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The Effects of Freeting and Thawing 
on the BioremedWn of  Diesel Fuel Confaminuted Soi& 

Abstract 

Studies have found that under constant environmental conditions, the rate of 

biodegradation of petroleum hydrocarbons decreases with time and may become 

negligible d e r  a period. This decrease in the availability of hydrocarbons for 

biodegradation can be attnbuted to the d f i s ion  of the hydrocarbons into soi1 micropores, 

the paaitioning of the hydrocarbons into soil orgzi.uk matter, strong surface adsorption or 

a combination of these processes. Studies have also shown that naturally occurring 

fkeeze-thaw cycles act to disnipt soil aggregates to physically change the soil's structure. 

This study investigated the effects of freeze-thaw cycles on the biodegradation rates of 

hydrocarbon contaminated soils. A diesel fuel contaminated soil was bioremediated in 

bench-scale reactors until respiration monitoring indicated a decrease in microbial 

activity. Designated reactors were then subject to 1, 3, 6 and 9 fieeze-thaw cycles. The 

results indicated an increase in the microbid activity in the fkeeze-thaw treated reactors, 

while the microbial activity in the control reactors decreased over the same period of 

time. The results also indicated that microbial activity increased with increasing numbers 

of eeeze-thaw cycles. 
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1 .O Introduction 

The purpose of this study is to investigate the eEects of fkeePng and thawing on the 

bioremediation of a diesel fuel contaminated soil. It was hypothesized that successive 

fkeeze-thaw cycles would act to increase the bioavailability of sequestered contaminant 

concentrations to soil microorganisms, and thereby increase the rate of biodegradation. 

The study was conducted on a contaminated soil sample obtained fkom a diesel fuel 

impacted site. The contaminated soil was bioremediated in bench-scale bioreactors, and 

was subjected to various fieeze-thaw cycles. The final contaminant concentrations of the 

reactors subjected to different freeze-thaw treatments were compared. 

7.1 Objectives 

This purpose of this study was to detexmine the following: 

1. Would the soi1 sample's bactena biodegrade the contaminant significantly 
to remediate the soil ? 

2. Would keeze-thaw treatments affect the degradation rate of the 
contaminated soi1 samples ? 

3. Would multiple fieeze-thaw cycles effect the degradation rates 
significantly over a single fkeeze-thaw cycle ? 

Tom Sarauskus Page I 
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2.0 Literature Review 

2.1 Bioremediation 

Bioremediation has been defined as the use of biologicaf agents to degrade or render 

various types of hazardous waste to a non-hazardous or less hazardous state [l]. 

Bioremediation involves the use of microorganisms and their biodegradative capacity to 

remove pollutants. The byproducts of effective bioremediation, such as water and carbon 

dioxide, are nontoxic and c m  be accommodated without h m  to the environment and 

living organisms [2] .  

Bioremediation has grown fiom an d o w n  technology to one of the major treatment 

technologies considered for source control at Superfund sites [3]. The basis for this 

growth is bioremediation's low cost as cornpared to other technologies such as 

incineration and containment. Bioremediation aIso attracts interest because it destroys 

most organic wastes, thereby e k a t i n g  the aforernentioned health and ecological 

effects as well as future environmental liabilities. 

Almost al1 organic compounds are biodegraded aven the proper circumstances and time. 

However, a range of physical, chernical and biochemical conditions can interfere with 

bioremediation [4]. Talley and Sleeper [SI define three scales involved in 

bioremediation, with each level possessing a limiting process: 

Tom Sarauskas Page 2 
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Microscale (1 od to 10" m) = Can the bacteria eat the contaminant ? 

Mesoscale (IO-* to 10" m) = Can the bacteria get to the contamination ? 

Macroscale (10" to 10' m) = Are the conditions o p b a l  for the bacteria to work ? 

The microscale represents the level at which chernicaVrnicrobial species and reactions can 

be charactenzed independently of any transport phenomena, and occurs at microbial ce11 

level. The mesoscale is the level at which transport phenomena and system geometry 

becorne apparent, and occur at the pore charnel, soi1 particle or microbial aggregate level. 

The macroscde is the scale at which advective or mWng phenomena occur, and can be 

considered the remediation area. Factors involved at the macroscale level include, 

although are not lirnited to, nutrient concentrations, moisture content and temperature. 

Successfbl biodegradation c m  o d y  occur if the conditions are met at al1 three 

bioremediation scales. At the microscale level, a proper mix of bacterial species must 

exist that can degrade the contaminant present. At the mesoscale level, the contaminant 

must be available to these bactena for degradation. At the macroscaie level, proper 

environmental conditions, including moisture, nutrient concentrations and temp erature, 

must exist. 

The limiting processes involved in bioremediation at the macroscde can be controlled. 

The moisture content of soils c m  be increased or decreased. Nutrient concentrations can 

be adjusted by the application of chernical fertilizers. Temperature, particularly in ex-situ 

Tom Surauskas p a g Z  
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remediation, can be regulated by the implementation of heat exchangers. The presence of 

bacterial species that c m  degrade a contaminant or mixture of contaminants is the 

Iimitîng process at the micoscale level. Blackburn and Halker [6] reviewed research 

spanning many years that supported the view that petroleum hydrocarbons are amenable 

to microbial degradation. Furthemore, they found that these organisms possessing this 

potential are found at least in small numbers in many environments. The ability of 

organisms to grow on petroleum hydrocarbons is due these compounds' similarities in 

chernical bonds found in natural microbial substrates such as lignin, tannins, waxes, and 

resins [7]. Studies reviewed [8- 1 11 indicated that for a diesel contaminant, indigenous 

bacterial species possess the ability to successfblly degrade diesel fuel compounds. 

