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Petroleum hydrocarbons are ubiquitous environmental contaminants that need to 

be removed from soil after a spill due to their toxic and carcinogenic characteristics.  

Bioventing has the potential to be an effective bioremediation technology for 

contaminated soil, yet many challenges exist when extending results from the laboratory 

to the field. Understanding scale dependent phenomena is difficult, because most 

laboratory studies were completed at the micro-scale and limited work has been done 

on the larger scale.  Accordingly, the main aim of the current study was to determine 

petroleum hydrocarbons degradation rate coefficients at the medium scale (meso-

scale), which is considered a bridge between the micro and field scales, and to 

determine the scale-up factor. Refinement of a previously developed correlation by 

incorporating scale-up effects was also an additional goal.  

Bioventing conditions were simulated in a bench scale reactor holding 4 kg of soil 

on a dry weight basis that was spiked with synthetic gasoline.  Five different types of 

soils were tested, with each soil amended with water and nutrients.  Preliminary testing 



with the meso-scale system showed the appropriateness of the experimental 

system for conducting reliable bioventing treatments.  

Evaluation of the experimental data showed two stage hydrocarbon degradation 

with a fast rate of degradation in the initial 8 d and then a slower rate for remaining 22 d 

of the treatments.  Using statistical analysis, correlations were developed which suggest 

a significant positive effect of the initial population of petroleum degrading bacteria and 

a negative impact of increasing fractions of organic matter on the rate of hydrocarbon 

degradation in the soil. Results also exhibited a positive impact of increasing silt and a 

negative effect of increasing clay on the hydrocarbon degradation rate constant.  In 

general, higher rates of degradation were observed at the meso-scale tests when 

compared with the results determined through a micro-scale correlation. Comparison of 

micro-scale and meso-scale correlations also suggested a scale-up factor (SF) of 

approximately 2. 

 

 



iv 
 

DEDICATION 

I dedicate this thesis to my late father, Jan Muhammad Khan, and my mother, 

Asma Begum, who have been the most significant role models in my life.  They 

sacrificed their wishes in order to see their single dream of educating their seven 

children come to fruition. I am forever indebted to my parents for offering their 

unconditional love, support and encouragement throughout my life.   

It was my father’s dream that encouraged me to pursue this prestgious degree 

and it was my mother’s confidence that inspired me each step of the way.  My father 

passed away on February 08, 2000 and was unable to realize his dream of me 

completing my PhD. Dear father, I never got a chance to talk to you about my five years 

of studies at the University of Guelph. I promised to complete this PhD but unfortunately 

you left me too soon. Although I missed you throughout this journey, God has given me 

a chance to follow and complete your great wish.   

I understand that my mother would have benefited from having me at her side; 

she selflessly sacrificed and encouraged me to fulfill my father’s dream and my goal of 

completing this PhD.  Dear mother, thank you very much for your support and words of 

wisdom these last five years.  My words cannot convey the deep gratitude, I have to 

these two extraordinary individuals.   

 

 



v 
 

ACKNOWLEDGMENTS 

I offer special thanks to the Natural Sciences and Engineering Research Council 

(NSERC) of Canada for funding this PhD research project. Although many individuals 

helped during the research process, some of the prominent ones deserve recognition.  

My most genuine gratitude is reserved for my advisor, Richard G. Zytner (PhD, 

PEng, FEC), who possesses a gifted ability to find simple solutions for complex 

situations. His clear insight and experience eased many aspects of this progression. I 

have no hesitation in saying that this work would not have been a success without his 

continuous knowledgeable support. I am extremely fortunate to have Dr. Zytner as my 

advisor. “The average teacher explains complexity; the gifted teacher reveals 

simplicity.” ~Robert Brault.   

My advisory committee members, Gordon Hayward (PhD PEng) and Hung Lee 

(PhD), have also been extremely important.  Their valuable suggestions and 

constructive feedback were essential in completing the study. Minor hindrances in 

research were instantly resolved by Dr. Hayward and Dr. Lee’s experiences.  I thank Dr. 

Lee for allowing me to use his laboratory for my preliminary biological tests and for 

introducing me to Sukhdeep Sidhu (PhD).  Dr. Sidhu’s guidance regarding microbial 

enumerations was valuable in broadening my knowledge.   

Joanne Ryks and Ryan Smith are amazing people. I cordially acknowledge their 

cooperation and helpful advice during my lab work. I would also like to thank Susan 

Lewis, Lucy Cremasco, Laurie Gallinger, Paula Brazier, and Martha Davies for their 

unrestricted administrative help.  



vi 
 

I must acknowledge the sincere cooperation of my friends and students.  

Muhammad Awais Qureshi, Imran Ahmed Syed (PhD PEng), and Shaukat Manzoor, 

provided me with their genuine support during times of personal struggle. Anas 

Ramadan, who is a very kind and capable person, helped me find solutions to problems 

related to the statistical analysis of the experimental data.  

On a more personal note, Sonia Afonso (physiotherapist) and Ingrid Lentine 

(school teacher) first visited me and my family professionally to support my special 

needs son.  Later, these relationships developed into family friendships.  Their 

unconditional care and time helped reduce worries of my son’s fragile medical status 

during my research.  They helped me and my family feel supported here in Canada.   

My elder brothers, Javed A. Khan and Jahangir A. Khan and my four sisters are 

very kind people and I need to acknowledge their continued care for me.  They have 

always been a source of support and encouragement for me and my family.   

I am very lucky to have the most incredible family on the planet. My daughters 

Laiba Khan and Areeba Khan are extraordinary kids. They admirably adapted to the 

Canadian system of education and their very inspiring academic results continuously 

motivated me to move forward and overcome complex situations. I consider my eleven 

year old special need son, Muhammad Ossayd Khan, to be my lucky charm. Finally, I 

reserve my utmost appreciation for my life partner, Shaista Alizai. Her devotion in 

caring for the family and leading family activities remained extraordinary throughout the 

period of my PhD study.  



vii 
 

ABBREVIATIONS 

 

BH   = Bushnell-Hass media 

C:N   = Carbon to nitrogen ratio, weight basis 

CEC  = Cation exchange capacity 

CFU  = Colony forming unit  

FID  = Flame ionization detector 

GC  = Gas chromatograph 

MSR  = Meso-scale reactor 

OM  = Organic matter content of soil 

PAH  = Polycyclic aromatic hydrocarbons 

PDB  = Petroleum degrading bacteria 

PHCs  = Petroleum hydrocarbons 

RT  = Ridgetown 

SE  = Standard error 

SF  = Scale up factor 

SVE  = Soil vapour extraction 

SW  = Soil water content 

THB  = Total heterotrophic bacteria 

TPH  = Total petroleum hydrocarbon 

TSA  = Tryptic soy agar 

USEPA = United States Environmental Protection Agency  

UST  = Underground storage tank 

WHC   = Water holding capacity of soil  



viii 
 

Table of Contents 

 

ABSTRACT ......................................................................................................................ii 

ACKNOWLEDGMENTS .................................................................................................. v 

ABBREVIATIONS .......................................................................................................... vii 

List of Tables ...................................................................................................................xi 

Table of Figures ............................................................................................................. xii 

CHAPTER 1: INTRODUCTION ....................................................................................... 1 

1.1. Bioremediation ................................................................................................... 2 

1.2. Objective of the Study ........................................................................................ 5 

1.3. Thesis Organization ........................................................................................... 6 

1.3.1. Format of the Thesis .................................................................................... 7 

CHAPTER 2: BACKGROUND AND LITERATURE REVIEW .......................................... 8 

2.1. Petroleum Hydrocarbons as Soil Contaminants ................................................. 8 

2.2. Fate of Petroleum Hydrocarbon in the Environment ........................................ 11 

2.2.1. Sorption and Desorption ............................................................................ 12 

2.2.2. Recalcitrant Nature of Larger Petroleum Hydrocarbons ............................ 13 

2.2.3. Soil Properties ........................................................................................... 13 

2.3. Treatment Technologies .................................................................................. 15 

2.3.1. Bioventing Technology .............................................................................. 18 

2.4. Factors Affecting Soil Bioventing ...................................................................... 19 

2.4.1. Environmental Factors ............................................................................... 19 

2.4.2. Soil Temperature ....................................................................................... 20 

2.4.3. Characteristics of Soils and Contaminants ................................................ 27 

2.5. Biphasic Degradation Process ......................................................................... 32 

2.6. Scale-up Factors .............................................................................................. 33 

2.7. Correlations ...................................................................................................... 36 

CHAPTER 3: MATERIALS AND METHODS ................................................................ 40 

3.1. Experimental Design ........................................................................................ 40 

CHAPTER 4: TESTING AND ADAPTATION OF MESO-SCALE EXPERIMENTAL 

APPARATUS ................................................................................................................ 44 



ix 
 

4.1. Abstract ............................................................................................................ 45 

4.2. Introduction ...................................................................................................... 45 

4.3. Methodology..................................................................................................... 48 

4.4. Results and Discussion .................................................................................... 58 

4.4.1. Standards and gas chromatograms ........................................................... 58 

4.4.2. Meso-scale Apparatus ............................................................................... 60 

4.4.3. Sealed Reactors ........................................................................................ 67 

4.4.4. Soil pH ....................................................................................................... 72 

4.4.5. Metabolites ................................................................................................ 72 

4.4.6. Total Petroleum Hydrocarbons .................................................................. 73 

4.4.7. Hydrocarbon Degraders ............................................................................ 75 

4.5. Conclusion ....................................................................................................... 77 

CHAPTER 5: DEGRADATION RATES FOR PETEROLEUEM HYDROCARBONS AT 

MESO-SCALE ............................................................................................................... 79 

5.1. Abstract ............................................................................................................ 80 

5.2. Introduction ...................................................................................................... 80 

5.3. Methodology..................................................................................................... 85 

5.4. Results and Discussion .................................................................................... 93 

5.4.1. Hydrocarbon Degraders ............................................................................ 96 

5.4.2. Degradation of Hydrocarbons in Synthetic Gasoline ................................. 98 

5.4.3. Scale up Factors ...................................................................................... 106 

5.5. Conclusion ..................................................................................................... 109 

CHAPTER 6: ESTABLISHING CORRELATIONS AND SCALE-UP FACTOR FOR 

ESTIMATING THE PETROLEUM BIODEGRADATION RATE IN SOIL ..................... 111 

6.1. ABSTRACT .................................................................................................... 112 

6.2. Introduction .................................................................................................... 112 

6.3. Overview ........................................................................................................ 113 

6.4. Materials and Methodology ............................................................................ 115 

6.4.1. Statistical Methods .................................................................................. 120 

6.5. Results and Discussion .................................................................................. 122 

6.5.1. Two Stage Degradation ........................................................................... 122 



x 
 

6.5.2. Correlations Analysis ............................................................................... 128 

6.5.3. Scale-up Factor (SF) ............................................................................... 144 

6.5.4. Application of Correlations ....................................................................... 147 

6.6. Conclusion ..................................................................................................... 148 

CHAPTER 7: SUMMARY OF THESIS AND GENERAL CONCLUSIONS .................. 150 

7.1. Validation of Experimental Apparatus ............................................................ 150 

7.2. Degradation Rate Coefficients ....................................................................... 152 

7.3. Meso-Scale Correlations and Scale-up Factors ............................................. 154 

CHAPTER 8: CONTRIBUTION OF RESEARCH AND SUGGESTIONS FOR FUTURE 

WORK ......................................................................................................................... 157 

8.1. Contributions to Knowledge ........................................................................... 157 

8.2. Suggestions for Future Research ................................................................... 158 

CHAPTER 9: REFERENCES ...................................................................................... 161 

Appendix I ................................................................................................................... 182 

Appendix II .................................................................................................................. 192 

Appendix III ................................................................................................................. 196 

Appendix IV ................................................................................................................. 217 

 



xi 
 

List of Tables 

 

Table 3.1: Experiments completed with meso-scale reactors and sealed reactors ....... 42 

Table 4.1: Physical and Chemical Properties of soil ..................................................... 48 

Table 4.2: Composition* of synthetic gasoline and vapour pressure of the constituents53 

Table 4.3: Metabolites for the compounds of synthetic gasoline ................................... 73 

Table 5.1: Physical and Chemical Properties of Soil ..................................................... 86 

Table 5.2: Composition# of Synthetic Gasoline and Vapour Pressure of the Constituents

 ...................................................................................................................................... 88 

Table 5.3: Degradation Rates and Scale-up Factors................................................... 107 

Table 6.1: Physical and chemical properties of soils ................................................... 116 

Table 6.2: Composition* of synthetic gasoline and vapour pressure of the constituents

 .................................................................................................................................... 118 

Table 6.3: Summary of stage wise pooled degradation rate constants from observed 

data ............................................................................................................................. 125 

Table 6.4: Pearson correlation of variables with k for Stage-1 .................................... 130 

Table 6.5: Refined estimates of coefficients using linear model 6.2 for Stage-1 ......... 132 

Table 6.6: Refined estimates of coefficients of model 4 using loge transformed k for 

Stage-1 ........................................................................................................................ 134 

Table 6.7: Pearson correlation of variables with k for Stage-2 .................................... 137 

Table 6.8: Summary of refined estimate of coefficients for Stage-2 with linear model 2

 .................................................................................................................................... 138 

Table 6.9: Refined estimates of coefficients of model 4 using loge transformed k for 

Stage-2 ........................................................................................................................ 139 

 



xii 
 

 

Table of Figures 

 

Figure 2.1: Chemical structures of the compounds used in synthetic gasoline ............. 10 

Figure 4.1: An assembled meso-scale reactor with suction pump ................................ 49 

Figure 4.2: Soil sampler with push rod .......................................................................... 50 

Figure 4.3: Custom made humidifier ............................................................................. 51 

Figure 4.4: Arrangement for serial dilution and microbial plating ................................... 55 

Figure 4.5: Oxygen monitoring arrangement with sensor in the sealed reactor ............ 57 

Figure 4.6: Typical chromatogram obtained from GC.................................................... 58 

Figure 4.7: Typical calibration curve for gasoline .......................................................... 60 

Figure 4.8: Volatilization losses measured through the suction line (E4) ...................... 64 

Figure 4.9: Contamination on the sensor of defective oxygen meter ............................ 69 

Figure 4.10: Trend of oxygen decline in the sealed reactor ........................................... 70 

Figure 4.9: Relation between concentration and time for Elora soil with different trend 

lines ............................................................................................................................... 74 

Figure 4.10:  Degradation trend for synthetic gasoline with Elora soil ........................... 75 

(0-8d, stage-1) and (8-30, stage-2) ............................................................................... 75 

Figure 5.1: Sketch Showing Arrangement of the System with Movement of Air within 

Meso-Scale Reactors .................................................................................................... 89 

Figure 5.2: Volatilization of Gasoline Captured by Sorbent Tubes ................................ 94 

Figure 5.3: Typical Pattern of Microbial Population during the Experiment ................... 97 

Figure 5.4: Two-Stage Hydrocarbon Degradation Trend for Elora Soil ......................... 99 

Figure 5.5: Degradation Trend of Synthetic Gasoline for Delhi soil ............................. 100 

(Stage-1: 0-8d and Stage-2: 8-30d) ............................................................................ 100 

Figure 5.6: Degradation Trend of Synthetic Gasoline for Elora soil ............................. 101 

(Stage-1: 0-8d and Stage-2: 8-30d) ............................................................................ 101 

Figure 5.7: Degradation Trend of Synthetic Gasoline for Mixed soil ........................... 102 

(Stage-1: 0-8d and Stage-2: 8-30d) ............................................................................ 102 

Figure 6.1: Sketch showing principal parts of meso-scale reactor .............................. 117 

Figure 6.2: Experimental set up with Meso-Scale Reactor .......................................... 119 

Figure 6.3: Degradation Trend of Synthetic Gasoline for pooled data of two treatments 

with RT-1 soil (Stage-1: 0-8d and Stage-2: 8-30d) ...................................................... 123 

Figure 6.4: Degradation Trend of Synthetic Gasoline for RT-2 soil ............................. 124 

Figure 6.5: Relation between individual soil parameter, and k in Stage-1. .................. 129 

Figure 6.6: Plot of observed lnkStg1-Obs against predicted lnkStg1-P for Stage-1 .... 135 

Figure 6.7: Plot of observed lnkStg2-Obs versus predicted lnkStg2-P for Stage-2 .............. 140 

Figure 6.8: Relation of scale up factor with PDB, soil texture and with organic matter.

 .................................................................................................................................... 147 



1 
 

CHAPTER 1                                                                                 

INTRODUCTION 

Leaking petroleum storage and handling systems, and fuel spills contaminate the 

surrounding soils. Contamination of soil due to petroleum hydrocarbons (PHCs) plays a 

crucial role for human and animal health due to its wide-scale distribution and harmful 

physical, chemical, and biological properties (Vasudevan and Rajaram, 2001; Ortiz et 

al., 2006).  Accidental spills of PHCs have also caused ecological and social disasters 

(Burns et al., 1993; Das and Mukherjee, 2006; Eyvazi and Zytner, 2008).  

The entry of petroleum hydrocarbons into soil is normally related to industrial 

spills, the leaking of underground storage tanks and piping systems within the vadose 

zone (USEPA, 1994a; Lee et al., 2006; Patros, 2009). Oil extraction and transportation 

are also likely sources for surface and sub-surface soil contamination with PHCs 

including crude oil, gasoline, diesel and creosote (Kanaly & Harayama, 2000; Robertson 

et al., 2007).  

The impact of hydrocarbons on the properties of soils has been studied relatively 

well (Gabbasova, and Abdrakhmanov, 1997; Larionova, and Breus, 2004; Sokolova et 

al., 2007). The major concern at most contaminated sites is the threat of groundwater 

pollution due to hydrocarbons (Grathwohl & Klenk, 2000) followed by the residual 

contamination remaining in the soil.  

Consequently, soils contaminated with gasoline require immediate attention and 

remediation. The remediation of soil contaminated with hydrocarbons requires a variety 

of technologies including chemical treatments (oxidation/reduction processes), thermal 

treatment, dig and dump, soil flushing, soil vapour extraction (SVE), removal of gasoline 
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by sorbent perforated pipes (clean soil technology) and bioventing (USACE, 2002). 

Among these, soil vapour extraction is a popular in-situ soil remediation system. 

The problem related to SVE is the phenomenon of tailing (Rathfelder et al., 1995; 

Okx and Stein, 2000; Harper et al., 2003; Bezerra and Zytner, 2003).  Tailing refers to 

the gradual decline of gasoline removal rate from the soil which results in prolonged soil 

remediation time. Several laboratory and field studies also report that when tailing 

occurs, the contaminant concentration ultimately stabilizes at the level where residual 

gasoline levels still surpass the cleanup standards (Malina et al., 1998; Zakharchenko et 

al., 2011). In order to understand the processes that cause tailing, Gidda et al. (2011) 

integrated soil vapor extraction data generated in laboratory experiments in a numerical 

model (FRACMAT).  Through modeling, Gidda et al. found that increase in organic 

matter and decrease in the size of soil particles causes extra resistance in mass 

transfer and this can also increase the effectiveness of tailing.  

 

1.1. Bioremediation 

Complete removal of PHCs from contaminated soil cannot be achieved by SVE 

due to tailing. Bioremediation technology has been reported to be an efficient method to 

overcome the problem of tailing (Dupont et al., 1991; Nelson et al., 1994; Lee et al., 

2001). Bioventing uses indigenous microorganisms to biodegrade the petroleum 

hydrocarbons present in the unsaturated zone (Bezerra and Zytner, 2003; Chang et al., 

2011).  

Biostimulation of indigenous microorganisms is a viable, cost-effective and less 

destructive in-situ clean up technique for the remediation of polluted soils (Hinchee et 
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al., 1991; Mohn et al., 2001; Bezerra and Zytner, 2003 ; McCarthy et al., 2004; Khan et 

al., 2004; Lee et al., 2006). In bioventing, the activity of indigenous microorganisms is 

enhanced by inducing air (or oxygen) flow into the unsaturated zone and if necessary, 

by adding nutrients and water into the contaminated soil (USEPA, 1994a; Downey et al., 

1999; Margesin and Schinner, 2001; Magalhães et al., 2009). 

Optimum conditions to achieve successful bioventing have been determined at 

the micro scale and a few field studies have been completed. The resulting 

biodegradation rate constant exhibits great variation from site to site. This variability can 

be due to difference in site condition, soil type, mixture/composition of the hydrocarbon 

contaminating soil, and biological activities (Pramer and Bartha, 1972; Margesin and 

Schinner, 1999; Brook et al., 2001; Hallman et al., 2003; Shewfelt et al., 2005; Paudyn 

et. al., 2008). 

The challenge with using biodegradation results from the micro-scale is that, 

there is no easy way of transferring the results to the field setting (Paerl and Steppe, 

2003). Beside strong agreement on biodegradation of hydrocarbon at laboratory scale, 

reports show variations in application on the field scale. Some reports conclude that 

micro-scale biodegradation rates correspond well with different contamination types 

while somewhat over estimating field rates (Davis et al., 2003; Aichberger et al., 2005; 

Chang et al., 2011). Conversely, literature also reveals that degradation rates 

determined from the laboratory underestimate the potential of hydrocarbon degradation 

at field scale (Lahvis et al., 1999; Franzmann et al., 1999; Eyvazi, 2010).  This 

discrepancy might be due to variable test conditions, the heterogeneous soil profile, and 

scale dependent phenomena. These bioventing challenges require an understanding of 
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the biological, chemical and physical phenomena operating at different scales. Scaling 

phenomena integrate the concepts of bioventing processes ranging from microbial cell 

(10-6 m) to that of the geological site (10-1000 m) (Sturman et al., 1995). 

The biggest challenge is that the field scale has less control, as the increase in 

experimental scale, sample size, cost and duration to find the degradation rate also 

increase. It might be cost efficient to combine small and medium scale laboratory tests 

with in-situ respiration testing (Aichberger et al., 2005). In that perception, intermediate 

scale bioreactors and other confined environmental systems offer better control and 

manageable conditions than most open large-scale ecosystems. Laboratory scale 

controlled reactors can help conclude better predictability, understand metabolic 

pathways of microbial populations from homogeneous environment and facilitate taking 

the observations (Woo and Park, 1999; Patros, 2009; Khan and Zytner, 2011). 

The terms of intermediate scale experiments, also referred to as meso-scale, are 

frequently used as a link between lab-scale and a field-scale. Intermediate-scale 

systems retain much of the control possible in bench-scale experiments, but allow 

observation of mass transport and interfacial transfer effects on biodegradation rates 

and contaminant movement (Sturman et al., 1995; Patros, 2009). Bracketing the 

problem is the fact that bioventing research at medium or large scale is sporadic and 

bioventing experiments at medium and large scale can help bioventing practitioners for 

the reasonable prediction of biodegradation rates. 

Lack of understanding about scale dependent aspects for the operation of 

bioventing is one of the challenges in making remediation decisions. Accordingly 

improving understanding about scale-up factors of bioventing can result in improved 
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decision power, lower costs, and better prediction time for reaching site closure.  

Therefore, it is vital to measure the biodegradation rate constant at intermediate scales 

(meso-scale) and compare the findings with previously established results at small 

scale (micro-scale). 

Practitioners of the technology are always interested in making a precise 

judgment of costs for soil remediation projects. Specific soft tools for the estimation of 

degradation rate constant without lengthy experiments can help assess remediation 

time and consequently cost of the project. Several efforts have been undertaken at the 

School Engineering, University of Guelph to correlate soil and environmental 

parameters for the prediction of biodegradation rate constant. Recently, Eyvazi and 

Zytner (2009) developed a correlation by including soil parameters, water content, and 

biomass into the model. Again Eyvazi’s work was done at the micro-scale. 

 

1.2. Objective of the Study 

On the whole, limited work has been done on determining the hydrocarbon 

degradation rate constant at the meso scale. One of the ways to account for the 

challenges in transferring micro-scale data to field settings is calculating scale-up 

factors (Khan and Zytner, 2011).  Unfortunately, the literature mentions little about 

scale-up factors, where the scale-up factor would be a numerical value that 

encompasses all the soil and environmental factors.  The foundation of scaling theory is 

based on the work of Miller and Miller (1956; 1955a; 1955b). A description related to 

this theory is available in Section 2.6. 
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In an attempt to determine the scale-up factor for transferring micro-scale results 

to the field, Patros (2009) developed an intermediate lab-scale radial bioventing system. 

Preliminary trials of the newly developed system had limited success at that time. 

However, utilization of the developed system showed potential. Accordingly, the main 

emphasis of this study was the refinement of previous work done by Hallman (2003) 

and Patros (2009) at the meso-scale. The prime issue was determination of the scale-

up factor by repeating micro-scale experiments at the meso-scale. 

After measuring the hydrocarbon degradation rate at the meso-scale, it was 

possible to determine scale-up factors by comparing the values of degradation rate 

constant established at meso-scale with the estimated values of the rates utilizing 

correlation developed by Eyvazi (2010) to refine the correlation. 

 

1.3. Thesis Organization 

This thesis contains nine chapters and four appendices. Chapter 1 gives an 

introduction to the subject, followed by major objective of the study. Review of the 

relevant and applicable literature is provided in Chapter 2. Chapter 3 describes 

experimental design and layout and this chapter also summarizes methods adapted 

during the study. Chapter 4 provides test results related to the meso-scale experimental 

apparatus for determining bioventing degradation rates for petroleum hydrocarbons.  

Detailed results regarding degradation rates for petroleum hydrocarbons undergoing 

bioventing at the meso-scale are described in Chapter 5. Chapter 6 elaborates facts 

related for the development of two stage correlations. Application of the correlations for 

the assessment of hydrocarbon biodegradation rate constants is also part of Chapter 6. 



7 
 

In the end, Chapter 7 concludes all findings and Chapter 8 formulates suggestions for 

the future work. All references are given in Chapter 9. 

In this thesis Appendix-I includes the results of meso-scale treatments and 

Appendix-II displays observations of oxygen consumption in the sealed reactors. 

Appendix-III contains a manuscript related to computational fluid dynamics modeling 

which helped determine uniform distribution of air in the soil column by deciding: i) 

height of openings in suction well, ii) air flow rate, and iii) use of glass wool around 

reactors. Appendix IV contains detail related to materials used and methodology 

adapted during the experiments. 

 

1.3.1. Format of the Thesis 

Graduate Studies at the University of Guelph accepts thesis in either monograph 

or manuscript format (UofG, 2013). Accordingly, the thesis was prepared by adapting 

the manuscript format. The specifics are as follow: 

 Chapter 4 on apparatus testing is based on Khan and Zytner (2011), with 

significant changes. 

 Chapter 5 on degradation rates is based on Khan and Zytner (2013) with 

some changes. 

 Chapter 6 on establishing correlations and scale up factors is based on Khan 

et al. (2013) with some changes. 
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CHAPTER 2                                                                          

BACKGROUND AND LITERATURE REVIEW 

Chapter 2 reviews the literature relevant to the application of bioventing 

technology for the remediation of soil contaminated with hydrocarbons. The first section 

covers the petroleum hydrocarbons as soil contaminants, their chemistry and fate in the 

environment. The next section reviews different soil remediation technologies in practice 

and then summarizes factors related with the bioventing technique. This discussion is 

followed by an overview of studies, which were aimed at estimating bioventing 

degradation rates, and scale dependent phenomena. Chapter 2 ends with a brief 

account of the current status of estimating degradation rates. 

 

2.1. Petroleum Hydrocarbons as Soil Contaminants 

Hydrocarbons have the potential to be absorbed into the human body through 

skin and can be inhaled. Polycyclic aromatic hydrocarbons (PAHs) have been classified 

as probable human carcinogens (NIEHS, 1998; USEPA, 2007), so from a public health 

perspective, a likely health concern from hydrocarbons is cancer. However, soil 

contaminated with petroleum hydrocarbons can cause other adverse effects on human 

and/or animal health. 

Exposure of human or animals to PAHs has been associated with several toxic 

effects such as reproductive toxicity, cardiovascular toxicity, bone marrow toxicity, 

immune system suppression, liver toxicity and cancer. Similarly, birth defects, genetic 

damage, respiratory and nervous system disorders have also been linked to exposure 

of human to PAHs (Collins et al., 1998; USEPA, 2007; Gitipour et al., 2011; IARC, 
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2012). Soil contamination due to petroleum hydrocarbons is a serious global issue and 

is considered particularly intense in the industrialised world (Brassington et al., 2007; 

Towell et al., 2011; Macleod et al., 2002). 

Wide spread petroleum hydrocarbon contamination of the soil vadose zone and 

the resulting hazardous effects are a major concern. Spills of petroleum hydrocarbons 

at 76 t·yr-1 are being released into the Canadian environment (CCME, 2008). About 88 

% of the total number of spills takes place on land and 12 % occurs on water (LGL, 

1993). The Canadian Council of Ministers of the Environment revealed that among all 

contaminated sites in Canada around 60 % include petroleum hydrocarbons. Many of 

these sites are not remediated and pose harm to the quality and uses of both land and 

water (CCME, 2001). 

A recent update from the USEPA shows that in the USA, there are approximately 

581,000 underground storage tanks (USTs) that store petroleum or hazardous 

substances (USEPA, 2013). Out of this number, about 100,000 UST leaks have been 

identified all over the United States (Truax et al., 1995; Eyvazi, 2010). 

Similarly in England and Wales alone, 17 % of all serious contamination incidents 

in 2007 were related to fires, spills and leaks of hydrocarbons (UKARI, 2007). In the 

United Kingdom, Hazardous Installations Directorate reported 409 dangerous 

occurrences for 2011/12 and release of hydrocarbon accounted for 31.1% of all 

incidents (UKHSE, 2012).  

In Canada, 14,500 contaminated sites were still active (not closed) as of March, 

2011. Canadian federal contaminated sites inventory concludes that 46.6 % of total 

contamination concerns  soil, with 52.1 % of soil contamination due to petroleum based 
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products. Of the 14,500 active sites, 827 were placed at high-priority and 2,437 at 

medium-priority for their clean up (OAGCA, 2012). Contaminated sites are a long-

standing concern, so, in 2005, the Canadian government created a $3.5 billion, 15-year 

cost sharing program, entitled, the Federal Contaminated Sites Action Plan (FCSAP). 

The key objectives of the program are to decrease the risks to human health and the 

environment from these sites, and to reduce the financial liability for known federal 

contaminated sites by 2020 (OAGCA, 2012).  

In this study gasoline represents light non-aqueous phase liquids (LNAPL), and 

discussion will be restricted to gasoline only.  The literature shows naphthalene, 1,3,5-

trimethylbenzene, m-xylene, toluene, and isooctane are components of gasoline and as 

such comprise the synthetic gasoline developed for study (Bezerra and Zytner, 2003; 

Shewfelt et al., 2005; Eyvazi and Zytner, 2009). The chemical structures of the 

compounds used in synthetic gasoline can be seen in Figure 2.1.  

     

     

Figure 2.1: Chemical structures of the compounds used in synthetic gasoline 
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2.2. Fate of Petroleum Hydrocarbon in the Environment 

CCME (2008) reported a concentration of individual PAHs up to 0.1 mg/kg in 

uncontaminated soil.  According to the World Health Organization (WHO/IPCS, 1998), 

individual PAH levels near industrial sources have been found in soil up to 1000 mg 

PAH/kg of soil. ETL (1984) investigated the site of a former refinery in Pincher Creek, 

Alberta and in the vicinity of the plant, total concentrations of PAHs in soil were reported 

to be as high as 9,810 mg/kg. 

Several changes occur after release of hydrocarbons into the environment that 

cause significant impact on the ecosystem. Physical, chemical, and biological 

processes vary with the location and concentration of hydrocarbon. Microbial 

degradation is considered to be responsible for key changes within soil. When a spill of 

petroleum hydrocarbon occurs in soil or on the ground, some of it evaporates while 

major portion of total petroleum hydrocarbon (TPH) infiltrates into the soil. The infiltrated 

mass of petroleum travels toward groundwater under the effect of gravity which at the 

same time some portion of it remains in unsaturated soil. A fraction of gasoline captured 

in the pore space of vadose zone creates a residual saturation of TPH, though still 

under the risk of migration toward groundwater with rain. In fact, a significant portion of 

lighter hydrocarbons liquefies into the soil water and migrates along with soil water 

through the unsaturated zone. 

TPH being lighter than water, spreads and floats on the surface of groundwater 

after reaching the water table. This floating mass can be transported with the flow of 

groundwater. Moreover, highly mobile hydrocarbons can beget problems at farther 

distances from their point of discharge. Therefore, they should be managed without 
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delay after an accidental release occurs. Benzene, toluene, ethylbenzene, and xylene, 

(BTEX) are considered the most soluble group of petroleum components, it is a concern 

particularly as benzene is a human carcinogen (ASTDR, 1997; USEPA, 2007). It is 

estimated that around 238,000 people are occupationally exposed to benzene in the 

United States alone (Verma and Rana, 2001). 

 

2.2.1. Sorption and Desorption 

It has been generally accepted that the biodegradability of organic pollutants in 

soils is governed by the rate and extent of desorption of pollutants from the solid phase 

(Krauss and Wilcke, 2005). Similarly, most soils provide convenient capacity for such 

chemicals because of their ability to sorb, so rates of sorption and desorption frequently 

rule the physical availability of organic pollutants in geo-sorbents (Braida et al., 2001).  

The combined effect of adsorption and absorption is referred to as sorption. In 

the presence of water, organic contaminants adsorb onto the surface of soil mineral 

matter, whereas organic matter absorb contaminants by a partition process (USGS, 

2000). However, the absorption of contaminants with soil particle is considered minimal 

and the term sorption mostly refers to adsorption.  

The physical structure of soil organic matter (SOM) plays an important role in 

governing sorption kinetics. There is heterogeneous sorption potential of SOM toward 

hydrophobic compounds because SOM exerts the greatest thermodynamic affinity for 

hydrophobic compounds (Braida et al., 2001). 
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2.2.2. Recalcitrant Nature of Larger Petroleum Hydrocarbons 

Petroleum hydrocarbons are a mixture of transformable and xenobiotic 

recalcitrant compounds.  Vulnerability to biodegradation decreases with the increase of 

recalcitrance (Roberts, 1992; Wilson, 1995). Heavier compounds like heating and 

lubricating oil do not evaporate, and take much longer to degrade than the lighter 

compounds (Li et al., 2002; Chaineau et al., 2003).  

Desorption kinetics and degradation of naphthalene, dibenzothiophene, 

phenanthrene, and pyrene, showed a noticeable decrease in their degradation rate as a 

function of the size of the PAH molecule (Coulon et al., 2005; Haddadi et al., 2009; 

Wang et al., 2010;). Age of contaminant in soil is another factor which can affect the 

recalcitrance nature of the compound. White et al. (1997) observed a lower degradation 

rate of phenanthrene and naphthalene for the PAH column of aged soil than for freshly 

amended PAHs. 

 

2.2.3. Soil Properties 

Soil is very inhomogeneous and complex matrix, so it is very difficult to fully 

understand the contaminant fate and behaviour at different sites. Beside physical and 

chemical properties of contaminants, properties of porous media and characteristics of 

fluids strongly influence contaminant fate and transport.  

The fluid flow occurs in pores; ultimately, distribution of pore sizes in the 

subsurface is more important for the consideration to soil vapor extraction and/or 

bioventing than the distribution of particle sizes. However, there is a relationship 

between pore size and particle size; coarser grained soils generally possess larger pore 
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spaces and fine-grained soils contain smaller pore sizes. Soil pores can accommodate 

water, vapor, and/or contaminants. However, sorption of contaminant to soil is a 

complicated process due to complex nature of soil (USACE, 2002). 

Soil natural fractions such as mineral particles and organic matter are effective 

sorbents of contaminants while soil organic matter is often regarded as the most active 

soil component for adsorption of hydrophobic compounds. Hydrophobic organic 

contaminants slowly migrate from the aqueous phase to the adsorbing surfaces or to 

the organic soil fractions and remaining contaminants continue the journey under the 

effect of gravity. Sorption processes decrease the movement and availability of 

hydrocarbons for both chemical oxidation and biodegradation, and are highly dependent 

on the hydrophobicity of the contaminants and on the adsorption ability of soil fraction 

(Chiou et al., 1983; Kile et al. 1995; Bogan and Trbovic, 2003). 

Contaminants spilled and/or released in the soil matrix first enter the macropores 

and sorb to the surfaces of the medium aggregates. Contaminants slowly travel further, 

and migrate into the micropores, which are narrow, inaccessible apertures and 

surrounded by the soil particles (Pignatello and Xing, 1996). For that reason, clay 

generally has negative impact on the degradability of hydrocarbon in soil. Indeed, 

reductions in particle sizes of clay, increase the specific surface area, and thus add to 

the entrapment of contaminants in tight spaces. Some studies also indicate stronger 

sorption of PHCs by clay than the soil organic matter content (Hwang et al., 2003; 

Hwang and Cutright, 2004; Jonsson, 2009)  

Pores in the soil matrix clearly make two domains for the movement of 

contaminants; one is considered the mobile region while the other is the immobile 
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region. The mobile region is the wide space between soil particles that connect pores 

and through which volatile compounds of hydrocarbons can move from one place to the 

other.  Conversely, the immobile region is a very narrow intra-particle space which 

attracts small molecules of contaminants with the force of adhesion and do not let them 

move. Soil vapour extraction technology can effectively take away volatile/light 

hydrocarbons (contamination) from the mobile region, but immobile region is a 

challenge to clean. The narrow intra-particle pores hide the compounds and their 

removal is very difficult. Contaminants residing in the intra-particle pores develop strong 

attachment to the soil due to adhesion to the walls of soil particle and mostly cannot be 

removed through air streams of SVE (Sturman et al., 1995; Patros, 2009). 

 

2.3. Treatment Technologies 

Contaminated sites need clean up with economically viable technology to safe 

and acceptable levels. Although environmentally welcoming soil treatment technologies 

have not been fully investigated and implemented, many soil remediation technologies 

have captured the increased interest of scientists and industry (Riser-Roberts, 1998). 

Biological, chemical and physical techniques may be used exclusively or in 

combination with one another to address contaminated site problems. Most remediation 

technologies are site-specific, and several aspects such as: type of contaminants, soil 

characteristics and site conditions must be considered for the selection of adequate 

technology. Regulatory requirements, treatment cost and time, play an important part of 

the selection of a treatment technique (Khan et al., 2004).  
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Various types of technologies for the treatment hydrocarbon-contaminated soils 

exist. Soil remediation technologies can be categorised as in-situ and ex-situ 

techniques. In-situ soil remediation technology implicates treatment of the contaminated 

material at the site without disturbing the site. Ex-Situ soil remediation involves 

excavation of the contaminated soil, followed by treatment of soil on-site or somewhere 

else or disposal of the soil in landfills.  In-situ methods are generally considered cost 

effective, but this method may not be feasible for small volumes of highly contaminated 

soils for which immediate action is needed to minimize the risk of environmental hazard. 

