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ABSTRACT 

Bioremediation is a feasible method to clean up petroleum hydrocarbons (PHC) 

contaminated soil. But bioremediation is often limited by nutrient bioavailability, PHC 

bioaccessibility, microbial activity and environmental factors. It was hypothesized low molecular 

weight organic acid anions (LMOAA) can enhance PHC biodegradation by increasing PHC 

bioavailability, increasing phosphorus (P) bioavailability, or stimulating hydrocarbon degrader 

community. A microcosm study and a field study were conducted to evaluate this hypothesis. In 

the microcosm study, 10-100 mM citrate increased petroleum hydrocarbon bioavailability to 

enhance in situ anaerobic gasoline degradation. Lower citrate addition, 1.0 mM and 1.75 mM, 

accelerated ex situ biodegradation for benzene and gasoline respectively, probably through 

changing P bioavailability. In the field, two large bore injectors were constructed in a gasoline 

contaminated cold region calcareous site, for in situ biostimulation solution delivery. Two 

biostimulation solutions were applied. The first solution containing 11 mM MgSO4, 1 mM 

H3PO4, and 0.08 mM HNO3 (phosphate amendment) stimulated the site for about 4 months. 

Then, 10 mM citric acid was incorporated into the existing biostimulation solution (phosphate 

and citrate amendment) for another 8 months. Dissolved P in groundwater and bioavailable 

organic P in soil were increased after citrate addition, which corresponded to the decrease for 

benzene, toluene, ethylbenzene, and xylene (BTEX) in groundwater and F1-BTEX (C6-C10 with 

BTEX subtracted) decrease in soil. Citrate addition also increased benzoate degradation N (bzdN, 

encoding ATP-dependent benzoyl-CoA reductase subunit N) gene prevalence and culturable 

anaerobic PHC degraders population in soil. After applying phosphate amendment, the bacterial 

community structure changed in both soil and groundwater. However, the influence of citrate on 

microbial community differed between soil and groundwater. Citrate selectively stimulated 

anaerobic hydrocarbon degraders in groundwater, and reversed soil bacterial community 

structure, which corresponded to the rebounded adsorbed phosphate. In addition, a method 

trapping 13CO2 produced from 13C-labelled contaminates was developed and successfully 

assessed PHC mineralization rate using the cavity ring-down spectrometry. This research 

highlights the positive effect of LMOAA on anaerobic PHC biodegradation through increasing 

PHC/P bioavailability and stimulating PHC degraders. 
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1. INTRODUCTION 

The world demand for oil was 86 million barrels per day in 2008 (Duffner et al., 2012). 

Due to the global transport and use, petroleum hydrocarbon (PHC) is one of the most widespread 

contaminants in the world, with 600,000 tonnes (± 200,000) of crude oil lost  per year 

(Rohrbacher and St-Arnaud, 2016). As defined by the CABERNET (Concerted Action on 

Brownfields and Economic Regeneration) network, brownfields are ‘sites that have been affected 

by the former uses of the site and surrounding land; are derelict and underused; may have real or 

perceived contamination problems; are mainly in developed urban areas; and require intervention 

to bring them back to beneficial use’ (Kley et al., 2011). About a decade ago, a study reported 

the situation for the urban brownfields redevelopment in Canada (Sousa, 2006), gathering 

information based on a mail-out survey distributed to 55 Canadian cities and from visits to four 

cites which take proactive management for their brownfields. The study mentioned that 25% of 

the Canadian urban landscape is potentially contaminated and the national range for the 

estimated number of potentially contaminated sites is from 2,900 to 30,000. Many of these 

brownfields are located on prime land in cities, valuable for redevelopment (Canadian Real 

Estate Association, 2008). But there are about 80-85% brownfields where cleanup costs would 

be far outweighed the potential value of the land after cleanup (Canadian Real Estate 

Association, 2008). Consequently, bioremediation may be a good option for these sites, offering 

much cheaper costs for PHC contaminated brownfield clean-up than common physical 

approaches to remediation. Bioremediation uses the ability of some organisms (plants, fungi, and 

bacteria) to sequester, concentrate, and or degrade pollutants in the environment (Rohrbacher and 

St-Arnaud, 2016), and is considered to be an environment-friendly, cost-effective technique. 

Bioremediation can clean up the sites without excavation, resulting in lower costs, less labor 

requirements and a lower carbon footprint (Hunkelera et al., 1999; Vasudevan and Rajaram, 

2001; Yang et al., 2009; Chandra et al., 2013; Fuentes et al., 2014). 

However, bioremediation for PHC is often limited by PHC and/or phosphorus (P) 

bioavailability, and active hydrocarbon degrader community (Das and Chandran, 2011; Chandra 

et al., 2013; Fuentes et al., 2014; Martin et al., 2014). Low molecular weight organic acid anions 

(LMOAA) may resolve problems caused by these three limiting factors. The LMOAA may 

increase the PHC bioavailability, increase P bioavailability, and or stimulate the hydrocarbon-
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degrader populations, to enhance the PHC biodegradation (Martin et al., 2014; Rohrbacher and 

St-Arnaud, 2016). LMOAA, such as oxalate, promoted the desorption of organic contaminants, 

polybrominated diphenyl ethers, increased their availability, resulted in distinct shifts in soil 

bacterial communities, and increased the degradation rate (Huang et al., 2016). Citrate can also 

help P release in the soil (Chatterjee et al., 2015). Citrate enhances dissolution of P minerals 

caused by acidification and complexation of cations such as calcium (in alkaline soils), 

aluminum, and iron (in acid soils) from phosphate minerals, and competes with P for adsorption 

on metal (hydr)oxides (Duffner et al., 2012). Citrate and malonate increase microbial activity in 

uncontaminated and diesel-contaminated soil microcosms studies (Martin et al., 2016). Most 

studies on LMOAA on organic contaminants focus on polyaromatic hydrocarbons 

bioavailability, P desorption or microbial community structure (Ström et al., 2005; Johnson and 

Loeppert, 2006; Sato and Comerford, 2006; Wei et al., 2010; An et al., 2010, 2011; Kan et al., 

2011; Gao et al., 2015; Ling et al., 2015; Raynaud et al., 2016). Relatively little research has 

focussed on the effect on LMOAA on gasoline (as a complex mixture) bioavailability, P 

bioavailability or microbial PHC degrader community in a brownfield site. 

The overall goal for this dissertation was to assess the influence of LMOAA (mainly 

citrate) on gasoline bioavailability, P bioavailability, microbial community during gasoline 

biodegradation, especially under anaerobic conditions. This was accomplished with microcosm 

studies and field trials, with physical, chemical, and biological strategies. 

1.1 Organization of the Dissertation 

The research presented in this dissertation was organized in the manuscript format. 

Following this introduction and the literature review presented in Chapter 2, four studies were 

presented from Chapter 3 to Chapter 6. The first three research chapters presented the results of 

studies outlining the influence of LMOAA on PHC bioavailability (Chapter 3), P bioavailability 

(Chapter 4), and microbial community function and structure for PHC bioremediation amended 

with phosphate fertilizer (Chapter 5). Chapter 6 developed an approach to assess the 

mineralization rate for PHC biodegradation. 

The goal of the microcosm project in Chapter 3 was to identify a good combination of 

citrate and phosphate to enhance the anaerobic bioremediation in cold calcareous gasoline 
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contaminated site. Chapter 3 also tested the effect of LMOAA on PHC bioavailability for 

phosphate amended anaerobic benzene or gasoline biodegradation under mimicked in situ and ex 

situ conditions. Dissipation and distribution of PHC was analyzed in the water and soil phase 

with microcosm studies, at cold or ambient temperature. 

Based on the result of Chapter 3, the objective of Chapter 4 was to explore how citrate 

addition influenced the P bioavailability and gasoline biodegradation in calcareous cold-region 

soils in a former gas station. Changes for BTEX and F1-BTEX concentration were investigated in 

the soil and groundwater. Sequential P extraction and X-ray fluorescence (XRF) determined the 

P speciation in the soil samples. Groundwater properties were also analyzed, including dissolved 

P and iron(II). 

To explore how the citrate and phosphate combination influenced the indigenous 

bacterial community especially the anaerobic hydrocarbon degraders, Chapter 5 constructed 16S 

metagenomics sequencing library for soil and groundwater samples from the field site. 

Functional activity was estimated with quantitative PCR and most probable number method. The 

P K-edge X-ray absorption near-edge structure technique determined the soil phosphate mineral 

composition to understand the change for bacterial community in soil and groundwater. 

Chapter 6 presented the development of a strategy to assess the anaerobic hydrocarbon 

mineralization rate for indigenous microbial community using stable isotope technique. Benefits 

and limitations were evaluated for this approach. Benzene and phenanthrene were chosen 

representative compounds for PHC. The mineralization rate calculation was based on the 

difference for 13CO2 production between 13C labelled substance biodegradation and the normal 

substance biodegradation. Finally, Chapter 7 synthesized the major findings of the research 

studies and suggested future work. 
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2. LITERATURE REVIEW 

2.1 Petroleum hydrocarbons (PHC) contamination and bioremediation 

Petroleum hydrocarbons (PHC), a wide range of organic compounds, are one of the most 

widespread soil contaminants in Canada (Canadian Council of Ministers of the Environment 

[CCME], 2008a). PHC can be divided into four fractions (CCME, 2008b). These fractions are 

defined based on their equivalent carbon (EC) numbers. The EC of a compound is the 

corresponding carbon number when the boiling point or retention time of that compound is 

normalized to the boiling point or retention time of the n-alkanes in a boiling point gas-

chromatography (GC) column. Compounds with similar leachability and volatility values are 

grouped into a fraction, represented by an EC range. Fraction 1 (F1) hydrocarbons encompass 

the range from C6 to C10. It represents the volatile fraction of most hydrocarbon mixtures. 

Fraction 2 (F2) is from >C10 to C16. Fraction 3 (F3) is from >C16 to C34. Fraction 1, 2 and 3 all 

have aromatic sub-fractions and aliphatic sub-fractions. Fraction 4 (F4) is C34+. PHC could cause 

a variety of problems for several reasons. First, their reduced nature and volatility pose a fire or 

explosion hazard. Second, PHC constituents are toxic. Third, lighter hydrocarbons are mobile 

and can move in groundwater or air. Fourth, larger and branched chain hydrocarbons are 

persistent in the environment. Fifth, they may create aesthetic problems such as offensive odor, 

taste or appearance in environmental media. Finally, under some conditions they can degrade 

soil quality by influencing water retention and transmission, and nutrient supplies (CCME, 

2008a). 

PHC contamination caused by leakage from underground storage tanks or pipelines and 

by accidental spills is very common in brownfields areas (Menendez-Vega et al., 2007) of which 

there are approximately 30,000 in Canada (Lam, 2004). Brownfields, industrial areas that have 

contaminated soils and groundwater from past chemical leaks, can increase in value and 

useability if these sites could be safely cleaned (Lam, 2004; Licht and Isebrands, 2005). 

However, cleaning these brownfields has proven to be difficult and challenging. CCME 

developed a 3-tiered, risk-based remedial standard, Canada-Wide Standard for Petroleum 

Hydrocarbons in Soil (PHC CWS), for four generic land uses – agricultural, residential/parkland, 

commercial and industrial (CCME, 2008c). Tier 1 is for remediation to generic criteria based on 
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land use; tier 2 is modified based on site-specific parameters; tier 3 is site-specific risk 

assessment and/or risk management. The common land uses in brownfields are 

residential/parkland, and commercial. Table 2.1 shows the tier 1 criteria for soils and 

groundwater based PHC CWS in Saskatchewan and Canada.  

There are plenty of remediation techniques for contaminated environmental soil. 

Traditional technologies include excavation, transport to specialized landfills, incineration, 

stabilization and vitrification. There are two main classification systems for the remediation 

techniques (Table 2.2). One is characterized by the discipline principle these techniques utilize, 

such as physical, chemical, or biological remediation. The other one is based on whether need to 

remove the contaminated material, including ex situ and in situ remediation. Ex situ remediation 

involves excavating and removing contaminated soils, which effectively displace rather than 

address the problem. The disposal of soil material after ex situ treatment of contaminated soil 

also is a problem (van Hees et al., 2008). Relative to ex situ remediation, in situ remediation 

attracts more attention recently, due to its environmental-friendly, cheap and convenient 

characteristics. The remediation strategy selection for a contaminated site mainly depends on the 

contaminants in the site. For volatile organic contaminants like, e.g. aromatics, the most efficient 

technique is soil vapor extraction, and for inorganic contaminants like heavy metals, 

electrokinetic remediation, which can solubilize ionic pollutants from ground and groundwater, 

is one potential solution (Lageman et al., 2005). The latest developments in remediation 

technology often involve combination of two or more comprehensive remediation techniques. 

For example, chemical oxidation can collaborate with aerobic bioremediation techniques, and 

chemical reduction can be used for anaerobic bioremediation (Sullivan and Sylvester, 2006). 

Bioremediation, defined by the United States Environmental Protection Agency 

(USEPA) as a treatability technology, uses biological activity to reduce the concentration and/or 

toxicity of a pollutant. Bioremediation of PHC-contaminated soils has been investigated since 

the late 1940s, but interest increased after the Exxon Valdez oil spill in 1989 (Sarkar et al., 

2005). Compared with other technologies, bioremediation technologies are less expensive, less 

labor intensive, and these techniques have a lower carbon footprint and a higher level of public 

acceptance. Bioremediation uses microorganisms and plants. However, some chemicals are not 
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Table 2.1. Tier 1- Risk-based criteria for petroleum hydrocarbons in soil and groundwater. 

Petroleum 

Hydrocarbons 

Soils (mg kg-1) Groundwater (mg L-1) 

Reference Coarse-Grained Fine-Grained Exposure Pathway 

Residential Commercial Residential Commercial Potable Groundwater† Freshwater/Aquatic Life‡ 

Benzene 0.03 0.03 0.0068 0.0068 0.005 0.37 
Saskatchewan 

Ministry of 

Environment 

(2009) 

Toluene 0.1 0.1 0.08 0.08 0.024 0.002 

Ethylbenzene 0.082 0.082 0.018 0.018 0.0024 0.09 

Xylenes 11 11 2.4 2.4 0.3 NA§ 

F1 (C6-C10) 30 240 170 170 NA NA 

 CCME (2008c) 
F2 (>C10-C16) 150 260 150 230 NA NA 

F3 (>C16-C34) 300 1700 1300 2500 NA NA 

F4 (>C34) 2800 3300 5600 6600 NA NA 

† applies to coarse- and fine-grained soils. 

‡ applies to coarse-grained soils only 10 m – 500 m from surface water. 

§ NA denotes not available
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amenable for bioremediation, for example, radionuclides, some metals and some chlorinated 

compounds (Boopathy, 2000).Typically, bioremediation is considered a site-specific solution due 

to the variety of factors that influence bioremediation success. 

When using bioremediation technologies, some factors need to be considered, i.e., PHC 

partitioning, bioavailability of pollutants, electron acceptors, nutrients, and the suitable 

microorganisms (McGuinness and Dowling, 2009; Schwitzguébel et al., 2011). PHC are water-

immiscible contaminants, present in the soil as four phases: soil gas, sorbed to soil materials, 

dissolved in water, or an immiscible liquid (Huling and Weaver, 1992; Newell et al., 1995; 

Zytner, 2002). Lighter PHC are volatile as gas phase. Solid phase is adsorbed to the soil organic 

matter (SOM) and soil colloids. Liquid PHC often exist as non-aqueous phase liquids (NAPL) or 

dissolved aqueous PHC. NAPL is an immiscible phase. The PHC can partition between any one 

or all four of these phases. The distribution of PHC between these phases can be represented by 

partition coefficients such as Henry’s Law constant describing partitioning between water and 

soil gas. The partition coefficients are highly dependent on the properties of the subsurface 

materials and the NAPL (Newell et al., 1995). 

The bioavailability of PHC is determined by absorption and adsorption process 

(Pignatello and Xing, 1996). The sorption can occur by physical adsorption on a surface, or by 

partitioning (dissolution) into a phase such as the SOM. Most PHC contaminants in soil and 

subsurface environments are poorly soluble in water and therefore persist in NAPL, sorbing onto 

the soil colloids or the SOM. And the sorption partition coefficients normalized to organic 

carbon content are constant for organic compounds, which implies that the PHC will partition 

into SOM more than PHC will adsorb to soil mineral surfaces (Heyse et al., 2002). The 

partitioning between soil and water for PHC is driven by SOM. A study found that 

biodegradation and partitioning rates of phenanthrene from NAPL to water varied with the 

NAPL and the concentration of the test substrate. Biodegradation was slow if the partitioning 

rate was slow (Grimberg et al., 1996). The SOM can form complex with inorganic ions (e.g. 

Fe3+, Al3+, Ca2+ and Mg2+) (Ding et al., 2011). In addition, polyvalent metal ions serve as linking 

agents binding to the multiple carboxyl or phenolate groups on soil organic matter. The free 

SOM or dissolved organic matter bind to PHC in the ambient soil solution and reduce its 

adsorption onto the soil. It was reported that the contribution of clay surfaces to hydrophobic  
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Table 2.2. Examples for remediation techniques. 

Type of 

technology 
Remediation technology 

Technology 

category 
References 

Physical Landfilling Ex situ Gavrilescu et al. (2009) 

Physical Soil washing Ex situ Sims (1990) 

Physical Thermal desorption In situ/ Ex situ Yao et al. (2012) 

Physical Membrane separation Ex situ Li and Zhang (2012) 

Physical Solidification In situ/ Ex situ Wang et al. (2012a) 

Chemical Chemical leaching In situ/ Ex situ Tong and Yuan (2012) 

Chemical Chemical fixation In situ/ Ex situ Shi et al. (2009) 

Chemical Electrokinetic remediation In situ Sun et al. (2012); Barrera-Díaz et al. (2012) 

Chemical Vitrify technology In situ/ Ex situ Yao et al. (2012) 

Chemical Oxidation In situ/ Ex situ Romero et al. (2011) 

Biological Composting In situ/ Ex situ Hashim et al. (2011) 

Biological 
Plant-assisted microbial 

remediation 
In situ/ Ex situ Megharaj et al. (2011) 

Biological Phytoremediation In situ/ Ex situ 
McGuinness and Dowling (2009); 

Schwitzguébel et al. (2011) 

Biological Bioremediation In situ/ Ex situ 
Farhadian et al. (2008); Yang et al. (2009); 

Lin et al. (2010) 

Biological Animal remediation In situ/ Ex situ Gan et al. (2009b) 

sorption in soils can be significant when the OM content is below 6-8% (Ortega-Calvo et al., 

1997).  
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Bioavailability is the portion of a compound that enters a biological organism. As this can 

be difficult to measure, two endpoints are commonly used to estimate potential bioavailability: 

bioaccessibility and chemical activity. The bioaccessibility represents the determination of the 

hydrophobic organic contaminants (HOCs) fraction which are weakly or reversibly sorbed and 

can be rapidly desorpted from the solid phase into the aqueous phase; the chemical activity 

means the potential fraction of HOCs which undergo spontaneous processes such as partitioning, 

at equilibrium according to the Equilibrium Partitioning Theory (Cui et al., 2013). 

Bioaccessibility quantifies a relative long uptake of available contaminants, which can be 

determined by partial extraction methods, such as mild solvent extraction, cycoldextrin 

extraction, Tenax extraction. However, bioaccessiblity is influenced by the sample matrix, 

properties of contaminants, desorption time, due to the operationally defined conditions of the 

bioaccessibility test. The chemical activity is the freely dissolved concentration in equilibrium 

samples. The bioavailability for biodegradation is dependent on the bioaccessibility. The 

decreasing freely dissolved concentration of PHC during biodegradation can be quickly 

replenished by the fraction that is reversibly sorbed, which is a limitation for some extraction 

methods. Gouliarmou and Mayer developed a sorptive bioaccessibility extraction (SBE) method 

with an absorption sink, which avoids underestimating bioaccessibility (Gouliarmou and Mayer, 

2012; Gouliarmou et al., 2013). The principle for the SBE is providing an infinite sink without 

phase separation steps under the addition of diffusive carrier to enhance desorption process 

(Gouliarmou and Mayer, 2012), and it can be used as a passive dosing method to estimate the 

biodegradation of PHC with low water solubility for biodegradation kinetic data (Birch et al., 

2017). 

The electron acceptor determines the pathway for bioremediation of PHC (Haritash and 

Kaushik, 2009). Aerobic PHC bioremediation is the preferred way, because many common 

degraders are aerobic and oxygen provides the greatest amount of energy per unit of PHC 

degraded (Menendez-Vega et al., 2007). It is assumed that the soil has sufficient oxygen content 

(air volume fraction is from 40% to 50%) when the gravimetric water contents are within the 

range of 3-11% and the bulk densities are between 1.0 and 1.2 g mL-1 (Powell et al., 2006). The 

anaerobic condition is present in water submerged soil such as paddy field, swamps and deep 

underground soil, and even exists in anoxic microsites in aerobic soils. As a result, oxygen 
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limitation is a common problem for PHC bioremediation. Chemical amendments are usually 

applied to oxygenate the groundwater and soil. For instance, both solid and liquid peroxides have 

been used in hydrocarbon bioremediation. Aerobic treatment is easy to use, cheap, non-

persistent, and safe. However, sometimes the delivery of oxidants is difficult and expensive. 

Nitrate, manganese, iron, sulfate can act as electron acceptors for anaerobic bioremediation. The 

reduction of NO3
-, Fe(III), Mn(IV), SO4

2-, and CO2 can also be coupled with the mineralization 

of PHC. Based on the Gibbs free energies, the anaerobic toluene biodegradation potential 

follows the order nitrate reducing > iron reducing > sulfate reducing > methanogenic (Heider et 

al., 1998), and benzene biodegradation follows the similar order (Table 2.3). The rate for 

degradation of PHC varies under different redox states (Foght, 2008). 

Table 2.3. Stoichiometric equations and standard free energy changes (ΔG0′) for benzene 

biodegradation. 

Electron 

Acceptor 
Stoichiometric Equation 

ΔG0′ 

(kJ mol-1) 
Reference 

CO2 C6H6 + 6.75 H2O → 2.25 HCO3
- + 3.75 CH4 + 2.25 H+ -116 

Burland and Edwards 

(1999) 

SO4
2- 

C6H6 + 3 H2O + 3.75 SO4
2- → 6 HCO3

- + 1.875 H2S + 

1.875 HS- + 0.375 H+ 
-185 

Kleinsteuber et al. (2008) 

Fe3+ C6H6 + 18 H2O + 30 Fe3+ → 6 HCO3
- + 30 Fe2+ + 36 H+ -3070 

Burland and Edwards 

(1999) 

NO3
- C6H6 + 6 NO3

- → 6 HCO3
- + 3N2 -2978 Vogt et al. (2011) 

O2 C6H6 + 7.5 O2 + 3 H2O →6 HCO3
- + 6 H+ -3173 Weelink et al. (2007) 

Many pure cultures of aerobic and anaerobic bacterial strains are proven to be able to 

degrade PHC, such as benzene, toluene, ethylbenzene, and xylene (BTEX) (Das and Chandran, 

2011; Sarkar et al., 2017). Isolated from a hydrocarbon-contaminated industrial area, Serratia sp. 

(HCS1) and Pseudomonas sp. (HCS2) could degrade gasoline compounds, including benzene, 

toluene, and ethylbenzene, under aerobic conditions (Avanzi et al., 2015). Anaerobic strains, GS-

15 and Geobacter metallireducens could mineralize aromatic hydrocarbons, like toluene (Lovley 

and Lonergan, 1990; Zhang et al., 2010). Most BTEX degraders belonged to the genera 

Pseudomonas, Pseudoxanthomonas, Burkholderia, Sphingomonas, Thauera, Dechloromonas, 

Rhodococcus, Janibacter, Acinetobacter, and Comamonas (Jiang et al., 2015a, b; Qu et al., 2015; 

Morales et al., 2016; Zhou et al., 2016; Khodaei et al., 2017; Wongbunmak et al., 2017). 
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2.2 Mechanisms for biodegradation of PHC  

Alkanes and aromatic hydrocarbons are the most common PHC (Fuentes et al., 2014). 

Alkanes can be classified into linear, branched and cyclic alkanes (Mbadinga et al., 2011). 

Aromatic hydrocarbons often are divided into monocyclic and polycyclic aromatic hydrocarbons 

(PAHs). Because PHC are one of the most widespread soil contaminants and have caused 

various environmental problems, there are thousands of papers focusing on pathways for 

biodegradation of alkanes and aromatic hydrocarbons. 

2.2.1 Alkanes 

Under aerobic conditions, there are four pathways identified for the initial attack on 

alkane biodegradation (Fig. 2.1): monoterminal oxidation, biterminal oxidation, subterminal 

oxidation, and Finnerty pathway (Ji et al., 2013). The monoterminal oxidation pathway and 

subterminal oxidation pathway are regarded as major pathways (Fuentes et al., 2014). 

(1)  Monoterminal oxidation pathway (Fuentes et al., 2014). Alkanes are initially 

attacked at the terminal methyl group to form the corresponding primary alcohols by 

an oxygenase, carried out by either a multimeric monooxygenase or a cytochrome 

P450 monooxygenase which hydroxylates the substrate at terminal position. Then, 

primary alcohols are oxidized into aldehydes by alcohol dehydrogenases, and 

aldehydes are subsequently oxidized by aldehyde dehydrogenases to fatty acids. The 

fatty acids are further degraded by β-oxidation. The monooxygenase complex for the 

initial attack consists of a particulate membrane-bound hydroxylase (pAH), a 

rubredoxin (AlkG), and a rubredoxin reductase (AlkT). The AlkB from Pseudomonas 

putida GPo1 is a well-characterized model pAH enzyme that oxidizes propane, n-

butane, and C5–C13 alkanes. Substrate range and specificity for pAHs and Alk among 

alkane-degrading bacteria.  
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Fig. 2.1. Pathways for aerobic and anaerobic bacterial degradation of n-alkanes. 

(2) Biterminal oxidation (Ji et al., 2013). The fatty acid produced in the monoterminal 

oxidation pathway undergoes ω-hydroxylation at the terminal methyl group (the ω 

position), yielding a ω-hydroxy fatty acid (rather than an aldehyde like the 

monoterminal pathway) that is further converted to a dicarboxylic acid, which then 

also enters β-oxidation. 

