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ABSTRACT 

An investigation was completed to determine the effects of petroleum contaminant aging in 

bioventing, a low cost and non-destructive in situ remediation method. Wet soil spiked with a 

known concentration of synthetic gasoline was aged in a refrigerator for 300 days and then 

subjected to degradation tests in 150 g respirometers and an 80 kg bioventing reactor. After aging, 

the 80 kg reactor had degradation rates that varied from 0.12 𝑑  to 0.133 𝑑 . In the 150 g 

respirometer, the biodegradation rate increased from 0.079 𝑑  to 0.194 𝑑 . Comparison with 

previously completed dry aged soils, where the biodegradation rate was measured to be 0.053 𝑑 , 

showed that microbial acclimatization during the wet aging process played a key factor in the 

experiments. 

Keywords: Bioventing, Biodegradation Rate, Bioremediation, Soil Remediation, Scale-up Factor, 
Gasoline, TPH, Aging 

 

INTRODUCTION 

Petroleum hydrocarbon contamination in soil is a threat to both human health and the 

environment and is one of the most common sources of contaminants in soil. As of March 2011, 

15 000 of the 22 000 federal contaminated sites remain open and require remediation, causing an 

estimated financial liability of $4.2 billion (OAGC, 2012). Of these open sites, over half are due 
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to petroleum products (TBCS, 1994), often caused by fuel spills during the transportation and 

transfer of fuels and leaks from underground storage tanks (UST). The United States 

Environmental Protection Agency  (US EPA) estimates that around 25% of the 2 million USTs 

released petroleum hydrocarbons into the soil and groundwater before new standards and 

regulations were implemented, and more are expected to be leaking in the future (Hinchee and 

Ong, 1992; USEPA, 2013; AEP, 2015).  

Many of the sites have total petroleum hydrocarbon (TPH) contaminated soil, which are a 

threat to human health (ATSDR, 1995). Petroleum hydrocarbons can travel through the soil as a 

plume with the groundwater, or volatilize into the air. In addition, the contaminants can ‘age’ in 

the soil as they are sorbed onto the solid soil phase, rendering them less. 

To reduce the impact of these contaminants, it is important to develop cost effective methods 

of remediation. Ex situ techniques, such as excavation, rapidly remove the contaminants from the 

site and allow for a wider range of remediation methods to be performed. However, the cost of soil 

excavation, transport and storage can be high for larger spill areas. Furthermore, the soil chemistry 

and biology is disrupted as the excavated area is filled with foreign soil. Excavation is preferred 

where the contaminated site must be remediated rapidly so the area can be quickly redeveloped 

(Kuppusamy et al., 2016). 

In situ techniques focus on remediating the soil on site and are often less expensive but more 

time consuming. One popular technique for the remediation of TPH is soil vapour extraction 

(SVE), which takes advantage of the high vapour pressure of the contaminants. This method uses 

a series of pumps and wells to increase the air circulation in the soil, stimulating the volatilization 

of the chemicals, which are then extracted with a vacuum (Wilson, 1995). However, the effects of 

mass transfer resistance cause tailing and rebound, which can cause the treatment time to be 
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extended, sometimes an entire order of magnitude longer, while also keeping the contaminant 

levels above clean-up levels (USEPA, 1996). 

A technique that shows a lot of promise in the field of remediation is bioventing.  It is an in 

situ technique that uses similar technologies to SVE but relies on biodegradation for the removal 

of petroleum hydrocarbon contamination. Bioventing is a low-impact remediation technique, 

where pre-existing indigenous bacteria are stimulated for biodegradation. In addition, it is a low-

cost method that requires minimal technology and monitoring past the setup phase, making it ideal 

for contaminated sites with petroleum hydrocarbon contamination with low accessibility.  

Successful bioventing remediation should follow SVE in order to take advantage of the rapid 

extraction of contaminants before tailing occurs (McClure and Sleep, 1996), as neither tailing nor 

rebound effects have been observed when conducting bioventing experiments (Lee et al., 2001). 

Since injection and extraction wells are used in both SVE and bioventing, the conversion from one 

technique to the other is effortless.  

There are many challenges in accurately predicting the degradation rates of these 

contaminants, which are based on individual site conditions. These variabilities, along with the 

complex nature of biodegradation in the soil, lead to difficulties in providing a timeframe for these 

operations, potentially resulting in higher costs than planned. While many laboratory-scale 

experiments have been performed to increase the efficiency of bioventing, biological growth is 

difficult to predict in the environment as it is affected by several factors, including the oxygen 

level in the soil, water content, nitrogen application rate, along with particle size distribution 

(Bezerra and Zytner, 2003; Eyvazi and Zytner, 2009; Khan and Zytner, 2013; Rathfelder et al., 

2000; Shewfelt et al., 2005).  

Shewfelt et al. (2005) and Eyvazi and Zytner (2009) worked with 150 g soil samples, 
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optimizing the process and developing a correlation to estimate the degradation rate constant. Khan 

and Zytner (2013) performed extensive work with 4 kg scale reactors to update the correlation and 

estimate scale-up factors, while Mosco and Zytner (2017), using 80 kg reactors, refined the  scale-

up factors.  One of the challenges noted with these studies is that the laboratory experiments often 

use soil that has been freshly spiked, which is not a realistic representation as most remediation 

sites contain contaminants that have been in contact with the soil for an extended period.  

