4.5 Conclusions 
Heat activated persulfate was effective in significantly reducing concentrations of 

NAFCs in OSPW by 45 – 89%. The acutely toxic O2 group was mostly removed, shifting to 

more oxidized O3-O5 NAFCs. Furthermore, higher molecular weight (n>16) and unsaturated 

(DBE 7 and 8) NAFCs, which are more recalcitrant to biodegradation, were preferentially 

oxidized. OSPW contains radical scavengers such as chloride and thus activated persulfate 

oxidation required longer reaction times compared to Merichem NAs bottles. However, 

unactivated persulfate was utilized at a 2.6 – 3.8× higher rate in OSPW, indicating there may 

have been some activation occurring from trace iron or reactive functional groups on organics. 

The toxicity of OSPW initially increased (1.5 – 3.3×) after activated persulfate reaction, likely 

from oxidation by-products and residual NAFCs (n=14-16 and DBE 3-5 in O2-NAs). However, 

samples were non-toxic after continued reaction with unactivated persulfate. As COD did not 

decrease considerably, this indicates the organics were being transformed into less toxic 

compounds. Future research should focus on identifying the oxidation by-products that may 

be contributing to toxicity. 
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The addition of P. fluorescens during the unactivated persulfate stage did not improve 

the treatment and in some cases was detrimental. Merichem bottles showed there was some 

degradation occurring to more oxidized NAFCs, however there was no change in OSPW 

NAFC distribution compared to chemical oxidation treatments. Furthermore, OSPW coupled 

treatments exhibited an increase in COD and decreased the persulfate utilization rate up to 11×. 

Persulfate may have been less reactive with organics in the presence of bacteria due to the 

formation of EPS, which can act as antioxidants and can chelate iron that may have been 

providing some persulfate activation. Over the first 100 days viable cell counts decreased by 

up to 3 orders of magnitude, which could be due to inadequate growth medium, oxidative 

stress, toxic intermediates, or a lack of bioavailable carbon sources. Overall, the decreased 

utilization of persulfate and decreasing viable cells negatively impacted the treatment 

efficiency, as seen by increased toxicity, up to 40% higher in coupled treatments compared to 

persulfate oxidation alone. 250CPS for Merichem NAs was the only coupled treatment that 

saw improved toxicity reduction (58%) compared to chemical treatments and provided the 

highest number of viable cells. This suggests that cell viability is tied with treatment efficiency 

and a higher biomass was needed for coupled OSPW bottles to be successful. Quenching the 

persulfate prior to bacteria inoculation may have decreased stress on the cells and led to 

improved treatments. However, viable cells began to recover after 100 days, at which point 

there was a slight decline in COD suggesting there may have been further improvements seen 

over more time.  

NAFCs are a significant contributor towards the acute toxicity of OSPW. This study 

established that persulfate concentrations as low as 250 mg/L can reduce OSPW NAFC 

concentrations by 45% after 8 hours of heat activation. Persulfate AOPs are advantageous in 



127 
 

creating both sulfate and hydroxyl radicals which preferentially oxidize aliphatic and aromatics 

respectively, leading to more comprehensive overall removals. Lower persulfate 

concentrations are preferred as they lower costs, reduce the amount of sulfate produced and 

create a better environment for microorganisms when coupling with biodegradation. Coupling 

persulfate oxidation with biodegradation can potentially be a feasible remediation strategy; 

however, future research is needed to make coupling persulfate oxidation with biodegradation 

a viable option for OSPW.  
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Chapter 5  
Impact of Salt on Anaerobic Benzene Biodegradation 

by a Highly Enriched Methanogenic Consortium 
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5.1 Introduction  
BTEX are widespread contaminants largely due to accidental petroleum spills, leaks 

and other industrial discharges that can occur at upgrading facilities, refineries, storage 

facilities and gas plants (Paustenbach et al. 1993, Lovley 2000, NPRI 2023). Benzene is 

particularly problematic as it is highly mobile, recalcitrant and a known carcinogen, with the 

allowable concentration in groundwater set at 0.005 mg/L in Alberta (Bennett 1999, 

Government of Alberta 2022). Remediation methods commonly used to treat benzene 

contamination include excavation, pump and treat, soil vapour extraction, in situ chemical 

oxidation and bioremediation (U.S. EPA 2018, FRTR 2023). Bioremediation offers a low cost 

and non-intrusive option, and benzene is biodegraded relatively easily aerobically, often over 

days or weeks (CCME 1999, Lovley 2000). However, anaerobically benzene biodegradation 

is much more challenging as it is often inconsistent and has considerable lag phases up to 200 

days (CCME 2004, Foght 2008, Vogt et al. 2011). Bioaugmentation with a well-developed 

anaerobic benzene degrading culture may be useful for sites with deep contaminated sediments 

that are otherwise not easily treated. Methanogenic cultures are of particular interest as the 

microbes are not limited by an exogenous electron acceptor and there is no need to inject 

nutrients into the subsurface (Luo et al. 2016). Methanogenic benzene degrading bacteria 

belong to a few clades that are all closely related, primarily in the class Deltaproteobacteria 

(now proposed to be Desulfobacterota) (Qiao et al. 2018, Phan et al. 2021, Toth et al. 2021). 

DGG-B is a highly enriched methanogenic benzene-degrading culture, containing the benzene 

fermenting bacteria Deltaproteobacteria Candidate Sva0485 (ORM2) that was established in 

1995 (Nales et al. 1998). Scale up and commercialization of DGG-B has been ongoing and has 

shown success in bioaugmentation trials (Toth et al. 2021).  
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During oil and gas extraction, water produced as a byproduct (produced water) contains 

not only BTEX, but also other contaminants such as PAHs, phenols, organic acids and natural 

organic matter (NOM), in addition to being brackish with salt concentrations ranging from 10 

– 270 g/L (Fathepure 2014, Akbari et al. 2021, Chen et al. 2022a). Most of these salt brines 

consist primarily of sodium chloride (NaCl), which can cause further complications at oil and 

gas impacted sites. Salts can impact microbes from osmotic stress or specific ion toxicity. Cells 

require positive turgor pressure for cell growth, and therefore the osmotic pressure of the 

cytoplasm must exceed that of the medium, otherwise cells will experience dehydration and 

lysis (de Souza Silva and Fay 2012, Martin et al. 1999, Yan et al. 2015). Chloride has shown 

to have higher specific ion toxicity than other salts (Na+, K+, SO42-), as it can inhibit enzymes 

(Sindhu and Cornfield 1967, Rath et al. 2016). Most halotolerant microbes use the compatible 

solute strategy in response to an increase in osmotic pressure of the medium, where they 

synthesize and accumulate organic solutes (osmolytes). These osmolytes can enhance EPS 

production and form a protective layer around the cell, in addition to interacting directly with 

proteins to stabilize them (Hu et al. 2020, Martin et al. 1999, Poli et al. 2010). However, 

creating osmolytes requires a large amount of energy which reduces the energy available for 

cell growth, leading to decreased activity of cells (de Souza Silva and Fay 2012).  

With salt co-contamination becoming an increasing concern at oil and gas sites, it is 

vital to understand how salt will impact bioremediation, particularly for microbes that are from 

naturally non-saline environments. For aerobic hydrocarbon biodegradation, salt has been 

shown to reduce degradation rates, increase lag times and shift the microbial community 

composition (Chapter 2, Table 2-7). However, the impact appears to be dependent on factors 

such as the hydrocarbon of interest, temperature, and nutrients. Few studies have looked at the 
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impact of salt on anaerobic hydrocarbon biodegradation in naturally non-saline environments; 

however, anaerobes appear to be more sensitive to salinity than aerobic degraders (Tao and Yu 

2013, Xia et al. 2022, Chen et al. 2022b, Jiang et al. 2023). To-date, only two studies have 

looked at the impact of salt on anaerobic benzene biodegradation. Tao and Yu (2013) compared 

benzene degradation rates in marsh sediments with different salinity, however the microbes in 

these sediments were likely already adapted to the salt concentrations. Chen et al. (2022b) 

explored changes to the microbial community composition in aerobic and anaerobic regions of 

a BTEX and salt co-contaminated aquifer where benzene biodegradation was not occurring. 

Therefore, the impact of salt on anaerobic benzene biodegradation is still largely unknown. 

This study aimed to explore the effect of salt (as NaCl) co-contamination on the anaerobic 

biodegradation of benzene by a highly enriched methanogenic culture, DGG-B, to help 

determine the bioaugmentation potential. The objectives of this study were to: 1) establish the 

salt concentrations that reduce benzene degradation rate; 2) determine if the salt tolerance can 

be improved by a slow acclimation strategy; 3) identify if benzene fermenting bacteria or 

methanogenic communities were more sensitive to salinity; and 4) observe any shifts in the 

microbial community structure with increased salinity.  

5.2 Materials and Methods 
5.2.1 Materials  

Unless otherwise stated, all materials were purchased from Thermo Fisher Scientific 

(MA, USA). Mininert valve screw caps (24/400 mm) were purchased from Sigma-Aldrich 

(ON, Canada) (Product Number 33304).   

The benzene-degrading methanogenic DGG-B culture was supplied by SiREM 

laboratories (Guelph, ON). DGG-B originates from an oil refinery in Oklahoma (OR) and has 
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been enriched since 1995, previously described in literature (Nales et al. 1998, Burland and 

Edwards 1999, Ulrich and Edwards 2003, Luo et al. 2016). Large scale (100 L) vessels of 

DGG-B are currently being maintained at SiREM.  

DGG-B is grown in mineral media containing amorphous iron sulfide (FeS) as a 

reducing agent, resazurin as redox indicator, and amended with 250 – 350 µM of benzene as 

required. See Appendix A-2 for the full recipe and instructions.  

5.2.2 Experimental Set Up 

All work was carried out in an anaerobic glovebox (Coy Laboratory Products Inc., MI, 

USA) with an atmosphere consisting of 85% N2, 10% CO2, 5% H2. Positive controls refer to 

DGG-B as it is normally maintained, and thus contained only the amount of salt already present 

in the mineral medium (~0.6 g/L NaCl, 2.7 g/L TDS, 4 dS/m). Salinity experiments were 

carried out in 40 mL EPA vials with Mininert caps, containing 30 mL of 100% v/v DGG-B. 

Solid NaCl was added to reduce dilution effects, to final concentrations of 2.5, 5, 10, 15, 25, 

50, and 100 g/L. Electrical conductivity values were calculated to be 6, 9, 15, 21, 35, 65 and 

127 dS/m, based approximate estimates of the anaerobic mineral media TDS (Appendix A-2). 

Bottles containing 10 g/L NaCl were set-up 121 days after the other bottles.  “No Acclimation” 

refers to experiments where DGG-B was immediately spiked with NaCl, while “Slow 

Acclimation” refers to experiments where 1 g/L solid NaCl was added approximately every 2 

– 4 degradation cycles. Experiments with live cells were carried out in triplicate. Killed 

controls were carried out in duplicate using DGG-B that had been autoclaved 3 times, 24 hours 

apart. After adding DGG-B and NaCl, the headspace of the bottle was purged with a gas mix 

containing 80% N2 and 20% CO2. Neat benzene was added when required to a target 

concentration of 320 µM aqueous benzene (total 10.3 µmol benzene/bottle). Bottles were 
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stored in the dark, upside down to reduce potential gas exchange with the anaerobic chamber 

atmosphere.  

In order to determine the impact of salt on the methanogens present in DGG-B, another 

experiment was conducted where DGG-B was sparged of benzene and fed 40 mM of acetate 

(“Acetate Fed”), or the headspace was purged with an 80% H2 and 20% CO2 gas mix (“H2 

Fed”).  Salt was added to final concentration of 5 and 25 g/L, with positive controls at 0.6 g/L 

NaCl.  Mininert caps are not adequate at holding pressure and can allow for some gas exchange, 

particularly for hydrogen. Therefore, H2 Fed bottles were refreshed with 1mL of 80/20 H2/CO2 

gas mix approximately every 2 weeks.  

5.2.3 Analytical Methods 

Benzene and methane concentrations were determined using an Agilent 7890A gas 

chromatographer (GC) equipped with a flame ionization detector (FID) with a HP-5 

methylsiloxane (30 m x 250 µm x 0.25 µm) column and helium used as a carrier gas. 

Headspace samples (100 µL) were collected using a 500 µL gas-tight syringe. The oven 

temperature was held at 50oC for 4.5 min. The injector was set at 250oC and 17.45 psi with 

total flow of 19.5 mL/min, septum purge flow of 3 mL/min and split (10:1) flow 15 mL/min. 

The column was set at 50oC, 17.45 psi at 1.5 mL/min. The detector set at 250oC, with 40 

mL/min H2, 450 mL/min air and 25 mL/min makeup (N2). Methane eluted at 1.5 min and 

benzene at 2.4 min. Calibration was carried out using external benzene and methane standards. 

Headspace benzene concentration was converted to aqueous benzene concentration using 

Henry’s Law (dimensionless H = 0.22), and total benzene in bottles (µmol / bottle) calculated 

on mass basis of 30 mL liquid and 10 mL headspace. For benzene standards under high salinity 

(>15 g/L NaCl), the Setschenow equation was used to calculate adjusted Henry’s Law 
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constants and account for reduced benzene solubility in water (Table A-14; Figure A-12). 