Given that bacterial species which can degrade a contaminant exist at the microscale 

level, and that the environmental conditions conducive to biodegradation can be 

controlled at the macroscale Level, many compounds that would normally be quickly 

destroyed by microorganisms apparently are not easily degraded, and persist in poIluted 

soils and subsoils. These persistent compounds may not be degraded because they are not 

readily available to rnicroorganisms at the mesoscale level. These compounds may 

becorne sorbed or bound in some way to the soi1 particles, or be present in a physically 

inaccessible state that prevents microorganisms with biodegradative enzymes kom 

carrying out a rapid transformation of the contaminant 1121. 
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Even in situations where a hydrocarbon contaminant is initially readily and easily 

biodegraded, B lackbum and Halker [13] found that under constant environmental 

conditions, the rate of biodegradation of petroleum hydrocarbons decreases with time and 

may become negfigible d e r  a penod Tabak and Govind [14] conducted an extensive 

fiterature review of research studies conducted on biorernediation of chemicals in soil. 

Their review indicated that: 

1) chemicals are biodegraded by indigenous soil microbiota to a "plateau" 
concentration, i. e. a concentration which no longer decreases, or decreases very 
slowiy with continued treatmmt 

2) reduction below the plateau concentration is limited by the "availability" of 
hydrocarbons to the microorganisms 

In general, the bioavailability of the target compounds became the limiting factor to 

biodegradation in the above cases. 

2.2 Bioavailability 

Bioavailability has been generaily defmed as the availability of a chemical to biological 

transformation, and is detemllned by the extent to which a chernical is exposed to an 

organism [15]. The bioavailability of compounds cm be affected by chemical aging [16]. 

Chernical aging involves the di&ion of the contaminant into soil micropores, the 

partitioning into soil organic matter, strong surface adsorption or a combination of these 

processes. When any of these chemical aging processes occur, the contaminant 

compounds become mavailable to bactena to degrade. 
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Zhang et al. [17] found, after extensively reviewing experirnental evidence, that 

microorganisms are most effective in utilizing "fieely" dissolved organic chemicals. The 

f?ee bulk water concentration of organic substrate determines its rate of uptake and 

consequently its bioavdability. They concluded that transfer of the contaminant to the 

aqueous phase is first required for biodegradation to occur. However, sorption of organic 

contaminants tends to prevent the direct contact between Wcroorganisms and 

contarninants, which is necessary for biodegradation to occu. Sorption reduces the 

aqueous concentration of organic contaminants and therefore lowers their rate of 

transformation. As well, slow desorption rates may reduce the effectiveness of 

biodegradation by limiting the flux of contaminants to the aqueous phase. Slow 

desorption c m  completely control the apparent rate of biodegradation, leading to a 

situation under which essentially al1 of the rernaining organic compound reside in 

biologically inaccessible areas [ 1 81. 

The vast majority of bacterial population exists on the external surfaces of solid grains 

and aggregate particles. Jones et al. [19] conducted a study on diffusion and reactions 

within porous packing matenal and found that for a highly porous diatomaceous earth 

pellets (30% intrapaaicle porosity), that 90% of the bacteria were observed in the outer 

5% volume of the peIlets. They M e r  observed that the intemal porosity of sediments 

and aquifer materials is usually much lower, ofken around 1 % to 5%, and that the physical 

exclusion of bactena will be greater for such low-porosity natural rnaterials. This was 

m e r  confirmed by Zhang et al. [20] after andyzing aquifer material fkom the Borden 

-. .. 
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Aquifer, Ontario, Canada. Analysis of one of the coarser sand sizes uidicated that that 

roughly 50% of the intraparticle pore volume resides in pores that are less than 0.1 p m  in 

diameter. Pores with diameters larger than 1 pm comprised about 12% of the total pore 

space, and only about 5% of the pore volume was attnbuted to pores larger than 2 Fm. 

They went on to state that considering most indigenous bacteria range in size f?om 0.5 to 

1.0 Fm, that these bactena will be physically excluded from most of the interparticle 

pores of these grains. Zhang et al. also stated that the mean diameter of intraparticle 

pores occupied by bactena has been estimated to be typically larger than 2 Fm, and this is 

iikely to be larger than the intraparticle pore space of many natural sorbent solids. As a 

result, they concluded, that organic chernicals sorbed into natural minerals may 

cornmonly be unavailable for direct microbial degradation. 

2.2.1 Bioavaiiability Studies 

If a contaminant becomes sorbed into these rnicroscopic particulate pores, the 

contaminant cornpounds will become unavailable to bacteria for degradation. The 

following examples cited fiom fiterature present examples of the above state scenario. 

Steinberg et al. [21] studied the persistence of 1,2 dibromoethane (EDB) in agricultural 

topsoils. They found that EDB could be found in these soils up to 19 years after its last 

lmown application. The residual EDB was found to be highiy resistant to both 

mobilization and microbial degradation in contrast with freshly applied EDB and they 
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concluded that the compound was present in soil micropore sites that were stericaily 

inaccessible to bactena. 

In a similar study, Hatzinger and Alexander [22] discovered that the extent of degradation 

and mineralization of phenanthrene and 4-nitrophenol in soils decreased significantly 

with aging time. They concluded that these reductions in mineralization suggest that the 

concenkation of the contaminant available to the bacterium that degrades it was declining 

due to entrapment in the soil structure. 

Kelsey et al. [23] conducted a study to determine the feasibility of devising a chernical 

assay to predict the bioavailability of organic compounds that become sequestered in soil. 

Mild extractants were used to predict the bioavailability of select compounds 

(phenanthrene and atrazine) in soil over t h e .  These results were compared to actual 

degradation by earthwoms and bactena. A vigorous extraction of phenanthrene revealed 

no disappearance even as the compound becarne less available to the test organisms. 