To better predict remediation rates, it is important to factor in the age of the contaminant and 

the impact of contamination bioavailability for the microbial communities. Over time, petroleum 

products can become sorbed into the soil, making it more difficult for the bacteria to access and 

breakdown the contaminant, thus lowering the rate of biodegradation.  

Soils with higher organic matter content tend to exhibit a greater sorption effect of the 

contaminant when aged. In fact, intra-organic matter diffusion can cause non-equilibrium sorption 

with BTEX (Alexander, 2000; Reid et al., 2000). Overall, aging of contaminants in soil can be 

described as the movement of compounds into less accessible sites over time, causing a reduction 

in its extractability. The sorption of the contaminants into the soil along with the diffusion into the 

micro- and nano-pores cause a decrease in bioavailability as the degrading organisms have a harder 

time accessing the substances when they are in the solid phase.  

The aging process can mask the true effects of bioremediation as the sequestered contaminants 

may hinder the actual rates of remediation for a given site, as they are in a less extractable state 

(Northcott and Jones, 2001). Many interactions between soil and petroleum compounds are 

involved in the process of aging and it depends on a variety of factors, including soil organic matter 

nature and amount, soil pore size and texture, along with the initial pollutant concentration and the 

processing of the soil by the indigenous microorganisms (Reid et al., 2000). Environmental factors, 



 
 

6 
 

such as changes in temperatures, and the wetting and drying of soil, also contribute to the aging 

process (Schreck et al., 2011).  

Little work has been done on quantifying the effects of contaminant age on biodegradation 

rates. Many in situ and laboratory-scale experiments have concentrated their work on determining 

the bioavailability of contaminants in aged sites, but do not address the rate of change according 

to age. This research aims to fill that gap by examining the effects of contaminant age on the rate 

of biodegradation within the same soil, when put through similar remediation processes. 

Degradation rates in a 150 g respirometer and 80 kg reactor were measured for two soils that have 

been spiked with petroleum hydrocarbon and aged for up to 300 days.  The degradation rates are 

then compared to determine the effects of aging on scale and the impact of contaminant 

extractability and sorption.  In addition, the degradation rates for the 150 g respirometer and 80 kg 

reactor are compared to each other to develop a preliminary scale-up factor, allowing for better 

transfer of the results to the field.  

 

EXPERIMENTAL METHODS 

The completed project is a continuation of a series of studies done at the University of Guelph. 

This experimental study follows the format of the earlier studies to compare results.  The 150 g 

and 80 kg reactors were based on the methodologies established by Eyvazi and Zytner (2009) and 

Mosco and Zytner (2017) respectively. Ideal nitrogen and water content level for the bioventing 

setups were developed by Shewfelt et al. (2005). 

 

Soil 

Two soil types were used in this experiment to better characterize the effects of aging on 
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different soils. Soil from Delhi (a loamy sand) and the Elora Research Station (silt loam) (Table 

1) were selected as they have been used extensively in past the by Eyvazi and Zytner (2009), Khan 

and Zytner (2013), and Mosco and Zytner (2017).  Using the same soil mitigates the effect of soil 

composition and allows for better representation of the effect of age.  

After being collected from the field, the soil was air dried and sieved with an USCS Number 

10 sieve (2 mm mesh) size to remove any gravel and large organic material, such as grasses and 

roots. The soil is then “wet aged”, where it is spiked with the syngas (4 000 mg syngas/kg soil) 

and brought to 50-70% of the soil’s water holding capacity (WHC) to mimic field conditions. A 

mechanical tumbler mixed the soil in batches of 4 kg at a time.  

A mix of five petroleum compounds (24.9 wt% isooctane, 36.0 wt% toluene, 23.9 wt% m-

xylene,  11.9 wt% mesitylene, and 3.2 wt% naphthalene) were used to represent the Canada Wide 

Standard for petroleum hydrocarbon. This mixture was based on previous work with Imperial Oil 

Ltd (Bezerra and Zytner, 2003; Shewfelt et al., 2005). By using a prepared mix of compounds 

rather than a commercial product, the number of chemicals present were minimized and the 

composition of the synthetic gasoline (syngas) could be carefully monitored during the bioventing 

process, allowing for individual analyses and quantification of each compound.  

To age the soil, the spiked wet soil was placed in large 40 L plastic totes, lined with aluminium 

foil to prevent any adsorption losses of the petroleum hydrocarbon. The bins were filled and sealed 

with tape before being kept at 4 °𝐶, which reduces the volatilization and microbial activity within 

the soil before the soil was needed. This aging process is not representative of field aging, as it 

lacks the variance in temperature and water content from being exposed to the elements, but allows 

for controlled aging over the course of over 300 days to provide time for sorption to take place. 

Before the start of remediation experiments, nutrients in the form of nitrogen was added to the 
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soil to stimulate the microorganisms. Based on Mosco and Zytner (2017), where half of the spiked 

syngas would remain in the soil after the mixing and handling, the nitrogen concentration was 

calculated on a syngas concentration of 2 000 mg/kg. The optimal C:N ratio was determined to be 

10:1 from past research (Shewfelt et al., 2005) and was added in the form of NH4Cl. The soil was 

mixed for 20 minutes to ensure an even distribution of nutrients prior to the start of the 

experiments. 

Parameters like soil pH, soil water content and oxygen levels were measuring using standard 

methods as outlined in Khan and Zytner (2013). 