Benzene degradation rates were calculated using zero order kinetics (µmol/L/day) for each 

degradation cycle, as the model with the best fit for the defined timeline and concentrations of 

benzene used during refeeding events (320 – 60 µM aqueous benzene; 10.3 – 2.1 µmol total 

benzene/bottle). When measurements were not able to be taken, initial benzene concentration 

immediately following feeding events were estimated and are indicated as white circles on 

graphs and were not used in calculations. Statistical analysis was conduced using one-way 

analysis of variance (ANOVA) in Microsoft Excel, with significance set at p < 0.05. Further, 

post hoc Turkey’s test was used to determine significant differences between conditions (Table 

A-17).  

In methanogen enrichment experiments, 1 mL of sample was taken periodically and 

filtered with a 0.22 µm nylon filter to measure acetate. Acetate was measured on a Dionex ion 

chromatography (ICS-2100, Dionex™ IonPac™ AS18 IC columns). Eluent (KOH) conditions 

were as follows: 10 mM from 0 – 7 min, 10 – 32 mM from 7 – 9 min, 32 mM from 9 – 20 min, 

32 – 10 mM from 20 – 22 min, and 10 mM from 22 – 23 min. Eluent flow rate was 0.25 

mL/min. Oven and detector temperature was 30oC and 35oC, respectively. Detection occurred 

using an anion self-regeneration suppressor (ASRS 2 mm) at 20 mA current. System 

backpressure was 1500 – 2000 psi and background conductance was lower than 2 μS. 

5.2.4 DNA Extraction and Analyses 

1.5 mL of sample was collected in microcentrifuge tubes and centrifuged at 5000 rpm 

for 5 min. Genomic DNA was then extracted using FastDNATM Soil Kit (MP Biomedicals, 

CA, USA) according to manufactures instructions. Quantitative PCR (qPCR) was conducted 

using universal 16S rRNA gene primers for bacteria and archaea, as well as specific primers 
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for Sva0485 class Deltaproteobacteria (ORM2) (Table A-15). Enriched methanogen samples 

were only assayed for total archaea.   

qPCR was conducted using a Bio-Rad CFX96 optical reaction module conversion 

C1000 Touch thermal cycler. A 10 µL qPCR mix contained 1 µL of extracted gDNA template, 

5 µL SsoFast EvaGreen SuperMix 2x (Bio-Rad Laboratories, CA, USA), 500 nM of each 

primer, in HyPureTM Molecular Biology Grade Water (Cytiva, Marlborough, MA). Cycle 

conditions were as follows: enzyme activation at 98oC for 2 min, denaturation at 98oC for 5 

sec, annealing at 55oC for bacteria and 59oC for ORM2 and archaea for 5 sec, with denaturation 

and annealing repeated over 40 cycles. Melt curve was completed at 65-95oC in 0.5oC 

increments for 5 seconds each. Samples were completed in technical triplicates. An absolute 

quantitative standard calibration curve was generated for each run using 6 or 7 ten-fold serial 

dilutions of a known quantity of appropriate 16S rRNA gene-containing plasmids. E. Coli 16S 

rRNA sequences cloned into ThermoFisherTM TOPO4 plasmids were used for general bacteria 

assays (supplied by BioZone, University of Toronto). Synthesized plasmids with gene 

fragments targeting Methanoregula and ORM2 were used for general archaea and ORM2 

assays (Twist Bioscience, San Francisco, CA, USA). The coefficient of correlation for all 

standard curves was greater than 0.99 and efficiencies fell between 97 – 107 % (Figure A-13, 

A-14, A-15).  

The relative abundance of microorganisms in each sample was determined using 16S 

rRNA gene amplicon sequencing with primers targeting the V6-V8 region. Amplification and 

Illumina sequencing (MiSeq 300 PE; paired end) was completed by McGill University at 

Genome Quebec Innovation Centre. Amplicon sequence reads were generated using modified, 

staggered end primers 926F (AAACTYAAAKGAATWGRCGG) and 1392R 
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(ACGGGCGGTGWGTRC), where 0 – 3 random bases were inserted between the primer and 

Illumina adaptor sequences.  Read processing and sequencing analyses were performed by C. 

Toth (BioZone, University of Toronto) using QIIME 2 software (Bolyen et al. 2019) and listed 

as amplicon sequence variants (ASVs) based on the SSU SILVA 132 database (Quast et al. 

2013). Candidatus Yanofskubacteria was reclassified as Candidatus Nealsonbacteria based on 

the NCBI and RDP database (Toth et al. 2021). ASVs with relative abundance >3% were used 

in graphing. Absolute abundance (copies/mL) was calculated multiplying qPCR total bacteria 

copy numbers by bacteria relative abundance, and qPCR total archaea copy numbers by 

archaea relative abundance.  

5.3 Results and Discussion  
The following sections assess the impact of salinity on the methanogenic benzene-

degrading culture DGG-B. Differences between sudden salt shock and slowly acclimating the 

culture to NaCl were evaluated, along with an analysis on the impact to methanogens. Benzene 

degradation and methane production rates were compared, along with growth of the benzene 

degrading bacteria ORM2, and shifts in microbial community composition.  

5.3.1 Benzene Degradation and Methane Production 

Benzene consumption and methane production was monitored over 205 days in 

microcosms containing DGG-B that had not been previously acclimated to salt (“No 

Acclimation”; Figure 5-1). Killed controls did not show any reduction in benzene or production 

of methane, indicating degradation in active microcosms was due to microbial metabolism 

(Figure A-9). In all active bottles, methane production corresponded to benzene consumption 

with a measured ratio of 3.4 ± 0.07 (n=21) mole of methane generated per mole benzene 

consumed (Table A-11), similar to the expected stoichiometric value of 3.6 (Ulrich and 
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Edwards 2003). Benzene degradation rates in control bottles (0.6 g/L NaCl) increased from 

9.0 µM/day initially (Figure 5-2) to >19.9 µM/day by day 52, where it remained until 

increasing between day 170 and 205 (33.9 – 54.6 µM/day). These rates are consistent with 

those previously described in literature for DGG-B, which ranges from 1.4–33 µM/day (Nales 

et al. 1998, Ulrich and Edwards 2003, Luo et al. 2016, Toth et al. 2021). These high benzene 

degradation rates under methanogenic conditions have been produced consistently over 

decades while being scaled up to commercial volumes, illustrating the strong potential of 

DGG-B as a bioaugmentation culture. 
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Figure 5-1. Benzene consumption and methane production in DGG-B for a) positive controls (0.6 g/L 
NaCl), b) 2.5 g/L NaCl, c) 5 g/L NaCl, and d) 10 g/L NaCl for culture not previously acclimated to salt. 
Dotted lines represent refeeding events. White circles indicate estimated concentrations. Error bars 
represent ± one standard deviation of triplicate bottles.  

Increasing salt concentrations from 0.6 to 10 g/L significantly impacted the initial and 

final (day 205) benzene degradation rates (p < 0.05), with most impacts seen at 5 and 10 g/L. 

The addition of NaCl to a final concentration of 2.5 g/L did not appear to show any statistically 
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significant differences in initial or final (day 205) benzene degradation rates compared to the 

0.6 g/L positive controls. Further increasing the salt concentration to 5 g/L NaCl led to a 1.6× 

reduction in benzene degradation rate (5.5 µM/day) compared to controls. However, the 

microbes appeared to slowly adapt to the increased stress from the salt, reaching 27.0 µM/day 

by day 205, which was not statistically different from control bottles (p > 0.05).  

 
Figure 5-2. a) Benzene degradation rate over time in DGG-B not previously acclimated to salt; b) 
average benzene degradation rate at various NaCl concentrations. “×” represents the NaCl 
concentration that causes to a half reduction in rate. Error bars represent ± one standard deviation of 
triplicate bottles.  
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Initial degradation rates in microcosms containing 10 g/L NaCl were not statistically 

different compared to those at 5 g/L NaCl (5.7 µM/day; p > 0.05).  However, final rates by day 

205 were significantly higher at 5 g/L NaCl, while the rate did not start increasing in 10 g/L 

NaCl microcosms until after 355 days (8.7–11.8 µM/day; Figure A-11). Cells under osmotic 

stress can show decreased activity due to the metabolic load needed to create stress tolerance 

mechanisms (de Souza Silva and Fay 2012).  A disruption to the microcosms occurred between 

day 98 and 119, and cultures were fed a higher concentration of benzene than usual (620 µM 

vs 320 µM). The headspace was sparged (day 146) to reduce benzene concentration to usual 

levels, and the microcosms were monitored for an extended period (371 days) to determine if 

degradation rates would eventually increase.  

The NaCl concentration that leads to a half reduction in benzene degradation rate was 

found to range between 8.0 and 9.5 g/L (average 8.4 g/L NaCl) based on the initial rates, 

average rate over 205 days, or final rate at day 205 (Figure 5-3). Salt concentrations of 15 – 

100 g/L NaCl showed minimal to no benzene degradation over 207 days (Figure A-10). Some 

methane production occurred compared to killed controls (Figure A-9), most notably in 15 g/L 

NaCl bottles over the first 24 days. 

Few studies have examined the impact of salt on benzene biodegradation (as discussed 

in Section 2.2.4, Table 2.7). Lee and Lin (2006) found that increasing NaCl from 1 g/L to 10 

g/L led to decreased benzene degradation rates in an aerobic trickle bed bioreactor, however 

benzene degradation occurred even at the relatively high concentration of 50 g/L NaCl. Similar 

to the trends in this study, Rhykerd et al. (1995) found that a lower concentration of 4 g/L NaCl 

reduced the aerobic mineralization of motor oil. However, other studies have generally found 

that detrimental impacts are not seen until after 10–20 g/L NaCl, with decreasing hydrocarbon 
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biodegradation rates and increasing lag times (De Carvalho and Da Fonseca 2005, Hua and 

Wang 2014, Ulrich et al. 2009). Aerobic biodegradation of model alkane hydrocarbons and 

diesel oil by soil sediments gave similar removals up to 20 g/L (Hu et al. 2020, Zhang et al. 

2021), while further increasing to 30 g/L completely inhibited growth (Zhang et al. 2021). 

Aerobic biodegradation of crude oil by Pseudomonas sp. was improved with 55% 

biodegradability up to 10 g/L NaCl but reduced significantly to 30–10% biodegradability when 

salinity increased from 20–50 g/L (Hua and Wang 2014). 

The impact of salt on a microbial consortium will vary depending on which 

hydrocarbon is added as a substrate, possibly due to different salt tolerances of the primary 

degrading species (Ulrich et al. 2009, Zhang et al. 2021). Aromatic hydrocarbon degrading 

microbes have been found to be more sensitive to salinity than those for saturated hydrocarbons 

(Longang et al. 2016).  Various other factors can also influence the impact of salinity on 

biodegradation. Akbari et al. (2021) found that mineralization of hexadecane was enhanced by 

salinity (0–50 g/L NaCl) in the absence of nutrients, however, was significantly inhibited by 

salinity when the culture was grown with nutrients. Furthermore, the metabolic respiration 

process will also play a role in the impact of salt. Most studies on salt co-contamination in 

naturally non-saline environments are carried out for aerobic cultures which have more energy 

available and may be better able to withstand osmotic stress effects than anaerobic microbes. 

An anaerobic toluene degrading culture showed a 1.7 to 4-fold reduction in toluene removal 

when increasing salinity from 1 g/L NaCl to 10-20 g/L NaCl (Jiang et al. 2023).  

Non-halophilic microorganisms are classified as being capable of growth up to 10 g/L 

NaCl (Fathepure 2014). This indicates that the DGG-B consortium is not halophilic as benzene 

degradation stalled at 15 g/L NaCl. DGG-B appears to be sensitive to salt, with concentrations 
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as low as 5 g/L NaCl impacting activity, and 8.4 g/L NaCl the average concentration that 

reduces benzene degradation rate by half. In contrast, aerobic hydrocarbon biodegradation 

often appears unimpacted at much higher salt concentrations. Increasing NaCl concentrations 

up to 10 g/L stimulated aerobic mineralization of hexadecane, phenanthrene, pyrene and crude 

oil, while further increasing NaCl led to decreased rates of degradation (Hua and Wang 2014, 

Li et al. 2022, Ulrich et al. 2009).  There are many more microorganisms capable of aerobic 

hydrocarbon degradation that may be present in sediments, and studies have shown that there 

is a shift in microbial community to more halotolerant organisms with increasing salinity 

(Akbari et al. 2021, Li et al. 2022, Qin et al. 2012). Conversely, anaerobic benzene 

biodegradation occurs with very few microbial clades (Toth et al. 2021) which limits 

adaptability under changing environmental conditions. Furthermore, there is less energy 

available for these microbes anaerobically compared to aerobically, so they may be more 

inhibited by salt when they divert energy towards stress adaptation.  