In a sirnilar study, Kelsey and Alexander [24] compared the amount of a contaminant 

(atrazine, phenanthrene and naphthalene) removed f?om freshly inoculated and aged soils 

by earthworms and bacteria, and compared thern to the amount that could be recovered 

through a vigorous extraction method. Results indicated that persistent (contaminant) 

compounds undergo some type of slow sequestration in soil, a sequestration that resulted 

- - - -  
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in a diminution in the quality of some organic chernicals that are available to earthworms 

and bacteria 

Fu et al. [25] conducted a study on the desorption and biodegradation of sorbed styrene in 

soil. They found that styrene fieshiy added to a soi1 was extensively mineralized by 

microbial degradation. However, if the styrene was present in the soil for increasingly 

long periods in the absence of microbial activity, the extent of biodegradation by 

subsequently added microorganisms became progressively lower until 0% was 

mineralized in soils where the chemical was present for four months. They concluded that 

a sorbed molecule is less readily metabolized by microorganisms than the same molecule 

present in the aqueous phase. They also hypothesized that thÏs sorption may result in the 

persistence in nature of an organic molecule that is readily metabolized if present in a 

nonsorbed form. During this period of persistence, abiotic changes may occur that make 

the chernicd increasingly less available for microbid use. 

Bosma et al. [26] presented a genenc mathematicai concept for the bioavailability of a 

contaminant in a soil environment. They postulated that biotransformation is controlled 

by the biochemical activity of microorganiçms and the mass transfer of a chemical to 

microorganisms. Their mathematical concept took both of these aspects into account. A 

critical analysis of bioremediation data using their concept revealed that the intrinsic 

microbial activities limited bioremediation in only a few cases. In most cases, mass 

transfer limitations prevented the full exploitation of the microbial degradative po tential. 
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They concluded that technical rneasures are needed to change the physical structure of the 

contaminated matenal, which would enhance the bioavailability of the pollutants. 

2.2.2 Increasing Bioavafiability 

Technical measures were employed in the above mentioned studies to physically change 

the structure of contaminated matenals, in atternpts to expose the sequestered and sorbed 

contaminants, and thereby enhance the bioavailability of pollutants. The technical 

measures employed are summarized following. 

Both Hartzinger and Alexander 1221 and Steinberg et al. [21] hypothesized that breaking 

up and converthg soil aggregates to primary particles would make previously 

inaccessible compounds available to bacteria for degradation. Hartzinger and Alexander 

[22] used sonic disruption to break up soil aggregates and found the rate of phenanthrene 

mineralization increased by 4 &es. Steinberg et al. [2 11 found that mechanical breakup 

of the soil particles in a bal1 mill resulted in a 20-fold increased release of aged EDB over 

that released fiom the unpulverized material. 

Both Kelsey et al. [23] and Kelsey and Alexander [24] f o u d  that vigorous extractions of 

contarninants were ineffective for predicting bioavailability because the vigorous 

extraction processes appreciably over estimated the quantity of the contaminant that was 

actually bioavailable. 
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Rasiah et al. [27] exposed soils fiom an oil-waste land-treatment farms to varying levels 

of sonication and then aliowed these soils to biodegrade. They found increased levels of 

compound mineraikation that correlated with increased levels of sonic energy applied 

before bioremediation. They concluded that the increase in the bioavailability of the 

contaminant was due to aggregation caused by the sonic treatments. 

Gregorich et al. [28] studied carbon mineralization in soil fiactions d e r  various amounts 

of aggregate disruption. They subjected aggregates (1-2 mm) to shaking, increasing 

intensities of ultrasonincation, and then physically separated the resultant soils into sand- 

, silt- and clay-size kactions. Al1 of the size fkactions showed a large increase in the 

amount of readily decomposable C when the utrasonic energy input was uicreased, and 

disruption of microaggregates occurred. The data suggested that some readily 

decomposable organic matter was sequestered within microaggregates and protected fÏom 

microbial attack. 

Wang et al. 1291 studied the effects that freeze-thaw wouId have on the loss of soluble 

organic carbon fkom soils. They found that increased Ieaching of SOC from the fieeze- 

thaw treated soils was attributed to additional sources of SOC being released by the 

Eeeze-thaw process. They concluded that the shrinking and expanding of soil organic 

matter under fieeze-thaw conditions enhanced fragmentation and surface exposure of the 

soil's organic matter. They also concluded that this in tum may facilitate the subsequent 

biochemical and biological depolymerization of the fkagmented materials. 
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Of all the above techniques employed to physically alter the structure of soil to increase 

the bioavailability of sequestered contarninants, the action of keeze-thaw was the least 

technologically and physically intensive method. As well, because it occurs naturaIly, 

employing freeze-thaw cycles to enhance the bioavailability of inaccessible contarninants 

may prove to be the most economically feasible method utilized. 

2.3 Freeze- Tha w 

As demonstrated in the previous section, physically changing the structure of 

contaminated soils, and thereby exposing compounds that may be sequestered and sorbed 

within soil micropores, increased the bioavailability of hydrocarbon contaminants. 

2.3.1 Freeze-Thaw and Aggregate Stabiiity 

Aggregate stability has been defïned as the measure of a soi1 aggregate's resistance to 

breakdown [32]. The disruption of soil aggregates occurs naturaily duruig seasonal 

fieeze/thaw cycles. As water keezes in the small crevices and micropores of soil, it draws 

moisture f?om the surroundhg soil causing ice crystals to grow. This crystai growth tends 

to exert pressure on and break up soil clods and aggregates [30]. This process is 

demonstrated schematically in Figure 2.1 below. 
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Figure 2.1. Schernatic representation of the relationship between ice formation and unfiozen water 
films. As the amount of ice present increases from A to C, soil pore enlargement may occur, 
resulting in the soil particles being pushed apart and the break-up of the continuous liquid films. 
[3 11 
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Studies have shown that repeated stress on soi1 aggregates by fieeze-thaw cycles tended 

to degrade aggregate stabiliv and reduce their size distribution. 

Edwards [33], while studying the effects of fieezing and thawing on aggregate stability 

and size distribution of P ~ c e  Edward Island soils, found that the Iargest size hction of 

soil particles (4.75 mm to 9.5 mm) decreased fkom 58% to 35% while the smalIest size 

fraction (c 0.5 mm) Uicreased from 12% to 45%. 