 

Bioventing reactor tests 

The 80 kg reactor shown in Figure 1, was used to run large-scale experiments. The reactor 

consisted of an 80 L stainless steel drum with a height of 51.4 cm and an outer diameter of 41.3 

cm. A mesh outer layer allowed air flow through the system, with a hollow and permeable vertical 

tube ran placed in the center of the drum as a vacuum well. Also installed on the outer edge were 

sampling ports that were distributed evenly as a function of depth in 3 rows to investigate the 

differences in degradation rates at different depths. During the Delhi300 experiment, the ports 

allowed for daily sampling of the vapour for TPH concentrations.  

 The reactor was placed in a Plexiglass® enclosure to minimize dry air flow into the system 

and to keep the system under negative pressure. A flow meter, oxygen monitor, and activated 

carbon tube were connected to the vacuum’s exhaust to measure for air flow and oxygen levels in 

the off gases, while capturing any volatilized TPH per the procedures outlined by Khan and Zytner 

(2013). A bubbler was used to increase the water content of the intake air, acting as a humidifier.  

Soil water content was measured with soil moisture probes placed through out the reactor 
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connected to Vernier LabQuest®2 data logger. 

Microbial populations were also measured on representative samples to check the behaviour 

of total bacteria population and the hydrocarbon degraders using a microbial plate count method 

with trypticsoy agar as the growth medium.  The plating procedures outlined in Khan and Zytner 

(2013) were followed. 

The reactor was loaded by placing the aged and amended soil in batches, lightly compacted at 

each layer to ensure equal air flow through the system and to prevent any short circuiting. The air 

flow through the system was kept at 8.9 mL/min using an Omega (FMA-5606ST) Micro Flow 

Meter to achieve ideal oxygenation in the system while minimizing volatilization (Mosco and 

Zytner, 2017).  A custom probe composed of a hollow rod was used to sample the soil from the 

sampling ports in the reactor. The sampling location was varied throughout the experiment to 

minimize short-circuiting in the reactor and to reduce any location bias. Any volatilization was 

captured through a carbon-filled tube and analyzed for off-gases. The 80 kg reactor was kept at 

20°C under vented conditions. The experiment duration was 30 days.  

 

Respirometer Tests 

Figure 2 shows the one-liter glass bottles used as respirometers.  Each respirometer held 150 

g of the aged and amended soil. Before the system was capped and sealed using silicon grease, test 

tubes containing 20 mL of 3%w/v Potassium Hydroxide (KOH) mixture were placed into the 

bottles. The KOH solution neutralized the carbon dioxide formed during microbial respiration to 

ensure the system was kept under negative pressure, avoiding volatilization.  Respirometers were 

kept at 25°C in an incubator for the duration of the experiment. The bottles were vented every two 

days during the first ten days of the experiment, and then every five days for the next twenty days, 
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to ensure proper oxygenation over the course of the 30-day experiment. To sample the soil, the 

respirometer was sacrificed as it was opened and unsealed. The KOH tube was carefully removed 

and then sealed with parafilm for pH measurement, while the soil was transferred into appropriate 

containers for analysis. Water content in the soil was measured using a standard gravimetric 

approach, while the soil microbial population was tested as in the 80 kg reactor. 

The environmental conditions for all the 150 g experiments were the same for both soils.  The 

only variable changed was time of aging.  For Elora, the times were 0, 10, 15 and wet-aged for 

250 d, while the Delhi were run for 0, 15, 30, 70, 130, 175, 230, 240 270, 290 and 300 d. 

 

Petroleum hydrocarbon measurement 

A gas chromatograph equipped with Flame Ionization Detector (GC-FID) (Hewlett-Packard 

5890 Series II) was used to analyze the samples that were extracted using Methylene Chloride 

(MeCl) per the method outlined in Khan and Zytner (2013). The GC-FID allowed measurement 

of the five components in the syngas.  

The GC-FID was used to analyze the total petroleum hydrocarbons in the soil samples taken 

from both the 80 kg and 150 g respirometers, along with the activated carbon sorbent tubes. To 

reduce the water content in the soil and improve extraction efficiencies, anhydrous sodium sulfate 

was added at a 1:1 (w:w) basis and manually shaken by inversion a few times. MeCl was then 

added which acted as the solvent in the extraction procedure. The bottles were mixed for one hour 

to speed up the extraction before being stored in the freezer overnight to allow the soil particles to 

settle. The next day, 2 mL of the supernatant was pipetted into GC vials, which were then capped, 

crimped, and stored in the freezer until they were analyzed. 
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First Order Degradation Rate 

A first order degradation rate is expected when using a biological process such as bioventing 

based on past studies (Eyvazi and Zytner, 2009; Khan and Zytner, 2013; Mosco and Zytner, 2017). 

Accordingly, 𝑘  and slope of the linear regression for each experiment was determined using 

Equation 1: 

𝐶
𝐶

𝑒  

ln
𝐶
𝐶

𝑘 𝑡 

[1]

 

where 

C = TPH concentration (mg/kgdry soil) 

Co  = initial TPH concentration (mg/kgdry soil) 

-kd  = degradation rate coefficient (d ) 

t  = time (d) 

 

The raw concentration data for each point was processed by taking the natural logarithm 

for every value. For the data points where the concentration was zero, they were adjusted set to 

10  𝑚𝑔/𝑘𝑔 . 