It may also not be cost effective for soils having very low permeability. In this situation, 

ex situ methods might be a better choice (Riser-Roberts, 1998; Carberry and Wik, 2001; 

Khan et al., 2004). 

Based on the processes of cleaning, the soil remediation technologies can be 

sorted into four groups. Environment Canada has classified these processes as: 

removal, separation, destruction, and containment (EC, 2012). Physical removal of 

contaminant or contaminated soil without separation from the host medium is named as 

removal. Separation is the process in which contaminant is removed from the host 

medium (soil).  A process that chemically or biologically destroys or neutralizes the 

contaminant to produce less toxic compounds falls under the group of destruction 

process. Similarly, Containment (encapsulation) is a process that immobilizes the 

surface and subsurface migration of the contaminant  

High remediation cost, incomplete cleaning and/or secondary contamination are 

a major strike against the effectiveness of many chemical and physical remediation 

technologies. Consequently, these are not gaining popularity rather are losing their 
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worth (Brar et al., 2006). For example, in soil washing technology, pre-treatment is 

required for soils containing humic acids and wash water needs to be treated before its 

final disposal, which involves high additional cost. Soil vapor extraction (SVE) is an 

innovative and very popular in-situ technology for the remediation of soil contaminated 

with petroleum hydrocarbons. In spite of the popularity, this technology faces challenges 

such as: tailing, off gas treatment, high operational cost and its applicability is limited to 

cases involving volatile compounds (Bezerra and Zytner, 2003; Khan et al., 2004). 

On the other hand, in-situ bioremediation has been acknowledged as having low 

capital and running costs, and high public acceptance (EC, 2012). Bioremediation 

involves minimal site disturbance and is recommended by the USEPA (Malina and 

Zawierucha, 2007)  

In biodegradation, microorganisms are stimulated to convert hydrocarbon into 

less toxic compounds such as carbon dioxide and water. Nutrients, water and oxygen, 

are added to enhance the biodegradation. Oxygen in the form of air is delivered to 

contaminated unsaturated soils through a system of extraction and injection wells. In 

SVE air is supplied at higher rates than in bioremediation. The aim in bioremediation is 

just to provide oxygen enough for the enhancement of microbial activity, while in SVE 

the thrust of air flow pushes inter-particle volatile hydrocarbons to extraction wells. 

Air/gases extracted through SVE system are required to be treated before their delivery 

to the atmosphere and off gas treatment involves expenses. In contrast, the low flow 

rate of air in bioventing helps to degrade contaminants entrapped in intra-molecular 

space (tailed), minimizes volatilization of contaminants to the atmosphere and reduces 

off gas treatment costs (Bezerra and Zytner, 2003; EC, 2012). 
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Bioremediation technology has the capability for the complete destruction of 

contaminants and can be applied over large areas. It is a comparatively slow process of 

remediation while simple to maintain and cost-effective (Frankenberger et al., 1989). 

Bioventing has been used successfully for cleaning up gasoline, diesel fuel, jet fuel and 

motor oil in many contaminated sites with comparatively low cost (Hoeppel et al., 1991; 

Leeson and Hinchee, 1996; Balba et al., 1998;). The U.S. Air Force (USAF) conducted 

field-scale SVE and bioventing research at several bases, including Hill AFB in Utah 

and Tyndall AFB in Florida.  USAF considers bioventing to be a presumptive remedy for 

jet fuel-contaminated sites (USACE, 2002). 

 

2.3.1. Bioventing Technology 

Bioventing is an in-situ bioremediation technology that uses indigenous 

microorganisms to biodegrade the petroleum hydrocarbons entrapped in the vadose 

zone due to direct release or left behind by other soil remediation technologies. In 

bioventing, indigenous microorganisms are stimulated by inducing air flow into the 

contaminated unsaturated zone and if necessary, by adding nutrients and water 

(USEPA, 1994; Margesin and Schinner, 2001; Magalhães et al., 2009). Additionally, 

removal of the gaseous components formed such as carbon dioxide and other 

unwanted gases are also imperative. So, the extraction process must allow better 

diffusion of oxygen into the aqueous phase of contaminants and microorganisms 

(Rathfelder et al., 2000; Coffey et al., 2012). 

Since bioventing can transform contaminants into less hazardous substances 

such as carbon dioxide, off-gas treatment may not be required, saving high potential 
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treatment cost. Futhermore, a higher rate of biodegradability over the rate of volatility is 

an important aspect for successful bioventing. In case, where the rate of volatilization of 

hydrocarbons far exceeds the rate of biodegradation, removal of hydrocarbons is 

essentially through volatilization.  With this in mind, systems can be designed to operate 

as SVE until the volatile fraction of the contaminant is removed, then conditions suitable 

for bioventing should be provided. This arrangement can also help the economic 

removal of the remaining biodegradable contaminants (WDEQ, 1998). 

 

2.4. Factors Affecting Soil Bioventing 

The biodegradability of contaminants varies considerably even between 

compounds of the same group. The wide disparity of degradation rates might be the 

consequence of heterogeneity in the conditions under which biotransformation takes 

place. Several factors have been described as being vital to land treatment processes 

such as: competent microbial population, temperature, soil moisture, availability of 

nutrients, composition of the organic fraction to be treated, soil pH, and oxygen 

availability (Sprehe et al., 1985). These factors can be grouped as environmental, soil 

and contaminant factors. Physical, chemical, and biological aspects further split the soil 

and contaminant factors. 

 

2.4.1. Environmental Factors 

Temperature, soil pH, nutrients, availability of oxygen, and water content can be 

grouped as environmental factors which affect the biodegradation kinetics of 
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contaminants. Biodegradation kinetics considerably affects the rate of site remediation 

by bioventing (USACE, 2002).  

 

2.4.2. Soil Temperature 

Soil temperature can considerably influence the degradation of petroleum 

hydrocarbons in different ways. Rising temperature can increase the volatilization of 

light PHCs, decrease the viscosity of contaminants and their solubility in water (Atlas 

and Bartha, 1973). Moreover, the physico-chemical characteristics of the petroleum 

hydrocarbons, community of biomass, and mineralization rate of hydrocarbons vary 

significantly with temperature (Leahy and Colwell, 1990; Malina et al., 1999). Malina et 

al. (1999) found a reduction in the rate of degradation of toluene and decane when soil 

temperature decreased from 20 to 10 °C.  Zytner et al. (2001) also observed maximum 

biodegradation of diesel fuel at 25 °C, which declined with temperature and almost 

stopped at 2 °C. 

Zhou and Crawford (1995) tested the rate of biodegradation of gasoline in soil at 

temperatures corresponding to 11 °C (underground soil temperature), 25 °C (room 

temperature) and 37 °C (soil surface temperature in the summer) and found that light 

aliphatic hydrocarbons such as hexane and methylethylpentane degraded at slower 

rates than aromatic hydrocarbons at lower temperatures but faster at higher 

temperatures. Walworth and Reynolds (1995A) conducted a laboratory study to 

investigate the effects of nitrogen and phosphorus levels and temperature on petroleum 

bioremediation. Despite the effect of nutrients, the rate of diesel loss was much greater 

in soil incubated at 20 °C than in soil incubated at 10 °C. 
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Generally, each increment of 10 °C doubles biodegradation from 10 to 40 °C 

(Bossert and Bartha, 1984; Leahy and Colwell, 1990) and the most effective 

temperature range for hydrocarbon degradation is 15 to 45 °C (Dupont, 1993).  Dibble 

and Bartha (1979) tested biodegradation of oil sludge and reported that optimum 

temperature was 20 °C. Eyvazi (2010) conducted a bioventing study for the 

biodegradation of hydrocarbons in soil at micro-scale and incubated the respirators at 

25 °C. 

 

2.4.2.1. Availability of Oxygen 

Oxygen is one of the key controlling factors in the biodegradation of 

hydrocarbons. Microorganisms in soil and ground water use oxygen to fuel cellular 

activity and degrade or transform hydrocarbons or other contaminants (Davis et al., 

2005). The primary attack on intact hydrocarbons always requires the action of an 

oxygenase enzyme which catalyses biochemical reactions with oxygen and, therefore, 

requires the presence of free oxygen (Leahy and Colwell, 1990; Okoh, 2006). Likewise, 

a very quick and effective way to monitor aerobic biodegradation is determination of the 

oxygen consumption rate (Lund et al., 1991). 

Oxygen at low concentrations could limit hydrocarbon biodegradation and 

approximately 2.5 to 3.5 grams of oxygen is required for each gram of hydrocarbons 

degraded (Borden et al., 1995). In surface soil, oxygen is mostly accessible but in the 

subsurface, where oxygen diffusion is restrictive, aerobic biodegradation may become 

uncertain (Song et al., 1990). Limiting oxygen diffusion in soil with depth also gradually 

decreases oxygen level in soil with increasing subsurface depth. 
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Franzmann et al. (1999) determined that oxygen concentrations at the soil 

surface were around 20 %, decreasing to 14 % at 0.25 m below surface and to 1.2 % at 

0.75 m below surface. Similarly, the oxygen level dropped and remained constant at 1 

% at 1 m below surface. At this point, biodegradation of benzene was completely 

anaerobic. Oxygen concentrations between 2 to 5 % are the minimum range for aerobic 

biodegradation (Hickey, 1995) while Leeson and Hinchee (1996) found lower rates of 

biodegradation particularly when oxygen level was below 10 %. 

Conducive to maintain aerobic biodegradation activities, there are several ways 

to supply additional oxygen to a contaminated site. Typical techniques are air injection 

or extraction during bioventing, air sparging, the addition of pure oxygen, soil tilling and 

mechanical rotation. Hydrogen peroxide and calcium peroxide are recommended 

chemicals as alternate methods to add oxygen (Fiorenza et al., 1991; Fagan, 1994). 

Beside the importance of ensuring adequate oxygenation for aerobic 

biodegradation, and minimization or elimination of the production of hydrocarbon 

contaminated off gases, it is also crucial to select an appropriate air flow rate (Wa'il & 

Jehad, 2005). Excessively increased airflow rates, beyond that which is necessary to 

provide aerobic conditions, can dry out the soil, reducing the soil water content 

necessary for microorganisms to be active (Pedersen and Curtis, 1991). 

 

2.4.2.2. Soil Moisture Content 

Microorganisms need water for nutrient supplies, mobility in the medium and for 

metabolic processes. In order to optimize degradation and sorption processes and 

reduce volatilization of hazardous petroleum hydrocarbon constituents, it is important to 



23 
 

maintain a reasonable water content of soil during bioventing. Microorganisms require 

moisture for metabolic processes and the bioremediation rate reduces in extremely wet 

or very dry soils (Arora et al., 1982; Eweis et al., 1998). 

Nutrients can be accessed by microorganisms when these are available in 

dissolved form. Soil water content for biodegradation of petroleum hydrocarbons 

depends on the type of contaminants and soil characteristics. Generally, water content 

50 to 70 % of the field capacity is optimal for aerobic biodegradation of petroleum 

hydrocarbons (Pramer and Bartha, 1972). 

The oxygen distribution can shrink in soil with high moisture contents. Soil 

moisture can directly limit biodegradation rates only where bioventing is implemented in 

very dry conditions. Low soil water or dry conditions suppresses microbial activities 

significantly. Biodegradation of hydrocarbons can be reduced at water content levels 

below 50 % of the water holding capacity. However, the literature reports 

biodegradation of petroleum hydrocarbons at water content as low as 30 % of water 

holding capacity (Dibble and Bartha, 1979; Freijer et al., 1996). The hydrophobic 

property of petroleum hydrocarbons can reduce water holding capacity, so water 

present in the pores is principally available for biodegradation reaction even at low 

water content conditions. 

Excess moisture would significantly reduce soil gas permeability and thus limit 

biodegradation (Leeson et al., 1996). Soil water content above the water holding 

capacity of the soil had an inverse effect on biodegradation of petroleum hydrocarbons. 

High soil water content can reduce effective gas diffusion and air filled porosity, which 

resultantly makes oxygen diffusion limited for aerobic biodegradation (Freijer et al., 



24 
 

1996; Borresen and Rike, 2007). In turn, insufficient oxygen levels can reduce the rates 

of biodegradation in higher levels of moisture content. 

 

2.4.2.3. Nutrients 

Nutrients are required for the proper proliferation of the microbial biomass and a 

certain amount of nutrients must be present in the soil. Nitrogen is mostly limiting and is 

required in appropriate proportions with a source of carbon such as the hydrocarbons. 

The need for nutrients is different from the need for other electron donors and the 

carbon source of food for biomass. Most of the nutrients are not destroyed, so a steady 

input of nutrients is not required (Leeson et al., 1996; Ferguson et al., 2003) 

Literature suggests wide range of carbon to nitrogen ratio, C:N ratio (5.5:1 to 

560:1), for maximizing hydrocarbon biodegradation (Dupont, 1993; Brook et al. 2001; 

Leys et al. 2005). The C:N ratios recommended by the U.S. Environmental Protection 

Agency range from 10:1 to 100:1 for bioremediation of petroleum compounds from 

leaking underground storage tanks. This broad range of values suggests that the need 

for nitrogen depends on the environmental conditions, type of contaminants, 

microorganisms present, and nitrogen sources used (Brook et al., 2001; Shewfelt et al., 

2005; Leys et al., 2005).  

The optimum amount of nitrogen was found to increase the cell growth rate, 

decrease the acclimation phase, and sustain fast activity of microorganisms (Ferguson 

et al., 2003; Leys et al., 2005). Conversely, excessive use of nutrients such as nitrate, 

phosphate, and sulfate can inhibit microbial metabolism (USEPA, 1995). The inhibition 

of microbial activity at high nutrient levels can be associated with the increased salinity 
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in soil caused by the nutrients. Moreover, microbial adaptation time can increase due to 

soil salinity caused by addition of NH4
+ and NO3

- (Borresen and Ricks, 2007). 

Among the nutrients, the form of nitrogen supplement also has been recognized 

as an important aspect influencing biodegradation rates (Braddock et al., 1997). 

Nitrogen may be added to soil in various forms, including nitrate, nitrite, ammonium 

compounds, and biomass. The nitrate, nitrite and ammonium ions are the bio-available 

forms of nitrogen suitable for microbial nutrition while nitrogen in biomass protein is 

comparatively less available to them (USACE, 2002).  

Nitrate-nitrogen requires more energy than ammonium-nitrogen for absorption 

and digestion by microorganisms, and resulted in less microbial growth. Application of 

ammonium nitrogen enhances biodegradation rate more than nitrate-nitrogen whenever 

they are applied at the same concentration. Consequently, ammonium-nitrogen was 

found to be the most favoured form of nitrogen for microbial metabolism (Jorio et al., 

2000). However, acidification of soil by the application of ammonium has also been 

reported which may create microbial inhibition (Al-Awadhi et al., 1996). Eyvazi (2010) 

used NH4Cl as source of nitrogen and did not notice any change in the pH level when 

checked pH right after mixing of NH4Cl. In view of that, ammonium nitrogen can be used 

as the primary source of nutrients for biodegradation (Brook et al., 2001). 

Hallman et al. (2003) determined the solid form of ammonium chloride (NH4Cl) 

and gaseous form of anhydrous ammonia (NH3) as good sources of nutrient for soil 

microorganisms. Studies with gasoline contaminated soil showed that ammonium in the 

form of NH4Cl at a C:N ratio of 10:1 provided an optimum form of nitrogen for enhanced 

biodegradation of hydrocarbons (Shewfelt and Zytner, 2001). The solid form ammonium 



26 
 

chloride (NH4Cl) can be preferred over the gaseous form of anhydrous ammonia (NH3) 

because the solution of NH4Cl in water can easily be mixed and added to the soil. 

 

2.4.2.4. Soil pH 

Microorganisms require a specific range of soil pH to stay alive and proliferate; so 

pH may cause direct impact of the bioremediation process. Generally, bacteria function 

well in a pH range between 5 and 9 with the optimum around 7 (Dragun, 1988). The 

effective range of soil pH recommended by Dupont (1993) is 5.5 to 8.5 and the USEPA 

(1994) suggests the optimum range of pH for successful bioremediation from 6 to 8. 

Deviation of pH from the optimum range may result in reduced microbial 

population, because each species displays optimum growth at a particular pH. 

However, microbial respiration based on oxygen utilization has been observed in soils 

where the pH was slightly below 5 or above 9 (Leeson and Hinchee, 1996). Good levels 

of pH also depend on the type of contaminants. Correspondingly, Hambrick et al. (1980) 

found an increased rate of octadecane mineralization when the pH was increased from 

6.7 to 8, but naphthalene mineralization rate remained unchanged. The optimum soil pH 

for hydrocarbon biodegradation also depend on the type of microbial species present.  

However, the majority of the bacteria grow well at a neutral pH (Dibble and Bartha, 

1979; Leahy and Colwell, 1990). 

Verstraete et al. (1976) studied biodegradation of gasoline contaminated soil at 

pH range of 4.5 to 8.5 and found optimal microbial activity at a pH of 7.4 and a 

considerable inhibition at pH 8.5. Dibble and Bartha (1979) also reported optimum pH 

range of 7.5 to 7.8 for oil sludge biodegradation. 
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2.4.3. Characteristics of Soils and Contaminants 

Soil, water, and air are the three fundamental constituents of the natural 

environment. The basic compositions of air and water are the same universally. 

However, it is very difficult to define soil features, as soil composition can vary from 

place to place (Doran and Parker, 1994). Soil conditions often control the rate of 

contaminant degradation. Movement of air, water or contaminants in soil highly depend 

on soil properties. Well aerated soil with an adequate amount of nutrients and water can 

increase the activity of microorganisms. In good conditions, water, contaminated soil 

and microbes act together to degrade, transform, and immobilize waste constituents 

(Cunningham, 2004).  

 

2.4.3.1. Soil Texture and Structure 

Geological material determines the immobilization or movement of contaminants. 

Fast movement of contaminants can be expected through coarse textured soil such as 

sand or gravel than through silt and clay having fine texture. Fine textured materials with 

high clay content tend to hamper contaminant movement both by having low hydraulic 

conductivity and by physical adsorption through ion exchange (Boulding and Ginn, 

2004). 

Qualitative texture describes sandy, silty and clayey groups of soil while 

quantitative refers to the distribution of particle size. These groups are separated 

according to grain size which define; clay, 0-2 μm; silt, 2-50 μm; and sand, 0.05-2 mm. 

Similarly, textural classifications can be applied using standardized international 

systems such as: the U.S. Department of Agriculture (USDA) system and the American 
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Society for Testing and Materials (ASTM) Unified Soil Classification System (USACE, 

2002). Soils with different texture can influence biodegradation of petroleum 

hydrocarbons in different ways. 

Increase in sand content was reported to be favourable to aerobic biodegradation 

by allowing adequate aeration of the soil (Bezerra and Zytner, 2002). Löser et al. (1999) 

and Bundy et al. (2002) also reported faster biodegradation of petroleum hydrocarbons 

in sandy soils than in clayey soils. In contrast, Song et al. (1990), and Eyvazi (2010) 

determined higher rate of degradation in clayey loam than sandy soils and loamy soils. 

Performance of biodegradation processes of PHCs in silty soils is generally 

slower than sandy and/or clayey soils (Amellal et al., 2001).  Scherr et al. (2007) 

observed higher rate of biodegradation in silty than in sandy soils freshly spiked, while 

almost no biodegradation occurred in silty soil after aging. 

Amellal et al. (2001) investigated the effect of polluted soil aggregates on the 

distribution of PAH degrading bacteria. Within one year, the increase in population of 

phenanthrene-degrading bacteria was found to be the highest in clay and lowest in silt. 

They also found that a higher concentration of phenanthrene remained in fine silt than in 

sand fractions. Discrepancy in the results raises some concerns in the way that the 

interaction of petroleum hydrocarbons with soil minerals can enhance, inhibit or have no 

effect on their biodegradation by microorganisms. 

Soil aggregates are blends of sand, silt and clay particles held together by 

organic matter, coagulated inorganic materials, microorganisms and also by the 

products of their metabolic activities. These aggregates determine the structure of soil; 

structured and heterogeneous patterns of soil can normally provide better room to store 
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nutrients and energy. These soils can also maintain high microbial diversity and 

biomass. (Nannipieri et al., 2003). 

Soil structure provides a complex and variable set of microbial habitats ranging 

from energy-rich to barren, aerobic to anaerobic over micrometre distances. In order to 

boost the activity of soil microorganisms, both available nutrients and energy must be 

mobilized in rich soils or supplements should be added into starving soil matrices. 

Moreover, mass transfer of VOCs occurs within a thin layer of saturated porous media 

adjoining air channels. The mean channel particle size determines the mass transfer 

zone and affects the aqueous diffusivity of the VOC (Hartel, 1998; Braida and Ong, 

2001; Robertson et al., 2007). 

 

2.4.3.2. Petroleum Degraders 

Biological processes can contribute significantly in the removal of hydrocarbons 

from the contaminated soil and the key advantage of these processes is astonishing 

catabolic versatility of microorganisms to degrade or convert such compounds. 

Utilization of microorganisms for the degradation of petroleum hydrocarbons has been 

widely studied. It has also been recognized that microbial degradation is a natural path 

of removing hydrocarbons from the soil environment (Atlas, 1984; Leahy and Colwell, 

1990; Bogan et al., 2003). 

Despite the fact microbes which possess the capacity to degrade petroleum 

hydrocarbons are omnipresent, but their population in uncontaminated soil is only 

around 1 % of the microbial community (Atlas, 1995). However, the population of 



30 
 

hydrocarbon degraders can increase to close to 100 % of the total microbial population 

(Atlas, 1981; Leahy and Colwell, 1990; Margesin and Schinner, 1999). 

In order to enhance the aerobic degradation of petroleum hydrocarbons, the 

presence of enough catabolically active petroleum-degrading microbes is essential. The 

count of these microorganisms in soil can be increased in two ways such as: by 

stimulating indigenous microorganisms through the addition of nutrients, water and 

oxygen, or by the inoculation of competent microbial consortia (Bento et al., 2005). 

Conversely, some laboratory studies showed failure to enhance the biodegradation 

thorough microbial inoculation of soil and some inoculated microbes even inhibited the 

biodegradation process (Grosser et al., 1995). 

The microbial degradation potential differs with different types of hydrocarbons. 

The reported order of decreasing susceptibility of hydrocarbons to microbial attack is as 

follows: n-alkanes > branched alkanes > low-molecular-weight aromatics > cyclic 

alkanes (Perry, 1984; Leahy and Colwell, 1990). Equation-2.1 outlines the general 

process of aerobic biodegradation.  

Bacteria + Organics + O2 + Nutrients → CO2 + H2O + Biomass + By-products + Energy  

            (2.1) 

Characteristically, aerobic biodegradation of hydrocarbons proceeds by 

incorporating oxygen via oxygenase enzymes to the hydrocarbons (Suthersan, 1997). 

Microbial utilisation of hydrocarbons (being fully reduced substrates) also requires an 

exogenous electron sink. In the initial attack, this electron sink has to be molecular 

oxygen and in the subsequent steps, oxygen is the most common electron sink.  Little 
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or no hydrocarbon metabolism occurs in strictly anoxic sediments (Dibble and Bartha, 

1979).  

For the transformation or mineralization of contaminants, enzymes of microbial 

cells need to get direct access to the compounds. Mineralization is possible through 

microbial activity in two possible ways. Either the compound crosses the cell membrane 

or at least directly contacts membrane-bound enzymes (Bressler and Gray, 2003). 

Most of the petroleum hydrocarbons transfer very slowly into the aqueous phase, 

so one of the foremost factors limiting bioremediation may be a mass transfer limitation. 

However, bacteria have been reported to overcome the mass transfer limitations by 

solubilising n-alkanes with the help of excreted bio-surfactants. Direct uptake or 

absorption of these highly insoluble compounds can then be facilitated through this 

biosurfactant to cross lipophilic membranes (Miller & Bartha 1989; Alexander, 2000; 

Huesemann et al., 2004). 

Various genera of bacteria are renowned as good hydrocarbon degraders. Well 

recognised microorganisms belong to Pseudomonas, Sphingomonas, Aeromonas, 

Alcaligenes, Acinetobacter, Arthobacter, Brevibacterium, Xanthomonas, 

Mycobacterium, Rhodococcus and Bacillus species (Atlas 1984). They can survive in 

high concentrations of hydrocarbons and have a high degradation capability. The 

degradation of crude and refined oils seems to involve a consortium of microorganisms 

instead of a single species (Berry et al., 2006).  Some authors suggest that the majority 

of biodegradation is accomplished by aerobic bacteria [Chaineau et al., 1999], and 

these aerobic bacteria are the most abundant group (Eweis et al., 1998). 
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2.5. Biphasic Degradation Process 

Biphasic or two stage degradation of hydrocarbons is frequently observed: rapid 

degradation initially, followed by a much slower phase of transformation. Some 

scientists linked this biphasic process to the bioavailability of contaminants and others 

made its connection with the shortage of nutrients and/or oxygen level in the second 

phase of aerobic degradation (Steinberg et al., 1987; Leeson, and Hinchee, 1996; 

Cornelissen et al., 1998; Huesemann et al., 2004; Shewfelt and Zytner, 2005; and 

Zytner et al., 2006).  

Desorption kinetics of organic compounds and accessibility of contaminants to 

microorganisms during starting days of microbial degradation can be a reason for 

biphasic behaviour. This behaviour is analogous to the two stage response reported for 

biodegradation (Steinberg et al., 1987; Pignatello and Xing, 1996; Williamson et al., 

1997). 

Cornelissen et al. (1998) found fast rate of degradation in the starting days of 

their experiments and they did not relate this result to the rate of desorption. They 

observed slow or non-degradation of rapidly desorbing fractions of PAHs during the fast 

degradation stage of their experiments. Impediment of persisting slow degrading 

chemicals during the fast degradation period was linked to microbial factors, not with 

bioavailability. Consequently, as their findings suggest the starting fast phase of 

degradation was due to microbial factors and not due to desorption rate or 

bioavailability. 

Another way to see this aspect is the consumption of oxygen during aerobic 

degradation of hydrocarbons. Leeson and Hinchee (1996) calculated the oxygen 
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utilization and carbon dioxide production rates from the field data in which bioventing 

technology was implemented at more than 125 sites in USA.  Leeson and Hinchee 

observed that in some sites, rate of change of oxygen or carbon dioxide level with time 

was linear and two-phase. There was an initial rapid rate followed by a leveling off 

phase.  

Shewfelt and Zytner (2005) and Zytner et al. (2006) also observed higher rate of 

degradation in the starting days of their experiments on larger scales. They suggested 

first order degradation might not be the pertinent model for all scales of soil remediation. 

Accordingly, the degradation curves were critically analyzed to choose the appropriate 

degradation trends. 

It is worth mentioning that increasing the contact time between chemicals, 

microorganisms and soil reduces the intensity of the rapidly desorbing fraction just as it 

reduces biodegradation (Fu et al., 1994; Cornelissen et al., 1998). Moreover, freshly 

spiked chemicals appeared to be conveniently available to degrading organisms than 

“aged” contaminants that have been in the soil or sediment for extended time periods 

(Steinberg et al., 1987; Wild and Jones, 1993; Fu et al., 1994; Hatzinger and Alexander, 

1995). 

 

2.6. Scale-up Factors 

Due to the complexities of determining biodegradation rates at the field scale, 

biodegradation rates are more typically measured in laboratories at smaller scale. 

These bench-scale studies are frequently conducted under controlled settings with 

homogeneous soil, NAPL entrapment and moisture conditions acquired through even 



34 
 

mixing. The rates measured at the bench scale are then generally used to deduce 

degradation rates that can occur in the field. The ability to extrapolate from the bench 

scale to the field scale predominantly depend on “up-scaling” effects that each of the 

described factors has on biodegradation rates (Downey et al., 1999; Davis et al., 2003). 

The term “up-scaling” is used when soil properties and degradation rates are 

integrated at a larger scale than the one for which information is available. Likewise, 

“down-scaling” is the opposite of up-scaling. The scaling theories can be applied using 

known media concepts, which entail that the two or more soil systems are similar and 

the soil properties and degradation estimates of one can be predicted from those of the 

other by using a single scaling factor (Lal and Shukla, 2004). 

Besides the importance of work done at the small scale as a basic guideline for 

remediation of soil contaminated with petroleum hydrocarbons, determination of scale-

up factors would help to guide to better application of the bioventing technology to the 

field. A scale-up factor could be a numeral or an equation that scales or multiplies with a 

quantity to formulate result with the same trend. The scaling theory originated from the 

distinctive work of Miller and Miller (1955a; 1955b; 1956). Miller and Miller considered 

the assumptions that the microscopic behavior of the liquid in an unsaturated porous 

medium is controlled by the physical laws of surface tension and viscous flow, and they 

deduced differential equations governing the macroscopic flow in such a medium. The 

obtained macroscopic equations permitted comparison between two media or between 

two flow systems that differ only by scaling factors. 

The typical concepts of this theory have been utilized in modeling the spatial 

heterogeneity of soils and developing scaled solute transport equations based on 
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geometric similarity assumptions (Hillel, 1980; Tillotson and Nielsen, 1984; Sposito et 

al., 1985). Multiple ways such as dimensional and similitude analysis and/or regression 

analysis can be used for the application of scaling to the characterization of soil 

properties and degradation processes. In regression analysis, scale factors are 

accomplished by minimizing the sum of squares between scaled and measured data 

points (Warrick and Amoozegar, 1979). 

Warrick and Amoozegar (1979) also introduced a concept called Warrick 

Similitude, which scales field hydraulic properties as function of degree of saturation. 

This concept uses two scaling factors instead of one, compared to the geometric 

similitude assumption, therefore reduces variability around the field. Accordingly, Jury et 

al. (1985) concluded that no individual scaling factor can solely remove variability. 

Different approaches can be adapted to develop and understand the scale up 

factors. Three of them are as follows:  

i) The Breakthrough Series (BTS) collaborative: An improvement approach 

that relies on the extent and adaptation of existing facts to multiple settings 

simultaneously, to achieve a common aim. 

ii) A Real-Time Interactive Operational Research (RTIOR) method: This 

method is concurrent to the BTS approach and allows researchers/scientists to 

integrate their information at facilities to gain more knowledge from their experiences 

and to distribute their findings with peers (WHO, 2004). 

iii) A Multiplicative Scale-up Framework: In order to reach anticipated full 

scale, this framework expands operation from an initial number of pilot sites via a 

sequence of phases (WHO, 2004).  
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2.7. Correlations 

Primary phenomena essential to understand bioremediation of petroleum 

hydrocarbons have already been discovered. Moreover, the factors affecting conditions 

to promote the degradation have also been identified. The required biodegradation rates 

for the design and prediction are not fully described, particularly when site specific 

conditions exist. Moreover, a major challenge still exists in predicting the competence of 

bioventing for a certain site and the lack of ability to transfer the degradation rate 

coefficient from one site to another. This inability is due to varying site situation such as 

soil type, environmental conditions, and the condition upon which bioventing system 

operates. One of the difficulties is the heterogeneity of soil type (sand to clay), and each 

soil having a different bioremediation potential. 

Moreover, practitioners/consultants are always interested in making accurate 

judgment of expenses for soil remediation projects. Certain soft tools for the estimation 

of degradation rate coefficients without the lengthy process of experiments can help 

gauge remediation time and consequently cost of the project. Indeed, “Every 

generalized correlation embodies an implicit rule for scaling up results” (Johnstone and 

Thring, 1957). In this respect, a number of efforts have been undertaken in the School 

of Engineering, University of Guelph to correlate soil and environmental parameter for 

the prophecy of biodegradation rates. Zytner et al. (2001) developed a model (Equation 

2.2) to integrate the degradation rate constants based on a combination of    and the 

temperature dependencies: 

 

                              
  

       
                (2.2) 
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where: 

   = first order rate constant (d-1) 

       = maximum first order constant at T*, (d-1) 

    = oxygen content in soil (v %) 

   
  = oxygen constant at (1/2)      (v %) 

   = temperature correction coefficient 

T  = temperature (°C) and 

T*  = reference temperature, (0°C) 

 

Brook et al. (2001) related the degradation rate with nitrate and ammonia 

concentrations and this relation is displayed in Equation 2.3. 

                                             
             (2.3) 

where: 

   = TPH degradation rate (d-1) 

     = ammonia concentration in soil (mg/g) 

   
   = nitrate concentration in soil (mg/g) 

 

Bezerra and Zytner (2003) correlated (Equation 2.4) soil texture with nutrients for 

the prediction of degradation rate constant. 

                                                                

                                                         (2.4) 

where: 

            = predicted value of degradation rate constant (d-1) 
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      = Sand content in soil 

      = silt contents in soil 

      = clay contents in soil 

     = anhydrous ammonia 

        = ammonium chloride 

 

Eyvazi and Zytner (2009) further enhanced the relationship of variables by 

including water content and biomass into the model and Equation 2.5 displays this 

correlation.  

 

                                                                           

                                                                                    

                                                                 (2.5) 

Where: 

     = first order degradation rate (d-1) 

     = initial population of petroleum degrader microorganisms in soil, log 
colony-forming units [CFU]/g 

 

       = sand content (%) 

       = clay content (%) 

     = soil water content (%) 

     = organic matter content (%) 

 

Jiang et al. (2011) carried out a field study and tried to evaluate the correlation of 

degradation rate coefficient with different petroleum compounds available in the soil 



39 
 

through Pearson correlation. Most of the above mentioned studies have been 

conducted on micro-scale and their application at field scale needs further evaluation. 

Currently, literature has not addressed regression model at larger scales. Accordingly, 

development of correlations using meso-scale parameters and apparatus are essential. 

These correlations can bridge the gap between micro and macro scale findings and 

these can also help for reliable predictions and safe launch of the technology for site 

remediation. Therefore, major emphasis of the current study was determination of 

biodegradation rate constant at meso-scale and development of correlations to predict 

degradation rate coefficients using soil and bacterial information determined at larger 

scale. Overall, limited work on scale-up factor was found in the literature. 
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CHAPTER 3                                                                                   

MATERIALS AND METHODS 

Chapter 3 describes experimental design, material and their sources, and also 

explains the phases of a meso-scale bioventing study. This study was conducted in the 

environmental engineering laboratories at the University of Guelph, Canada. The major 

emphasis of the current study was a refinement of the work done by Eyvazi (2010) at 

the micro-scale. This was completed by conducting experiments at medium scale 

(meso-scale). 

Comparison of larger scale findings with the micro-scale results is possible only if 

experimental materials and procedures are analogous. The meso-scale reactors utilized 

in the current study were originally designed and developed by Patros (2009), with 

subsequent modification.  In the current study, with the exception of volumes and sizes, 

nearly all parameters and conditions were similar to those set by Eyvazi at the micro-

scale. 

Chapter 3 illustrates the methodology generally adapted during the experiments.  

However, methods related to specific experiments as outlined in the submitted/accepted 

manuscripts can be seen in the relevant chapters. 

 

3.1. Experimental Design 

The planning process of experiments for determining the hydrocarbon 

degradation rates in larger volumes of soils is a challenging task. The major difficulties 

associated with experiments were heterogeneity of soil, spiking of highly volatile 

hydrocarbon into large quantities of soil to make a homogeneous mixture and highly 
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sensitive response of the microbial population. In addition, challenges found after 

experiments were set up  include, determination of an appropriate air flow rate to 

maintain aerobic conditions, uniform distribution of applied air in the soil and drying of 

soil. Drying of soil would limit the good conditions for microbial activity and can also 

increase the risk of gasoline volatilization. A separate study was conducted to address 

these challenges (Coffey et al., 2012). 

Glass wool is a chemically and biologically inert substance that can be used as 

an inert bulk material during bioventing treatments. As such, the wrapping of glass wool 

around the outer mesh of the reactors was carried out to decrease the rate of air flow. 

Chapter 4 contains details related to wrapping of the reactors with glass wool.  

The sealed reactors were also used to monitor the possible volatilization loss of 

hydrocarbon and oxygen consumption. In total four treatments were carried out by using 

sealed reactors. Out of four treatments, one contained Delhi soil and three contained 

Elora soil. Similar to the treatments of MSRs, synthetic gasoline was used in all sealed 

reactor experiments. 

In order to study the variation in degradation rate coefficients, in response to soil 

and microbial parameters, a completely randomized design was used. To test the 

reproducibility of the results, treatments were repeated at least three times for four soils 

except for the last confirmation experiment with a fifth soil. In the experimental phase, 

the effect of soil properties on the biodegradation rate was determined. However, it is 

important to point out that due to difficulties in creating the exact requisite state of soil 

environment, experiments were carried out in slightly different conditions from the 
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conditions designed at the beginning (these conditions will be discussed in Chapter 4 

and 5). 

Due to the long treatment time, two or three sets of experiments were run in 

parallel. Table 3.1 lists the completed experiments with meso-scale reactors and sealed 

reactors.  

 

Table 3.1: Experiments completed with meso-scale reactors and sealed reactors 

Soil type  Delhi 
(soil-A) 

Elora 
(soil-B) 

Mixed 
(A+B) 

RT-1 RT-2 Total 

Reactors 

MSR (without 
glass wool) 

4 4 NT NT NT 8 

MSR (with 
glass wool) 

2 2 3 2 1 10 

Sealed 
reactors 

1 3 NT NT NT 4 

Total  7 9 3 2 1 22 

       NT - not tested; RT - Ridgetown  
 

Biodegradation experiments were started in May, 2009 and stopped in August, 

2012. Most sets of experiments consisted of five meso-scale reactors (MSR) that were 

originally designed by Patros (2009) and modified for this work.  Some experiments 

contained six reactors. Four reactors were used for experimental data, fifth as a biotic 

control and sixth reactor as an abiotic control. In all, twenty two experiments were 

conducted as outlined in Table 3.1.  In terms of practical time which included soil 

preparation, setting up each experiment and running each experiment, each experiment 

took around 45-60 days. Of the 22 experiments, 18 experiments were carried out on 

meso-scale apparatus, and four experiments on sealed reactors. 
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For the meso-scale apparatus, three replicates were used for each experiment. 

Three replicates for Delhi and Elora soil without wrapping glass wool around the 

reactors and three replicates for each Delhi, Elora and Mixed soil when glass wool was 

wrapped around the reactors. After establishing good experimental conditions, three 

verification treatments were carried out with two Ridgetown (RT) soils. Two verification 

treatments with Ridgetown soil-1 (RT-1) and due to time constraints, only one treatment 

with Ridgetown soil-2 (RT-2) was completed. For subsequent data analysis, each 

experiment was treated as separate data points.  No averaging was done. 

The desired optimum settings for bioventing comprised of a soil water content 50-

70 % of soil water holding capacity, temperature around 25 °C, oxygen level in soil 

above five percent and C:N ratio at 10:1 (Eyvazi, 2010). The experiments were run so 

that these conditions were maintained for the duration of the experiments. Soil 

properties and initial concentration of TPH were considered important factors. 