Sillanpaa and Webber [34] who studied the effects of keezing-thawing and wetting- 

drymg cycles on soil aggregation, found a 20% to 42% decrease in the mean-weight 

diameter of soil aggregates afier 5 cycles of fieezehhaw. 

Eigenbrod [3 51 found that cyclic freezing and thawing caused increased permeability 

proportional to the number of keeze-thaw cycles that a fine grained soils were exposed 

to. The increase in permeability was amibuted to the development of fissures and joints 

within the soil rnatrix. 

Vaz et al. [36] found aggregate stability to decrease after fkeezing, increasing a soil's 

susceptibility to disaggregation. They M e r  postulated that the disaggregation of a soil 

as a result of fieeze-thaw can result in "fkesh" reactive surfaces becoming exposed, and in 

tum, cause an increase in nutrient availability to bactena. 
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2.3.2 Freeze-Thaw Effects on the Chemical and Biological Properties of SoiI 

As mentioned above, Vaz et al. hypothesized that soil fieeze-thaw cycles increased the 

availability of soil nutrients to bacteria by exposing previously inaccessible reactive 

sufaces. Other studies have found that the chemical and biological properties of soils are 

affected in conjunction with the soil's physical properties when subjected to freeze-thaw. 

The resdts of some of these studies are summarized following. 

Edwards and Cresser [3 11 conducted an extensive literature review on the effects that 

freezing had on the chemical and biological properties of soil, and found that the 

structural disintegration of soi1 associated with the volumetic changes of water upon 

fkeezing, could result in the exposure of fresh reactive surfaces within a soi1 matrix. 

They further found that these results would not be limited to mineral soils, but that 

physical disruption of soi1 organic matter also occurred. 

Christensen and Christensen [37] studied the effects of fieeze-thaw cycles on organic 

matter availability for denitrification in different soil fractions. They found that keeze- 

thaw treatments increased the soil organic matter concentrations available for 

denitrification and that for whole soi1 and aggregate (sandy and silty) soils, the freeze- 

thaw process disintegrated these soil aggregates. 

As aggregate stability i s  decreased by fieeze-thaw processes, the overail reactive surface 

areas exposed to soil bactena increases. This process may expose contaminant 
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compounds that had previously been mavailable to bacterial degradation due to the 

compounds being sequestered and sorbed within soil micropores. Freeze-thaw may also 

have other positive effects on bioremediation related factors and processes such as 

nutrient availability and microbial activity. 

Edward and Cresser's [31] review of soils literature revealed that fieezing and thawing 

increased nutrient availability in soils. They found that numerous fkeeze-thaw cycles 

caused increased concentrations of extractable ammonium and phosphorous. They also 

found that the greatest effect of fkeezing on nutrient availability were associated with 

highly organic soils. 

Mack [38] found that the effect of a single fieezing and thawing of soil increased 

bacterial activity and the bacterial mineralization of nitrogeen. Vaz et al. [36] found that 

fieezing significantly increased the total dissolved and soluble phosp horous fiactions in 

soil. They concluded that the substantial increase in soluble phosphorous observed for 

the organic soi1 suggested that the physical disruption of biological components were 

important. 

2.3.3 Freeze-Thaw and Microbial Activity 

Freezing and thawing also eEects microbial activity. Freezing and thawing has been 

noted to cause large flushes in respiration measured by CO2 production or O2 uptake [3 11. 

This burst of activity is related to the presence of readily available nuûients and soluble 
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carbon cornpounds released by the fkeeze-thaw process. Some of these readily available 

nutrients and soluble carbon are attributed to intercellular solutes which le& out of 

lethally damaged cells and serve as metabolic substrates for cells not damaged 1391. 

Morley et al. [40] studied the effects of fkeeze-thaw stresses on bacterial populations in 

soi1 microcosms and found that fkeezing caused a proportion of the bactenal population 

(40% to 60%) to be killed. They estirnated that the death and lysis of 40% of a soil's 

bactenal population c m  produce up to 9 pg of mineralized nitrogen per g of soil. They 

concluded that these bioavailable, mineralized nutrients would be available for microbial 

uptake in the spring, and could conceivably prime spring microbial activity. 

Skogland et al. [41] found an increase in O2 uptake and CO2 evolution after fieeze-thaw 

and concluded that there was a positive correlation between the killing effect of the 

fieeze-thaw treatment of soil and the respiratory increase per surviving bactenum. This 

increase in microbial activiw was attributed to the uptake of leaked cellular material fiom 

lysed cells by the surviving bacteria. 

2.4 Liferature Review Summary 

Naturally occurring freeze-thaw cycles disrupt soil aggregates, physically changing the 

structure of soils. Freezing and thawing have also been shown to increase the nutrient 

availability in soils. Bacterial activity has been documented to increase after freeze-thaw 
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cycles. AU of these effects of eeezing and thawing should combine to increase the 

bioavailability of sorbed and sequester contaminant compounds, as well as to increase the 

activity of the soi1 bacteria required to degrade these compounds. By increasing 

contaminant bioavailability and soi1 microbial activity, the biodegradation rates of fieeze- 

thaw treated soils should dso increase. 
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3.0 Method and Apparatus 

3.7 General 

The study utilized bench scale bioreactors to biologically treat a diesel fuel contaminated 

soil. A series of reactors, includuig an abiotic control, were nui in triplicate. The 

contaminated soil sarnple was analyzed for it's physicd and chemical characteristics. The 

soil was amended with nutrients and was brought up to optimum moisture Levels. 

Samples were placed into the reactors, and the initial concen~ation of Total Extractable 

Hydrocarbons (TEH) was detennined for each reactor. After the reactors were set up, the 

progress of degradation by the bactena was monitored through head-space analysis of 

oxygen utilization and carbon dioxide production for 229 day s. These respiration results 

were used to estimate the concentration of contaminants remaining in the reactors. The 

bactenal activity was monitored until it was determined that rate of degradation had 

leveled off. This decrease in activity suggested that the contaminant compounds had 

becorne unavailable to bacterial degradation, and that the soil microorganisms had shifted 

to endogenous respiration. At this point, designated reactors were subjected to various 

fkeeze-thaw cycle treatments to disrupt soil aggregates in adempts to expose previously 

unavailable concentrations of contaminants, as well as to stimulated microbial activity. 