 

Data Analysis 

Replicate experiments were completed where possible as noted earlier.  These data sets 

were analyzed using the statistical software R (2018).  The output from R provided the p-value 

and the r_adj2 value, which were used to test the significance of the data and consistency of the 

findings. 
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RESULTS and DISCUSSION 

Experiment quality assurance/quality control 

Soil Water Content 

The soil water content in the 80kg reactor experiments was approximately 15%, showing that 

the humidified air system was working.  This constant water content showed that the airflow was 

adequate for aeration of the soil, and still could provide enough water for the bacterial growth.  

The moisture levels in the 150 g respirometer also remained consistent throughout the 

experiments at 15%.  Drying out did not occur. 

 

Oxygen Levels 

The daily oxygen levels recorded in the 80 kg reactor was approximately 21% during the 

experiment. When comparing the oxygen levels in past experiments performed by Mosco and 

Zytner (2017) using the same reactor with freshly contaminated soil, there was an initial sharp 

decrease in oxygen levels in the current study during the first day of the experiment, before 

increasing from 18.5 %. The immediate decrease in oxygen was due to the microbes activating 

from the sudden presence of water, nutrients, and TPH in the soil during the spiking of the soil. 

This was not seen in the aged experiments, though a small dip was present in the Delhi300-80kg 

experiment due to the microbes already being active during the aging process.  For the respirometer 

studies, the reaeration of reactor kept replenishing the oxygen consumed.  Overall both reactors 

had sufficient oxygen for the degradation process. 
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Carbon Dioxide Production  

The production of carbon dioxide is a positive indication that respiration was occurring during 

the bioventing experiments. To measure the increase in carbon dioxide in the 150 g respirometers, 

the change in pH in the KOH vials were monitored. Over the course of the 30 day bioventing 

experiments, there was a minor drop in the pH.  

For this study, the main purpose of the KOH solution was to ensure that the produced CO2 

was neutralized in the respirometer, keeping the system under negative pressure so when the 

bottles were vented, minimal losses due to volatilization would occur as air would flow into the 

system. Review of the results suggested that the KOH solution was either too strong or the pH 

meter was not sensitive enough to accurately measure pH at the high pH range used. The KOH 

solution concentration could be reduced or pH levels could be checked with a titration procedure, 

using HCl and an indicator such as phenolphthalein.  As such, the KOH was an effective qualitative 

assessment of the degradation taking place in the respirometers.  

 

Calibration Curve 

The TPH concentrations were measured with a GC-FID.  The calibration curve developed 

during the course of the study had a good r2 value of 0.9891.  On average, the coefficient of 

variation (CV) of the compounds in the standard solution was 14%, which is in the range of 12-

31% reported by Warrick (2001). The one notable exception was with naphthalene, which had a 

larger variance of 60% due to the small amount of naphthalene in the overall makeup of the 

synthetic gasoline (3.2% by weight).  The resulting low concentrations were near the lower 

detection limit (LOD) of the GC-FID (0.32 mg/kgsoil for naphthalene) and a portion of the data 

could not be measured. 
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For some of the samples, the concentrations were lower than the LOD, which increases the 

uncertainty in the results, causing overestimation of the degradation rates. To overcome the LOD, 

samples with low TPH were extracted with a smaller volume of MeCl, from 5 mL instead of 10 

mL to 5 mL, to double the concentration. Other changes to the extraction method were also 

attempted, such as increasing the contact time between the solvent and the soil by allowing the 

vials to shake for a longer period. This resulted in a slight increase in extractable TPH in the 

samples, but the extended shaking process potentially increased volatilization rates since the 

samples were kept at room temperature. Furthermore, different solvents were tested, including the 

use of acetone instead of MeCl (Schwab et al., 1999), with no significant improvement in TPH 

concentration.  

Both the 80 kg reactor and the 150 g respirometers assumed that the TPH was mixed and 

distributed homogeneously at the start of the experiment, but limitations of scale required the soil 

mixing process to be done in smaller 4 kg batches. Each batch used scales to weigh the soil, water, 

syngas, and nitrogen in 4 L cans before they were sealed and tumbled for 20 minutes. Two batches 

of soil were mixed and handled for the same amount of time before samples were taken at various 

locations in the mixing can to measure for TPH.  

An average of 17% CV was calculated from these two cans, with no real difference between 

the compounds making up the syngas. Human error in measurement along with the precision of 

the scales (± 0.0001g and ±0.1g respectively) causes variation between not only the different 

batches of soil, but within a single batch itself. This variation will cause slight differences in the 

initial TPH concentration between the 150 g respirometers and between separate locations of the 

80 kg bioventing reactor. These errors are reasonable considering the natural variation and 

heterogeneity found within soil, along with the CV determined for the measurement of the TPH.  
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Data Validation 

Each respirometer experiment was only run once as two 150 g bottles were setup for each 

experiment.  Triplicate samples were taken from respirometer sacrificed, giving a total of 6 discrete 

readings. This resulted in very low variance, 5% on average, between the collected data in samples 

that were aged for less than 30 days.  

For the 80 kg reactors, each reactor was only run once due to the efforts in preparing the 

reactor.  However, multiple samples were taken at different locations each day. Consistent with 

the challenges in setting up the reactors, there was a large degree of variance in the samples taken 

from the 80 kg reactor. This was due to the low concentrations that were measured after 270 and 

300 days of aging respectively, followed by subsequent reduction in contaminant concentration 

due to the remediation process. 

 

Soil pH 

Soil pH was measured throughout the studies and remained stable. Soil texture affected pH 

levels, as Delhi soil was found to be more acidic (pH ~7.1) than Elora soil (pH~8.3). Slight changes 

in pH with age was also observed in the long-term aging experiments, where freshly contaminated 

samples were found to have lower pH (~ 6.0) as compared to soil that has been aged (pH ~ 7.5).  