DGG-B Salt Tolerance with Slow Acclimation 

In order to improve the salt tolerance of DGG-B, bottles were established where 1 g/L 

NaCl was added every 2-4 degradation cycles (“Slow Acclimation”; Figure 5-3). A disturbance 

occurred to the bottles between days 218 and 233. Over the first 205 days, benzene degradation 

continued to increase at the same rate as that of control bottles despite salt levels reaching 6.5 

g/L NaCl (Figure 5-4). Furthermore, the average degradation rate was 29.5 µM/day once 

reaching 10.5 g/L NaCl (Day 339), which is 6.0× higher than the average rate in no acclimation 

bottles at 10 g/L (4.9 µM/day).  Similarly, Chen et al. (2020b) found gradual acclimation 

improved the salt tolerance of an anaerobic filter treating hypersaline molasses wastewater, in 

which biogas production was otherwise inhibited.  The > 25 µM/day rate was maintained up 
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to 11.5 g/L NaCl; however, control bottles (0.6 g/L NaCl) showed a continually increasing 

rate, often > 40 µM/day. This suggests that the proliferation of ORM2 may have been slowed 

compared to control bottles as cells switched their energy towards maintenance and away from 

growth. Once salt levels reached 12.5 g/L NaCl, the rate began to decrease to 14.5 – 15.9 

µM/day.  

 
Figure 5-3. Benzene consumption and methane production in Slow Acclimation bottles. 1 g/L NaCl 
was added every 2 – 4 degradation cycles (▲). Dotted lines represent refeeding events. Dashed lines 
represent sparging event once methane concentration was >70% of headspace. Error bars represent ± 
one standard deviation of triplicate bottles.  
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Figure 5-4. a) Benzene degradation rate over time in DGG-B culture slowly acclimated to salt by 
adding 1 g/L NaCl every 2 – 4 degradation cycles (▲); b) average benzene degradation rate at various 
NaCl concentrations; c) benzene degradation rate over time in positive control DGG-B (0.6 g/L NaCl). 
Error bars represent ± one standard deviation of triplicate bottles.  

Most halotolerant bacteria use the compatible solute strategy to adapt to osmotic stress, 

where they produce or accumulate organic osmolytes that act as a barrier against the high salt 

levels of the water matrix (Oren 2002, Akbari et al. 2021). Production of these osmolytes 

requires significant and ongoing energy expenditure (Hoehler et al. 2010), and by slowly 

introducing the microbes to salt allows for time to build up levels of osmolytes. Another 

strategy to increase salt tolerance is the addition of osmolytes into the water matrix to lessen 
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the energy needed for cells to produce them and encourage EPS production (Hu et al. 2020). 

Glycine betaine is most commonly used and has been found to improve methane production 

in anaerobic digestion of food waste by 29–63% for up to 10 g/L NaCl (Liu et al. 2019). The 

impact of suppling an exogenous osmolyte to improve DGG-B salt tolerance could be explored 

in the future. However, osmolytes such as glycine betaine can act as a carbon source which 

may hinder benzene consumption.  

Impact of Salt on Enriched Methanogens 

Benzene degradation under methanogenic conditions requires a syntrophic group of 

microorganisms working in consort to make it energetically favourable. Therefore, salinity (15 

g/L NaCl) may have caused benzene degradation to stall due to osmotic stress effects on 

multiple species or an individual microorganism. To help elucidate if the rate limiting step in 

benzene degradation was due to the benzene fermenting ORM2 or the methanogens, DGG-B 

was sparged of benzene and supplemented with either acetate or hydrogen/carbon dioxide to 

enrich the methanogenic community.  

Control bottles (0.6 g/L NaCl) fed acetate produced the most methane in the first 39 

days, after which it slowed and plateaued as the acetate had been consumed (Figure 5-5). 

Increasing the salt to 5 g/L NaCl gave similar final amounts of methane, however significantly 

reduced the methane production rate by 1.4-fold compared to control bottles (p < 0.05) (Table 

A-12). At 25 g/L NaCl there was a lag phase of over 31 days before methane production began, 

and the rate was even more significantly reduced by 5.4-fold compared to control bottles (p < 

0.05). The ratio of acetate consumed to methane produced during exponential growth was 

found to range from 1.0–1.8, which is close to the theoretical ratio of 1.0 mole acetate/mole 

methane.  
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Figure 5-5. Methane production (solid lines) and acetate consumption (dotted lines) in DGG-B culture 
that was sparged of benzene and fed a) 40 mM acetate, or b) headspace was purged with 80% H2 and 
20% CO2. Error bars represent ± one standard deviation of triplicate bottles.  

Bottles supplemented with hydrogen and carbon dioxide (headspace 80:20, H2:CO2) 

overall produced less methane than those with acetate. Hydrogen is poorly soluble in water 

(1.6×10-6 g H2 / g H2O) and bottles were not continuously mixed which may have decreased 

the amount of hydrogen dissolved in the water. Additionally, Mininert caps are not adept at 

holding pressure which is generally recommended to encourage hydrogen solubility. 

Stoichiometrically, 4 moles of H2 produce 1 mole of CH4. Theoretically 80% of H2 in the 
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headspace (~8 mL) can produce approximately 89 µmol of CH4; considerably less than what 

can be produced by the amount of acetate added (1200 µmol CH4). Methane production 

plateaued after 46 – 67 days and no statistically significant differences in overall methane 

production between salt concentrations were observed (p > 0.05) with no lag phases. However, 

methane production rate was 1.5-fold lower at 25 g/L NaCl compared to 0.6 and 5 g/L NaCl 

(p < 0.05). These results suggest that the respiration of hydrogenotrophic methanogens was 

less impacted by salt than acetoclastic methanogens. Similarly, increasing salinity has been 

shown to shift the microbial community from acetoclastic towards hydrogenotrophic in 

anaerobic digestors (Chen et al. 2022a, Gao et al. 2022).   

Overall, these results indicate that methanogenesis is not the rate limiting step when 

benzene degradation stalls at > 10 g/L NaCl. In the presence of an adequate supply of substrate, 

methanogens were still actively producing methane up to 25 g/L NaCl. Conversely, Chen et 

al. (2022a) found that the methanogenic archaea were most susceptible to elevated levels of 

salinity at BTEX and salt co-contaminated oil field site. Similarly, methanogens have been 

shown to be more sensitive than bacteria to salinity during anaerobic digestion of waste 

activated sludge (Oliveira et al. 2021, Gao et al. 2022). However, this is likely strongly 

dependent on the bacteria present.  

5.3.2 Growth and Proliferation of ORM2 

Salinity and other stressors can impact microbial respiration and microbial growth 

differently (Rath et al. 2016). Furthermore, benzene degradation rate can be impacted by 

confounding variables such as the amount of benzene fed and sampling intervals. Therefore, 

the impact of salinity on microbial proliferation was measured using qPCR with primers 

specifically designed to target the benzene degrading bacteria ORM2 (Figure 5-6). Control 
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bottles (0.6 g/L) showed a considerable increase in ORM2 copy numbers over time, reaching 

5.6×107 and 3.6×108 by day 100 and 200, respectively. Increasing the salt to 5 g/L NaCl 

initially led to a steep decrease in ORM2 concentration to 3.4×106 copies/mL, an 8× decrease 

from initial concentrations and over one order of magnitude lower than control bottles at day 

100. By day 200 ORM2 concentration rebounded, which may explain the increase in 

degradation rate noted by day 198 (Figure 5-2).  

 
Figure 5-6. ORM2 copy numbers per mL of culture for positive controls (0.6 g/L NaCl), DGG-B not 
acclimated to salt (2.5 – 25 g/L NaCl) and DGG-B slowly acclimated to salt. Time 0 samples were 
taken from the original DGG-B bottle before inoculating into experimental bottles. 10 g/L NaCl was 
set up at a later date and time 0 is assumed to be similar to that of positive controls bottles at 100 d. 
Error bars represent ± one standard deviation of triplicate bottles.  

As stated earlier, 10 g/L NaCl bottles were established from a 0.6 g/L maintenance 

culture approximately 100 days after the other experimental bottles. Since the maintenance 

culture was fed and measured at the same time as 0.6 g/L positive control experimental bottles, 

the initial concentrations of ORM2 in 10 g/L were assumed to be similar to that of 0.6 g/L 
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control bottles at day 100 (5.6×107 copies/mL). At 10 g/L NaCl ORM2 did not appear to 

exhibit much proliferation as concentrations after 100 days (5.1×107 copies/mL) were only 

slightly lower than the estimated initial concentrations. Interestingly, ORM2 did not exhibit 

the same steep decrease in copy numbers in the first 100 days that was noted for 5 g/L NaCl 

(8× decrease). Possibly the higher initial concentrations of a more established culture allowed 

ORM2 cells to better withstand osmotic shock. Alternatively, the culture may have rebounded 

more quickly, and initial stress impacts may not have been captured in the first 100 days. 

Regardless, even with the ORM2 concentration in the same order of magnitude as control 

bottles, they still exhibited a 3.8× lower benzene degradation rate (Figure 5-2).  

Further increasing the salt to 15 – 25 g/L NaCl stalled benzene degradation and ORM2 

copies were substantially reduced (~2×106 copies/mL), over 2 orders magnitude lower than 

control bottles at day 200. DGG-B not exposed to any stressors has previously shown active 

benzene degradation when 105 – 106 ORM2 copies/mL were present (Luo et al. 2016, Toth et 

al. 2018). This indicates that under osmotic stress ORM2 may require higher concentrations to 

achieve benzene degradation, or that ORM2 cannot function at higher salt regardless of the 

cell concentration. Similarly, Toth et al. (2021) found that a higher concentration of ORM2 

was required for adequate benzene degradation in the presence of hydrocarbon co-

contaminants.  

Over the experiment timeframe, the doubling time of ORM2 in control bottles 

decreased from 72 to 52 days (average 62 days) (Table 5-1). Furthermore, the yield increased 

from 1.9×104 to 1.2×105 copies/nmol benzene at day 100 and 200, respectively, consistent with 

the increase in degradation rates (Figure 5-2). The doubling time for ORM2 listed in literature 

are 20 – 34 days with yields of 3×105 copies/nmol benzene (Luo et al. 2016, Toth et al. 2021). 
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The longer doubling times and lower yields noted in this study may be due to culture stress 

during experiment set-up, or variations in lab techniques. At 2.5 g/L NaCl, ORM2 doubling 

times had an average of 49 days, similar to that of control bottles.  

Table 5-1. Doubling time and yields for DGG-B positive controls (0.6 g/L NaCl), DGG-B not 
previously acclimated to salt (2.5, 5 g/L NaCl) and slowly acclimated to salt (Slow Accl.). Calculations 
were completed between day 0 and 100 (100 d) and day 100 and 200 (200 d).  

Sample / NaCl (g/L) Doubling Time (d) Yield (copies/nmol) n Average Std. Err. Average Std. Err. 

Slow 
Accl.  

2.5 g/L (100 d) 41 0 3.2E+04 1.4E+02 2 
6.5 g/L (200 d) 86 8 4.4E+04 7.8E+03 3 

Overall 68 11 3.9E+04 5.3E+03 5 

0.6 g/L 
100 d 72 8 2.6E+04 9.7E+03 3 
200 d 52 18 1.7E+05 2.0E+02 3 

Overall 62 11 8.4E+04 3.2E+04 6 

2.5 g/L 
100 d 37 0 5.5E+04 4.6E+03 2 
200 d 58 12 6.4E+04 3.8E+03 3 

Overall 49 8 6.0E+04 3.6E+03 5 

5 g/L 
100 d N/A N/A N/A N/A N/A 
200 d 17 3 6.9E+04 7.8E+03 3 

Overall N/A N/A N/A N/A N/A 
 

At 5g/L NaCl, over the first 100 days ORM2 exhibited faster rates of cell decay than 

growth, corresponding to the lower degradation rates seen over this period. However, by day 

200, ORM2 experienced considerable rebound and between day 100 and 200 gave the shortest 

doubling time of 17 days, with yields similar to that at 2.5 g/L NaCl. There was also a large 

increase in the degradation rate between day 183 and 198. These results suggest a halotolerance 

at 5 g/L NaCl after a lag period. At 10 g/L NaCl the bottles exhibited more variability, which 

is common when there are greater stressors (Ulrich et al. 2009). Two replicates exhibited only 

decay over the first 100 days and one replicate had a 198 day doubling time; while 15 and 25 

g/L NaCl only exhibited decay over the 200 days studied (Table A-16). Despite benzene 
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consumption actively occurring at 5 and 10 g/L NaCl, microbial growth was significantly 

hampered as cells experienced fast decay rates. 

Slow acclimation bottles exhibited doubling times of 41 days by day 100 when salt 

levels were 2.5 g/L NaCl, similar to control bottles. Interestingly, between day 100 and 200 

when salt levels increased up to 6.5 g/L NaCl the doubling time increased to 86 days, indicating 

some stress to cells despite no decrease seen in degradation rates. Furthermore, whereas yields 

increased in control bottles over time, they remained relatively consistent in slow salt 

acclimation bottles.   

Overall, ORM2 was initially inhibited at 5 g/L NaCl exhibiting only decay but was able 

to recover. Rebound at 10-25 g/L NaCl was not noted in the timeframe analyzed. As mentioned 

earlier, ORM2 likely synthesizes compatible solutes (osmolytes) as a protection mechanism 

against osmotic stress. Osmolytes enhance the production of EPS and cause cells to aggregate 

(Poli et al. 2010, Hu et al. 2020), which was visually observed in bottles containing high levels 

of salt (Figure A-22). As cells are stressed, they shift their energy away from cell growth and 

towards stress adaptation and maintenance (de Souza Silva and Fay 2012). Lee and Lin (2006) 

showed that salt significantly decreased the biomass in a trickle bed bioreactor and increased 

the energy spent on cell maintenance from 19-24% at 1 g/L NaCl to 86-91% with >10 g/L 

NaCl.    