(3) Subterminal oxidation (Wentzel et al., 2007). Alkanes are oxidized at the subterminal 

position and form a primary alcohol and a secondary alcohol or methyl acetone with 

the same chain length as the substrate. The secondary alcohol is converted to the 

corresponding ketone, and then oxidized by a Baeyer–Villiger monooxygenase to 

form an ester. The ester then is hydroxylated by an esterase to form an alcohol and a 

fatty acid. 
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(4) Finnerty pathway (Ji et al., 2013). This is a long-chain n-alkane oxidation pathway, 

which is unique to Acinetobacter sp. strain HO1-N. In this pathway, it is proposed 

that n-alkanes are oxidized to form n-alkyl hydroperoxides and then peroxy acids, 

alkyl aldehydes, and finally fatty acids by alcohol dehydrogenase and aldehyde 

dehydrogenase. The first step involves a dioxygenase, which has been reported to be 

common in n-alkane-using Acinetobacter spp. 

The fumarate addition pathway and carboxylation pathway are two common proposed 

reaction mechanisms for the activation of alkane biodegradation under anaerobic conditions 

(Wentzel et al., 2007). Bacterial strains can conduct degradation of alkanes under nitrate, 

sulfidogenic, chlorate and methanogenic conditions (Grossi et al., 2008; Mbadinga et al., 2011). 

Nitrate-reducers and sulfidogenic microorganisms are the major contributors detected (Table 

2.4). Anaerobic alkane degradation has been mainly described in sulfate-reducing 

Deltaproteobacteria.  

(1) Fumarate addition pathway (Fuentes et al., 2014). Addition of fumarate to n-alkane is 

catalyzed by anaerobic glycyl radical enzymes (the extracted hydrogen from the 

parent substrate is recovered) to form (1-methylalkyl) succinate, after which the 

activation metabolite undergoes a carbon skeleton rearrangement to form (2-

methylalkyl) malonyl-CoA that allows decarboxylation to 4-methylalkanoyl- CoA. 

The produced fatty acid then is degraded via “conventional” β-oxidation to yield 

intermediates such as (2-methylalkyl)-CoA, a linear fatty acid containing two carbon 

atoms less than the parent n-alkane, propionyl-CoA and acetyl-CoA. Acetyl-CoA is 

further oxidized to CO2. Fumarate can be regenerated from propionyl-CoA (via 

methylmalonyl-CoA and succinyl-CoA) or alternatively from acetyl-CoA. The 

fumarate addition pathway has been found in sulfate-reducing bacteria, denitrifying 

bacteria, and a nitrate-reducing consortium. The mentioned glycyl radical enzymes is 

termed alkylsuccinate synthase or (1-methylalkyl) succinate synthase (ASS or MAS). 
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Table 2.4. Distribution of anaerobic alkanes degraders.   

Microbes Affiliation 
Mechanism 

involved 
Strains References 

Nitrate 

reducer 

β-, γ-, δ-

Proteobacteria 

Fumarate, 

Carboxylation 

Strain HxN1, Strain OcN1, 

Marinobacter sp. BC36, 

Marinobacter sp. BP42, 

Pseudomonas balearica 

strain BerOc6 

Grossi et al. (2008); 

Mbadinga et al. (2011) 

Sulfate 

reducer 

δ-Proteobacteria, 

Clostridia 

 

Fumarate, 

Carboxylation 

 

Strain AK-01, Strain Hxd3 
Grossi et al. (2008); 

Mbadinga et al. (2011) 

Chlorate 

reducer 
γ- Proteobacteria 

Alternative 

Pathway 

Pseudomonas 

chloritidismutans AW 
Mbadinga et al. (2011) 

(2) Carboxylation pathway. The initial steps to activate alkanes in carboxylation pathway 

include carboxylation with inorganic bicarbonate and the removal of two carbon 

atoms from the alkane chain terminus, forming a fatty acid that is shorter by one 

carbon than the original alkane. The carboxylation pathway can transform C-odd 

alkane substrates to C-even fatty acids and vice versa. This activation strategy was 

mainly developed based on the sulfidogenic strain Hxd3, which is the only isolated 

and identified strain that anaerobically degrades via carboxylation pathway. But Hxd3 

enzymes involved in anaerobic alkane catabolic pathways have not been identified. 

(3) Anaerobic biodegradation of alkanes may proceed via alternative activation 

mechanisms (Mbadinga et al., 2011). For instance, Pseudomonas chloritidismutans 

AW-1T can produce its own oxygen via chlorate respiration for degradation of 

alkanes, which is referred to as “unusual oxygenation” of alkane because it occurs at 

the absence of air. There is another recently proposed strategy involved anaerobic 

hydroxylation of oil alkanes. The result of pyrosequencing of total genomic DNA for 

methanogenic enrichment cultures degrading crude oil showed the presence of genes 

encoding the β-oxidation pathway, alcohol and aldehyde dehydrogenase genes. 

However, no assA-like genes (related to encoding alkylsuccinate synthase) and 

metabolites were found. 
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2.2.2 Aromatic hydrocarbons 

Compared with alkane, aromatic hydrocarbons have limited chemical reactivity because 

of the stabilizing resonance energy of aromatic ring (Fuchs et al., 2011). The major principle of 

aromatic hydrocarbon biodegradation is that a broad range of reactions (peripheral pathways) 

that activate substrates, which are transformed to a restricted range of central intermediates (Fig. 

2.2). Central intermediates are converted to intermediary metabolites by ring-cleavage, and 

further funnel into the Krebs cycle (Pérez-Pantoja et al., 2010; Fuchs et al., 2011). 

 

Fig. 2.2. Pathways for aerobic and anaerobic bacterial degradation of aromatic 

hydrocarbons. 

Under aerobic conditions, O2 works as both the terminal electron acceptor and an 

dispensable reactant (Widdel and Rabus, 2001). Microbes initiate degradation by activation of 

the aromatic nucleus through oxygenation reactions. By the action of monooxygenases or 

dioxygenases, one or two oxygen atoms, respectively, are directly incorporated from O2 leading 

to hydroxylated products, which are called central intermediates, such as catechols and 

protocatechuates (Pérez-Pantoja et al., 2010; Díaz et al., 2013). There are two pathways for 

aerobic aromatic-ring cleavage process.  
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(1) For classical aerobic catabolism, the oxygenolytic cleavage of central intermediates is 

carried out by ring-cleavage dioxygenases, which cleave the ring either between the 

two hydroxyl groups (ortho-cleavage) or next to one of the hydroxyl groups (meta-

cleavage) with intradiol or extradiol dioxygenases (Fuchs et al., 2011; Díaz et al., 

2013).  

(2) For the second strategy for ring cleavage under aerobic condition (called aerobic 

hybrid pathway), some aromatic hydrocarbons can be metabolized through the 

corresponding CoA thioesters (activated by CoA ligase), which are subjected to non-

oxygenolytic ring cleavage to form non-aromatic epoxides by hydrolysis (Díaz et al., 

2013).  

Under anaerobic conditions, four reactions for initial activation of aromatic are 

recognized: (1) fumarate addition; (2) carboxylation; (3) methylation; (4) hydroxylation (Foght, 

2008). These activation reactions feed into pathways that result in ring saturation, β-oxidation 

and/or ring cleavage reactions, producing central metabolites such as benzoyl-CoA that 

eventually incorporated into biomass or completely oxidized. 

(1) Fumarate addition. Anaerobic toluene biodegradation is known to be initiated via 

fumarate addition in nitrate-reducing, sulfate-reducing, ferric iron-reducing, and 

fermenting bacteria (Heider, 2007), which forms (R)-benzylsuccinate. This reaction is 

carried out by benzylsuccinate synthases, which are complex glycyl radical enzymes 

composed of different subunits. This degradation reaction is conserved among 

various types of anaerobic microorganisms utilizing toluene and other substituted 

monoaromatic contaminants (Tierney and Young, 2010). The gene encoding the α- 

subunit of benzylsuccinate synthases, bssA, was used in PCR assays to detect 

anaerobic hydrocarbon degraders. Through a series of reactions, (R)-benzylsuccinate 

is then metabolized to benzoyl-CoA, which is further metabolized to acetyl-CoA via a 

series of β-oxidation-like reactions (Parales et al., 2008). 

(2) Carboxylation. Non-substituted aromatic hydrocarbons like benzene, naphthalene or 

phenanthrene seem to be activated by direct carboxylation of the respective aromatic 

compounds (Zhang and Young, 1997; Fuchs et al., 2011; Luo et al., 2014). Proposed 

carboxylation of benzene produces benzoate by anaerobic benzene carboxylase, and 
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the benzoate-CoA ligase further catalyses benzoate to benzoyl-CoA (Coates et al., 

2002; Abu Laban et al., 2010). The carboxylation of benzene seems to occur in iron- 

and nitrate-reducing bacteria (Dong et al., 2017). 

(3) Methylation. Methylation has been proposed for anaerobic activation of unsubstituted 

aromatic hydrocarbon, such as benzene, naphthalene (Safinowski and Meckenstock, 

2006; Weelink et al., 2010). The initial methylation of benzene to toluene was 

supported by stable isotope labelling method (Ulrich et al., 2005), and the produced 

toluene could be further activated by fumarate addition (Kunapuli et al., 2008; Vogt 

et al., 2011). The naphthalene activation by methylation converts naphthalene to 2-

methylnaphthalene, which is consequently metabolized by fumarate addition and β-

oxidation to succinyl-CoA and naphthoyl-CoA (Heider, 2007). 

(4) Hydroxylation. The first case of anaerobic hydroxylation of aromatic hydrocarbon 

was for ethylbenzene and n-propylbenzene (Heider, 2007). The metabolism is 

initiated by hydroxylating the alkyl substituent at the carbon atom proximal to the 

ring with water, which is catalysed by ethylbenzene dehydrogenase. Ethylbenzene 

dehydrogenase could hydroxylate a wide spectrum of ethyl- and propyl- substituted 

aromatic and heteroaromatic substrates (Fuchs et al., 2011). The hydroxylation of 

ethylbenzene forms (S)-1-phenyethanol, which is further oxidized to acetophenone. 

Subsequently, acetophenone is carboxylated to benzoylacetate by an ATP-dependent 

carboxylase. Finally, benzoylacetate is activated to benzoylacetyl-CoA and cleaved to 

acetyl-CoA and benzoyl-CoA (Heider, 2007). 

All four initial activation reactions can produce benzoyl-CoA as a central intermediate. 

Under anaerobic conditions, most aromatic hydrocarbons are channeled to benzoyl-CoA, which 

is the substrate for dearomatization and ring cleavage (Kuntze et al., 2008). There are two 

strategies for aromatic ring reduction (Fuchs et al., 2011). 

(1) ATP-dependent reduction of the aromatic ring. Predominantly found in facultative 

anaerobes, benzoyl-CoA reduction is driven by stoichiometric ATP hydrolysis 

catalyzed by class I benzoyl-CoA reductases (BCR), producing non-aromatic dienoyl-

CoA (Fuchs et al., 2011). A class I BCR enzyme has been isolated and studied in a 

nitrate-reducing, facultative anaerobe Thauera aromatic K172 (Boll and Fuchs, 1995; 
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Boll et al., 2000). The class I BCR is comprised of four subunits encoded by 

bcrABCD genes. 

(2) ATP-independent reduction of the aromatic ring. Not homologous to class I, the class 

II BCR was found in the iron-reducing bacteria, Geobacter metallireducens (Philipp 

and Schink, 2012). The class II BCR has eight subunits, BamBCDEFGHI (Fuchs et 

al., 2011). Class II BCR are present in obligately anaerobic bacteria (Löffler et al., 

2011; Boll et al., 2014).  

2.3 Soil phosphorus (P) and PHC bioremediation 

Phosphorus (P) is present in many different forms in soil. But only a small fraction of 

total soil P is in a bioavailable form, which closely equates to orthophosphate (H2PO4
- and 

HPO4
2-) or low molecular organic P in soil solution (Doolette and Smernik, 2011; Jones and 

Oburger, 2011). Many remaining soil P forms can be converted to the directly available form, 

but the conversion rate varies (Doolette and Smernik, 2011). The weakly sorbed orthophosphate 

is constantly coming into and out of soil solution and is in rapid equilibrium with solution 

orthophosphate. For other forms of P, this conversion can be very slow. Consequently, the ability 

of the soil to provide bioaccessible P depends on what forms of P are present and their relative 

amounts. The most commonly used differentiation of soil P is between inorganic and organic 

forms. The inorganic P comprises 35-70% of total soil P, which in top soil (0-15 cm) ranges 50-

3000 mg kg-1(Jones and Oburger, 2011). The parent material, soil pH, vegetation cover, and the 

soil development influence the chemical forms of P. Inorganic forms vary greatly in solubility 

and chemical reactivity (Jansa et al., 2011). Common inorganic P forms include: crystalline 

apatites; amorphous phosphates of calcium, potassium, iron and aluminum, and other 

phosphates; inorganic polyphosphates; and orthophosphates. Calcium-phosphates (mainly 

different forms of apatites) are the primary inorganic P in unweathered or moderately weathered 

soils with neutral to alkaline pH. But iron and aluminum phosphate and inorganic P bound and/or 

occluded by iron and aluminum oxy(hydr)oxides predominate in acidic and more progressively 

weathered soils (Jansa et al., 2011). Organic P forms present in the soil are thought to be 

composed of nucleic acids, phospholipids, inositol phosphates, and many metabolic 

intermediates (Jansa et al., 2011). 
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Three major processes of the soil P cycle have been identified to influence available P in 

soil solution: (1) dissolution-precipitation (mineral equilibria), (2) sorption-desorption 

(interactions between soil solution and soil solid surfaces), and (3) mineralization-

immobilization (biological conversions between inorganic P and organic P) (Jones and Oburger, 

2011). In acidic soils, most P is readily adsorbed on the surfaces of iron and aluminum 

(hydr)oxides. Phosphate adsorption takes place by ligand exchange reactions, oxygen bridging 

between Fe and Al and P. Phosphate can be adsorbed by one bond or stronger bidentate bonds 

(formed two oxygen bridges with the same Fe/Al atom). In calcareous soils, oxide surfaces for P 

sorption also exist. However, P is mainly adsorbed on calcite surfaces or precipitated as calcium 

phosphates, in which most phosphate are not in the solution (Yli-Halla, 2016). For example, 

dicalcium phosphate (CaHPO4∙H2O) is precipitated, and further converted gradually to less 

soluble compounds such as octacalcium phosphate, Ca8(HPO4)2(OH)2, and hydroxyapatite, 

Ca10(PO4)6(OH)2. 

Soil P bioavailability may be the most challenging factor to enhance PHC 

bioremediation. The nutrient level at a site influences the microbial activity and biodegradation. 

The ratio of C:N:P is a governing factor. The introduction of PHC disturbs the natural C:N:P 

ratio of the soil by dramatically increasing the amount of C available. Thus, additional N and P 

are required to maintain the balance. Amendments of N or P enhance hydrocarbon mineralization 

(Aislabie et al., 2006). For example, an oleophilic fertilizer, S200 (urea, phosphoric ester, water, 

oleic acid, and glycol ether) has been applied in marine oil spills and been proposed to treat 

hydrocarbon-polluted groundwater and soil (Menendez-Vega et al., 2007). The common N 

fertilizers, urea, ammonium chloride, ammonia salt or ammonium nitrate are highly water 

soluble, which are all readily assimilated in bacteria metabolism (Liebeg and Cutright, 1999). 

However, the P, which is needed by the organisms, unfortunately forms a large number of 

insoluble chemical complexes with mineral fraction, such as calcium, iron, and aluminum, then 

the P becomes unavailable to microorganism (Sashidhar and Podile, 2010). The most readily 

available state for P is around neutral pH. As a result, the availability of P often becomes the 

rate-limiting step in effective bioremediation (Paliwal et al., 2012). There are several kinds of 

classification for the P forms to analyze the availability. Some researchers use water soluble P 

(WSP), readily desorbable P (RDP), algal available P (AAP) and NaHCO3 extractable 
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phosphorus (Olsen-P), or the sum as the total bioavailable P (Zhou et al., 2001). The dissolved 

phosphorus (DP), aluminum-bound phosphorus (Al–P), iron-bound phosphorus (Fe–P), calcium-

bound phosphorus (Ca–P), and organic phosphorus (OP) have also been used to determine the P 

speciation and P bioavailability (Jiang et al., 2011).  

2.4 Low molecular weight organic acids and PHC bioremediation 

Low molecular weight organic acids (LMOA) normally contain 1-6 carbon atoms and 1-3 

carboxyl groups, and constitute only a minor part of the total organic carbon in soil (van Hees et 

al., 2005b). Common LMOA include oxalic acid, citric acid, tartaric acid, aconitic acid, succinic 

acid, salicylic acid, p-hydroxybenzoic acid, malonic acid, fumaric acid, which can be sorted into 

three types: mono-carboxylic, di-carboxylic and tri-carboxylic based on their chemical structures 

(Fig. 2.3). The LMOA are produced from the decomposition of organic matter, dead plants or 

exudates of plants and microbes, ubiquitous in soil (van Hees et al., 2002). The concentration of 

mono-carboxylic acids in soil solution are usually higher than those of di- and tri-carboxylic 

acids (Collins, 2004). But the concentration varies with soil types, vegetation types (Table 2.5). 

 

Fig. 2.3. Chemical structures for some low molecular weight organic acids.
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Table 2.5. Concentrations of some common low molecular weight organic acids (LMOA) in soil 

solutions and soil extracts literature. 

Type LMOA 

Soil Solution 

Concentration 

(µM) 

Soil Extract 

(mmol kg-1) 
Reference 

Mono-

carboxylic 

Acetic 0-2000 0-300 Strobel (2001) 

Butyric 0-100 - Strobel (2001) 

Formic 0-400 0-100 Strobel (2001); van Hees et al. (2002) 

Lactic 0-200 0-1000 Strobel (2001) 

Propionic 0-800 0-100 Strobel (2001); van Hees et al. (2002) 

Valeric 0-300 - Strobel (2001) 

      

Di-

carboxylic 

Fumaric 0-10 0-300 Strobel (2001) 

Malic 0–3000 0-9000 Strobel (2001); van Hees et al. (2005b) 

Maleic 0-80 0-300 Strobel (2001) 

Malonic 0-80 - Strobel (2001) 

Oxalic 0-600 0-2000 
Strobel (2001); van Hees et al. (2002, 

2003, 2005a; b) 

Succinic 0-7000 0-6000 Strobel (2001) 

Tartaric 0-100 - Strobel (2001) 

     

Tri-

carboxylic 

Aconitic 0-10 0-100 Strobel (2001) 

Citric 0-700 0-1000 
Strobel (2001); van Hees et al. (2002, 

2003, 2005a) 

LMOA play an important role in soil chemistry and rhizosphere processes (Bolan et al. 

1994; Kpomblekou-A and Tabatabai 2003). LMOA can form complexes with aluminum and iron 

with high stability constants (Bergelin et al., 2000; van Hees and Lundström, 2000; Strobel, 

2001). The complexation is important for the podzolization by enhancing the weathering rate of 

minerals and facilitating of transport through the soil profile (Bergelin et al., 2000). The presence 

of LMOA anions could increase the negative charge and decrease the positive charge on the soil 

surface. The influence of LMOA anions on surface charge typically follows the order: citrate˃ 

malate˃ oxalate˃ acetate (Xu et al., 2004). It is noteworthy that LMOA can be rapidly 

decomposed in the soil due to microbial consumption (Fujii et al., 2013). The microbial 

mineralization may affect the earlier mentioned processes, however, this depends on soil 

properties, vegetation, and microbial community structure (van Hees et al., 2003). For example, 
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in the mineral phase, the LMOA biodegradation rate was low because of strong sorption to the 

soil matrix, which prevented microbial uptake (van Hees et al., 2002).  

There are conflicting results regarding the relationship between LMOA and PHC 

biodegradation. The LMOA in the root exudates from the rhizosphere of ryegrass, may inhibit 

PHC biodegradation (Corgié et al., 2006). In addition, the repression of phenanthrene 

degradation activity of Pseudomonas putida ATCC 17484 was observed in the presence of 

acetate, lactate (Rentz et al., 2004). The LMOA in root exudates, acetate, citrate, lactate, malate, 

oxalic, may inhibit the gene expression related to naphthalene dioxygenase transcription 

(Kamath et al., 2004). But, LMOA can also enhance the microbial activity to increase the 

degradation of PHC, acting as a direct and easily degradable energy source (Martin et al., 2014). 

Some LMOA can facilitate PHC degradation by enhancing bioavailability of PHC (Ding 

et al., 2011). It was reported that the addition of LMOA may cause the partial dissolution of the 

soil structure by chelating with inorganic structural ions to enhance the bioavailability of soil 

contaminants (White et al., 2003). Some LMOA in root exudates can enhance the desorption of 

phenanthrene  and pyrene, such as citric, malic and oxalic acid (Gao et al., 2010b; a). In addition, 

the tartaric acid, lactic acid, and acetic acid can also inhibit the adsorption and promote the 

desorption of pyrene in soil-water system, which is also affected by the pH (An et al., 2010).  

LMOA can increase P bioavailability, a key factor for PHC biodegradation, through three 

ways: (1) LMOA (citric, oxalic, tartaric, malic, lactic, formic, and acetic acid) can release P from 

phosphate rocks and P compounds, complex metal ions in phosphate rocks and release P, due to 

various functional groups of the LMOA (Bolan et al. 1994; Kpomblekou-A and Tabatabai 2003); 

(2) LMOA (citric, oxalic, tartaric, malic, lactic, formic, and acetic acid) can prevent adsorption 

of phosphate by competing for adsorption sites on soil minerals, dissolution of absorbents and 

changing the surface charge on adsorbents. LMOA decreased the adsorption of P by soils in the 

order tri-carboxylic acids ˃ di-carboxylic acids ˃ mono-carboxylic acids (Staunton and Leprince, 

1996; Wang et al., 2012b); (3) LMOA (maleic, oxalic and citric acids) can mobilize organic P by 

enhancing the solubilisation of organic P (Wei et al., 2010). The effect of LMOA on mobilizing 

P was reported mostly from the rhizosphere under P-limited conditions (Jones and Darrah, 1994, 

1995). And the production of LMOA in the rhizosphere is influenced by the availability of P. In 

contrast, in some cases, LMOA may actually decrease P bioavailability. This occurs by Ca-aided 
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co-adsorption of phosphate and citrate under low citrate concentrations, which is a function of 

the soil mineralogy, phosphate loading, and soil solution composition (Oburger et al., 2011; 

Duputel et al., 2013). 

2.5 Techniques to evaluate PHC bioremediation and the stable carbon isotope technique 

for PHC bioremediation 

For successful in situ bioremediation, the first two steps are to assess whether the 

contaminants can be mineralized by the indigenous microbes and whether the mineralization can 

be improved by stimulation or augmentation (Höhener et al., 1998). The fate of PHC in a 

contaminated site involves complicated processes, including dissolution, partitioning, 

volatilization, oxidation, and biodegradation (Dutta and Harayama, 2000; Coulon et al., 2010). 

This complicated dissipation for PHC results in challenges for precise estimation for PHC 

bioremediation. There are many strategies based on chemical, and biological properties to 

evaluate the PHC bioremediation potential with various experimental approaches including 

microbial cultures, microcosms, laboratory aquifer columns, field observations, and field 

experiments (Höhener et al., 1998). The chemical monitoring characteristics include 

concentrations for contaminants (PHC fractions or biomarkers), end products (dissolved 

inorganic carbon), reaction metabolites, electron acceptors (e.g. O2, Fe3+, NO3
-, SO4

2-), reduced 

products (e.g. Mn2+, Fe2+, H2S, CH4), essential nutrients (e.g. C, N, and P sources), and isotopic 

element composition of the involved compounds (e.g. hydrogen, carbon, oxygen, nitrogen, and 

sulfur) (Hunkelera et al., 1999; Kirtland et al., 2000; Hunkeler et al., 2001; Johnson et al., 2006; 

Höhener and Aelion, 2010; Sihota and Ulrich Mayer, 2012; Su et al., 2013). The biological 

parameters for monitoring include the population of total organisms (plate counts, most probable 

number [MPN]), population for functional microbes with culturable and non-culturable means 

(selected plate counts, MPN counts with specific substrates, enrichment cultures, and in situ 

hybridization targeting RNA or DNA) (Höhener et al., 1998; Bekins et al., 1999). There are 

various analytical methods determining these parameters. Each method has its advantages and 

disadvantages. Among them, the isotope techniques are attractive tools to track or estimate the 

mineralization of the contaminants.  
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Isotopes are molecules of different masses of the same element, which are nuclides 

having the same number of protons but different neutrons. Carbon is one of the most used 

elements for isotope techniques. The delta (δ) notation is usually used to report the stable isotope 

variations, which are relative variations comparing element isotope composition in the sample 

with that in a known reference material (Hoefs, 2015). For global comparison of stable isotope 

data, international standards were developed. The National Institute of Standards and 

Technology (NIST) and the International Atomic Energy Agency are the two major 

organizations distributing the international standards. For carbon, the international standard for 

13C/12C is the Pee Dee Belemnite (PDB), which was introduced based on the internal calcite 

structure (rostrum) of the fossil Belemnitella americana from the Cretaceous Pee Dee Formation 

in South Carolina (Höhener and Aelion, 2010). The abundance ratio 13C/12C for PDB is 

0.011237. 