Overall the difference in pH was small and within the viable range for the microorganisms. Any 

variance could be attributed to the difficulties in sampling a soil slurry so that the soil could not 

settle.   
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Microbial Count 

The bioventing remediation process assumes that the native bacteria in the soil are 

biodegrading and removing the TPH contaminants.  As such, it was important to confirm the 

presence of these microbes. The number of colony-forming units (CFU) can estimate the quantity 

of viable bacteria in a given soil. The overall trend shows that the CFU per g of soil was 

approximately 107 CFU in both the Delhi and Elora soil, which increased from the 104 to 105 

reported in Kahn and Zytner (2013) for initial soil conditions. Some of the microbial tests showed 

inconclusive results and it is hypothesized that sorption due to aging and the restriction in food 

source due to low TPH in soil after aging hampered the testing. The successful CFU testing showed 

that the CFU levels remained stable throughout the duration of the experiment and between the 

different experiments. These results are consistent with past experiments performed by Mosco and 

Zytner (2017), Khan and Zytner (2013) and Eyvazi and Zytner (2009).  

  

Off-gas Monitoring 

Off gases measurement with the activated carbon tubes showed that there were only a few 

instances of extractable TPH in the second layer of the activated carbon.  Up to 35 mg of TPH was 

captured during the first day of the 80kg experiments, and each subsequent day saw a decrease in 

the amount of petroleum products volatilized. 

At the start of the experiment, a total of 8 670 mg and 5 447 mg of extractable synthetic 

gasoline were present in the two 80 kg experiments respectively after being packed into the reactor. 

The cumulative losses due to volatilization was 109.8 and 160.8 mg during the two experiments, 

which represent 1.3% and 2.9% of the syngas in the system respectively. These small losses were 

considered acceptable for these experiments, showing the system is bioventing and not inducing 



 
 

17 
 

soil vapour extraction.  

The composition of the extracted TPH in the soil and in the activated carbon also differed quite 

significantly. Whereas naphthalene and mesitylene were the most prevalent in the TPH extracted 

from the soil, the volatilized compounds were mostly composed of mesitylene and m-xylene, with 

no naphthalene present at all. The difference in properties, such as volatility and molecular weight, 

of the five compounds determine the proportion of the hydrocarbon present in the off-gases. 

 

Bioavailability - Extractability 

 A decrease in contaminant bioavailability and extractability due to an increase in sorption is 

expected under wet conditions for long term aging. An initial spiking concentration of 4 000 mg/kg 

was chosen to ensure that the initial concentrations were similar to the 2 000 mg/kg in the un-aged 

experiments.  

There was a notable decline in extractability of TPH in Delhi soil in the respirometers.  Figure 

3 shows a linear decrease in measurable TPH over time from approximately 1 600 mg/kg on day 

0, to 400 mg/kg by day 150, and then around 500 mg/kg from then on.  These losses were attributed 

to a combination of contaminant sorption and biodegradation, which occurred at 4°C with minimal 

to no airflow and a high soil water content. The reported 70% losses seen during the wet aging of 

Delhi soil is comparable to other wet-aged experiments, where 61% losses were observed within 

210 days when aged in open air containers placed outdoors, with monthly addition of water to 

maintain wet aging conditions (Tang et al., 2012). Despite a slight difference in aging method, as 

the air flow and temperature control differed in the two experiments, along with both soil and 

petroleum composition, the loss in TPH was comparable. This implies that even in less than ideal 

conditions, the extractability of contaminants can decrease rapidly over time, which will limit the 
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bioavailability of the compounds when opting for biological remediation methods.  

When examining the effects of aging on Elora soil, very little TPH could be extracted from 

the soil after 270 days of aging, implying that the compounds became so tightly bound that the 

MeCl extraction was no longer strong enough to break the bonds. These results are consistent with 

the literature, in that soils with higher silt and clay particles such as Elora, a silt loam, will likely 

exhibit stronger sorption when compared to the Delhi soil, a loamy sand.  

The aging of TPH contaminants in soil affect not only the concentration, but also the 

composition of the synthetic gasoline. A significant decrease in contaminant concentration for 

isooctane, toluene, and m-xylene was observed, but only a small decrease for mesitylene and 

naphthalene. These results support the literature which states compounds with low 𝐾  values, 

such as toluene, are more likely to sorb onto the soil particles than PAH molecules like 

naphthalene. This same trend also reflects the biodegradability of these compounds, where alkanes 

were more susceptible to biodegradation than PAH (Zytner et al., 2006) 

There is a clear change in the syngas composition over time, which will in turn affect 

biodegradation rates in the system during bioventing as shown in Figure 4. The synthetic gasoline 

used to spike the soil was composed of 29% isooctane and 26% toluene, dropped down to 1 and 

2% respectively of the syngas present in the soil after 305 days of aging. Mesitylene, which 

represented 6% of the syngas and naphthalene, which initially was only 7%, rose to 66 and 16% 

respectively after 305 days wet-aged. In freshly spiked soil, the degradation rate of toluene and 

isooctane would dominate the TPH degradation rate, whereas these two compounds are not as 

prevalent in aged soil. These results confirm that there is preferential sorption and biodegradation 

of some compounds during the wet-aging process where sufficient contact time was provided. 
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Degradation Rates 

The degradation rates for the Delhi soils are plotted in Figure 5 along with a 95% confidence 

interval. Figure 5 shows an increasing 𝑘  with increasing age. Furthermore, the regression was 

analyzed in R, a statistical software, to extract the 𝑝-value and the 𝑟 , which is used to test for 

significance. The null hypothesis states that there is no effect of age on the 𝑘  values. A 𝑝-value 

of 0.005 was calculated, rejecting the null hypothesis (𝑝 0.05). A 𝑟  value of 0.449 indicates 

an adequate fit, considering the expected variances in the data set.  