5.3.3 Microbial Community Analysis  

The relative abundance of microorganisms was determined with 16S rRNA gene 

amplicon sequencing and, where available, combined with qPCR data for total bacteria and 

archaea copy numbers to provide the absolute abundances.  
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Initial DGG-B Microbial Community Structure 

Initially, the DGG-B consortium consisted predominantly of bacteria, with total 

bacterial copies representing 68% of the microbial community. Deltaproteobacteria Sva0485 

(ORM2), Pseudopelobacter ASV1, Candidatus Omnitrophus ASV1 and Acetobacterium 

ASV1 represented the dominant bacteria species, representing 33.2%, 14.7%, 6.5% and 6.8%, 

respectively (Figure 5-7). The dominant archaea consisted of Methanosaeta (ASV1, ASV2), 

Methanobacterium ASV1 and Methanoregula (ASV1, ASV2), at 57.8%, 20.5% and 11.0%, 

respectively (Figure 5-8).  

Methanogenic benzene degradation depends on syntrophic relationships between 

fermenting bacteria, acetogenic bacteria and methanogenic archaea (Vogt et al. 2011). DGG-

B consistently contains high abundances of OMR2, Ca. Nealsonbacteria (OD1), Ca. 

Omnitrophica (OP3), Methanosaeta and Methanoregula (Luo et al. 2016, Toth et al. 2021, 

Guo et al. 2022). ORM2 is the benzene fermenting bacteria as its growth has been 

unequivocally linked to benzene degradation (Luo et al. 2016), and Acetobacterium are 

acetogenic bacteria that partially oxidize organics from benzene degradation into acetate for 

methanogens to consume. Ca. Omnitrophica and Ca. Nealsonbacteria likely represent biomass 

recyclers that appear to preferentially attach to Methanosaeta as host cells (Kuroda et al. 2022, 

Guo et al. 2022, Chen et al. 2023, Seymour et al. 2023). The presence of hydrogenotrophic and 

acetoclastic methanogens indicates the formation of hydrogen and acetate during benzene 

fermentation. Similarly, a benzene-degrading methanogenic enrichment culture from Japan 

consists predominantly of the benzene fermenter Deltaproteobacterium Hasda-A, which is 

nearly identical to ORM2, an OD1 biomass recycling bacterium, along with both 
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hydrogenotrophic (Methanoregula and Methanolinea), and acetoclastic (Methanosaeta) 

methanogens (Sakai et al. 2009, Noguchi et al. 2014, Phan et al. 2021). 

 
Figure 5-7. Absolute abundance of total bacteria in DGG-B positive controls (0.6 g/L NaCl), DGG-B 
not acclimated to salt (2.5 – 25 g/L NaCl) and DGG-B slowly acclimated to salt, on a) full scale (6E+08) 
and b) zoomed in (1.2E+08). Time 0 samples were taken from the original DGG-B bottle before 
inoculating into experimental bottles. 10 g/L NaCl was set up at a later date and time 0 is assumed to 
be similar to that of positive controls bottles at 100 d. Data is shown for a single bottle, full replicate 
data can be seen in Figure A-16 and A-17. 
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Figure 5-8. Absolute abundance of total archaea in DGG-B positive controls (0.6 g/L NaCl), culture 
not acclimated to salt (2.5 – 25 g/L NaCl) and culture slowly acclimated to salt, on a) full scale (6E+08) 
and b) zoomed in (1.2E+08). Time 0 samples were taken from the original DGG-B bottle before 
inoculating into experimental bottles. 10 g/L NaCl was set up at a later date and time 0 is assumed to 
be similar to that of positive controls bottles at 100 d. Data is shown for a single bottle at each salt 
concentration and time, full replicate data can be seen in Figure A-18 and A-19.  

DGG-B Community Structure with Increasing Salinity 

Control bottles (0.6 g/L) and 2.5 g/L NaCl showed a considerable increase in the total 

abundance of bacteria and archaea over the course of the experiment. With benzene being the 

only substrate added, ORM2 was continually enriched and represented an average of 75.7% of 

the bacterial community by day 200. There was also an increase in abundance of Ca. 

Nealsonbacteria and Ca. Omnitrophica. It has been suggested that these biomass recyclers play 
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a vital role in the proper functioning of DGG-B, and inoculating Ca. Nealsonbacteria into 

culture with slow growth significantly increased degradation rates (Chen et al. 2023). Similar 

to qPCR trends for ORM2, there was a steep drop in overall abundance of bacteria and archaea 

at 5 g/L NaCl by day 100. However, ORM2 still represented the dominant bacteria species, 

and there was not a huge shift in community composition. Bottles that had been slowly 

acclimated to salt at 2.5 g/L (100 d) and 6.5 g/L (200 d) looked similar to control bottles with 

ORM2 dominating the bacterial community.   

Bottles at 10 g/L NaCl experienced more variability between replicates in terms of 

bacterial and archaea population size, and exhibited a decrease in ORM2 to 48.7% abundance. 

10 g/L NaCl bottles had some of the highest abundances of Ca. Nealsonbacteria (3.7-4.5% 

abundance; 6.9×105 – 2.5×107 copies/mL), along with an increase in Spirochaetaceae ASV1 

which may also be a biomass recycler (Dong et al. 2018, Song et al. 2021). This could be due 

to the higher rates of cell decay than growth, discussed in Section 5.3.2. At 15 – 25 g/L NaCl, 

there was a further decrease in the overall amount of bacteria and archaea, along with the 

abundance of ORM2 (~13% abundance). The decrease in ORM2 led to an increased abundance 

of Pseudopelobacter ASV1, Ca. Omnitrophus ASV1/ASV2, Acetobacterium ASV1/ASV2, 

Spirochaetaceaea ASV1, Geobacteraceae ASV1, Cryptanaerobacter ASV1, and 

Synergistaceae ASV1; many of which are commonly detected in anaerobic hydrocarbon 

degrading communities, often with undefined roles (Huang et al. 2021, Wu et al. 2022). There 

did not appear to be enrichment of any specific bacteria at these higher salt concentrations as 

they each represented <10% of the total community.   

In microcosm studies using hydrocarbon contaminated soils, higher salinity leads to a 

decrease in total microbial population size and diversity but increases the abundance of salt 
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tolerant hydrocarbon degrading microbes (Akbari et al. 2021, Li et al. 2022, Qin et al. 2012). 

This study similarly saw a decrease in overall bacterial population size, but no notable 

enrichment of halotolerant bacteria. However, benzene was the only substrate added which 

requires very specialized bacteria under anaerobic conditions. Furthermore, DGG-B has been 

enriched over 28 years (since 1995) at low salt concentrations, so any halophilic bacterial 

originally present may have been lost.  

The archaea community structure did not change considerably over 200 days regardless 

of salt concentration, with Methanosaeta representing the most dominant methanogen. 

Archaea shifted to becoming the prevailing microorganisms in the overall microbial 

community structure, particularly at 25 g/L NaCl, which also saw a slight increase in the 

abundance of Methanobacterium ASV1. Methanosaeta is poorly salt tolerant and increasing 

NaCl allowed for more halotolerant methanogens such as Methanobacterium to outcompete 

Methanosaeta, further discussed below.  

Enriched Methanogen Microbial Community Structure 

The addition of acetate and hydrogen increased the total archaea copy numbers 

considerably compared to the DGG-B consortium fed benzene. As expected, after benzene was 

sparged and other substrates were added, the relative abundance of ORM2 decreased 

considerably (average of 12.2%) and no longer represented the primary bacteria species 

(Figure 5-9).  The abundance of total archaea was highest in acetate control bottles, with 2.4× 

more copy numbers than hydrogen bottles at day 100; this improved growth was also observed 

in the higher methane production (Figure 5-5). The acetate utilizing Methanosaeta (ASV1, 

ASV2) represented >90% of archaea at 0.6 g/L and at 5 g/L NaCl (Figure 5-10). However, 

acetoclastic methanogens exhibited decreasing copies of total archaea with increasing salt, 
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notably reaching one order of magnitude lower than controls at 25 g/L NaCl, with a shift in 

community structure to Methanosarcina ASV1/ASV2 dominating. In terms of relative 

abundance of bacteria, biomass recyclers Ca. Nealsonbacteria and Spirochaetaceae ASV1 

were enriched at low salt, possibly due to their close relationships with Methanosaeta (Kuroda 

et al. 2022). As salt increased (25 g/L NaCl), Ca. Omnitrophus ASV1/ASV2, Anaerolineaceae 

ASV1 and Thermovirga ASV1 also increased in relative abundance.  

 
Figure 5-9. Relative abundance of total bacteria after 100 days in DGG-B sparged of benzene and fed 
acetate or H2/CO2 to enrich for methanogens. Data is shown for a single bottle at each salt concentration, 
full replicate data can be seen in Figure A-20.  
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Figure 5-10. Absolute abundance of total archaea after 100 days in DGG-B sparged of benzene and 
fed acetate or H2/CO2 to enrich for methanogens. Data is shown for a single bottle at each salt 
concentration, full replicate data can be seen in Figure A-21.  

In hydrogen supplemented bottles, the bacterial community was dominated by 

Acetobacterium (ASV1, ASV2), which can utilize CO2 as sole source of carbon, producing 

acetate. Acetate concentrations ranged from 0.2 – 2.5 mM (Table A-13) and provided a carbon 

source for Methanosaeta. At 0.6 g/L NaCl, the CO2/H2 utilizing Methanoregula (ASV1, 

ASV2) and Methanobacterium ASV1 were the primary methanogens, at 18.7–51.5% and 2.8–

11.9%, respectively. Despite producing similar amounts of methane at all salt concentrations 

(Figure 5-5), hydrogenotrophic methanogens saw a considerable reduction in total archaea 

copies at 5 g/L NaCl. Methanoregula appears to have low halo-tolerance as abundance 

decreased considerably at 5 g/L NaCl (26.1–37.8%). These bottles also had the highest 

abundance of Acetobacterium ASV1/ASV2 (62.4–73.5%), suggesting it may be more salt 

tolerant and outcompeted Methanoregula, which led to a relative increase in Methanosaeta at 

5 g/L NaCl. Future work should include running qPCR assay for total bacteria to determine if 

bacteria are in greater abundance than methanogens.  
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Interestingly, at 25 g/L NaCl there was an overall increase in total archaea, possibly 

due to creating a preferential environment for more halophilic methanogens, as seen by the 

significant shift in microbial community composition. At 25 g/L NaCl, Methanobacterium 

ASV1 represented 63.2% of methanogens, with a further reduction in Methanoregula (<5%). 

A slight increase in Methanobacterium was also noted in 15 – 25 g/L NaCl DGG-B bottles fed 

benzene. Some species of Methanobacterium have been isolated from sea sediments, 

suggesting halotolerance (Kadam et al. 1989, Chen et al. 2020a).  

Overall, acetoclastic methanogens appeared to be more impacted by 25 g/L NaCl than 

hydrogenotrophic methanogens. The microbial community structure was significantly changed 

at 25 g/L NaCl with Methanosaeta and Methanoregula decreasing, and Methanosarcina and 

Methanobacterium increasing. Chen et al. (2020b) found the methanogenic community shifted 

from acetoclastic to hydrogenotrophic as salinity increased in an anaerobic filter for 

hypersaline molasses wastewater. The authors suggested this may be due to the cell wall in 

acetoclasts being more easily penetrated by toxic substances. Acetoclastic methanogens have 

generally been found to have lower tolerance for various stressors during anaerobic digestion, 

including temperature, ammonia inhibition, salinity, and pH (Liu et al. 2016, Wang et al. 2022, 

Yan et al. 2020).  

Typically, methanogens that grow at higher salinities are methylotrophic, utilizing 

methylated amines or methanol as energy sources (Oren 2001, McGenity and Sorokin 2019). 

As salinity increases, Methanosaeta often decreases and Methanosarcina dominates (Gao et 

al. 2022, Oren 2008, Sun et al. 2017). Methanosarcina has diverse metabolic pathways and 

can utilize acetate, H2/CO2 and methylated compounds. The reason that methylotrophic 

methanogens dominate at high salinities is not fully understood. One explanation is that the 
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production of osmolytes in response to increased salt have a high abundance of methyl groups, 

the breakdown of these osmolytes can thus produce methylotrophic substrates such as 

methylamine, which have been found to be more abundant in hypersaline settings than other 

methanogenic substrates (McGenity and Sorokin 2019). Furthermore, methylotrophic 

methanogens have larger Gibbs Free Energy per mol substrate utilized at -79 to -191 kJ 

compared to -31 kJ and -34 kJ for acetoclastic and hydrogenotrophic methanogens, 

respectively. This larger energy yield may be able to balance the higher rates of energy 

expenditure required under osmotic stress (Hoehler et al. 2010, Oren 2001).  