Stable isotope techniques offer some advantages and specific information for 

biodegradation and bioremediation studies (Höhener and Aelion, 2010). Stable isotope 

techniques can track biodegradation processes which reduce the uncertainty for simple 

concentration measurements due to complicated fate for contaminants. Isotope ratios are not 

affected by dilution, evaporation or sorption during sampling process. The variation for stable 

isotopes abundance in compounds can provide information for different assessments to: identify 

sources of compounds; diagnose the origin of a specific compound formed in a given specific 

environment; assess the transformation pathway; distinguish between abiotic and biotic 

processes; quantify the extent of transformation; verify reactive transport models for the 

prediction of contaminant plumes (Höhener and Aelion, 2010; Hoefs, 2015). Therefore, labeling 

PHC with 13C could be a good option to assess the PHC mineralization rate, which provides a 

more accurate measure of the contribution of biodegradation to PHC dissipation. 
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3. CITRATE ENHANCES BIOREMEDIATION BY INCREASING HYDROCARBON BIOAVAILABILITY 

UNDER IN SITU CONDITIONS AND PHOSPHATE BIOAVAILABILITY UNDER EX SITU CONDITIONS 

3.1 Preface 

Petroleum hydrocarbons (PHC) often contaminate soil and groundwater from spills, 

leakages, and seepage. Bioremediation use biological activity to degrade or detoxify PHC, and it 

is typically more economical than physical or chemical remediation. Adding nutrients, such as 

nitrogen and phosphate, is a common strategy for bioremediation. But, the availability of PHC 

also plays an important role for bioremediation. Low molecular weight organic acid anions 

(LMOAA) was found to increase polyaromatic hydrocarbons desorption. However, few 

researchers have studied the influence of LMOAA on PHC bioremediation. It is not clear 

whether LMOAA can change PHC bioavailability to affect PHC bioremediation. The goal for 

this chapter was to investigate whether LMOAA could increase PHC bioavailability to further 

influence PHC bioremediation which was amended with phosphate.
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3.2 Abstract 

Hydrocarbon bioavailability is a major factor limiting in situ petroleum hydrocarbon 

bioremediation. Low molecular weight organic acid anions (LMOAA) can enhance organic 

contaminant desorption and diffusion in the soil, which may increase the hydrocarbon 

bioavailability and related biostimulation. The hypothesis was LMOAA would increase the 

distribution of hydrocarbons in water, and presumably bioavailability, in cold region calcareous 

soils. Three microcosm tests were conducted to evaluate the influence of citrate addition on 

anaerobic biodegradation for a simple hydrocarbon compound, benzene, or a complicated 

hydrocarbon mixture, gasoline, with phosphate amendment, under ex situ (soil was dried and 

sieved) or in situ (soil was left intact) conditions. As expected, citrate addition increased 

petroleum hydrocarbon bioavailability at concentrations between 10-100 mM. However, citrate 

concentrations of only 1.0 mM paired with 0.1 mM phosphate enhanced anaerobic benzene 

dissipation in soil under ex situ conditions. Similarly, anaerobic gasoline remediation under ex 

situ conditions was enhanced at 1.75 mM citrate with 0.1 mM phosphate. In contrast, for 

mimicked in situ biostimulation, 10 mM citrate (with 1.0 mM phosphate) enhanced anaerobic 

gasoline biodegradation. Thus, citrate increased ex situ anaerobic gasoline biodegradation at low 

concentrations which did not alter gasoline partitioning, but under in situ conditions, citrate 

concentrations that enhanced anaerobic degradation also increased gasoline mobilization. 

3.3 Introduction 

Hydrocarbon distribution throughout the soil matrix is a key factor for effective 

petroleum hydrocarbons (PHC) bioremediation. PHC distribution in soil is thought of as a three-

phase system in which (i) PHC are strong-absorbed to soil organic matter (SOM) and clay 

particles, (ii) PHC are dissolved in soil water, and (iii) PHC exist as droplets of non-aqueous 

phase liquids (NAPL) dispersed in the soil matrix. NAPL droplets occur when the soil matrix’s 

ability to adsorb PHC is exceeded, such as 3,400 µg g-1 methyl tert-butyl ether in gasoline for 

soil containing pooled NAPL (Feenstra, 2005). The dominant soil matrix phase that sorbs PHC is 

SOM. The SOM can be envisioned as an organo-metallic polymer in which inorganic ions (e.g. 

Fe3+, Al3+, Ca2+, and Mg2+) serve as linking agents binding to the multiple carboxyl or phenolate 

groups on organic compounds (Ding et al., 2011). In addition to organic matter, clay surfaces are 

also important contributors to hydrophobic sorption in soils, especially when organic matter 
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content is below 6-8% (Ortega-Calvo et al., 1997). Typically, biodegradation is thought to occur 

only in the aqueous phase (Grimberg et al., 1996), and thus altering PHC partitioning may 

increase biodegradation rates. 

Low molecular weight organic acid anions (LMOAA) can alter partitioning of PHC. 

LMOAA are produced from the decomposition of organic matter, dead plants or exudates of 

plants and microbes, ubiquitous in soil. The concentration of mono-carboxylic acids in soil 

solution are usually higher than those of di- and tri-carboxylic acids (Collins, 2004). Even though 

LMOAA are not stable due to consumption by soil microbes (Fujii et al., 2013), LMOAA play 

an important role in soil chemistry and rhizosphere processes (Bolan et al., 1994; Kpomblekou-A 

and Tabatabai, 2003). Addition of LMOAA could disrupt the sequestering processes occurring in 

the soil matrix, thereby enhancing the desorption of organic pollutants such as pesticides or PHC 

in soils (Ding et al., 2011). Because root exudates are a large natural source of LMOAA, many 

researchers have explored LMOAA in the context of phytoremediation (Sun et al., 2010; Wang 

et al., 2014; Rohrbacher and St-Arnaud, 2016). In technosols and active urban centers, 

phytoremediation is often not a suitable remediation strategy, but it may still be possible to 

remediate a site with LMOAA.  

LMOAA, such as citrate, malate, and oxalate, can mobilize polyvalent metal ions (Fe3+, 

Al3+, Ca2+, and Mg2+) in the soil through disrupting the humic-metal-mineral linkages, which 

may increase the organic pollutants bioavailability to stimulate remediation (Yang et al., 2001a; 

White et al., 2003; Subramaniam et al., 2004; Un et al., 2005; Luo et al., 2006; Ouvrard et al., 

2006; Gan et al., 2009a; Yanhong et al., 2009; Gao et al., 2010b; An et al., 2010; Ling et al., 

2015). This disruption results in mobilization of SOM and the accompanying PHC into the 

aqueous phase, and reduces the degree of cross-linking in the SOM phase to accelerate PHC 

diffusion. However, the desorption for PHC is pH-dependent. For example, polyaromatic 

hydrocarbons had minimal release occurring at pH 2-3 and maximal release at pH 7-8 (Yang et 

al., 2001a). The increase for PHC desorption with increasing pH is possibly due to expansion of 

the humic structure as acidic groups become deprotonated and charged, thereby facilitating 

diffusion of PHC molecules through the organic matrix and to the water interface. The effect of 

LMOAA on PHC availability is different based on LMOAA structure. Citrate can enhance 

polyaromatic hydrocarbons desorption to a greater degree than oxalate (Ling et al., 2009), and 



 

28 

LMOAA inhibit the adsorption and promote the desorption of pyrene in the order of citric acid > 

oxalic acid > tartaric acid > lactic acid > acetic acid (An et al., 2010). For bound PHC residues in 

soils, citric acid with three carboxyl groups, always generated greater release than oxalic and 

malic acids with two carboxyl groups (Gao et al., 2015). It is thought that LMOAA with more 

carboxyl groups have a greater ability to chelate metal cations and promote the dissolution of soil 

minerals. 

Under field conditions, citrate stimulates gasoline remediation by increasing phosphorus 

bioavailability (Chen et al., 2017); here additional mechanisms by which this occurred was 

investigated. The effect of citrate (with three carboxylic groups) and malate (with two carboxylic 

groups) on PHC biodegradation and PHC bioavailability was evaluated, under anaerobic 

conditions. Previous work identified the optimal citrate to phosphate ratio to maximize 

phosphate bioavailability (D. Bulmer, personal communication, 2015). The hypothesis was that 

citrate or malate, would also increase PHC bioavailability as a second mechanism by which 

citrate enhances remediation. In situ bioremediation is one of the cheapest remedial alternatives 

applicable for both soil and groundwater, but it is difficult to spread the water-based 

biostimulation solution throughout the treatment area due to tight and impermeable subsurface 

for some cases (Kuppusamy et al., 2016a). Despite the high cost, ex situ bioremediation achieves 

more uniformity and requires shorter time to reach efficient remediation with a larger surface 

area for microbial attachment (Kuppusamy et al., 2016b). The effect of LMOAA on ex situ and 

in situ anaerobic biostimulation was tested by mimicking these soil conditions (disturbed versus 

undisturbed) in two microcosm studies. Relatively clean and contaminated soil samples were 

collected for anaerobic assessment. Benzene was used for a PHC simple compound, which is 

resistant to biodegradation, and gasoline was used for a complicated mixture but typical for PHC 

sites. Other work exploring LMOAA influences on PHC availability are focused on 

polyaromatic hydrocarbon, not gasoline or BTEX (benzene, toluene, ethylbenzene, and xylenes) 

(Ling et al., 2009, 2015, Gao et al., 2010a, 2015, An et al., 2010, 2011). This research is the first 

to evaluate how LMOAA influence the bioavailability of benzene and gasoline under 

biostimulation conditions.  
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3.4 Materials and Methods 

3.4.1 Evaluation of LMOAA effectiveness on a simple PHC under ex situ remediation conditions 

3.4.1.1 Soil source 

Two soil sample (Table 3.1) were collected from a former gasoline station, located in an 

active urban area (Broadway and 8th Street) in Saskatoon, SK, Canada, on April 15 and 16, 

2015. Soil samples were air-dried and sieved to 2 mm, then stored at room temperature. 

Table 3.1. Information on soil samples (prior to being air-dried and sieved) used for anaerobic 

benzene bioremediation. 

Soil Sample ID BTEX (mg kg-1)† F1-BTEX (mg kg-1)
‡
 Soil Depth (m) 

A 15-01-06 111 136 6  

B 15-09-05 54 0 5  

† BTEX are six compounds, benzene, toluene, ethylbenzene, and ortho, meta and para-xylene. 

‡ F1-BTEX was defined by Canadian Council of Ministers of the Environment (CCME) (2001), and has the equivalent 

normal straight-chain hydrocarbon (nC) from nC6 to nC10, from which the results of a BTEX analysis have been 

subtracted. 

3.4.1.2 Experimental design 

In a soil solution (1 mM PO4, pH >6), the optimal ratio for citric acid: 50% desorbed 

phosphate was within the range from 5:1 to 50:1 (D. Bulmer, personal communication, 2015). 

So, three ratios, 7.5:1, 10:1 and 17.5:1 were used to test the optimal concentration of phosphate 

and citrate for petroleum hydrocarbons biostimulation. A 1:1 ratio of soil (6 g) to autoclaved 

medium (6 mL) for biostimulation was added to a 20 mL serum bottle. The basic medium 

contained 11 mM MgSO4, 10 mM NaNO3. Biostimulation treatments were designed at different 

phosphate concentrations (0.01 M, 0.001 M, 0.0001 M KH2PO4) with different ratios for citric 

acid to phosphate (0, 7.5, 10.0, 17.5). No phosphate addition treatments were set with 0 mM, 7.5 

mM, 10 mM, and 17.5 mM citrate. The abiotic control for the whole design contained 0.02% 

sodium azide, 1 mM KH2PO4, 10 mM citric acid, 11 mM MgSO4 and 10 mM MgNO3. All 

biostimulation media were adjusted to neutral pH.  There were 17 biostimulation treatments 

(Table 3.2). Each treatment was run in triplicate. Each sample was spiked with 4.2 μL of benzene 
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for a concentration of 940-980 mg kg-1. In an anaerobic chamber (Forma Scientific Inc., Ohio, 

USA; Model 1025, 80% N2 and 20% CO2), 10 mL of filter-sterilized 2.9% Na2S solution was 

added to 1 L of autoclaved medium, and the medium was transferred to the serum bottle 

containing soil. Serum bottle microcosms were shaken at 100 rpm for 28 days in the dark at 

10°C. After incubation, benzene concentration was determined for the slurry (5 g, 1000 rpm 

cannot separate water and soil phases), and an additional 1 g was used for moisture content. 

Benzene concentration was determined using a gas chromatograph (GC) equipped with a flame 

ionization detector (FID) (SCION 436-GC, Bruker, ON, Canada). 

Table 3.2. Phosphate and citrate concentrations for anaerobic, low temperature, benzene 

degradation treatments. 

Phosphate 

Concentration (mM) 
0 X Citrate† 7.5 X Citrate 10 X Citrate 17.5 X Citrate 

0 √‡ √ √ √ 

0.1 √ √ √ √ 

1 √ √ √; AC§ √ 

10 √ √ √ √ 

† “0 X Citrate” means no citrate; “7.5 X Citrate” means the ratio for citrate: phosphate is 7.5 (concentration in mM); 

“10 X Citrate” means the ratio for citrate: phosphate is 10.0; “17.5 X Citrate” means the ratio for citrate: phosphate is 

17.5. 

‡ √: the biostimulation treatment with this combination of phosphate and citrate was used; for 0 mM phosphate 

treatment, the concentration for citrate is the amount mM at the number for citrate treatment. 

§ AC: applied abiotic control with 0.02% sodium azide. 

3.4.2 Evaluation of LMOAA effectiveness on a PHC mixture under ex situ conditions 

Soil samples were sampled at 3-6 m depth (F1-BTEX: 0-878 mg kg-1; BTEX: 0-239 mg kg-

1; before air-dried and sieved), from the Broadway and 8th street site, on September 9, 2015. Soil 

(5 g, air-dried, sieved to 2 mm) was placed into a 20 mL serum bottle and was mixed with 15 mL 

of sterile anaerobic biostimulation medium (the same medium compositions described in section 

3.4.1) in the anaerobic chamber. The abiotic control set-up differed from that in section 3.4.1. 

The first abiotic control contained 0.2% sodium azide, 1 mM KH2PO4, 10 mM citric acid, 11 

mM MgSO4 and 10 mM NaNO3. The second abiotic control used gamma radiation (four days at 

2.5 gray per hour) with the same amendment medium as the first abiotic control. Each sample 
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was spiked with 20 μL of gasoline, and serum bottle microcosms were shaken at 100 rpm for 21 

days in the dark at 10°C. After incubation, serum bottles were centrifuged (1000 rpm for 15 

mins). Then, 5 mL of water was taken for headspace analysis to determine F1 content in the 

water. For soil F1 content, about 2.5 g of the soil was weighed for extraction, and the remaining 

soil was used for moisture content determination. The BTEX, Canadian Council of Ministers of 

the Environment (CCME) PHC fraction F1-BTEX and total F1 in the water (WBTEX, WF1-BTEX, and 

WF1) and soil phase (SBTEX, SF1-BTEX, and SF1) were determined using the GC-FID after 0, 7, 14, 

and 21 days. The F1 has the equivalent normal straight-chain hydrocarbon (nC) from nC6 to 

nC10. F1-BTEX is simply BTEX subtracted from F1 (CCME, 2001). The distribution factor for F1 

between soil and water (KSW: KSW-BTEX, KSW-F1-BTEX, and KSW-F1) was calculated by dividing the 

F1 concentration in the soil phase (mg kg-1) from the F1 concentration in the water phase (mg L-

1). 

3.4.3 Evaluation of LMOAA effectiveness on a PHC mixture under in situ conditions  

Soil samples were collected from a depth of 6.75 m to 7.50 m from the soil core S16-12 

at a former bulk fuel site (11th street) in Saskatoon, SK, Canada, on December 15, 2016. 

Approximately 5 g of wet soil was weighed into a 20 mL serum bottle, and mixed with 15 mL of 

sterile biostimulation medium containing 11 mM MgSO4, 10 mM NaNO3, and different 

phosphate and LMOAA (Table 3.3) at neutral pH. To keep anaerobic incubation, 10 mL of filter-

sterilized 2.9% Na2S solution was added to 1 L of autoclaved medium. Each treatment had three 

replicates. Sodium azide at 0.2% was used for the abiotic control. Each sample was spiked with 

20 μL of gasoline. Microcosms were incubated at 100 rpm (shaker) for 28 days at room 

temperature. The concentration for BTEX in the water and soil phase was analyzed with a GC-

FID after 7, 14, 21, and 28 days. 
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Table 3.3. Phosphate and low molecular weight organic anions (LMOAA, citrate or malate) 

concentrations used for analysis of different amendment treatments on gasoline bioavailability at 

22ºC during anaerobic biodegradation. 

Phosphate Concentration (mM) 0 X LMOAA† 10 X Citrate 10 X Malate 

0 √; AC‡ NA NA 

0.1 √ √ √ 

1 √ √ √ 

10 √ √ √ 

† “0 X LMOAA” means no citrate and malate; “10 X Citrate” means the ratio for citrate: phosphate is 10 

(concentration in mM); “10 X Malate” means the ratio for malate: phosphate is 10.0. 

‡ √: the biostimulation treatment with this combination of phosphate and citrate (or malate) was used; AC: applied 

abiotic control with 0.2% sodium azide; NA: not applied. 

3.4.4 Analysis of hydrocarbon compounds 

The concentration of benzene, BTEX, and F1-BTEX was determined based on CCME 

protocol (CCME, 2001). For soil hydrocarbon determination, soil was weighed in a 20 mL 

Teflon tube, and mixed with methanol (methanol:wet solid ratio = 2), shaken for 2 hours at 100 

rpm, then centrifuged at 1000 rpm for 20 minutes. Then, 1 mL of the extract was added to a 20 

mL headspace vial containing 9 mL of DDI water for headspace analysis by GC-FID with a PAL 

Combi-xt autosampler. Each set of ten samples had one duplicate (a randomly chosen sample), 

one method blank, one blank spike, and one matrix spike, which were carried through the 

complete extraction process with samples. Method blank and blank spike used clean sand. The 

blank spike and matrix spike for a random sample were extracted after adding 0.5 mL of 200 mg 

L-1 commercial standard for F1, which had hexane (C6), BTEX, and decane (C10). Recovery for 

blank spike and matrix spikes was from 70 to 130%. To determine moisture content for soil, wet 

soil was air dried overnight in the fume hood, then was oven-dried at 105 °C overnight. For 

water, 5 mL of the water sample was added to a 20 mL headspace vial that had 4 mL of DDI 

water and 1 mL methanol. Each set of ten water samples had a random duplicate. Chemical 

standards (BTEX, hexane, and decane) were purchased from Sigma-Aldrich. 
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3.4.5 Statistical design and analysis 

All statistical analyses were performed using R (R Core Team, 2016). Linear mixed-

effect models evaluated the influence of treatment and time. All tests were declared significant at 

p < 0.05. For the first microcosm study in section 3.4.1, a linear mixed-effect model with the 

restricted maximum likelihood (REML) method tested the effect of phosphate plus citrate (fixed 

effect); contamination status was included as a random effect. For the second microcosm study 

in section 3.4.2, a linear mixed-effect model tested the effect of treatment (fixed effect), and time 

with or without citrate addition concentration (random effect), using the maximum likelihood 

(ML) method. For section 3.4.3, a linear mixed-effect model with the ML method determined the 

effect of treatment (fixed effect), and time with or without anion addition concentration (random 

effect). 

3.5 Results  

3.5.1 Identification of the optimal concentration of phosphate and citrate amendment for 

anaerobic benzene bioremediation at 10°C temperature under ex situ conditions 

Low concentrations of phosphate enhanced benzene bioremediation. The lowest residual 

benzene concentration among treatment groups after 28 days was 102 ± 53 mg kg-1, found in the 

0.1 mM phosphate + 1.0 mM citrate treatment (Fig. 3.1 panel (1), p < 0.001 for the phosphate 

and citrate interaction in the linear mixed model). Across all citrate concentrations, the phosphate 

addition of 0.1 mM had the lowest residual benzene concentration (Fig. 3.1 panel (2), 144 ± 26 

mg kg-1). In contrast, 1.0 mM citrate concentration (102 ± 53 mg kg-1) was close to 0 mM citrate 

(122 ± 23 mg kg-1) and was different from increased citrate concentrations (Fig. 3.1 panel (3), p 

< 0.001 for the citrate factor in the linear mixed model). 
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Fig. 3.1. Residual benzene concentration after 28 days, (1) for different amendment treatments, (2) 

for different phosphate additions, and (3) for different citrate additions, under anaerobic 

conditions. For panel (1), averages of 6 replicates (three replicates per each soil, two soils) are 

denoted by bars with the error bars representing the standard error (SE) from the mean; patterns 

on bars correspond to the same ratio of citrate:phosphate (the 0 X citrate represents 0 times of 

phosphate concentration for citrate added in that treatment) treatment. The grey dash line 

indicates the average benzene concentration in the abiotic control treatment (0.02% sodium azide, 1 

mM phosphate, and 10 mM citrate, 6 replicates). Sample size for panel (2) was 24, but sample size 

for panel (3) were different among treatments (6-24). 
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3.5.2 Identification of the optimal concentration of phosphate and citrate amendment for 

anaerobic gasoline bioremediation at 10°C temperature under ex situ conditions 

The addition of phosphate and citrate increased the BTEX dissipation in microcosms 

under anaerobic conditions (Fig. 3.2). BTEX was positively correlated with F1-BTEX (Spearman's 

correlation coefficient, rho = 0.91) and F1 (rho = 0.95) (Table A1.1) and provided a convenient 

means of tracking gasoline bioremediation. The residual BTEX content (also called TBTEX) had 

the lowest value, 938 ± 108 µg, in the treatment with 0.1 mM phosphate plus 1.75 mM citrate (a 

ratio of 1:17.5 phosphate:citrate, Fig. 3.2 panel (1)). For the phosphate addition, the lowest 

addition group, 0.1 mM, had the lowest residual BTEX (Fig. 3.2 panel (2), 1017 ± 47 µg). 

Similarly, for the citrate addition the 1.75 mM addition of citrate reached the lowest residual 

BTEX content (panel (3) in Fig. 3.2). The best treatment for benzene and F1-BTEX dissipation in 

gasoline was also 0.1 mM phosphate plus 1.75 mM citrate. 

Whereas citrate increased hydrocarbons bioremediation, enhanced BTEX bioavailability 

did not correspond to optimal remediation conditions. Instead, 17.5 mM citrate and 1 mM 

phosphate had the lowest KSW-BTEX (0.43 ± 0.19 L mg-1, panel (1) in Fig. 3.3) which is 10X the 

phosphate (1.0 mM) and citrate (17.5 mM) concentrations that stimulated hydrocarbon 

remediation. Other measures of gasoline bioavailability also had the lowest distribution factor 

between soil and water for benzene (0.22 ± 0.39 L mg-1) and F1-BTEX (1.06 ± 1.57 L mg-1). 
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Fig. 3.2. Anaerobic gasoline remediation under cold (10°C) conditions after 21 days. The residual 

content of BTEX (TBTEX) in the microcosm, (1) across all amendment treatments, (2) for different 

phosphate additions, and (3) for different citrate additions. For panel (1), averages of 12 replicates 

(three replicates per each soil, four soils) are denoted by bars with error bars representing the 

standard error (SE) from the mean; patterns on bars correspond to the same ratio for 

citrate:phosphate (the 0 X citrate means 0 times of phosphate concentration for citrate added in 

that treatment) treatment. The grey dash line indicates the average TBTEX in the abiotic control 

treatment (0.2% sodium azide, 1 mM phosphate, and 10 mM citrate, 12 replicates). Another abiotic 

control (supplemented with 1 mM phosphate and 10 mM citrate addition), not represented on the 

figure, was gamma irradiated, and had 1281 ± 122 µg residual BTEX. Sample size for panel (2) was 

48. But for panel (3), sample size (12-48) varied among treatments, which depends on the citrate 

concentration. 



 

37 

 

Fig. 3.3. Gasoline partitioning under cold (10°C), anaerobic conditions after 21 days.  The 

distribution factor of BTEX between soil and water (KSW-BTEX) in the microcosm, (1) for different 

amendment treatments, (2) for different phosphate addition, and (3) for different citrate addition. 

In panel (1), averages of 12 replicates (three replicates per each soil, four soils) are denoted by bars 

with the vertical bars marking the standard error (SE) from the mean; the same type of bar is for 

the same ratio for citrate: phosphate (the 0 X citrate means 0 times of phosphate concentration for 

citrate added in that treatment) treatment. The grey dash line indicates the average KSW-BTEX in the 

abiotic control treatment (0.2% sodium azide, 1 mM phosphate, and 10 mM citrate, 12 replicates). 

Another abiotic control (amended with 1 mM phosphate and 10 mM citrate addition) was gamma 

irradiated and had 0.83 ± 0.26 L mg-1 value for KSW-BTEX. Sample size for panel (2) was 48. But for 

panel (3), sample size was determined the citrate concentration, from 12 to 48. 
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3.5.3 Effect of phosphate and LMOAA amendment on gasoline bioavailability under anaerobic 

conditions for in situ biodegradation 

At room temperature, 1 mM phosphate and 10 mM citrate (1.0P10.0C), a ratio of 1:10 

phosphate:citrate had the lowest residual BTEX content of 1932 ± 78 µg (Fig. 3.4). In contrast, 

only at much higher malate concentrations (100 mM) was malate effective in biostimulation. 

Citrate additions with 10-100 mM citrate increased gasoline bioavailability (panel (1) in Fig. 

3.5). All the phosphate addition groups had lower residual BTEX content than the abiotic control 

and the no phosphate addition group. For KSW-BTEX, the two lowest values were 9.6 ± 1.4 L kg-1 

(10P100C, 10 mM phosphate and 100 mM citrate) and 10.5 ± 1.1 L kg-1 (1.0P10.0C, 10 mM 

phosphate and 10 mM citrate). The 10 mM phosphate addition group had lower KSW-BTEX than 

other phosphate addition groups (panel (2) in Fig. 3.5). 
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Fig. 3.4. Gasoline remediation under warm (21°C), anaerobic conditions for 28 days comparing 

citrate to malate effectiveness. The residual BTEX content (TBTEX) in the microcosm, (1) for 

different amendment treatments, (2) for different phosphate addition. For panel (1), averages of 12 

replicates (three replicates per each soil, four soils) are denoted by bars with the error bars 

representing the standard error (SE) from the mean. The “i” and “j” for the treatment label “iPjA 

(C/M)” are concentrations (mM) for the phosphate (P) and anion (A)/ citrate (C)/ malate(M) added 

for the treatment. And 0A means no anion was added for biostimulation. The grey dash line 

indicates the average TBTEX in the abiotic control treatment (0.2% sodium azide, 0 mM phosphate, 

and 0 mM citrate/malate, 12 replicates). Sample size for panel (2) was 36. 
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Fig. 3.5. Gasoline partitioning under warm (21°C), anaerobic conditions for 28 days after citrate or 

malate additions. The distribution factor of BTEX between soil and water (KSW-BTEX) in the 

microcosm, (1) for different amendment treatments, (2) for different phosphate addition. For panel 

(1), averages of 12 replicates (three replicates per each soil, four soils) are denoted by bars with the 

vertical bars marking the standard error (SE) from the mean. The “i” and “j” for the treatment 

label “iPjA (C/M)” are concentrations (mM) for the phosphate (P) and anion (A)/ citrate (C)/ 

malate(M) added for the treatment. And 0A means no anion was added for biostimulation. The 

grey dash line indicates the average KSW-BTEX in the abiotic control treatment (0.2% sodium azide, 0 

mM phosphate, and 0 mM citrate/malate, 12 replicates). Sample size for panel (2) was 36. 