M e r  observing the response of the reactors to the fieeze-thaw neatments, the reactors 

were opened up and the final TEH concentrations were determined. The data was 
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analyzed, and the resuIts were compared for the effects of different fieeze-thaw 

treaiments on the degradation of the hydrocarbons. 

A detailed description of the specific 

the following sub-sections. 

methods and apparatus employed are presented in 

3.2 Soil Characteriza tion 

Contaminated soi1 was obtained fiom a diesel impacted Manitoba Hydro site in Churchill, 

Manitoba. Twenty samples, in the form of bagged auger cuttings (grab samples), were 

acquired fiom a drilling program conducted on the site in August 1995. These bagged 

samples were al1 obtained within the first rneter of overburden, charactenzed in the 

drilling logs as a silty-sand deposit [42]. 

The 20 samples were consolidated into one large sample. The consolidate sample was 

then passed through three sues of screens to rernove larger than sand-sized particles. The 

screens utilized are presented in Table 3.1. 

Table 3.1: Screens Utilized to Partition Consolidated Soil Sample 
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Once ail aggregates larger than coarse-sand were removed, the consolidated sample was 

passed through a batch splitter 5 times to ensure that the final sample 

The consolidated sample's physical and chernical properties were 

was well mixed. 

analyzed. From the 

results, optimal moisture 

ensure a successfid onset 

content and nutrient concentrations 

of hydrocarbon degradation. Al1 of 

analyses were conducted on triplicate sarnples. The initial soi1 

could be determined to 

the soil characterization 

characterization analysis 

that were conducted on the consolidated sample are summarized in Table 3.2 below. 

Table 3.2: Initial Soil Characterization Analysis of Soü Sample's Physical and 
Chemical Parameters 

I Soii pH water extraction, pH meter 

Volatiie Organic Carbon 1 EPA 824018260 

Moisture Content oven cirying at 105 O C  

Bioavailable Phosphorous SM 4500-P D ' 
Bioavailable Nitrogen S M  4500-NO,- F 

Soi1 Texture 

1 Total Extractable Hydrocarbons (TEH) 1 Hexane extraction, GC analysis 
' Soi1 extracted with 0.5M NaHCO, 
Soil extracted with 2M KCL 

ASTM D-2487 

Soil Porosity 

Soil Density 

The results of the soil characterization analysis is presented in section 4.1. 

Drying Oven and Scale 
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Al1 of the above analyses were conducted at the University of Manitoba D e p m e n t  of 

Civil Engineering, Environmental Engineering laboratory. A summary of the in-house 

analytical equiprnent utilized to conduct these soi1 characterization analyses is presented 

in Table 3.3. 

Table 3.3: Summary of Soi1 Characterization Analytical Equipment 

SoiI p H  

Volatile ûrganic Carbon 

Moisture Content 

pH meter 

Muffle Furnace 

Drying Oven and Scale 

Bioavailable Phosphorous Technicon colorimetric auto andyzer 

Bioavailable Nitrogen 

Soil Porosity 

Technicon colorimetric auto analyzer 

Soil Texture Dry Sieve 

1 Total Exmctable Hydrocarbons (TEH) 1 HP 5890 Gas Chromatopph (FID), 
HP 1 Capiliary Column 

Soi1 Density 

3.3 Soi1 Preparation and Amendments 

Based on the initial soil characterization, the optimal soil pH, soil moisture content and 

nutrient concentrations required for successful bioremediation were detemiined. 

Drying Oven and Scde 
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While microorganisms will often grow over a wide range of pH, drastic variations in pH 

can affect microorganisms by disrupting plasma membranes, or by inhibiting rhe activity 

of enzymes and membrane transport proteins [43]. Rowell et al. [44] found that the pH 

requirements for hydrocarbon degradation fa11 withïn the range of 6.0 to 8.5. They 

recommended that soi1 pH adjustment is only required when the value f d s  outside of that 

range. Riser-Roberts [45] suggests that the optimum pH for rapid decomposition of 

hydrocarbon wastes and residues is usually in the range of 6.5 to 8.5. Cookson [46] 

reported that hydrocarbon degradation proceeded quicker at pH's above 7 than below, 

when the pH falls withùi the optimum range of 6.0 to 8.0. 

3.3.2 Soi1 Moisture Amendment 

As bioremediation of aliphatic hydrocarbons is most efficient through aerobic processes 

[47], soil moisture content must be controlled to provide a sufficient amount of intra- 

particle water for bacterial activity, while not elirninating the pore-space air required for 

aerobic respiration. Riser-Roberts [48] suggested that aerobic degradation of petroleum 

hydrocarbons in soil is commonly greatest at 50 to 70 percent of the soil (water-holding) 

field capacity. Cookson [49] reported that a moisture content of 80 percent of the soil's 

field capacity (approximately 15 percent moisture by weight) was optimum for 

bioremediation in soil. Calabrese and Kostecki [69] also found that the majority of 

bioremediation studies indicated that generaily for soils, the optimum moisture content is 

within 50 to 70 percent of the water-holding capacity, or approxirnately 15 to 20 percent 
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by dry weight. De-ionized water, produced in the Environmental Engineering Laboratory, 

was used to adjust the soi1 sample's moisture content to 15 percent by weight. 

3.3.3 Nutrient Amendments 

The initial concentration of Total Extractable Hydrocarbons (TEH) in the composite soi1 

sample was determined during the initial soi1 characterization, as described previously. 