5.4 Conclusions and Implications for Bioremediation  
High levels of salt can arise due to both natural and anthropogenic causes.  Natural 

salinity is common in Alberta and mainly consists of sulfate salts, whereas the release of 

produced water due to oil and gas extraction can cause elevated NaCl (AENV 2001). Few 

studies have been conducted on the impact of salt co-contamination for anaerobic 

bioremediation, and even less so for benzene. This study focused on the impact of NaCl on 

bioremediation as it is generally considered more harmful to microorganisms; however, the 

impact of sulfate should also be examined in the future due to its prevalence. Oil and gas 

contaminated sites with salt levels ranging from 0.1 – 10 g/L NaCl are often considered 

problematic, and concentrations as high as 30 g/L occasionally observed (Stevenson, K. 2020. 

Personal communication).  As 10 g/L NaCl is often the limit for non-halophile growth, it is 

important to understand how salinity will impact microbes in order to evaluate the potential 

for bioremediation at a site.  

This study demonstrated that anaerobic benzene biodegradation by a highly enriched 

methanogenic culture, DGG-B, was negatively impacted at 5 g/L NaCl and stalled at 15 g/L 
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NaCl, suggesting some halotolerance. A half reduction in benzene degradation rate was 

estimated to occur at 8.4 g/L NaCl, much lower than the concentrations commonly noted in 

literature as detrimental for aerobic hydrocarbon degrading microbes. Benzene degrading 

Deltaproteobacteria ORM2 abundance decreased as salt increased, and cells initially 

experienced faster rates of decay than growth at 5 – 25 g/L NaCl. Methanogenesis was able to 

occur at 25 g/L NaCl when fed acetate or hydrogen, further suggesting osmotic stress effects 

towards ORM2 is the rate limiting step in benzene degradation at high salinity. ORM2 

abundance decreased without any significant enrichment of other possible benzene degrading 

microbes, however the methanogenic community did exhibit shifts in composition towards 

methanogens with more versatile metabolic function (Methanosarcina). The dominance of 

methylotrophic methanogens at higher salinities suggests that methanogens may play a 

different role in halophilic environments, consuming methanol rather than fermentation 

products (Lowe et al. 1993). For anaerobic benzene degradation, particularly with DGG-B, a 

specific set of microbes with defined roles acting in syntropy is required, and thus a shift at 

high salinity to methanogens with different roles could cause benzene degradation to stall. In 

order to effectively use DGG-B at salt contaminated sites, focus should be placed on ways to 

improve salt tolerance. Slowly acclimating the culture to salt improved degradation rates up to 

6.0× for NaCl concentrations up to 11.5 g/L. However, doubling time increased from 41 days 

(2.5 g/L NaCl) to 86 days (6.5 g/L NaCl), suggesting there was some stress effects causing 

slower microbial growth. Future work should include monitoring the efficacy of slowly 

acclimating DGG-B to salt in terms of microbial community dynamics and at what salt 

concentration degradation begins to stall. Perhaps an even slower acclimation period (over 

years) or the addition of exogenous osmolytes may lead to further improvements. 
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Alternatively, enrichment of a separate benzene-degrading culture from naturally saline 

materials may be an option.  

It is important to note that an undiluted culture with high initial concentrations of 

ORM2 was used for these experiments. Therefore, impacts may be more pronounced during 

bioaugmentation in the field when the culture is diluted with groundwater. Furthermore, there 

are more complex interactions and other stressors at sites that may increase the effect of 

osmotic stress. Ulrich et al. (2009) found that the combination of environmentally relevant 

factors such as temperature, nutrients and salinity created a less predictable microbial response 

during petroleum hydrocarbon degradation which varied depending on the combination of 

conditions. Benzene contamination rarely exists in isolation, and the presence of co-

contaminations such as naphthalene has been previously shown to decrease benzene 

degradation rate (Toth et al. 2021). Therefore, site specific microcosm treatability studies may 

be needed to accurately determine the impact of salt in combination with other site-specific 

factors on the performance of DGG-B.   
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Chapter 6 
Conclusions and Recommendations 
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6.1 Introduction  
The petroleum industry represents a main driver of the Canadian economy, however 

large volumes of contaminated waste have been generated during the extraction, upgrading, 

storage and transport of petroleum products, making effective remediation strategies vital. The 

overall purpose of this research was to address knowledge gaps for NAFC and benzene 

remediation, two contaminants of concern in the Canadian petroleum industry.  

 The oil sands contribute to over 70% of upstream crude oil production (CAPP 2022, 

CER 2022), with large inventories of tailings waste containing toxic contaminants such as 

NAFCs which are a main focus of remediation efforts (Allen 2008a, Li et al. 2017a, Morandi 

et al. 2017). Biodegradation provides the cheapest remediation strategy, however, cannot 

address the portion of NAFCs (cyclic) that are recalcitrant and persistent over decades 

(Anderson et al. 2012a, Han et al. 2009, Quagraine et al. 2005b). Chemical oxidation, 

particularly ozonation, appears to be effective for reducing recalcitrant NAFCs, however the 

residual organics are not as reactive and may be more toxic, and further chemical treatment 

becomes costly (Brown and Ulrich 2015, Gamal El-Din et al. 2011, Garcia-Garcia et al. 2011, 

Pérez-Estrada et al. 2011, Wang et al. 2013b). Therefore, a combination of treatments may be 

required. Ozone pre-treatment followed by biodegradation for NAFCs has shown success in 

increased rates of NAFC removal and toxicity reduction (Brown et al. 2013, Dong et al. 2015, 

Martin et al. 2010, Vaiopoulou et al. 2015, Xue et al. 2016b). Persulfate is more recently being 

studied as a cheaper, more persistent, less aggressive oxidant, that can give more 

comprehensive removals of aliphatic hydrocarbons than ozone (Liang et al. 2006, Drzewicz et 

al. 2012, Wacławek et al. 2017). To-date, limited studies have coupled persulfate oxidation 

with biological treatment via biofiltration (Balaberda and Ulrich 2021, Ganiyu et al. 2022a). 
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The potential for persulfate oxidation coupled with in situ biodegradation processes that could 

occur in tailings ponds is not yet known and was the focus of Chapter 3 and 4.  

Downstream petroleum processes such as upgrading/refining, transport and storage can 

cause additional environmental concerns due to accidental spills or releases. Benzene is often 

a driver for remediation efforts due to its carcinogenicity, recalcitrance and mobility. 

Excavation and pump and treat are the most commonly used remediation techniques, but may 

not be viable for low permeability zones, deep aquifers or contamination below infrastructure 

(Toth et al. 2021). For these more challenging sites, anaerobic biodegradation would be ideal. 

While anaerobic benzene biodegradation was previously not thought possible (Wilson et al. 

1986, CCME 2004, Foght 2008, Vogt et al. 2011), methanogenic enrichment cultures with 

closely related benzene fermenting bacteria have been described in literature and used in 

bioaugmentation trials (Phan et al. 2021, Toth et al. 2021). However, petroleum sites, 

particularly in Alberta, may have the additional challenge of high salinity.  Salt (NaCl) has 

been shown to hinder aerobic hydrocarbon biodegradation (De Carvalho and Da Fonseca 2005, 

Hu et al. 2020, Hua and Wang 2014, Rhykerd et al. 1995, Ulrich et al. 2009, Zhang et al. 2021), 

but the impact on anaerobic hydrocarbon degraders, and particularly the highly specialized 

benzene fermenting bacteria, is still unknown and was the focus of Chapter 5.  

6.2 Summary of Findings 
A summary of the key research findings from each chapter is provided below.  

Chapter 3, Research Question 1: Does coupling unactivated persulfate oxidation and 

biodegradation using Pseudomonas fluorescens decrease Merichem Naphthenic Acid 

concentration, overall organics (Chemical Oxygen Demand, COD) and toxicity of the water? 
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Is the rate of removal of Merichem NAs improved by increasing the temperature to 30oC? Does 

persulfate effect the number of viable bacteria cells?  

1. Unactivated persulfate at 100 – 1000 mg/L removed 30-95% of Merichem NAs and 5-

72% of COD over 317 days. The addition of P. fluorescens increased removals to 53-

99% Merichem NAs and 31-85% COD removal, for 100 – 1000 mg/L persulfate, 

respectively. 100 mg/L persulfate coupled with P. fluorescens was the only condition 

that led to significantly improved Merichem NA removals compared to chemical 

bottles (1.8× more). However, COD removal was 1.2 to 6.7× higher for all persulfate 

concentrations, indicating that the bacteria were primarily degrading oxidation by-

products.  

2. Unactivated persulfate was highly persistent, with 46-62% remaining after 320 days. 

There was no difference in persulfate utilization between chemical and coupled 

treatments. Stoichiometrically, 100-1000 mg/L persulfate should remove 3-26% of 

COD. However, up to 72% of COD was removed with still half of the persulfate 

remaining. This indicates that some activation and radical propagation reactions were 

occurring at room temperature. 

3. Microbial viability, measured as viable cell counts, was highest in bottles containing 

250 mg/L persulfate, reaching 4.6× more CFUs than bottles without persulfate, 

suggesting some improved growth conditions. However, further increasing the 

persulfate decreased the viable cells, particularly at 1000 mg/L persulfate which were 

one order of magnitude lower than those at 250 mg/L, likely due to increased oxidative 

stress and decreased carbon sources.  
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4. The addition of persulfate caused the initial toxicity towards V. fischeri to increase 1.3-

2.2× for 100-500 mg/L persulfate compared to Merichem NAs alone, and was above 

detection limit with 1000 mg/L persulfate. However, controls with persulfate alone did 

not exhibit any toxicity, suggesting the increased toxicity was due to a synergistic 

effect. Regardless, unactivated persulfate oxidation alone removed 75-97% of toxicity, 

while coupled treatments slightly improved removals to 87-100%.  

5. Increasing temperature to 30oC increased the persulfate reaction, likely due to the 

formation of radical species, leading to >99% removal in 89 days for 1000 mg/L 

persulfate. The addition of P. fluorescens improved COD removal to 100%. However, 

microbial viability was lowest, possibly due to the more aggressive oxidation reactions. 

Chapter 4, Research Question 2: Does an initial heat activated persulfate oxidation phase 

followed by unactivated persulfate oxidation coupled to biodegradation using P. fluorescens 

decrease Merichem NA and OSPW NAFC concentration and reduce toxicity of process water? 

How does the NAFC distribution shift with each treatment phase? Is the coupled treatment 

more effective at NAFC and toxicity reduction compared to oxidation or bioremediation alone? 

How is the growth of bacteria impacted by oxidative stress and OSPW toxicity in the coupled 

treatment? 

6. 250 mg/L of persulfate activated at 60oC for 8 hours was found ideal to reduce the 

NAFC concentration in OSPW by half. Lower temperatures (40-50oC) required longer 

timeframes or higher doses of persulfate to achieve similar removals. Additionally, the 

inorganics present (phosphate) were found to play a large role in reaction chemistry, 

with high concentrations scavenging the persulfate, but a small amount provided some 

activation.  
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7. Persulfate activated at 60oC for 8 hours removed 75-96% of Merichem NAs for 250-

1000 mg/L persulfate and decreased toxicity as measured by inhibition effect towards 

V. fischeri from 89% to 32-40% effect. During 150 days of subsequent unactivated 

persulfate reaction (room temperature), NAFC removals at all persulfate concentration 

increased to >90%. Mineralization was only improved at the lower persulfate 

concentrations (250 mg/L), suggesting the remaining organics at higher persulfate 

doses were not reactive with unactivated persulfate. Toxicity shifted with time likely 

due to transformation of oxidation by-products, and by day 150 the toxicity had 

increased to 53-83% inhibition effect. 

8. Heat (60oC) activated persulfate reaction for 8 hours removed 45-89% of NAFCs in 

OSPW for 250-1000 mg/L persulfate, however little mineralization occurred and 

toxicity increased from 18% effect to 28-61% effect, possibly due to residual NAFCs 

(n=14-16 and DBE 3-5) and oxidation by-products. After 150 days of unactivated 

persulfate reaction, NAFC removals increased to 70-95%, with more mineralization 

occurring at higher persulfate doses (57% COD removed for 1000 mg/L), and toxicity 

decreased to no inhibition effect. Unactivated persulfate appeared more effective in 

OSPW than for Merichem, as seen by a 2.6 to 3.8× higher persulfate utilization rate, 

possibly due to organic or inorganic species providing some activation. 

9. For both OSPW and Merichem NAs, heat activated persulfate removed O2-NAFCs to 

<10% abundance shifting to more oxidized O3+ NFACs.  The recalcitrant higher 

molecular weight (n>16) and unsaturated (DBE 7 and 8) NAFCs were preferentially 

removed, leaving behind simpler structure compounds (DBE <3) that are more easily 

biodegraded.  
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10. Biodegradation by P. fluorescens led to 45% Merichem NA removal, with no notable 

mineralization occurring; however, was not effective for OSPW NAFCs and did not 

show any degradation over 150 days.  

11. Coupled bottles inoculated with P. fluorescens after persulfate heat activation did not 

improve NAFC removals, but rather increased the COD and decreased the persulfate 

utilization rate by 2.7 to 11.4×, possibly due to scavenging effects from cell biomass or 

EPS. Cell viability was significantly decreased by over 3 orders of magnitude and took 

over 100 days before increasing, indicating cells were experiencing high levels of 

stress.  In Merichem bottles, the coupled treatments showed some shifts in NAFC 

distribution, creating more oxidized NAFCs (O8), and one treatment (250 mg/L 

persulfate) improved toxicity reduction by 28% compared to chemical treatment alone. 