Accordingly, five different soils were utilized in the experiments and 2000 mg of 

synthetic gasoline/kg of soil was used as the initial concentration of contamination for all 

the experiments. The methodology as related to the various manuscripts has been 

summarized and incorporated into the concerned chapters. However, a complete 

description of the materials and methods can be seen in Appendix-IV.  
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CHAPTER 4                                                                                              

TESTING AND ADAPTATION OF MESO-SCALE EXPERIMENTAL 

APPARATUS 

Review of the relevant literature indicated that determination of biodegradation 

rate at the larger scale needs more explanation. In order to carry out larger scale 

evaluation of bioventing, a meso-scale apparatus was selected. The meso-scale 

reactors were originally designed and developed by Patros (2009), with Patros 

conducting very limited testing. So, it was very important to test the suitability of the 

experimental apparatus before start of detailed treatments. Accordingly, the objectives 

for this chapter of study were: a) performance evaluation of apparatus, b) preliminary 

determination of degradation rate trends using two different soils, c) adaptation of the 

experimental system. 

The meso-scale apparatus was evaluated for the movement of air in the soil, 

volatilization of gasoline, and aerobic conditions in the system. The findings were 

presented at the 18th International Petroleum & BioFuels Environmental Conference 

(IPEC), Houston, TX. 

 

Research paper based on Chapter 4: 

Khan, Alamgir A. and Zytner, Richard G. (2011). A meso-scale experimental apparatus 

for determining bioventing degradation rates for petroleum hydrocarbons. Proceedings 

of 18th International Petroleum & BioFuels Environmental Conference (IPEC), Houston, 

TX. Nov. 8-10.  
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4.1. Abstract 

Bioventing has the potential to be an effective technology for the bioremediation 

of hydrocarbon contaminated soil. Many challenges exist when extending 

biodegradation results from the laboratory to the field. One reported difficulty in the 

transfer of results is the scale of research and application. Most laboratory studies in the 

literature were completed at the micro-scale, with limited work at the larger scale. 

Moreover, there is no accepted medium scale bioventing experimental system 

available. Therefore, a newly developed meso-scale apparatus needed validation 

before going through intensive treatments. 

The developed system holds 4 kg of dry soil, with bioventing conditions controlled 

from a nutrient, airflow and water content perspective. Preliminary testing raised 

concerns of possible short circuiting of inflowing air and drying out of soil. Minor 

adaptations such as adjusting perforation to two third of suction well depth and 

wrapping of glass wool around the reactor suggested the appropriateness of the system 

for bioventing treatments. Two soils were tested, categorised as loamy sand and silt 

loam. Completed results over a thirty day period showed a two-stage degradation 

process, as compared to the first-order degradation rate determined in the micro-scale 

study. 

 

4.2. Introduction 

Canada and the world face a noticeable environmental threat to soil and ground 

water resources due to leaking underground storage tank systems (Bezerra and Zytner, 

2003) and other spills from transportation accidents (Lee et al., 2006). The resulting soil 
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and water contamination is a major environmental concern due to possible health risks. 

The release of petroleum hydrocarbons to soil physical environments is typically linked 

with the industrial spills and leaking underground storage tank systems in the 

unsaturated zone of soil (USEPA, 1994). At most of the contaminated sites, the major 

concern is the danger of groundwater contamination by the hydrocarbons (Grathwohl & 

Klenk, 2000).  Bioventing is an in-situ remediation technology that uses indigenous 

microorganisms to biodegrade the petroleum hydrocarbons present in the unsaturated 

zone and can be used to further reduce the contamination left behind by other 

technologies.  This residual contamination is typically referred to a tailing. Soils in the 

capillary fringe and the saturated zone cannot be biovented unless the water table is 

lowered. In bioventing, the activity of indigenous microorganisms is enhanced by 

inducing air (or oxygen) flow into the unsaturated zone and if necessary, by adding 

nutrients (USEPA, 1994). 

The microbial process is influenced by oxygen uptake, so provision/supply of 

oxygen for biological degradation is an important issue. Viable, aerobic bioactivity is 

typically found at contaminated sites where oxygen levels in the soil air are above 2 %. 

When the oxygen content of soil air falls below 2 %, aerobic bioactivity becomes 

dormant. At this point the soil air is dominated by carbon dioxide and methane (Barr, 

1993). No doubt, air flow rate in the soil matrix is very critical for stimulation and 

proliferation of microorganisms. However, increasing the airflow may not only dry out 

the soil and hamper remediation process but also it can increase the volatilization risk of 

hydrocarbons into the environment (Magalhães et al., 2009). However, drying of soil 

can reduce the water contents less than 50 % of field capacity, the level needed for 
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microbial stimulation (Hinchee et al., 1991). So, appropriate level of air flow rate is 

critical for the best possible aerobic bioremediation. 

Aichberger et al. (2005) evaluated the potential of different treatment scales to 

predict biodegradation performance of petroleum hydrocarbons in soil and found that all 

laboratory experiments delivered a good indication of hydrocarbon degradability in soils. 

Based on the results, it was suggested to combine cost efficient small scale laboratory 

tests with in-situ respiration testing. The results corresponded well with different 

contaminant types and site histories, although laboratory biodegradation rates 

somewhat overestimated field rates, particularly the small scale laboratory experiments. 

Although, micro scale results with one or various types of soils are quite favourable, the 

application of micro-scale results to the field scale bioremediation is a challenge. This is 

due to mass transport mechanisms and limitations; presence of multiple phases, 

contaminants, competing microorganisms; spatial heterogeneities; factors that inhibit 

bacterial growth. 

Mesoscale reactors (or intermediate-scale columns) are the proposed bridging 

tools (Sturman et al., 1995). Various reactor sizes and patterns have been devised and 

reported in the literature.  Rectangular tanks were used by Chevalier et al. (1999), Cort 

et al. (2001) and most recently Chang et al. (2011).  Similarly, cylindrical columns were 

used by Angley et al. (1992); Malina et al. (1998); Widrig et al. (1995); Woo and Park 

(1999); and Patros (2009).  Among different shapes of reactors, the cylindrical column 

seems a better representative of the site remediation scenario due to the radial flow of 

air in the contaminated soil. 
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The broader scope of this study was the refinement of previous work of Eyvazi 

and Zytner (2009); Hallman (2003); and Patros (2009) at the micro and meso scale. The 

prime issue remained the determination of the scale-up factor by repeating micro-scale 

experiments at the larger scales. This article focuses on the reliability of the meso-scale 

experimental apparatus and the experimental procedures adapted to determine the 

bioventing degradation rates for petroleum hydrocarbons. 

 

4.3. Methodology 

Two different types of soils were collected from the Elora research station 

(County of Wellington, Ontario) and Delhi research farm (Delhi, Ontario). Delhi and 

Elora soils were different in composition; textural class for Delhi soil was loamy sand 

while Elora soil was silt loam. Both soils were dried in air and were sifted by passing 

through a 2 mm sieve to remove gravels and other debris. The soils were tested by the 

University of Guelph Laboratory Services for their particle size fraction, organic matter 

content, pH, cation exchange capacity (CEC), and ammonium content. Table 4.1 lists 

the properties of these soils. 

 

Table 4.1: Physical and Chemical Properties of soil 

Soil 
Name 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Organic 
Matter (%) 

CEC 
(cmol/kg) 

Water holding 
capacity (%) 

              

Delhi  84.9 9.8 5.3 1.1 4.9 25 

Elora 31 50.8 18.2 3 18.4 30 
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Experiments were carried out at medium scale by using 4 kg of dry soil, and this 

was defined as meso-scale and Figure 4.1 shows assembled meso-scale reactor with a 

pump. 

 

Figure 4.1: An assembled meso-scale reactor with suction pump 

The concept of the meso-scale reactors was based on the work by Patros (2009).  

The meso-scale reactors used have an outer stainless steel screen cell that protects 

and keeps the soil in-place with an outside radius of 8.4 cm and a height of 17.8 cm. 

The inside and outside walls of these cells are lined with a 316 SS, 200 × 200 

opening/in plain woven mesh. The meshes not only acted as a shield for the soil to keep 

it within reactor, but also provided support in distributing airflow evenly and radially into 

the soil column. In order to maintain aerobic biodegradation, air was drawn in to provide 

oxygen and remove the gases produced through microbial activity. The central suction 
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well of the MSR had a narrow slotted pipe with outer diameters of 2.23 cm to which the 

suction pump was connected. 

It was considered important to take soil samples representative of entire depth of 

the soil sitting in the reactors. Patros (2009) reported trouble in removing soil from 

narrow tube soil sampler and also indicated volatilization loss of hydrocarbon due to 

complicated and time consuming soil sampling technique. So, a custom made soil 

sampler as shown in Figure 4.2 was used.  

 

 

Figure 4.2: Soil sampler with push rod 

The soil sampler was a hollow tube (8 mm internal diameter and 300 mm long) 

with 70 mm long scoopula shaped opening on one side of the tube. This opening was 

around 20 mm above the sharp conical penetrating edge. The sampler was manually 

pushed down into the soil to collect around 7-9 g of soil. Side opening and soil pushing 

rod facilitated in speedy removal of samples from the sampling tube. This soil was 
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quickly mixed in a disposable clean dish and 3 g of soil sample (wet weight) was 

measured out of whole mixed mass in the dish. 

With the aim to maintain good moisture conditions for bioremediation during meso-

scale experiments, moist air was supplied to the reactors. Supply of moist air was 

achieved through a humidifier. This was a custom made humidifier made in the machine 

shop of School of Engineering.  It was of simple design as shown in Figure 4.3. The 

structure of the humidifier contains a plastic bucket and crushed stones (12 mm size), 

with the stones placed in the bucket to a depth of 25 cm. The stones were wetted with a 

very slow dripping of water and air was drawn through the wetted stone with help of an 

axial flow fan. The moist air was directed toward the fume hood to create humid 

environment around the reactors. To help avoiding the impounding of water in the 

bucket, water flow was set to a very low flow-rate and continuous drying of stones after 

wetting indicated the addition of humidity. 

 

Figure 4.3: Custom made humidifier 

Bearing in mind the protection of highly volatile compounds in soil, sampling task 

was done in very fast pace. The measured 3 g mass of soil was immediately transferred 
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to a glass vial. Anhydrous sodium sulfate was added to the vial at a 1:1 (w/w) ratio 

instantly for desorption of hydrocarbon from soil. The vial was shaken manually to mix 

the contents of the contaminated soil and anhydrous sodium sulphate. Then, 10 ml of 

methylene chloride was added into the vial as solvent for hydrocarbons (Eyvazi, 2010). 

In order to minimize volatilization, the flow rate had to be kept at a minimum.  

This was done by using industrial hygiene pumps (Gilian, model: LFS-113DC) to draw 

fresh air from the outer screen. One pump was attached to two reactors and the air flow 

rate was adjusted to 1.50 ml/min (i.e. 0.75 ml/min for each reactor).  Calibration of 

pumps to set the air flow rate was done by using an Air Flow Meter (Gilmont Micro Flow 

Meter, Model: GF-9760). This flow rate of air is less than the threshold for soil vapor 

extraction (Qureshi, 2010). 

In addition to monitoring of air flow rate, the oxygen level in off-gases from the 

reactors was recorded by oxygen meter (Apogee Oxygen Meter, Model: MO-200 

Series).  Volatilization of hydrocarbons was monitored by capturing hydrocarbon 

vapours through carbon sorbent tubes (Supelco ORBO™ 32 Small).  These tubes were 

installed in the suction line and replacement of the tubes was done on frequent interval 

so that captured gasoline could be extracted without any further loss. 

Prior to placing the soil in the reactors, it was amended with NH4Cl as a nutrient 

source at a C:N ratio of 10:1 (Eyvazi and Zytner, 2009). The required amount of NH4Cl 

was dissolved in water and solution was uniformly mixed with soil. This wet soil was 

kept at room temperature (21-23 °C) for at least 7 days and moisture in the soil was 

maintained at 50-70 % of the water holding capacity of the soil. This period allowed 

germination of the microorganism spores prior to starting the experiment. 
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Composition of gasoline is very complicated, which varies from oil to oil. Hyne 

(2001) reported that for crude oil, the average composition by weight is generally 30 % 

for alkanes, 49 % for naphthalenes, 15 % for aromatics and the remaining 6 % for 

asphaltics. To simplify analysis and to allow comparison with previously completed 

studies (Bezerra and Zytner 2003; Shewfelt et al., 2005; and Eyvazi and Zytner, 2009) a 

five compound synthetic gasoline having carbon chains from C7H16 to C11H24 was used 

in this study. The composition of the synthetic gasoline used is shown in the Table 4.2.  

The soil was spiked with synthetic gasoline to a concentration of 4000 mg/kg of 

soil and 40-50 % evaporation was expected during mixing and handling. Shaking of the 

mixture of soil and gasoline was done manually for about fifteen to twenty minutes for 

each reactor. 

 

Table 4.2: Composition* of synthetic gasoline and vapour pressure of the 
constituents 

Chemical Chemical formula Vapour Pressure 

mmHg at 20-25 °C 

Mass % 

    Naphthalene C10H8 0.05 3.2 

1,3,5-Trimethylbenzene C9H12 1.86 11.9 

m-Xylene C8H10 7-9 23.9 

Toluene C7H8 28.5 36 

Isooctane C8H18 41 24.9 

*Composition previously used by Bezerra and Zytner, (2003); Shewfelt et al., (2005); 

and Eyvazi, (2010) 

 

Typical parameters monitored during the experiments were: air flow rates, 

concentration of volatile hydrocarbon and oxygen (O2) level in soil and in off gases. 

Concentration of nutrients, concentration of total petroleum hydrocarbon (TPH) in the 
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soil column, soil pH, soil water content, room temperature and population of petroleum 

utilizing bacteria were also considered. 

Microbial concentration in soil was counted by the spread plating technique.  

Tryptic Soy Agar (TSA) was used for total heterotrophic bacteria (THB) and Bushnell-

Hass (BH) medium was utilized to enumerate petroleum-degrading bacteria (PDB). The 

microbial counting method employed in this study was similar to the procedures 

adapted by Shewfelt, (2005) and Eyvazi and Zytner, (2009).  However, the standard 

recipe/directions suggested by supplier (DifcoTM) were practiced for cooking the media.  

The microbial populations for both THB and PDB were enumerated with the 

interval of seven days during the experimental period of thirty days. For each episode of 

microbial enumeration, two sets of plates, designed to isolate heterotrophic and 

petroleum-degrading bacteria were primed. Sodium pyrophosphate (NaPP) solution 

was used to detach microorganisms from soil. Sodium pyrophosphate (NaPP) solution 

was prepared by adding 1 g of NaPP into 1 L of ultra pure water. The solution was 

mixed in one litre graduated glass bottle. The mixture was magnetically stirred until the 

NaPP was fully dissolved. 

Necessary precautions to avoid environmental contamination were observed with 

the strict care. In that, most activities were carried out under the fume hood. Each time 

used for microbial testing, the fume hood was cleaned with antibacterial soap and 

methanol sprayed just before starting the inoculation process. Pouring/spreading of 

diluted soil-mixture was done before using a flame to avoid any environmental 

contamination Likewise, all plates and materials containing microorganisms were 

autoclaved before disposal. For autoclaving, SANYO Autoclaving machine (MLS-3781 
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L) was utilized. Sterilization system was set to operate at 122 °C with sterilization time 

of 35 min. Figure 4.4 shows arrangement in fume hood for serial dilution and microbial 

plating. 

Biotic and abiotic control reactors were run parallel to experimental reactors. 

Eyvazi (2010) used sterile soil for abiotic control and prepared the sterile soil by 

autoclaving the soil for five times, each for 90 minutes, at one day intervals. Eyvazi 

reported difficulty in the complete success of sterilization. Moreover, in meso-scale 

treatments, the larger mass of soil was an additional limitation for disinfecting the soil 

through regular autoclaving system. 

 

 

Figure 4.4: Arrangement for serial dilution and microbial plating 

Therefore, in current study, the soil was sterilized through a dry heat method 

(Trevors, 1996).  Incubated/stabilized soil was placed into the oven at 200 °C for 24 h 

(Alef et al., 1995) with special care for placing soil in 1.5–2.0 cm deep layer of soil in 
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Aluminum plates. Microbial analysis was carried out to assess the success of 

sterilization process. 

A Hewlett-Packard 5890 Series II Gas Chromatograph (GC) equipped with flame 

ionization detector (FID) and auto-sampling system was used to analyze TPH extracted 

from soil and sorbent tubes samples. In GC analysis, selection of a proper capillary 

column is critical. Sometime change in column diameter or film thickness can cause 

variation in specific effect or GC-results without changing retention time. For the 

analysis of synthetic gasoline samples J&W scientific DB5 column was used and it was 

the same column used by Eyvazi, (2010). The column was 30 m long with inner 

diameter of 0.32 mm and a film thickness of 1 μm. Moreover, Helium (grade: 5.0) was 

used as a carrier gas and its split column pressure was set at 82.74 kpa (12 psi). 

Additional testing was carried out in sealed reactors with the aim to gauge the 

volatilization of gasoline from the outer surface of the reactors and to observe the trend 

of oxygen consumption in the soil. Figure 4.5 is a sketch showing arrangement of 

sealed reactor with the oxygen sensor. 

For sealed reactor testing, soils were prepared and amended with synthetic 

gasoline by employing the same procedure as described for the treatment of other 

meso-scale experiments. Spiked soil was transferred in the four glass bottles and 

volume of each bottle was 4L. In order to meet the guidelines set by the supplier, the 

diffusion-head sensor (Model AO-001) of Apogee Oxygen Meter was placed in one 

bottle of spiked soil in such a way that 750 mm of soil covered the sensor from all sides. 

The diffusion-head (3.5 cm long; 3.5 cm dia.; and 125 mesh screen) creates air pocket 

and sensor installed in the head measures oxygen level through the diffused gases of 
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the soil.  These bottles containing soil were sealed with removable silicon adhesive and 

scheduled to open after interval of seven days. Variation in the level of oxygen in soil 

was recorded on frequent basis and soil samples were used to estimate variation in the 

concentration of gasoline.  

 

 

Figure 4.5: Oxygen monitoring arrangement with sensor in the sealed reactor 

Literature shows that information related to metabolites can help confirm 

biodegradation of hydrocarbon (Okoh, 2006). Metabolites may also indicate the 

migration potential of contaminant through soil environment. So, evaluation of metabolic 

pathways of hydrocarbon during bioventing treatment was attempted without significant 

results. However, efforts were made to investigate the degradation kinetics and the 

catabolic pathways of compounds used in the synthetic gasoline. 
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4.4. Results and Discussion 

This section explains the results obtained from the testing of meso-scale 

experimental system. 

 

4.4.1. Standards and gas chromatograms 

Soil and sorbent tubes samples were analyzed for their gasoline content using 

solvent extraction followed by gas chromatography. Figure 4.6 is a typical 

chromatogram which displays six noticeable peaks; each peak represents one 

component of the synthetic gasoline.  

The first major peak in Figure 4.6 represents Methylene Chloride (CH2Cl2), the 

solvent used to extract gasoline from soil, and sorbent tubes. However the remaining 

five peaks corresponds to constituents of the synthetic gasoline. 

 

 

Figure 4.6: Typical chromatogram obtained from GC 

On increasing the sensitivity of GC output, additional smaller peaks appeared in 

some chromatograms (not shown here). These peaks might represent other compounds 

such as the derivatives of original components those usually appear in soil samples 
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after the initiation of bioremediation. Moreover, the area under each peak corresponds 

to the concentration of a particular constituent. For the selected GC column, separation 

of sample components depends on the time it takes for each individual component to 

move along by dissolving through the system. Similarly, the time it takes for an 

individual component to elute from the column is called the retention time. 

Accordingly, the retention times for the components were initially recognized 

during run of standards and peaks for each relevant compound. Since this study 

required the total concentration of petroleum hydrocarbons, the sum of area under the 

relevant peaks was calculated before and after biodegradation tests. 

Gasoline concentration was obtained by comparing the cumulative peak area to 

a five point calibration curve. In selecting the range of standards, 3 g soil sample was 

assumed to dissolve in 10 ml of CH2Cl2. The smallest concentration in the calibration 

curve was lower than 320 mg gasoline/kg of dry soil, the legally accepted concentration 

of petroleum hydrocarbon in surface soil (CCME, 2008). The highest point concentration 

in the calibration curve was higher than 3,000 mg gasoline/kg of soil which was the 

expected initial concentration in the soil after shaking and placing soil in the reactors. 

Calibration indicated the average standard deviation for analysis was 3.7 % ± 1.8.  This 

is a reasonable variation considering the matrix being studied. 

The standards were prepared and analyzed by gas chromatograph and the 

calibration curve was constructed by using the GC results. The measured peak areas 

plotted against the known gasoline concentrations was linearly regressed with zero 

intercept. The plot of peak areas of standards and the associated gasoline 

concentrations (mg/L) produced a straight line with a coefficient of determination (R2) in 
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the range of 0.99 or above. Figure 4.7 shows typical linear relation of peak areas and 

TPH concentrations. The produced linear equation explaining the relation between the 

measured peak area and TPH concentration was used to convert samples peak area to 

TPH concentration. 

Figure 4.7 shows that the gasoline standard calibration curve is a straight line 

over a wide range of gasoline concentration. This straight line equation can be 

extrapolated for the calculation of TPH concentration of samples slightly out of the 

calibration range (Shewfelt, 2002; Hallman, 2003; Eyvazi, 2010) 

 

 

Figure 4.7: Typical calibration curve for gasoline 

 

4.4.2. Meso-scale Apparatus 

The meso-scale experimental system was tested to verify the air flow rates, 

effectiveness of suction well and to assess the loss of gasoline through volatilization. 

 

y = 4441.3x - 59440 
R² = 0.998 

0 

500000 

1000000 

1500000 

2000000 

2500000 

3000000 

3500000 

4000000 

4500000 

5000000 

0 200 400 600 800 1000 1200 

G
C

-a
re

a
 

Concentration of gasoline in methylene chloride (mg/L) 



61 
 

4.4.2.1. Effectiveness of air induction into the reactors 

Two air movement pilot tests were conducted to assess the effectiveness of 

industrial hygiene pumps and to verify the negative pressure around the porous mesh. 

At first, the pump selected was tested to see if it could draw air through the central well 

at different water contents in the soil. Pump remained operative for low, medium, and 

moderately high water levels, while it failed to operate at fully saturated conditions. This 

confirmed the success of the pump to draw air through the soil under unsaturated 

conditions. Secondly, movement of the air around the outer surface of the reactors was 

observed through smoke test. In the smoke test, a smoke stick was placed 100 mm 

away from the reactor’s outer mesh. 

The movement of smoke towards the reactor confirmed the intended airflow 

pattern as there was negative pressure around the reactors.  This alleviated the fear of 

reverse flow around the outer screen of the reactors. Overall, the selected industrial 

hygiene pump suitably maintained bioventing conditions in the meso-scale reactors 

(Khan and Zytner, 2011). Moreover, custom made soil sampler successfully took 

samples from entire depth of the soil and also made the sampling job easy and quick. 

 

4.4.2.2. Suction well 

In the original design of meso-scale reactor, the entire length of the suction well 

was perforated to draw air from the soil. This feature raised a concern for the potential 

of short circuiting from the top surface of soil. Therefore, preliminary testing of the 

system was conducted by sealing the upper half segment of the well.  However, uniform 

distribution of the air during treatment remained a question.  In order to validate the 
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perforated behaviour of the slotted surface, Coffey et al. (2012) simulated the system 

through CFD modeling by assigning the equivalent porous spacing acting under similar 

conditions to the mesh.  

In CFD modeling, several options for well screen depth were tested. However, 

three well screen depths such as: lower one quarter, lower two third and full screens for 

the suction wells were considerably dissimilar for the selection of a suitable one. 

Figurative results of air distribution in the soil showing effect of well screen depth, they 

obtained from the run of fluent program. Coffey et al found significant effect of air 

velocities upon mass transport of contaminants as well as diffusion of oxygen into the 

water contained in the soil. On the basis of CFD findings, Coffey et al. (2012) suggested 

the two-thirds configuration as the most realistic choice when attempting to generate 

homogeneous conditions within the soil. Accordingly, the upper one third portion of the 

suction well was sealed and the system was retested for volatilization loss and for its 

affect on microbial population. 

 

4.4.2.3. Volatilization and aerobic condition 

One of the concerns with the induced air flow was volatilization of the synthetic 

gasoline during treatments.  Figure 4.8 shows that volatilization losses through the 

suction line were high in the starting days of the experiment.  These losses of gasoline 

were sharp during the first 24 h, with the volatilization loss of gasoline related to the 

gasoline present in the spiked soil.  The low volatilization was due to the low air flow 

and sorption of hydrocarbons to the soil particles, which includes organic matter (Jain et 

al., 1992).  
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The line representing concentration of volatilized hydrocarbon shows dips on d2, 

d4 and d8 while humps on d3, d7 and d10. Figure also displays negligible volatilization 

after d10. These dips and humps of line can be related to variation of water contents 

and/or ease in air movement from sampling ports. The soil sampler might have opened 

minor preferential paths which facilitated movement of intra-particle gasoline with the 

slow moving air stream. Addition of water to maintain needed water contents might have 

occupied pores reducing probability of volatilization. Similarly, a slight decrease in water 

content might have allowed agitation of loosely attached gasoline molecules with the 

flowing air. 

Figure 4.8 also show volatilization dropped to very low levels after the initial five 

days.  Total volatilization losses over the 30 d experimental period were around 55-60 

mg gasoline/kg of soil, which translates to around 2.5 % of initial concentration of 

synthetic gasoline.  No doubt volatilization loss of hydrocarbon through off gases was 

very small but drying of soil in the reactors was noticed. Similarly, minor volatilization is 

inevitable during bioventing processes, specifically when airflow at a low mass flow rate 

is utilized to provide oxygen to the bacterial population (Rathfelder et al., 2000).  

Continuous monitoring of the oxygen level showed oxygen in the range of 18 to 

20 % throughout the experiment. This confirmed that oxygen was not a limitation for 

aerobic degradation. Because oxygen content in the soil column was reasonably higher 

than the level needed for aerobic degradation, so re-investigation and reduction in air 

flow rate was completed to reduce drying of soil and also to decrease volatilization of 

gasoline. 
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Figure 4.8: Volatilization losses measured through the suction line (E4) 

 

4.4.2.4. Water Contents and Glass Wool Wrapping 

Testing of the experimental system with the use of custom made humidifier 

(Figure 4.3) showed that the humidifier was ineffective in maintaining the needed level 

of water contents in the reactor soil. One possible reason is wide open area around the 

humidifier which might not retain the humid air around the reactors. Another potential 

reason could be higher rate of air flow the suction line of fume hood as compared to the 

very low air suction rate into the reactors. Perhaps the high rate of air flow took most 

humid air to the exhaust before it entered the reactors. 

Over and above the humidification, the needed water contents were maintained 

by adding the supplement water when required. During initial testing of apparatus, water 

was poured on the surface of soil while this technique showed slow percolation of water. 

Non-uniform distribution of water into the entire depth of the reactor-soil was also found 

with water pouring technique and this difficulty was overcome by deep injection of 

water. A syringe (60ml) with 15 cm long metallic needles was used for the incorporation 
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of additional water to the deeper level in the reactors. The metallic needle was inserted 

into the depth and water was slowly injected during upward move of needle. The 

process was repeated for three equally distributed (around 120o) different spots on 

circular surface of the soil. Long needle and syringe method assisted reasonably for 

achieving the uniform distribution of water in the soil column.  

Drying of soil during treatment was also taken as a serious issue and it was 

addressed through additional study by re-evaluating the pore gas exchange options. 

Typical pore volume exchange rates for bioventing are reported as values of 1 pore 

volume per day (USEPA, 1995). Reports also suggest that carbon dioxide with the 

induced fresh air to replace 0.25 to 0.5 pore volume per day allowed oxygen diffusion 

into the aqueous phase where the microorganisms were located (Rathfelder et al., 

2000; USACE, 2002). Accordingly, stoichiometric analysis was carried out. Oxygen 

required and air flow rate were re-estimated on the bases of 0.25-0.5 pore volume 

replacement per day. The estimated mass flow rate translated to around 0.42 ml/min air 

flow rate and this flow rate is equivalent to 0.5 pore volumes per day for loamy sand and 

0.35 pore volumes per day for silty loam. These pore volume exchange rates are 

effective for bioventing (USACE, 2002; Coffey et al., 2012). 

Wrapping of a biologically neutral substance around the outer mesh of the 

reactor can provide additional resistance to the flow of air. Glass wool is chemically and 

biologically neutral substance. It neither keeps vermin nor supports the cultivation of 

fungi, moulds or bacteria (Pilato, 2010). Coffey et al. (2012) simulated the meso-scale 

experimental system by computational fluid dynamics modeling and suggested 

wrapping of glass wool around the meso-scale reactors as extra resistance in the flow 
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of air. Coffey et al. (2012) found that wrapping glass wool around the reactors 

decreased permeability of the reactor itself, while improved uniform entry of air into the 

soil through external mesh. 

Hence, all the reactors were wrapped with one centimeter thick layer of glass 

wool and it was held in place between a porous polymer shell of the meso-scale reactor. 

Moreover upper one third section of the suction well was sealed with Teflon tape. Meso-

scale apparatus was re-tested after these adaptations. Sealing of the upper one third 

portion of the well and subsequent wrapping of glass wool around the reactors reduced 

the flow rate per reactor to 0.42 cm3/min/MSR (4 kg of soil). This reduction in air flow did 

not cause serious decrease in oxygen contents in the soil and this flow rate maintained 

oxygen level above 16 %. Above 16 % oxygen level indicates good aerobic conditions 

for successful bioremediation. 

Airflow measurements after wrapping glass wool around the reactors showed 

that the air flow resistance reduced the aeration rate per reactor from 0.75 ml/min to 

0.42 ml/min.  Measurements of synthetic gasoline volatilization showed that the loss 

was only 0.8 to 1.4 mg gasoline/kg soil and these values explain volatilization loss in the 

range of 0.03 to 0.054 % of the initial concentration of gasoline. Accordingly, the 

volatilization loss of hydrocarbons was ignored in consequent hydrocarbon degradation 

calculations. Not only did wrapping reduce volatilization, it also helped maintain good 

water level in the soil. 
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4.4.3. Sealed Reactors 

In order to corroborate biodegradation in meso-scale reactor, trend of oxygen 

decay was determined in the sealed reactors having similar volume of soil. Placement 

of the diffusion head sensor was not possible in the MSR due to installed suction well 

and limitation for 750 mm cover of soil around the diffusion sensor. For that reason, 

wide-mouth clear glass jars of 4 L capacity were used in which diffusion head sensor 

cover conditions were successfully met. 

The sensor membrane of the diffusion head appeared to be perceptive to 

hydrocarbons and after a few days of continuous use, it displayed out of range signal. 

As a result, longer use of diffusion option was not possible.  In total four treatments 

each fifteen days long were completed in sealed reactors. Elora soil was used in three 

treatments and Delhi soil in the fourth one. Each treatment was 15 d long and two 

oxygen meters died during sealed reactor experiments. Repairs and replacement were 

attempted to make effective use of the system but delicacy of the sensor to the 

hydrocarbon contamination remained an issue.  

Overall the oxygen sensor performed well during its use to monitor the 

concentration of oxygen in the off gases with flow through head option; however its life 

appeared short once it was placed in a sealed reactor with diffusion head.  During 

repair, the Hoskin Scientific Ltd (supplier of the oxygen meter) found some 

contamination on the sensor membrane where oxygen diffusion occurs. Contamination 

on the sensor potentially caused out of range signals. Figure 4.9 is a picture showing 

the defective sensor with a layer of contamination and this picture was received from 

the supplier (Hoskin Scientific Ltd). Contamination on the sensor indicates that high 
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concentration of produced gases or pure phase of hydrocarbon harmed the sensor 

membrane. 

Although oxygen consumption data generated by fragile sensors was reasonable 

to confirm aerobic degradation, it was not enough to conclude the rate of hydrocarbon 

degradation during the complete treatment period. Soil analysis through GC for TPH 

was also carried out. 

In sealed reactor, oxygen level reduced from 21 to 18 % (V/V) during first 24 h of 

the treatment. A similar trend of biodegradation was reported by Shewfelt (2002) who 

observed that oxygen depleted quickly to a concentration below 18 % (V/V) in three 

days after commencing an experiment. Shewfelt used 150 g of soil while in current 

study mass was 4000 g. Sharper decay of oxygen in current study can be related to fast 

degradation trend in larger scale. The continuous decrease in oxygen level was seen 

during the treatment period of 15 days which clearly suggests activity of aerobic 

microorganisms.  Shewfelt (2002) also recommended aeration on d3 in the reactor 

when oxygen reached to the level of 18 %. 
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Figure 4.9: Contamination on the sensor of defective oxygen meter 

Figure 4.10 exhibits a typical 15 day oxygen consumption trend as measured in 

the sealed reactor. In the legend, SBE stands for sealed bottle treatments with Elora soil 

and SBD means sealed bottle treatment with Delhi soil. Oxygen consumption trend line 

of SBE-1 is running above remaining three lines and this reduced rate of oxygen 

consumption can be linked with possible leakage into the reactor. However, the 

remaining three lines suggest similarity of oxygen decay in sealed setting. Review of 

Figure 4.10 revealed fast rate of oxygen decay until d6 when oxygen level decreased to 

around 10 % in Elora soil and to 9 % in Delhi soil. Figure 4.10 also displays significant 

reduction in the rate of oxygen decay after d6; though descending trend continued and 

average oxygen level in Elora soil was around 7 % on d15.  
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Figure 4.10: Trend of oxygen decline in the sealed reactor 

 

Analysis of soil collected from sealed reactors revealed higher rates of 

hydrocarbon degradation for the reactors sealed for seven days and comparatively 

slower rates for the treatment period of 28 d.  During starting seven days, hydrocarbon 

degradation rate was 0.0085 d-1 for Elora soil and 0.01 d-1 for Delhi soil. First order 

degradation rate determined for 28d run of sealed reactor was 0.0037 d-1 for Elora and 

0.0042 d-1 for Delhi soil. Faster rate oxygen decay and rate of hydrocarbon degradation 

during starting 6-7 d and then slower rates for remaining period of sealed reactor 

treatment gave an indication of two phase degradation. 

Shewfelt (2002) also observed fast rate of hydrocarbon degradation in the 

starting six days of treatment and a very slow decay of hydrocarbon afterwards. 

Shewfelt attributed this tendency of slower rates after d6 to the lack of nutrients. In 

sealed reactors of current study, there was no shortage of contaminant and/or nutrients 

while rate of degradation slowed down. However, at this point, the lower rate of 

degradation can be connected to insufficiency of oxygen level in the sealed reactors. 
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Perhaps most of the pore space was occupied by CO2 and other produced gases 

reducing access of microorganisms to oxygen. Scully et al. (2003) also reported 

decreased activities of aerobic microorganisms with the accumulation of produced 

carbon dioxide. 

An important point is that, in current study, decay of oxygen did not stop, while 

significant reduction in the rate of oxygen consumption was noticed when oxygen level 

in soil air was below 10%.  Zhou and Crawford (1995) and Leeson, and Hinchee (1996) 

also reported lower rate of degradation particularly when oxygen level was below 10 %. 

Hurst et al. (1997) determined lower rate of aerobic degradation of hydrocarbons at 21 

% oxygen level as compared to higher rates at 2, 5, 10 % oxygen levels. However for 

continuity of aerobic degradation, they also recommended intermittent air replacement 

to maintain oxygen level in the range of 2 to 5 %. 

In summary, treatment in sealed reactor gave useful information in terms of 

consumption of oxygen and significant decrease in the rate of hydrocarbon degradation 

when oxygen level was less than 10 %. In the starting 6-7d of treatment, fast 

consumption of oxygen and relatively fast degradation of hydrocarbons gave an 

indication of two stage degradation at larger scale. However, due to limited 

observations, results obtained from sealed reactor treatment are non-conclusive and 

cannot be generalized. No doubt, there was no risk of volatilization loss from the outer 

surface; also, produced gases were not replaced either. Considering great difference in 

the experimental conditions for sealed reactors and MSRs; very low rates of 

hydrocarbon degradation in sealed reactors cannot be compared with the results of 

meso-scale reactors. 
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4.4.4. Soil pH 

A slight decline in the pH level was seen consistently in all sealed reactor 

treatments while variation of pH was negligible in aerated meso-scale reactors. In 

sealed reactors average pH level of Elora soil decreased from 7.29 to 7.00 during 

starting two weeks of the treatment and similar trend was seen with Delhi soil.  

The reduction of pH in sealed reactors can be linked with two potential reasons. 

First, a portion of available ammonium might have consumed by the microorganisms 

leaving chloride ion free in the soil to reduce the pH.  The second possible reason 

relates to the aerobic microorganisms that consume oxygen and evolve CO2, causing 

CO2 to dissolve into the water to produce carbonic acid (H2CO3). For these reasons, a 

decrease of pH created the acidic trend in the sealed reactors and confirms aerobic 

degradation in the sealed reactors. On the other hand, in meso-scale reactors, no 

significant decrease in the soil pH was observed. Non-significant variation of pH in 

meso-scale reactors can be linked with continuous replacement of produced gases with 

fresh air. In the MSRs, perhaps the replacement of produced gases with fresh air 

removed the CO2, minimizing chances of CO2 dissolution in water to create acidity in the 

soil. Overall, pH remained in the range of 6 to 8 and acidification and/or alkalization of 

the soils did not occur any time during the biodegradation process in MSRs. 

 

4.4.5. Metabolites 

Efforts were made to further confirm the biodegradation through investigating 

metabolites. As discussed earlier, the synthetic gasoline was comprised of i) 
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naphthalene, ii) 1,3,5-trimethylbenzene, iii) m-xylene, iv) toluene, and v) isooctane.  Due 

to limitation of laboratories, the practical analysis of metabolites produced from meso-

scale treatments was not completed. However, metabolites of these compounds 

searched through literature are summarized in Table 4.3. 

Previous research has established that under aerobic conditions, biodegradation 

is expected to completely mineralize the benzene, toluene, ethylbenzene, and xylenes 

(BTEX) compounds into inert substances (EUGRIS, 2013). Given this accepted 

assumption in biodegradation studies, not having metabolite information is not expected 

to be a major impact in the study.  Moreover, further efforts were considered to distract 

the study from its goal for establishing a hydrocarbon biodegradation rate constant. 

Table 4.3: Metabolites for the compounds of synthetic gasoline 

Compound Metabolites References 

Naphthalene 
1-Naphthol, 4-hydroxy-1-tetralone, 
Naphthalene cis-1,2-dihydrodiol 

Cerniglia, 1992 

Isooctane 
3,3-di-methyl-2-butanone, succinic acid 
(TCA cycle) 

Solano-Serena et al., 
2004 

1,3,5-
Trimethylbenzene 

Dimethylbenzylsuccinic acids Parisi et. al.,  2009 

Toluene benzylalcohol, benzaldehyde, benzoate Jindrova et al., 2002 

m-Xylene 
oxidized by NAD+ to m- and p-toluic 
acid, and 3- and 4- methylpyrocatechol 

Jindrova et al., 2002 

 

4.4.6. Total Petroleum Hydrocarbons 

Figure 4.9 shows the degradation trend of petroleum hydrocarbons in Elora soil 

over the treatment period of 30 d. Logarithmic, and exponential trend lines were tried to 

appropriate the treatment data but none of the trend line fitted the data well. 
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The solid line in Figure 4.9 is the exponential trend line and it did not take the 

initial two high concentrations while remaining most data points are on the line. On the 

other hand, dotted line represents the logarithmic trend and this line approached the 

high initial concentration but it could not account for the concentration from d2 to d10. 