3.6 Discussion 

Low concentrations of phosphate (0.1 mM), coupled with low citrate concentrations 

increased anaerobic benzene biodegradation when benzene was present as a single contaminant 
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(1.0 mM citrate) and in a gasoline mixture (1.75 mM citrate). However, at the concentration of 

0.1 mM phosphate and 1.0-1.75 mM citrate, benzene remained strongly partitioned to soil. Thus, 

it is unlikely that citrate’s enhancement of anaerobic benzene biodegradation is from increased 

benzene bioavailability. Other experiments which found that LMOAA enhanced PHC (e.g. 

phenanthrene or pyrene) bioavailability used 10-1000 mM citrate, malate and other LMOAA 

(Ling et al., 2009, 2015; Gao et al., 2010a,b; An et al., 2010, 2011). In my third microcosm 

study, less citrate was needed to increase gasoline bioavailability than malate, which is similar to 

that seen by others in which PHC desorption from soil decreased in the order of citric acid ˃ 

oxalic acid ˃ malic acid present in solution (Ling et al., 2015). There are three other potential 

mechanisms by which LMOAA enhance PHC biodegradation: activation of microbial enzymatic 

pathways, acting as a selective nutrient source to the microbial PHC degrader community 

(Martin et al., 2014), or by increasing phosphate bioavailability. Under field conditions, using 

large bore injectors, adding 1 mM phosphate and 10 mM citrate enhanced anaerobic gasoline 

bioremediation by increasing phosphorus bioavailability (Chen et al., 2017). 

The major mechanism for citrate to enhance PHC biodegradation for anaerobic 

biostimulation differs between ex situ and in situ conditions. The influence of citrate was 

assessed in three replicate studies designed to assess ex situ conditions (air-dried, sieved, 

contaminated saturated soil) with either a single pollutant or a gasoline mixture, and in situ 

conditions (intact, contaminated saturated soil) polluted with a gasoline mixture. In soils such as 

these, it is not clear why benzene is persisting; however, it has been postulated this is due to the 

lack of appropriate microbes, nutrients or electron acceptors (Edwards and Grbić-Galić, 1992). 

Benzene and BTEX were elected as chemicals of concern, and benzene was used in either a 

mixture or as a sole source for PHC contaminant. Under all these conditions, citrate increased 

PHC bioavailability when used between 7.5 and 100 mM under both cold and ambient 

temperature. Under ex situ conditions, citrate enhanced anaerobic PHC biodegradation but at 

concentrations that did not increase PHC bioavailability. Under in situ conditions, citrate 

increased anaerobic gasoline biodegradation at concentrations that also increased PHC 

bioavailability. The difference between these conditions likely arises because under ex situ 

conditions PHC biodegradation is mostly limited by phosphorus bioavailability as soil structure 

is disrupted releasing PHC (Rojas-Avelizapa et al., 2007). In contrast, under in situ conditions, 
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PHC biodegradation is likely limited by PHC bioavailability due to limited PHC mobilization in 

condensed soil (Pandey et al., 2009). These microcosm experiments used different soils and soil 

processing from across a site, and thus, comparing partitioning values between studies is fraught 

with difficulties because soil texture is a well-known determinant of PHC partitioning (Amellal, 

2001; Conte et al., 2001; Falciglia et al., 2011; Bielská et al., 2012). Partitioning values here are 

0-34.2 L kg-1 for KSW-BTEX, within the range reported 0-95.3 L kg-1 by others (Ranck, 2003; Lee 

et al., 2004), and similar that seen in the field study (0.25-11.7 L kg-1 for KSW-BTEX, unpublished 

data). 

Under field conditions, citrate was applied for eight months before assessing 

effectiveness and others have incubated their microcosms for 100-200 days (Phelps and Young, 

1999; Philp et al., 2002; Townsend et al., 2004). In contrast, experiments in this chapter were 

limited to a 28 day period, and a 30-100 day lag time sometimes occurs for anaerobic benzene 

degradation in microcosms (Edwards and Grbić-Galić, 1992). The rationale for the short time 

period was that citrate would not persist in the microcosms for longer than 28 days. Under field 

conditions, citrate was non-detectable throughout the field site demonstrating the labile nature of 

LMOAA in soil ecosystems. To increase the sensitivity of microcosm assay, 10,000 µg of F1 

was added to each microcosm that initially contained approximately 1,000 mg kg-1 (5,000 µg). 

Maximum residual BTEX content in the microcosm of 2500 µg, soil BTEX concentration of 300 

mg kg-1, and water BTEX concentration of 200 mg L-1 were detected. Thus, after 28 days, only 

approximately 16-32% percent of the original F1 spiked content was detected. These high spike 

concentrations suggest that to fully evaluate citrate effectiveness, multiple sites should be 

assessed for citrate based biostimulation of hydrocarbon remediation. Citrate concentrations 

between 2 and 10 mM in concert with between 0.1 and 1 mM phosphate will likely be effective 

under field conditions. 

3.7 Conclusion 

The LMOAA, citrate, increased anaerobic PHC biodegradation at lower concentrations, 

which did not alter PHC partitioning for ex situ biostimulation, and at higher concentrations 

enhancing PHC mobilization for in situ biostimulation. The wide range of citrate found to 

stimulate biodegradation reflects the robustness of this experimental design in which different 
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soils, under different conditions, were exposed to citrate. It also highlights that, depending on the 

nature of the soil, citrate’s mechanism of action may differ from what was presented here for a 

cold region calcareous soil. Practioners should follow best practices, and determine the optimal 

citrate effectiveness for their respective sites’ soils before applying citrate in large quantities. 
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4. CITRATE ADDITION INCREASED PHOSPHORUS BIOAVAILABILITY AND ENHANCED GASOLINE 

BIOREMEDIATION1 

4.1 Preface 

Gasoline bioremediation is often limited by the phosphorus bioavailability, which could 

be increased by citrate addition. The previous chapter tested the effect of different low weight 

molecular organic acid anions including citrate on hydrocarbon bioavailability and anaerobic 

gasoline biodegradation in microcosm studies. However, it is not clear how citrate addition 

would influence phosphate amendment for in situ gasoline biodegradation due to environmental 

heterogeneity. In order to evaluate the effect of citrate under field conditions, a field study was 

conducted, with tracking physical and chemical properties in groundwater and soil during 

biostimulation. 

                                                 

1 Chapter 4 of this dissertation has been previously published (with minor changes for formatting) as: Chen, T., C. 

Philips, J. Hamilton, B. Chartbrand, J. Grosskleg, K. Bradshaw, T. Carlson, K. Timlick, D. Peak, and S.D. Siciliano. 

2017. Citrate addition increased phosphorus bioavailability and enhanced gasoline bioremediation. J. Environ. Qual. 

46(5): 975–983. Tingting Chen is the major contributor and author of the manuscript. Courtney Philips, Jordan 

Hamilton, Blaine Chartbrand, Jay Grosskleg, Kris Bradshaw, Trevor Carlson, Karen Timlick and Derek Peak helped 

with experimental design, implementation, sampling and analazing. Steven D. Siciliano is the supervisor and helped 

throughout this study. 
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4.2 Abstract 

Phosphorus (P) bioavailability often limits gasoline biodegradation in calcareous cold-

region soils. One possible method to increase P bioavailability in such soils is the addition of 

citrate. Citrate addition at the field scale may increase hydrocarbon degradation by: (i) enhancing 

inorganic and organic P dissolution and desorption, (ii) increasing hydrocarbon bioavailability, 

and/or (iii) stimulating microbial activity. Alternatively, citrate addition may inhibit 

biodegrading activity due to competitive effects on carbon metabolism. Using a field-scale in situ 

biostimulation study, it was evaluated whether citrate could stimulate gasoline degradation and 

what the dominant mechanism of this stimulation will be. Two large bore injectors were 

constructed at a site contaminated with gasoline, and a biostimulation solution of 11 mM 

MgSO4, 1 mM H3PO4, and 0.08 mM HNO3 at pH 6.5 in municipal potable water was injected at 

~5000 L d−1 for about 4 mo. Following this, 10 mM citric acid was incorporated into the existing 

biostimulation solution and the site continued to be stimulated for 8 mo. After citrate addition, 

the bioavailable P fraction in groundwater and soil increased. Iron(II) groundwater 

concentrations increased and corresponded to decreases in benzene, toluene, ethylbenzene, 

xylenes (BTEX) in groundwater, as well as a decrease in F1-BTEX in the soil saturated zone. 

Overall, citrate addition increased P bioavailability and may stimulate anaerobic microbial 

activity, resulting in accelerated anaerobic gasoline bioremediation in cold-region calcareous 

soils. 

4.3 Introduction 

The storage, transport, and use of gasoline and diesel fuel often results in inadvertent 

hydrocarbon releases into soil and groundwater. There are many different approaches for 

remediating the released hydrocarbons; bioremediation is one cost-effective approach (Zhao et 

al., 2014; Masy et al., 2016; Mitra and Mukhopadhyay, 2016). Bioremediation uses 

microorganisms to convert chemical compounds, such as gasoline, into energy, cell mass, and 

biological waste products (Rahman et al., 2002). Two major strategies for bioremediation are 

bioaugmentation (addition of contaminant-degrading microorganisms) and biostimulation 

(providing nutrients or other supplementary components to support microbial growth) (Tyagi et 

al., 2011). There are numerous microorganisms that can degrade hydrocarbons by catalyzing 

electrons transfer from gasoline to electron acceptors such as oxygen, nitrate, Fe(III) minerals, or 
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sulfate (Tiehm and Schulze, 2003; Yakubu, 2007). However, optimization of in situ conditions 

for anaerobic hydrocarbon biodegradation remains a challenge. The simple addition of electron 

acceptors and nutrients often fails for a variety of reasons likely linked to limited microbial 

populations (Bento et al., 2005), poor dispersion of the biostimulation solution (Liang et al., 

2009), or nutrient inaccessibility (Mills and Frankenberger, 1994). 

Phosphorus (P) can readily become a rate-limiting factor for hydrocarbon biodegradation 

(Jin and Fallgren, 2007; Yang et al., 2009). Phosphorus is needed at an approximate ratio of 

100:1 C (as hydrocarbon) to P to allow microorganisms to assimilate the energy released during 

hydrocarbon degradation (Thompson et al., 1954). However, simple addition of P to soils rarely 

works because P is almost always added as phosphate (PO4), which readily precipitates with Ca, 

Fe, and Al, resulting in low P bioavailability (efficiency to take up P) to microorganisms. In 

calcareous soils, P ions typically precipitate as Ca and Mg phosphate, such as octacalcium 

phosphates and hydroxyapatite, which are largely unavailable (Hinsinger, 2001; Ström et al., 

2005). Furthermore, the formation of certain phosphate mineral phases, such as brushite, can 

inhibit microbial populations that degrade hydrocarbons (Siciliano et al., 2016). It is possible to 

design biostimulation solutions to prevent mineral formation, but adsorption processes can also 

severely limit PO4 bioavailability. Thus, what is needed is a method of maintaining PO4 in soil 

solution, even in calcareous soils. Such an adjunct to biostimulation solutions would then allow 

the PO4 to disperse across a contaminated site into areas of peak bioremediation activity, which 

are themselves acting as a strong biological sink for available P (Sato and Comerford, 2006). 

Citrate is one possible adjunct to increase P bioavailability through three distinct 

mechanisms: (i) competitive ligand exchange, (ii) mineral dissolution, or (iii) organic P 

dissolution (Wei et al., 2010). Citrate provides a ligand that has a higher affinity for some soil 

surfaces than does PO4 (Sato and Comerford, 2006), which can thus displace adsorbed P from 

the soil surface. Citrate can also chelate Fe, Mn, or Ca to enhance Ca-P mineral dissolution 

(Bolan et al., 1994; Kpomblekou-A and Tabatabai, 2003; Ström et al., 2005). Citrate mobilizes 

organic P by similar mechanisms to inorganic P, because the organic P can react with metal ions 

like free phosphate ion, that is, via the P oxygen bonds (Wei et al., 2010). Recent work has 

suggested that organic P release by citrate may not be due to chelating effects but instead arises 

from other unknown mechanisms (Wang et al., 2015). In addition to effects on P bioavailability, 

citrate can also facilitate biodegradation by enhancing bioavailability of hydrocarbons (Gao et 



 

47 

al., 2010b; a; Wang et al., 2015). The increase in hydrocarbon bioavailability is thought to occur 

by enhancing hydrocarbon desorption via disruption of the organic matter caused by chelation of 

metals within the organo-metallic polymer complex (Yang et al., 2001b; Rohrbacher and St-

Arnaud, 2016). 

Citrate, however, may not be a panacea. First, under some soil conditions, citrate may 

actually decrease P bioavailability. This occurs by Ca-aided coadsorption of phosphate and 

citrate under low citrate concentrations (Duputel et al., 2013), which is a function of the soil 

mineralogy, phosphate loading, and soil solution composition (Oburger et al., 2011; Duputel et 

al., 2013). Second, citrate can act as an energy source for microorganisms (Jana and Ghosh, 

1995; Knight et al., 1996; Polen et al., 2007), thereby reducing their hydrocarbon degradation 

activity. Microbial uptake for citrate is quick in soil, and reported half-life for citrate is <2 d 

(Owen et al., 2001). However, when citrate is chelated to other ions, thereby increasing P or 

hydrocarbon bioavailability, the citrate may not be a readily available energy source (Martin et 

al., 2014). 

Here, the objective was to assess the effect of citrate addition on in situ P bioavailability 

and petroleum hydrocarbon bioremediation at a contaminated field site. The research site was 

impacted with gasoline- and diesel-related petroleum hydrocarbons largely related to its 

operation as a retail gasoline station over a time span of >40 yr. As part of this research, the site 

was exposed to PO4 amendment delivery for 17 weeks, after which the amendment was altered 

to PO4 with citrate addition. Site impacts in the soil are smeared across the unsaturated capillary 

fringe and saturated soil zones, providing an ideal living laboratory to evaluate the effect of 

citrate across a variety of redox environments. 

4.4 Materials and Methods 

4.4.1 Field site and design 

The study site is at a former gasoline station located in an active urban setting in 

Saskatoon, SK (Fig. 4.1). Based on the previous site assessment results, a comingled plume may 

exist beneath the adjacent street originating from both the former and an existing gasoline station 

located across the street from the study site. The groundwater flow direction in this area is to the 

northwest toward to the South Saskatchewan River. Due to historic site disturbance and 

development, utilities, plume size and shape, site flow may not always be in that direction. Two 
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infiltrators, denoted as the North and East Infiltrator, for amendment solution delivery were 

installed (Fig. 4.1). Detailed information about infiltrators can be found in Siciliano et al. (2016). 

This study used two amendment treatments to test the effect of citrate addition on P 

bioavailability. The first amendment delivery containing 1 mM H3PO4, 0.08 mM HNO3, and 11 

mM MgSO4 in municipal potable water (100,000 L in the tank) was pumped into infiltrators 0.5 

m below ground at a rate at ~5000 L d−1 on 15 May 2015. The second amendment delivery 

including 10 mM citric acid, 1 mM H3PO4, 0.08 mM HNO3, and 11 mM MgSO4 began on 25 

Sept. 2015. 

 

Fig. 4.1. Locations of groundwater monitoring wells and soil boreholes for different areas at 

Broadway and 8th street (adapted from a site map provide by Federated Co-operatives Limited). 

The scale is 1:200. Green triangles link up groundwater monitoring wells in each area. The red 

dash circles group the soil boreholes for each area.  

4.4.2 Groundwater sampling and analysis 

Eight monitoring wells (as spatially arranged in Fig. 4.1) were installed in 2010 and 

2013. Groundwater samples (about 1 L) were collected monthly from each well and analyzed by 

Saskatchewan Polytechnic from December 2014 to July 2016. Groundwater parameters 

determined included conductivity, pH, manganese(II), iron(II), chloride, bromide, fluoride, 
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nitrate, nitrite, sulfate, calcium (total), magnesium (total), sodium (total), phosphorous (total), 

manganese (total), iron (total), calcium (dissolved), magnesium (dissolved), potassium 

(dissolved), sodium (dissolved), phosphorous (dissolved), manganese (dissolved), iron 

(dissolved), sulfide, total dissolved solids (at 180C), benzene, toluene, ethylbenzene, xylenes 

(BTEX), and Canadian Council of Ministers of the Environment (CCME) petroleum 

hydrocarbon (PHC) fractions F1-BTEX, F2, and F3. F1 has the equivalent normal straight-chain 

hydrocarbon (nC) from nC6 to nC10. F1-BTEX is the content of F1 with BTEX subtracted. F2 has 

nC10 to nC16, and F3 has nC16 to nC34. 

The whole period for groundwater determination process has three treatments: no 

amendment (seven sampling points: 1 Oct. 2014, 30 Oct. 2014, 15 Dec. 2014, 13 Jan. 2015, 13 

Feb. 2015, 3 Mar. 2015, and 10 Apr. 2015), phosphate amendment (six sampling points: 30 Apr. 

2015, 28 May 2015, 17 June 2015, 15 July 2015, 12 Aug. 2015, and 17 Sept. 2015), and 

phosphate plus citrate amendment (seven sampling points: 14 Oct. 2015, 16 Nov. 2015, 7 Dec. 

2015, 13 Jan. 2016, 9 Feb. 2016, 2 Mar. 2016, and 7 Apr. 2016). According to the dissolved P 

change and position, eight monitoring wells were divided into three areas (Fig. 4.1). Background 

area is represented by 10-04. Area 1 includes 10-01, 10-02, 10-03, and 13-01. Area 2 embraces 

13-04, 13-05, and 13-06. The mean for all the monitoring wells in the same area in the same 

amendment treatment was used for analysis. 

4.4.3 Soil sampling and analysis 

According to the time for different amendment solution deliveries, nine soil boreholes 

were drilled at three time points (Fig. 4.1): 15-01 to 15-09 on 15 and 16 Apr. 2015 (for no 

amendment); 15-10 to 15-18 on 9 Sept. 2015 (for phosphate amendment), the position for soil 

boreholes was the same as that in April 2015; 16-01 to 16-09 on 26 and 27 Apr. 2016 (for 

phosphate and citrate amendment), on subsequent samples boreholes were placed with 0.5 m of 

the previous sampling boreholes. The 15-01, 15-02, 15-03 boreholes were drilled in a southwest 

line of the North Infiltrator, at distances of 3, 6, and 9.5 m from the infiltrator. The 15-04, 15-05, 

15-06 boreholes were drilled in a southwest line of the East Infiltrator, at distances of 2.5, 4.5, 

and 8.5 m from the infiltrator. The 15-07, 15-08 and 15-09 boreholes were drilled northwest of 

the North Infiltrator, between the North and East infiltrators, and southeast of the East Infiltrator. 

All boreholes were backfilled with bentonite and capped at the surface with cold-patch asphalt. 
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All nine boreholes were drilled to 6.0 m deep and soil samples were collected at 1.0-m 

intervals to the final depth. The upper three samples for each borehole (1, 2, and 3 m) 

represented the unsaturated zone and the lower three samples (4, 5, and 6 m) stood for the 

saturated zone (Fig. 4.2). However, during biostimulation, portions of the unsaturated zone, 

especially those near the injectors, received biostimulation solution because the injectors were 

filled to 0.5 m below the surface. Similarly, the whole area was divided into three treatment 

areas: background area had one borehole for each time point (15-07/15-16/16-07, three replicates 

for each zone); Area 1 was grouped by five boreholes (15-04/15-13/16-04, 15-05/15-14/16-05, 

15-06/15-15/16-06, 15-08/15-17/16-08, and 15-09/15-18/16-09; 15 replicates for each zone); 

Area 2 was grouped by three boreholes (15-01/15-10/16-01, 15-02/15-11/16-02, and 15-03/15-

12/16-03; nine replicates for each zone). 

 

Fig. 4.2. Structure for a soil borehole. 

Total elemental concentrations were determined with X-ray fluorescence (XRF) using a 

Thermo Fisher Scientific ARL OPTIM’X X-ray Analyzer. Soil samples were dried, sieved 

(0.850 mm), hand ground to a uniform particle size with mortar and pestle to reduce X-ray 

shadowing effects of large soil aggregates, and then analyzed as powders under helium X-ray 

chamber conditions. Elemental counts per second were converted to milligrams per kilogram 



 

51 

concentrations using the Thermo Fisher Scientific OPTIQUANT software package. This 

software package provides an accuracy to within 10% of each element. A known standard 

reference soil (NIST 2711) was periodically measured to verify that OPTIQUANT was 

providing consistent results. Only 12 samples that may have been influenced by the citrate 

addition were analyzed. 

Phosphorus speciation was conducted via sequential chemical extractions performed on 

0.5 g air-dried 0.850-mm-sieved soil. For this fractionation, 62-mm  27-mm anion-exchange 

membrane resin strips (Qian et al., 2006), 0.5 M NaHCO3 (Schoenau and O’Halloran, 2006), and 

0.1 M NaOH were used to determine P extracted by resin (Resin-P), NaHCO3–extracted 

inorganic (NaHCO3–IP) and organic P (NaHCO3–OP), and NaOH-extracted inorganic (NaOH-

IP) and organic P (NaOH-OP) using a common sequential extraction methodology (Tiessen and 

Moir, 2006). Inorganic P was analyzed by 0.9 M H2SO4. Total P was determined via an 

ammonium persulfate and 0.9 M H2SO4 autoclaving digestion. Organic P was calculated by 

subtracting total P with inorganic P. All extracts were analyzed by the compact dual-channel 

AA1 auto analyzer (Folio Instruments) with continuous flow analysis. Each set of 10 samples 

had one sample duplicate for quality control. 

The PHC fractions were determined based on CCME protocol (CCME, 2001). To 

determine moisture content, 7 g of wet soil for each sample was air dried overnight in the fume 

hood, then oven dried at 105C overnight. Wet soil (7 g) was weighed in 30-mL Teflon tubes to 

extract F1-BTEX and BTEX. Soil was mixed with 14 mL methanol, shaken for 2 h at 25 g, then 

centrifuged at 700 g for 20 min. One milliliter of this extract as mixed with 9 mL of water for 

headspace analysis by gas chromatograph (GC) equipped with a flame ionization detector (FID) 

(SCION 436-GC, Bruker, ON, Canada) using a PAL Combi-xt autosampler. Samples were 

incubated for 5 min at 82C and agitated at 14 g (2 s on and 4 s off). The GC, equipped with a 

split-splitless injector, was operated with a split 20:1 for the whole run. The injector temperature 

was 200C with a constant column flow of 1 mL min−1. The column used was Bruker-BR86092 

(30 m  0.25 mm) with helium carrier gas at a flow rate of 27.5 mL min−1, hydrogen gas at a 

flow of 30 mL min−1, and air at a flow of 300 mL min−1. The oven temperature program used 

was initially 60C, then increasing 15C min−1 to 150C. Detector temperature was 300C. Each 

set of six samples had one method blank, one blank spike, and one matrix spike, which were 

carried through the complete extraction process with samples. Method blank and blank spike 
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used 7 g clean sand. The blank spike, and matrix spike which used 7 g soil for a random sample, 

were extracted after adding 0.5 mL of 50- to 200-mg L−1 commercial standard for F1-BTEX and 

BTEX. Recovery for blank spike and matrix spikes were from 70 to 130%. 

The F2 and F3 of PHC were extracted by modified shaking method (Schwab et al., 1999; 

Siddique et al., 2006), and o-terphenyl was used as surrogate. Soil (2 g) was mixed with 2 g 

oven-dried sodium sulfate and 30 mL of 50:50 hexane/acetone in a 40-mL Teflon tube. The tube 

was shaken at 25 g for 2 h and then centrifuged at 700 g for 10 min. The supernatant was 

evaporated to 1.5 mL by Pierce Reacti-Therm III NON-stirring heating module at room 

temperature under nitrogen flow and then passed through 9 g of oven-dried sodium sulfate in a 

column, which was then rinsed with 10 mL of hexane. The eluent was then evaporated to 1.5 mL 

again. The samples were analyzed quantitatively by GC-FID (CP-3800 GC, Varian, CA, USA) 

equipped with BD-1HT column (Agilent Technologies, CA, USA), 30 m  0.25 mm. The oven 

temperature was programmed at 40C for 1.0 min with 30C min−1 increments to 350C. The 

constant column flow was 10 mL min−1. The detector was kept at 350C with helium carrier gas 

at a flow rate of 50 mL min−1, hydrogen gas at a flow of 20 mL min−1, and air at a flow of 300 

mL min−1. Each set of 20 samples had a method blank, a blank spike, a matrix spike, and a 

sample duplicate. The blank spike and matrix spike, which were added 1 mL of 100 to 200 mg 

L−1 standard, had 70 to 130% recovery. 

All commercial standards for PHC fractions were purchased from Chromatographic 

Specialties. For the standard mixture of F1-BTEX, BTEX, the stock solution had 2000 mg L−1 of n-

decane, n-hexane, toluene, benzene, ethylbenzene, o-xylene, m-xylene, and p-xylene. The stock 

F2 and F3 standard contained 5000 mg L−1 of phytane, pristine, n-octadecane, n-heptadecane, n-

decane, n-hexadecane, n-tetratriacontane, and o-terphenyl. Soil pH was measured in 20 mL of 

0.01 M CaCl2 with 4 g air-dried 2-mm sieved soil (Hendershot et al., 2008) only for soil samples 

collected in September 2015 and April 2016. Soil particle size analysis was conducted by a 

modified pipette procedure (Indorante et al., 1990). Soil organic carbon content was determined 

by dry combustion using a carbon analyzer (Bisutti et al., 2004). 