However, in OSPW bottles, the coupled treatments showed greater toxicity than 

chemical treatment counterparts.  

Chapter 5, Research Question 3: What impact does salt (NaCl) have on anaerobic benzene 

biodegradation of a highly enriched benzene-degrading methanogenic culture? Is there a 

difference in benzene degradation rate when microorganisms have been slowly adapted to high 

salt conditions compared to sudden salt shock? How is the microbial community composition 

impacted by salt?  

12. Benzene degradation rate in positive controls that contain the amount of salt normally 

present in the growth medium (0.6 g/L NaCl) increased from 9 µM/day to as high as 

55 µM/day over 205 days, but in general ranged from 20-30 µM/day. Increasing 

degradation rate corresponded to increase concentration of ORM2 to >3×108 
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copies/mL by day 200 and decreased doubling time to 52 days. At 2.5 g/L NaCl there 

was overall little change in benzene degradation rates.  

13. Increasing the salt concentration to 5-10 g/L NaCl initially led to a 1.6-fold reduction 

in benzene degradation rate (6 µM/day). The ORM2 copy numbers at day 100 for 5 g/L 

NaCl were over one order of magnitude lower than those in control bottles as ORM2 

exhibited faster rates of cell decay than growth, indicating ORM2 was poorly tolerant 

of initial salt stress. At 5 g/L NaCl, the culture recovered from the initial salt stress by 

day 200, and ORM2 copies rebounded with rates reaching 28 µM/day; however, the 

rate did not increase in over 300 days at 10 g/L NaCl. Salt concentration of 15-100 g/L 

NaCl did not show any benzene degradation over 205 days. The salt concentration that 

will lead to a half reduction in rate was found to be 8.4 g/L NaCl.  

14. Slowly acclimating the culture to NaCl significantly improved benzene degradation 

rates up to 6× at 10 g/L NaCl (30 µM/day). But ORM2 experienced longer doubling 

times as salt increased from 41 days at 2.5 g/L NaCl to 86 days at 6.5 g/L NaCl, 

indicating that cells were diverting energy away from growth and towards stress 

adaptation and maintenance.  

15. In DGG-B culture that was enriched for methanogens, acetoclastic methanogens 

appeared more sensitive to increasing salinity than hydrogenotrophs. In acetate fed 

bottles, increasing the salt from 0.6 g/L to 5 and 25 g/L NaCl reduced the methane 

production rate by 1.4 and 5.4×, respectively. In bottles fed hydrogen, methane 

production rate was only impacted at 25 g/L, decreasing 1.5×.   
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16. ORM2 represented 33–76% of the bacteria in control bottles and DGG-B exposed to 

2.5 g/L NaCl. For a culture that was suddenly exposed to high salt (≥5 g/L NaCl) and 

a culture that had been slowly acclimated, the microbial community did not appear to 

enrich for any benzene degrading halophilic bacteria and ORM2 abundance decreased. 

At 25 g/L NaCl, the methanogen community shifted away from Methanosaeta and 

Methanoregula, towards Methanosarcina and Methanobacterium, which may have 

different roles by consuming methanol rather than fermentation products, possibly 

affecting syntrophic relationships and hindering benzene biodegradation.  

6.3 Recommendations / Future Research 
6.3.1 Oil Sands NAFC Remediation  

This research has provided evidence that both unactivated and heat activated persulfate 

can effectively reduce NAFC concentrations and detoxify OSPW. Unactivated persulfate has 

not been widely studied as it was assumed unreactive with NAFCs (Liang et al. 2011, Fang et 

al. 2018). This research has shown that unactivated persulfate is reactive with NAFCs and can 

provide a more cost-effective option than activated persulfate if time is not a constraint. Heat 

activated persulfate was chosen to provide faster NAFC removals, at temperatures of 40 – 60oC 

which are commonly already utilized during the bitumen extraction process (Foght et al. 2017). 

Iron and UV activated persulfate have been most commonly studied for OSPW (Liang et al. 

2011, Aher et al. 2017, Fang et al. 2018, 2019, 2020), however may provide different results 

due to different reaction chemistries. This research verified that a significant advantage to heat 

activated persulfate is the generation of sulfate and hydroxyl radicals which preferentially react 

with different NAFCs, leading to more comprehensive removals than ozonation (Lee et al. 

2020). However, heat activation at 60oC for 8 hours led to increased toxicity towards V. fischeri 
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and therefore would require additional treatment. Increasing the activation time or temperature 

may improve toxicity reduction and could be studied in the future. However, oxidized NAFCs 

have been suggested as being less reactive with oxidants, and increased oxidation does not 

proportionally increase treatment efficiency (Gamal El-Din et al. 2011, Pérez-Estrada et al. 

2011, Wang et al. 2013b). Additional research should aim to analyze the remaining organics 

after persulfate oxidation in depth, to help elucidate causes of toxicity and potential reactivity 

with further oxidation or biological treatment. In particular, non-acidic fraction toxicity should 

be analyzed and more specialized toxicity tests such as for genotoxicity, estrogenicity, and in 

vivo studies would provide more insight into overall treatment effectiveness.  

After heat activated persulfate oxidation, this research utilized a follow-up treatment of 

continued unactivated persulfate oxidation alone or coupled with biodegradation by a bacterial 

isolate. Coupling experiments in Chapter 3 were found to be effective at reducing overall 

system organics (COD) and toxicity for Merichem NAs. Conversely, Chapter 4 experiments 

for OSPW found coupled treatments increased toxicity and COD and decreased the amount of 

persulfate consumed. P. fluorescens are strong EPS producers which may have antioxidant 

properties. The antioxidant activity of EPS could be studied through analyzing the functional 

groups present via FTIR, and by conducting DPPH radical scavenging tests (Wang et al. 2017, 

Darwish et al. 2019, Shi and Liu 2021, Zhang et al. 2020). Elucidating the composition and 

radical scavenging ability of the EPS may provide insights into the trends noted in Chapter 4.   

Unactivated persulfate oxidation in OSPW may have been too aggressive for the cells. The use 

of an isolate in these experiments may have hindered biodegradation potential, and a mixed 

microbial community may be better able to withstand oxidative stress. Brown et al. (2013) 

found that after ozonation, indigenous OSPW microbes were able to provide similar 
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biodegradation and microbial growth as ozonated-OSPW with unstressed microbes inoculated 

into the system.  

Alternatively, the use of sequential chemical oxidation and biodegradation treatments, 

rather than combined, may offer an improvement and should be studied. Ozonation is the most 

commonly studied oxidant for OSPW and is short lived, therefore when used in combination 

with biodegradation, ozone has generally already left the system (Dong et al. 2015, Hwang et 

al. 2013, Martin et al. 2010). This research found that the residual NAFCs after heat activated 

persulfate were those that are generally considered more biodegradation but less reactive with 

oxidants (linear, lower molecular weight NAFCs). Therefore, in the absence of oxidative 

stress, the bacteria may have provided quicker removal of organics and toxicity than the 

unactivated persulfate reaction. In order to remove persulfate prior to the biological treatment 

stage, the reaction could be quenched or the activation temperature/time can be increased until 

persulfate is fully removed.  

6.3.2 Anaerobic Benzene Biodegradation under Salinity 

Anaerobic benzene biodegradation in methanogenic environments appears to occur 

from very specialized bacteria in the class Deltaproteobacteria (Toth et al. 2021). This research 

had provided valuable insights into the impact of environmentally relevant salt (NaCl) 

concentrations on anaerobic benzene biodegradation that could occur at petroleum impacted 

sties. Salt concentrations of 5 g/L NaCl led to a reduction in benzene degradation rate and 

stalled at 15 g/L, demonstrating the sensitivity of methanogenic benzene degrading microbes 

to salt. Therefore, for benzene contaminated sites with high salinity, a bioremediation strategy 

may require adjustments. This research used a gradual acclimation strategy to improve the salt 

tolerance of the culture, which was successful at the highest concentration tested of 12.5 g/L 
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NaCl. Future research should continue the gradual acclimation process to determine if there is 

a salt concentration where microbes no longer function. Due to time constraints, 1 g/L NaCl 

was added every 2-4 degradation cycles; however, the acclimation process could be increased 

to months or years, possibly allowing time for cells to increase halotolerance. Microorganisms 

from naturally non-saline environments utilize the compatible solute strategy to compensate 

for osmotic stress (Oren 1999). Halophilic microbes that have adapted to environments with 

high osmotic pressure utilized the salt-in strategy, where they function with a higher 

concentration of K+ ions inside the cytoplasm, no longer requiring osmolyte synthesis their 

energy can be utilized for cell growth (Oren 1999, 2001, Gunde-Cimerman et al. 2018). If 

through a gradual acclimation process ORM2 could switch from a salt-out to a salt-in strategy, 

a commercial halophilic benzene degrading culture could be maintained to utilize for sites with 

high salinity. Other studies have also shown success in adding an exogenous source of 

osmolytes (glycine betaine), to reduce the energetic load on the cells (Hu et al. 2020, Liu et al. 

2019). Future work can determine if this provides increased tolerance of high salinity, or if 

cells use the osmolytes as a carbon source and thus decrease benzene consumption.  

In order to fully elucidate the impact of salinity on bioaugmentation potential, the 

impact of other environmentally relevant factors should also be explored. This study found that 

using the more established culture in 10 g/L NaCl bottles may have better resisted initial salt 

stress effects. Comparing the stress response of cultures with different concentrations of ORM2 

may provide insights into target concentrations for field injections. Additionally, multiple 

stressors that may be present in the field such as lower temperatures and the presence of 

hydrocarbon co-contaminants has been previously shown to negatively impact hydrocarbon 

biodegradation and may exacerbate the stress response noted under salinity (Ulrich et al. 2009, 
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Toth et al. 2021). Lastly, Alberta can naturally have high levels of sulfate salts, up to 6 g/L in 

the Alberta Basin Formation Water (AENV 2001). Sulfate is generally considered to have less 

impact in terms of specific ion toxicity, but the increased osmotic pressure can still cause cell 

dehydration and lysis (Rath et al. 2016). Therefore, future research should compare salinity 

effects from different ions, including anions (sulfate and chloride) and cations (sodium and 

potassium).   
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Appendix A-1: Additional Data for Chapter 4 
 

 

Figure A-1. Illustration of treatments and control bottles for Chapter 4 experiment. 

Table A-1. Percent decrease of NAFCs in OSPW after 24 h of reaction with heat activated persulfate 
in preliminary trial experiments. Data represents single treatment bottles.  

Temperature 

(oC) 

% Decrease of NAFCs 

250 mg/L PS 1000 mg/L PS 

40 4.7 26.2 

50 33.2 81.5 

60 49.7 97.6 
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Figure A-2. Chemical oxygen demand (COD) of OSPW with 250 and 1000 mg/L persulfate (PS) 
activated at 60oC in preliminary trial experiments. Data represents single treatment bottles.  

 

Figure A-3. Degradation of Merichem NAs and COD using 250 mg/L and 500 mg/L of activated 
persulfate (PS) at 50oC and 60oC in preliminary trial experiments. Error bars represent one standard 
deviation of duplicate bottles. 
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Figure A-4. Samples taken after inorganic ion scavenging test in preliminary experiments. Individual 
components of Bushnell Haas mineral media with 50 mg/L Merichem NAs were reacted with 1000 
mg/L persulfate at 60oC for 8 hours. Only phosphate samples still produced bubbles after reaction, 
indicating the presence of NAs as they are surfactants. Phosphate bottles: 1 g/L K2HPO4 + 1 g/L 
KH2PO4 (15 mM PO4

2-). Nitrate bottles: 1 g/L KNO3 (10 mM NO3
-); Chloride bottles: 20 mg/L CaCl2 

(0.4 mM Cl-). 

 

Water           15 mM Phosphate 
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Figure A-5. pH levels for a) Merichem NA and b) OSPW after 8 hours of heat activation (60oC) 
followed by 150 days at room temperature. Merichem bottles were adjusted after 8 hours and then 
adjusted continuously over 150 days to maintain pH ~8. Different treatments include persulfate 
oxidation (PS; ), persulfate coupled with P. fluorescens (CPS; ), killed controls (KC; ), negative 
controls without persulfate (NC; ) and no carbon controls without Merichem NAs (NCC; ). Error 
Bars represent one standard deviation of triplicate bottles. 

 

Table A-2. Initial concentration of anions. “OSPW + N/P” represents OSPW supplemented with per 
L: 0.05 g K2HPO4, 0.05 g KH2PO4, 0.05 g NH4NO3. Data represents the average of triplicate samples.  

  
Chloride 
(mg/L) 

Nitrite 
(mg/L) 

Nitrate 
mg/L) 

Sulfate 
(mg/L) 

Phosphate 
(mg/L) 

BH Mineral Media 27.3 2.8 499.1 134.2 1298.9 
5% BH Mineral Media 3.0 2.2 23.4 6.2 69.5 

OSPW + N/P 635.9 38.7 61.9 345.7 57.9 
 

 



209 
 

Table A-3. Sulfate concentrations (mg/L) after 8 hours of heat activation (60oC) followed by 150 days 
at room temperature. Treatments include persulfate oxidation (PS); persulfate coupled with P. 
fluorescens (CPS); killed controls of persulfate with autoclaved bacteria (KC); and negative controls 
without persulfate or bacteria (NC). Note: 8 h samples for KC and NC bottles were not analyzed due 
to equipment errors. Data represents averaged triplicate bottles.  