These findings suggested the first order degradation model for the entire period is not 

appropriate. 

 

 
Figure 4.9: Relation between concentration and time for Elora soil with different 

trend lines 

 

Therefore the data was divided into two groups. Figure 4.10 shows the resulting 

two stages fit for Elora soil.  Similar trends were seen for Delhi soil. The use of a two 

stage degradation trend shows partial agreement with the findings of Zytner et al. 

(2006) in which it was explained that the majority of degradation occurred in the first 10 

days, suggesting the first order model may not be an appropriate model for a 

degradation period longer than 10 days when nutrient limited. 
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Two stage degradation rate disagrees with most studies conducted for soil 

remediation at the micro-scale (Kampbell and Wilson, 1991; Mller et al., 1996; Zytner 

et al., 2001; Brook et al., 2001; Pala et al., 2006; Eyvazi and Zytner, 2009). These 

studies typically concluded that first order degradation kinetics where applicable for 

remediation of soil contaminated by hydrocarbons.  Further work is required to see if the 

larger scale used in this work causes the two stage degradation. 

 

 

Figure 4.10:  Degradation trend for synthetic gasoline with Elora soil 

(0-8d, stage-1) and (8-30, stage-2) 

 

4.4.7. Hydrocarbon Degraders 

Biodegradation of petroleum hydrocarbons in a contaminated soil can happen 

due to catabolic activity of the microbes present (Eyvazi and Zytner, 2009). 

Biodegradation of petroleum hydrocarbons can be enhanced if sufficient initial 

population of petroleum-degrading microorganism is present (Atlas, 1995). In the 

current study, the initial population of petroleum degrading bacteria (PDB) was log 6.05 
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cfu/g of soil for Delhi soil and log 6.23 cfu/g of soil for Elora soil.  The populations of 

total heterotrophic bacteria (THB) and petroleum-degrading bacteria (PDB) were 

measured at different intervals during the treatment period of thirty days. The microbial 

results were also used to compare the microbial growth in MSR with and without 

wrapping glass wool around the reactors. 

Initial population of PDB was around 79-84 % of the THB and these results are 

comparable with the findings of Eyvazi and Zytner (2009) who reported PDB population 

hovering at 80 % of the THB. Increase in the population of PDB was seen during first 

seven days and then microbial count was more or less stable until last day of the 

treatment. Increase in the population of hydrocarbon degraders gave an important 

indication of biodegradation. Moreover, it also confirms the survival of PDB in higher 

concentration of gasoline. The increase in the population of microbes during starting 

days of experiment makes sense due to good environment and abundant food in the 

form of hydrocarbons and nitrogen. Eyvazi and Zytner, (2009) and Ka et al., (2001) 

observed slight decline in the number of petroleum-degrading bacteria at the beginning 

of micro-scale experiments, and then increase thereafter. They related this decline with 

the bacterial adaptation period to the petroleum hydrocarbon. However, in current study, 

no declining trend was seen and this suggests that the larger scale provided better 

environment for microbes to propagate. 

Overall slightly higher population of petroleum degrading bacteria was seen in 

the reactors with glass wool wrapping. This difference can be related to the fact that the 

glass wool wrapped reactors helped maintain higher water contents in the soil, an 
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environmental condition that is optimum for the microbial need. Additional information 

describing microbial activity during meso-scale treatment is available in Chapter 5. 

 

4.5. Conclusion 

The completed study shows that the developed meso-scale reactor can be used 

to determine the degradation rate constant. Preliminary testing of the system showed 

drying out of the soil in the reactors which could affect the microbial activity. This issue 

was overcome by a small adjustment in the system. Minor adaptations in the meso-

scale system such as wrapping glass wool around the reactors, and adjusting suction 

well openings to a two-third depth further improved the efficacy and reliability of the 

system. Alteration also showed reasonable improvement in maintaining good water 

contents in the soil. However, the pilot testing of the meso-scale system revealed that 

starting seven days of experiment were critical in terms of volatilization and degradation 

of hydrocarbon. So, frequent sampling strategy for starting seven days should be 

adapted. 

Hydrocarbon degraders were present in both soils, with the bacteria stimulated 

and able to survive in the high concentration of hydrocarbons.  The measured 

population of hydrocarbon degrader was approximately 80 % of the total heterotrophic 

population, which was expected. Decay of oxygen in sealed reactor and increase in the 

population of petroleum degrading bacteria in MSRs confirmed the aerobic 

biodegradation of hydrocarbons. 

Results from meso-scale experimental system (larger scale) followed a two stage 

degradation trend with faster rate of degradation in starting eight days. Two stage 
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degradation rates appeared as a new trend, so further investigation with third soil 

should be made to see if the larger scale used in this work creates the two stage 

degradation. 
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CHAPTER 5                                                                          

DEGRADATION RATES FOR PETEROLEUEM HYDROCARBONS AT 

MESO-SCALE 

Preliminary experiments of the bioventing apparatus described in Chapter 4 

showed that many lessons were learnt during testing of the meso-scale reactors. The 

apparatus was reliable, with results suggesting that degradation followed a two stage 

degradation trend; a higher rate of degradation in starting eight days, followed by a 

reduced rate for the remaining days of treatment. The main objective of this chapter was 

to determine the two degradation rate constants on meso-scale, and to show the 

consistency of the replicates that were run. The concept of scale-up factors is also 

introduced in Chapter 5.   

 

Research paper based on Chapter 5: 

 

Khan, Alamgir A. and Zytner, Richard G. (2013). Degradation rates for petroleum 

hydrocarbons undergoing bioventing at the meso-scale. Bioremediation Journal, 17(3): 

159-172.  
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5.1. Abstract 

Bioventing can be effective for the remediation of soil contaminated with 

petroleum hydrocarbons. However, implementing laboratory results in field scenarios is 

difficult due to the lack of scale-up factors. Accordingly, laboratory bioventing 

experiments were undertaken at the meso-scale and then compared to previously 

completed micro-scale tests to evaluate the important scale-up factor.  The developed 

meso-scale system holds 4 kg (dry weight) of soil, with bioventing conditions controlled 

from a nutrient, airflow and water content perspective. Three soils were tested, and 

categorised as silty loam, loamy sand, and a mixture. Results over a thirty-day period 

showed a two stage degradation pattern that encompassed first-order degradation rates 

as compared to the single stage first-order degradation rate determined in the micro-

scale study. For the first stage (0 to 8 d), the degradation rate for loamy sand was 0.598 

d-1, with the silty loam at 0.460 d-1, and mixed soil at 0.477 d-1. After 8 days, the 

degradation rate constant for the sandy soil dropped to 0.123 d-1, with the clayey soil 

dropping to 0.075 d-1, and the degradation rate for the mixed soil dropping to 0.093 d-1. 

Comparison of the measured degradation rate values with the results from the micro-

scale experiments gave scale-up factors varying from 1.9 to 2.7 for the types of soil 

considered in the current study.  These differences in degradation rates between the 

two scales show the importance of scale-up factors when transferring feasibility study 

results to the field. 

 

5.2. Introduction 

Soil contamination is a worldwide environmental problem that is placing human 

and environmental health at risk. Health issues arise primarily through both direct and 
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indirect contact with contaminated soil and from secondary contamination through water 

supplies and air pollution. 

The unintentional release of petroleum hydrocarbons to the soil environment is 

typically related to industrial spills and leaking underground storage tank systems in the 

vadose zone (USEPA, 1994). The major concern at most sites is the risk of 

groundwater pollution due to hydrocarbons (Grathwohl and Klenk, 2000), followed by 

the residual contamination remaining in the soil. The magnitude of the problem is seen 

by the U.S. Environmental Protection Agency's national priorities list that indentifies 

1245 sites that must be remediated (USEPA, 2007). Likewise, in Canada, as of March, 

2011, 827 sites were placed at high-priority and 2,437 at medium-priority for their clean 

up (OAGCA, 2012). 

Remediation of soils can be accomplished in a variety of ways, including dig and 

dump, soil flushing, soil vapour extraction (SVE), and bioventing.  Dig and dump is 

popular due to the speed of completion, even though the contamination is transferred 

from one site to another. Soil vapour extraction is a popular in-situ soil remediation 

technology, despite the phenomenon of tailing. Tailing represents the progressively 

slow decline of gasoline removal from the soil and also results in lengthy soil 

remediation time. Several laboratory and field studies also report that when tailing 

occurs, the contaminant concentration eventually stabilizes at a level that still exceed 

the cleanup goals (Zakharchenko et al., 2011).  

Tailing is associated with: i) hiding of contaminants between narrow spaces of 

the soil particles, ii) reduced air flow in the lower permeable finer textured soil, iii) high 

soil water content, iv) sorption of contaminant to organic matter, v) preferential paths of 
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airflow in heterogeneous soils, and vi) contaminants which restrict the growth of the 

microorganisms (Barakat & Zytner, 2005; Gidda et al., 2011). Once tailing sets in, 

further clean-up attempts with SVE result in increasing costs with a very slim chance of 

additional remediation. Use of a suitable bioremediation technology can help overcome 

these hindrances. 

Bioventing is an in-situ bioremediation technology that uses indigenous 

microorganisms to biodegrade the petroleum hydrocarbons present in the unsaturated 

zone, and can be used to further reduce the hydrocarbons left behind by other 

technologies. In bioventing, the activity of indigenous microorganisms is stimulated by 

inducing air (or oxygen) flow into the unsaturated zone and if necessary, by adding 

nutrients (Margesin and Schinner, 2001; Barakat & Zytner, 2005; Eyvazi and Zytner, 

2009; Magalhães et al., 2009;).  Moreover, removal of produced gaseous components 

such as carbon dioxide and volatilised gasoline are also imperative as this allows better 

diffusion of oxygen to the microorganisms (Rathfelder et al., 2000; Coffey et al., 2012). 

The challenge with bioventing is that the airflow needed to provide the oxygen 

can also induce volatilization (Magalhães et al., 2009) and in the process dry out the 

soil, reducing water content to less than 50% of field capacity, the level needed for 

microbial stimulation (Hinchee, 1994). Similarly, the development of preferential 

pathways can result in non-uniform oxygen delivery to the bulk of the soil. Uneven 

distribution of air can result in non-uniform soil remediation (Suthersan, 1997; USACE, 

2002). 

These challenges with bioventing involve understanding and integration of the 

biological, chemical and physical phenomena operating at scales ranging from that of 
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the microbial cell (10-6 m) to that of the geological site (10-1000 m). By necessity, 

bioventing laboratory investigations are performed at a small scale (Sturman et al., 

1995). Unfortunately, the optimum conditions necessary for bioventing that have been 

identified from micro-scale studies do not necessarily work at the field sites.  Literature 

also reveals that micro-scale biodegradation rates correspond well with different 

contamination types while somewhat over estimating field rates (Davis et al., 2003; 

Aichberger et al., 2005). 

Intermediate scale experiments, also referred to as meso-scale, are frequently 

used as a link between microcosms and a pilot or field-scale system. Intermediate-scale 

systems retain much of the control possible in bench-scale experiments, but allow 

observation of mass transport and interfacial transfer effects on biodegradation rates 

and contaminant movement (Sturman et al., 1995). 

Most of the bioventing studies have been conducted on small scale with a few 

medium or large scale studies. For example Eyvazi and Zytner (2009) used 150 g of soil 

in a closed respirometer, the degradation rate constant varied from 0.01 d-1 to 0.1 d-1 for 

similar soils and the same synthetic gasoline (concentration 1000 to 6000 mg of 

synthetic gasoline/kg of soil). Song et al. (1990) also conducted a small scale study 

using field samples of contaminated soil at 50 to 135 mg/g of soil, and reported a 

degradation rate for unleaded gasoline of 0.30-0.46 d-1. 

Using medium scale reactors, Hallman et al. (2003) compared the effect of NH4Cl 

powder with gaseous anhydrous ammonia (NH3 (AA)) and found was found NH3 (AA) to 

be a good nutrient source for soil microorganisms.  Hallman et al. (2003) reported a 

range of degradation rate from 0.01 to 0.077 d-1.  Woo and Park, (1999) conducted a 
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study on medium scale (drum bioreactor system) and used 4 kg soil artificially 

contaminated with PAHs (400 mg of each fluorene, phenanthrene, anthracene, and 

pyrene in 4 kg of soil).  Woo and Park (1999) compared the suspension phase and 

sediment phase, and found that the rate of PAHs degradation for the suspension phase 

to be higher than that in sediment phase, and over 95 % of PAHs were degraded in 20 

days. 

In a recent column scale study, Chang et al. (2011) used 200 kg of aged 

petroleum contaminated soil, containing fractions of hydrocarbons ranging from C6 to 

C50.  Chang et al. (2011) packed soil in a tank and determined the first-order 

biodegradation rate constants of from 0.016 to 0.024 d-1. Larger scale results partially 

correspond to the smaller scale results and review of the literature also shows that 

bioventing research at medium or large scale is sporadic (Woo and Park, 1999; Patros, 

2009; Khan and Zytner, 2011; Chang et al., 2011). 

The application of micro-scale results at field scale bioremediation sites is a 

challenge due to mass transport mechanisms and limitations, presence of multiple 

phase contaminants, competing microorganisms, spatial heterogeneities and factors 

that inhibit bacterial growth.  One of the ways to account for the challenges in 

transferring micro-scale data to field settings is calculating a scale-up factor (Ko et al., 

2007; Khan and Zytner, 2011).  The scale-up factor would be a number that 

encompasses all the factors.  The origin of scaling theory leans on the typical work of 

Miller and Miller (1955a).  The importance of developing a scale-up factor with biological 

processes was identified by Paerl and Steppe (2003). 
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Overall, limited work has been done on determining the hydrocarbon degradation 

rate constant at the larger scale. Likewise, the literature is silent about scale-up factors. 

Therefore, the objective of this research was to determine the hydrocarbon degradation 

rate at the meso-scale level using specially designed reactors. The developed meso-

scale system holds 4 kg (dry weight) of soil, with bioventing conditions controlled from a 

nutrient, airflow and water content perspective.  

 

5.3. Methodology 

The study was conducted in the environmental engineering laboratories at the 

University of Guelph, Canada. Two different types of soils were collected from the Elora 

research station (County of Wellington, Ontario) and Delhi research farm (Delhi, 

Ontario). These soils were distinct due to the loamy sand composition of the Delhi soil, 

and the silt loam composition of the Elora soil. Both soils were dried under the sun 

during the summer season and passed through a 2 mm sieve to remove gravel and 

other debris. The third soil was prepared by mixing Delhi (loamy sand) and Elora (silt 

loam) soil in equal mass and it was named Mixed soil (sandy loam).  

The soils were tested by the University of Guelph Laboratory Services for their 

particle size fraction, organic matter content, pH, cation exchange capacity (CEC), and 

ammonium content. Table 5.1 lists the properties of these soils.  

Six replicates were carried out using the Delhi and Elora soils. Among them, four 

experiments with the original version of the meso-scale reactor, while two replicates 

were completed after reactor modification by wrapping glass wool around the reactors. 
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Only three replicates were done using Mixed soil and all were completed with glass 

wool wrapped reactors. 

 

Table 5.1: Physical and Chemical Properties of Soil 

Soil 
Name 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Soil 
texture 

PDB OM CEC 
(cmol/kg) 

WHC 

(log 
CFU/g 
soil) 

(%) (%) 

Delhi 84.9 9.8 5.3 
Loamy 
sand 

6.05 1.1 4.9 25 

Elora 31 50.8 18.2 Silt loam 6.23 3 18.4 30 

Mixed 55.9 31.3 12.9 
Sandy 
loam 

6.11 2.4 14.2 27 

OM = Organic Matter   CEC = Cation Exchange Capacity 
WHC = Water Holding Capacity  CFU = Colony Forming Units 
PDB = Initial Population of Petroleum Degrading Bacteria 
 

Two different approaches were used for maintaining the required water contents 

in the reactor soils. In the first two treatments with Delhi and Elora soils, the needed 

quantity of water was slowly poured on the surface of reactor soil. However, sampling 

showed an uneven distribution of water in the soil profile.  The uneven distribution of 

water was more prominent in case of Elora soil and this can be linked with higher 

fraction of clay in Elora soil and its lower hydraulic conductivity. As a second approach, 

the supplementary water was added to the complete depth of the soil profile by using a 

long metallic needle with a syringe and this technique displayed uniform distribution of 

water in the soil for homogeneous bioremediation.  Hence, the methodology for the 

addition of water was changed from treatment three with Delhi and Elora soils for all 

remaining experiments. 
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Soil stored in the laboratory was in the dry form, with the microbes expected to 

go dormant. Microbial activity was enhanced by amending the soil with nutrients and 

water prior to the start of each experiment. Ammonium chloride (NH4Cl) was used as 

the source of nitrogen with the petroleum hydrocarbons as the carbon source to achieve 

a C:N ratio of 10:1 (Eyvazi and Zytner, 2009).  

The required amount of NH4Cl was dissolved in water and the solution was 

uniformly mixed with the soil.  The amended soil was kept at room temperature (23 ± 1 

°C) for at least 5 days, with the moisture content in the soil maintained at 50-70 % of the 

field capacity for the soil in question. This incubation period allowed germination and 

emergence of the microorganism from the spores prior to starting the experiment. 

World Health Organization (WHO/IPCS, 1998) reported individual PAH levels in 

soil near industrial sources up to 1000 mg PAH/kg of soil. Shewfelt et al. (2005) 

conducted experiments on laboratory scale and used 1500 mg of gasoline/kg of soil. 

During micro-scale experiments, Eyvazi (2010) used initial concentration of TPHs 

ranged from 600 to 8700 mg/kg of soil and did not find significant effect of initial 

concentration of synthetic gasoline on the hydrocarbon degradation rates. For replicates 

Eyvazi (2010) spiked 4000 mg gasoline/kg of soil. 

Accordingly the soil was then spiked with synthetic gasoline to a concentration of 

4000 mg/kg of soil.  Approximately 40-50 % evaporation was expected (Eyvazi, 2010) 

during mixing and handling of the soil. However, in order to determine results 

representing the general range, an initial concentration around 2000 mg of gasoline/kg 

of soil was considered reasonable. The measured amount of synthetic gasoline was 

added to the 4 kg soil in five equal amounts, with care taken to handle/store soil in air 
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tight bins to minimize volatilization. To assist with homogeneous mixing of hydrocarbon 

and soil, shaking of the bins was done manually for about fifteen to twenty minutes. The 

composition of the synthetic gasoline used in the treatments is shown in the Table 5.2. 

 

Table 5.2: Composition# of Synthetic Gasoline and Vapour Pressure of the 
Constituents 
Chemical Chemical formula Vapour Pressure mmHg 

at 20-25 °C 

Mass % 

Naphthalene C10H8 0.05 3.2 

1,3,5-Trimethylbenzene C9H12 1.86 11.9 

m-Xylene C8H10 7-9 23.9 

Toluene C7H8 28.5 36 

Isooctane C8H18 41 24.9 
#Composition previously used by Bezerra and Zytner (2003); Shewfelt et al. (2005); 

 and Eyvazi and Zytner (2009) 

 

Experiments were carried out at a medium scale, defined as meso-scale. The 

meso-scale reactor (MSR) used in this study was originally designed and developed by 

Patros (2009) and could hold 4 kg of soil. The cells of the reactor were made from 

sheets of perforated 316 SS with dimensions of approximately 15.9 cm × 15.4 cm × 

17.8 cm [O.D. × I.D. × H], respectively. 

Plain woven mesh 316 SS, with a 200 × 200 opening was used to wrap the 

inside and outside of the cell. The cell sandwiched between two layers of the mesh 

sheets was fastened with 316 SS screws. The mesh sheets not only acted as a shield 

for the soil and keep small particles within the reactor, but also provided support in 

distributing airflow evenly and radially into the soil column. The central well had slotted 

narrow openings to draw air from outside the cell and laterally through the soil column.  

Uniform circulation of air (oxygen) was needed in the soil to maintain microbial activity. 
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To assist with the placement of the well, Coffey et al. (2012) used computational fluid 

dynamics (CFD) modeling techniques to check the effect of well opening on mass flow 

rate tendencies on air movement through the soil column. The modeling results 

suggested that restricting air passage to the lower two third parts of the suction well 

minimized short circuiting of the air. Accordingly, the upper one-third part of the suction 

well was sealed. Modelling also showed that this configuration provided uniform air flow 

in the soil profile.  Figure 5.1 provides a schematic of the reactor system. 

 

 

Figure 5.1: Sketch Showing Arrangement of the System with Movement of Air 

within Meso-Scale Reactors  

 

After mixing, the soil was placed in the reactor in lifts to attain the desired density.  

Once all the soil was placed, a sample was taken from the reactor to determine the 

initial gasoline concentration.  Typical parameters monitored during the experiment 

were air flow rates, concentration of volatile hydrocarbon and O2 in the soil by 

monitoring off gases. Characteristics of the soil reactor that were monitored included, 
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concentration of nutrients, concentration of total petroleum hydrocarbon (TPH), soil pH, 

soil water content, room temperature and population of petroleum utilizing bacteria. 

Microbial concentration in soil was measured through the spread plating 

technique.  Tryptic Soy Agar (TSA) was used for total heterotrophic bacteria (THB) and 

Bushnell-Hass (BH) medium was used to enumerate petroleum-degrading bacteria 

(PDB). The microbial enumeration method used was similar to the procedures adapted 

by Shewfelt (2005) and Eyvazi and Zytner (2009).  However, the standard 

recipe/directions suggested by supplier (DifcoTM) were adapted for cooking the media. 

Gasoline @ 4 g/l as the carbon source was added directly to the BH-medium just before 

pouring it into Petri dishes. The colonies for PDB were counted after 7 and 14 days of 

incubation at 25 °C, while colonies for THB were counted after 3 days of incubation. 

In order to provide sufficient oxygen, and replace carbon dioxide and minimize 

volatilization, the correct air flow rate was needed.  Stoichiometric analysis of the 

synthetic gasoline and pore volume replacement techniques indicated that a 0.42 

ml/min air flow rate was needed.  This rate of air flow was well below the threshold for 

SVE conditions.  Testing showed that the industrial hygiene pumps (Gilian, model: LFS-

113DC) could provide an air flow rate of 0.75 ml/min to each reactor, where the suction 

port of the pump was attached to a manifold connecting two wells to draw fresh air 

through the outer screen.  Calibration of pumps was done by using an Air Flow Meter 

(Gilmont Micro Flow Meter, Model: GF-9760). A subsequent study by Coffey et al. 

(2012) showed that wrapping glass wool around the reactors also provided for uniform 

entry of air into the system and could further reduce the flow rate to 0.42 ml/min.  Hence 

the reactors were wrapped with glass wool.  
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The oxygen level in off-gases from the reactors was frequently measured by 

using the “flow through” option of the Apogee Oxygen Meter, Model: MO-200 Series.  

The flow through head of the oxygen meter was installed at the suction well of soil 

reactor in series with the suction pump.  

Volatilization of hydrocarbons was monitored by capturing hydrocarbon vapors 

through carbon sorbent tubes (Supelco ORBO® 32 Small). These tubes were installed 

in the suction line and were frequently replaced during the first seven days, and after 

that changed on 12 h intervals until d30. The captured hydrocarbon was extracted by 

using 10 ml of methylene chloride as solvent. 

Biotic and abiotic control reactors were run parallel to experimental reactors. Soil 

was sterilized through a dry heat method (Trevors, 1996).  Incubated/stabilized soil was 

placed into the oven at 200 °C for 24 h (Alef et al., 1995). Special care was exercised 

and the soil was placed in 1.5–2.0 cm deep layer in aluminum plates. After 24 h of 

heating in the oven, the soil was rewetted using autoclaved water, bringing the water 

content up to 15 %. The wet soil was placed again in the oven at 200 °C for an 

additional 24 h period. Microbial enumeration was done for assessing the success of 

sterilization process. 

Soil and sorbent tube samples were tested using a gas chromatograph equipped 

with a flame ionization detector. The observed soil hydrocarbon data was plotted to 

determine the appropriate degradation rate constant. The observed soil hydrocarbon 

data was plotted to determine the appropriate degradation rate constant. This 

degradation rate of hydrocarbons in soil was determined by plotting gasoline 

concentration versus time and data was fitted with exponential trend line. The coefficient 
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of time in the exponent was taken as degradation rate constant (k). This was also 

checked by plotting the semi-loge of gasoline concentration versus time, with the slope 

of the line taken as the degradation rate constant. Analysis revealed that the 

degradation was a two stage process, giving kStg1-Obs and kStg2-Obs values. 

For comparison purposes with similar soils and contamination, and the evaluation 

of scale-up factors, the micro-scale degradation rate constant as estimated by the 

correlation developed by Eyvazi and Zytner (2009) was used: 

 

ln(kE) = 2.803 × PDP + 0.21 × Sand + 4.886×OM − 0.094 × Clay −  

 0.004 × (SW × Sand) − 0.021 × (Sand × PDP) − 0.632 × (OM × PDP) +    (5.1) 

 0.004 × (SW × Clay) − 23.5    

where, 

kE = first order degradation rate (Eyvazi and Zytner, 2009), d-1 

PDP = initial population of petroleum degrader microorganisms in soil, log 

colony-forming units [CFU]/g) 

Sand =  sand content, % 

Clay = clay content, % 

SW = soil water content, % 

OM = organic matter content, %  

 

Soil properties and values of observed parameters were inserted into Equation 

5.1 to estimate kE. The ratio of kE and kStg2-Obs (i.e., kE/kStg2-Obs) gives the estimated 

value of experimental scale-up factor for each type of soil. 
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5.4. Results and Discussion 

The meso-scale reactor (MSR) used in this study made it possible to simulate 

radial flow in an unsaturated environment as shown in Figure 5.1.  The porous mesh at 

the edge of the soil profile allowed the industrial hygiene pump to easily draw air in 

under laboratory conditions. This was confirmed by the smoke test that was completed, 

where a smoke stick was placed 100 mm from the reactor wall.  The smoke was drawn 

towards the reactor, which easily showed the intended airflow pattern.  The pump 

remained functional for low, medium, and moderately high water levels, while it failed to 

operate at fully saturated conditions, a situation that does not occur when using 

bioventing.  Overall, the selected industrial hygiene pump suitably maintained 

bioventing conditions in the MSR. 

Concern with the initial induced air flow of 0.75 ml/min was volatilization of the 

synthetic gasoline and drying out of the soil.  Through the bioventing process, some 

volatilization is unavoidable due to the air flow needed to provide oxygen to the bacterial 

population (Rathfelder et al., 2000).  In order to determine the magnitude of the 

synthetic gasoline volatilization, sorbent tubes were used to sample the off gas leaving 

the MSR.  Figure 5.2 shows the typical volatilization losses measured through the 

suction line and it can be seen that the losses were elevated at the beginning of the 

experiments and then dropped to very low levels after the initial 5 d. 
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Figure 5.2: Volatilization of Gasoline Captured by Sorbent Tubes 

Analysis of the sorbent tubes showed that about 55-60 mg gasoline/kg of soil 

was lost over the 30 d, which translates to 2.5% of the initial concentration of synthetic 

gasoline. This was quite low on relative terms considering the volatility of the synthetic 

gasoline. A similar value of volatilization (2.5% of initial concentration) was observed by 

(Mao and Yue, 2010) for a biodegradation experiment with diesel in a closed vessel at 

aeration rate of 200 ml/min.  Accordingly, the observed 2.5% cumulative loss of 

hydrocarbon during 30 d in the meso-reactors at an air flow rate of 0.75 ml/min was 

considered acceptable for the 4 kg of spiked soil used. 

However, at the 0.75 ml/min flow rate, it was observed that drying of soil was 

occurring.  To reduce the water loss, glass wool was wrapped around the reactors 

based on the work of Coffey et al. (2012). The glass wool provided additional resistance 
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to airflow, which in turn reduces volatilization as air movement is the biggest cause of 

moisture loss when the air is not humidified (not possible in current experimental 

configuration). Simultaneously, the glass wool also provided for uniform entry of air into 

the soil.  Water content observations post wrapping showed that good water levels were 

maintained in the soil, promoting ideal conditions for optimum biodegradation. 

Airflow measurements showed that the air flow resistance reduced the aeration 

rate per reactor to 0.42 ml/min.  Measurements of synthetic gasoline volatilization 

showed that the loss was reduced to only 0.03 % of the initial concentration of gasoline. 

Accordingly, the volatilization loss of hydrocarbons was ignored in subsequent 

hydrocarbon degradation calculations. 

The off-gas line was also used to continuously monitor the oxygen level using the 

Apogee oxygen meter. The oxygen meter had two options for usage: measurement by 

diffusion or flow through. The diffusion method required 75 mm of soil cover from all 

sides which was not possible in the MSR due to the existence of suction well in the 

centre of the reactor.  As such, the flow through option of the oxygen meter was 

installed, in series, between the suction well and pumps, allowing the oxygen level to be 

measured regularly. The results showed that the oxygen level was in the range of 19 to 

21 % throughout the experiment, confirming that oxygen was not limiting for aerobic 

degradation, even with glass wool wrapping where the flow rate was reduced to the 

minimum of 0.42 ml/min. 
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5.4.1. Hydrocarbon Degraders 

The growth of the microbes within the reactors was an important indication of 

microbial activity.  The populations of total heterotrophic bacteria (THB) and petroleum-

degrading bacteria (PDB) were measured at different intervals during the thirty days of 

treatment. 

For the abiotic control reactors, the microorganisms were inactivated by the dry 

heat method of autoclaving. Accordingly, the initial population of both heterotrophic 

bacteria and petroleum degraders in the abiotic control was much lower than that of the 

biotic control. However, it was not zero, indicating partial success of the autoclaving and 

the difficulty with sterilizing soil. This was consistent with the challenges and methods 

reported for soil sterilization (Trevors, 1996; Wolf and Skipper, 1994; Eyvazi and Zytner, 

2009). The microbial counts in the abiotic control of Mixed soil at the beginning of the 

experiment was very small (log 3.95 cfu/g soil) when compared to the amended soil 

microbial count (log 6.11 cfu/g soil). Similar results were seen for abiotic controls of 

Delhi and Elora soil.  The same trends were seen in the replicates, which consisted of at 

least three repeats with each soil. Even though the procedure for sterilization in this 

study was different from the one used by Eyvazi and Zytner (2009), the results were 

similar. 

Figure 5.3 shows the typical changes in total heterotrophic and petroleum 

degrading bacterial population over the course of experiment for Delhi, Elora, and Mixed 

soils. Solid lines and solid markers indicate the total heterotrophic bacteria count, while 

open markers with broken lines represent petroleum-degrading bacterial population in 

the soil. The microbial results were also used to compare the microbial growth in the 
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MSR with and without wrapping of glass wool. The letters, “gw” in the legend of Figure 

5.3 represents the results for the reactors wrapped with glass wool. 

 

 

Figure 5.3: Typical Pattern of Microbial Population during the Experiment 

The solid lines distinctly running above the broken lines display a higher 

population of total heterotrophic bacteria (THB) as compared to petroleum degrading 

bacteria (PDB) and this was expected. The average initial population of PDB was 80-

85% of THB population and population of the both the THB. The PDB increased 

significantly from d0 to d8 and fraction of PDB rose to above 86 % of THB by d8. 

Overall, the proportion of PDB for the MSR is slightly higher than the findings of Eyvazi 

and Zytner (2009) who reported PDB population hovering at 80% of the total 

heterotrophic population on average in the micro scale reactors.  This suggests that the 

degradation potential in the MSRs was slightly better or in other words more like 

optimum conditions. 
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The increase in the population of microbes during the early days of the 

experiment makes sense due to the good environment and abundant food in the form of 

hydrocarbons, plus sufficient nitrogen. Eyvazi and Zytner (2009) and Ka et al. (2001) 

observed a slight decline in the number of petroleum-degrading bacteria at the 

beginning of micro-scale experiments, and then increased thereafter. This decline was 

related to the bacterial adaptation period to the petroleum hydrocarbon. However, this 

hump or decline has not been observed in the current study. 

Slightly higher number of PDB was observed in the reactors wrapped with glass 

wool. Indeed, glass wool wrapped reactors maintained good water content level and this 

state might have provided perfect environment for the microbial proliferation. 

Accordingly, the minor difference in microbial population can be linked with the optimum 

condition for microorganisms in the glass wool wrapped reactors.  

Overall, the consistent increase in the population of petroleum degraders in all 

the experiments confirmed the biodegrading process in the meso-scale experimental 

system. 

 

5.4.2. Degradation of Hydrocarbons in Synthetic Gasoline 

Review of the data showed that the decrease in concentration of petroleum 

hydrocarbons in the soil was a logarithmic process.  This first order degradation process 

was consistent with other published data concerning the degradation of hydrocarbons in 

soil (Rathfelder et al., 2000; Shewfelt et al., 2005; Eyvazi and Zytner, 2009).  However, 

close review of all the data showed that one curve could not be used to fit all the data 

simultaneously.  This fitting situation suggested that the data should be broken into two 



99 
 

groups or analyzed with a more complex model (Shewfelt et al., 2005; Zytner et al., 

2006; Maletić et al., 2009). Based on the trends showed by the data, it was broken into 

two stages.  Stage-1 was 0 to 8 d, while Stage-2 was 8 to 30 d.  The breakpoint for 

splitting the data was determined by regressing the data to get the best coefficient of 

determination (R2). 

The first eight days showed a higher first order degradation rate, while the last 22 

days had a reduced degradation rate. During the first stage of degradation, the dormant 

microorganisms became highly active due to plenty of food and nutrients present.  One 

could say an ideal condition.  However, after this initial burst, the degradation trend 

approached a more realistic condition.  Increases in the population of petroleum 

degraders showed similar behaviour. 

Figure 5.4 confirms the two stage trend as seen by the results of the Elora soil on 

one graph.  The two stage trend is easy to see, with reasonable R2 values considering 

the difficulty in working with soils. Similar two stage trends were seen with the other two 

soils, along with the consistency among the replicates. 

 

Figure 5.4: Two-Stage Hydrocarbon Degradation Trend of Five Experiments for 
Elora Soil 
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Figures 5.5, 5.6 and 5.7 show the resulting two-stage fit for hydrocarbon 

degradation in Delhi, Elora and Mixed soils on an individual basis for improved clarity.  

For each curve the individual data points are shown. All three graphs show R2 values 

above 0.52 which is reasonable, with outliers at the transition point at the beginning of 

Stage-2. 

 

Figure 5.5: Degradation Trend of Synthetic Gasoline for Delhi soil 
(Stage-1: 0-8d and Stage-2: 8-30d) 

 

The transition point is referred to as 7-10 day value where the degradation goes 

from Stage-1 to Stage-2.  Further research is required to identify if d8 is the appropriate 

transition point.  The lower R2 value for Elora soil can be attributed to the difficulty of 

mixing synthetic gasoline with the higher clay fraction present in the Elora soil. 
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Figure 5.6: Degradation Trend of Synthetic Gasoline for Elora soil 
(Stage-1: 0-8d and Stage-2: 8-30d) 
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the rate constant for the Elora soil for Stage-1 was 0.460 d-1 and for Stage-2 was 0.075 

d-1.  Only five experiments for Elora soil are shown due to experimental error with one 

of the experiments.  The degradation rates for the three treatments of Mixed soil ranged 

from 0.477 for Stage-1 and 0.093 for Stage-2. Figure 5.7 shows the combined results of 

the data collected from the three experiments with the Mixed soil. 

Figures 5.5, 5.6 and 5.7 show that in Stage-1, the coefficient of determination 

(R2) is 0.92 for Delhi soil, 0.75 for Elora soil, 0.92 for Mixed soil and these values are 

reasonably high. Very high values of R2 for Delhi and Mixed soil, while relatively low 

value of R2 for Elora soil indicates difficulty of dealing with soil of comparatively higher 

fraction of clay contents.  
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In Stage-2, R2 is 0.66 for Delhi soil, 0.52 for Elora and 0.78 for Mixed soil. R2 

values for both the Delhi and Elora soils are relatively lower than the R2 value of the 

Mixed soil.  Here the lowest value of R2 for Elora soil among the three soils is consistent 

for difficulty with soil type context. However, the lower values of R2 for both the Delhi 

and Elora soils can be related with the slight difference in the experimental conditions. 

 

 

Figure 5.7: Degradation Trend of Synthetic Gasoline for Mixed soil 
(Stage-1: 0-8d and Stage-2: 8-30d) 
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conditions. In turn, all three treatments with Mixed soil were done on the improved or on 

the best possible adapted conditions.  

Despite the difference in R2 values, the second stage degradation rate constants 

for the combined results of six experiments for Delhi soil and five treatments with Elora 

soil are comparable with the kStg2-Obs values determined through last two experiments 

those were completed with optimum experimental settings. Therefore, the 

biodegradation results estimated from the pooled data for Delhi and Elora soils were 

accepted. 

Comparison to the meso-scale results showed that the degradation rate constant 

(kStg1-Obs) for Elora (silt loam) soil was lower than the kStg1-Obs of Delhi (loamy sand). As 

expected, the kStg1-Obs value for the Mixed soil during Stage-1 was between both Elora 

and Delhi soil.  A similar trend was observed when comparing kStg2-Obs values obtained 

from the results of Stage-2. 

The use of a two stage degradation model shows agreement with the findings of 

Zytner et al. (2006).  The majority of degradation occurred in the first 10 days, 

suggesting that a single stage first order model may not be the appropriate model for a 

degradation period longer than 10 days when nutrient limited. On the other hand, there 

was no limitation of nutrients in the current study. The two stage degradation concept 

also agrees with the findings of Shewfelt and Zytner (2005 who reported that the 

majority of the degradation occurred by approximately day 6, with very minor removal 

during second interval up to total 30 d incubation. 

However, the literature is mixed on the need for more complex kinetics or two 

stage degradation models (Kampbell and Wilson, 1991; Moeller et al., 1996; Zytner et 
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al., 2001; Brook et al., 2001; Pala et al., 2006; Lee et al 2006; Eyvazi and Zytner, 2009; 

Maletić et al, 2009). Further work is required to see if the larger scale used in this work 

causes the more complex two stage degradation. 

In a micro-scale study, where Eyvazi and Zytner (2009) used 150 g of soil in a 

closed respirometer, the degradation rate constant varied from 0.01 d-1 to 0.1 d-1 for 

similar soils and the same synthetic gasoline. These degradation rates are smaller than 

the first stage of the current study, but comparable to the second stage of degradation. 