4.4.4 Statistical analysis 

Normality of residuals was tested using the Shapiro–Wilk statistic. The groundwater and 

soil were zero-inflated data, so a Kruskal–Wallis rank sum test was used to test the effects of 
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area and treatment on groundwater measures and treatment, area, and soil zone on soil measures. 

The t test was performed to compare different treatments in the same area for groundwater 

samples and different treatments in the same soil zone and same area for soil samples. All tests 

were completed at the p < 0.05 significance level. The Pearson correlation coefficient was 

calculated to estimate correlation between hydrocarbon biodegradation and P fractions. 

Statistical analyses were performed using R version 3.3.2 (R Core Team, 2016). 

4.5 Results 

4.5.1 Groundwater dissolved P and iron(II) 

Citrate addition increased dissolved P and iron(II) in the groundwater (Fig. 4.3, Table 1). 

The effect of citrate addition on P and iron(II) was limited to Areas 1 and 2, with background 

groundwater remaining unaffected. For example, in Area 1, dissolved P was undetectable when 

only phosphate was added but increased to 0.1 mg P L−1 after addition of citrate with phosphate. 

In Area 2, dissolved P jumped from 0.1 to 0.4 mg L−1 after adding citrate. Soil pH was stable in 

the background area, 7.12 (SE = 0.04). However, pH decreased slightly in Areas 1 and 2, from 

6.97 (SE = 0.07) to 6.76 (SE = 0.03) and from 7.02 (SE = 0.06) to 6.75 (SE = 0.03), respectively. 

Iron(II) increased from 20 to 80 mg L−1 in Area 1 and from 60 to 80 mg L−1 in Area 2 after 

citrate addition. In contrast with iron(II), sulfate increased (p < 0.05) after citrate addition, 

increasing from 1991 (SE = 172) to 2670 mg L−1 (SE = 170) in Area 1 and from 814 (SE = 101) 

to 1549 mg L−1 (SE = 451) in Area 2. For the whole site, sulfide decreased from 3.24 (SE = 2.73, 

before amendment delivery), to 0.33 (SE = 0.18, before citrate addition), and then to 0.14 (SE = 

0.04, after citrate addition). 



 

54 

 

Fig. 4.3. Dissolved phosphorus (circles) and iron(II) (squares) in groundwater across three site 

treatment areas. Symbols indicate the average of four wells for Area 1, three wells for Area 2, and 

one well for the background area, with error bars indicating the standard error of the estimate. 

Different letters indicate significant differences among amendment treatments for the same area. 
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Table 4.1. The p-values from the Kruskal-Wallis rank sum test for variables in groundwater. 

Variables Types Area§ Treatment 

Nitrate 
Electron acceptor 

3.72E-04 5.59E-01 

Sulfate <2.2E-16 3.91E-02 

    

Manganese(II) 

Potential product from anaerobic respiration 

5.95E-02 7.12E-01 

Nitrite 1.32E-03 1.21E-01 

Iron(II) 5.83E-05 1.12E-02 

Sulphide 4.26E-01 6.36E-03 

    

Phosphorous (T†) 
Nutrient of interest 

7.94E-16 1.64E-01 

Phosphorous (D‡) 2.62E-05 2.30E-09 

    

Benzene 

Petroleum hydrocarbon 

6.50E-02 3.52E-04 

Toluene 4.07E-01 1.09E-02 

Ethylbenzene 4.05E-02 1.08E-02 

Total xylene 2.66E-03 8.87E-02 

BTEX 2.25E-02 2.76E-03 

F1-BTEX 3.77E-01 1.92E-08 

F2 (C10-C16) 4.77E-01 3.77E-05 

F3 (C16-C34) 3.14E-01 2.38E-10 

   

pH Normal water property 2.83E-06 7.08E-05 

† T, concentration for all phases in total; ‡ D, concentration for the dissolved phase 

§ Comparison within factor Area having three levels: Background Area, Area 1 and Area 2 

4.5.2 Soil P 

Citrate addition increased soil P concentrations in what are typically considered the 

bioavailable fractions, Resin-P, NaHCO3–OP, and NaHCO3–IP, in selective areas (Fig. 4.4, Fig. 

A2.1). For Resin-P, an increase was observed in both unsaturated zone and saturated zone for 

background area (unsaturated zone: from 13 to 19 mg kg−1; saturated zone: from 1 to 2 mg kg−1) 

and Area 1 (unsaturated zone: from 22 to 30 mg kg−1; saturated zone: from 4 to 7 mg kg−1) after 



 

56 

adding citrate in the amendment solution. Citrate addition reacted differently in Area 2, mainly 

increasing NaHCO3–OP in the unsaturated zone (from 5 to 12 mg kg−1) and saturated zone (from 

5 to 8 mg kg−1). The NaHCO3–OP also was slightly enriched in Area 1 for the unsaturated zone 

(from 9 to 12 mg kg−1). In addition, NaHCO3–IP for Area 2 in the unsaturated zone increased 

from 23 to 25 mg kg−1. Total P, as measured via XRF (Table A2.1), showed no consistent trend 

over time and had little variability (930–1240 mg kg−1). 

 

Fig. 4.4. NaHCO3–extracted organic phosphorus (NaHCO3–OP) in different soil zones across three 

site treatment areas. Averages are denoted by bars, with the vertical bars marking the standard 

error from the mean. Different letters indicate significant differences among amendment 

treatments for the same area in the same soil zone. 
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4.5.3 Hydrocarbon biodegradation and its correlation with P bioavailability 

Citrate addition enhanced F1 and benzene biodegradation in the soil, which was related to 

the P bioavailability. As soil P increased, soil concentrations of benzene decreased. For example, 

soil benzene concentration was negatively correlated with P for Resin-P (n = 159, rho = −0.187, 

p = 0.018), NaHCO3–IP (n = 159, rho = −0.209, p = 0.008), and NaOH-IP (n = 159, rho = 

−0.164, p = 0.038). Hydrocarbon reductions were dependent on the site location, with the largest 

decrease in Area 2 (Fig. 4.5), which was between the two injectors. For example, in Area 2, F1-

BTEX decreased from 418 (SE = 232) to 12 mg kg−1 (SE = 6) for the unsaturated zone and from 

495 (SE = 184) to 122 mg kg−1 (SE = 46) for the saturated zone. In Area 1, south of the injectors, 

F1-BTEX also decreased, but only from 453 (SE = 178) to 331 mg kg−1 (SE = 151) in the saturated 

zone. Groundwater BTEX concentrations were more variable (Fig. S2.2). Benzene and F1-BTEX 

in groundwater significantly decreased after the amendment deliveries in the whole site (Table 

4.1), from 6.35 (SE = 1.46) then 1.90 (SE = 0.57) to 0.96 (SE = 0.20), and from 7.36 (SE = 3.60) 

then 4.25 (SE = 0.39), to 0.96 mg L−1 (SE = 0.21), respectively. For the saturated zone in Area 2 

(Fig. 4.6), the correlation between F1-BTEX and NaHCO3–OP is negative (−0.23). 
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Fig. 4.5. F1-BTEX concentration in unsaturated and saturated zone across three site treatment areas. 

F1-BTEX is the content of the F1 petroleum hydrocarbon fraction with benzene, toluene, 

ethylbenzene, and xylenes subtracted. Averages are denoted by bars with the standard error bars. 

The dash line indicates the Tier 1 risk-based criteria for fine-grained, commercial land use in 

RBCA (Saskatchewan Ministry of Environment, 2009). 



 

59 

 

Fig. 4.6. The correlation between F1-BTEX concentration and NaHCO3–extracted organic 

phosphorus (NaHCO3–OP) in the saturated zone in Area 2 during three amendment treatments. 

F1-BTEX is the content of the F1 petroleum hydrocarbon fraction with benzene, toluene, 

ethylbenzene, and xylenes subtracted. The value for cor is Pearson’s product moment correlation 

coefficient.  

4.6 Discussion 

Citrate addition increased the efficiency of P amendment for gasoline- and diesel-related 

petroleum hydrocarbon bioremediation. The combined addition of P and citrate did provide more 

bioavailable P for bioremediation, which indicates that the P amendment could be more effective 

if it was applied with citrate. Increases in dissolved P (bioavailable) was immediately observed 

in groundwater after the second amendment delivery containing citrate. No change for dissolved 

P occurred in the background area. Without citrate addition, dissolved P was not detectable in 

Area 1 before September 2015 and was ~0.1 mg L−1 in Area 2. The strongest effect of citrate 

addition occurred in the site area located between two infiltrators. 

The increased soil P bioavailability by citrate appeared to be linked to the dissolution of 

exchangeable organic P in soil. The resin- and NaHCO3–extracted P has been shown to 

contribute to soluble and exchangeable P (Schoenau and O’Halloran, 2006; Tiessen and Moir, 

2006), which was selectively increased in certain area but did not change significantly during the 
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two amendment stages (Table A2.2). The NaHCO3–OP significantly increased after the second 

amendment delivery in Areas 1 and 2. Particularly for both the unsaturated and saturated zones 

in Area 2, NaHCO3–OP was raised, corresponding to the dissolved P change in groundwater. 

Others have also found that citrate induced labile organic P (NaHCO3–OP) release in acidic, 

neutral, and calcareous soil (Wei et al., 2010; Wang et al., 2015). Alternatively, organic P 

content may have been overestimated (Turner et al., 2005; Tiessen and Moir, 2006). The 

potential association between inorganic phosphate and humic substances, which prevents the 

detection for inorganic phosphate by molybdate colorimetry, will lead to the underestimation of 

inorganic P. The presence of complex inorganic phosphates was analyzed as organic P because 

only the free phosphate can be determined by molybdate colorimetry. However, one would 

expect to observe similar trends in the background samples if interference were to blame, which 

was not the case in this study. 

Citrate addition enhanced anaerobic gasoline dissipation. This gasoline-contaminated site had 

low content for F2 and F3 (Fig. A2.3). The major contaminant was F1 (represented with BTEX 

and F1-BTEX). For example, F1-BTEX decreased after the amendment deliveries in Area 2 were 

below the criteria in Fig. 4.5 (Saskatchewan Ministry of Environment, 2009). Similarly, BTEX 

concentrations in groundwater eventually decreased to the baseline (Fig. A2.2). The fluctuation 

for BTEX was likely due to fractured flow onsite, and BTEX remained below criteria for a 3-mo 

period. This decrease may be linked to biostimulation of iron-reducing microorganisms during 

citrate addition. Iron(III) was reported to be the most abundant potential elector for anaerobic 

BTEX biodegradation (Lovley, 1997). The amendment treatment significantly influences the 

iron(II), iron (dissolved), and iron (total) in the groundwater (Table 4.1, Table A2.3), especially 

iron(II). Iron(II) concentrations stayed consistently low throughout the study period in the 

background area, as well as in Areas 1 and 2, before citrate amendment. The addition of citrate 

immediately increased iron(II) in Areas 1 and 2. The increase of iron(II) in the groundwater was 

mainly due to the biological reduction of iron(III), which is a sign for increased activity for iron 

reducers. Iron-reducing and sulfate-reducing bacteria are well-known anaerobic degraders of 

gasoline (Phelps and Young, 1999; Philp et al., 2002; Townsend et al., 2004). Confirmation that 

the loss of gasoline was biological and not abiotic through the use of the diastereomers of acyclic 

isoprenoids (McIntyre et al., 2007) was unsuccessful, because almost all samples had 

undetectable levels of phytane, pristine, n-octadecane, and n-heptadecane. Citrate was not 
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detected in the groundwater, likely because the biological half-life for citrate in water is short 

and adsorption processes are rapid (Owen et al., 2001). Thus, it is unclear if the citrate is 

increasing the iron-reducing bacterial activity mainly by acting as a carbon source for the 

bacterial growth or primarily through its effects on P availability. Many iron reducers, such as 

Shewanella alga, Pseudomonas fluorescens, and Azotobacter vinelandii have been reported to 

degrade citrate (Joshi-Tope and Francis, 1995; Knight et al., 1996; Ganesh et al., 1997). It is 

unlikely that sulfate-reducing organisms were the primary hydrocarbon degraders at this site, as 

sulfate concentrations increased and sulfide concentrations decreased at the site during 

stimulation. This is consistent with competitive processes described with PO4; citrate will 

dissociate CaSO4 (gypsum) minerals if present via chelation of Ca and will also desorb SO4 due 

to having a much higher affinity for mineral surfaces than does SO4. Alternatively, citrate 

addition may be increasing degradation activity by enhancing hydrocarbon bioavailability rather 

than biological activity, but there was no evidence to evaluate this mechanism (Gao et al., 2010b; 

a) and the data is consistent with an increase in P bioavailability. 

Biostimulation in the field site was mainly constrained by the high clay content of the 

soils (Table A2.4), which not only limits biostimulation solution dispersion but also is linked to 

low P bioavailability (Halajnia et al., 2009). Thus, the only decrease in unsaturated zone for 

BTEX and F1-BTEX was in Area 2, which lies between the two infiltrators. It is notable that this 

active urban area site had a concrete floor, which blocked influence from rainfall. A tracer study 

was undertaken, but due to fractured flow, it was unable to delineate an area of infiltrator 

influence. The temperature recorded by the loggers from monitoring wells did not change much 

during the whole study (Table A2.5), so the influence from time-depend environmental factors 

was eliminated. In the future, delivery design with more infiltrators or surfactant addition may 

improve the phosphate amendment efficiency for bioremediation. Even though Ca-P dominates 

the soil P sorption in this calcareous soil (Table A2.6) (Hinsinger, 2001), NaOH-OP, which is 

operationally defined as Fe/Al bound P, reached the maximum content throughout the entire site 

after citrate addition and was significantly influenced by the amendment treatment (Table A2.2). 

There is not an obvious link between citrate addition and increased Fe/Al-bounded organic P in 

the literature; this change in P speciation may be due to a biological effect. 

One key finding of this study is that organic P in both the NaHCO3 and NaOH extraction 

was a relatively small proportion (2–6%) of total P in these soils but was quite important in 
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microbial remediation activity. Phosphorus species present in such small quantities would be 

missed by current spectroscopic techniques, which typically observe mineral forms of P and 

inorganic adsorption species. It appears that citrate is more effective at desorbing organic-P from 

these soils, which leads to an increase in biodegradation without changing the bulk speciation or 

mineralogy of P in these samples. 

The use of citric acid as an amendment has some specific operational challenges. In this 

study, free citric acid, which was largely neutralized by the alkalinity of the amendment solution, 

was used. In prairie regions, this neutralization is practical due to high alkalinity and hardness 

(due to Mg, Ca, and SO4). In other regions, other alternatives to maintain pH may be required. In 

addition to neutralization, biofouling of amendment tanks and injection lines should be 

considered. In this case, an ultraviolet sterilizer was installed directly in the reservoir tank to 

prevent microorganisms from using the citrate as an available electron donor while in the 

amendment tank. We’d recommend that practitioners use a similar system or consider inline 

injection systems to inject amendment components directly into injection lines to minimize the 

potential of biofouling. Further, as noted in the previous publication (Siciliano et al., 2016), P 

levels in the amendment should be maintained at relatively low concentrations of 1 mM to 

prevent mineral deposition. 

4.7 Conclusion 

Citrate addition offered several advantages for phosphate biostimulation in gasoline- and 

diesel-contaminated sites. First, and most importantly, citrate addition enhanced organic P 

desorption and thus enhanced the bioavailability of P onsite. Second, citrate addition enhanced 

anaerobic iron-reducing activity. As a consequence, hydrocarbon concentrations in the 

groundwater and soil decreased significantly. Future work should focus on further delineating 

the mechanisms by which citrate acid is stimulating degradation: (i) P availability, (ii) C source, 

or (iii) hydrocarbon bioavailability to determine whether there are general trends that can be used 

to improve biostimulation solution performance. 
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5. DIVERGING SOIL AND GROUNDWATER BACTERIAL COMMUNITY: THE ROLE OF ADSORBED 

PHOSPHORUS IN MAINTAINING ACTIVE HYDROCARBON DEGRADATION IN COLD REGION 

SOILS 

5.1 Preface 

Citrate addition increased phosphorus bioavailability, enhanced hydrocarbon degradation 

and stimulated iron-reducing activity in gasoline contaminated brownfield site in Chapter 4. 

However, it is not clear whether the stimulation of iron-reducing activity was due to functional 

anaerobic hydrocarbon degraders. In order to evaluate the effect of citrate on the bacterial 

community, the composition and function for the microbial community were analyzed by 

culturable-dependent and culturable-independent techniques, in groundwater and soil for three 

amendment treatments. Professor Derek Peak determined major phosphorus (P) species with P 

K-edge XANES (X-ray absorption near-edge structure) for some soil samples in the influenced 

soil area. 
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5.2 Abstract 

Citrate can increase phosphorus and hydrocarbon bioavailability to enhance hydrocarbon 

bioremediation. Yet, how citrate addition influences the structure and function of microbial 

communities is unclear. Here, how citrate mediates microbial community response to 

amendment was investigated during in situ remediation of gasoline in a calcareous cold region 

soil. Three biostimulation treatments (no amendment, phosphate amendment, and a phosphate 

and citrate amendment) were applied over an 18-month period using large bore infiltrators. 

Microbial community was assessed in groundwater and soil. Using amplicon sequencing 

libraries, catabolic gene (bcrC and bzdN) and culturable hydrocarbon degrader prevalence, this 

study compared groundwater and soil bacterial communities to phosphorus XANES speciation 

and sequential extraction distribution. Hydrocarbon degradation was strongly stimulated by 

phosphate and citrate addition and closely linked with increases in organic phosphorus 

availability. Phosphate and citrate increased bzdN prevalence but not bcrC, while simultaneously 

increasing culturable anaerobic hydrocarbon degraders population. However, while phosphate 

shifted both soil and groundwater bacterial communities, the further addition of citrate caused 

differential effects in groundwater compared to soil. In groundwater, citrate increased bacterial 

diversity as well as altered community structure with specific bacteria stimulated that are known 

hydrocarbon degraders. In contrast, in soil, citrate increased the amount of adsorbed phosphate 

and reversed bacterial community structure shifts to be more like the pre-amendment control 

communities, but still caused increases in selective hydrocarbon degraders. In conclusion, 

groundwater and soil microbial communities responded differently to biostimulatory treatments 

largely because changes in phosphorus mineralogy dominated community response in soil, but 

not in groundwater. 

5.3 Introduction 

Biostimulation, a common strategy for bioremediation, usually adds electron acceptors, 

co-substrate, and nutrients to stimulate indigenous microbes that can degrade contaminants such 

as petroleum hydrocarbons (PHC) (Zhang and Lo, 2015). Low molecular weight organic acid 

anions (LMOAA), such as citrate and acetate, comprise a significant proportion of root exudates. 

LMOAA can enhance anaerobic hydrocarbon bioremediation by increasing bioavailability of 

phosphorus (P) or hydrocarbons, or by stimulating hydrocarbon-degrading anaerobes (Zhang and 



 

65 

Lo, 2015; Martin et al., 2016; Rohrbacher and St-Arnaud, 2016). Recently, it was demonstrated 

citrate enhanced organic P desorption, iron-reducing bacteria activity, and hydrocarbon 

degradation in contaminated soils (Chapter 4). However, the effect of LMOAA on microbial 

community composition and function has received relatively little attention, especially in PHC 

contaminated cold calcareous soils. 

The first microorganism found to degrade aromatic hydrocarbons under strict anaerobic 

condition was an iron-reducing bacterium, Geobacter metallireducens (Lovley et al., 1993). 

Since then, anaerobic microbial communities that degrade PHC under manganese-reducing 

(Lovley, 1997), nitrate-reducing (Burland and Edwards, 1999), iron-reducing, sulfate-reducing, 

and methanogenic conditions (Edwards and Grbić-Galić, 1992, 1994; Lovley and Woodward, 

1996) have also been described. The majority of detected anaerobic hydrocarbon bacterial 

degraders belong to the phyla of Actinobacteria, Bacteroidetes, Chlorobi, Chloroflexi, 

Firmicutes, and Proteobacteria (Edwards, 2003; Robertson et al., 2007; Yergeau et al., 2009; 

Weelink et al., 2010; Zhang et al., 2012; van der Zaan et al., 2012; Kleinsteuber et al., 2012; 

Herbst et al., 2013; Fathepure, 2014; Luo et al., 2014, 2016; Zhang and Lo, 2015; Sheng et al., 

2015; Quadros et al., 2016). Within these taxa, two catabolic genes, bzdN and bcrC, are 

associated with BTEX (benzene, toluene, ethylbenzene, and xylene) degradation. The bzdN gene 

is associated with the Azoarcus type of ATP-dependent class I Benzoyl coenzyme A (benzoyl-

CoA) reductases (BCR class I) (Kuntze et al., 2011), and bcrC gene is related to the Thauera 

type BCR, which catalyzes the reduction of anaerobic central intermediates benzoyl-CoA (a 

common intermediate in the anaerobic metabolism of most aromatic compounds) (Fuchs et al., 

2011; Fuentes et al., 2014). Geobacter species also contain bzdN and bcrC genes (Kleinsteuber 

et al., 2012). All three genera: Azoarcus (Edwards, 2003; Kasai et al., 2006; Weelink et al., 2010; 

van der Zaan et al., 2012; Kleinsteuber et al., 2012; Luo et al., 2014), Thauera (Weelink et al., 

2010; Kleinsteuber et al., 2012) and Geobacter (Robertson et al., 2007; Weelink et al., 2010; 

Zhang et al., 2012; Kleinsteuber et al., 2012) are well known n-alkane and BTEX degraders.  

Microbial communities are strongly influenced by soil mineralogy, which can be altered 

by phosphate and citrate addition. Total phosphate influences microbial community phenotypes 

whereas the relative percentages of phosphate minerals influences microbial community 

genotype composition. For example, the amount of adsorbed phosphate was strongly linked to 

both mineralization activity and bzdN prevalence, whereas the relative proportions of brushite 
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(CaHPO4·2H2O) and adsorbed phosphate had strong determining effects on bacterial community 

composition (Siciliano et al., 2016). Other groups found apatite mineral (Ca10(PO4)6(OH,F,Cl)2) 

dissolution was positively correlated to the abundance of the genus Burhkolderia (in the order 

Burkholderiales, class Betaproteobacteria) colonization (Lepleux et al., 2012). Therefore, 

providing the desired P phase for PHC-degrading bacteria may be imperative for maintaining 

effective biostimulation treatments. 

Maintaining available P in the calcareous soils undergoing bioremediation is especially 

challenging; typically, investigators monitor groundwater to assess the success of their 

biostimulation treatment. Implicit in this monitoring is the assumption that groundwater 

chemistry reflects shifts in soil chemistry. However, in cold calcareous soils, this assumption 

may not hold due to the strong adsorption and mineral forming processes occurring in these soils 

(Kar et al., 2012; Weyers et al., 2016; Hamilton et al., 2017). This study evaluated how 

phosphate and citrate amendments altered soil P minerals and microbial activity as well as 

groundwater microbial activity, and community structure with a focus on anaerobic hydrocarbon 

degraders, at a gasoline contaminated field site. The hypothesis was that citrate addition would 

lead to shifts in structure and function across groundwater and soil microbial communities. 

5.4 Material and Methods 

5.4.1 Site description 

A former gasoline station located in an active urban area in Saskatoon, SK, Canada, was selected 

as the research site (Fig. A3.1). A co-mingled plume may exist in the southeast area due to an 

active gasoline station close to the study area. Two infiltrators (5.5 m) were drilled at the site in 

the areas of the former pump islands, using a 1.0 m diameter auger drill rig. Each infiltrator has 

one injection well, one float pump well connected to the injection well, and one monitoring well, 

and was backfilled with a silica sand. The injection wells were connected to the underground 

storage tanks which were charged with biostimulation. Submersible pumps in the underground 

storage tank were connected to injection lines, with floats and auto shutoff switches installed in 

the tanks and injection wells. The biostimulation solution delivery was controlled by float 

switches which resulted in a pseudo-steady elevated hydraulic head in the injector to encourage 

outward radial flow and nutrient transport. Biostimulation solution was pumped into infiltrators 

at a rate 5000 L day-1. Three biostimulation treatments were applied: no amendment (October 
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2014 - April 2015), phosphate amendment (May 2015 - September 2015), phosphate and citrate 

amendment (October 2015 - April 2016). Delivery of the phosphate amendment (1 mM H3PO4, 

0.08 mM HNO3, and 11 mM MgSO4) began May 15, 2015. The phosphate and citrate 

amendment (10 mM citric acid, 1 mM H3PO4, 0.08 mM HNO3, and 11 mM MgSO4) began 

delivery September 25, 2015. 

5.4.2 Sample collection 

Sterile Tenax beads (5 g of 60-80 mesh, porous polymers, Sigma-Aldrich Canada Co., 

ON, Canada) were placed in a 12.5 cm × 4 cm 60 μm mesh Nitex membrane bag (Dynamic 

Aqua-Supply Ltd., BC, Canada), zip-tied onto Tygon tube (Fisher Scientific, ON, Canada), and 

suspended 3 m underground (2.5 m below water surface in the two infiltrators). For one-month 

cycles starting October 28, 2014, each infiltrator had one bag of Tenax beads, and the bag was 

replaced each month for DNA extraction until March 24, 2016 (14 bags per infiltrator, two 

subsamples per bag, sample size n = 56). Three soil boreholes (0-6 m deep; one subsample per m 

depth, 6 subsamples per borehole) close to the two infiltrators represented the area of influence. 

Control boreholes were drilled on April 15-16, 2015 (15-01 to 15-03; no amendment); phosphate 

amendment boreholes on September 9, 2015 (15-10 to 15-12); phosphate and citrate amendment 

boreholes on April 26-27, 2016 (16-01 to 16-03). 

5.4.3 Soil PHC and P analysis 

Soil samples were collected following CCME protocol (Canadian Council of Ministers of 

the Environment, 2001). Soil (7 g) aliquots were weighed for moisture content and F1-BTEX 

determination (Chapter 4). The bioavailable P fraction, NaHCO3 extracted organic P (NaHCO3-

OP), was extracted from 0.5 g of air-dried, 0.850 mm sieved soil subsample with 0.5 M 

NaHCO3, based on a common sequential extraction methodology (Schoenau and O’Halloran, 

2006; Tiessen and Moir, 2006). 