Merichem 
SO4

2- Concentration (mg/L)  
OSPW 

SO4
2- Concentration (mg/L) 

Treatment 8 h 150 d  Treatment 8 h 150 d 
0NC 9.9 7.9  0NC   376.4 
0CPS 6.9 7.8  0CPS 329.1 375.5 
0KC   7.7  0KC   401.5 

250NC   69.9  250PS 417.8 494.7 
250PS 83.6 161.0  250CPS 410.3 505.6 

250CPS 96.6 152.9  250KC   507.3 
250KC   153.1  500PS 499.1 691.0 
500NC   116.8  500CPS 459.9 620.7 
500PS 214.4 326.9  500KC   677.4 

500CPS 242.9 305.3  1000PS 614.2 938.4 
500KC   349.1  1000CPS 615.1 910.3 

1000NC   249.1  1000KC   927.4 
1000PS 524.3 643.3     

1000CPS 451.1 553.9     
1000KC   635.9     
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Table A-4. Net persulfate (PS) consumption and net sulfate (SO4
2-) production after 8 hours of heat 

activation (60oC) followed by 150 days at room temperature. Treatments include persulfate oxidation 
(PS); persulfate coupled with P. fluorescens (CPS); and negative controls without persulfate or bacteria 
(NC).  

Merichem 

Treatment Time PS Consumption 
(mM) 

SO4
2- Production 

(mM) 
Molar 
Ratio 

250PS 8 h 0.46 0.81 1.75 
150 d 0.94 1.61 1.71 

500PS 8 h 1.20 2.17 1.80 
150 d 1.87 3.34 1.78 

1000PS 8 h 3.04 5.39 1.77 
150 d 3.38 6.63 1.96 

250CPS 8 h 0.51 0.94 1.85 
150 d 0.76 1.53 2.01 

500CPS 8 h 1.42 2.46 1.74 
150 d 1.65 3.11 1.88 

1000CPS 8 h 2.75 4.63 1.69 
150 d 3.03 5.70 1.88 

250NC 150 d 0.31 0.66 2.14 
500NC 150 d 0.41 1.15 2.79 
1000NC 150 d 0.69 2.53 3.66 

OSPW 

Treatment Time PS Consumption 
(mM) 

SO4
2- Production 

(mM) 
Molar 
Ratio 

250PS 8 h 0.45 0.75 1.65 
150 d 1.11 1.55 1.40 

500PS 8 h 0.84 1.60 1.89 
150 d 2.06 3.59 1.74 

1000PS 8 h 1.64 2.80 1.71 
150 d 3.54 6.17 1.74 

250CPS 8 h 0.45 0.67 1.50 
150 d 0.71 1.66 2.35 

500CPS 8 h 0.77 1.19 1.54 
150 d 1.17 2.86 2.45 

1000CPS 8 h 1.66 2.80 1.69 
150 d 2.70 5.88 2.17 
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Table A-5. First-order kinetic rate constants for the unactivated persulfate reaction calculated from 8 
hours to 150 days. Treatments include persulfate oxidation (PS); and persulfate coupled with P. 
fluorescens (CPS).  

Merichem  OSPW 
Treatment -k (/d) R2  Treatment -k (/d) R2 

250PS 0.010 0.984  250PS 0.024 0.926 
250CPS 0.004 0.913  250CPS 0.003 0.975 
500PS 0.009 0.995  500PS 0.026 0.947 

500CPS 0.003 0.993  500CPS 0.002 0.989 
1000PS 0.002 0.924  1000PS 0.009 0.994 

1000CPS 0.002 0.901  1000CPS 0.003 0.977 
 

 

Figure A-6. pH levels during radical quenching tests using tert-butyl alcohol (TBA) and ethanol 
(EtOH) (30 mM) on Merichem NA removal with 1000 mg/L PS at 60oC in a) Unbuffered 5% BH 
mineral media, b) 5 mM carbonate buffer in 5% BH. EtOH Carbonate Buffered bottles had pH adjusted 
(dashed line). Error bars represent one standard deviation of duplicate bottles.  

Table A-6. First-order kinetic rate constants of Merichem NA degradation for radical quenching tests 
using tert-butyl alcohol (TBA) and ethanol (EtOH) (30 mM) with 1000 mg/L PS at 60oC in unbuffered 
5% BH mineral media or 5 mM carbonate buffer in 5% BH. 

Treatment -k (/h) R2 

Control Unbuffered 1.07 0.950 
Carbonate Buffered 0.34 0.961 

TBA Unbuffered 0.25 0.911 
Carbonate Buffered 0.15 0.995 

EtOH Unbuffered 0.08 0.957 
Carbonate Buffered 0.04 0.862 
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Figure A-7. First-order kinetic plots of Merichem NA degradation for radical quenching tests for 
controls (blue), tert-butyl alcohol (orange) and ethanol (green) (30 mM) with 1000 mg/L PS at 60oC in 
a) unbuffered 5% BH mineral media or b) 5 mM carbonate buffer in 5% BH. 

 

 

Figure A-8. Classical O2-NA distribution of Merichem and OSPW 500 mg/L persulfate oxidation 
coupled to P. fluorescens biodegradation (500CPS) after 120 days. Plots illustrate abundance vs carbon 
number and double bond equivalence (DBE). Data represents single treatment bottles.  
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Table A-7. Detailed Orbitrap results of NAFC class, double bond equivalence (DBE), chemical 
formula and abundance for OSPW bottles with 500 mg/L persulfate (500PS) after 120 days.  
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Table A-8. Detailed Orbitrap results of NAFC class, double bond equivalence (DBE), chemical 
formula and abundance for OSPW bottles with 500 mg/L persulfate and P. fluorescens (500CPS) after 
120 days.  
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Table A-9. Microtox acute toxicity as inhibition effect (%) towards Vibrio fischeri at 81.9% concentration for Merichem NAs with persulfate 
oxidation alone (250-1000PS) or coupled with P. fluorescens biodegradation (0-1000CPS). Negative inhibition effects were inputted as “0.0” 
when calculating averages.  

  Time 
(d) 

5 min 15 min 
  1 2 3 4 Average Std Dev 1 2 3 4 Average Std Dev 

50 mg/L Merichem NA 0 88.35 88.87 88.75 88.02 88.5 0.3 89.51 89.19 90.38 88.77 89.5 0.6 
              

Treatment Time 
(d) 

5 min 15 min   
1 2 3 Average Std Dev 1 2 3 Average Std Dev   

250PS 
0.3 30.4 36.6 28.2 31.7 3.5 22.5 24.8 28.5 25.3 2.5   
2   68.1       51.9      

150 66.8 61.4 45.6 57.9 9.0 52.9 49.8 36.6 46.4 7.1   

500PS 

0.3 55.0 34.1 33.3 40.8 10.1 44.2 27.5 28.9 33.5 7.6   
2   88.3       84.3      

71 17.7 7.3 27.4 17.5 8.2 16.1 4.9 18.2 13.1 5.8   
150 68.3 61.8   65.1 3.3 51.6 39.3   45.5 6.2    

1000PS 

0.3 67.2 14.1 37.0 39.4 21.8 52.6 5.0 32.0 29.9 19.5   
2   72.9       51.2      

71 32.6 -25.5 -14.5 10.9 15.4 19.0 -26.9 -16.2 6.4 9.0   
150 83.8 81.5 84.8 83.4 1.4 73.5 71.2 76.3 73.7 2.1   

0CPS 
0.3 80.3 78.5   79.4 0.9 81.2 80.1   80.6 0.6   
63 42.8 38.3 32.5 37.9 4.2 39.7 39.0 36.5 38.4 1.4   
150 21.3 44.2 34.4 33.3 9.4 18.2 38.1 30.8 29.0 8.2   

250CPS 

0.3 33.7 18.2 13.8 21.9 8.5 24.4 10.4 5.2 13.3 8.1   
63 17.4 22.0 -19.2 13.1 9.5 15.5 15.8 -24.8 10.4 7.4   
121 30.0 -10.2 5.8 11.9 12.9 26.7 -3.7 6.0 10.9 11.4   
150 -18.0 -13.3 -18.7 0.0 2.4 -18.1 -20.3 -24.1 -20.8 2.5   

500CPS 

0.3 8.9 1.2 33.6 14.6 13.8 -3.9 -10.5 22.0 7.4 10.4   
46 38.2 50.5 56.3 48.3 7.5 28.5 38.0 41.2 35.9 5.4   
83                 
122 31.1 49.5 39.3 40.0 7.5 28.6 40.5 32.5 33.9 5.0   
150 -28.0 70.7 54.8 62.8 7.9 -28.8 57.1 39.7 48.4 8.7   

1000CPS 

0.3 37.2 31.7 -0.7 22.7 16.7 22.3 22.3 -9.5 11.7 15.0   
46 44.8 50.3 68.2 54.4 10.0 27.6 32.4 53.2 37.7 11.1   
122 51.2 48.2 71.9 57.1 10.5 44.4 39.5 58.2 47.3 7.9   
150 79.3 83.5 83.9 82.2 2.1 62.4 67.5 67.9 65.9 2.5   

Red text indicates the sample wasn't included to calculate the average   
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Table A-10. Microtox acute toxicity as inhibition effect (%) towards Vibrio fischeri at 81.9% concentration for OSPW with persulfate oxidation 
alone (250-1000PS) or coupled with P. fluorescens biodegradation (0-1000CPS). Negative inhibition effects were inputted as “0.0” when 
calculating averages. 

  Time 
(d) 

5 min 15 min 
  1 2 3 4 Average Std Dev 1 2 3 4 Average Std Dev 

OSPW 0 19.27 17.94 16.67 18.79 18.2 1.0 16.94 18.17 12.17 14.26 15.4 2.3 
              

Treatment Time 
(d) 

5 min 15 min   

1 2 3 Average Std Dev 1 2 3 Average Std Dev   

250PS 

    46.5 12.9 28.1 13.9   36.7 10.9 23.3 10.6   

0.3 25.0      22.5        

6 8.4 -8.2     -4.1 -0.1       

63 -5.2  -4.1 0.0 0.6 -15.4  -8.4 0.0 3.5   

150 -29.5 -9.3 -10.8 0.0 9.2 -29.3 -15.1 -18.4 0.0 6.1   

500PS 
0.3 41.6 44.4 39.5 41.8 2.0 30.5 33.7 28.5 30.9 2.1   

56 -14.8 -22.5 -16.0 0.0 3.4 -21.5 -32.9 -29.6 -28.0 4.8   

150 -26.6 -20.3 -19.0 0.0 3.3 -30.7 -26.1 -34.2 -30.3 3.3   

1000PS 
0.3 60.7 62.2 59.8 60.9 1.0 55.6 54.2 52.0 54.0 1.5   

56 26.1 41.7 30.7 32.8 6.5 14.4 22.8 9.0 15.4 5.7   

150 -0.1 7.4 -4.8 5.4 3.9 -7.1 -1.8 -12.2 0.0 4.2   

0CPS 
0.3 13.9 15.5   14.7 0.8 13.2 17.0   15.1 1.9   

150 17.1 15.3 11.1 14.5 2.5 4.5 3.5 -1.5 2.1 2.6   

250CPS 

0.3 39.2 24.2 3.9 22.4 14.5 25.1 16.8 -2.4 13.2 11.5   

6    17.5 17.5 0.0    4.7 4.7 0.0   

64 -22.8  -3.9 0.0 9.5 -30.8  -10.9 0.0 10.0   

150 -11.4 -11.1 -12.2 0.0 0.5 -21.5 -31.4 -37.3 0.0 6.5   

500CPS 

0.3 60.3 48.3 31.4 46.6 11.9 47.2 35.0 10.6 30.9 15.2   

62 40.7 31.1 25.5 32.4 6.3 20.4 12.9 5.9 13.1 5.9   

121 14.9 5.2 31.2 17.1 10.7 1.7 -5.8 15.9 5.9 7.1   

150 -4.7 -22.5 6.1 2.0 2.9 -31.4 -40.4 -11.8 0.0 11.9   

1000CPS 

0.3 42.4 35.1 39.7 39.1 3.0 30.6 23.3 27.8 27.2 3.0   

62 65.2 40.3 49.0 51.5 10.3 51.2 23.1 27.2 33.8 12.4   

121 60.9 46.5 23.2 43.6 15.5 55.6 34.1 14.3 34.6 16.8   

150 20.0 49.0 54.7 41.2 15.2 4.1 25.7 31.9 20.6 11.9   
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Appendix A-2: Additional Data for Chapter 5 
 

For preparing 1 L of mineral medium, first add:  

• 10 mL phosphate buffer solution 

o 27.2 g KH2PO4 and 34.8 g K2HPO4 per liter 

• 10 mL salt solution  

o 53.5 g NH4Cl, 7.0 g CaCl2·6H2O, and 2.0 g FeCl2·4H2O per liter  

• 2 mL trace mineral solution 

o 0.3 g H3BO3, 0.1 g ZnCl2, 0.75 g of NiCl2·6H2O, 1.0 g MnCl2·4H2O, 
0.1 g CuCl2·2H2O, 1.5 goCoC12· 6H2O, 0.02 g Na2SeO3, 0.1 g 
A12(SO4)3·16 H2O  

• 1 mL concentrated H2SO4 per liter  

• 2 mL magnesium chloride solution  

o 50.8 g MgCl2.6H2O per liter 

• 1 mL redox indicator  

o 1g resazurin per liter 

• 945 ml deionized water 

Autoclave this mixture, purge with 80% N2 / 20% CO2 and transfer to glove box.  