Similarly, Hallman et al. (2003) reported a degradation rate of 0.077 d-1 using 4 kg of 

soil and this is comparable with the second stage while lower than the first stage. Song 

et al. (1990) reported a degradation rate for unleaded gasoline of 0.30-0.46 d-1, which is 

comparable with the range of the first stage but higher than the degradation rate for the 

second stage of this study. 

 Likewise, Onwurah and Nwuke (2004) determined the degradation rate for crude 

oil at 0.085-0.28 d-1, and this range is closer to the second stage results of the current 

study. Aichberger et al. (2005) used 0.01 kg for small scale and 90 kg for column scale 

and found the degradation rate constant in the range of 0.02 to 0.06 d-1. This 

degradation rate is comparable with the second stage rate, while lower than the first 

stage value of the current study. 

Chang et al. (2011) conducted a study using 200 kg soil (large scale) and 

determined first-order biodegradation rate constants in the range of 0.004 to 0.024 d-1. 

In comparison, the current meso-scale study showed higher rates of petroleum 

hydrocarbon degradation. This discrepancy could be due to the difference in 

experimental conditions, with this study possibly having more optimum conditions. 
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Chang et al. (2011) utilized field aged contaminated soil, while in this study the 

soil was freshly spiked with synthetic gasoline. The field aged contamination causes a 

significant impact on the efficiency of contaminant degradation in soil because of 

increased residence time which translates into decreasing contaminant accessibility 

(Travis and Macinnis, 1992). The petroleum hydrocarbon fraction used in the current 

study was C6-C10 while Chang used C10-C36. Smaller fractions of hydrocarbon 

degrade at faster rate than larger molecules of gasoline (Parker and Burgos, 1999; 

Coulon et al., 2005; Haddadi et al., 2009; Wang et al., 2010). 

The mass of tested soil might have also created a discrepancy as Chang used 

200 kg of soil, while the soil used in MSR was 4 kg. Finally, in the MSR, a perforated 

screen on the wall and central well to draw air ensured the radial flow of air for 

homogeneous dispersion. This configuration of reactor is different from Chang’s set up, 

who packed soil in a stainless steel tank and supplied compressed air axially from the 

headspace of the tanks. Literature also relates the variation in rate of hydrocarbon 

degradation with efficient diffusion of oxygen from outside or within system (Barker et 

al., 1987; Sturman, 1995; and Davis et al., 2003). Similarly a small diffusion length 

might have increased the diffusion rates of fresh air in the MSR as compared to the 

closed vessel in Chang et al. (2011), thus supporting the higher degradation rates in the 

current study. 

Circulation and uniform dispersion of oxygen in the soil can help remove 

produced gases and increase aerobic microbial activity. Coffey et al. (2012) from the 

modelling studies indicated that the configuration of suction and delivery lines of air 

have the dominant effect of creating a homogeneous condition on the soil perspective. 
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This is further evidence that the design of the reactor caused the difference in results 

between Chang’s work and the current study. 

 

5.4.3. Scale up Factors 

Using Equation 5.1, the predicted k values are 0.045 d-1 for Delhi, 0.040 d-1 for 

Elora, and 0.043 d-1 for Mixed soils. These rates are lower than the Stage-1 degradation 

rates reported in this study, but are in the same order of magnitude as the Stage-2 

degradation rates, which is the expected long term degradation that develops at a 

remediation site. Accordingly, scale-up factors were determined by taking the ratio of 

the kStg2-Obs values to the kE values determined in this study.  Table 5.3 summarizes the 

values related to the degradation rate and scale-up factors. 

As previously discussed, the experimental conditions successfully stimulated the 

microbial population to degrade the synthetic gasoline and at the same time had 

minimal volatilization. Accordingly, it is believed that the difference in degradation rates 

can mainly be attributed to the scale-up factor, which includes factors like microbial 

population, availability of nutrients and substrates, easy access to oxygen, 

adsorption/desorption, inter-phase transfer, soil type, soil heterogeneity, water content 

and weathering of contaminants. Similar observations were noted by Ko et al. (2007). 

Comparing decay rates from Equation 5.1 to the experimental values of Stage-2, 

it was seen that scaling up the size of the reactor increased the biodegradation rate. 

The value of the Stage-2 scale up factor for the Delhi soil was 2.7, Elora had a value of 

1.9, while the Mixed soil had a value of 2.2. This trend is as expected since the Mixed 

soil properties fall between Delhi and Elora soils. The increase in scale-up factor values 
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suggest that for this study the degradation conditions were more optimum as compared 

to the conditions implemented in Eyvazi and Zytner (2009), highlighting the need of 

correctly adjusting respirometer data from degradation assessment studies before 

transferring the results to the field.  Similar observations were noted by Mao et al. 

(2010). 

Table 5.3: Degradation Rates and Scale-up Factors 

Soil type *Duration (days) Degradation rate constant, 
(d-1) 

Stage-2 scale 
up factor 

  Meso-scale  Micro-scale  

Delhi 
0-8 0.598     

8-30 0.123 0.045 2.7 

     
Mixed 

0-8 0.477 
  

8-30 0.093 0.043 2.2 

     
Elora 

0-8 0.460 
  

8-30 0.075 0.040 1.9 

*Treatment duration of 0-8 d represents Stage-1 and 8-30 d means Stage-2. 

Typically the bioremediation rate of hydrocarbons decreases when the reactor 

size increases (Sturman et al., 1995; Davis et al., 2003; Wang et al., 2008).  However, 

when the results of this study are compared to the respirometer values of Eyvazi and 

Zytner (2009), where the environmental conditions were similar, the degradation rate 

increased.  Based on a comparison of studies under different soil, oxygen, and nutrient 

amendments on batch to larger scales, Cort et al. (2001) also described that an 

increase in scale increased the degradation rates of hydrocarbon. However, Cort et al. 

(2001) suggested that these trends be verified under specific soil and nutrients 

conditions.  

It is expected that the larger volume of soil/surface area ratio provides for 

improved oxygen transfer in the soil, as well as better access by the microorganisms to 
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both carbon and nitrogen sources resulting in a higher degradation rate for all soils. 

Therefore, the higher degradation rate can be attributed to a better environment for 

microbes. Consequently, it is important that further work be done at a larger scale to 

evaluate the scale-up factor needed to transfer respirometer laboratory results to the 

field (Ko et al., 2007). From a practicality perspective, respirometer studies are easier to 

complete, but if scale-up factors are not available, transferring the results to the field will 

be difficult.  It is also suggested that the Eyvazi and Zytner (2009) correlation be revised 

to incorporate scale-up affects to better estimate the k value needed in the field. 

Review of the individual synthetic compounds shows that isooctane, at 24 % 

proportion in synthetic gasoline, was observed to be degraded at the fastest rate during 

the first 8-10 d, while naphthalene remained the last choice for the hydrocarbon 

degraders. Larger molecules especially naphthalene was degraded slowly until 

isooctane was mostly degraded.  The observed degradation trend agrees with studies 

related to desorption kinetics or degradation of hydrocarbon.  Haddadi et al. (2009), 

Wang et al. (2010) and Coulon et al. (2005) has similar findings while studying 

naphthalenes, dibenzothiophenes, phenanthrenes, and pyrenes, and showed a clear 

decrease in their degradation rate as a function of the size of the PAH molecule. The 

literature also suggests selective consumption of gasoline components by 

microorganism (Etoumi, 2007; Li et al., 2010).  

The smaller fractions of the synthetic gasoline were the favourite chemicals for 

the microbes and showed faster decline in the soil during the first eight to ten days of 

incubation. Faster degradation of the smaller molecules could be responsible for the two 

stage degradation trend that was observed.  This corresponds with the slow decline of 
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the larger molecules in the second stage of degradation and supports the two stage 

degradation pattern. 

 

5.5. Conclusion 

Completion of the project has demonstrated that the meso-scale reactor system 

was a suitable apparatus for determining the degradation rate constant.  Volatilization of 

the synthetic gasoline was minimal and measured at only 0.03 % when glass wool was 

wrapped around the reactors. A healthy degradation environment was observed, with 

hydrocarbon degraders present in all three soils.  The measured hydrocarbon degrader 

population was approximately 80 % of the total heterotrophic population.  

The completed study showed a two-stage degradation pattern as compared to 

the single-stage first-order degradation rate determined in the micro-scale study. The 

higher degradation rate was observed during starting eight days of experiment (Stage-

1) as compared to last 22 d (Stage-2). The smaller fractions of hydrocarbon remained 

the favourite carbon source for the bugs and degraded at faster rate than larger 

fractions during the starting eight days of incubation. This preferred action of microbes 

was the basis on which to consider the two stage degradation processes. Overall, the 

degradation rates for the loamy sand were higher than the silt loam or sandy loam soils, 

which is consistent from a soil type perspective. Similarly, for Delhi, Elora and Mixed 

soils the degradation rates were higher for the meso-scale reactor as compared to the 

small scale system resulting is range of scale-up values: 2.7 for Delhi soil, 1.9 for Elora 

soil and 2.2 for Mixed soil. The higher degradation rate demonstrated that the meso-

scale reactors were providing an optimum degradation environment for the microbes. 
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As such, it is important that appropriate scale-up factors be determined so that results 

from degradation assessment studies, typically done with respirometers, can be 

properly transferred to the field. 

  



111 
 

CHAPTER 6                                                                           

ESTABLISHING CORRELATIONS AND SCALE-UP FACTOR FOR 

ESTIMATING THE PETROLEUM BIODEGRADATION RATE IN SOIL 

Chapter 5 described encouraging results related to the hydrocarbon degradation 

rate coefficients and also showed consistency of two stage degradation trend even with 

the third soil.  Chapter 5 also re-strengthened the importance of scale-up factors for the 

proper transfer of laboratory results to the field.  Accordingly, two extra soils collected 

from Ridgetown research fields were added into the experimental trial with the objective 

to validate the previous findings and to obtain extra data for the development of 

correlations. 

Accordingly, Chapter 6 exhibits the statistical analysis of obtained experimental 

data and procedures related for the development of two stage correlations. Moreover, 

Chapter 6 displays the scale up factor and its relation with the variables linked with soil 

and biomass. 

 

Research paper based on chapter 6: 

Khan, Alamgir A., Zytner, Richard G., and Feng, Zeny (2013). Establishing correlations 

and scale-up factor for estimating the petroleum biodegradation rate in soil.  Manuscript 

submitted to the Journal of Environmental Engineering (ASCE). 

  



112 
 

6.1. ABSTRACT 

The proper design of a bioremediation strategy for petroleum-contaminated sites 

requires a reasonable estimate of the biodegradation rate constant, which is not easy 

due to spatial heterogeneity. Accordingly, predictive models were developed by 

completing a bioventing study at the meso-scale.  Reactors holding 4 kg of soil were 

tested using five different types of soils. Using statistical analysis, a two stage process 

was observed, with a fast rate of hydrocarbon degradation in the first 8 d and a slower 

rate in the remaining 22 d.  Review of the correlations showed that the initial population 

of petroleum degradation bacteria and increasing silt content had a positive effect on 

the degradation.  A negative impact on the degradation rate was seen by increasing the 

fraction of organic matter and clay content.  Comparison of previously completed micro-

scale and meso-scale degradation rates gave a scale-up factor (SF) of 1.8±0.5.  Soils 

with an increased sand fraction had slightly higher SF values, whereas soils high in 

organic matter content had lower SF values. The measured SF values and developed 

correlations will help practitioners with site closure decisions. 

 

6.2. Introduction 

Soil contaminated with petroleum hydrocarbons is a global issue because of the 

potential human health risks from the carcinogenicity of some hydrocarbon compounds. 

Therefore, contaminated soil requires immediate cleanup. An emerging remediation 

option is bioventing.  Bioventing is an in-situ, cost effective technology (Khan et al., 

2004), where indigenous microorganisms are stimulated by providing favorable 

conditions for aerobic biodegradation of contaminants (Leeson and Hinchee, 1996). 
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This technology has been evaluated in the laboratory at the micro-scale (Moller et al., 

1996; Zytner et al., 2001; Eyvazi and Zytner, 2009) and at medium or larger scale 

(Hallman et al., 2003; Chang et al., 2011; Khan and Zytner, 2013) for the treatment of 

petroleum contaminated soils. 

Besides the significant effect of soil physical-chemical properties on the 

biodegradation rate, limited work at the micro-scale and meso-scale has been 

undertaken to relate the soil properties with the degradation rate constant. Moreover, 

understanding the scale dependent phenomena are the major challenges faced by the 

use of bioventing for successful implementation at the field scenario. Accordingly, the 

main objective of this study was to develop a regression model by correlating the 

degradation rate coefficients with the soil and biomass parameters from meso-scale 

bioventing experiments for different soils. These correlations will help estimate the 

degradation rate constants for various site conditions. Comparison of these rates to 

those previously obtained at the micro-scale (Eyvazi and Zytner, 2009), would permit a 

determination of the scale-up factor.  Having the correlations and scale-up factor gives 

consultants useful tools to predict site closure time. 

 

6.3. Overview 

The entry of petroleum hydrocarbons into soil is typically related to industrial 

spills, leaking underground storage tanks and leaking piping systems within the vadose 

zone (Lee et al., 2006; CCME, 2008; Eyvazi and Zytner, 2009).  Once the petroleum 

hydrocarbons are in the soil, there is the concern about its migration into the 

groundwater, requiring urgent remediation of the contamination. Bioventing is a 
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practicable in-situ treatment technology for gasoline contaminated soils, where bio-

stimulation of native petroleum degrading bacteria is a viable, cost-effective and less 

destructive technology (Khan et al., 2004; Chang et al., 2011; Lee et al., 2006; Hinchee 

et al., 1991; Mohn et al., 2001; Bezerra and Zytner, 2003; McCarthy et al., 2004). 

Despite the very encouraging results of bioremediation at the micro-scale, there 

is no single degradation rate that represents a variety of site settings and types of soils 

(Chang et al., 2011; Davis et al., 2003; Aichberger et al., 2005).  In order to assist 

practitioners in making judgments, Brook et al. (2001) developed a correlation that 

related the degradation rate with nitrate and ammonia concentrations, while Zytner et 

al., (2001) related the degradation rate constant (k) to O2 and temperature. Moreover, 

Eyvazi and Zytner, (2009) further improved the correlation by including water contents 

and biomass into the model. Similarly, Jiang et al. (2011) conducted a field study and 

tried to evaluate the correlation of degradation rate coefficient with different petroleum 

compounds available in the soil. 

Most of the above mentioned studies have been carried out at the micro-scale, 

while literature is almost silent for regression models at the larger scale.  Not having 

these larger scale models makes it difficult to predict bioremediation behaviour, 

affecting planning decisions and the successful implementation of bioventing 

technology. 

A recent study at the meso-scale showed that hydrocarbon degradation was a 

two stage process with a faster degradation rate in the initial eight days followed by a 

slower degradation rate for the remaining days of the 30 day long treatments (Khan and 

Zytner, 2013). Degradation results measured at the meso-scale were compared with the 
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rates determined through micro-scale correlation presented by Eyvazi and Zytner, 

(2009). The comparison gave scale-up factors varying from 1.9 to 2.7 for the three types 

of soil considered in that study.  These differences in results between the meso and 

micro-scales show the importance of scale dependent factors when transferring 

laboratory results to the field. Accordingly, Khan and Zytner (2013) suggested that the 

Eyvazi and Zytner (2009) correlation be revised by incorporating the scale-up effects to 

better estimate the k values needed in the field. 

 

6.4. Materials and Methodology 

Four types of soils having varied characteristics were collected from different 

research stations of the University of Guelph, ON. One soil was collected from the Elora 

Research station situated 21 km north-west of Guelph, with the second being from the 

Delhi Research station which is 120 km south of Guelph. Two other types of soils were 

collected from two different fields at the Ridgetown Research complex. Ridgetown is 

located around 200 km south-west of Guelph. A fifth type of soil was prepared by mixing 

an equal mass of Elora and Delhi soils. 

All soils were air dried and then sifted by passing through a 2 mm sieve. Elora, 

Delhi and Mixed soils were similar to the soils used by Eyvazi and Zytner (2009).  

However, the two Ridgetown (RT) soils had slightly dissimilar properties mainly due to 

different texture. Soil classification and characterization was done by the Soil Laboratory 

at the University of Guelph Laboratory Services Division. The physical and chemical 

properties of the five soils are summarized in Table 6.1. 
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Table 6.1: Physical and chemical properties of soils 

Soil 
Name 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Soil texture PDB OM CEC 
(cmol/kg) (CFU/g 

soil) 
(%) 

Delhi (D) 84.9 9.8 5.3 Loamy sand 6.05 1.1 4.9 

Elora (E) 31 50.8 18.2 Silt loam 6.23 3 
 

18.4 
 

Mixed 
(D+E) 

55.9 31.3 12.9 Sandy loam 6.11 2.4 14.2 

 
Ridgetown 
(RT-1) 

56.3 26.6 17.1 
Very fine 

sandy loam 
6.56 3.5 15.2 

 
Ridgetown 
(RT-2) 

51.1 26.4 22.5 
Sandy clay 

loam 
6.57 3 16.2 

 

Medium scale reactors, named meso-scale reactors (MSR) were used in the 

bioventing experiments to mimic the bioventing process taking place in the field (Khan 

and Zytner, 2013; Patros, 2009). Figure 6.1 gives a sketch showing principal parts of 

the meso-scale reactor. 

A total of 18 experiments were conducted, three replicates without glass wool 

and three with glass wrapped reactors for both Delhi and Elora soils. Three replicates 

were done with Mixed soil and glass wool was wrapped around reactor. Once 

experimental conditions were established, two verification experiments with RT-1 and 

one confirmation experiment using RT-2 soil were completed. Every single trial involved 

four reactors for measuring the decline of gasoline concentration in soil. Most trials also 

included two extra reactors for biotic and abiotic control. 

As the soil was stored dry in bags, the microorganisms were likely in the inactive 

state. Reactivation of the biomass was enhanced by adding to the soil nutrients and 

water several days before the start of each experiment. Ammonium Chloride (NH4Cl) 
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was used as the source of nitrogen with synthetic gasoline as the carbon source to 

achieve a C:N ratio of 10:1 (Eyvazi and Zytner, 2009).  The desired soil water contents 

were maintained in the soil during the treatment period.  A Hydrosense reflecto meter 

(Campbell Scientific®) was used for frequent monitoring of the soil water content. 

 

 

Figure 6.1: Sketch showing principal parts of meso-scale reactor 

Synthetic gasoline was added to the soil in a closable container and then mixed 

manually for about fifteen to twenty minutes (Khan and Zytner, 2013). The composition 

of the synthetic gasoline used in all the experiments is given in Table 6.2. 

The key parameters monitored during the treatments were concentration of total 

petroleum hydrocarbon (TPH) in the soil, air flow rates, volatilization loss of gasoline 

and concentration of oxygen in the off gases. Soil pH, soil water content, room 
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temperature and population of petroleum utilizing bacteria were also monitored (Khan 

and Zytner, 2013). 

Table 6.2: Composition* of synthetic gasoline and vapour pressure of the 
constituents 

Chemical Chemical 
formula 

Vapour Pressure mmHg 
at 20-25 oC 

Mass % 

Naphthalene C10H8 0.05 3.2 

1,3,5-Trimethylbenzene C9H12 1.86 11.9 

m-Xylene C8H10 7-9 23.9 

Toluene C7H8 28.5 36 

Isooctane C8H18 41 24.9 

*Composition previously used by Bezerra and Zytner (2003); Shewfelt et al. (2005); 

and Eyvazi and Zytner (2009) 

The air flow rate of 0.42 ml/min was achieved by drawing air through industrial 

hygiene pumps (Gilian, model: LFS-113DC).  Air flow meters (Gilmont Micro Flow 

Meter, Model: GF-9760) were used to calibrate the pumps. Figure 6.2 shows the 

arrangement of experiments in fume-hood with assisting equipments such as: oxygen 

meter, reflectometer, suction pumps, air flow meter, and MSRs. 

The amount of hydrocarbon volatilization was determined by carbon sorbent 

tubes (Supelco ORBO® 32 Small) which were installed in the suction line. Likewise, the 

oxygen level in the off gases was monitored by using flow-through head (Model AO-

002) of the Apogee Oxygen Meter (Model: MO-200 Series) (Khan and Zytner, 2013). 

Biotic and abiotic control reactors were set up in sequence with the experimental 

reactors. It was expected that a variation in the population of petroleum degrading 

bacteria in soil would directly relate with the gasoline contamination and its breakdown. 

Biotic control was run in order to see the difference in microbial population where all 

conditions were the same except for the use of clean soil. Similarly, a small initial 
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population of petroleum degrading bacteria in contaminated soil was likely to degrade 

gasoline at a very low rate (Eyvazi and Zytner, 2009). In view of that, an abiotic control 

was run parallel to the experimental reactors to test the decline of gasoline 

concentration. In the abiotic control, the initial population of bacteria was reduced 

whereas soil was spiked with the same concentration of hydrocarbon.  The biotic control 

was the same as the experimental reactors except the mixing of gasoline. However, the 

abiotic control was prepared by sterilizing soil through a dry heat method (Khan and 

Zytner, 2013; Trevors, 1996; Alef and Nanniperi, 1995; Wolf and Skipper, 1994). 

 

 

Figure 6.2: Experimental set up with Meso-Scale Reactor 

The population of petroleum degrading bacteria and total heterotrophic bacteria 

(THB) were evaluated by the spread plating technique. The microbial enumeration 

procedure utilized was analogous to the published technique (Eyvazi, 2010; Shewfelt et 
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al., 2005).  In order to propagate the PDB, gasoline at 4 g/L as the carbon source was 

added directly to the BH-medium just before pouring the medium into Petri dishes. 

Methylene chloride was used as the solvent to extract gasoline from both soil and 

sorbent tube samples.  A gas chromatograph (GC) equipped with a flame ionization 

detector (Hewlett-Packard 5890 Series II) was used to analyze total petroleum 

hydrocarbons extracted from soil and sorbent tube samples. The system was equipped 

with an auto sampler, Hewlett Packard (HP 7673). Operating parameters for the GC 

were adapted from Eyvazi (2010). 

 

6.4.1. Statistical Methods 

The collected data was analyzed using graphical and statistical methods. 

Computer software such as: SYSTAT (Eyvazi, 2010; SYSTAT, 1992), R (R, 2013) and 

Microsoft Office Excel (MSE) (MSE, 2007) were used in the data analysis. R is free 

software that is very popular software for statistical analysis.  Statistical analysis was 

started by using MSE in which the Pearson correlation coefficient test was conducted. 

After reviewing the Pearson coefficients to identify which predictive variables should be 

included in the model, the two way stepwise regression analysis was initiated based on 

the procedure first proposed by Efroymson (1960). 

Selection of the predicting variables was carried out by stepwise procedures of 

statistics. The stepwise procedure is combination of backward and forward regression 

method where variables can be dropped and added. Statistical software ‘R’ possesses 

the feature for stepwise regression and it was utilized for selection of predicting 
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variables. In all three methods in ‘R’, Akaike's Information Criterion (AIC) is used as 

criteria to select the predicting variables. The rule is lower the AIC, the better the model.  

The selected predictive variables were used in constructing draft correlations. 

The draft correlations were then checked using a sensitivity test. A manual sensitivity 

test was conducted by changing the value of the explanatory variables while keeping 

other variables constant and observing the effect on the dependent parameter 

(degradation rate constant). 

Comparative evaluation of the correlation developed by Eyvazi and Zytner (2009) 

at the micro-scale with the developed Stage-2 correlation assisted with determining 

scale-up factors. Equation 6.1 displays the previously developed micro-scale 

correlation: 

 

lnkE = 2.803 × PDP + 0.21 × Sand + 4.886×OM − 0.094 × Clay –  

0.004 × (SW × Sand) − 0.021 × (Sand × PDP) − 0.632 × (OM × PDP) + (6.1) 

0.004 × (SW × Clay) − 23.5 

where: 

kE = first order degradation rate, d-1 

PDP = initial population of petroleum degrader microorganisms in soil, log  

colony forming units (CFU/g of soil) 

Sand = sand content, % 

Clay = clay content, % 

SW = soil water content, % 

OM = organic matter content, %  
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Values of soil and biomass variables were plugged into Equation 6.1 to assess 

the micro-scale degradation rate constant, referred to as Eyvazi’s k (kE). Similarly, the 

newly developed correlation for second stage degradation was used to estimate kStg2-P, 

where, kStg2-P is the predicted value of degradation rate constant for Stage-2. The ratio 

of kStg2-P and kE (i.e., kStg2-P/kE) gives the estimated value of scale-up factor (SF) for 

each type of soil. 

 

6.5. Results and Discussion 

Previous studies suggested that the data obtained for biodegradation of 

hydrocarbons should be broken into two groups or analyzed with a more complex model 

(Shewfelt et al., 2005; Zytner et al., 2006; Maletić et al., 2009; Khan and Zytner, 2013). 

Hence, the data recorded through experiments was initially analysed to verify the two 

stage degradation trend with two additional soils. This is followed by the analysis and 

development of stage-wise correlation models, and then the scale-up factor. 

 

6.5.1. Two Stage Degradation 

The observed soil hydrocarbon data was analyzed using semi-loge, where the 

degradation rate of hydrocarbon in soil was determined by plotting loge of the gasoline 

concentration versus time. The resulting slope or coefficient of time in the exponent was 

taken as degradation rate constant (k). 

Previous analysis done by Khan and Zytner (2013) utilizing Delhi, Elora and 

Mixed soils with similar experimental settings, found that the biodegradation of 

hydrocarbons in the meso-scale was a two stage process with a faster rate during the 
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first 8 to 11 days. Khan and Zytner (2013) discussed d8 to d11 as the transition period 

during which the degradation transferred from Stage-1 to Stage-2. 

In order to determine the appropriate transition day from Stage-1 to Stage-2, the 

transition points of all the degradation curves for each experiment were analyzed.  The 

analysis gave an average value of the transition day as 8.4 d for Delhi soil, 8.0 d for 

Mixed soil and 8.5 d for Elora soil. To confirm the two stage trend, two additional 

experiments were completed using RT-1 soil and one additional treatment with RT-2 

soil. Figure 6.3 displays the pooled results for the two stage degradation trend for RT-1 

soil. Similarly, Figure 6.4 displays the two stage degradation trend for RT-2. The 

average transition point from Stage-1 to Stage-2 for both the RT soils was 8.3 d. 

 

 

Figure 6.3: Degradation Trend of Synthetic Gasoline for pooled data of two 
treatments with RT-1 soil (Stage-1: 0-8d and Stage-2: 8-30d) 
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Figure 6.4: Degradation Trend of Synthetic Gasoline for RT-2 soil                  
(Stage-1: 0-8d and Stage-2: 8-30d) 

 

In order to find statistical support for the selected 8 d transition point, analysis of 

all 18 transition points from all the experiments completed with the 5 soils was done.  

The result was an average transition time of 8.4±0.6 d, which confirms that d8 was a 

reasonable transition point from Stage-1 degradation to Stage-2 degradation. Moving 

forward, all data sets were split into two groups for analysis, with Stage-1 referring to 

d0-d8 and Stage-2 referring to d8-d30. 

In addition to the degradation trends observed in Figures 6.3 and 6.4, there was 

also a fast increase in the microbial population in the first eight days, followed by little 

change in PDB population.  Similar support of the two phase degradation concept via 

PDB was also observed in Khan and Zytner (2013), where the highest population of 

petroleum degrading bacteria was between d7-d8, followed by minimal variation in PDB 

for the remaining period of treatment. Stage-1 can be considered the time where the 

ideal conditions allow the dormant microbes to become highly active due to plenty of 
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population, providing a rate of hydrocarbon degradation that approaches a realistic and 

balanced state. The balanced state is defined as the second stage of degradation in 

which microbial function was continuous and stable for the remaining 22 days. 

 

6.5.1.1. Degradation Rate 

Table 6.3 summarizes the experimental values of the first order degradation rate 

constants for both stages for the five different tested soils. The observed value of the 

degradation rate constant at Stage-1 was designated as kStg1-Obs, while the degradation 

rate for Stage-2 was designated as kStg2-Obs. 

 

Table 6.3: Summary of stage wise pooled degradation rate constants from 
observed data 

Soil type Degradation rate constant, (d-1) 

  Stage-1 (kStg1-Obs) Stage-2 (kStg2-Obs) 

   
Delhi 0.598 0.123 

Mixed 0.477 0.093 

Elora 0.460 0.075 

RT-1 0.413 0.035 

RT-2 0.444 0.041 

 

The average degradation rate constant for each soil was measured by combining 

data of the various treatments completed for that soil. The exponential trend lines fitting 

the data for d0-d8 and d8-d30 represented the trend of pooled data for each distinctive 

soil. The previously reported first order degradation rate constants for Stage-1 were 

0.598 d-1 for Delhi, 0.477 d-1 for Mixed soil and 0.46 d-1 for Elora (Khan and Zytner, 
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2013), while for the current study, values of 0.413 d-1 for RT-1 and 0.444 d-1 for RT-2 

were also determined.  Likewise, the average degradation rate constant reported for 

Stage-2 were 0.123 d-1 for Delhi, 0.093 d-1 for Mixed soil, 0.075 d-1 for Elora, 0.035 d-1 

for RT-1 and 0.041 d-1 for RT-2 soil. 

The highest rate of degradation measured was for Delhi soil, while the lowest 

rate of degradation was obtained for RT-1.  This suggests that the parameters such as 

PDB, OM, CEC, and soil texture are important factors in controlling the degradation 

rates. Delhi soil had the highest sand fraction at 85 %, while sand content in RT-1 was 

only 56 %. Organic matter was 1.1 % in Delhi and 3.5 % in RT-1.  The initial population 

of petroleum degrading bacteria was log 6.08 CFU/g in Delhi soil and log 6.56 CFU/g in 

RT-1 soil. Similarly, the CEC in Delhi soil was 4.9 cmol/kg of soil, while CEC in RT-1 

was 15.2 cmol/kg. 

Although, the initial population of PDB was less in Delhi soil than in RT-1 soil, 

higher rates of degradations were seen in Delhi soil. This unexpected response 

revealed that the degradation of hydrocarbon is not only controlled by the initial 

microbial population, but also by other soil factors. 

The higher value of CEC in RT-1 when compared to the Delhi soil gave an 

indication that the RT-1 soil contained more nutrients for the microbes USEPA (2003). 

The larger fraction of OM in RT-1 when compared to the Delhi soil might also have 

served as an alternate food for bacteria. Similarly, the low CEC and OM in the Delhi soil 

signaled less than ideal alternate food source before the addition of ammonium chloride 

and hydrocarbon. As a result in the amended Delhi soil, microbes directly consumed the 

newly added carbon and nitrogen. On the other hand in RT-1, the microbes might have 
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initially utilized the available food as well as the added petroleum hydrocarbon. Given, 

the lower PDB and the higher degradation rates in Delhi soil, it suggests a link with fast 

consumption and added sources of food (hydrocarbon). 

Moreover, the larger fraction of sand in the Delhi soil along with the larger pore 

size and sufficient water can facilitate the mobility of microbes. Conversely, higher clay 

contents, 17.1 % in RT-1 as compared to 5.3 % clay in Delhi soil might have reduced 

the pore size, affecting the mobility of microbes and their access to food in RT-1. This 

also shows that a larger ratio of volume of soil/surface area provided a better 

environment for microbial activity in soil. As such, the microorganisms obtained better 

access to both carbon and nitrogen sources of food in Delhi soil, resulting in a higher 

degradation rate. Results also revealed that a larger fraction of OM caused a major 

hindrance to the rate of biodegradation and this parameter will be discussed further later 

on. 

Overall, higher rates of degradation were determined on the larger scales when 

compared with micro-scale results. The negligible volatilization of gasoline reported by 

Khan and Zytner (2013) as 0.03 % of the initial gasoline concentration and the rapid 

increase of microbial population demonstrated better aerobic degradation conditions at 

the meso-scale. This was possible by the good aerobic setting where the oxygen 

content in the soil remained at 18-20 % and represents real site conditions. The current 

findings strengthen the importance of two stage correlation models for the application at 

field scale.  
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6.5.2. Correlations Analysis 

Correlation analysis was carried out by using the results from all the experiments.  

The observed data was broken into Stage-1 and Stage-2 groups as discussed in 

Section 6.4.1 and regressed accordingly. 

 

6.5.2.1. Stage-1 Correlation 

The values of the degradation rates for Stage-1 (kStg1-Obs) were plotted against 

the corresponding fractions of soil texture, organic matter, soil pH, and initial population 

of petroleum degrading bacteria (PDB). Figure 6.5 shows a gradual increase in the 

degradation rate with an increase in soil sand content, while the value of kStg1-Obs 

decreased with an increase in values for the remaining five variables. Moreover, the 

high values of coefficients of determination for clay (R2=0.74), organic matter (R2 = 

0.81) and pH (R2 = 0.81) suggested a considerable relationship of these three variables 

with kStg1-Obs. The individual relationships of the remaining parameters appeared to be 

less significant. 

The increasing trend of hydrocarbon degradation with the increment of sandy 

fraction may be due to larger pore size in the soil column and better availability of 

oxygen for aerobic microbial activity. However, the decline of the degradation rate 

constant with the increase in initial population of petroleum degrading bacteria and very 

low R2 value of 0.45 was expected as discussed earlier in Section 6.4.1 for the 

comparison of Delhi and RT-1 soils. The decline of kStg1-Obs with increasing PDB could 

be linked with the higher initial population of PDB in Elora and Ridgetown soils. 
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Figure 6.5: Relation between individual soil and biomass parameter, and k in 
Stage-1. 

 

Figure 6.5 shows the good relationships of the individual variables with the 

degradation rate constant (kStg1-Obs).  However, these results cannot be generalized 

without evaluating the combined impact of the input parameters on kStg1-Obs values. 

Therefore, further data analysis was carried out by using a Pearson correlation test 

(MSE, 2007) to investigate the correlation between kStg1-Obs and input parameters. The 

square matrix given in Table 6.4 displays the relationship between the degradation rate 

constant kStg1-Obs and other covariate factors. The results show a positive correlation 

between the degradation rate and sand content while all other factors demonstrated 

negative relation with kStg1-Obs. 

Further review of the Pearson coefficients in Table 6.4 show that the model 

expressed a multicollinearity problem, where a strong correlation exists between sand, 

pH, CEC and SW. Three fractions of soil (sand, silt and clay) are naturally 

interconnected as their sum always makes 100 %. This kind of multicollinearity can lead 

to imprecise estimates of coefficients.  As such, the removal of strong inter-correlated 
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variables can reduce multicollinearity significantly. Sand, silt, clay and CEC all displayed 

strong correlation with the majority of the covariates as compared to their relationship 

with the response variable (kStg1-Obs). For example, the Pearson coefficient for the 

relation of sand with kStg1-Obs was 0.722.  However, sand displayed a strong correlation 

with most other covariates, as all the Pearson coefficients for all covariates exceeded 

0.722 except for PDB which was 0.436. A similar problem was observed for silt, clay 

and CEC.  The Pearson coefficients for the relation of CEC with kStg1-Obs was 0.777, 

while CEC was strongly related with most other covariates as the Pearson coefficient 

was higher than 0.777, except for PDB which was 0.52. 

 

Table 6.4: Pearson correlation of variables with k for Stage-1 

  kStg1-Obs. Sand Silt Clay OM PDB pH CEC SW 

kStg1-Obs. 1 
        Sand 0.722 1 

       Silt -0.642 -0.989 1 
      Clay -0.860 -0.912 0.842 1 

     OM -0.899 -0.888 0.826 0.959 1 
    PDB -0.673 -0.436 0.315 0.720 0.744 1 

   pH -0.420 -0.879 0.937 0.612 0.612 0.006 1 
  CEC -0.777 -0.994 0.969 0.947 0.930 0.520 0.828 1 

 SW -0.712 -0.846 0.789 0.906 0.904 0.747 0.560 0.877 1 

 

Soil contents and CEC cannot be controlled during the bioventing operation.  

Though, the removal of CEC and one of the soil fractions from the predicting variables, 

for example sand, can lessen the influence of multicollinearity. Both SW and pH faced a 

similar issue.  However, these parameters can be controlled during experiments; so, 

SW and pH were retained for further stepwise testing for their significance to the model. 

The variables such as PDB and OM were not omitted from the regression analysis since 
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the intensity of their multicollinearity was less than the removed variables. For example, 

the Pearson coefficient for the correlation of OM with kStg1-Obs was 0.899, which was 

higher than most variables except three, clay, CEC and SW. Since it was already 

decided to omit CEC, only two covariates were problematic when comparing all six with 

sand and CEC; suggesting the removal of SW. Thus, silt, clay, OM and PDB were kept 

as input parameters for further analysis. The parameter pH was also removed as it had 

a minimal impact on the degradation rate (small Pearson coefficient in Table 4), plus 

only a small range of pH was studied, 6 to 8. 

In statistics, linear regression is a technique to model the relationship between a 

dependent variable and one or more explanatory variables. Accordingly, Equation 6.2 

was taken as a base model for the analysis of data in developing the correlation of k 

with predicting variables. 

 

k = Xβ1 + Ɛ1           (6.2) 

where: 

k = degradation rate constant (d-1) 

X = any input variable 

β1 = coefficient of variables 

Ɛ1 = intercept of the slope for linear equation 

 

The result of the advanced regression analysis showed, that at the 5% 

significance level, variables such as silt, clay, OM and PDB were significantly 

associated with the degradation rate kStg1-Obs.  This trend indicated that sand, CEC, pH, 
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and SW would not have significant impact for the estimation of k, while silt, clay, OM 

and PDB appeared as strong predicting variables.  Table 6.5 summarizes the refined 

estimates of coefficients using Equation 6.2 for Stage-1. 

In Table 6.5, the coefficients of silt and OM both had three stars under significant 

codes which means that relation of silt and OM is highly significant at a significant level 

less than 0.001, meaning the chances of variation in the estimate of k are only 0.1 %.  

Significance of relation can also be seen by the p-value of 0.0007 for silt and 0.0002 for 

OM and these both values are less than 0.001. Likewise p-value is 0.0028 for PDB and 

has been given two stars as the significant code, which suggests a 1 % level of 

significance. The p-value of 0.0346 for clay and is 0.0307 for intercept is given a single 

star which shows that the level of significance is 5 %. In short, the correlation of all the 

selected parameters with k possesses 95 % confidence level or better for accuracy. 

 

Table 6.5: Refined estimates of coefficients using linear model 6.2 for Stage-1 

Coefficients:         

  
Estimate SE t value Pr(>|t|) Significant 

Codes 

(Intercept) -1.349 0.557 -2.42 0.0307 * 
Silt 0.006 0.001 4.38 0.0007 *** 
Clay -0.010 0.004 -2.36 0.0346 * 
OM -0.154 0.030 -5.13 0.0002 *** 
PDB 0.351 0.095 3.67 0.0028 ** 

             R2: 0.92 

Significant Codes: [*** = 0.001] [** = 0.01] [* = 0.05]; SE: Standard Error 

 

The final fitted linear model is given in Equation 6.3. 

k1 = 0.006 x Silt - 0.010 x Clay - 0.154 x OM + 0.351 x PDB - 1.349   (6.3) 
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where: 

k1 = petroleum degradation rate constant with linear model for Stage-1 (d-1) 

Silt  = soil silt fraction (%) 

Clay = soil clay fraction (%) 

OM = organic matter content of soil (%) 

PDB = population of petroleum degrading bacteria on d0. 