All P K-edge XANES for soil samples from influenced soil area (15-01-5 m, 15-10-5 m, 

16-01-5 m) were collected at the CLS SXRMB beamline (08-B1-1) in partial fluorescence mode, 

using a 4-element solid-state detector following methods previously reported (Siciliano et al., 

2016). 
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5.4.4 DNA extraction and microbial community analysis 

Groundwater and soil subsamples for DNA extraction were stored at -20°C. DNA was 

extracted from Tenax beads with PowerLyzer PowerSoil DNA Isolation Kit (MO BIO 

Laboratories, Inc., CA, USA) and from soil with FastDNA SPIN Kit for Soil (MP Biomedicals 

Canada, QC, Canada). Qubit Fluorometer (Life Technologies, CA, USA) measured DNA 

concentration and purity. The 16S metagenomics sequencing library was constructed using the 

Illumina guide with primers 926F and 1392R (Illumina, 2013). For the initial amplification step, 

Tenax beads samples were annealed at 61 °C and soil samples were at 55 °C. DNA was 

sequenced on an Illumina Miseq using V3 chemistry on a 600 cycle kit, then sequencing data 

was processed by EBI Metagenomics Pipeline version 3.0 (Mitchell et al., 2016). Aliivibrio 

fischeri DNA (0.1 ng: 2-3% w/w DNA extract) was used as an internal standard after DNA 

extraction for sequencing (Smets et al., 2016). 

5.4.5 Catabolic gene prevalence and most probable number (MPN) 

Quantitative PCR (qPCR) for bcrC and bzdN was performed following the published 

reaction details (Siciliano et al., 2016). Briefly, qPCR was performed on the 7500 Real-Time 

PCR System (Applied Biosystems, CA, USA). The qPCR mixtures contained 10 μL SYBR 

Green master mix (Qiagen, ON, Canada), 1 μL of 10 μM primer pairs, 6 μL of water, and 2 μL 

of template DNA, with a final volume of 20 μL. Primers were ordered from Integrated DNA 

Technologies (Table A3.1). For bzdN and bcrC, touchdown qPCR reactions were performed as 

follows: 95 °C × 10’ for 1 cycle; 95 °C × 1’, 65 °C × 1’ (decreasing 1 °C per cycle), and 72 °C × 

1’ for 11 cycles; 95 °C × 1’, 58 °C × 1’ (for bzdN, 65 °C for bcrC), and 72 °C× 1’ for 35 cycles; 

followed by a melt curve. Clone libraries for bzdN and bcrC were created with E. coli cells by 

the TOPO TA Cloning Kit (Invitrogen, CA, USA) from environmental DNA. DNA was then 

extracted from clones and standardized to 109 copies as a stock for the standard curve. 

Facultative diesel degraders were anaerobically cultivated and enumerated with the MPN method 

(Siciliano et al., 2016). About 1 g of soil (store at 4 °C, within 1 week after collected) was firstly 

diluted with 9 mL of sterile KH2PO4 buffer in the anaerobic chamber, as the 10-1 dilution. Sealed 

plates for 10-1-10-14 dilution series were incubated for 14 days in the dark at 4 °C. 

Iodonitrotetrazolium violet was chosen as an indicator. 
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5.4.6 Statistical analysis 

The operational taxonomic unit (OTU) abundances were adjusted based on the 16S rRNA 

gene reads of A. fischeri in each sample (Smets et al., 2016), with assumed 16S rRNA gene copy 

number of eight and a weight of 4.49×10-15 g per A. fischeri genome. Next, the OTU abundances 

were normalized by the weight of the sample DNA extract added (typically 3 ng for groundwater 

samples and 5 ng for soil samples). For diversity analysis, rarefaction (the smallest sample size is 

108711 for groundwater samples and 14918 for soil samples) standardized the bacterial 

community data to calculate richness, Chao, Simpson’s index (D), Simpson’s Evenness, 

Shannon-Weaver index (H), E-evenness and J-evenness (Gardener, 2014). OTU abundance (not 

rarified) was normalized by DESeq2 (Love et al., 2014) with the treatment as the factor for the 

taxonomy analysis and ordination analysis (McMurdie and Holmes, 2013). The top 100 most 

abundant OTUs were used to plot the relative abundance for different treatments based at the 

phylum level. 

For the groundwater samples, a Kruskal-Wallis rank with Bonferroni rule, was performed 

to compare the influence of different treatments on 1607 OTUs abundance. There were 69 OTUs 

differed among treatments. These OTUs were used to construct a phylogenetic tree with 

corresponding FASTA files in Greengenes reference database. The evolutionary history was 

inferred by using the Maximum Likelihood method based on the Tamura-Nei model (Tamura 

and Nei, 1993). Initial tree (s) for the heuristic search were obtained automatically by applying 

Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 

Maximum Composite Likelihood approach, and then selecting the topology with superior log 

likelihood value. All positions with less than 95% site coverage were eliminated. That is, fewer 

than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position. There 

were 1222 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 

(Kumar et al., 2016). The phylogenetic tree was combined with the absolute abundance for those 

OTUs with ggtree v1.6.10 package in R (Yu et al., 2017). 

One-way analysis of variance (ANOVA) determined the effect of three treatments: no 

amendment, phosphate amendment, phosphate and citrate amendment. Statistical analyses were 

performed using R v 3.3.2 (R Core Team, 2016). Normality of residuals was tested using the 

Shapiro-Wilk statistic. Means comparisons were made using Tukey’s Honestly Significant 

Differences, if the dataset was normal distributed. When the dataset was non-normal, a t-test was 
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performed to compare different treatments. All tests were completed at the p < 0.05 significance 

level. 

Non-metric multidimensional scaling (NMDS) ordination was performed to examine the 

microbial relationships among treatments, on the Bray-Curtis distances from the OTU abundance 

matrix. The OTU abundance matrix for groundwater comprised the 69 OTUs which differ 

among treatments analyzed by the Kruskal-Wallis rank test with Bonferroni rule. And for soil, 70 

OTUs which have the lowest p-value with the Kruskal-Wallis rank analysis were used to test the 

influence of treatment. Redundancy analysis (RDA) on the Hellinger-transformed OTU matrix 

(same 70 OTUs described above) was applied to determine the relationship between 

environmental parameters and bacterial community compositions (Ramette, 2007). The 

significance of the relationship between explanatory variables and community composition was 

tested using Monte Carlo permutation tests (999 unrestricted permutations, p < 0.05). 

5.4.7 Sequence data deposition 

The project name was ERP021254 for groundwater sequencing data and ERP020729 for 

soil sequencing data in EMBL Nucleotide Sequence Database. 

5.5 Results 

5.5.1 Effect of citrate addition on P and PHC 

Citrate addition increased the bioavailable P fraction and enhanced F1 biodegradation in 

soil. In the influenced soil area, bioavailable NaHCO3-OP (mg kg-1) increased from 2.27 ± 0.45 

(SE) to 5.01 ± 0.63 after phosphate amendment, then to 10.14 ± 0.63 following phosphate and 

citrate amendment (Fig. 5.1). There were two principal soil phosphate phases: adsorbed 

phosphate and Ca-P (Fig. 5.2). Adding phosphate resulted in a slight increase in Ca-P (an apatite 

standard was used) and an overall loss of adsorbed P. When the phosphate and citrate 

amendment was added, apatite was essentially unchanged, but adsorbed P level returned close to 

its initial state. Simultaneously, F1-BTEX decreased from 456 ± 144 mg kg-1 to 116 ± 56 mg kg-1 

after phosphate amendment, then to 67 ± 26 mg kg-1 after citrate application. The reduction for 

F1-BTEX may be due to the stimulated anaerobic hydrocarbon degrader activity. 
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Fig. 5.1. Hydrocarbon (F1-BTEX) and organic phosphorus (NaHCO3-OP) in soil for different 

biostimulation treatments. Means with the same letter are not significantly different. Lowercase 

letters are for F1-BTEX and uppercase letters are for NaHCO3-OP. Each point represents the average 

of 18 replicates and error bars represent the standard error of the mean. F1-BTEX refers to the 

concentration of hydrocarbons with an average effective carbon length of 6 to 12 with the 

concentration of benzene, toluene, ethylbenzene and xylenes subtracted from this concentration. 

NaHCO3-OP refers to the organic phosphorus extracted with 0.5 M NaHCO3. 
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Fig. 5.2. Quantitative P speciation in soil samples via P K-edge XANES. Percent of linear 

combination fit (LCF) contribution multiplied with total P for three treatments are in the left panel. 

Relative phosphorus speciation in three samples was obtained by using a two component (adsorbed 

P in purple, Ca-P in blue) model in right panel. 

5.5.2 Catabolic gene prevalence and most probable number 

Citrate addition selectively stimulated hydrocarbon-degrading anaerobes containing the 

gene bzdN (Fig. 5.3). The log transformed bzdN gene copies per gram soil was 5.16 ± 0.59 for no 

amendment, 6.34 ± 0.22 for phosphate amendment, followed by 6.50 ± 0.21 for phosphate and 

citrate amendment. In contrast, citrate addition inhibited bcrC, decreasing from 9.71 ± 0.16 for 

no amendment to 8.15 ± 0.24 for phosphate amendment, then 8.10 ± 0.25 after citrate addition. 

Culturable facultative hydrocarbon degraders increased two orders of magnitude (increased from 

1.9 ± 0.5 to 3.6 ± 0.6) after applying phosphate and citrate amendment in the site (Fig. 5.3). 
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Fig. 5.3. Catabolic gene prevalence and most probable number soil area. (1) Catabolic gene 

prevalence of soil samples for different treatments (N = 18) (2) Most probable number (MPN, log10 

transformed) for soil samples only during phosphate amendment (N = 16), phosphate and citrate 

amendment treatment (N = 18). Mean values are presented with standard error bars. Different 

letters indicate significant differences among groups. 

5.5.3 Richness and evenness for bacterial community 

The two phosphate amendment treatments increased the diversity of the bacterial 

community in the groundwater and soil, compared to the control (no amendment). In the 

groundwater, the Chao value, Simpson’s index (D), Shannon-Weaver index (H), and E-evenness 

was higher after phosphate amendment, and citrate addition (Table A3.2). For example, the Chao 

richness estimator increased by about 100 species after phosphate amendment compared to the 
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control. In contrast, the diversity for soil samples was more sensitive to the phosphate 

amendment. The abundance of 100 rare OTUs for the no amendment increased after citrate 

addition (Fig. 5.4). Further, the citrate amendment caused a more substantial shift in microbial 

community richness compared to the phosphate amendment alone (see the tip of the abundance 

curve in Fig. 5.4).  

 

Fig. 5.4. Log-transformed mean abundance of bacterial genera ordered from least to most 

abundant in the no amendment treatment. This order is retained for the other treatments. Black 

bars represent for no amendment treatment. Red bars represent for the phosphate amendment, 

and the green bars represent for the phosphate and citrate amendment. The Shannon-Weaver 

index (H) value in the color correspond to the treatment shown in the same color for the abundance 

bars, and the same letters following H values indicate no significant differences between treatments. 

5.5.4 Taxa summary 

Citrate selectively increased anaerobic hydrocarbon degrader abundance but had a 

different effect in the soil compared to the groundwater. In groundwater, citrate amendment 

magnified the phosphate amendment effect, further increasing the relative abundance of 

Chlorobi (from 0.02% to 0.38%), Firmicutes (from 3.8% to 29.5%), OP11 (from 0.2% to 0.4%), 

and Spirochaetes (from 0.02% to 0.7%) (Fig. A3.2). OTUs belong to Geobacter, had an absolute 

abundance of 2,200 for citrate addition (800 for no amendment and 2,500 for phosphate 

amendment). Citrate amendment selectively increased absolute abundance for OTUs within the 
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orders: Bacteroidales, Lactobacillales, Clostridiales, Rhodocyclales, and Xanthomonadales, 

especially Desulfobacterales and Desulfovibrionales (Fig. 5.5). The absolute abundance ratio for 

Desulfobacterales and Desulfovibrionales under different treatments (no amendment: phosphate 

amendment: phosphate and citrate amendment) was 2:3:53, and 1:8:102, respectively. For 

instance, the abundance for OTU1174 (belongs to Desulfobacterales) increased from 7 to 1,200 

after citrate addition.
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Fig. 5.5. Phylogenetic trees for 69 OTUs that changed significantly in response to different treatments in the groundwater. Symbol size 

indicates the OTU abundance for no amendment (first column), phosphate amendment (second column), and phosphate and citrate 

amendment (third column). Blue symbols represent the initial abundance for no amendment. For phosphate amendment treatment, green 

symbols indicate those OTUs abundance increased, and red symbols indicate abundance decreased, compared to no amendments. For the 

phosphate and citrate amendment, the color for the symbols is based on the comparison between phosphate treatment and citrate 

treatment. The node value on the tree is the bootstrap value and major clades are annotated with the corresponding order levels. The 

ratio beside the labeled order cluster is the total abundance for the related order ratio under different treatment (no amendment: 

phosphate amendment: phosphate and citrate amendment). The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site. 
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In contrast, within the soil, the citrate amendment reversed many of the changes seen 

after phosphate amendment by reducing the relative abundance of all phyla except 

Proteobacteria. For example, phosphate decreased relative abundance of Proteobacteria from 

85% to 27%, but when citrate as added, this Proteobacteria abundance rebounded to 87% (Fig. 

A3.2). And the absolute abundance for Proteobacteria reduced from 700,000 to 28,000 by 

adding only phosphate, then recovered to 280,000 after citrate applied. 

5.5.5 Analysis of the relationships between bacterial community composition and environment 

Citrate continued to shift community structure in the groundwater further from the no-

amendment and phosphorus only treatments. But in soil, citrate reversed the shift induced by 

phosphate to that more similar of the no-amendment control (Fig. 5.6). A transformed RDA, 

explained 81% of the community variance and with amendment treatments (p = 0.005) being the 

most significant factor explaining variation in bacterial community composition, followed by 

changes in logbcrC (p = 0.01) (Fig. A3.3). 
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Fig. 5.6. Non-metric multi-dimensional scaling (NMDS) ordination biplot for bacterial community structure in groundwater (1) and 

influenced soil area (2). Red circle symbols represent samples for no amendment. Blue triangle symbols are samples for phosphate 

amendment. Green squares are samples for phosphate and citrate amendment. The stress is 0.09 for groundwater and 0.09 for influenced 

soil area. NMDS ordination was based on the 69 OTUs (significantly changed) abundance matrix for groundwater samples and 70 OTUs 

(most significantly changed) abundance matrix for influenced soil area samples. 
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5.6 Discussion 

Over an 18-month period, citrate, combined with phosphate, increased the bioavailable 

organic P fraction and F1-BTEX degradation. Moreover, compared to phosphate only, citrate 

enhanced the efficiency of phosphate amendments. Using microcosms, others demonstrated the 

potential for citrate to induce labile organic P release from soil (Wei et al., 2010; Wang et al., 

2015), and enhance hydrocarbon bioavailability (Gao et al., 2010a; d; Wang et al., 2015). Here, it 

was demonstrated that citrate also increased the culturable and total anaerobic hydrocarbon 

degrader population. For example, the highest pooled bzdN (Azoarcus type) gene copies were 

associated with citrate addition. However, this stimulation was selective for bzdN, with the 

citrate stimulation reducing the bcrC (Thauera type) gene copies. Changes in catabolic genes 

were linked to changes in phosphorus mineralogy, with increasing adsorbed phosphorus 

associated with increases in bzdN and inhibition of bcrC. A similar pattern was observed in a 

field microcosm experiment which manipulated phosphorus mineralogy (Siciliano et al., 2016). 

Bacterial community composition is likely driven by the adsorbed P fraction, which was depleted 

in the phosphate treatment due to the formation of hydroxyapatite, Ca₁₀(PO₄)₆(OH)₂, but 

increased with the addition of citrate. Thus, it appears that the selective stimulation of the 

hydrocarbon degrading microbial community is linked to changes in soil P mineralogy. 

In addition to catabolic gene prevalence and culturable hydrocarbon degraders, anaerobic 

hydrocarbon degrading, iron-reducing, and nitrate-reducing bacteria, were also stimulated by 

citrate addition in the groundwater. Specific orders, known to contain hydrocarbon degraders, 

such as, Clostridiales, Rhizobiales, Rhodospirillales, Rhodocyclales, Desulfobacterales, 

Desulfovibrionales, and Desulfuromonadales (Edwards, 2003; Kasai et al., 2006; Robertson et 

al., 2007; Weelink et al., 2010; Zhang et al., 2012; van der Zaan et al., 2012; Kleinsteuber et al., 

2012; Herbst et al., 2013; Luo et al., 2014; Zhang and Lo, 2015; Sheng et al., 2015; Quadros et 

al., 2016) were stimulated in groundwater. Phyla Chlorobi, Firmicutes, and Spirochaetes 

increased after phosphate amendment and citrate addition. Firmicutes is a dominant group of 

Fe(III)-reducers in hydrocarbon enrichment cultures (Li et al., 2011) and Spirochaetes are 

frequently found in anaerobic digesters (Lee et al., 2015). One specific OTU, OTU1195, was 

substantially increased by citrated amendment. OTU1195, which is affiliated to Geobacter, had a 

relative abundance of 0.21% for citrate addition (0.03% for no amendment and 0.17% for 

phosphate amendment). The stimulated iron-reducing bacteria in groundwater after citrate 
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addition corresponded to the increased iron(II) concentration (Chapter 4). Lovley (1997) reported 

that Fe(III) is the most abundant potential elector for anaerobic BTEX biodegradation. Despite 

the changes observed for bzdN and bcrC, the prevalence of Thauera and Azoarcus, were not 

significantly changed, thus, highlighting the importance of quantifying catabolic genes and 

culturable hydrocarbon degraders. Overall, the citrate amendment altered the groundwater 

community in a manner congruent with what one would expect for hydrocarbon degradation. 

The use of the Bonferroni rule may have biased results against rare species that were 

stimulated by citrate addition. For example, the change for the abundance of OTU1178 in 

groundwater was not significant according to the Bonferroni rule. However, OTU1178 was 

undetectable during the first two amendments, and became present after citrate addition in 

groundwater. And OTU1178 belonging to the genus Desulfocapsa, which is mainly responsible 

for toluene metabolism coupled to sulfate reduction (Bombach et al., 2010). The same change 

occurred for other genera known to comprise toluene-degraders, such as Desulfobacterium and 

Desulfovibrio (Bombach et al., 2010). For total 1817 OTUs detected in soil, approximately 375 

OTUs in the phyla Caldithrix, Thermi, Actinobacteria, Armatimonadetes, AD3, 

Armatimonadetes, Bacteroidetes, BHI80-139, BRC1, Caldiserica, Chlorobi, Chloroflexi, 

Cyanobacteria, Fibrobacteres, Firmicutes, GAL15, Gemmatimonadetes, LD1, MAT-CR-M4-

B07, NC10, Nitrospirae, NKB19, OP11, OP8, Planctomycetes, Proteobacteria, SAR406, 

SBR1093, Spirochaetes, Synergistetes, Tenericutes, TM6, Verrucomicrobia, WS3, and WS4, had 

highest abundance after citrate addition. Despite that, these OTUs are rare (only occupied 0.04% 

for bacterial community). Thus, it may be that rare species are responsible for the continued 

hydrocarbon degradation in influenced soil rather than the dominant microbial community. 

In contrast to the groundwater community, citrate addition reversed the enhancement of 

hydrocarbon degraders in the soil microbial community. For example, after phosphate 

amendment, increased abundance was observed for the phylum Bacteroidetes, Chlorobi, 

Nitrospirae, OP11, and Spirochaetes, and especially Acidobacteria and Firmicute. These 

changes were reversed after citrate addition. Further, based on the NMDS, the soil bacterial 

community after citrate addition was more similar to no amendment controls compared to the 

phosphate amendment. There are two factors explaining this: spatial and mineralogical. 

Spatially, the two soil samples closest to the phosphate amendment bacterial community were 

from borehole 16-01, which is the closest borehole to the infiltrators. The limited area of 
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influence from citrate is likely because the biological half-life for citrate in water is short and 

adsorption processes are rapid (Owen et al., 2001). The changes in the microbial community 

followed the changes in the soil mineralogy quite closely. As previously observed (Siciliano et 

al., 2016), adsorbed phosphate is tightly linked to soil microbial community composition. For 

example, some OTUs affiliated to phosphate solubilizing bacteria, increased after phosphate 

amendment and decreased after citrate addition in the groundwater and soil, such as 

Pseudomonas (OTU1430) and Flavobacterium (OTU375 and OTU371) (Rodríguez and Fraga, 

1999). This may imply that citrate limits apatite formation, driving a higher fraction of the total 

soil P pool into not only the adsorbed but also the dissolved phase. This would reduce the need 

for solubilization mechanisms in the microbial community and would enhance the rate of 

biodegradation in groundwater (as observed). 

5.7 Conclusion 

Phosphate amendment and citrate addition selectively stimulated anaerobic hydrocarbon-

degraders and altered bacterial community structure in the soil and groundwater. It found the 

amendment treatments, hydrocarbon levels, and catabolic gene prevalence constrained the 

bacterial community composition in the soil. In the groundwater the citrate addition promoted 

the influence of the phosphate amendment on the functional anaerobic hydrocarbon degraders in 

the phyla Chlorobi, Firmicute and well-known iron-reducing and sulfate reducing bacteria. 

Groundwater and soil microbial communities responded differently to biostimulatory treatments, 

largely because changes in phosphorus mineralogy dominated community response in soil, but 

not in groundwater. 
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6. TRAPPING CO2 TO ASSESS PETROLEUM HYDROCARBONS BIODEGRADATION 

6.1 Preface 

Petroleum hydrocarbon (PHC) biodegradation is the major topic for this dissertation. The 

mineralization of 13C-labeled PHC could release 13CO2. Based on the 13CO2 production from 

differently treated soils, it is possible to identify which situation has the highest degradation rate. 

This chapter developed and evaluated the use of 13CO2 to assess PHC biodegradation, which can 

provide an efficient and low-cost method to assess different treatments for PHC biostimulation. 
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6.2 Abstract  

Assessing remediation in small samples, or in samples that cannot be destructively 

sampled poses challenges during remediation technology development.  One potential approach 

is to use 13C-labelled contaminants and assess 13CO2 production using cavity ring-down 

spectrometry. However, the application of cavity ring-down spectrometry technology in 

treatability microcosms has not been fully developed. Microcosm studies were conducted to 

develop a method that detected the biodegradation of mono- and polyaromatic hydrocarbons 

under aerobic and anaerobic conditions. Benzene or phenanthrene was added to the soil samples 

as 13C-labelled substrate and normal substrate. Based on the 13CO2 production between 13C-

labelled and normal substrate spiked groups, which was determined by gas chromatography-

thermal conductivity detector and cavity ring-down spectrometry, it was possible to assess the 

mineralization rate of the compound of interest in the presence of other contaminants. This 

method, which used KOH traps to absorb produced CO2, can condense CO2 and remove the 

interference caused by H2S, methanol, benzene, or methane on cavity ring-down detection of 

13CO2. This new approach is suitable to assess intrinsic biodegradation or biostimulation of 

petroleum hydrocarbons. 

6.3 Introduction 

Petroleum hydrocarbon (PHC) is one of the most widespread contaminants. In Canada, 

approximately 60% of 21,000 federal contaminated sites contain PHC (Canadian Council of 

Ministers of the Environment, 2008). The exploration, production, refining, transport, and 

storage of PHC regularly leads to leaks and accidental spills with an estimated seepage rate of 

600,000 ± 200,000 metric tons per year (Das and Chandran, 2011). The release of PHC in the 

environment could cause serious damage to natural ecosystems and present risks for human 

health. For example, the chronic exposure of PHC may cause weariness, headaches, blood 

production malfunction, and irritation to eyes and lungs (Konečný et al., 2003). As a 

consequence, there are significant efforts underway to remediate PHC contaminated sites (Testa 

and Jacobs, 2014). 

Contaminated sites can achieve optimum remediation through numerous avenues. 

Physical, chemical, and biological techniques, such as soil washing, chemical oxidation, and 
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phytoremediation, can reduce PHC contamination to acceptable levels (Wang et al., 2011). 

Bioremediation utilizes natural microbial activity to decrease the concentration of a pollutant. 

There are two main strategies for PHC bioremediation: (a) biostimulation which adds nutrients 

such as carbon, nitrogen, and phosphorus or other growth-limiting co-substrates to stimulate the 

growth of the indigenous PHC degrading organisms, and (b) bioaugmentation which increases 

the population of PHC degrading microorganisms. A quick and effective method to assess 

biodegradation activity is needed to assess if a treatment option is stimulating PHC 

bioremediation. 

Accurate estimations of PHC bioremediation are difficult due to imprecisions associated 

with assessing PHC fate in soil. The fate of PHC in the soil involves several losses and 

movement processes such as dissolution, partitioning to solid matrices, volatilization, oxidation, 

and biodegradation (Dutta and Harayama, 2000; Coulon et al., 2010). Estimating only the 

biological loss fraction among these fate pathways is challenging. Techniques used to evaluate 

biodegradation include: determination of soil total PHC losses (Johnson et al., 2006), assessment 

of degrading microbial populations by most probable number (MPN) or genetic means (Bekins 

et al., 1999), and monitoring microbial respiration plus biogenic soil-gases including the 

measurement of O2, CO2, and CH4 (Hinchee et al., 1991; Revesz et al., 1995; Sihota et al., 2011). 