From these contaminant concentration values, the required concentrations of nkogen and 

phosphorous amendments for successful bioremediation were determined. The reported 

optimal carbon to nitrogen to phosphorous ratios (C:N:P) for biodegradation is 100: 10: 1 

[SO-521. Lab-grade Potassium Nitrate (Km,) and Potassium Phosphate Monobasic 

0(H2P04) were utilized for the nitrogen and phosphorous amendments respectively. The 

required concentrations of KN03 and KH,P04 were completely dissolved into the de- 

ionized water intended for the soi1 rnoisture correction and the solution was applied to the 

soi1 sampies. 

Although commercial agricultural fertilizers, such as Urea (46-O-O) , Ammonium Nitrate 

(34-0-O), Ammonium Phosphate (1 1-55-O), and Mono-Ammonium Phosphate (1 1-52-O), 

are recommended in the Literature [50], lab-grade Potassium Niwate and Potassium 

Phosphate Monobasic were chosen for their absence of ammonium and filler materials. 

The application of ammonium sdts or urea as nitrogen sources may cause ammonia 

toxicity, and thereby reduce microbial activity [ S I .  As well, nitrate is reported to be a 

better form of nitrogen for hydrocarbon decomposition [5 11. The commercial fertilizers 

. -- 
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mentioned also contain m e r  materials of unlmown composition. These filler matenals 

May consist of carbon-based compounds. A concern &ses that any carbon-based filler 

materials may inhibit the biodegradation of the hydrocarbon contaminants due to Diauxie 

effect. The Diauxie effect [53] occurs when a compound camot be degraded Ui the 

presence of another compound. The metabolic pathways of degradation are not altered, 

but the enzymes necessary for metaboiic attack of a particular hydrocarbon may not be 

produced when a preferred subçtrate is present. A previous shidy conducted at the 

University of Manitoba [Il] suggested that the utilkation of urea as a nutrient source 

caused a diauxie effect in the fertilizer amended samples. It was hypothesized that the 

hydrocarbon-degrading bacterd attacked the urea carbon source pnor to the contaminant 

cornpounds. This theory was supported by high CO2 production coupled with low 

hydrocarbon degradation rates in the urea-amended samples and the opposite trend in 

non-amended samples. 

3.4 Bioreactor Study 

3-4.1 Bench-Scale Protocol 

A bench-scale protocol developed by the Site Remediation Division of the Wastewater 

Technology Center [54] with fünding fkom the Development and Demonstration of Site 

Remediation Technology (DESRT) Program of Environment Canada, was used for this 

study. The protocol was developed through discussions by an expert review cornmittee 

of existing bioremediation bench-scale protocols presented in literahue. The protocol 

Tom Saruuskas 
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was reported to have yielded good quality results for a nurnber of different contaminants 

(voIatile and non-volatile), contaminant concentrations, and soil types [55].  

The method calls for the monitoring of microbiological activity within bioreactors 

containhg various configurations of contaminated soil. The various reactor 

conf?gurations recommended included the utilization of "tream~enf' reactors, "treatment 

control" reactors, and "abiotic control" reactors. Microbiological activity is monitored 

through the measurement of respiration by-products, namely CO2. These by-products can 

be correlated to an equivalent degradation of contaminant through a mas-balance 

equation. As both the initial and &al concentrations of the contaminant are detennined 

through other analytical methods, the CO, production data and estimated contaminant 

degradation can be compared to the directly meanired concentrations. From these results, 

biodegradation rates c m  be estimated and the feasibility of utilizing bioremediation to 

treat the specific contaminant can be assessed. 

The method utilized for monitoring bacterial activity for this study has been modified 

from the protocol. A detailed explmation is provided in Section 3 -4.3 bellow. 

3.4.2 Mass Balance 

The microbial activity within the bioreactors were measured by monitoring the 

concentration of Oxygen (03 and Carbon Dioxide (CO2) within the reactor headspace. 

As the bacteria degrade the hydrocarbon contaminant through aerobic respiration, the 
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concentration of CO2 within the reactor headspace will increase, and inversely, the 

concentration of O2 will decrease. This decrease in headspace 0, and increase of CO2 

can be correlated to a decrease in the concentration of hydrocarbons within the soi1 

through a simple mass balance prescribed by Cookson [57] and Sabenyan et al. [58]. 

Given an amount of contaminant per mass of soi1 the total quality of reactants can be 

calculated f h m  a balance reaction. This is conducted by the balancing of a redox 

equation. The development of stoichiometric equations for the breakdown of the organic 

compounds must include the organic species being oxidized, the electron accepter, and 

the major nutrients utilized for ce11 growth. 

Three half reactions are provided in the references [57-581: An Electron Donor Half 

Reaction (H,), an Electron Acceptor Half Reaction (HJ, and a Wcrobial Cell Synthesis 

Equation (Cs) These half reactions are provided below. 

where Z = 4a + b - 2c - 3d 

For Oxygen as the Electron Acceptor 

For Nitrate as the Nitrogen Source 
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The term "C,H,O,W' in equation 3.3 represents the approlamate composition of cellular 

structure f?om microbial growth resulting fiom degradation of the contaminant 1571. 

The overall reaction can be given in general terms by: 

H D  + feH* + Les 

fe = hct ion of organic oxidized for energy 

fs = hct ion of organic associated with conversion to microbial c e k  

where : 

fe+L = l  

For aerobic reactions, the range of values for f, is 0.12 - 0.60, wiîh the mean being 0.50 

1571. For this study, f, was chosen as 0.50. 

The estirnated average carbon chah length for Diesel Fuel is C [58]. When 

substituting in this value into the electron donor half reaction (3. l), the following results: 

When applying equation 3.4 to the equations 3.1,3.2, 3 -3, and 3.5, and collecting al1 the 

terms, one obtains: 
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In çumary, for every mole of hydrocarbon degraded: 

10 moles of Oz are utilized 

1.43 moles of NO3- are utilized 

6.86 moles of CO2 are produced 

1-43 moles of Microbial mass are produced 

7.71 moles of HzO are produced 

The molar relation, 

G,H,: O,: CO, = 1:10:6.86 

was used to estimate the degradation rate of hydrocarbons through the monitoring of the 

bioreactor's products and by-products of respiration. 