 

Analysis of the data with Equation 6.3 identified one problem.  The values of the 

degradation rate k1 are expected to be non-negative; unfortunately, the linear model 

gave degradation rate k1 values that were negative, which made no sense.  This 

occurred with specific values of silt, clay, OM and PDB. As such, a stepwise regression 

model using natural loge (lnk) or loge transformed kStg1-Obs was considered, which 

ensured a degradation rate k above zero. The form of the lnk model is given in Equation 

6.4: 

 

lnk = Xβ2 + Ɛ2          (6.4) 

where: 

k = degradation rate constant (d-1) 

X = any input variable 

β2 = coefficient of variables 

Ɛ2 = intercept of the slope for linear equation 
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The regression analysis showed that silt, clay, OM and PDB values all correlated 

with lnk at least at a significant level of 5 %. Table 6.6 gives the coefficients for the 

significant factors and the associated standard errors, and the p-values of these 

estimates. The coefficients of silt and OM both had three stars under significant codes, 

which indicates these parameters are highly significant at less than 0.001, meaning that 

the chance of variation in the estimate of lnk is 0.1 %.  This is seen by the p-value of 

0.0004 for silt and 0.0001 for OM.  Likewise, the p-value for PDB is 0.0034, and has 

been given two stars as the significant code, which suggest a 1 % level of significance.  

The p-value for clay is 0.0419, given a single star, which shows that the level of 

significance is 5 %. In short, the correlation of all the selected parameters with lnk 

possess 95 % confidence level or better for accuracy and that silt, clay, OM and PDB 

are important factors.  

 

Table 6.6: Refined estimates of coefficients of model 4 using loge transformed k 
for Stage-1 

Coefficients         
  Estimate SE t value Pr(>|t|) Significant 

Codes 

(Intercept) -4.1660 1.077 -3.87 0.0019 ** 
Silt 0.01160 0.002 4.67 0.0004 *** 
Clay -0.0191 0.008 -2.26 0.0419 * 
OM -0.3168 0.058 -5.45 0.0001 *** 
PDB 0.6618 0.185 3.58 0.0034 ** 
             R2: 0.93 

Significant Codes: [*** = 0.001] [** = 0.01] [* = 0.05]; SE: Standard Error 

 

Equation 6.5 describes the final fitted model for Stage-1: 

lnkStg1-P = 0.0116 x Silt - 0.0191 x Clay - 0.3168 x OM + 0.6618 x PDB – 4.166 (6.5) 
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Figure 6.6 shows the plot of the fitted lnkStg1-P (solid line) given by Equation 6.5 

against the observed lnkStg1-Obs data.  Both sets of data, predicted (lnkStg1-P) and 

observed (lnkStg1-Obs) compare well, with a high value of R2 at 0.93. 

Sensitivity of the explanatory variables was manually evaluated by increasing the 

value of one of the explanatory variables and holding the others constant.  For example, 

while holding clay, OM and PDB as constants, and increasing the silt fraction by one 

unit, lnkStg1-P increased by 0.0116 units. With loge being used, the degradation rate 

kStg1-P will increase by exp (0.0116) or 1.012 fold. 

 

Figure 6.6: Plot of observed lnkStg1-Obs against predicted lnkStg1-P for Stage-1 
 

The result indicates that the newly developed correlation for Stage-1 is sensitive 

to minor variation in the explanatory variables.  The most sensitive variable was PDB, 

because it has the largest value of the coefficient in the Equation 6.5. Taking Delhi soil 

as an example and increasing initial population of PDB by 0.1 unit (6.08 CFU/g to 6.18 

CFU /g of soil) and holding clay, OM and silt as constants, lnkStg1-P increased by 0.0662 

units. The degradation rate kStg1-P will increase by exp (0.0662) or 1.066 fold. A sensitive 

response of the initial population of PDB with a favorable environment makes sense, 

R² = 0.9273 
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because a higher initial population of microorganisms needs more food resulting in 

higher rates of hydrocarbon consumption. 

In the light of the above analysis, Equation 6.5 is recommended as the optimum 

correlation for the prediction of degradation rate constant (kStg1-P) for the first eight days 

of hydrocarbon degradation in the soil.  Summarizing the findings reveals that 

increasing Silt content and PDB have a positive impact on kStg1-P, while clay and organic 

matter exhibited a negative impact. The positive impact of silt can be related to a 

reduction in surface area of soil particles and increase of pore size, increasing 

conductivity of oxygen in the soil. 

 

6.5.2.2. Stage-2 Correlation 

All the steps followed to determine the Stage-1 model were used to develop the 

Stage-2 model. Plots of the individual variables against kStg2-Obs values were very similar 

to the plots shown in Figure 6.5.  Table 6.7 gives the corresponding Pearson correlation 

coefficient test values and shows that the degradation constant has a positive 

relationship with sand content, while a negative impact exists for all the remaining 

parameters when analyzed with respect to kStg2-Obs. It should also be noted that initial 

PDB considered for Stage-2 was the population of petroleum degrading bacteria 

measured on d8 of the treatment period. 

Table 6.7 again shows multicollinearity problem that was seen in the Stage-1 

analysis, where a strong correlation exists between sand, silt, PDB, pH, CEC and SW. 

The soil factions have a strong natural correlation and were considered responsible for 

the overall collinearity issue. As such, sand and CEC were removed from further 
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regression attempts as they were the most problematic for multicollinearity, where the 

Pearson coefficients were -0.723 for CEC and +0.653 for sand. 

The core variable, PDB also exhibited collinearity problem but it was kept in the 

input variable for further testing of its significance as predicting variable.  SW was 

retained because it can be controlled during treatments, while pH was again removed 

due to the narrow range in which it exists.  The parameter OM was not omitted from the 

regression analysis since the intensity of its multicollinearity was less than the removed 

variables. For example, Pearson coefficient for the correlation of OM with kStg2-Obs was 

0.891 which was higher than the most variables with the exception of three covariates, 

clay, CEC and SW.  Thus, the variables retained for further regression analysis were 

silt, clay, OM, PDB8 and SW. 

 

Table 6.7: Pearson correlation of variables with k for Stage-2 

  kStg2-Obs. Sand Silt Clay OM PDB pH CEC SW 

kStg2-Obs. 1 
        Sand 0.653 1 

       Silt -0.552 -0.989 1 
      Clay -0.858 -0.912 0.842 1 

     OM -0.891 -0.888 0.826 0.959 1 
    PDB -0.011 -0.173 0.140 0.243 0.142 1 

   pH -0.275 -0.879 0.937 0.612 0.612 0.042 1 
  CEC -0.723 -0.994 0.969 0.947 0.930 0.181 0.828 1 

 SW -0.773 -0.846 0.789 0.906 0.904 0.419 0.560 0.877 1 

 

A multiple linear regression analysis was performed by using SYSTAT, (1992) 

and R, (2013) software. Analysis was started with a full model as described in Equation 

6.2. The result of regression analysis revealed Silt, Clay, OM and PDB possess 
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significant relation with kSTG2 at the significant level of 5%. Table 6.8 displays the 

regression coefficients for Stage-2. 

Table 6.8: Summary of refined estimate of coefficients for Stage-2 with linear 
model 2 

Coefficients: 

  
Estimate SE t value Pr(>|t|) Significant 

Codes 

(Intercept) -0.2244 0.15753 -1.425 0.17786 
 Silt 0.00117 0.00022 5.379 0.00013 *** 

Clay -0.0034 0.00131 -2.583 0.02274 * 
OM -0.0263 0.00817 -3.217 0.00674 ** 

PDB 0.05556 0.02289 2.427 0.03048 * 

            R2: 0.94 

Significant Codes: [*** = 0.001] [** = 0.01] [* = 0.05]; SE: Standard Error 

 

The fitted model on the basis Table 6.8 is given in Equation 6.6: 

k2 = 0.00117 x Silt - 0.0034 x Clay – 0.0263 x OM + 0.0556 x PDB8 – 0.2244 (6.6) 

Where k2 means degradation rate constant with linear model of Stage-2.  PDB8 

stands for population of petroleum degrading bacteria on d8. 

Equation 6.6 also faced the same issue of keeping the k2 values non-negative.  

Therefore, similar to Stage-1 analysis, stepwise regression using Equation 6.4 was 

applied.  The stepwise regression using SYSTAT and R software gave a model at a 

significant level of 5 % or better for the variables silt, clay, OM, and PDB.    Table 6.9 

summarizes the estimated model coefficients and the corresponding levels of 

significance (significant codes).  Even though SW was seen as non-significant, it was 

still retained in the correlation as removal made the model unstable.   
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Table 6.9: Refined estimates of coefficients of model 4 using loge transformed k 
for Stage-2 

Coefficients: 

  
Estimate SE t value Pr(>|t|) Significant 

Codes 

(Intercept) -6.7744 2.39629 -2.827 0.01526 * 
Silt 0.02308 0.00271 8.508 1.99E-06 *** 
Clay -0.0355 0.01612 -2.203 0.04788 * 
OM -0.3826 0.12016 -3.184 0.00786 ** 

PDB 0.8246 0.37331 2.209 0.04738 * 

SW -0.0478 0.02926 -1.632 0.12866 
 

             R2: 0.96  

Significant Codes: [*** = 0.001] [** = 0.01] [* = 0.05]; SE: Standard Error 

 

The resulting Stage-2 model is given by Equation 6.7. 

lnkStg2-P = 0.0231 x Silt - 0.0355 x Clay – 0.383 x OM + 0.825 x PDB8 - 0.048 x SW – 

6.774          (6.7) 

Figure 6.7 displays the fitted lnkStg2-P as estimated through Equation 6.7 against 

the observed lnkStg2-Obs values. It is seen that lnkStg2-Obs and the predicted lnkStg2-P values 

are close to the straight line with a high value of R2 = 0.94, supporting the 

recommendation that Equation 6.7 is an optimum correlation to estimate the 

degradation rate constants for Stage-2. 

Review of Equation 6.7 indicates that there are negative effects of increasing 

organic matter upon kStg2-P and a strong positive impact on the initial population of 

petroleum degrading bacteria. Similarly, an increase in the soil water content displayed 

a negative relation with degradation rate constant.  For the experiments completed, SW 

was kept in the range of 50-70 % of soil water holding capacity. This finding applies to 
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both the Elora and RT soils, where soil having high water holding capacity showed 

lower rates of degradation as compared to the Delhi soil, which has a lower SW 

capacity.  This wide range of SW capacity for the soils tested, probably contributes as to 

reason why this parameter was rated as insignificant during the stepwise regression 

process. 

 

Figure 6.7: Plot of observed lnkStg2-Obs versus predicted lnkStg2-P for Stage-2 
 

Sensitivity testing showed that Equation 6.7 is also very sensitive to minor 

changes in the explanatory variables.  For example, a 1 unit increase in silt value 

increased the lnkStg2-P by 0.023. With loge being used, the degradation rate kStg2-P will 

increase by exp (0.023), or 1.023 fold.  Analogous to Equation 6.3, the outcome of 

Equation 6.4 also indicates that the newly developed correlation for Stage-2 is highly 

sensitive to a minor variation in the explanatory variables.  The most sensitive variable 

was PDB8 because in Equation 6.4, PDB8 has the largest value of the coefficient 

(0.825).  Using Mixed soil as an example; while holding silt, clay and OM as constants, 

and increasing the PDB8 by only 0.1 units (i.e., 6.81 to 6.91 CFU/g of soil), lnkStg2-P 
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increased by 0.083 units. With loge being used, the degradation rate kStg2-P will increase 

by exp (0.0825) or 1.086 fold. A sensitive response of the PDB8 with a favorable 

environment makes sense, because even a slight increase in PDB8 means more 

potential to reach and consume hydrocarbon as food. 

The coefficient value for PDB8 (0.825) for Stage-2 in Equation 6.7 was larger 

than the coefficient value of PDB8 (0.662) for Stage-1 given in Equation 6.5.  This was 

related with the stability of microbial population on d8 and onward. In general, during 

meso-scale treatments, the population of petroleum degrading bacteria increased from 

d0 to d8, while the population remained almost stable from d8 to d30. For that reason, a 

minor increase in PDB8 can increase the degradability of the system. 

Further review of Equation 6.5 and Equation 6.7 shows similarities in the 

variables, which necessitates further discussion. The positive effect of increasing silt 

content and the negative relation of increasing clay content, suggest an influence of soil 

aggregates on the rate of biodegradation. This also shows that biodegradation in soil is 

not only dependent on the activity of microbial biomass, but also on microbial 

mobilization within the soil aggregates. Soils with a higher clay fraction have larger 

surface area and smaller pores which might trap the microbes, giving them less access 

to the contamination. On the other hand, an increase in silt content can be easier on air 

flow, which provides a better environment for the biomass. Amellal et al. (2001) tested 

the relationship of soil fraction with microbial population for the degradation of petroleum 

hydrocarbons. Intermediate aggregates of soil contained the highest population of PDB 

when Amellal et al. compared PDB within the finest and the coarsest aggregates of soil.  

Accordingly, the results of Amellal et al. (2001) support the findings of the current study, 
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which suggests a faster break down of hydrocarbon in soils with increasing silt fraction 

as compared to the soils with increasing clay fraction. 

The negative impact that organic matter had on the degradation rate was seen in 

all soils studied. In general, for the soils studied, higher organic matter contents were 

associated with increasing clay fractions. The combination of tiny pores associated with 

a higher clay fraction and an increased amount of organic matter content (OM) might 

have reduced the air movement in soil. Less air movement can cause a shortage of 

oxygen in particular spots of the soil, affecting aerobic activity. Yang et al. (2011) 

noticed lower microbial activity in soils with both the lowest and the highest level of 

organic matter due to nutrition limitation and petroleum sequestration. The current study 

did not directly support this finding, which is possibly related to the abundance of 

nutrients in this study. 

Moreover, organic matter might have served as an alternate food source for the 

microbes (Guo et al., 2012) resulting in a decrease in the degradation of hydrocarbon 

as compared to soils having lower organic matter contents. Broadly speaking, another 

possibility for negative connection of OM with k can be sorption. Sorption of gasoline 

into organic matter and clay might have attributed to substrate limitation (Labud et al., 

2007). Due to the transformation or mineralization of contaminants, enzymes of 

microbial cells need to get direct access to the compound (Bressler and Gray, 2003). 

Sorption of contaminant onto the soil constituents reduces the aqueous and gaseous 

phase concentrations (El-Tarabily, 2002; Harper et al., 2003) and might cause substrate 

limitation in soils which have higher organic matter fractions. Conversely, Del’Arco and 

de Franca (2001) discussed that sorption helped enhance the contact between the 
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contaminant and the microorganism when the contaminant concentration is very low, 

eliminating the substrate limitation problem. However, the negative impact of organic 

matter on the degradation rate constant also agrees with the conclusions made by 

several other researchers (Eyvazi and Zytner, 2009; Harvey et al., 1986; Scully et al., 

2003). 

Review of the parameters in the regression models showed that petroleum 

degraders are the core factor of biodegradation as the relationship was positive with 

degradation rate constant. This contradicts the findings of Figure 6.5, where an increase 

in PDB appeared to be negatively related with kStg2-Obs. The microorganisms are 

extremely sensitive and their population is highly reliant on the environmental 

conditions. A minor variation in the ecological and environmental conditions can 

influence growth and activity, and affecting biodegradation rates (Eyvazi and Zytner 

2009). Similar variation with minute differences in the environmental factors was seen in 

the PDB for different treatments and this was related to the sensitivity of microbial 

response. 

Both correlations suggest that PDBs are a dominant factor. The initial population 

of petroleum degrading bacteria increased considerably during Stage-1, while small 

changes in the microbial number were noticed during the remaining days of the 

experiments. The average initial population of petroleum degrading bacteria was 6.08 

cfu/g of soil for Delhi soil, 6.23 for Elora, 6.11 for Mixed, 6.56 for RT 1 and 6.57 cfu/g of 

soil for RT-2. The major increase in the population of petroleum degraders was seen 

before transition in the degradation rate from Stage-1 to Stage-2. The asymmetric 

increase of PDB was seen in different soils from d0 to d8 such as: 13 % increase in 
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Delhi, 10 % in Elora, 11 % in Mixed, 4.5 % in RT-1 and 6.7 % in RT-2 soil. This 

asymmetrical increase in PDBs in dissimilar soils did not appear to decrease the 

dominancy of PDB in the second stage regression model. 

Given the lower initial count and higher rate of increase in the population of PDB 

for Delhi soil when compared to the RT-1 soil, the microbial population for Delhi and RT-

1 reached a comparable level on d8. In analogy to Stage-1, the degradation rate for 

Delhi soil was still higher than RT-1 even for Stage-2. At this point, the higher PDB for 

Delhi soil came up as stronger factor because the values for the remaining input 

parameters were similar for both the stages. In other words, the fitting parameters for 

the second stage were similar to the variables for the first stage except for varied values 

of PDB. Conditions and results for the remaining three soils, Elora, Mixed, and RT-2 

were also similar. Moreover, a higher initial population of petroleum degraders in RT-1 

on d0, with little increase in their population during the period of treatment also support 

smaller k values for RT-1. 

 

6.5.3. Scale-up Factor (SF) 

Given the good experimental conditions which included successful stimulation of 

the microbial population to degrade the synthetic gasoline and minimal volatilization, the 

difference in degradation rates between the micro and meso scale is believed to be 

mainly ascribed to scale-up factors (Khan and Zytner, 2013). Scale-up factors include 

microorganism population, availability of nutrients and substrate, easy access to 

oxygen, adsorption/desorption, inter-phase transfer, soil type, soil heterogeneity, water 

contents and weathering of contaminant (Patros, 2009; Ko et al., 2007).  The existence 
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of scale dependent rates emphasizes the need for correctly adjusting respirometer data 

from degradation assessment studies before transferring the results to the field.  The 

parameter for doing so is called the scale-up factor (SF). 

The scale-up factor was calculated by dividing kStg2-P by kE as both represent the 

long term degradation that develops at a remediation site (Khan and Zytner, 2013).  The 

specific degradation rates for kE were calculated using Equation 6.1, while kStg2-P was 

calculated using Equation 6.7.  For the soils tested, Delhi, Elora, Mixed, RT-1 and RT-2, 

the corresponding scale-up factors were 2.6, 1.9, 1.9, 1.1, and 1.7 respectively. Taking 

the average for all soils tested gives an SF of 1.8 ± 0.5. 

These scale-up factors showed that the increase in volume of soil in the macro-

reactors increased the rate of hydrocarbon degradation. Combining the results of a few 

studies conducted on small, medium and large scale support the scale related findings 

of current study. Parker and Burgos (1999) conducted a micro-scale study using 

respirometer with fresh diesel and found that the degradation rate was 5 mg diesel/kg 

soil/day with unlimited oxygen present. A meso-scale (1.5 kg soil) study conducted by 

Widrig and Manning (1995) showed degradation rates of approximately 14 mg TPH/kg 

soil/day. Moller et al. (1996) conducted a study of large scale (6m3 of soil) and 

determined degradation rates of approximately 23 mg diesel/kg soil/day. On the basis of 

previous studies Cort et al. (2001) also indicated a possible trend toward increasing 

degradation rates from batch to larger scales.  

Ko et al. (2007) found increased activation energies of biodegradation with scale-

up process from batch (small) through pilot (medium) to large or field-scale land 

farming. Increased activation energy indicated the potential of higher rates of 
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hydrocarbon degradation on a larger scale. During their study, Ko et al. (2007) reported 

some inhibitory factors such as: lower concentration of oxygen, poor diffusion of 

chemicals, and smaller initial population of biomass. Ko et al. (2007) also emphasised 

that to consider the scale-up effect quantitatively, the biodegradation rate was a function 

of diffusion phenomena related with microbial activity. This is where volume of soil, 

scale of treatment, distance travelled by air or chemicals come into play. In other words, 

the diffusion of oxygen and chemicals can strongly be related with volume of soil and 

distance traveled by the flowing air from point of entry to the point of exit. This finding 

suggests, diffusion can be a major factor directly affecting the scale-up of degradation at 

soil remediation sites. For the current experimental setup, diffusion was improved by the 

gradual radial flow air taking place as compared to the micro-scale set-up in Eyvazi and 

Zytner (2009). 

Figure 6.8 displays the relation of scale-up factors determined through kStg2-P/kE 

with soil texture, PDB, and OM.  The sharply ascending line of sand on the larger scale 

showed that an increase in sand fraction of soil significantly increased the value of the 

scale-up factor (SF). At the micro-scale, the higher sand fraction did not have the same 

influence.  Due to the smaller scale, movement of air was not an issue due to the short 

distance from the outer surface to the microbes.  Air supply was through diffusion of air 

from the outer surface, where intra-molecular movement of air was dependent on 

porosity of the soil, and porosity depends upon compaction. 

Figure 6.8 also displayed that the increase in organic matter and clay fraction 

showed a noticeable decrease in SF. At the micro-scale study level, due to size of the 

apparatus, most likely the soil did not have the same density as the field condition and 
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could not exhibit the response/effect of the variables as prominently as the meso-scale. 

Similarly, an increase in PDB and silt fraction also showed a decrease in SF but this 

decrease is not as sharp, indicating that the microbial mass and silt were equally 

influential in both scales. Accordingly, the largest value of SF (2.6) for Delhi soil among 

all soils can be related to the highest fraction of sand. Likewise the smallest value of SF 

for RT-1 might have appeared due to the largest contents of organic matter in RT-1. 

The moderate combination of parameters in remaining three soils exhibit SF close to 2. 

 

 

Figure 6.8: Relation of scale up factor with PDB, soil texture and with organic 
matter. 

 

6.5.4. Application of Correlations 

Consultants or site managers for remediation projects are always interested in 

the careful investigation of technologies prior to the selection of the best option to 

remediate the site. The estimation of remediation cost and time for site closure are the 
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major challenges, where reliable assessment of degradation rates can help determine 

the time of site remediation and then subsequently the cost.  Normally, the 

determination of degradation rates need time-consuming field or laboratory testing.  

However, the newly developed two stage correlations provide an improved means of 

estimating the degradation rates for hydrocarbons in soil. The parameters in the 

correlations are simple and easily measured through straightforward laboratory 

analysis, which makes it a very economical option as compared to a full blown lab 

study. Special care must be undertaken for selection of the sampling point so that 

samples are representative of the whole contaminated site. 

Once the requisite variables are available, the required degradation rates can be 

determined.  These values can then be used to predict time for site closure.  The rate 

coefficients can also be placed into more complex computer models, as they would be 

representative of the site, further improving predictions.  Additional improvement of the 

model predictions would be made by incorporating SF.  The current study shows the 

importance of SFs and suggests that more work is needed to relate meso-scale results 

to field scale results. 

 

6.6. Conclusion 

The results from the current study showed that the biodegradation rate of 

hydrocarbons in soil can be reasonably estimated a two stage system using soil and 

biomass parameters. Correlations were determined by conducting experiments at the 

meso-scale, which provided an improved representation of field conditions. The 

developed first stage correlation (Equation 6.5) for the starting eight days of degradation 
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successfully predicted the degradation rate constants for the soils tested with R2 of 

0.93. Likewise, the second stage correlation with high value of R2 of 0.94 also showed 

that the final model (Equation 6.7) also fitted the data. Both regression models 

displayed a strong positive relationship of silt and PDB with the degradation rate 

constant, while organic matter and clay showed negative relation with k. Among other 

variables, the initial population of petroleum degraders appeared as a major factor 

affecting the biodegradation rate of gasoline in soil. 

Comparison of results from the micro-scale (Equation 6.1) and meso-scale 

(Equation 6.7) correlations suggested that the scale-up factor (SF) ranged from 1.1 to 

2.6 depending upon the type of soil. The average SF value was 1.8±0.5, showing a 

reasonable spread of all the soils tested.  The smallest value of SF (1.1) was related to 

the negative impact of increasing OM as in RT-1. The largest SF (2.6) was for Delhi soil 

having high sandy fraction, which was reasonable. 

The resulting empirical correlations provide an easy means of assessing 

degradation potential, minimizing the need for time-consuming laboratory studies. 

Appropriate estimation of degradation rates will allow consultants or site managers to 

carefully investigate the technologies and select the best option for the site remediation.  
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CHAPTER 7                                                                                     

SUMMARY OF THESIS AND GENERAL CONCLUSIONS 

Review of the literature raised a concern related to the remediation of petroleum 

hydrocarbon contaminated soils due to the high toxicity, carcinogenicity and risks they 

can pose to human and environmental health. A remediation technology that is gaining 

recognition is bioventing, as it is a natural process, cost effective and capable of 

remediating contaminants left behind by other soil remediation techniques.  Despite the 

great potential of bioventing, it still faces some operational challenges. One is the 

perception of scale dependent phenomena that hinder the application of micro-scale 

results to the field scale. To help bridge the gap between the micro and field scale, 

experiments were conducted on the meso-scale.  Results from the current study show 

that biodegradation rates for different soils can be predicted from soil properties and 

that a scale-up factor is needed. 

Chapter 7 summarizes the selection and testing of experimental apparatus used 

for this study and provides an overview of the important results from the meso-scale 

degradation experiments, including degradation rate, predictive correlation and scale-up 

factor. 

 

7.1. Validation of Experimental Apparatus 

In order to validate the meso-scale experimental system, two soils (Delhi and 

Elora) were tested under set conditions. The preliminary results revealed a few 

disparities; however, minor modifications were made in the original design of the meso-
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scale system to overcome the differences. Summary of adaptations and the apparatus 

evaluation results is as below: 

 Homogeneous distribution of additional water in the reactor soil was 

achieved by injecting water with the help of a long metallic needle and a 

syringe. The microbial population flourished as a result. 

 Oxygen was not a limitation as its concentration in the off gases always 

displayed oxygen level above 16 %. 

 Adaptation of a reduced well screen depth and glass wool wrapping 

around the reactors, eliminated short circuiting of air, reducing the level of 

gasoline volatilization from 2.5 % to 0.03 % of its initial concentration. The 

modification also exhibited reasonable improvement in maintaining of 

good water content in the soil, resulting in a moderate increase in the 

population of petroleum degrading bacteria. 

 Activity of aerobic microorganisms was affirmed by testing the degradation 

of hydrocarbons in sealed reactors, which contained similar mass of 

contaminated soil. Fast decline of oxygen in the sealed reactors and a 

reasonable increase in the population of petroleum degrading bacteria in 

MSRs was observed and these two results confirmed the aerobic 

biodegradation of hydrocarbon at the meso-scale. 

 A favourable hydrocarbon degradation environment was observed, with 

hydrocarbon degraders present in all five soils.  The population of PDB 

increased significantly from d0 to d8 and in general fraction of PDB rose to 

around 86 % of THB by d8. The proportion of PDB for the meso-scale was 
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somewhat higher than the microbial results of micro-scale which remained 

close to 80 % of THB.  This suggested that the degradation potential in the 

larger scale was better or in other words more like optimum conditions. 

On the whole, a good level of oxygen, essential good water contents in soil, 

minimal volatilization and moderate increase in the population of PDB demonstrated 

that the meso-scale reactor system was a suitable apparatus for determining the 

degradation rate constant. In addition to the increase of PDB population at meso-scale, 

fast decline of oxygen in sealed reactors confirmed the aerobic biodegradation of 

hydrocarbon at the meso-scale. 

 

7.2. Degradation Rate Coefficients 

Testing and modification to the meso-scale reactor (MSR) gave confidence in 

using the MSR system to determine degradation rate constants at the medium scale.  

Combined with the good repetition of the results in the various replicates, confidence 

was gained in the results. Summary of the conclusions made from the results is as 

below: 

 Replicates from all the soils tested exhibited a similar trend, showing that a 

two-stage degradation pattern existed at the meso-scale when compared 

to the single-stage first-order degradation rate determined in the micro-

scale study. 

 Higher degradation rate was observed during the initial eight days of 

experiment (Stage-1) as compared to last 22 d (Stage-2). 
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 The smaller fractions of hydrocarbon appeared to be the favourite carbon 

sources for the microorganisms and smaller fractions were degraded at 

faster rates than the larger fractions during the initial eight days of 

incubation.  

 Fast increase of microbial population during the initial seven to eight days 

and the preferred action of microbes was considered the basis for the two 

stage degradation processes.  

 The rate of hydrocarbon degradation during Stage-1 was 0.598 d-1 for the 

Delhi soil, 0.477 d-1 for Mixed soil, 0.46 for Elora soil, 0.413 d-1 for RT-1 

soil and 0.444 d-1 for RT-2 soil. Likewise, the rate of hydrocarbon 

degradation for Stage-2 was 0.123 d-1 for Delhi, 0.093 for Mixed soil, 

0.075 d-1 for Elora soil, 0.035 d-1 for RT-1, 0.041 for RT-2 soil. 

 Overall, the degradation rates for the loamy sand (Delhi) soil were higher 

than the four other soils such as silt loam (Elora), sandy loam (Mixed), 

very fine sandy loam (RT-1), and sandy clay loam (RT-2). Higher 

degradation rates in soils with larger sand fraction are consistent from a 

soil type perspective. 

The higher degradation rate demonstrated that the meso-scale reactors were 

providing an optimum degradation environment for the microbes. As such, it was 

considered important to revise the micro-scale correlation through incorporation of 

meso-scale results. 
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7.3. Meso-Scale Correlations and Scale-up Factors 

The results from the current study showed that the biodegradation of 

hydrocarbons can be estimated in two phases by using soil and biomass parameters. 

Accordingly, newly developed two stage correlations displayed encouraging results 

such as: 

 The developed first stage correlation (Equation 6.5) for the initial eight 

days of degradation successfully predicted the degradation rate constants 

for the soils tested with R2 of 0.93.  

 The second stage correlation with high value of R2 (0.94) also showed that 

the final model (Equation 6.7) fitted the data reasonably well. 

 Both the regression models displayed strong positive relation of silt, and 

PDB with degradation rate constant while organic matter and clay showed 

negative link with degradation rate constant (k). 

 Among other variables, the initial population of petroleum degraders 

appeared as a major factor affecting the biodegradation rate of gasoline in 

the soil. 

 Comparison of observed and predicted values of degradation rate 

constant advocated the reliability of prediction correlations with high 

values of R2 0.93 for Stage-1 and 0.94 for Stage-2. 

Results acquired from meso-scale experiment also revealed scaling effect. 

Comparison of hydrocarbon degradation coefficients determined through the 

experimental values on meso-scale and estimated values obtained from micro-scale 

correlation (Equation 6.1) suggests that: 
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 Degradation rates increase when scale of experiments increases 

 The SF calculated through experimental data was 2.7 for Delhi soil, 1.9 

for Elora soil and 2.2 for Mixed soil, 1.05 for RT-1, and 1.7 for RT-2 soils. 

Similarly, comparison of degradation rate coefficients estimated through micro-scale 

correlation (Equation 6.1) and the rate estimated through meso-scale correlation 

(Equation 6.7) was also made. 

 Comparison of both the estimated values also suggested scale up factor. 

 The predicted SF was 2.6 for Delhi soil, 1.9 for Elora, 2.0 for Mixed soil, 

1.1 for RT-1 and 1.7 for RT-2. 

 Increase in the fraction of organic matter showed noticeable decrease in 

the rate of hydrocarbon degradation, so the smallest value of SF (1.1) as 

in RT-1soil was related to the negative impact of increasing organic matter 

contents. 

 The largest SF (2.6) was for Delhi soil containing high sandy fraction with 

better aeration probability in sand and this SF was also a reasonable 

value. 

 The average SF value was 1.8 ± 0.5, presenting a moderate spread of all 

the soils tested. 

SF estimated through meso-scale correlations or calculated by using 

experimental data are very similar values which also strengthen the reliability of the 

correlations. 

The resulting empirical correlations are easy and dependable tools for estimation 

of the degradation potential. These correlations will reduce prediction cost by avoiding 
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expensive and time-consuming laboratory studies. Appropriate estimation of 

degradation rates will allow consultants or site managers to carefully investigate the 

technologies and select the best option for the site remediation. 
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CHAPTER 8                                                                            

CONTRIBUTION OF RESEARCH AND SUGGESTIONS FOR FUTURE 

WORK 

8.1. Contributions to Knowledge  

 

For the completed work in soil remediation, specifically bioventing, the following 

knowledge has been gained:  

i. The study revealed two stage degradation patterns, with faster rate of 

degradation during the first 8d and slower rate afterwards. Similar results have 

also been reported by other researchers, who have attributed these findings to 

nutrient or oxygen limitation in the soil. In the current study, neither nutrients nor 

the oxygen were limited, and volatilization was also negligible. Hence two stage 

degradation trend can relate the performance of microorganisms under ideal 

conditions. 

ii. To the author’s knowledge, this is the first meso-scale study investigating the 

potential of aerobic remediation of hydrocarbon, where multiple soils were 

studied with numerous replicates in which air flow was radial and evenly 

distributed in the soil profile. The apparatus successfully allowed the application 

of optimum conditions for effective bioremediation of hydrocarbons at medium 

scale. 

iii. Development of a correlation to estimate the biodegradation rates of 

hydrocarbons from soil properties and microbial parameters is a recent 

research approach being used at larger scale. Functional relationship of 
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parameters and newly developed correlations can facilitate the end user of the 

technology for the estimation of site closure time. 

iv. The increase in experimental scale displayed an increase in the rate of 

hydrocarbon degradation. Findings of the study suggests that site remediation 

or site closure time can significantly be reduced by providing optimum 

conditions for the microbial degradation of hydrocarbons. 

 

8.2. Suggestions for Future Research 

The current study found numerous applicable results; however, precision can be 

acquired by continues investigation and refinement. In view of that the following 

suggestions may help improve future hydrocarbon remediation research plans. 

i. Current study on meso-scale exhibited that increase in scale of operation also 

increased the rate of hydrocarbon degradation. During the meso-scale 

experiments, the conditions were ideal while at field scale, changes in 

conditions can vary the scale factor. As such, further research should be carried 

out on large or column-scale, to compare degradation results with the findings 

of micro and meso-scales. The two stage degradation trend should also be 

verified through column-scale study. 

ii. Manual mixing of spiked gasoline into the soil was a time consuming and labour 

oriented task. This intensity can increase for the experiments with a larger mass 

of soil. As such, a mechanical mixing system should be selected and arranged 

for the uniform mixing of spiked hydrocarbon in the soil. In order to avoid highly 

volatile gasoline components, this mixer must have air tight configuration and if 
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possible with some cooling system. The size of soil mixer should also be 

compact to fit in the fume hood. 

iii. Typical gasoline has wide range of hydrocarbon with certain additives and 

blending agents, while current study uses one defined composition and 

concentration of synthetic gasoline. Future research with retail gasoline should 

be conducted to compare the results. 

iv. Very slow rate of hydrocarbon degradation in sealed reactor showed significant 

impact of produced gases upon aerobic degradation. A few treatments showed 

major decline in the rate of oxygen consumption when oxygen level was less 

than 10 %. This finding needs to be verified from an extension study. 

v. The preferred degradation pattern of petroleum degrading bacteria for different 

compounds should further be investigated. This should be done to find out the 

tendency of microbes upon various fractions for different classes of 

hydrocarbons such as: saturates, aromatics, ketones etc. 

vi. Literature research indicated importance of metabolites in determining 

hydrocarbon degradation pathways. Beyond several unsuccessful efforts, 

metabolite information could not be collected due to limitation of different 

laboratories for running set of compounds. Analyzing metabolites formed by the 

bacterial biofilms could help comprehend the nature of the obligate aerobes and 

how they consume hydrocarbons. 

vii. Oxygen sensors used in the current study worked well in light concentration of 

hydrocarbon in off gases; however it could not sustain the high concentrations 

of hydrocarbon, especially in the diffusion phase. Therefore, for similar research 
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in future, the oxygen sensors should be handled such that they do not come in 

contact with the pure phase of petroleum hydrocarbon. 

viii. Investigation related with effect of organic matter on bioremediation at column 

scale can also be useful for setting better soil remediation guidelines. 