A statistically significant increase in 𝑘 , from 0.079 𝑑  for freshly spiked soil to 0.194 𝑑  

for soil aged for over 300 days, indicates a more rapid degradation rate with aged soil, which infers 

that the 150 g respirometers perform more optimally with aged contaminants. This is consistent 

with past observations done at the 150 g scale (Eyvazi and Zytner, 2009) and is likely due to the 

acclimatization of the bacteria in the system, allowing for them to perform under sub-optimal 

conditions.  

The limitation of bench-scale experiments lies in their inaccurate depiction of field-scale sites, 

especially in soil science, where many large-scale interactions cannot be replicated. Furthermore, 

150 g respirometers rely on passive air flow for the supply of oxygen, rather than an active 

pumping system that is more commonly used in bioventing. The 80 kg bioventing reactor used in 

this experiment, which was developed by Mosco and Zytner (2017) to relate the results of the 

150 g respirometer experiments to the field. 

The aging experiments with the Elora soil showed that kd for the initial 30 d was less that the 

degradation rate measured for the Delhi soil.  This is expected based on Elora having higher silt 

and organic matter content than Delhi (Eyvasi and Zytner, 2009), which caused the spiked syngas 

to be sorbed more into the solid phase than expected. The increased sorption made it difficult to 
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determine the degradation rate as a function of aging since the initial contaminants present in the 

aged Elora soil were at concentrations close to or below the LOD of the GC-FID, resulting in no 

extractable TPH within a week of the bioventing process.   

Both Elora and Delhi experiments were planned for the 80 kg bioventing reactor experiments 

to develop a scale-up factor for the two soil types.  However, due the aging impact noted earlier 

for the Elora soil, the long-term ageing experiments with Elora were terminated.  

Delhi270 and Delhi300 were run at the 80 kg scale, along with concurrent 150 g respirometer 

experiments using the same aged soil. Though there was a small age difference of 30 days between 

Delhi270 and Delhi300, the other conditions were set to be as similar as possible for the two runs to 

be considered replicates.  

A two-stage biodegradation rate was observed in previous bioventing work done with freshly 

spiked soil at the 4 kg and at the 80 kg scale reactors (Khan and Zytner, 2013; Mosco and Zytner, 

2017), with stage two beginning at around 8 days after the start of the bioventing process. Delhi 

soil dry-aged for 120 days also had a similar two-stage biodegradation rate, albeit for a smaller 

rate change between the two stages. These values, along with the single-phase degradation rate 

observed in the 150 g respirometers, are reported in Table 2. It was hypothesized that the easily 

accessible contaminants were biodegraded during the first week, whereas the second stage 

represented the less bioavailable TPH which were rate-limited by the desorption process. This 

followed the observations that contaminants biodegraded at two different rates, where the 

bioavailable portion was degraded within the first 20 days using biostimulation, whereas the less 

bioavailable substances required more extensive remediation methods (Eriksson et al., 2000).  

When attempting to fit a two-stage degradation rate onto the wet-aged Delhi270 and Delhi300 

TPH data, the statistical software R was used to test different break points via trial and error to 
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calculate the combination with the best 𝑟  value. The best fit was calculated for a single-stage 

biodegradation rate of 0.133 d-1 with 𝑟  = 0.4740. This is not an ideal correlation coefficient but 

a lot better than the poor values of 𝑟  of 0.2936 for 𝑘  and 0.0303 for 𝑘 . If one assumes 

the two-stage degradation needs to apply, the best break point was determined to be at day 14, 

where 𝑘 0.237 and 𝑘 0.043. The associated trendlines can be seen in Figure 6, 

where both the single and two-stage degradation rates were plotted. The longer aging process could 

have reduced the amount of easily degradable TPH, which are responsible for the two-stage 

degradation process.  

 

Degradation Rates as Function of Depth  

 Figure 7 shows the plot of the daily samples taken from the sampling ports during the Delhi300 

experiment bioremediation over the 30-day experiment.  It was seen that the depth location of the 

sample affects the TPH concentration and the degradation rate.  Hinchee and Leeson (1996) 

proposed that the decrease in efficacy at lower depths was due to inadequate aeration.  Samples 

taken at the top of the reactor had a higher TPH concentration than the samples at the middle and 

bottom of the reactor.  The degradation decreased with depth, where 𝑘 0.184 𝑑

𝑘 0.128 𝑑 𝑘 0.088 𝑑 .  

The initial difference in the observed concentrations were due to how the reactor was loaded, 

where 4 4 𝑘𝑔 batches of soil was mixed, loaded, and packed into the reactor, every 30 minutes 

as the subsequent batches are being processed. This would cause more volatilization to occur for 

the soil that was loaded first, at the bottom of the reactor, which was exposed to the open air for 

longer periods of time. Furthermore, the soil at the bottom of the reactor had to be loaded from the 

top and was allowed to gently fall into to the bottom. This mechanical tumbling could also increase 
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the amount of TPH volatilized. When comparing initial TPH composition at the beginning of the 

experiment for the three locations of the Delhi300-80kg with Delhi300-150g, the top of the reactor 

had the most similar composition and concentration, as seen in Figure 8. The methodology of 

loading the reactor thus caused a significant difference in initial TPH.  