3.4.3 Respiration Monitoring 

After the contaminated soils were placed into the reactors, samples fiom each reactor 

were analyzed for their initial Total Extractable Hydrocarbon (TEH) concentration. The 

reactors were then sealed up, and the concentration of 0, and CO2 in the reactor's 

headspace were monitored for 229 days. Initially, the headspace gas concentrations were 
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monitored daily. As the rate of O2 utiliZation and CO2 production started to decrease, 

headspace monitoring decrease to by-weekly and then weekly sessions. 

The headspace gas concentrations were determined utilizing a Gow Mac Gas 

Chromatograph (GC) utiliPng a Series 550 Thermal Conductivity Detector. The GC 

was calibrated by sampling and injecting prepared concentrations of O, from sealed 

serum bottles. M e r  calibration, samples of the reactor's headspace were withdrawn with 

a syringe through the reactor's sarnpling port, and injected into the GC. The results, 

expressed as "percent 02", were recorded. M e r  al1 the reactors were sampled for their 

headspace O2 concentrations, the GC was re-calibrated for CO2 and the sampling 

procedure was repeated. 

The headspace O2 and CO, concentrations converted fiom percent values to molar 

concentrations utilizing the Ideal Gas Law. The equations utilized were as follows: 

P* VG 
Moles O, = 

R*T 

P = Headspace Pressure (atmospheres) 

va 
- - Volume of Headspnce Oxygen (Zitres) 
- - Volume of Air * % O2 

R - - Ideal Gas Constant 
- - 0.08206 (atm *L / OK * moles) 

T - - Temperature (Kelvin) 
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Moles CO, = 
P * V& 
R*T 

Heodspace Pressure (atmospheres) 
Volume of Headkpace Carbon Dioxide (litres) 
Volume of Air * % COz 
Ideal Gas Constant 
0.08206 (atm *L / 9K * moles) 
Temperature (Kelvin) 

Ambient temperatures were recorded at the time of sampling. Headspace pressures were 

assumed to be-ambient (1 atm) or near ambient. It was dso asçumed that the soi1 pore 

space dîd not contribute to the total headspace volume. 

The cumulative O, utilized and CO, produced were recorded, and utilizing equation 3.7, 

the cumulative degradation of C,4H24 was estimated. 

When it was observed that the oxygen concentration withui the reactors had dropped 

below approximately 5 %, the headspace gas was exchanged as prescribed in the protocol 

[59]. The bioreactors were opened and headspace gas was allowed to be exchanged for 

ambient air. The reactors were then re-sealed and the headspaces were then sarnpled and 

analyzed on the GC to ensure that the O2 within was at approximately 21 %. The O, 

concentrations within the abiotic reactors never decreased below 5 %, and were therefore 

never opened and exposed to ambient air. 
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The reactors were monitored for the duration of 229 days, at which t h e  the bioreactors 

were opened-up, and the bioremediated soils were sampled and analyzed for their final 

TEH concentrations. 

3 -4.4 Freeze-Thaw Cycles 

The by-products of microbial respiration within the reactors were monitored util it was 

detemiined that rate of OZ utilization and CO2 production had leveled off. This decrease 

in activity suggested that the contaminant compounds had become unavailable to the soi1 

bacteria, and that aerobic degradation of the target cornpounds was no longer occurring. 

At this point, designated reactors were subjected to various £keeze-thaw cycle treatments 

to disrupt soi1 aggregates in an attempt to expose previously unavailable concentrations 

of contaminants, as well as to stimulate microbial activity. 

A different number of keeze-thaw treatments were applied to the four groups of treatment 

reactors. One, three, six and nine fkeeze-thaw cycles were applied in attempts to re- 

stimulate biodegradation. The treatment program is surnmarized in table 3.4 below. 
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Table 3.4: Preeze-Thaw Treatments and Associated Reactor Groups 

-- 

The complete fkeeze-thaw treatment program required nine days to complete. The 

Reactor Group . 

Designaticm 

program was arranged so that all of the reactors began their keeze-thaw cycles on day 

one, and they al1 were completed by day ten. Table 3.5 summarizes the events of the 

nine-day freeze-thaw treatment program. 

Table 3.5: Summary of Events for Freeze-Thaw Treatment Program 

. Nimber of Reactars ' Nurnber of'Freeze-Thaw 
Treatments AppIied 

All the reactors were placed in a deep freezer at -20°C. To achieve complete fieezing of 

1 Nine-Day Freeze-Thaw Treatment Perîod 

the soil samples, the treatment reactors were placed in a deep-fieezer for a minimum of 

12 hours. For the thawing-phase of the fkeeze-thaw treatment, the reactors were allowed 

Reactor Preeze-Thaw 
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Deslgnation 

FIT 1 

FIT 3 

Cycles 

1 

3 

Day / Day 
5 : 6  

Day Day 

4 - Denotes one Freeze-Thaw Cycle 

Day 
7 

Day 
3 

FIT 6 

FIT 9 

1 

d 

4 

f 4 d 

Day 
4 2 

4 

1 4  

4 

4 

4 

4 / / .  

6 4 d 

4 4 4 4 4 9 4 
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to thaw for approximately 12 hours. To ensure that complete fieezing and thawing 

occurred, fieeze-thaw monitoring reactors were utilized. These three reactors employed 

the same configuration as the study's treatment reactors, less the gas-sampling p a s .  

Five hundred gram soi1 samples fkom the original Hydro composite sample were 

employed in the fieeze-thaw monitoring reactors. These samples were amended to the 

same moisture content and nutrient concentrations as the as the test reactor samples. To 

ensure complete f i e d g  and thawing, the r n o n i t o ~ g  reactors were place into the deep- 

fi-eezer with the treatment reactors. Before a group of treatment reactors were removed 

for thawing, the monitoring reactors were physically checked to ensure that the soi1 

matrix was completely kozen. As well, before the eeatment reactors were again placed 

back into the keezer for the next fkeezing cycle, the monitoring reactors were checked to 

ensure that the soi1 matri< had completely thawed. 