Investigation for organic matter may include: 

a. Effect of organic matter for different composition of chemicals, different 

textures of soil, and upon scales of treatment. 

b. Consumption of organic matter as an alternative food and its effect upon 

biodegradation rate of hydrocarbons. 
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Appendix I 

 
RESULTS OF ALL MESO-SCALE EXPERIMENTS 

(TPH concentration versus duration of treatment) 
 

1. Experimental Results of Delhi soil 
 
Table: I-1.1 

Summary of Data with Delhi Soil in Meso-scale Reactors 

Experiments 1, 2 

Delhi-1 Delhi-2 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

0.0 1989.29 0.0 2016.60 

1.8 955.52 1.8 981.23 

4.0 148.00 4.0 141.68 

4.8 63.59 6.1 45.59 

6.8 37.17 8.0 18.92 

8.8 18.89 10.0 17.37 

11.0 9.49 11.8 4.62 

12.8 12.15 14.0 4.89 

14.9 2.90 18.0 5.07 

16.9 2.06 19.8 3.23 

18.9 1.48 22.0 2.71 

20.7 0.90 23.8 1.95 

21.7 1.18 25.9 3.49 

23.8 3.72 28.0 1.64 

26.7 1.30 30.0 1.05 

28.6 1.75   
 

30.8 1.09     
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Table: I–1.2 

Summary of Data with Delhi Soil in Meso-scale Reactors 

Experiments 3, 4 

Delhi-3 Delhi-4 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

0.0 2746.30 0.00 2436.95 

0.9 1717.04 0.83 1107.12 

1.9 499.03 1.63 367.61 

4.0 338.55 2.58 136.53 

6.0 213.91 3.75 140.20 

8.0 20.68 4.67 133.78 

10.0 9.04 5.67 89.16 

17.8 9.09 6.71 31.49 

21.0 7.01 8.71 10.12 

23.1 2.47 10.92 5.09 

25.1 1.98 13.63 1.86 

28.0 1.76 16.63 1.10 

  
17.67 0.89 

  
19.67 0.83 

  
21.88 0.74 

  
23.92 0.51 

    30.00 0.35 
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Table: I–1.3 

Summary of Data with Delhi Soil in Meso-scale Reactors 

Experiments 5,6 

Delhi-5 Delhi-6 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

0.0 2205.61 0.0 2253.85 

1.0 1406.23 0.9 1038.81 

1.9 1041.52 2.9 244.59 

2.9 794.68 3.9 100.63 

3.9 323.18 4.9 90.24 

5.9 151.68 6.0 84.30 

7.0 40.11 6.9 35.58 

8.2 16.40 8.0 5.55 

9.1 9.96 9.0 5.10 

10.2 24.05 11.1 3.86 

13.3 17.46 12.8 2.38 

15.2 10.38 14.8 2.01 

17.0 10.36 15.8 2.80 

19.0 5.21 18.0 2.50 

22.0 4.76 19.6 1.21 

25.0 2.97 21.9 1.10 

27.0 1.46 24.0 0.82 

30.0 1.23 25.7 0.78 

  
27.9 0.52 

  
30.0 0.42 

    32.8 0.17 
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2. Experimental Results of Elora Soil 
 

Table: I–2.1 

Summary of Data with Elora Soil in Meso-scale Reactors 

Experiments 1, 2 

Elora-1 Elora-2 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

0.0 1262.29 0.0 1412.07 

4.0 444.36 1.2 624.17 

6.0 649.44 3.3 261.50 

8.2 12.78 5.2 89.91 

10.0 6.40 7.1 177.84 

12.2 2.08 8.0 9.30 

14.2 3.42 10.0 6.37 

16.2 2.96 11.8 4.02 

17.9 1.90 14.0 4.89 

18.9 1.60 18.0 5.07 

21.0 2.33 19.8 3.23 

24.0 1.90 22.0 4.71 

26.0 1.35 23.8 3.96 

28.2 2.24 25.9 2.50 

30.2 2.35 28.0 2.64 

    28.1 2.79 
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Table: I–2.2 

Summary of Data with Elora Soil in Meso-scale Reactors 

Experiments 3, 4 

Elora-3 Elora-4 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

0 2334.26 0.0 2164.85 

1 1078.49 0.8 877.19 

2 496.76 1.7 157.60 

4 251.74 3.7 152.87 

6 98.19 4.7 94.11 

8 46.16 6.0 53.20 

9 18.83 7.7 36.58 

10 10.62 9.1 29.77 

13 4.94 10.9 25.10 

14 5.52 12.8 11.60 

16 3.93 17.0 8.16 

19 3.88 19.9 5.73 

20 5.55 21.8 6.00 

22 3.00 29.0 4.30 

26 2.14 29.8 3.25 

28 3.97 31.8 4.80 

    32.8 3.94 
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Table: I–2.3 

Summary of Data with Elora Soil in Meso-scale Reactors 

Experiments 5, 6 

Elora-5 Elora-6 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration (d) 
Concentration (mg of 

gasoline/kg of soil) 

0 2180.09 0 2435.14 

1 948.83 1 967.61 

2 144.38 2 628.68 

3 134.37 3 146.07 

4 280.69 4 174.37 

6 41.64 5 114.23 

7 79.80 6 285.84 

8 3.33 7 161.65 

9 3.37 8 39.19 

10 2.23 9 9.89 

12 2.16 10 18.20 

14 1.67 12 10.45 

16 1.99 14 9.99 

18 1.86 16 7.83 

20 1.97 18 5.12 

22 1.94 20 6.23 

26 1.31 22 4.89 

28 1.46 26 7.34 

30 1.31 28 3.13 
    30 3.20 
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3. Experimental Results of Mixed Soil 
 

Table: I–3.1 

Summary of Data with Mixed Soil in Meso-scale Reactors 

Experiments 1, 2 

Mixed-1 Mixed-2 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

0 2063.43 0 2164.72 

1 1051.71 1 1189.34 

2 709.75 2 820.98 

3 322.18 3 669.19 

4 165.92 4 97.98 

5 124.54 5 132.74 

6 157.58 6 113.51 

7 92.47 7 76.78 

8 28.00 8 45.14 

9 18.37 10 39.98 

11 10.83 12 17.16 

13 13.60 14 16.77 

15 10.77 16 12.54 

17 11.49 18 16.71 

19 6.48 20 12.12 

21 7.98 22 9.52 

23 6.56 24 10.81 

27 3.04 27 7.71 

30 2.10 30 2.99 
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Table: I-3.2 

Summary of Data with Mixed Soil in Meso-scale Reactors 

Experiment 3 

Mixed-3 

Duration (d) 
Concentration (mg of gasoline/kg of 

soil) 

0 2099.14 

1 1066.95 

2 398.69 

3 337.86 

4 139.18 

5 79.01 

6 92.51 

7 72.38 

8 41.14 

10 30.55 

12 28.92 

14 14.14 

16 14.44 

20 17.52 

22 8.90 

24 10.64 

26 7.29 

28 6.75 

30 3.50 
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4. Experimental Results of RT-1 Soil 
 

Table: I–4.1 

Summary of Data with Ridgetown (RT-1) Soil in Meso-scale Reactors 

Experiments 1, 2 

RT-1.1 RT-1.2 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

Duration 
(d) 

Concentration (mg of 
gasoline/kg of soil) 

0 2001.20 0 2301.20 

1 1151.76 1 1551.57 

2 900.59 2 935.59 

3 525.36 3 615.36 

4 997.49 4 998.75 

5 578.98 6 345.78 

6 98.99 7 208.37 

7 50.70 8 59.45 

8 88.45 10 27.34 

10 26.90 13 20.45 

12 26.98 14 21.10 

14 18.09 16 14.58 

16 14.98 18 13.59 

18 24.05 22 17.06 

22 15.96 24 15.93 

24 13.91 25 12.12 

25 16.18 28 11.69 

28 13.68 29 11.08 

29 13.78 30 12.43 

30 11.43     
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5. Experimental Results of RT-2 Soil 
 

Table: I–5.1 

Summary of Data with Ridgetown (RT-2) Soil in Meso-scale 
Reactors 

Experiment 1 

RT-2.1 

Duration 
(d) 

Concentration (mg of gasoline/kg of soil) 

0 2219.42 

1 1153.42 

2 597.70 

3 824.80 

4 356.83 

5 104.95 

7 59.33 

9 54.19 

10 28.09 

14 20.65 

17 16.79 

20 19.88 

23 21.99 

24 15.66 

26 16.30 

27 12.45 

28 14.21 

29 10.90 

30 9.80 
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Appendix II 

OXYGEN CONSUMPTION IN SEALED REACTOR 

 

Table: II-1 

Rate of Oxygen Consumption in Sealed Reactor/Bottle with Elora (SBE-1) Soil 

Duration of Treatment Oxygen Contents 

Hrs days % 

0.0 0.0 20.9 

26 1.1 18.1 

50 2.1 16.3 

144 6.0 13.8 

168 7.0 12.7 

195 8.1 11.7 

214 8.9 11 

308 12.8 9.9 

330 13.8 8.8 

354 14.8 8.5 

370 15.4 8.1 
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Table: II-2 

Rate of Oxygen Consumption in Sealed Reactor/Bottle with Elora (SBE-2) Soil 

Duration of Treatment Oxygen Contents 

Hrs days % 

0.0 0.0 20.9 

20.3 0.8 18.4 

22.8 0.9 18.3 

24.8 1.0 17.8 

26.8 1.1 17.7 

29.8 1.2 17.8 

49.5 2.1 14.9 

51.8 2.2 14.7 

74.8 3.1 12.9 

139.8 5.8 11.0 

145.8 6.1 10.9 

164.8 6.9 9.9 

167.8 7.0 9.9 

170.8 7.1 9.7 

188.3 7.8 9.3 

193.3 8.1 9.1 

219.6 9.1 8.8 

265.4 11.1 8.4 

289.6 12.1 7.9 

336.5 14.0 7.4 

360.6 15.0 7.2 
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Table: II-3 

Rate of Oxygen Consumption in Sealed Reactor/Bottle with Elora (SBE-3) Soil 

Duration of Treatment Oxygen Contents 

Hrs days % 

0.0 0.0 20.9 

24 1.0 17.9 

49.0 2.0 13.2 

75.3 3.1 11.5 

96.3 4.0 11.4 

133.8 5.6 10.4 

139.8 5.8 10.3 

159.3 6.6 9.6 

165.3 6.9 9.4 

167.8 7.0 9.2 

180.8 7.5 8.6 

187.3 7.8 8.4 

207.9 8.7 8.3 

235.5 9.8 8.0 

254.9 10.6 7.7 

283.6 11.8 7.1 

310.0 12.9 6.8 

326.8 13.6 6.4 

329.3 13.7 6.3 

360.0 15 6.2 
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Table: II-4 

Rate of Oxygen Consumption in Sealed Reactor/Bottle with Delhi (SBD-1) Soil 

Duration of Treatment Oxygen Contents 

Hrs days % 

0.0 0.0 20.9 

18.5 0.8 18 

25.0 1.0 17.2 

43.0 1.8 15.3 

45.5 1.9 14.9 

67.0 2.8 12.5 

87.0 3.6 11.1 

90.5 3.8 10.6 

93.0 3.9 10.4 

94.0 3.9 10.3 

114.0 4.8 9.5 

121.5 5.1 9.3 

137.0 5.7 8.9 

146.5 6.1 8.7 

159.5 6.6 8.1 

161.5 6.7 8 

167.0 7.0 7.9 

187.0 7.8 7.5 

189.5 7.9 6.9 

194.5 8.1 6.7 

283.0 11.8 (Defect in sensor) 0 
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Appendix III 

Appendix III contains a paper related to computational fluid dynamics modeling of 

meso-scale experimental system. The reference detail of the paper is as follows: 

 
Coffey, Kevin, Khan, Alamgir A., Jamal, Sondus., Zytner, Richard G. (2012). 

Simulating A Bioventing Reactor With A Fluid Dynamics Model Using A Universal 
Biodegradation Rate Coefficient (UBRC).  Proceedings of annual general conference of 
Canadian Society of Civil Engineers, Edmonton, Alberta, June 6-9. 

 
 

 
  



197 
 

3
rd

 International Structural Specialty Conference 
3

ième
 conférence internationale spécialisée sur le génie des structures 

 

 
Edmonton, Alberta 

June 6-9, 2012 / 6 au 9 juin 2012  
 

Simulating A Bioventing Reactor With A Fluid Dynamics Model Using A 
Universal Biodegradation Rate Coefficient (UBRC) 

 

Kevin Coffey
1
, Alamgir A. Khan

2
, Sondus Jamal

3
, Richard G. Zytner

4
 

1 
M. Eng Environmental Engineering Candidate, School of Engineering, University of Guelph 

2 
Candidate Ph.D. Environmental Engineering, School of Engineering, University of Guelph 

3
 M. A. Sc. Environmental Engineering Candidate, School of Engineering, University of Guelph 

4 
Ph.D, P. Eng., School of Engineering, University of Guelph 

 

Abstract: Bioventing is a simple but effective method to remediate gasoline-

contaminated soil.  However, predicting the effectiveness of bioventing requires first 

order degradation rates.  Normally, these rates are determined in small-scale laboratory 

tests.  The challenge is applying these small-scale results to field scenarios.  To assist 

with the scale-up of the results to the field, medium scale bioreactor tests were 

completed to see if small-scale results are still valid.  Included with the medium scale 

experiments was the development of a three dimensional numerical model using 

computational fluid dynamics to simulate the airflow needed for optimum bioventing. 

The modelling system consists of a cylindrical reactor, with a well located in the center 

of equally distributed contaminated soil, to which a small vacuum is applied.  The model 

simulates the effective profiles of the air velocity and pressure gradients. The simulation 

showed that various aspects of bioventing systems including well screen depth, airflow 

rate and water content impact volatilization and ultimately the degradation behaviour.  
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The biggest impact was from pore-gas velocities, showing the importance of appropriate 

values to maintain optimum degradation conditions when determining the 

biodegradation rate coefficient. 

 

1. Introduction 

Bioventing is an in-situ method that stimulates microbial entities within the soil 

allowing for biodegradation to occur. This method of bioremediation is cost effective, 

and eliminates the need to treat harmful vaporous components of contaminates, which 

is commonly required in other approaches like air sparging and soil vapour extraction 

(US Army Corps of Engineers, 2002).  Although bioventing shows promise with 

successful applications, modelling and simulating bioventing has had varying degrees of 

success due to the lack of a suitable biodegradation rate.  

The development of a universal biodegradation rate coefficient (hereby referred 

to as UBRC) for the degradation of gasoline through microbial entities in soil has been 

the focus of several experiments at the University of Guelph (Evyazi and Zytner, 2009; 

Hallman, et al., 2003; Patros, T.B., 2009). The UBRC takes into account soil 

characteristics, microbial populations, and kinetics, while simplifying the coefficient to a 

point that allows it to be used in simulations and applications. However, these small-

scale experiments do not translate well to larger scale applications. To evaluate the 

impact of scale-up on the degradation rate, medium scale (meso-scale) experiments 

were conducted in (Khan and Zytner et al., 2010; Khan and Zytner, 2012) to determine 

if the UBRC developed by (Evyazi and Zytner, 2009) was valid for the larger scale. 
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The purpose of the research outlined in this paper was to build a computed fluid 

dynamics model (hereby referred to as a CFD model) to simulate airflow in the 

bioventing process.  This would allow for analysis of the airflow characteristics of a 

meso-scale reactor and investigate the various model aspects that effect bioventing 

performance.  Although CFD models have been used to simulate biodegradation 

previously (Rathfelder, et al. 2000), time restraints and the complexity of modeling multi-

phase flows throughout a domain limit a models ability to be used quickly to establish 

operational estimates for preliminary planning. The focus of the study was directed to 

determining the airflow characteristics throughout the medium, being the one element 

that is continuously mobile throughout bioventing practices, and investigate the effect of 

well screen depth, airflow rate on soil moisture content interacting within a homogenous 

soil and pore-gas velocities on airflow characteristics. These simulations dramatically 

simplify the process allowing for preliminary estimations, and in the future will lead to 

preliminary simulations that would assist in developing site layout plans and operation 

strategies. 

 

2. Methodology 

2.1 Experimental Set-Up  

The experimental apparatus used to determine the UBRC, also used in (Khan 

and Zytner, 2012), was a cylindrical reactor consisting of a porous mesh face, 

homogeneous soil material, and a porous well face attached to a small vacuum pump 

(maximum vacuum pressure available 25” water (approx. -5000 Pa)). The apparatus 

allows for air to be taken from the surrounding atmosphere, through the porous mesh 
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providing a homogeneous flow rate of air throughout the entire medium, from the porous 

mesh face to the porous face of the well located in the center of the medium. The 

reactor itself consisted of 16.8 cm diameter cylindrical mesh base, with a 17.7 cm tall 

well located in the center of cylinder base with a diameter of 2.23 cm. The space 

between the mesh face and the well face was filled with either Delhi loamy sand or 

Elora silt loam. Glass wool was used to surround the mesh face and was held in place 

by a porous polymer shell.  

Soil moisture levels were maintained at approximately 15% soil water content.  

The contaminants utilized for the experiment were selected to simulate typical gasoline 

compounds (Bezerra and Zytner, 2002). The composition of the gasoline consisted of 

3.2% Naphthalene (C10H8), 11.9% 1,3,5-Trimethylbenzene (C9H12), 23.9% m-Xylene 

(C8H10), 36.0% Toluene (C7H8), and 24.9% Isooctane (C8H18) (percentages determined 

on a mass basis). The synthetic gasoline mix and water was assumed to be 

homogeneously mixed throughout the porous media (soil). In each experiment, after 

mixing, the soil concentration was approximately 4000 mg/kg of soil. 

 

2.2 Contaminant Stoichiometry 

Some volatilization is inevitable within bioventing processes, particularly when 

airflow at a low mass flow rate is utilized to provide oxygen to the bacterial population 

(Rathfelder et al., 2000). This flow rate is governed by the pore volume exchange rate 

(the rate at which the gas volume in each pore is replaced with air).  For the experiment 

conducted, the effective air mass flow rate was approximately 8.575*10-9 kg/s (0.42 
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mL/min), or the equivalent of 0.5 pore volumes per day for loamy sand and 0.35 pore 

volumes per day for silty loam.  

Typical pore volume exchange rates for bioventing is reported as values of 1 

pore volume per day, but reports have found that 0.25 to 0.5 pore volume per day have 

been effective in bioventing  (US Army Corps of Engineers, 2002). This has been 

estimated to effectively remove gaseous components within the pore gas space (like 

carbon dioxide and the vaporous components of the NAPL contaminants), and allowing 

for oxygen diffusion into the aqueous phase where the microorganisms are located 

(Rathfelder et al., 2000). 

 

2.3 Computed Fluid Dynamics (CFD) Models 

The model of the reactor was constructed utilizing CAD software (NX 7.5 

(Siemens PLC Management Software, 2010), Gambit (ANSYS (2007)), and Fluent 

(ANSYS (2009)). This allowed for a multi-layer cylindrical structure consisting of the 

glass wool barrier, the mesh-grate-mesh barrier, soil, and slotted well face. In order to 

compensate for the relatively thin mesh-grate-mesh and well layers, porous jump 

boundary conditions were used to represent the mesh size and approximate the well 

porous properties.  

After the mesh was applied to all faces of the model and walls, including top and 

bottom, the effective well screen sizes of the slotted well face were used to account for 

the experimental conditions. These include a pressure inlet (atmospheric pressure) and 

outlet (vacuum pressure applied) to apply a pressure gradient across domain, two 
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porous jumps (for the mesh and well face), and cell zones (for the porous spaces being 

glass-wool, soils (Elora and Delhi), and well). 

Inlet conditions were defined as the polymer/glass wool outer face, being the 

outer-most layer exposed to normal atmospheric conditions, and the outlet boundary 

condition was classified as the top of the well to take into account the small vacuum 

pump that brings air through the model. In order to establish a CFD model, a mesh 

needs to be formed to act as a skeleton for the CFD.  

 

2.3.1 Mesh Generation for CFD  

The meshes applied to the well volume used a spacing of interval count of 10 

mesh faces of the Tetrahedral/Hybrid type for the well, and an interval size of 5 mesh 

faces of Tetrahedral/Hybrid type for the remaining volumes. The porous jumps occur at 

the mesh face between the glass wool and soil, and the well face between the soil and 

empty space where the vacuum is applied. 

After the mesh is established, the cell zones of the soils and glass wool need to 

be determined to allow for the flow of gas through porous media. 

 

2.3.1.1 Determining porous properties of the cell zones and porous jumps 

The primary focus of the model is to represent airflow throughout the medium. 

Airflow is primarily affected by the porous media’s properties, and this determines the 

overall effectiveness of the aeration in the media.  The porous properties of concern 

when the model is transferred from the mesh program (ANSYS, 2007) to the CFD 
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program (ANSYS, 2009) are the permeability constant (a), porosity of the porous media 

(ε) and the inertial loss factor (C2).  

To calculate these values the Ergun equation (Ergun, 1952) is utilized and 

combined with specific equations that apply to the thin perforated faces, and glass wool 

specifically.  The Ergun Equations, state that the permeability and inertial loss 

coefficient can be calculated for packed beds (Equations 1 and 2, respectively): 

[1]    
   

   
 

  

      
           (Ergun, 1952) 

[2]     
   

  
 
     

  
             (Ergun, 1952) 

With Dp being the mean particle diameter, and ε being the soil porosity. 

 

2.3.1.2 Glass Wool 

When determining the permeability of glass wool, Equation 3 was used (Tamayol 

et al., 2011): 

[3] K(ε,d) = exp (
            

                  
)        (Tamayol, et al., 2011) 

where K is viscous permeability, ε is defined as the void ratio, and d is the 

diameter of the glass wool fibers. Utilizing Equations 1 and 2, the inertial losses 

coefficient can be established.  

 

2.3.1.3 Mesh-Grid-Mesh interface 

Assuming that the space between the mesh and the grid structure is negligible, 

the inertial loss coefficients are found through estimating the ratio of the thickness of the 

mesh and grid layers, to the diameter of the openings present on the perforated 

surfaces, then utilizing the data set established (Gan, et al., 1997). 
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Since the values are all in series, it can be assumed that the inertial losses 

coefficient can be made to represent the entire mesh-grid-mesh interface by making a 

representative inertial loss coefficient for the entire interface.  This was accomplished by 

applying Equation 4: 

[4] C2(total) = (2C2mesh*tmesh + C2grid*tgrid) 

From (Tamayol et al., 2011), the solid volume fraction can be calculated from the 

solids volume fraction (
 

 

  

  
 .  Therefore the void fraction, ε, can be determined through 

one subtracted by the solids volume fraction. Utilizing the void fraction value and the 

established representative inertial loss coefficient, the mean particle diameter can be 

determined, which allows the void fraction and permeability coefficient to be 

established.  

 

2.3.1.4 Soil 

The properties of the soil depend on the type of soil used. The experiment that 

the CFD is based on utilized samples of loamy sand and silt loam. The soil properties 

are given in Table 1 (Guigard et al., 1996). 

Based on the porosity range, ε (porosity) for Delhi and Elora samples 

respectively will be assumed for the calculations to be 0.43 and 0.5 respectively. The 

mean particle diameter was estimated utilizing the soil texture graph from the USDA 

(Brown, 1998), and assumed to be 0.25 mm and 0.02 mm for the Delhi and Elora mean 

particle diameters respectively. Utilizing the Ergun equations, the permeability and 

inertial losses coefficient were established assuming an anisotropic ratio of 0.1 between 
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the horizontal and vertical air permeability of the soil (Chief et al., 2008). This allows for 

both the horizontal and vertical permeability values to be determined. 

 

Table 1: Soil Properties Used in the Model Runs 

Soil Type Delhi  Elora 
  Loamy sand Silt loam 

   % Sand (by weight) 86.5 34.0 

   % Silt (by weight) 9.0 50.1 

   % Clay (by weight) 4.5 15.9 

   Organic Matter (% weight) 1.2 2.5 

   CEC (cmol+/kg) 8.3 10.2 

   Saturated hydraulic conductivity (m/s) 3.8x10-5 3.6x10-6 

   Bulk Density (kg/m3) 1500-1600 1300-1400 

   Porosity 0.40-0.43 0.47-0.51 

   Mean Particle Diameter (mm) 0.25 0.02 

 

2.3.1.4.1. Effect of soil moisture  

Permeability is largely dependent on the porosity of the soil, which is affected by 

the water content of the porous space.  This also impacts air permeability.  Furthermore, 

soil water content is important to the success of bioventing, since the organisms exist 

within the water content adhered to soil particles. By adjusting gas permeability of the 

soil as a function of water content, the need to simulate dual-phase flows (air and water) 

is reduced.  Finally, by using low pore gas velocities to minimize volatilization, the mass 

transport of liquid phases can be deemed negligible. 

In order to model the effect of soil moisture on air permeability, the permeability 

determined through the ergun equation was considered to be the intrinsic permeability 

of the soil.  In addition, a second factor to model the effective permeability of air relative 

to the intrinsic permeability (Kra) (Army Corps, 2002) was utilized, which was based on 
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the soil characteristics established by (Brooks and Cory, 1964).  Values for θr and θs 

are taken from comparable soils (Carsel and Parish, 1988). 

[5]     
    

     
  

[6] Kra = (1-Se)2 (1-  
    

   

 

2.3.1.5 Well- Slotted Surface  

In determining the perforated behaviour of the slotted surface, the equivalent 

porous spacing acting under similar conditions to the mesh was determined.  The 

inertial resistance coefficient is determined through (Tamayol et. al., 2011b), and utilizes 

a representative particle size.  

 

2.3.1.6 Summary of Permeability and Inertial Resistance Values Used 

Using the various equations outlined, a wide variety of permeability values can be 

input into the CFD model to simulate airflow through the soil, glass wool, mesh, and the 

well face (Table 2). These values are then used to determine the momentum equations, 

needed to determine the pressure gradient across the cell. In the CFD program, the 

momentum equation source term is based on Equation 7, which then leads to Equation 

9 for a value of F.  

[7]       
 

 
      

 

 
        

[8]       
 

 
     

 

 
       

[9] 
 

  
(                                      
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Where ρ is density (kg/m3), ν is velocity (m/s), α is permeability (m2), C2 is the 

inertial resistance coefficient (1/m), μ is viscosity (mPa s), P is pressure (Pa), Δm is the 

mass flow rate (kg/s), τ is the stress tensor, Si is the source term for porous media, and 

F is the model dependent source terms (including porous media sources). (Fluent, 

2002) Where     encompasses the source term Si for porous media momentum. 

Table 2: Effective air permeabilities and inertial resistance values used to model 
gas permeabilities of soil, glass wool, mesh face, and the well face. 

Moisture %   Silt-Loam Sandy-loam 

12 

Permeability 

(m2) 1.89E-13 2.13E-11 

  Inertial Res 1860366 290878 

13 

Permeability 

(m2) 1.27E-13 1.61E-11 

  Inertial Res 2268936 334560 

14 

Permeability 

(m2) 7.90E-14 1.18E-11 

  Inertial Res 2875537 391471 

15 

Permeability 

(m2) 4.42E-14 8.24E-12 

  Inertial Res 3846594 467936 

  Glass Wool Mesh Face Well Face 

Permeability 

(m2) 2.35E-11 0.130307422 15.71484202 

Inertial Res 2.11E+05 2.79285714 2.63 

Porosity 0.75 0.07 0.2 
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3. RESULTS 

The relationship between mass flow (kg/s) and pressure difference (Pa) for the 

two thirds well screen spacing is needed to determine the pressure required to generate 

the chosen mass flow rate for the experiment (9.575*10-9 kg/s).  

 

Table 3: Two Thirds Well Screen Mass Flow (kg/s) from Pressure difference (Pa) 
Relationships for the range of moisture values 

Well Screen Depth (Two thirds) 

      Elora Silt Loam   Delhi Loamy Sand   

Moisture 

Mass flow (kg/s) vs. 

Pressure (Pa) R^2 error 

Mass flow (kg/s) vs. 

Pressure (Pa) R^2 error 

12% y= -5E-09x - 5E-09 0.98973 y= -4E-07x - 3E-11 1 

13% y= -3E-09x - 4E-09 0.99173 y= -2E-07x - 2E-11 1 

14% y= -2E-09x - 3E-09 0.96556 y= -1E-07x + 1E-13 0.99999 

15% y= -1E-09x - 5E-09 0.78632 y= -1E-07x - 2E-10 0.99999 

 

In order to determine the airflow characteristics throughout the porous media, the 

superficial velocities (see Figure 1) were used to determine pore gas velocities (see 

Figure 2), by dividing the superficial velocity by the pore ratio (porosity divided by gas 

content of the pore volume).  

 

                   

Figure 1: Full, two-third, and quarter well screen sizes for bioventing 
apparatus 
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4. DISCUSSION  

When investigating the pore gas velocities passing through the porous space of 

the soil, three aspects were investigated in this study, well screen size, moisture 

content, and mass transport, 

 

 
Figure 2: Average Pore Gas Velocity (m/s) resulting from Pressure 

Difference 
(Pa) for Silt Loam and Loamy Sand for Full, Two Thirds, and Quarter Length 

Well 
Screens 

 

The effects of well screen depth on the soil treated are shown in Figure 2. While 

highly dependent on the anisotropic ratio (in the simulations the anisotropic ratio used 

was 0.1), the choice of a smaller well depth (see Figure 2 – right) generates a higher 

mass flow rate applied to a smaller area.  This increases the risk of volatilization and 

higher pore gas velocities if the mass flow rate is not reduced appropriately. The inverse 

can be seen in a full well screen size, Figure 2 (left), which requires a larger mass flow 

rate to cause velocities that are similar in magnitude. 
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Observing the velocities generated from the two third well screen (Figure 1 - 

middle), the range in pore-gas velocities are limited when compared against the other 

screen sizes (Figure 1 – left and right). The rate at which velocity reduces as it 

approaches the outer perimeter of the model is fairly uniform in velocity reduction. When 

comparing full and quarter well screen sizes, the full screen size does not have a clear 

dispersed range of velocity, and in field conditions the surface aeration would interfere 

with the generation of homogeneous conditions. The quarter screen size does not allow 

enough gas to flow through the medium to affect the entire domain, but generates 

suggested SVE pore-gas velocity values (0.00001 m/s) (US Army Corps Engineers, 

2002), at the early points of the 12% moisture condition.  Considering that the velocities 

affect mass transport of the contaminants as well as the diffusion of oxygen into the 

water contained in the soils necessary for bioventing processes, the two-thirds 

configuration seems like the most realistic choice when attempting to generate 

homogeneous conditions within the soil. These homogeneous conditions are required to 

utilize the UBRC by Kahn and Zytner (2012).   

Table 3 and Figure 1 show that utilizing a mass flow rate of 8.575*10-9 kg/s 

resulted in an average pore gas velocity for the Elora Silt Loam and Delhi Loamy Sand 

of 9.5*10-8 m/s and 3.60*10-7 m/s, respectively. Given that these pore gas velocities are 

generated during the experiment to determine the UBRC, these pore gas velocities 

should be able to determine the arrangement of air injecting and venting stems to 

achieve the pore gas velocity needed to recreate the same pore gas velocity conditions 

used to establish the UBRC in (Khan and Zytner, 2012).  The results also show that the 

resultant pore gas velocities are approximately 100 times lower then pore gas values 
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suggested for soil vapour extraction (SVE) systems. Through selecting a low pore gas 

velocity and mass flow rate, the chance of volatilization is minimized and biodegradation 

is maximized.  

The results also show that moisture content directly affects the gaseous 

permeability of the soil (See Figure 2). This effective increase in permeability slows the 

resultant gas velocities through the medium, while requiring greater pressure 

differences to accomplish flow through the medium.  This is shown in Figure 2 through 

all of the well screen depths having higher pore velocities for the same pressure values 

at lower moisture content. Additionally the moisture level provides a good environment 

for the microbial degradation of hydrocarbon compounds (Rathfelder, 2000).. Taking 

both of these points into account, moistures levels that affect the effective pore gas 

velocities are beneficial in bioventing practices.   

In order to measure an appropriate degradation rate, the NAPL volatilization to 

the gaseous headspace of the porous space has to be minimized during bioventing 

procedures. Although a small amount of volatilization at the beginning of the bioventing 

process to account for the free volatilization is expected, the rate of volatilization and the 

removal of NAPL vapours from the soil media is expected to dramatically drop as 

bioventing proceeds past initial stages. The contaminant vapours diffuse from and into 

the aqueous phase, and adsorb to the particle surfaces of the soils if volatilization is not 

encouraged.  The aqueous phase diffused NAPL component is the only portion of the 

NAPL that can be biodegraded, so encouraging diffusion of the NAPL into a non-

transported aqueous phase while providing oxygen to increase biodegradation are the 

two primary goals. 
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In order to understand the impact of volatilization on bioventing systems and to 

determine if free volatilization can be avoided in bioventing procedures, the critical pore-

gas velocity for each of the contaminants was determined. Based on equations 

presented in DiGiulio et al. (2001), Equation 10 allows for the calculation of the effective 

critical pore gas velocities for NAPL/air mass transfer for each of the components of the 

NAPL mixture, where the pore gas velocity is the critical value where equilibrium shifts 

to NAPL/air mass transfer: 

[10]          
         

       
      

         
  

  
  

 

Where Vc (ng) is the NAPL/air exchange critical pore-gas velocity, Cg/Cg* = ratio 

between observed and equilibrium gas concentrations, d50 = mean grain size, Lc = 

characteristic length of contamination, θg = volumetric gas content of a pore, and Dg = 

free-gas binary diffusion coefficient.  

Given the lack of observed gas concentrations of contaminants within the soil, it 

was estimated that the observed concentration used in Equation 10 was 0.99 of the gas 

concentration at equilibrium, making the Cg/Cg* ratio 0.99. The volumetric gas content 

of pore (θg) was determined based on the water content of pore (saturation), assuming 

that the NAPL content of the pore was negligible. Dg was determined based on entries 

from (EPA, 1996), and (CHEMSpider, 2012a, 2012b). The characteristic length of 

contamination was determined to be the difference between the radius of the well stem 

and the radius of the soil contained within the mesh of the model. This data when used 

in Equation 10 to determine the range in effective critical pore-gas velocities for 

NAPL/air exchange for Loamy Sand and Silt Loam was found to be between 1.3*10-15 to 

2*10-15, and 6.53*10-17 to 9.65*10-17 respectively. Trends established through the 
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calculations found that as moisture content increased the critical pore-gas velocities 

increased, and the contaminants critical pore-gas velocities in order of highest to lowest 

were toluene, 1,3,5-Trimethylbenzene, m-Xylene, Isooctane, and Naphthalene, 

respectively. 

The difference between these calculated values and the estimated simulated 

values shown in see Figure 2, show that free-volatilization is difficult to avoid. The pore 

gas velocities have to provide enough airflow through the domain to provide 

opportunities for oxygen exchange stimulating biodegradation, but since the calculated 

range of values, found through Equation 10 are so low it, is believed that not enough 

oxygen would be transferred to encourage biodegradation.  Review of the estimated 

values suggests that the free volatilization will always occur in the initial stages of any 

bioventing process. As the observed concentration of gas approach the equilibrium 

concentration in the gaseous pore headspace, the effective velocity to cause removal of 

the compounds decreases dramatically. This can account for the 2.7% of compounds 

volatilized off the model at the beginning of bioventing (Khan and Zytner, 2012). It 

should be noted that as the moisture increases, the effective critical pore-gas velocity 

also increases to meet the demand for NAPL/gas exchange. 

 

5. SUMMARY 

Through the development of a simple one-phase CFD model, the pore-gas 

velocity average expected value within the soil profile was determined. Utilizing these 

values to represent the airflow behaviour throughout the medium is better than 

depending on the pressure range across the medium.  It allows the use of effective 



214 
 

pore-gas velocity when determining mass flow ranges of air needed to determine the 

UBRC for a given homogenous soil type, under certain conditions.  

When investigating the affect of moisture and well screen size, several findings 

were made. As expected, the pore-gas velocity was found to decrease as water content 

increased. With the soil moisture necessary to provide a habitat for microorganisms 

responsible for biodegradation, the drop in velocity was deemed beneficial to increasing 

oxygen exchange and limiting volatilization.  The well screen size was found to affect 

pore-gas velocity, by increasing velocities when screen size was reduced and reducing 

velocity when screen size was increased, if the same mass flow rate was utilized. 

Failure to account for this would affect the UBRC and the resulting scale-up factor. The 

well screen size also is dramatically influenced by the anisotropic ratio. 

Further tests are required for different soil types to evaluate the impact of 

permeability on pore-gas velocities.  However, the simple model described in this paper 

is relatively quick and should enable professionals working in the field to quickly 

estimate the required pore-gas velocities to determine UBRCs when developing 

bioventing plans for the remediation of contaminated zones. 
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Appendix IV 

MATERIAL AND METHODS 

1. Materials and Supporting Systems 

Soils, chemicals, supporting instruments, and testing apparatus are four major 

components of materials. The following text describes these materials with their 

application and relevant suppliers. 

 

1.1. Soils 

Four types of soils having varied characteristics were collected from the 

cultivated fields of different research stations within Ontario. One type of soil was 

collected from the Elora research station situated 21 km to the north-west of Guelph and 

second soil was from the Delhi Research station which is 120 km to the south of 

Guelph. The two remaining soils were collected from two different fields of the 

Ridgetown research area, where Ridgetown is located around 200 km to the south-west 

of Guelph. The fifth type of soil was made by mixing equal mass of Elora and Delhi 

soils. 

Delhi soil was obtained from a tilled field after harvesting a soybean crop and 

Elora soil was collected from ploughed land after harvesting a maize crop. Both fields 

for the Ridgetown (RT) soils were unploughed, with previous crop of soybean for RT-1 

and wheat for RT-2. 

In order to achieve uniformity, all soils were air dried and sifted by passing 

through sieve having 2 mm particle mesh openings. This process helps to remove 

stones, debris, clumps of soil resulting in an even form to carry out testing. Elora, Delhi 
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and Mixed soils were the same soils as used by Eyvazi. However, Ridgetown soils had 

slightly different compositions and properties from Eyvazi’s soils. Sifted and dried soils 

were stocked in ventilating strip woven polypropylene bags and stored at room 

temperature in the laboratory.  

All soils were tested by the University of Guelph Laboratory Services Division 

(UGLSD) for their particle size fraction, organic matter (OM) content, pH, cation 

exchange capacity (CEC), and ammonium content. UGLSD used pipette method for the 

determination of soil particle size distribution including soil sand, clay and silt fractions. 

Soil organic matter and cation exchange capacity (CEC) were calculated by means of 

Walkley-Black method and Barium Chloride method, respectively. The soil textural 

groups were further determined by adapting USDA soil classification system. 

The population of petroleum degrading bacteria (PDB) and water holding 

capacity (WHC) were tested in the laboratory. The plate count method was adapted for 

microbial enumeration and soil column method was used to measure soil water holding 

capacity. 
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1.2. Chemicals 

Different chemicals and reagents were required during treatment and Table IV.1 

lists chemicals used in experiments. 

 

Table IV.1: List of chemicals used in MSR 

Chemical Application Supplier 

   
Ammonium chloride 
(NH4Cl), powder 

Nutrient applied to soil as source of 
nitrogen  

Fisher Scientific 

Calcium carbonate 
(CaCO3) 

Powder applied for enhancing level of 
pH in acidic soil 

Fisher Scientific 

Calcium hydroxide 
Ca(OH)2 

Liquid applied for enhancing level of 
pH in acidic soil 

Fisher Scientific 

Naphthalene Component of synthetic gasoline Fisher Scientific 

1,3,5-Trimethylbenzene Component of synthetic gasoline Fisher Scientific 

m-Xylene Component of synthetic gasoline Fisher Scientific 

Toluene Component of synthetic gasoline Fisher Scientific 

Isooctane Component of synthetic gasoline Fisher Scientific 

 

Table IV.2 lists testing agents used for the extraction of hydrocarbons from soil 

and from sorbent tubes with activated carbon entrapping volatile gasoline. 

Table IV.2: Reagents and materials used for the extraction of hydrocarbons 

Chemical Application Supplier 

   
Methylene chloride (CH2Cl2) TPH extraction solvent Fisher Scientific 

Sodium sulfate (Na2SO4) 
(anhydrous) 

Desiccant in extraction 
process 

Fisher Scientific 

Carbon sorbent tubes (Supelco 

(ORBO® 32 Small)) 

Entrapment of volatile 

hydrocarbon from off gases 

Sigma-Aldrich® 

Glass vials (25 ml capacity) Storage and shaking Fisher Scientific 



220 
 

GC vials (2 ml capacity) with 

snap lids 

Use at gas chromatograph Fisher Scientific 

Disposable 9 inch pipettes Transfer of supernatant 

into GC- vials 

Fisher scientific 

 

Microorganisms reside in pores, on the surface of soil particles and in organic 

matter. Certain reagents were needed for their successful extraction from soil samples. 

Moreover growth media were also required for microorganisms and cell culture. 

Accordingly a number of chemical and/or reagents were used for their extraction, 

cultivation, isolation and for precise counting of microorganisms. These reagents are 

summarized in Table IV.3. 