A change in the PHC reflects total PHC loss; however, if assessed in water this change does not 

account for residual PHC that has not partitioned from the soil. Precisely assessing total PHC 

loss in soil is difficult due to high soil heterogeneity and from losses due to volatilization (Scherr 

et al., 2007; Modrzyński et al., 2016). Methods assessing the culturable degrading population 

typically detect less than 1% of microorganisms present and genetic methods suffer from primer 

bias (Kirk et al., 2004). Assessing biogenic soil gases has the advantage of directly determining 

activity without the partitioning effects occurring with PHC, but the natural soil respiration often 

makes the results ambiguous because separating natural soil respiration and the contaminant 

related soil respiration is difficult. Combining 14C and 13C for CO2 monitoring can successfully 

characterize the natural attenuation of hydrocarbons on site (Conrad et al., 1997; Coffin et al., 

2008; Höhener and Aelion, 2010; Sihota et al., 2011; Sihota and Ulrich Mayer, 2012). Yet, the 

detection of 14C is typically performed using an accelerator mass spectrometer which are rare and 

typically, oversubscribed. In contrast, 13C-based methods are widespread. 
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Isotope fractionation can complicate the use of isotopes to track bioremediation. The 

different zero-point energies between heavy and light isotopes results in differences during 

reactions (Meckenstock et al., 2004). Lighter isotopes form chemical bonds with higher zero-

point energy than those formed by heavier isotopes, which means the lighter isotopes form 

weaker bonds compared to heavier isotopes. The activation energy for cleavage is also higher in 

heavier isotopes. Consequently, biological reactions lead to isotope fractionation. For example, 

the 13C/12C isotope ratio of the substrate’s residual fraction is enriched in 13C (Richnow et al., 

2003a). Based on this, the isotope fractionation has been used to assess intrinsic biodegradation 

(Richnow et al., 2003a; b; Meckenstock et al., 2004; Hofstetter and Berg, 2011; Thullner et al., 

2012). 

Here, the intrinsic soil bacterial degradation potential of 13C labeled PHC was assessed. 

Benzene and phenanthrene were chosen as representative contaminants at the PHC contaminated 

sites due to their toxic and widespread characteristics (Hunkeler et al., 2001; Mancini et al., 

2008; Bahr et al., 2015). Most researchers using 13C-based methods for biodegradation use the 

isotope composition of PHC to estimate loss (Aggarwal et al., 1997; Kelley et al., 1997; Conrad 

et al., 1999), or alternatively, only monitor isotope composition of CO2 during the 

biodegradation process (Aggarwal and Hinchee, 1991; Kirtland et al., 2000; Morasch et al., 

2007; Stelmach et al., 2016). This research developed a new method of trapping the CO2 

produced from mineralization of added benzene or phenanthrene to monitor the content and 

isotope composition of produced CO2. In so doing, the breakdown rate was quantified by 

comparing the 13CO2 production between 13C enriched substance and a normal substance. Thus, 

this approach provides compound-specific information for mineralization rates under different 

conditions. 

6.4 Materials and Methods 

6.4.1 Soil sources and chemicals 

We collected non-contaminated soil (clean soil) beside the General-Purpose Building at 

the University of Saskatchewan, Saskatoon, SK, Canada. Clean soil was stored at room 

temperature until processed. Contaminated soil samples for method development were collected 

from a soil core at a depth of 2.7 m to 3.2 m. The soil core (F1: 150-756 mg kg-1; F2: 862-1400 
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mg kg-1; F3: 30-254 mg kg-1) was from a former gas station in Young, SK, Canada. 

Contaminated soil samples were collected for assessing anaerobic biodegradation of benzene and 

phenanthrene from a former gas station in an active urban area in Saskatoon, SK, Canada. 

Contaminated soil samples were stored at -20°C until processed. All chemicals used were of the 

highest available purity. Stable isotope enriched compounds benzene (13CC5H6, 99 atom %) and 

phenanthrene (13C2C12H10, 99 atom %), both with a chemical purity > 99%, as well as normal 

benzene and normal phenanthrene were purchased from Sigma-Aldrich. 

6.4.2 Method development 

6.4.2.1 Identify filter material to remove H2S 

We observed H2S production during the anaerobic biodegradation of benzene and 

phenanthrene, which interfered with the Picarro G2201-i Analyzer (Picarro Inc., CA, USA), a 

cavity ring-down spectrometer (CRDS), delta 13 carbon (δ13C) in CO2 and CH4 determinations. 

Two biogenic gas samples containing H2S (1036 ppmv and 1102 ppmv) were collected from the 

incubation of Desulfomonile tiedjei 49306 using the ATCC Medium 1690 with 75 mM benzene 

and 75 mM sodium pyruvate as carbon sources. Activated carbon, steel wool and rusted steel 

wool were tested for their efficiency in removing H2S in a filter. Two standard CO2 gas samples, 

1018 ppmv and 5000 ppmv, were used to test the recovery of CO2 after being filtered. Gas 

Chromatography-Thermal Conductivity Detector (GC-TCD) analyzed the concentration of H2S 

(Varian Micro-GC CP-2003, Varian Inc., CA, USA) and CO2 (Bruker 450-GC, Bruker, MA, 

USA). 

6.4.2.2 Comparison of trapped and headspace CO2 determinations 

Clean soils were sieved to 2 mm and homogenized. Treatments were done in 

quintuplicate with 5 g of soil incubated at room temperature in 160 mL serum bottles under 

aerobic and anaerobic conditions as treatments. Lab air was used as the headspace for the aerobic 

samples and mixed air containing 80% N2, 15.5% Ar, and 4.5% CH4 for the anaerobic samples. 

For the mixed air, the serum bottle headspace was rinsed with N2 for 1 min at 100 kPa and then 

vacuumed for approximately 2 minutes to make the headspace pressure less than 7 Pa. After that, 

approximately 160 mL of mixed air was injected from a 1 L air bag. Two methods of sampling 

were used for each treatment: traps or no traps. Traps were built by smelting the end of a 1 mL 
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pipette tip as a trap which was filled with 0.5 mL of 1 M KOH (freshly made with deionized 

water). The serum bottle was capped with a gray butyl rubber septa and sealed with an aluminum 

crimp cap. The trap can absorb CO2 released from the soil to form carbonate (Fig. 6.1). After 

incubation, the KOH solution in the trap was transferred to a pre-evacuated 12 mL vial, acidified 

with 1 mL of 1 M HCl to release CO2 (Fig. 6.1), and 30 mL of N2 was injected into the vial and 

mixed. Then, 15 mL of the sample was transferred to the second pre-evacuated 12 mL vial for 

further gas determinations. The second sampling method did not have traps, and 15 mL of 

headspace gas was directly collected and transferred to a pre-evacuated 12 mL vial for CO2 

measurement. The sampling points for aerobic and anaerobic were respectively days 0, 1, 3, 5, 

and days 0, 2, 4, 6, 8. CO2 concentration of gas samples was determined by the GC-TCD. 

 

Fig. 6.1. Demonstration of the trapping and acidification process. In the left panel, the 1 mL blue 

trap in a 160 mL serum bottle was filled with 0.5 mL of 1 M KOH. In the right panel, pre-

evacuated tube A contains the KOH solution transferred from the trap and 1 M HCl was added to 

release CO2. Tube B was used to collect the released CO2 for further gas determinations. 

6.4.2.3 Evaluating different types of controls 

Clean soils were sieved to 2 mm and homogenized. The working solution for 

phenanthrene was 1.5 g L-1 in toluene (enriched phenanthrene solution, containing 75% normal 

phenanthrene and 25% of 13C2C12H10) and the solution for benzene was 75 mM in deionized 

water (enriched benzene solution, containing 96% normal benzene and 4% of 13CC5H6). 

Treatments were evaluated in triplicates at room temperature under aerobic and anaerobic 

conditions. For the phenanthrene spiked soil, 1 mL of phenanthrene solution was mixed with 1 g 
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of sand in a 160 mL serum bottle which was left to evaporate in the fume hood for two days. 

Then 5 g of soil and 1 mL of deionized water were added and mixed in the bottle. Lastly, the trap 

was added in the bottle before being sealed. For the benzene spiked soil, the order was (1) 5 g of 

soil was weighed in the bottle; (2) trap was added; (3) bottle was sealed; (4) 1 mL benzene 

solution was added by a syringe with a long needle; (5) the bottle was slightly shaken to mix well 

solution and soil. 

There were two control treatments for the phenanthrene spiked soil. Only one step 

differed from the treated group: pure toluene was used instead of phenanthrene dissolved in 

toluene solution to soil for one (called substance control), while the other one had phenanthrene 

dissolved in toluene solution added without soil (called soil control). Similarly, two control 

treatments for the benzene spiked soil samples were set: (i) adding deionized water instead of 

benzene dissolved water solution to soil (substance control) and (ii) adding only the benzene 

dissolved water solution without soil (soil control). A 1 mL trap containing 0.5 mL of 1 M KOH 

was added to absorb produced CO2. HCl (1 mL of 1 M) was used for acidification process. The 

sampling points for treatments were days 0, 1, 2, 3, 4, 5 for aerobic condition (only day 2 for 

controls), and days 0, 2, 4, 6, 8, 10, 12, 14 for anaerobic condition (only day 2 and day 14 for 

controls).  

To test anaerobic benzene biodegradation, contaminated soil samples were used. This test 

also had a soil control, substance control (only benzene control), and substance spiked (benzene 

spike) treatments; empty serum bottles were used as an extra gas control (no soil, no substance, 

only gas to check the background headspace CO2). The sampling points were days 0, 7, 14. The 

CO2 concentration for gas samples was determined by GC-TCD. The δ13C values were 

determined with the Picarro cavity ring-down spectrometry (CRDS). 

6.4.3 Biodegradation assessment 

6.4.3.1 Aerobic biodegradation of benzene and phenanthrene 

To determine aerobic biodegradation of benzene and phenanthrene, five treatments of 

clean soil (5 g, 2 mm sieved) were tested in triplicates: (i) non-contaminant spiked (1 mL DI 

water, substance control), (ii) normal phenanthrene spiked, (iii) enriched phenanthrene (75% 

normal phenanthrene and 25% of 13C2C12H10) spiked, (iv) normal benzene spiked, and (v) 
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enriched benzene (96% normal benzene and 4% of 13CC5H6) spiked. The working solution was 

1.5 g L-1 for phenanthrene in toluene and 75 mM for benzene in deionized water. The 1 mL traps 

contained 0.5 mL of 1 M KOH, and 1 mL of 1 M HCl was used for the acidification process. The 

sampling points were days 0, 4, 8, and 12. CO2 concentration and δ13C values were determined at 

each sampling point. 

6.4.3.2 Anaerobic biodegradation of benzene and phenanthrene 

To determine anaerobic biodegradation of benzene and phenanthrene, four treatments 

were applied in triplicates: (i) normal phenanthrene spiked, (ii) enriched phenanthrene (normal 

phenanthrene: labelled 13C2C12H10= 3:1) (iii) spiked, normal benzene spiked and (iv) enriched 

benzene (normal benzene: labelled 13CC5H6= 24:1) spiked. The working solution concentration 

and added amount were the same as aerobic biodegradation of benzene and phenanthrene 

treatments above. Contaminated soil (1 g) was incubated in a 12 mL vial for different treatments. 

A 0.2 mL trap containing 0.1 mL of 1 M KOH was set to absorb produced CO2. Then, 0.2 mL of 

1M HCl was added for acidification process. The headspace was composed of 80% N2, 15.5% 

Ar, and 4.5% CH4. CO2 concentration and δ13C values were determined for collected gas 

samples after a 14-day anaerobic incubation. 

6.4.4 Calculation of breakdown rate  

The breakdown rate was calculated as follows: 

● Initially, the amount of CO2 (NCO2, mmol) produced for a sample was calculated 

with the Eq. 6.1. Vi is the total volume for the gas sample, which was 0.0225 L for 

the method development. CCO2 is the concentration for total CO2 (mL L-1). a is 

1.977 mg mL-1, the gas density of CO2 at 1 atm at 0°C. b is 44.01 mg mmol-1, the 

molar mass for CO2.  

● Secondly, the δ13C value for CO2 in the sample, δ13C(sample), needs to be 

converted to 13C/12C(sample), which is the isotopic ratio of 13C/12C for CO2 (Eq. 6.2) 

(Kleemann and Meckenstock, 2011). The Rref is Pee Dee Belemnite (PDB) 

standard, 0.0112372.  

● Thirdly, the 13CO2 production was calculated in a sample, (N13CO2)sample (Eq. 

6.3).  



 

90 

● Fourthly, the 13CO2 production in the corresponding control group, (N13CO2)control, 

was subtracted from (N13CO2)sample (If the control group is not the right one, the 

difference will be negative, which occurred during the right control set-up 

development). Then using the difference to divide the normality of spiked 13C in 

the substance, which is (N13C)spiked, the substance breakdown rate was estimated 

during mineralization (Eq. 6.4). 

NCO2 = Vi CCO2 a/b                                           (Eq. 6.1) 

13C/12C(sample) = [δ13C(sample)/1000 + 1] Rref                         (Eq. 6.2) 

(N13CO2)sample = NCO2 
13C/12C(sample)/[

13C/12C(sample) + 1]                  (Eq. 6.3) 

Breakdown (%) = [(N13CO2)sample - (N13CO2)control]/(N13C)spiked × 100%           (Eq. 6.4) 

6.4.5 Statistical design and analysis 

All statistical analyses were performed using R (R Core Team, 2016). Analysis of 

variance (ANOVA) and Kruskal-Wallis rank sum tests were used to determine the influence of 

treatment and time. The normality of residuals was tested using the Shapiro-Wilk statistic. When 

the data were significant and normally distributed, mean comparisons were made using Tukey’s 

Honestly Significant Differences if the dataset was normal distributed. When the data were not 

normally distributed, a t-test compared different treatments. All tests were declared significant at 

p<0.05. 

6.5 Results 

6.5.1 Method development 

6.5.1.1 Filter material for H2S removal and CO2 recovery 

We found that rusted steel wool worked best to remove H2S and recover CO2 for 

filtration. The rusted steel wool and activated carbon had total removal of H2S (Table 6.1), but 

the recovery for CO2 for activated carbon was more variable. Because rusted steel wool needs a 

relatively large volume for a filter (about 5 mL), this resulted in a large volume of sample 

residual in the filter. The effective component in rusted steel wool is iron oxide. Thus, an 
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external filter with iron oxide powder (about 1 mL) was used for Picarro CRDS to remove H2S 

produced in anaerobic biodegradation experiments. Picarro CRDS kept monitoring the H2S 

concentration, and the filter would be changed when necessary to ensure the concentration of 

H2S remained lower than 10 ppmv. 

Table 6.1. The range of H2S removal and CO2 recovery for different materials used during filtration. 

Material H2S removed (%) CO2 recovery (%)  

Activated Carbon 100 81-128 

Rusted Steel Wool 100 109-114 

Steel Wool 92-100  108-116 

6.5.1.2 Differences between trap CO2 and headspace CO2 

The trap method increased the concentration of detected CO2 compared to headspace 

samples. The concentration of CO2 from the trap was 6.45 ± 0.40 (SE) times larger than the 

headspace under aerobic conditions, and 6.20 ± 0.30 larger under anaerobic conditions (Fig. 6.2). 

The amount of CO2 (mmol) collected with the two methods was not significantly different under 

aerobic (p = 0.14) and anaerobic conditions (p = 0.26). 

 

Fig. 6.2. Concentration of CO2 under different conditions. (a) Aerobic soil respiration assessed by 

different methods (N =5) (b) Anaerobic soil respiration assessed by different methods (N = 5). Bars 

represent the average with error bars representing the standard error. 
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6.5.1.3 Appropriate controls 

There are two potential controls: the enriched substance with no soil (Soil Control), and 

only soil with no enriched substance (Substance Control). The amount of 13CO2 for substance 

control and substance spiked (adding benzene dissolved water solution or phenanthrene 

dissolved toluene solution in the soil) was always much higher than the soil control under both 

aerobic and anaerobic conditions (Fig. 6.3). The unusually low δ13C values for treatment groups 

on day 2 were due to the limitations of the Picarro CRDS machine, which is designed for 300-

2000 ppmv CO2 concentration range. If the concentration is too low, as in this case (Fig. 6.3), the 

Picarro CRDS machine will produce inaccurate data with large deviations. In addition, the 

amount of 13CO2 for soil control did not change when comparing day 2 and day 14 under 

anaerobic conditions. Thus, the soil control is likely not necessary.  

The existence of benzene biodegradation under aerobic and anaerobic conditions was 

supported by δ13C and 13CO2 for collected CO2. Under aerobic conditions, the initial δ13C was -

26.35 permil ± 1.17 permil (Fig. 6.4). For aerobic benzene biodegradation, the δ13C for the 

benzene spiked treatment was -52.66 ± 1.58 permil, which was lower than the substance control 

(-26.68 ± 0.49) on Day 2, and consistently decreased to -57.39 ± 2.62 permil on Day 5. The 

produced amount of 13CO2 kept increasing from 64 ± 17 to 3300 ± 240 nmol after five days. The 

δ13C for the phenanthrene spiked treatment was similar to the substance control on day 2, and 

stayed around the initial aerobic δ13C value for the duration of the experiment. The produced 

amount of 13CO2 for the benzene spiked treatment was always higher than that of the 

phenanthrene spiked. The change of δ13C and 13CO2 demonstrated the occurrence for aerobic 

benzene biodegradation.  

A similar situation happened for anaerobic benzene biodegradation. Under anaerobic 

conditions, the initial δ13C was about -20.13 ± 0.67 permil (Fig. 6.4). The δ13C for all treatments 

was similar at day 2 and day 14 (Fig. 6.3). The δ13C for benzene spiked soil samples slightly 

decreased while δ13C stayed at the same level for the phenanthrene spiked treatment. The amount 

of 13CO2 for benzene spiked samples increased throughout the 14-day incubation (Fig. 6.4). The 

produced amount of 13CO2 for benzene spiked samples was also higher when compared to 

phenanthrene spiked samples. The change in δ13C and 13CO2 indicates that the anaerobic benzene 

biodegradation occurred. 
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Fig. 6.3. The δ13C for CO2, CO2 concentration, and 13CO2 production for different treatments 

during (a) aerobic biodegradation on day 2, and (b) anaerobic biodegradation on day 2 and day 14, 

in clean soil. Bars represent averages (n = 3) with the standard error represented as error bars. 

Means with the same letter are not significantly different. Soil control represented the treatment of 

only adding the enriched benzene or phenanthrene solution with no soil; substance control was only 

soil added with no enriched substance solution. For substance spiked, benzene dissolved water 

solution or phenanthrene dissolved toluene solution was added to the soil sample. 
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Fig. 6.4. The δ13C value for CO2 (top panel), CO2 concentration (middle panel), and 13CO2 content 

produced (bottom panel), during aerobic (black symbols) and anaerobic (white symbols) 

biodegradation of benzene (circles) and phenanthrene (triangles) in clean soil. Each point 

represents the average of three replicates and error bars represent the standard error of the 

estimate. The sampling period for aerobic biodegradation is on the bottom x-axis and anaerobic 

biodegradation is on the top x-axis. 
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The addition of benzene in the soil may inhibit biodegradation. A decrease of δ13C and an 

increase of 13CO2 were observed when the soil was spiked in both benzene dissolved water 

solution (Benzene Spiked) and deionized water (Benzene Control) (Fig. 6.5). However, the 

CO2 concentration and 13CO2 production, for benzene control treatment was higher than the 

benzene spiked treatment. The breakdown will be negative if calculation follows Eq. 6.1-6.4. 

Consequently, the benzene control needs to be adjusted from deionized water to the normal 

benzene solution (no enriched benzene added) to account for the possible inhibition on microbial 

activity from the addition of benzene. Similarly, the appropriate control set up for phenanthrene 

spiked treatment is to add normal phenanthrene toluene solution instead of solely toluene. In 

summary, to estimate mineralization rate the appropriate control to test an enriched substance is 

only a non-enriched substance spiked into soil, not the corresponding solvent.  
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Fig. 6.5. The δ13C, concentration, and 13CO2 content for CO2 produced during the anaerobic 

biodegradation of benzene in contaminated soil. Each point represents the average of three 

replicates and error bars represent the standard error of the estimate. Treatments are denoted by 

the colour and shape of symbols. 

6.5.2 Assessment of biodegradation 

6.5.2.1 Aerobic biodegradation benzene and phenanthrene 

We successfully evaluated aerobic biodegradation for benzene and phenanthrene in clean 

soil (Fig. 6.6). Initial δ13C was from -14 to -18 permil. The change in δ13C for normal benzene, 

enriched phenanthrene, normal phenanthrene and substance control treatments followed similar 
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trends. However, the enriched benzene spiked treatment had a lower and decreasing δ13C trend 

line (-39.01 ± 0.05 at Day 12) compared to the other treatments. The breakdown (%) is 10.17 ± 

5.10 for benzene and 8.72 ± 1.81 for phenanthrene in 12 days. Compared with normal benzene 

spiked treatment, the enriched benzene spiked treatment always had the lowest δ13C value and 

highest CO2 concentration. 

 

Fig. 6.6. Aerobic biodegradation assessment of benzene and phenanthrene. The top panel shows the 

δ13C among different treatments, the middle panel shows the total CO2 concentration in the serum 

bottle and the bottom panel shows the breakdown for biodegradation. Each point represents the 

average of three replicates and error bars represent the standard error of the estimate. Treatments 

are denoted by the colour and shape of symbols. 
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6.5.2.2 Anaerobic biodegradation benzene and phenanthrene 

We assessed anaerobic biodegradation for phenanthrene with contaminated soil samples 

(Fig. 6.7). The δ13C among normal benzene, enriched benzene, normal phenanthrene and 

enriched phenanthrene spiked treatments were not significantly different (p-value = 0.3193). The 

breakdown for benzene (%) in these soil samples approached zero (0.01 ± 0.01) after 14 days. 

There was 4.11 ± 0.84 % breakdown detected for anaerobic phenanthrene biodegradation. 

Interestingly, the enriched benzene group had the lowest production of CO2 and enriched 

phenanthrene treatment had the highest value of CO2 concentration. 
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Fig. 6.7. Estimation for anaerobic biodegradation of benzene and phenanthrene with contaminated 

soil samples. Top panel shows the δ13C among different treatments after 14 days. The concentration 

for CO2 is in the middle panel and the bottom panel shows the breakdown of biodegradation in 14 

days. Each bar or point represents the average of 18 samples and error bars represent the standard 

error of the estimate. Means with the same letter are not significantly different. In the bottom 

panel, the breakdown was compared with zero, which was assigned with ‘b’. 
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6.6 Discussion 

This study developed and validated a low-cost method to assess biodegradation in soil 

samples. Using a CO2 trap method reduces the cost because only partially 13C labeled 

compounds need to be used and detected by cavity ring-down spectrometer. In contrast, the other 

approach would be to use fully 13C labeled compounds or isotope composition with compound-

specific isotope analysis (CSIA) of carbon by the ratio mass spectrometry (IRMS). The 

condensing function for the trap method makes the storage and analytical dilution process for gas 

samples easier and the trap is much easier to use than other trapping methods (Usdowski and 

Hoefs, 1986; Mccoy et al., 2015). For example, a CO2 trap developed recently, has upper and 

lower sorbent element held by stainless steel screens, a PVC tubular frame, glass wool packing, 

and rubber O-rings for sealing (Mccoy et al., 2015). At the same time, the trap prevents the 

interference for Picarro CRDS caused by the components in the headspace, such as, methanol, 

benzene, or methane. The external iron oxide filter for Picarro CRDS eliminated the disturbance 

from H2S, guaranteeing the accurate determination for anaerobic samples. H2S could also be 

removed by EDTA-Fe3+, Cu2+/Zn2+/ Fe3+ ions, activated carbon, or ZnO (Qiu et al., 2011; 

Pouralhosseini, 2013; Liu et al., 2015) and since the Picarro CRDS is designed to analyze 

atmospheric gas samples with low H2S, a filter will likely always be required for microcosm 

assessments. However, even with the trap and filter, the appropriate control is needed to target 

the 13CO2 from PHC mineralization, not from the natural soil respiration. 

Normally, the isotopic composition of CO2 produced from mineralization is nearly the 

same as that of the source substance. Reported δ13C values for PHC including benzene and 

phenanthrene are from -22 to -31 permil (Table 6.2). Atmospheric CO2 has a δ13C value from -7 

to -10 permil (Aggarwal and Hinchee, 1991). In the study, the gas control was from -14 to -18 

permil during the method development. The range of δ13C value for CO2 from PHC 

mineralization is from 10 to -37 permil (Table 6.2). For most of treatments, except enriched 

benzene, the δ13C value for CO2 was within this range. There are two reasons for this range. One 

is that the enriched substance spiked was not a high concentration relative to the total C in the 

headspace and the substance just had only one or two carbon atoms replaced with 13C. Even 

though the enriched phenanthrene did not have isotope fractionation, the enriched CO2 also 

would not have altered the delta value to a great degree. The other reason is that isotope 
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fractionation influenced the benzene biodegradation process, which resulted in even lower delta 

value for CO2. The depleted 13C-CO2 for enriched benzene biodegradation indicated the presence 

for isotope fractionation, which may limit the accuracy of the benzene mineralization rate. 
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Table 6.2. The δ13C value for CO2 and petroleum hydrocarbons (PHC) from different sources. 