 

Add 10mL of sterilized anaerobic vitamin solution (per liter: 0.02 g biotin, 0.02 g folic 

acid, 0.1 g pyridoxine hydrochloride, 0.05 g riboflavin, 0.05 g thiamine, 0.05 g nicotinic acid, 

0.05 g pantothenic acid, 0.05 g 4-aminobenzoate (PABA), 0.05 g cyanocobalamin, and 0.05 g 

thioctic acid); 10 mL of anaerobic amorphous ferrous sulfide solution (13.9 g FeSO4·7H2O 

per 500 mL and 12.0 g Na2S·9H2O per 500 mL) and 10 mL of saturated bicarbonate buffer 

(20 g sodium bicarbonate / 100 mL deionized water). 
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Table A-11. Molar ratios of benzene consumed to methane produced for DGG-B positive controls (0.6 
g/L NaCl), bottles not acclimated to salt (2.5 – 10 g/L) and culture slowly acclimated to salt.  

NaCl (g/L) 
Benzene 

Consumed 
(µmol) 

Methane 
Produced 

(µmol) 

Methane 
/ Benzene Timeframe 

0.6 g/L - 1 
148.57 550.38 3.70 0 - 205 d 
258.80 965.63 3.73 205 - 408 d 

0.6 g/L - 2 
134.23 495.87 3.69 0 - 205 d 
229.32 777.79 3.39 205 - 408 d 

0.6 g/L - 3 
156.01 544.42 3.49 0 - 205 d 
220.68 725.20 3.29 205 - 408 d 

2.5 g/L - 1 169.69 589.15 3.47 0 - 205 d 
2.5 g/L - 2 160.51 608.33 3.79 0 - 205 d 
2.5 g/L - 3 156.43 556.63 3.56 0 - 205 d 
5 g/L - 1 88.95 237.06 2.67 0 - 205 d 
5 g/L - 2 87.38 240.06 2.75 0 - 205 d 
5 g/L - 3 86.42 253.71 2.94 0 - 205 d 

10 g/L - 1 56.35 166.05 2.95 0 - 364 d 
10 g/L - 2 52.47 189.72 3.62 0 - 364 d 
10 g/L - 3 59.90 196.33 3.28 0 - 364 d 

Slow Accl (0.5 - 6.5 g/L) - 1 197.29 640.02 3.24 0 - 205 d 
Slow Accl (6.5 - 11.5 g/L) - 1 174.77 562.93 3.22 205 - 408 d 
Slow Accl (0.5 - 6.5 g/L) - 2 179.69 560.23 3.12 0 - 205 d 
Slow Accl (6.5 - 11.5 g/L) - 2 165.05 551.51 3.34 205 - 408 d 
Slow Accl (0.5 - 6.5 g/L) - 3 175.44 682.60 3.89 0 - 205 d 
Slow Accl (6.5 - 11.5 g/L) - 3 140.15 499.84 3.57 205 - 408 d 

  Average 3.37  
  Std Err 0.07  
  n 21  
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Figure A-9. Benzene consumption and methane production for autoclaved DGG-B (Killed Controls) 
at various salt concentrations. Error bars represent ± one standard deviation of duplicate bottles.  
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Figure A-10. Benzene consumption and methane production for DGG-B not previously acclimated to 
high salt at a) 15 g/L NaCl, b) 25 g/L NaCl, c) 50 g/L NaCl and d) 100 g/L NaCl. Error bars represent 
± one standard deviation of triplicate bottles.  
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Figure A-11. Benzene degradation rate over time in DGG-B not previously acclimated to salt. Error 
bars represent ± one standard deviation of triplicate bottles. 

Table A-12. Methane production rates in DGG-B sparged of benzene and fed acetate or H2/CO2, for 
each replicate along with averaged values. 

NaCl 
Methane Production Rate (µmol / day) 

Acetate H2/CO2 

0.6 g/L 
10.15 

0 - 39 d 
2.84 

0 - 46 d 11.21 3.60 
11.07 3.20 

5 g/L 
7.97 

0 - 39 d 
3.79 

0 - 46 d 7.00 3.05 
7.40 3.09 

25 g/L 
2.55 

67 - 179 d 
2.46 

0 - 67 d 1.47 2.17 
2.03 1.70 

     

NaCl Acetate H2/CO2 
Average (µmol/d) Average (µmol/d) 

0.6 g/L 10.81 3.21 
5 g/L 7.46 3.31 

25 g/L 2.02 2.11 
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Table A-13: Acetate concentrations in H2/CO2 Fed Bottles for duplicate bottles.  

NaCl (g/L) Time (d) Acetate (mM) 
0.6 g/L - 1 100 0.22 
0.6 g/L - 2 100 0.22 
5 g/L - 1 100 0.18 
5 g/L - 2 100 0.23 

25 g/L - 1 100 1.70 
25 g/L - 2 100 2.49 
0.6 g/L - 1 200 0.25 
0.6 g/L - 2 200 0.23 
5 g/L - 1 200 0.16 
5 g/L - 2 200 0.18 

25 g/L - 1 200 0.25 
25 g/L - 2 200 0.20 

 

Table A-14. Dimensionless Henry’s Law Constants (H) for benzene and methane adjusted for salting 
out effect with Setschenow constant (Ks).  

NaCl (g/L) 
H 

(benzene) 
H 

(methane) 
0.6 0.22 28.07 
2.5 0.22 28.36 
5 0.23 28.72 
10 0.24 29.46 
15 0.25 30.22 
25 0.27 31.79 
50 0.32 36.10 

100 0.47 46.55 
H=Ho  × 10 Ks× NaCl(mol/L) 
 Benzene Methane 

Ho 0.22 28 
Ks (L/mol) 0.195* 0.129** 

*(Sander 2015), **(Ni and Yalkowsky 2003)  
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Figure A-12. Standard curves for aqueous benzene concentration versus peak area on GC-FID for 
various salt concentrations.     

Table A-15. Primer sequences for general bacteria, general archaea and ORM2.  

Primer 
Name 

Target 
Organism/Gene Primer Sequence (5’ – 3’) 

Expected 
Amplicon 

Length 
(bp) 

Annealing 
Temp References 

Bac_1055f 
General Bacteria 

ATGGCTGTCGTCAGCT 
338 55 

(Amann et 
al. 1995, 

Ferris et al. 
1996) 

Bac_1392r ACGGGCGGTGTGTAC 

Arch_787f 
General Archaea 

ATTAGATACCCGBGTAGTCC 
273 59 (Yu et al. 

2005) Arch_1059r GCCATGCACCWCCTCT 

ORM2_168f  
Deltaproteobacteria 

ORM2 

GAGGGAATAGCCAAAGGTGA 
255 59 

(Qiao et al. 
2018, Toth 
et al. 2021)  ORM2_422r GAGCTTTACGACCCGAAGAC 
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Figure A-13. Standard calibration curve for qPCR of general archaea, using 10-fold serial dilutions of 
Methanoregula plasmids.  

 

Figure A-14. Standard calibration curve for qPCR of general bacteria, using 10-fold serial dilutions of 
e. Coli plasmids.  
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Figure A-15. Standard calibration curve for qPCR of OMR2, using 10-fold serial dilutions of ORM2 
plasmids.  
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                       Table A-16. Doubling times and yields for ORM2.  

Sample Replicate ORM2  
copies / mL 

Average 
(copies/mL) 

µmol Benzene 
Consumed 

Time 
(days) 

Yield  
(copies/nmol) 

Doubling Time  
(t1: 0 d) 

Doubling Time 
(t1: 100 d) 

Time 0 

1 2.74E+07 1.99E+07   0       
2 1.81E+07   0     
3 2.66E+07   0     
4 7.40E+06     0       

Slow - 100d 2 1.09E+08 1.08E+08 82.38 100 3.25E+04 41   
3 1.07E+08   81.12 100 3.21E+04 41   

Slow - 200d 
1 2.19E+08 2.50E+08 101.05 200 3.30E+04 58 98 
2 2.27E+08  97.31 200 3.62E+04 57 95 
3 3.05E+08   94.34 200 6.30E+04 51 66 

0g/L - 100d 
1 7.40E+07 5.56E+07 57.20 100 2.84E+04 53   
2 4.80E+07  52.36 100 1.61E+04 79   
3 4.48E+07   66.24 100 1.13E+04 85   

0g/L - 200d 
1 1.51E+08 3.64E+08 79.52 200 2.92E+04 68 97 
2 4.62E+08  72.73 200 1.71E+05 44 31 
3 4.77E+08   76.16 200 1.70E+05 44 29 

2.5g/L - 100d 
1 1.27E+08 9.39E+07 66.61 100 4.82E+04 37   
2 1.31E+08  54.56 100 6.12E+04 37   
3 2.38E+07   58.92 100 2.01E+03 383   

2.5g/L - 200d 
1 3.14E+08 3.11E+08 103.09 200 5.44E+04 50 77 
2 3.71E+08  105.95 200 6.80E+04 47 67 
3 2.48E+08   97.51 200 6.90E+04 55 30 

5g/L - 100d 
1 3.25E+06 3.36E+06 29.28 100 -1.70E+04 -38   
2 3.46E+06  27.40 100 -1.80E+04 -40   
3 7.04E+05   30.71 100 -1.87E+04 -21   

5g/L - 200d 
1 1.50E+08 1.26E+08 56.15 200 7.83E+04 69 18 
2 1.15E+08  56.37 200 5.92E+04 79 20 
3 1.15E+08   49.67 200 6.88E+04 79 14 

10g/L - 100d 
1 2.49E+07 5.08E+07 21.86 100 -6.02E+04 -68   
2 4.08E+06  18.32 100 -1.06E+05 -25   
3 9.76E+07   20.01 100 4.32E+04 198   

15g/L - 200d 
1 1.95E+06 2.09E+06 2.03 200 -2.65E+05 -60   
2 1.75E+06  2.47 200 -2.20E+05 -57   
3 2.57E+06   3.59 200 -1.45E+05 -68   

25g/L - 200d 
1 2.85E+06 2.36E+06 2.42 200 -2.11E+05 -71   
2 1.03E+06  3.08 200 -1.84E+05 -47   
3 3.18E+06   1.88 200 -2.67E+05 -76   

Note: 10 g/L used 0 g/L 100d as time 0;                   
red text indicates outliers    

Td = (t2-t1)*ln2/ln[N2/N1] 
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Figure A-16. Absolute abundance of total bacteria in DGG-B, a) original (time 0) DGG-B inoculum, 
b) positive controls (0.6 g/L NaCl) after 100 and 200 d, c) at 2.5 g/L NaCl after 100 and 200 d and d) 
DGG-B slowly acclimated to salt at 100 d (2.5 g/L) and 200 d (6.5 g/L).   
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Figure A-17. Absolute abundance of total bacteria in DGG-B, a) at 5 g/L NaCl after 100 and 200d, b) 
10 g/L NaCl after 100 d, and c), 15 and 25 g/L NaCl after 200 d. Note: 10 g/L NaCl were set up ~100 
d after other bottles.  
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Figure A-18. Absolute abundance of total archaea in DGG-B, a) original (time 0) DGG-B inoculum, 
b) positive controls (0.6 g/L NaCl) after 100 and 200 d, c) at 2.5 g/L NaCl after 100 and 200 d and d) 
DGG-B slowly acclimated to salt at 100 d (2.5 g/L) and 200 d (6.5 g/L).  
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Figure A-19. Absolute abundance of total archaea in DGG-B, a) at 5 g/L NaCl after 100 and 200d, b) 
10 g/L NaCl after 100 d, and c), 15 and 25 g/L NaCl after 200 d. Note: 10 g/L NaCl were set up ~100 
d after other bottles.  
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Figure A-20. Relative abundance of total bacteria after 100 days in DGG-B sparged of benzene and 
fed acetate or H2/CO2 to enrich for methanogens.  
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Figure A-21. Absolute abundance of total archaea after 100 days in DGG-B sparged of benzene and 
fed acetate or H2/CO2 to enrich for methanogens.  
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Figure A-22. DGG-B comparison at different salt concentrations for active and killed controls. At 25 
g/L NaCl, DGG-B exhibits clumping due to EPS production (b). Killed controls show no clumping 
with added salt (c), indicating clumping is due to microbial stress response.   
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Table A-17. ANOVA and Turkey post hoc analysis for initial and final benzene degradation rates in 
DGG-B and methane production rates in acetate and H2/CO2 fed bottles. p values less than 0.05 are 
considered statistically significant.  
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Table A-17 (cont’d): ANOVA and Turkey post hoc analysis. 
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Table A-17 (cont’d): ANOVA and Turkey post hoc analysis. 

 

 