 

Table IV.3: Reagents used for microbial enumeration 

Chemical Application Supplier 

   
Sodium 
pyrophosphate 

Microbial extraction from soil Fisher Scientific 

Bushnell-Hass 
medium 

Isolation of hydrocarbon-degrading 
bacteria 

Difco laboratories 

Tryptic soy agar Cultivation of heterotrophic bacteria  Difco laboratories 

Granulated agar Solidifying agent for hydrocarbon 
degrading bacteria 

Difco laboratories 

Sodium 
pyrophosphate 
(NaPP) 

A chemical to separate bacteria 
from soil particles 

Sigma-Aldrich® 
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1.3. Assisting Devices/Equipment 

Numerous instruments/equipment were selected and used for the measurement 

of several parameters. Table IV.4 provides the list of instruments used to support the 

testing system. 

Among all, selection of pump capable to draw air from the soil column at required 

rate was critical. Accordingly, pore volume replacement and stoichiometric analysis was 

carried out for determining air flow rate. Similarly, the suction head for pump was 

calculated using Darcy Equations and Thiem’s Method for steady flow in confined 

system. 

 

Table IV.4: List of instruments/equipment used for speedy measurement of 
parameters 

Instrument/equipment Application Make and model 

   
Industrial hygiene 
pumps 

Suction of air from the soil in 
MSR 

Gilian (LFS-113DC) 

Micro flow meter Calibration and monitoring of air 
flow system 

Gilmont (GF-9760) 

Oxygen meter Determination of oxygen level in 
soil and in off gases 

Apogee (MO-200 Series) 

Gas chromatograph with 
flame ionization detector 

Analysis of samples for remaining 
gasoline in soil 

Hewlett-Packard 5890 Series 
II 

Standard vortex mixer Auto constant speed mixing of 
fluid in centrifuge tubes 

Fisher brand 

Reflecto meter (portable 
soil moisture system) 

Measurement of water content in 
soil 

Hydrosense II 
display:(CD660)  Water 
Content 
Probe:(CS658/CS659)  

Syringe (60mL) with 
long metallic needles 

Injection of water into the soil 
depth in MSR 

Fisher brand 

Pipette controller Controlled transfer of chemicals MACRO pipette controller 
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and supernatant to vials 

pH meter Measurement of variations in pH 
of soil 

Accument (AP 125) 

Smoke generator To observe the path of air around 
reactors 

Björnax AB, Sweden (Regin 
S220 Smoke Pen,) 

Steam autoclaving 
system 

Sterilization of tools, and fluids 
prior and after microbial 
enumeration 

SANYO, Autoclave (MLS-
3781) 

Mechanical convection 
oven 

Sterilizing soil through dry heat at 
200oC 

Cole-Parmer (5080-40) 

Multi Wrist Shaker Mechanical shaking of glass vials Multiline 

Orbital Shaker Shaking of soil solution for 
microbial enumeration 

Thermolyne Big Bill Orbital 
Shaker (M49125) 

Powered soil sifter Sifting of soil BM & M, Canada 

Pipettes: 20 – 200 μL, 
and  100- 1000 μL  

Transfer of soil solution for serial 
dilution and onto the media for 
microbial cultivation 

Fisher brand 

Aluminum seal Crimper 
and Decapper 

Capping and de-capping of GC 
vials 

Restek, Fisher Scientific 

Respirator Breathing protection in handling 
hydrocarbon 

Stanley MC P100 

Humidifier Adding up of humid air into the 
reactors 

Custom made 

 

1.3.1. Meso-Scale Reactors 

Biodegradation experiments were conducted in the laboratory using medium 

scale apparatus. The medium scale device was named as meso-scale reactors (MSR) 

and these reactors were originally designed and developed by Patros, (2009). MSRs 

were simple experimental tools to mimic the bioventing process taking place in the field. 

Each MSR could hold 4 kg of soil and their geometry was very much like the 

shape of a circular canister with closed bottom. Suction wells were glued in the middle 
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of the reactor base. Suction well was 17.7 cm tall with a diameter of 2.23 cm. In the 

original design (Patros, 2009), each well had slotted openings throughout the depth for 

drawing air from soil. However, the opening depth was modified and new adaptation 

has been described in section 2.1.2. The vessel of the circular reactor was made with 

honeycombed perforated 316 SS sheet cell and these cells were sandwiched between 

outer and inner layers of plain woven mesh 316 SS. 

The approximate dimension for each cell was 15.9 cm × 15.4 cm × 17.8 cm [O.D. 

× I.D. × H]. These cells with meshes served as a shield to retain small particles of soil 

within the reactor and maintain even inflow of air from the atmosphere toward the soil. 

In order to protect the delicate outer mesh, reactors were placed in porous polymer 

shells in which holes were wide enough to allow frictionless flow of air towards the 

reactors. Shells were made of high density polyethylene (HDPE) and these were 

circular cone in shape with approximate dimensions of 15.9 cm × 20.6 cm × 17.8 cm 

[I.D.(Base) ×I.D.(Top) × Height (H)]. 

 

2. Phases of the Experiments 

The experimental work was broken down into four phases.  Bearing in mind that 

reliability of the tools and observation systems is a key to dependable results. 

Accordingly calibration and validation of the experimental system was considered 

important and this was named as phase one. In phase one, newly developed meso-

scale system was validated and equipped with allied instruments/apparatus prior to next 

action. Second and third phases were the completion of various petroleum degradation 
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experiments, and development of petroleum degradation correlations and then 

estimation of scale up factors was the fourth phase. 

 

2.1. Calibration/Testing of Experimental System (Phase 1) 

The selection and collection of materials was part of the first phase. Moreover, 

during the first phase, air movement tests, smoke tests, and modeling through 

computational fluid dynamics (CFD) were carried out. Determination of sorbent tube 

replacement time, fixing soil sampling intervals, and protocols to prepare and run 

controls were established during the first phase. 

 

2.1.1. Air Movement Test and Calibration of Pumps 

Industrial hygiene pumps (Gelian, LFS-113) were selected to replace produce 

gasses from the mese-scale reactors during bioremediation experiments. The selected 

industrial hygiene pump (Gelian, LFS-113) was a compact low flow air sampling 

equipment. According to pump specifications, flow application range was 1 ml/min to 

350 ml/min and the range for suction head was 450 mm-636 mm (18-25”) of water.  

Effectiveness of the industrial hygiene pumps and tendency of air movement was 

evaluated in two steps. Firstly, soil saturation technique was applied to exam if pump 

could effectively draw air from the soil matrix. Secondly, risk of reverse flow of air from 

the external surface of the reactors was evaluated by watching the path of smoke 

released around the reactor screen. Saturation test was done by increasing soil water 

content in meso-scale reactor. Gradual increase in water content in soil reduced the 

pores resultantly increased the pressure head required. For smoke tests, a smoke 
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generator (Regin S220 Smoke Pen, Björnax AB, Sweden) was used. The smoldering 

wick of a smoke pen produces a continuous trail of non-toxic white smoke. Accordingly, 

a smoke producing pen was placed at a distance of around 100 mm from the outer wall 

of the reactor with the fume hood off and the operating pump on.   

Calibration of the pump for air suction rate was completed with the help of Gilmont 

micro flow meter (GF-9760). Extra resistance to impede volatilization and to slow the 

drying out of soil was incorporated by wrapping a one centimeter thick glass wool 

around the reactor. 

 

2.1.2. Determination of Well Screen Depth 

In the original design of meso-scale reactors, the suction well had slotted 

openings though out the depth for drawing of air from soil. Fear of disrupting airflow 

from the upper slots of the well and uncertainty of uniform distribution of air in the soil 

column required validation of the system. Accordingly, a separate study was carried out 

(Coffey et al., 2012). Computational fluid dynamics (CFD) modeling techniques were 

used to investigate the effect of well screen depth, airflow rate interacting within a 

homogenous soil and pore-gas velocities on airflow characteristics. 

In modeling the meso-scale reactor, a combination of computer aided design 

software were used including NX 7.5 (Siemens PLC Management Software, 2010), 

Gambit (ANSYS (2007)), and Fluent (ANSYS (2009). The resulting model allowed for 

the simulation of airflow through the soil utilizing the methodology applied in the 

bioventing experiments. This model was then used to validate a hypothesis regarding 
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well depth and the use of glass wool to restrict airflow. A summary of the results is 

available in Chapter 4; with a copy of the published paper given in Appendix-III. 

 

2.1.3. Volatilization Test 

Volatilization of hydrocarbons from the spiked soil was monitored by sorbent 

tubes. Sorbent tubes (ORBO® 32 Small) contain activated coconut charcoal. Both ends 

of these capsule shaped glass tubes (70 mm long × 6 mm o.d.) were flame sealed. 

These tubes were designed to absorb vapors when gases pass through them and are 

used with low flow air sampling systems. Each tube has sorbent material in two portions 

containing activated material in the ratio of 40:20 separated by 2 mm urethane foam. 

The longer section contained 100 mg of charcoal was the adsorbing section while the 

second gives break-through control for samples and it contained 50 mg of charcoal. For 

accurate results, volatile gasoline should stay in the first portion of the sorbent tube and 

nothing should cross the partitioning foam towards the break through control. Separate 

testing was carried out to decide the duration for sorbent tube replacement. This was 

done by using two meso-scale reactors with set experimental conditions. 

Procedures related to the installation of sorbent tubes and analyses of captured 

gasoline are summarized in the following text. Carbon sorbent tubes (Supelco ORBO® 

32 Small) were installed in a suction line to capture the amount of volatilized gasoline in 

the off gases. Just before use, the tips of the tubes were snapped off with a tube tip 

breaker. Each tube comes with caps to protect the user from the sharp glass ends and 

to seal the tubes after sampling is complete. However, preference was given to transfer 

the charcoal to the solvent right after removing tube from the system. 
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A solvent extraction method was used for desorption of the TPH compounds 

(Ramírez, et al., 2010). In this method, 10 ml of methylene chloride was used as the 

solvent. The activated charcoal with captured gasoline was transferred to a 25 ml 

borosilicate clear glass threaded vial containing methylene chloride. Inlet and outlet 

charcoals were transferred to separate vials for split analysis. Special care was exercise 

to protect gasoline from volatilization by using Teflon® tape on the threading of vials. 

In order to maintain integrity of the samples and minimize volatilization, efforts 

were made to keep the vials containing volatile material cool. Vials were cooled in a 

freezer for at least one hour, followed by one hour shaking on a wrist shaker.  This 

process was done twice to have 2 h of total shaking. 

 

2.1.4. Air Flow Rate and Aerobic Conditions 

Kampbell and Wilson (1991) suggested extraction and/or injection rate for 

biodegradation should be sufficient to exchange all air in the unsaturated zone in 8 h. 

Likewise, Patros (2009) used criteria to replace soil air at the order of 0.1 to 1.0 pore 

volume (PV) every day for the determination of rate of venting. Patros (2009) calculated 

that 594 days of venting would require exchanging 0.412 m3/MSR. In order to achieve 

these exchanges, Patros suggested the air flow rate 0.482 ml/min/MSR for 594 days of 

hydrocarbon degradation. Conversely, recognising very long period of degradation and 

limitation of experimental time, Patros used an actual airflow rate two order of 

magnitude higher at 14 ml/min/MSR. Adapting this flow rate, Patros noticed major loss 

of hydrocarbon through volatilization. Qureshi (2010) used stoichiometric techniques for 

the replacement of one pore volume per day and suggested 0.72 ml/min air flow rate for 
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the degradation of gasoline in meso-scale reactors. So, the flow rate of 0.72 ml/min was 

adapted in the preliminary testing of apparatus; however, it was modified to 0.42 ml/min 

and the relevant detail can be seen in Chapter 4. 

In order to ensure aerobic conditions through a bioventing arrangement, the level 

of oxygen was monitored in soil. The flow through head of Apogee Oxygen meter 

(Model: MO-200) was placed in the outflow line of gases. Werner et al. (2011) also 

measured soil-oxygen by modifying the flow through head of Apogee MO-201 Oxygen 

Meter. 

 

2.1.5. Gas Chromatograph (GC) 

A Gas Chromatograph (GC) (Hewlett-Packard 5890 Series II) equipped with a 

flame ionization detector (FID) and auto sampler (Hewlett-Packard, HP 7673) was used 

to analyze total petroleum hydrocarbons extracted from soil and sorbent tube samples. 

Operating parameters of Gas Chromatograph were adapted similar to the settings used 

by Eyvazi (2010) and these aspects of processes are being briefly discussed in the 

following text. 

Specific parameters were adapted to operate the gas chromatograph for the 

analysis of soil and sorbent tube samples. One micro liter aliquots of the sample were 

injected into the GC. The operating temperature for the injector was 225 °C and flame 

ionization detector (FID) was set at 275 °C. The oven ramp program began with an 

initial temperature 35 °C. The system held this temperature for 3.5 minutes then 

gradually increased by setting the ramp at 25 °C/min to achieve an operating 

temperature of 200 °C. Once the system achieved the final temperature of 200 °C it was 
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held for 2.4 min, giving a complete run time of 12.5 min.  Between samples runs, the 

syringe of GC was washed with methanol to ensure no residue of previous sample was 

retained in the syringe tip. 

Choosing the proper column is essential for successful analysis on GC. 

Accordingly, the capillary column used for the analysis of synthetic gasoline samples 

was J&W scientific DB5 column. The column was 30 m long with inner diameter of 0.32 

mm and a film thickness of 1 μm. Helium (grade: 5.0) was used as a carrier gas and its 

split column pressure was set at 82.74 kpa (12 psi). 

 

2.2. Procedures for Petroleum Degradation Experiments (Phase 2) 

Synthetic gasoline was used as the soil contaminant and the biodegradation rate 

of gasoline was measured by monitoring the total petroleum hydrocarbon loss during 

the course of the experiment. This was further confirmed through oxygen consumption 

in the air tight reactors and by measuring change in biomass. Accordingly, a second 

phase of experiments comprised the preparation of synthetic gasoline, incubation of 

soil, preparation of controls, spiking soil with gasoline and start of biodegradation 

treatments. 

 

2.2.1. Synthetic Gasoline 

The synthetic gasoline was prepared using naphthalene (3.2 %); 1,3,5-

trimethylbenzene (11.9 %); m-xylene (23.9 %); toluene (36.0 %); and isooctane (24.9 

%) on (w/w) basis. Synthetic gasoline was used as the hydrocarbon source in all 

degradation treatments. The compounds selected for synthetic gasoline were 
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representative of commercial gasoline. A major benefit of the selected mixture was a 

significant reduction in number of compounds which minimized the analysis time and 

cost. Naphthalene, being a solid was measured first for mixing with trimethylbenzene 

and m-xylene. The mixture was placed on the table shaker at operating speed 200 rpm 

until all crystals of naphthalene were dissolved.  Toluene and isooctane having high 

vapor pressures were mixed in the end and bottle was capped and sealed, and placed 

in freezer. 

During handling of these compounds safety was given due importance. 

Accordingly, mixing and shaking were done in a fume hood and prepared synthetic 

gasoline was stored in a freezer for subsequent use. 

 

2.2.2. Preparation of Soil for Experiments 

The sieved soil was stored in the laboratory in the perforated polypropylene bags. 

As stored soil was stocked in dry form, the microorganisms were expected to be 

dormant. Accordingly microbial activity was enhanced by amending the soil with 

nutrients and water before beginning each experiment. Ammonium chloride (NH4Cl) 

was used as a source of nitrogen with TPH as carbon source to achieve a C:N ratio of 

10:1 (Eyvazi and Zytner, 2009). The amount of NH4Cl was calculated taking C based on 

the total petroleum hydrocarbon (TPH) supplied and N depending on initial level of 

nitrogen in soil as well as compensation for TPH. 

Six storage bins of capacity 12 L with free sitting lids were used to weigh and 

incubate the soil. In each bin, 4 kg sieved dry soil was weighed and transferred for 

amending it with nutrients. The required amount of NH4Cl was dissolved in 500 mL of 
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water and the solution was manually mixed with the soil to achieve homogeneous 

mixture. The amended soil was kept at room temperature 23 °C ± 1 for at least 5 days 

and moisture in the soil was maintained at 50-70 % of the field capacity (wt %) of the 

soil. This incubation period allowed the germination and emergence of the 

microorganisms from spores prior to starting the experiment.  

Out of six bins, soil of four bins was utilized for biodegradation experiments while 

soil from remaining two bins was separated for controls. The procedure for the control 

experiments has been elaborated under a separate heading (Section 2.2.3), however, 

precautions and methodology adapted for mixing of gasoline into incubated soil are as 

follows. 

Eyvazi, (2010) reported serious volatilization (above 40 % of mixing gasoline) 

during mixing of synthetic gasoline into the soil. Hence, in order to minimize 

volatilization loss of gasoline during mixing and handling, the temperature of incubated 

soil was decreased through refrigeration. For this reason, around 24 h before start of 

each experiment, bins along with soil were placed in the refrigerator where temperature 

was set to 3 to 5 °C. Moreover, mixing of synthetic gasoline into the soil was done in 

another type of air tight bin having 7 L capacity with tapered bottom. The tapered 

bottom helped uniform mixing of soil without catching soil in the corners. 

World Health Organization (WHO/IPCS, 1998) reported individual PAH levels in 

soil near industrial sources up to 1000 mg PAH/kg of soil. Shewfelt et al. (2005) 

conducted experiments on laboratory scale and used 1500 mg of gasoline/kg of soil. 

During micro-scale experiments, Eyvazi (2010) used initial concentration of TPHs 

ranged from 1000 to 6000 mg/kg of soil and did not find significant affect of initial 
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concentration of synthetic gasoline on the hydrocarbon degradation rates. In order to 

determine results representing general range, initial concentration around 2000 mg of 

gasoline/kg of soil was considered reasonable. Accordingly, the soil was spiked with 

synthetic gasoline to a concentration of 4000 mg/kg of soil as 40-50 % volatilization was 

expected (Eyvazi, 2010) during pouring, mixing and handling. The measured amount of 

synthetic gasoline was added to the 4 kg of incubated soil in five equal amounts, with 

care taken to spread gasoline on leveled surface of soil and immediately covered with 

next spread of soil. These bins were secured with a layer of a polythene sheet as lining 

to further minimize the chances of gasoline volatilization. To assist with homogeneous 

mixing of hydrocarbon in the soil, vigorous shaking of the spiked soil in the bins was 

done manually for about fifteen to twenty minutes. 

After mixing, the soil was transferred from sealed bins to the reactors in lifts and 

manual pressing was done to achieve the required density. Once all the soil was placed 

in reactors, three samples were taken from each reactor to determine the initial gasoline 

concentration in the soil.  

 

2.2.3. Preparation of Controls 

Out of six, two bins of incubated moist soil were used for the preparation of biotic 

and abiotic controls. Moreover, reactors of biotic and abiotic controls were run parallel to 

experimental reactors. In the biotic control, no further amendment in the incubated soil 

was made except maintaining good moisture condition similar to experimental reactors 

throughout the treatment period of thirty days. The biotic control was run simultaneously 

with the other experiments to compare the difference in microbial population. Instead of 
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disturbing soil in experimental reactors, biotic controls were mostly used to monitor 

water content level.  

Abiotic control was prepared by sterilizing the incubated soil. For abiotic control, 

sterilization of 4 kg soil appeared as a big challenge. In comparison to 4 kg in MSR, 

Eyvazi, (2010) used 200 g of soil per respirometer and sterilized this small mass of soil 

through autoclaving. The available autoclaving facility was not adequate to hold large 

masses of soils, therefore abiotic control was prepared by sterilizing soil through dry 

heat method as described by Trevors (1996). 

Incubated/stabilized soil was placed into the oven at 200 °C for 24 h (Alef et al., 

1995). For uniform effect of heating on soil, special care was exercised and soil was 

placed in 1.5–2.0 cm deep layers in aluminum plates. After 24 h of heating in the oven, 

the soil was rewetted using autoclaved water, bringing the water content up to 15 %. Bin 

used for rewetting the soil was also disinfected by washing with antibacterial soap 

before its use. After adding water, the bin was covered with aluminium foil to protect it 

from atmospheric contamination. The wet soil was placed again in the oven at 200 °C 

for an additional 24 h period. Microbial enumeration was done for assessing the 

success of sterilization process. Except the use of sterilized soil, abiotic controls were 

run and analyzed in the same manner as the approach adapted for other bioventing 

experimental reactors. 

All possible precautions were applied to protect the sterilized soil from 

contamination. The sanitized soil was covered and protected by autoclaved aluminium 

foil. Disinfected gloves were used throughout the handling of disinfected soil. Moreover, 

before transferring the sterilized soil into the reactor, the meso-scale reactor was 
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washed with antibacterial soap. Likewise, autoclaved water was always used to 

maintain needed water content in the soil and the soil sampler was disinfected by 

washing with antibacterial soap before taking soil samples from abiotic control. 

 

2.2.4. Sealed Reactors 

Aerobic biodegradation process of hydrocarbon consumes oxygen and evolves 

carbon dioxide (Atlas, 1984; Leahy and Cowell, 1990; Eyvazi and Zytner, 2009). 

Accordingly, the monitoring of oxygen decay was deemed as an important factor. On 

the other hand, the design of meso-scale reactor was made to maintain aerated 

conditions and measurement of oxygen decay was not possible in that set up. Bearing 

in mind that oxygen decay is good evidence for aerobic biodegradation, sealed reactors 

were used for the determination of oxygen consumption trends in contaminated soil. For 

this purpose, soils were prepared and amended with synthetic gasoline adapting the 

same procedure as stated for regular meso-scale reactors. Spiked soil was transferred 

in four glass bottles each having volume of around 4 L.  

The diffusion-head (Model AO-001) of an Apogee Oxygen Meter was placed in 

one of the sealed reactors with the sensor covered by soil about 750 mm from all sides. 

The diffusion-head (3.5 cm long; 3.5 cm dia.; 125 mesh screen) creates an air pocket 

and the sensor installed in the head measures oxygen level through the diffused gases 

of the soil. Instrument guidelines suggest 750mm cover of soil from all sides while the 

suction well installed in the centre of the MSR did not allow this option of soil cover. 

These four bottles were sealed with removable silicon adhesive and scheduled to be 

opened after seven days for soil sampling and to monitor variation in the concentration 
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of gasoline. The sealed reactor having oxygen sensor was scheduled to open on day 

28. 

 

2.2.5. Monitoring of Experimental Parameters 

Typical parameters monitored during the experiments were air flow rates, 

concentration of volatile hydrocarbon and oxygen level in soil and these variables were 

frequently checked through off gas. Soil samples were used to measure the soil pH, 

concentration of total petroleum hydrocarbon (TPH) remaining in the soil column and 

population of petroleum degrading bacteria. Soil water contents, level of nutrients, and 

room temperature were also monitored on a regular basis. 

 

2.2.5.1. Soil pH 

The effective range of soil pH for successful biodegradation of hydrocarbon 

recommended by Dupont, (1993) is 5.5 to 8.5 and USEPA, (1994) suggests optimum 

range of pH from 6 to 8. Hence, the pH was monitored frequently to ascertain good 

biodegradation conditions. All pH measurements were made with a Fisher Accumet pH 

meter and the pH meter was calibrated by using pH 4, pH 7 and pH 10 calibration 

buffers prior to each use. The electrode was washed with deionised water and dried 

with soft tissue paper (kimwipes) before insertion into the next solution. The same 

cleaning method was repeated during testing of soil pH. For storage, electrode was 

inserted into the bottle containing storage solution (or a 50:50 mixture of 4 M potassium 

chloride and pH 4 standard buffer). 
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The pH was measured in a 1:1 soil slurry solution according to the method 

described in Sampling and Methods of Analysis (Carter, 1993) and the same method 

was adapted by Eyvazi (2010). About 10 g of soil was measured and transferred in a 30 

mL vial and the same amount of distilled water was added to the vial on (w/w) basis. For 

mixing, the vial was capped and shaken for 45 minutes on the mechanical wrist shaker. 

After shaking, the solid parts of soil in slurry were allowed to settle overnight. The pH of 

the sample was then measured by inserting the electrode of a pH meter in the liquid 

section of the sample in the vial and the result was recorded. 

The initial level of pH in Ridgetown soils was found to be low and it was improved 

by adding CaCO3 at the rate 2000 mg/kg of soil (Chang et al., 2010).  The subsequent 

enhancement of pH if needed was made by adding Ca(OH)2. 

 

2.2.5.2. Soil Water Content 

Water contents of soil sitting in incubating bins and/or in the meso-scale reactors 

was frequently checked with the help of the Reflecto meter (Hydrosense). This moisture 

meter was portable with a water content probe (rods dimension: 120 mm long, 5 mm 

diameter, 32 mm spacing between the rods). The Reflecto meter was first calibrated 

with the direct method of water content measurement. In the direct method, 

approximately 6 g of soil was measured in a pre-weighed dry aluminum dish and the 

dish with soil was placed in an oven at 100 °C for 24 hours. The dish was then cooled to 

room temperature in the turned off oven and reweighed. The mass of water in the soil 

was calculated as the difference between the mass of soil before and after drying. The 

determined mass of water was then divided by the mass of dry soil collected for 
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measurement and multiplied by 100. A similar direct method was adapted by Eyvazi 

(2010). 

The Reflecto meter worked well for the period of most experiments while it failed 

during the final days of research. Previous experience and the direct method technique 

was then utilized to estimate water content in the soil. Uniform distribution of additional 

water in meso-scale reactors was achieved by injecting equal amount of water into the 

soil at three locations. For this technique, a 60 ml syringe and 120 mm long metallic 

needles were used. 

 

2.2.5.3. Concentration of Petroleum Hydrocarbons 

Synthetic gasoline was used as soil contaminant and the biodegradation rate of 

gasoline was measured by monitoring the total petroleum hydrocarbon loss during the 

course of the experiment. The proportional decrease of petroleum hydrocarbon (PHC) 

concentration in soils was tested by taking frequent soil samples. The PHC contents of 

soil were extracted through solid phase extraction (SPE) technique and then tested by a 

gas chromatograph equipped with flame ionization detector (GC-FID). The procedure 

for the analysis through gas chromatography was based on the method used by 

Hallman (2003) and repeated by Eyvazi, (2010). The sampling process for soil from 

reactors and their subsequent analysis for PHC contents was carried out according to 

the following course of action. 

A certain sequence was followed when taking soil samples from the reactors. 

Samples 1, 2, 3 and 4, were acquired from reactors 1, 2, 3 and 4 and then restarted the 

sampling cycle (samples 5,6,7 and 8) from reactors 1, 2, 3 and 4 and carried over the 
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same cycle until day thirty. Patros, (2009) reported that it was difficult for homogeneous 

soil sampling and discussed great difficulty in removing soil from the sampling tube. 

Accordingly, a re-designed soil sampler was used to acquire a homogeneous sample 

from the complete depth of soil sitting in MSRs.  The sampler was manually pushed into 

the soil to collect a core of around 7-9 g soil. The side opening and soil pushing rod 

facilitated the removal of soil from the sampling tube. This soil was quickly mixed in a 

disposable clean dish and approximately 3 g of soil sample (wet weight) was measured 

out of whole mixed mass. 

The remaining soil was poured back in the vertical hole into the soil of reactor 

and this was further filled with soil from the top of the reactor. A push pin was placed at 

the sampled point as a marker for not taking another sample from the same spot. 

Around 3 g of soil was immediately transferred to a glass vial. Anhydrous sodium sulfate 

was added at a 1:1 (w/w) ratio instantly for desorption of hydrocarbon from soil and the 

vial was shaken manually to mix the contents.  Then 10 ml of methylene chloride, used 

as solvent for the hydrocarbons, and was pipetted into the vial. 

Bearing in mind the protection of highly volatile compounds in soil, the sampling 

task was done at a very fast pace. Likewise, extra care was exercised by wrapping 

Teflon® tape on the threading of vials before adding any mass into them. In order to 

avoid volatilization loss of hydrocarbons, all the samples were stored in the freezer. 

The cooled vials were shaken for 60 min on a mechanical Multi-Wrist shaker to 

desorb the hydrocarbons from soil particles. Right after shaking, the vials were again 

stored in the freezer overnight, letting the solid particles settle.  The supernatant was 

pipetted into two 2 ml GC vials (purchased from Fisher Scientific). The GC vials were 
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capped firmly with a crimper and the contents were analyzed through gas 

chromatography. 

The results produced through GC-FID analysis were integrated from the baseline 

to find the relevant peak areas for different compounds of synthetic gasoline. Running 

standard solutions with different concentrations helped determine the retention time of 

the peaks related to the various compounds. Baseline to baseline integration for each 

chromatogram was done with the range of retention time from 3.8 to 10.3 minutes. 

Given that the total TPH was being studied, only the total peak area was recorded and 

used for further analysis. TPH concentration was determined by comparing the peak 

area for each sample with the calibration curve. 

A 2000 mg/L standard stock solution was prepared by placing 200 mg of 

synthetic gasoline in 100 ml volumetric flask. The flask was topped up to the 100 ml 

mark using methylene chloride (CH2Cl2). From 2000 mg/L stock solution, standard 

concentrations of 1000 mg/L, 750 mg/L, 500 mg/L, 250 mg/L, 100 mg/L, 10 mg/L, 1 

mg/L were prepared by serial dilution. The accurate mass measurement was achieved 

by measuring gasoline on a micro balance with an air tight window. 

The following two examples can be considered for clarity of the serial dilution 

used to set up multiple standards. In order to prepare a 1000 mg/L standard, 50 ml was 

pipetted from 2000 mg/L into a 100 ml volumetric flask and the flask was filled with 

methylene chloride up to the marked level. Similarly, the 250 mg/L standard was 

prepared by taking 25 mL from the 1000 mg/L standard into 100 mL conical flask and it 

was topped up with CH2Cl2. The similar process was followed for the preparation of the 

remaining standards. 
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A set of standard solutions was analyzed along with each set of samples and a 

new calibration curve was created each time to avoid instrumental drift.  The peak areas 

measured through the GC output were plotted against the known concentrations. A 

linear regression of all points gave a high coefficient of determination. This was used as 

the equation describing the relationship between the peak area and TPH concentration. 

The peak area for each sample was obtained from the GC-FID data analysis program 

and then used the standard calibration equation to calculate the gasoline concentration 

in each soil sample. 

 

2.2.5.4. Microbial Enumeration 

The microbial concentration in soil was counted by the spread plating technique.  

Tryptic Soy Agar (TSA) was used for total heterotrophic bacteria (THB) and Bushnell-

Hass (BH) medium was utilized to enumerate petroleum-degrading bacteria (PDB). The 

microbial counting method employed in this study was similar to the procedures 

adapted by Shewfelt (2005) and Eyvazi (2010).  The standard recipe/directions 

suggested by supplier (DifcoTM) were practiced for cooking the media.  

The microbial populations for both THB and PDB were enumerated with the 

interval of seven days during the experimental period of thirty days. For each microbial 

enumeration, two sets of plates, designed to isolate heterotrophic and petroleum-

degrading bacteria were inoculated. Sodium pyrophosphate (NaPP) solution was used 

to detach microorganisms from soil. 

Necessary precautions to avoid environmental contamination were observed with 

strict care. Most activities were carried over in the fume hood. Each time fume hood was 
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cleaned with antibacterial soap and methanol was sprayed right before the start of 

inoculation process. Moreover, before each set of usage, all materials for microbial 

enumeration were autoclaved. Likewise, all plates and materials containing 

microorganisms were autoclaved before disposal. For autoclaving, a SANYO Autoclave 

(MLS-3781 L) was set to operate at 122 °C with a sterilization time of 35 min. 

Sodium pyrophosphate (NaPP) solution was prepared by adding 1 g of NaPP 

into 1 L of ultra pure water. The solution was mixed in 1 L graduated glass bottle. The 

mixture was magnetically stirred until the NaPP was fully dissolved. The flask with 

NaPP solution was stored in the laboratory at room temperature.  

Tryptic Soy Agar was used for the isolation and cultivation of non-fastidious or 

heterotrophic microorganisms.  The medium with Tryptic Soy Agar (TSA) was prepared 

by adding 40 g of TSA powder in one litre of ultra pure water. In order to avoid 

atmospheric contamination, the medium was at all times prepared fresh. The volume of 

medium was decided according to the expected number of plates for inoculation. 

Accordingly, the measured mass of TSA was first added to the graduated glass bottle 

and then ultrapure water was added to the bottle up to the required level. The powder 

was mixed with water by shaking. The bottle with mixture was loosely capped and the 

cap was covered with Aluminum foil.  

Bushnell-Haas medium contains broth that is used to study biodegradation of 

hydrocarbons. Bushnell-Haas is a nutrient broth formulated without a carbon source 

which allows the addition of alternative sources of carbon such as hydrocarbons. 

Accordingly, the synthetic gasoline was supplemented into the medium as a source of 

carbon to isolate gasoline-degrading bacteria. 
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Complying with the standard recipe, Bushnell-Haas media was measured at 3.27 

g/L of solution in a prewashed dry 1 L graduated glass bottle. Additionally, granulated 

agar was added at 15 g/L for solidification. The bottle was then filled to the required 

level with ultra pure water. The mixture was frequently agitated and mixed to completely 

dissolve the powder; the bottle was then loosely capped and covered with aluminum 

foil. 

The SANYO autoclave was set at sterilization and keep warm program. The 

program was adjusted to run at sterilization temperature at 121 °C for the duration of 30 

min and then the keep warm temperature was set at 57 °C. 

Both the bottles containing TSA and BH solutions were placed in the autoclave for 

cooking and sterilizing the media. In the meanwhile, a separate water heating system 

was programmed and operated to maintain temperature of water at 57 °C. Sterilized 

bottles containing media were removed from autoclave and placed in the preheated 

water bath. Temperature control system helped keep the media in liquid form until 

transferred to Petri dishes. 

Sterilized disposable Petri dishes were used for media transfer. The BH media 

was allowed to cool to about 40 °C. As BH medium approached 40 °C, 4g/L gasoline as 

a source of carbon (Eyvazi, 2010) was added directly to the liquid form BH medium and 

bottle capped tightly. The capped bottle was gently rotated to mix the gasoline with the 

medium. However, vigorous shaking was strictly avoided to prevent foam/bubbles. Right 

after mixing the gasoline, the media was poured into Petri dishes. About 25 mL of the 

medium was gently transferred into each dish and dishes were covered without any 

delay to avoid contamination. The medium in the Petri dishes was allowed to solidify at 
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room temperature before inoculation. The procedure for transfer of TSA medium to Petri 

dishes was similar to above apart from the addition of gasoline into the medium. 

Microorganisms are mostly attached to soil particles (Böckelmann et al., 2003) and 

their separation prior to plating and counting is important. Detachment of soil 

microorganisms from soil particles was accomplished by using NaPP solution. 45 ml 

previously prepared NaPP solution was transferred to a 250-mL Erlenmeyer flask. The 

flask was covered with a cotton ball and aluminum foil and autoclaved for 25 minutes at 

121 °C. The autoclaved solution was cooled to room temperature, and 5 g (wet weight) 

soil samples were weighed and added to the prepared flasks. Sterile tools and dishes 

were used for weighing and transfer of soil to flask. The flask was shaken for 1 h at 

room temperature on a Thermolyne Big Bill Orbital Shaker at about 200 rpm. 

The population of bacterial cells is generally high in original samples and plating 

out these samples in an undiluted fashion could lead to the creation of uncountable 

colonies. As such, bacterial cell numbers need to be reduced by diluting the amount of 

bacteria in the sample. Accordingly, the shaken solution of soil was subjected to serial 

dilution for plating.  

To do this, 100 μl of the shaken soil solution was added to 900 μl of sterile NaPP 

water solution to create 10-1 dilution. 100 μl of 10-1 dilution was added into another 900 

μl of sterile NaPP solution to create 10-2 dilution. In order to ensure uniformly mixed 

samples, a auto-vortex was used before each sample for serial dilution. This process 

continued until the desired number of dilutions was created. 100 μl of each dilution were 

inoculated to each TSA plate and BH plate and uniform spreading of solution on the 

media was accomplished by using flame sterilized spreader. 
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Plates were labelled with the date, dilution, and experiment number, and placed in 

the incubator at 25 °C ± 1 °C. Colonies formed on the TSA media were counted after 2 

days and confirmed on day 4. Colonies grown on BH media were counted after 7 days 

and confirmed on day 14. The results were reported as the log of colony forming units 

per gram of dry soil weight (cfu/g). 

 

2.3. Analysis of Observed Data (Phase 3) 

The data collected through soil sampling and GC-analysis was utilized for the 

estimation of decay rates of hydrocarbon in different soils. The determined degradation 

rate was further used to develop a correlation between parameters and also to 

determine the scale-up factors. 

 

2.3.1. Determination of Degradation Rate Constant 

The degradation rate coefficient was assessed on the basis of first order decay 

equation, described by the Equation- IV.1. 

C = Co e –kt          (IV.1) 

where, 

C  = contaminant concentration (mg/kg) at time, t 

Co  = initial contaminant concentration (mg/kg) 

k  = first-order degradation rate constant (d-1) 

t  = degradation time (d) 

The observed data of hydrocarbon concentration (mg/kg) was plotted against 

duration (d) of degradation. The exponential trend line was fitted to the data points and 
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coefficient of time in exponent was termed as degradation rate constant (k), with the 

slope of the semi-loge plot being the degradation rate constant. Further description 

related with degradation rate constants is provided in Chapter 5. 

 

2.3.2. Biodegradation Correlation at Meso-Scale 

The linear correlation between biodegradation rate constant (k) and other 

variables was studied. These variables included fractions of sand, silt and clay and 

other soil parameters such as soil cation exchange capacity (CEC), soil organic matter 

content, soil water contents and soil bacterial population. These parameters were 

examined by both statistical methods and graphical display. Computer software such as 

SYSTAT (1992); version 5.02), R 2.9.2 and MSE (2007) were used in data analysis and 

also for the development of correlation of k with all potential input variables. Detailed 

methodology related for the development of correlation is explained in Chapter 6. 

 

2.4. Scale up Factor (Phase 4) 

Comparison of the micro-scale and meso-scale results from similar soil was 

performed. For comparison purpose micro-scale degradation rate constants were 

estimated by using the correlation developed by Eyvazi and Zytner (2009). Equation 

IV.2 describes the Eyvazi’s micro-scale correlation. 

 

lnkE =2.803 × PDP + 0.21 × Sand + 4.886×OM − 0.094 × Clay −  

 0.004 × (SW × Sand) − 0.021 × (Sand × PDP) −  

 0.632 × (OM × PDP) + 0.004 × (SW × Clay) − 23.5    (IV.2) 
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where, 

kE = Eyvazi’s first order degradation rate, d-1 

PDB = initial population of petroleum degrader microorganisms in soil, log colony-

forming units [CFU]/g) 

Sand = sand content, % 

Clay = clay content, % 

SW = soil water content, % 

OM = organic matter content, %  

 

Soil properties and values of observed parameters were inserted into Equation-

IV.2 to estimate kE. The scale up factor for five different soils was calculated in two 

ways: i). comparing kE with observed values of meso-scale degradation rate constants 

(kStg2-Obs) ii). comparing kE with degradation rate constant (kStg2-P) predicted through 

newly developed meso-scale correlation. The ratios (kE : kStg2-Obs) and (kE : kStg2-P) give 

the estimated values of scale-up factor for each soil. 

 