The overall decrease in 𝑘  with reactor depth was surprising since the minimal air flow was 

radial throughout the entire depth of the column.    As noted earlier, there were volatilization losses 

during the handling of the soil while setting up the column. Especially the bottom layers. These 

losses comprised the fraction of syngas that was sorbed less strongly to the soil. The microbiome 

was then left with strongly sorbed contaminants that were less bioavailable, which was reflected 

by a corresponding decrease in the biodegradation rates. Even though not visible, gravity could 

have caused a sufficient collection of water content near the bottom of the reactor, restricting air 

flow and causing less-than-ideal bioventing condition. Finally, even though a lot of care was put 

into the construction and design of the 80 kg reactor and placing the soil into the reactor, there is 

a possibility that the airflow throughout the system was inconsistent, favoring the top layers of 

soil, resulting in faster bioventing. Some or all of the listed factors would have caused a gradient 

in total microbial population during the bioventing process. Unfortunately, microbial analysis was 

not performed for the different locations of the bioventing reactor at the time, which would be 

suggested for future experiments involving the 80 kg reactor. 

 

Long-term aging 

The petroleum hydrocarbons in many contaminated sites have been aged for extended periods, 

especially in the cases of leaking UST.  The effects of long-term aging are thus interesting to study 

to understand the change in biodegradation rates, to highlight the importance of early detection 
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and remediation. 

Identifying long-term changes in bioventing degradation rates were possible by comparing the 

80 kg experiments completed in this study to those completed by Mosco and Zytner (2017), which 

were run under similar condition with the same soil. The big difference was the type of aging and 

the length of aging where Mosco and Zytner (2017) aged the soil for 4 months under dry 

conditions. 

Mosco and Zytner (2017) reported a decrease in 𝑘  at the 4-month mark with a measured 

degradation rate of 0.053 𝑑  when compared to freshly contaminated soil rate of 0.118 𝑑 . The 

decrease in degradation was due to the decrease in TPH availability due to aging. However, in this 

study, there is no significant change in degradation rate at the 9 and 10 months of aging (0.124 𝑑  

and 0.133 𝑑 ), when compared to soils with freshly spiked contaminants (0.12 𝑑 . No 

statistical difference was observed between the degradation rates of the freshly contaminated soil 

and the wet-aged samples, despite the drastic decrease in starting TPH concentration. 

For a contaminant aging process between 4 and 9 months, not only did the degradation rate 

change from a two-stage process to a single stage process, but the decrease in 𝑘  observed by 

Mosco and Zytner (2017) was no longer present. It is notable that the aging process was different 

between the soil aged for 4 months and the soil aged for 9-10 months. The soil used in the 4-month 

aging experiment was spiked at 8 000 mg/kg of synthetic gasoline and aged under dry conditions, 

whereas the soil used in the 9 and 10-months aged experiments were spiked at 4 000 mg/kg 

synthetic gasoline with a soil water content of 15%.  

The process of wet-aging would have allowed more acclimatization to occur, as the water 

content in the soil would allow for microbial growth. Furthermore, it would allow easier access to 

the contaminants, allowing the microbial community to grow under high TPH concentration 
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environments.  This causes an increase in the biodegradation rates, compensating for the 

contaminant sorption that occurs during the aging process. In contrast, the bacteria are in a dormant 

state during a dry-aging process, as the soil was dried and only amended with water after the aging 

process, and the microbial population would not have the time to develop. This highlights the 

influence of the aging environment on remediation times and the complexities of biological 

systems.  

 

Scale-Up Factor 

A challenge for all lab-based work is to relate their findings to the field level, in that with an 

increase in scale, there is an increase in complexities and heterogeneities which can affect the 

predicted model. A reactor with 150 g of soil will thus react differently than a reactor with 80 kg, 

and different at the field scale as well. This is especially true as bench-top respirometers do not 

use active air flow due to the small amount of soil present. 

This was demonstrated during past experiments where scale-up factors were developed to 

compare the bioventing degradation rate coefficients for freshly spiked soil at three different 

scales. Khan et al. (2015) reported a scale-up factor of 2.7 for Delhi soil and 1.9 for Elora soil 

when going from 150 g to 4 kg, and 80 kg. Mosco et al. (2017) reported no scale-up factors when 

going from 4 kg to 80 kg scale reactors, suggesting that 150 g is a reasonable size for conducting 

degradation experiments.  Working with the 150 g reactors is easier, as long as one applies the 

determined scale-up factors that account for size and environmental changes like active venting 

system in the larger experiments passive diffusion in the small reactors.  

In this study, the 9 and 10-month aged experiments were performed at both the 80 kg and 

150 g scale to allow for a scale-up factor to be determined when aging is present. The different 𝑘  
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and scale up factors are available in Table 3. Only second-stage degradation rates were reported, 

as they are more representative for long-term bioventing remediation systems to determine site 

closure times.  

No significant scale-up factor was calculated for the aged Delhi soil. The change between the 

150 g and 80 kg scale was statistically insignificant, given the low number of data points and high 

variance in degradation rates. This would imply that the 150 g respirometers are performing at 

ideal rates, despite the minimal air flow through the system. The effects of age on bioventing is 

complex, with sorption and desorption processes acting alongside biodegradation.  