Substance Source δ13C (permil) Reference 

CO2 Atmospheric -7 ~ -10 Aggarwal and Hinchee (1991) 

 Natural organic matter decay -7 ~ -25 Aggarwal and Hinchee (1991) 

 Uncontaminated soil gas (aerobic) -18 ~ -25 Aggarwal and Hinchee (1991) 

 Contaminated soil gas (aerobic) -21 ~ -30 Aggarwal and Hinchee (1991) 

 Uncontaminated soil gas -23 Conrad et al. (1997) 

 Contaminated soil gas -19 ~ -28 Conrad et al. (1997) 

 Biodegradation for diesel fuel -10 ~ -31 Conrad et al. (1997) 

 Aerobic phenol and benzoate biodegradation -25 ~ -37 Hall et al. (1999) 

 Aerobic & anaerobic benzene biodegradation -17 ~ -25 Morasch et al. (2007) 

 Contaminated soil gas for unsaturated zone -21 ~ -27 Bouchard et al. (2008) 

 PHC natural attenuation in the vadose zone 10 ~ -30 Coffin et al. (2008) 

 Vadose zone PHC biodegradation -16 ~ -32 Sihota and Ulrich Mayer (2012) 

 Decomposition of gasoline -22 ~ -30 Stelmach et al. (2016) 

 Decomposition of diesel -31 ~ -35 Stelmach et al. (2016) 

    

PHC Hydrocarbons -22 ~ -30 Aggarwal and Hinchee (1991) 

 JP-4 -26 Aggarwal and Hinchee (1991) 

 Heavy oils -26 ~ -29 Whittaker et al. (1996) 

 crude oil (BAL 250) -27 ~ -29 Mazeas et al. (2002) 

 diesel and gasoline -31 Stelmach et al. (2016) 

    

Benzene Monitoring wells in a contaminated site -24 ~ -27 Kelley et al. (1997) 

 Free products -26 ~ -29 Dempster et al. (1997) 

 Products from different suppliers -24 ~ -29 Harrington et al. (1999) 

 Hydrocarbon mixture -27 ~ -29 Bugna et al. (2004) 

    

Phenanthrene Pure chemical or extracted contaminant -24 ~ -26 O’Malley et al. (1994) 

 from crude oil (BAL 250) -25 ~ -27 Mazeas et al. (2002) 

Isotope fractionation may be induced during: PHC mineralization, gaseous CO2 

absorption by KOH solution, and CO2 release from acidification by HCl, because the kinetic 

processes can produce isotope fractionations (Hoefs, 2015). Previous studies demonstrated that 

the isotopic fractionation occurs during the CO2 absorption by Ba(OH)2, NaOH, or NH3-NH4Cl, 

and isotope fractionation may vary or stay constant (Usdowski and Hoefs, 1986, 1988). But in 

this study, it was verified that the isotope effect of KOH absorption of CO2 was too small to be 
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detected. If the isotope fractionation occurred during the KOH absorption process, the δ13C value 

would have kept decreasing in all the treatments (normal benzene, enriched phenanthrene, 

normal phenanthrene, and substance control groups) over the last eight days during the aerobic 

biodegradation assessment (Fig. 6.6). Only the δ13C value for CO2 from the enriched benzene 

spiked treatment kept decreasing, which suggests that isotope fractionation during aerobic 

benzene biodegradation cannot be neglected. To get more accurate breakdown rates for benzene 

biodegradation, it may need to estimate the isotope fractionation factor for substances with IRMS 

(O’Malley et al., 1994; Dempster et al., 1997; Kelley et al., 1997), or alternatively, a uniformly 

labelled benzene could be used (Morasch et al., 2007; Bahr et al., 2015) to prevent fractionation. 

Since the isotope fractionation for phenanthrene biodegradation is negligible, the trap 

method successfully assessed the phenanthrene mineralization under aerobic and anaerobic 

conditions. The absence of stable carbon isotope fractionation of phenanthrene once was 

reported under aerobic condition (Mazeas et al., 2002). In addition, the aerobic mineralization 

rate of phenanthrene in 62 days was 14-33% (0.2-0.5% per day) in a laboratory microcosm study 

(Bahr et al., 2015), which was close to findings. Aerobic phenanthrene breakdown rate was 0.6-

0.9% per day and the anaerobic breakdown rate was 0.2-0.4% per day. 

6.7 Conclusion 

This study developed and evaluated a trapping method based on 13C-CO2 analysis by GC 

and Picarro CRDS to assess benzene and phenanthrene biodegradation. The new approach 

investigated the intrinsic phenanthrene biodegradation potential under aerobic and anaerobic 

conditions for soil samples. This method can also provide semi-quantitative data when the 

isotope fractionation effect is significant, such as benzene biodegradation. For benzene, the use 

of a uniformly labelled benzene molecule may avoid the fraction artifacts that confounded 

observations in this study. 
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7. SYNTHESIS AND CONCLUSIONS 

Unlike U.S. and Europe, which started implementing various policies and programs since 

the mid-1990s for brownfields redevelopment, Canada did not start working on its urban 

brownfields reclamation until mid-2000s (Sousa, 2006). As an environmental friendly, cost-

effective, low labor intensive technique for petroleum hydrocarbons (PHC) remediation, 

bioremediation attracted more and more attention after its successful application for the Exxon 

Valdez oil spill in 1990s (Chandra et al., 2013). However, some factors, i.e., bioavailability of 

pollutants, nutrients, and PHC degrading microorganisms population, can limit bioremediation 

efficacy (McGuinness and Dowling, 2009; Schwitzguébel et al., 2011). 

Low molecular weight organic acid anions (LMOAA), such as oxalate, citrate, succinate, 

malonate, fumarate, are produced from the decomposition of organic matter, dead plants or 

exudates of plants and microbes, ubiquitous in soil (Collins, 2004). Even though LMOAA may 

be not stable due to consumption by soil microbes as a carbon source (Fujii et al., 2013), which 

may stimulate microbial community, LMOAA play an important role in soil chemistry and 

biology (Bolan et al. 1994; Kpomblekou-A and Tabatabai 2003). Addition of LMOAA could 

disrupt the sequestering soil matrix to enhancing the desorption of PHC and P in soils (Ding et 

al., 2011; Martin et al., 2014). Whereas the vast majority of research on LMOAA has focused on 

one direction, either P speciation or PHC desorption. But researches that evaluate the influence 

of LMOAA on PHC biodegradation through different routes as a whole, have been relatively 

limited, especially under anaerobic conditions. The research presented in this dissertation filled 

some of the knowledge gaps. 

The general goal for this research was to assess the influence of LMOAA combined with 

phosphate amendment on PHC bioavailability, P bioavailability, and active hydrocarbon-

degraders community for anaerobic PHC biodegradation, with laboratory microcosm studies and 

field tests. In addition, the carbon-13 labeling technique was used to develop a cost-effective, 

quick approach to estimate the PHC biodegradation potential in soil samples. 

7.1 Summary of Findings 

One key factor for PHC biodegradation, contaminant bioavailability was affected by 

LMOAA plus phosphate biostimulation treatments (Chapter 3). Biostimulation treatments were 

evaluated with benzene and gasoline as representative PHC simple compounds and complicated 
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mixture. During mimicked ex situ PHC biodegradation process, low concentrations of citrate 

addition with low phosphate addition promoted anaerobic benzene and gasoline biodegradation 

at low temperature. But it was much lower than the reported range, 10-1000 mM, at which level 

LMOAA enhanced the bioavailability for some PHC compounds (Ling et al., 2009, 2015; Gao et 

al., 2010a, b; An et al., 2010, 2011). Based on the distribution factor analysis for PHC, it was 

confirmed 10-100 mM citrate addition did provide more bioaccessible PHC fractions under 

anaerobic conditions, for ex situ anaerobic gasoline biodegradation. But the best positive effect 

on PHC bioavailability did not lead to the best ex situ biodegradation, which was likely caused 

by the positive effect for citrate on phosphate bioavailability. Interestingly, for mimicked in situ 

PHC biodegradation, better positive effect on PHC bioavailability induced better biodegradation 

at ambient temperature. It is well known that various factors influence bioremediation success, 

not only PHC/P bioavailability (McGuinness and Dowling, 2009; Schwitzguébel et al., 2011). 

The effect of LMOAA on PHC biostimulation could be situation-specific. The combination of 

the combination for 1.0 mM phosphate plus 10 mM citrate may be a good option for in situ 

biostimulation application in gasoline contaminated site (Chapter 4 and Chapter 5), probably by 

increasing the bioavailability for gasoline or other approaches. 

Chapter 4 addressed the ability of citrate to increase the P bioavailability for in situ 

bioremediation, with enhanced gasoline dissipation, such as, F1-BTEX in soil Area 2 and BTEX in 

groundwater monitoring wells. Quick increases in bioavailable P in groundwater after adding 

citrate was found in a gasoline contaminated site. And the increased bioavailable P fraction may 

be related the exchangeable organic P dissolution in soil. The resin- and NaHCO3–extracted P 

has been shown to contribute to soluble and exchangeable P (Schoenau and O’Halloran, 2007; 

Tiessen and Moir, 2007), which was selectively increased in certain area. The organic P 

solubilizing effect of LMOA was proposed to be dependent on the level of soil organic P, and the 

dynamic flux of organic P may be more important than the increased amount of organic P (Wei 

et al., 2010). Citrate did not change the bulk speciation or mineralogy of P in the soil, but 

changed the groundwater iron(II) content that related to iron-reducing microbes. In this study, 

the increased organic P in extraction only accounted 2–6% of total P, which demonstrated a quite 

important role for groundwater microbial activity for in situ bioremediation. 

Chapter 5 investigated how the microbial community changed by citrate addition, 

especially the anaerobic hydrocarbon-degraders, during the 18-month biostimulation period for 
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three treatments. Citrate selectively increased the culturable and total anaerobic hydrocarbon 

degrader population, which had an analogous pattern in a field microcosm experiment (Siciliano 

et al., 2016). And the selective stimulation of the hydrocarbon degrading microbial community 

was linked to changes in soil P mineralogy. The soil bacterial community composition was likely 

driven by the adsorbed P fraction in the soil, which was depleted in the phosphate treatment and 

was effectively reintroduced after adding citrate. However, it was not the case in groundwater. 

The population for anaerobic hydrocarbon degraders, especially iron-reducing and nitrate-

reducing bacteria, was increased by citrate addition in the groundwater. While, citrate addition 

reversed the enhancement of hydrocarbon degraders in the soil microbial community. Citrate 

may limit apatite formation, driving a higher fraction of the total soil P pool into not only the 

adsorbed but also the dissolved phase. If combined with the P sequential extraction result, the 

microbial community in the groundwater is more likely linked to the increased bioavailable 

organic P, not the adsorbed fraction in soil. The pool for absorbed P in soil and dynamic flux for 

organic P in groundwater determine the function and composition in soil and groundwater, 

respectively. 

Chapter 6 developed and validated a cost-effective method to estimate biodegradation 

potential in soil samples, with stable carbon techniques. This method used a CO2 trap to collect 

the produced 13CO2 from mineralization of partially enriched benzene or phenanthrene, and 

determined the stable isotope data by cavity ring down spectrometer (CRDS). This trapping 

method offered some advantages: could condense the CO2 to makes the storage and following 

analytical dilution process for gas samples easier; can prevent the gas interference for CRDS 

caused by the components in the headspace; equipped with iron oxide filter, the method could 

remove the disturbance from H2S. This trap method successfully assessed the phenanthrene 

mineralization under aerobic and anaerobic conditions, and provided limited accurate 

mineralization estimation for benzene biodegradation due to isotope fractionation, permitting us 

to investigate the intrinsic PHC biodegradation potential under aerobic and anaerobic conditions 

for soil samples. 

In conclusion, LMOAA, such as citrate, enhanced anaerobic PHC bioremediation 

through: (1) promoting the PHC partition into water phase to increase PHC bioavailability; (2) 

increasing bioavailable organic P fraction to increase P bioavailability; (3) stimulating the 
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anaerobic PHC degrader, particularly iron reducers (Fig. 7.1). And the active microbial 

community was closely related to P speciation, in both soil and groundwater. 

 

Fig. 7.1.  Conceptual model of strategies by which citrate enhance PHC bioremediation. 

7.2 Future Research 

This research presented an integrated picture for the influence of citrate on PHC 

bioremediation through different strategies in the laboratory and in the field. Moreover, it 

provided insight into how to balance PHC bioavailability and P bioavailability for in situ and ex 

situ PHC biodegradation. LMOAA changed P mineralogy and P speciation in the soil, which 

were correlated to microbial community in soil and groundwater. A better understanding of P 

speciation, especially the organic P species and their role in microbial community composition 

and function will be important for PHC bioremediation application. 

The positive effect of LMOAA on PHC bioavailability for PHC biodegradation was 

demonstrated in microcosm studies in Chapter 3. Different soil types, temperature, and 

microcosm slurry composition were tested. However, studying more parameters is required, 

particularly soil properties related to phase partition and mass transfer for PHC. In addition, the 

correlation among PHC bioavailability, P bioavailability, PHC biodegradation, and soil 

homogeneity was not clear. Studying P speciation in the soil and aqueous phase is therefore 

warranted, which supports better management for P amendment during PHC biostimulation 

process. The bioavailable organic P fraction was increased by citrate addition, based on 
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sequential extraction. It was unknown which kind of organic P was released, highlighting the 

need to combine other alternative analysis for organic P. Spectroscopic techniques offer a good 

potential for determining the speciation of organic P in soils (Doolette and Smernik, 2011). The 

three main spectroscopic techniques include solution 31P nuclear magnetic resonance (NMR) 

spectroscopy, solid-state 31P NMR spectroscopy and P XANES (X-ray absorption near-edge 

structure) spectroscopy, which can be applied in the future study.  

Though the polyaromatic hydrocarbon compound-phenanthrene mineralization was 

successfully assessed, it was not able to accurately quantify the mineralization rate for 

monoaromatic hydrocarbon compound-benzene due to isotope fractionation. Determination of 

the isotope fractionation factor for substances with the isotope ratio mass spectrometry (IRMS), 

or using a uniformly labelled benzene to prevent fractionation, can be used for more accurate 

mineralization assessment. 
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APPENDIX 1 

Table A1.1. Correlation matrix of analyzed variables during anaerobic gasoline biodegradation (10°C). 

 
WBTEX

† WF1-BTEX WF1 SBTEX SF1-BTEX SF1 TBTEX TF1-BTEX TF1 KSW-BTEX KSW-F1-BTEX KSW-F1 

WBTEX 
 

0.89‡ 0.94 -0.42 -0.48 -0.48 0.73 0.45 0.55 -0.53 -0.54 -0.56 

WF1-BTEX 0.00 
 

0.99 -0.40 -0.48 -0.46 0.64 0.57 0.61 -0.50 -0.55 -0.56 

WF1 0.00 0.00 
 

-0.42 -0.49 -0.48 0.68 0.55 0.61 -0.52 -0.56 -0.57 

SBTEX 0.00 0.00 0.00 
 

0.94 0.96 0.29 0.46 0.42 0.90 0.72 0.79 

SF1-BTEX 0.00 0.00 0.00 0.00 
 

1.00 0.19 0.44 0.38 0.86 0.77 0.83 

SF1 0.00 0.00 0.00 0.00 0.00 
 

0.21 0.44 0.39 0.88 0.77 0.83 

TBTEX 0.00 0.00 0.00 0.00 0.01 0.00 
 

0.84 0.91 0.07 -0.09 -0.05 

TF1-BTEX 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 

0.99 0.25 0.11 0.16 

TF1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 

0.21 0.06 0.11 

KSW-BTEX 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00 0.00 
 

0.91 0.95 

KSW-F1-BTEX 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.11 0.39 0.00 
 

0.99 

KSW-F1 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.02 0.11 0.00 0.00 
 

† Variables starting with W correspond to the concentration of the compound in the water phase. S means the concentration of the compound in the 

soil phase and T is for the total amount in the microcosm. Variables starting with KSW represent the distribution factor for the compound between 

soil and water. 

‡ The top right values are Pearson correlation coefficients and the left bottom values are the corresponding p-values for the correlation matrix. 
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Fig. A1.1. The concentration of BTEX in the water phase (WBTEX) in the microcosm, (1) for 

different amendment treatments, (2) for different phosphate addition, and (3) for different citrate 

addition, under anaerobic conditions at 10°C during a three-week incubation. For panel (1), 

averages of 12 replicates (three replicates per each soil, four soils) are denoted by bars with the 

error bars representing the standard error (SE) from the mean; the pattern of bars corresponds to 

the same ratio for citrate:phosphate (the 0 X citrate means 0 times of phosphate concentration for 

citrate added in that treatment) treatment. The grey dash line indicates the average benzene 

concentration in the abiotic control treatment (0.2% sodium azide, 1 mM phosphate, and 10 mM 

citrate, 12 replicates). Another abiotic control (amended with 1 mM phosphate and 10 mM citrate 

addition) was gamma irradiated, and had 75 ± 10 mg L-1 value for WBTEX. 
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APPENDIX 2 

Table A2.1. Total elemental concentrations of all borehole/soil samples. 

Sample 

ID 

Borehole 

Position 
Treatment Soil Zone 

Total Elemental Concentration†  

Fe P Ca Mg S 

mg kg-1 

15-01-5 
1 

(in Area 2) 

No Amendment 

Saturated 

35200 1040 27300 14400 -‡ 

15-10-5 Phosphate Amendment 37100 930 29400 12500 88 

16-01-5 Phosphate and Citrate Amendment 43800 1000 12900 13500 34 

         

15-02-2 
2 

(in Area 2) 

No Amendment 

Unsaturated 

14100 1240 7610 7010 1830 

15-11-2 Phosphate Amendment 35000 930 5640 8250 210 

16-02-2 Phosphate and Citrate Amendment 12600 1210 5290 6960 1240 

         

15-04-2 

4 

(in Area 1) 

No Amendment 

Unsaturated 

26500 1160 10100 8230 70 

15-13-2 Phosphate Amendment 26400 1030 7930 7030 150 

16-04-2 Phosphate and Citrate Amendment 25200 1170 7950 6900 315 

        

15-04-6 No Amendment 

Saturated 

30900 980 17600 15500 80 

15-13-6 Phosphate Amendment 38900 970 21600 12000 120 

16-04-6 Phosphate and Citrate Amendment 35300 1090 20900 12800 95 

† Concentrations accurate within ±10% 

‡ Element not detected 
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Table A2.2. The p-values from the Kruskal-Wallis rank sum test for the effect of treatment, area, 

and soil zone on soil properties. 

Soil Property 
Kruskal-Wallis rank sum test  

Treatment Area Soil Zone  

Resin-P 2.91E-01 1.42E-01 0.00E+00  

NaHCO3-IP 9.58E-01 1.80E-01 0.00E+00  

NaHCO3-OP < 2.2E-16 7.90E-02 6.90E-02  

NaOH-IP 2.89E-01 2.17E-01 0.00E+00  

NaOH-OP 4.10E-02 9.84E-01 0.00E+00  

Benzene 4.23E-01 0.00E+00 0.00E+00  

Toluene 7.20E-02 0.00E+00 4.00E-03  

Ethylbenzene 1.73E-01 2.00E-03 1.00E-03  

Xylene 4.72E-01 0.00E+00 1.00E-03  

F1-BTEX 4.92E-01 2.00E-03 4.00E-03  

BTEX 1.51E-01 0.00E+00 0.00E+00  

F2 0.00E+00 1.20E-02 1.80E-01  

F3 0.00E+00 3.52E-01 8.60E-01  
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Table A2.3. The p-values from the Kruskal-Wallis rank sum test for the influence of area and 

treatment on some groundwater properties. 

Variables Types Area Treatment 

TDS 
Normal water property 

2.20E-16 3.85E-01 

Conductivity <2.2E-16 2.61E-01 

    

Fluoride 

Anion 

6.93E-02 3.34E-02 

Chloride 5.62E-04 7.24E-01 

Bromide 1.94E-08 6.82E-03 

    

Calcium (D)  

 

 

 

Cation 

 

 

 

 

 

1.23E-04 1.79E-02 

Calcium (T) 1.26E-03 9.29E-01 

Iron (D) 3.82E-04 7.07E-04 

Iron (T) 3.06E-06 8.95E-03 

Magnesium (D) 2.20E-16 1.20E-02 

Magnesium (T) 4.70E-16 1.34E-01 

Manganese (D) 1.43E-03 5.34E-02 

Manganese (T) 3.15E-04 3.98E-01 

Potassium (D) 4.29E-13 3.91E-01 

Potassium (T) 1.16E-13 7.57E-01 

Sodium (D) 2.20E-16 2.71E-01 

Sodium (T) 2.20E-16 3.17E-03 



 

 

1
3
5
 

Table A2.4. Soil particle size analysis and soil organic carbon (SOC) result in unsaturated and saturated zones for different soil areas. 

Soil Zone Soil Area 
Clay Content (%) Silt Content (%) Sand Content (%) SOC Content (%) 

Mean SE Mean SE Mean SE Mean SE 

Unsaturated Background 50.31 6.10 28.31 2.38 21.38 8.43 0.65 0.22 

Saturated Background 56.05 2.96 31.50 0.70 12.45 3.66 0.52 0.03 

Unsaturated Area 1 35.38 3.66 40.97 4.11 23.65 4.24 1.37 0.41 

Saturated Area 1 45.44 5.53 35.75 4.79 18.81 9.19 0.39 0.01 

Unsaturated Area 2 38.57 4.82 35.35 3.49 26.08 2.68 0.75 0.11 

Saturated Area 2 58.04 2.09 34.36 1.14 7.60 2.67 0.68 0.14 
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Table A2.5. Water Level Logger (Mini-Diver) data for monitoring wells from 2015 May 4th to 2016 March 4th by Amec Foster Wheeler 

(Saskatoon, Canada). 

Monitoring well ID Temperature (°C) Water head (cm) Level (m) Conductivity (µS/cm) 

10-02 10.486 (SE = 0.006) 618.79 (SE = 0.36)   

10-03 7.218 (SE = 0.003)  5.0649 (SE = 0.0021)  

13-01 8.794 (SE = 0.012)  2.5284 (SE = 0.0030)  

13-02 9.111 (SE = 0.010)  3.3429 (SE = 0.0019) 1953.61 (SE = 1.96) 

13-05 10.341 (SE = 0.017)  2.6870 (SE = 0.0020)  

13-08 7.102 (SE = 0.006)  2.6732 (SE = 0.0008)  

East Infiltrator 14.005 (SE = 0.018) 392.49 (SE = 0.45)   

North Infiltrator 13.586 (SE = 0.025)  3.19179 (SE = 0.0034) 1497.97 (SE = 1.33) 

http://www.amecfw.com/
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Table A2.6. Soil pH after the two different amendment deliveries. 

Soil Zone Treatment pH 

Unsaturated Phosphate Amendment 7.57 (SE = 0.07) 

Unsaturated Phosphate and Citrate Amendment 7.93 (SE = 0.05) 

Saturated Phosphate Amendment 7.74 (SE = 0.08) 

Saturated Phosphate and Citrate Amendment 8.04 (SE = 0.06) 
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Fig. A2.1. Soil sequential extracted phosphorus forms in different soil zones across three site 

treatment areas. Averages for the unsaturated zone average are denoted by the dark cyan bars with 

the vertical bars marking the standard error from the mean. Values for the saturated zone are 

denoted by red bars with standard error vertical bars. Three treatments for the same zone are 

denoted with the black edge monochrome pattern for the same color. 
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Fig. A2.2. Concentration of benzene, toluene, ethylbenzene and xylene (BTEX) in groundwater in 

Area 1 and Area 2 after subtracting the background concentration, during different biostimulation 

treatments. Values for Area 1 are denoted by dark circles with the vertical bars marking the 

standard error. Averages for Area 2 are denoted by white triangles with the vertical bars marking 

the standard error. 
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Fig. A2.3. Petroleum hydrocarbon fractions in different soil zones across three site treatment areas. 

Averages for the unsaturated zone average are denoted by the dark cyan bars with the vertical bars 

marking the standard error from the mean. Values for the saturated zone are denoted by red bars 

with standard error vertical bars. Three treatments for the same zone are denoted with the black 

edge monochrome patter for the same color.
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APPENDIX 3 

Table A3.1. Primers for the q-PCR to detect anaerobic biodegradation aromatic hydrocarbons.  

Target gene Primer or probe (5’–3’ sequence) Reference 

bzdN Forward (GAGCCGCACATCTTCGGCAT) 

Reverse (TRTGVRCCGGRTARTCCTTSGTCGG) 
(Kuntze et al., 2011) 

bcrC Forward (CGHATYCCRCGSTCGACCATCG) 

Reverse (CGGATCGGCTGCATCTGGCC) 
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Table A3.2. Diversity statistics for bacterial community in the groundwater and soil. 

Sample 

Source 
Treatment N Richness Chao D Evenness (for Simpson) H E-evenness J-evenness 

Groundwater 

No Amendment 12 

341 ± 39 

a† 

760 ± 54 

b 

0.83 ± 0.04 

b 

0.023 ± 0.003 

a 

2.88 ± 0.16 

c 

0.059 ± 0.005 

b 

0.50 ± 0.02 

b 

Phosphate Amendment 20 
429 ± 27 

a 

982 ± 47 

a 

0.94 ± 0.01 

a 

0.063 ± 0.022 

a 

3.67 ± 0.11 

a 

0.125 ± 0.029 

a 

0.62 ± 0.02 

b 

Phosphate and Citrate Amendment 24 
409 ± 19 

a 

984 ± 41 

a 

0.90 ± 0.01 

a 

0.031 ± 0.003 

a 

3.40 ± 0.08 

b 

0.080 ± 0.006 

a 

0.57 ± 0.01 

b 

Influenced 

Soil Area 

No Amendment 14 
264 ± 27 

a 

813 ± 55 

a 

0.83 ± 0.01 

a 

0.026 ± 0.001 

a 

2.71 ± 0.11 

a 

0.062 ± 0.003 

b 

0.49 ± 0.01 

ab 

Phosphate Amendment 10 
288 ± 23 

a 

714 ± 58 

a 

0.84 ± 0.05 

a 

0.033 ± 0.006 

a 

3.23 ± 0.24 

a 

0.099 ± 0.012 

a 

0.57 ± 0.04 

a 

Phosphate and Citrate Amendment 17 
247 ± 25 

a 

799 ± 55 

a 

0.78 ± 0.04 

a 

0.028 ± 0.004 

a 

2.61 ± 0.18 

a 

0.067 ± 0.008 

b 

0.48 ± 0.06 

b 
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Fig. A3.1. Location of soil boreholes in the influenced soil area and infiltrators at Broadway and 8th street (adapted from a site map 

provide by Federated Co-operatives Limited). The scale is 1:200. 
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Fig. A3.2. Relative abundance for the top 100 most abundant OTUs in groundwater (1) and soil (2). The stacked bars represent the mean 

relative abundance (see Table A3.2 for the number of replicates for treatments). Each OTU was presented in a rectangular block with the 

relative abundance as the height, outlined by a thin black line and filled with the corresponding color for a phylum level. 
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Fig. A3.3. Redundancy analysis (RDA) ordination of the bacterial community composition and 

other environmental properties. Red square symbols represent samples for no amendment. Blue 

circle symbols are samples for phosphate amendment. Green triangle symbols are samples for 

phosphate and citrate amendment. Catabolic gene prevalence for gene brcC and bzdN (log10 

transformed copy numbers) are represented by logbrcC and logbzdN. Hydrocarbon and organic 

phosphorus concentration are also represented by F1-BTEX and NaHCO3-OP.  