The implications of a lack of scale-up factor confirms the findings of Mosco and Zytner 

(2017), where benchtop bioventing experiments are sufficient for the estimation of bioventing 

processes in the field for wet aged soil. Larger-scale reactors, which require more soil and a more 

complex setup, are not required.  This would allow for additional estimations of degradation rates 

without the need for specialized equipment or large quantities of soil to test.  

 

CONCLUSION  

The completed research project determined the effects of wet aging on biodegradation rates 

using bioventing, with the goal being to improve estimates of remediation times in the field. 

Experiments were performed on loamy sand (Delhi) and silt loam (Elora) soils and showed that 

the amount of extractable petroleum products decrease significantly with time. In fact, after 270 

days of aging, the Elora-type soil showed less than 100 mg/kgsoil extractable petroleum 

hydrocarbon. Both sorption and microbial biodegradation likely caused the steep reduction in 

petroleum products. The aging process also changed the composition of the TPH in the soil due to 

different compounds’ tendency to be sorbed onto the soil or biodegraded by the microbes based 
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on chemical characteristics.   

Microbial acclimatization plays a key role during the wet-aging of contaminants in soil. The 

lengthy aging process allows ample time for the microorganisms to adapt to a petroleum-rich 

environment. Petroleum-degrading bacteria would likely dominate over the other microorganisms 

in the soil due to food availability, which would ultimately increase in biodegradation rates. Dry-

aging, on the other hand, causes the microorganisms to remain dormant, only stimulating them 

after the aging process where both water and nutrients are mixed into the spiked and aged soil. 

Further research is needed to quantify the difference between the two aging techniques and their 

effect on biodegradation rates.   

At the 150 g scale, the effects of microbial acclimatization was seen as the respirometers 

showed an increase in biodegradation rate with an increase in age due to the acclimatization of the 

microbes, from 0.079 𝑑  to 0.194 𝑑  over the course of 300 days of aging. In contrast, the 

degradation rates at the 80 kg scale did not change with aging (𝑘 0.12𝑑  at 0 days aged, 

0.124 𝑑  and 0.133 𝑑  at 270 and 300 days aged) due to the competing effects of sorption 

decreasing the bioavailability of the contaminants and acclimatization increasing the desorption 

and biodegradation rates. Comparison with previously completed dry-aged soil showed a 

significant decrease in degradation rate after 120 days aged (𝑘 0.053𝑑 . Comparison of all 

the degradation rates showed no scale-up factor when going from the respirometer to 80 kg reactor, 

confirming earlier findings that degradation rates could be measured at the easier to operate 

respirometer scale.   
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Figure 1:  80 kg Bioventing Reactor 
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Figure 2: 150 g Respirometer Setup 
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Figure 3: Decrease In TPH Concentration With Increase In Age For Contaminants In Delhi 
Soil For All 150 g Scale Bioventing Experiments, Showing A Zero Order Decrease in       

Extractability With Increased Aging 
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Figure 4: Difference in TPH composition between the extracted compounds and the 
compounds captured in the off gases at the start of the experiments. Values averaged between the 

Delhi270-80kg and Delhi300-80kg experiment.  
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Figure 5: Change in degradation rate coefficients (kd) for Delhi soil (150 g) from age 0 to 10 
month, plotted with a linear regression and 95% confidence intervals (CI)  
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Figure 6: Comparison between single stage and two-stage degradation rates for Delhi-300-80kg, 
selecting day 14 as the break point between stage one and stage two.  
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Figure 7: Delhi300-80kg results, showing the effects of sampling location on TPH concentration 
and biodegradation rate 
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Figure 8: Delhi300 initial TPH concentration for the 150 g experiment and for different location in 
the 80 kg reactor 
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Table 1: Physical soil characteristics for Delhi and Elora soil 

Soil 
Name 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Organic 
Matter (%) 

Water Holding 
Capacity (%) 

Bulk Density 
(kg/m3) 

Texture 

Delhi 84.9 9.8 5.3 1.1 25 1550 Loamy Sand 

Elora 31 50.8 18.2 3 30 1350 Silt Loam 
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Table 2: Degradation rates for Delhi soil at different scales 

Reactor size 150 g 1 4kg 2 80 kg 3 80 kg 3 Delhi270

80 kg
Delhi300

80 kg
Age (days) -- -- -- 120 270 300 

Stage 1 (0-8d) -- 0.598 0.2795 0.081 -- -- 

Stage 2 (8-30d) 0.045 0.123 0.118 0.053 0.124 0.132 
1(Eyvazi and Zytner, 2009) 2(Khan and Zytner, 2013) 3(Mosco and Zytner, 2017) 
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Table 3: Degradation rate coefficient and scale up factors for Delhi soil 

Reactor size 150 g 1 80 kg 3 80 kg3 150g 80 kg 
Scale-Up Factor 

80kg

Age (days) 0 0 
120 

(dry-aged)
270-300 

(wet-aged)
270-300 

(wet-aged) 
0 

270-300 
(wet-aged)

Stage 1 (0-8d) -- 0.279 0.081  -- -- -- 

Stage 2 (8-30d) 0.045 0.118 0.053 0.146 0.128 2.73 0.88 
1 (Eyvazi and Zytner, 2009) 2(Khan and Zytner, 2013) 3(Mosco and Zytner, 2017) 

 