3.4.5 Bioreactors 

The bioreactors were constnicted fiom 2 Litre glass  aso on^^ canning jars, fitted with 

Teflon-lined screw-top lids. A schematic drawing of the bioreactor construction is 

provided in Figure 3.1 below. 
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Air-Tight, 
Lined, Screw-To 

Lid 

2 liter Glass Jar 

i 500 g 
Conbminated 
Soii Sarnple 

- -  - 

Figure 3.1: Schematic Representation of the Bioreactors Utiiized in this Snidy. 

Within the reactors were placed 500 g of contamùiated soil, which occupied 

approximately 400 ml of the reactor's 2100 ml volume. The soil had been amended with 

nutrients and moisture, as described in Section 3.3 above. The reactors included 

treatment reactors, keatment controls and, abiotic controls. Al1 reactor configurations 

were run in tripticate. Table 3.6 provides a break-dom of the reactor configurations. 
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Table 3.6: Break-Down of Bioreactor Configurations 

Reactor 
Desigrnation 

ABIOTIC 

Reactor Description 

Abio tic Control 

FIT CNTL Freeze-Thaw (Treatment) Conbol 

1 

FR 1 

FA' 3 

F/T 9 I 9 Freeze-Thaw Treatments 

1 Freeze-Thaw Treatment 

3 Freeze-Thaw Treatments 

F/T 6 

lVnrnber of Reactors 

6 Freeze-Thaw Treatments 

Abiotic Control was provided by the addition of 0.2% (120 rng/k&,i,) of Mercuric 

Chloride (HgCl,) in solution to the 500 g soi1 sample [56]. No nutrient amendments were 

provided tu the Abiotic Control Reactors. 
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4.0 Results 

4.1 Soi/ Characterization 

The consolidated soi1 sarnple composed of bagged auges cuttings fiom a diesel fuel- 

impacted site in Churchill, Manitoba were characterized for it's physicaI and chemical 

properties, as described in Section 3.2. The results of this characterïzation are 

sumrriarized in Table 4.1 below. 

Table 4.1: Results of Initial Soil Characterization Analysis 

Soi1 pH 8.13 

VoIatiie Organic Carbon 

Moisture Content 

Bioavailable Nitrogen 1 3.67 mg NO3-N / kg Soi1 

1.19 x 10"gVOC/gSoil 

8.94 x IO-' g H20 / g Soil 

BioavaiIable Phosphorous 

Soil Texture 1 SW-SM * 

0.333 mg PO,-P / kg Soi1 

Soil Porosity 

' per kg of c i q  soil 

38 5% 

To ta1 Eximctable Hydrocarbons 
(TEH) 

Tom Surauskas Page 3 7 

3880 mg TEH / kg soil3 

ResuIts are the average of three analysis 
2 See table 3.2 below 
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The soil pH fell within the accepted range of 6.5 to 8.5 for bioremediation [46], and no 

pH adjustment of the soil sample was necessary. 

The consolidated soil sample's moisture content was determined to be approximately 

10% by weight. This was lower than the recommended concentration of 15% by weight 

[49] for successfid bioremediation. The soil's moisture content required the addition of 

approximately 61 g of deionized water (61 ml) per kg of soi1 to bring the consolidated 

sample up to the optimal moisture content of 15% by weight. 

The Volatile Organic Carbon (VOC) content of a soil cm result korn two sources [60]: 

1. Hurnan Activities (the application of fertilizers, petro l e m  spilis, etc.); or 

7 -. Soil Biota (soi1 vegetation, flora and fauna). 

Typical VOC values range fiom 1% to 8% for topsoils, and 0.1% to 1.0% for subsoils 

[60]. The results of the soil characterization indicate that the VOC content of the 

consolidated soil sample is approximately 1.2% by weight. Although this concentration 

is within expected range for topsoils, it is on the lower end of the range. As partitionkg 

of contaminant compounds into soil organic matter affects it's bioavailability [16], the 

effect of keeze-thaw treatments to increase the availability contaminants sequestered 

within the sample's soil organic matter [29] may be minimal. 

Tom Sarauskus Page 38 



The Effects of Fretzing and Thawing 
pn th e B ior e m e diation of - D i ese2 Fuel Contarninated Soi& 

The soi1 sample's texture is classified as SW-SM: well-graded sand with silt [61]. The 

results of the sieve analysis is provided in Table 4.2 below. 

Table 4.2: Sieve Analysis Results for Composite Soil Sample 

112 

No. 4 

No.- 8 

12-7 

No. 10 

4.75 

2.36 

No. 16 

1 
O 

I 
2.0 

No. 20 

No. 30 

The composition of the composite soil sample is approximately 24% coarse sand (particle 

diarneter 4.75 mm to 2.0 mm), 31% medium sand (particle diarneter 2.0 mm to 0.425 

mm), 38 % fine sand (particle diameter 0.425 mm to 0.075 mm), and 7% silts @article 

diameter > 0.075 mm). A summary of the composite soi1 sample's texture is provided in 

Table 4.3. 

Fine Grave1 

10.8 

12.9 

1-18 

No. 40 

No. 60 

No. IO0 

No. 200 

< No. 200 
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Coarse Sand 

Coarse Sand 

2.4 

0.85 

0.6 

Medium Sand 

10.4 

0.425 

0.25 

0.15 

0.075 

c 0.75 

Medium Sand 

7.5 

10.7 

Medium Sand 

Medium Sand 

15.1 

15.4 

4.0 

3.6 

7.2 

Fine Sand 

Fine Sand 

Fine Sand 

Fine Sand 

SiIts and 
Clay s 
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Table 4.3: Soil Composition by Particle-Size Percentages 

SoiI Type Percent (by weigh t) 

1 Coarse Sand 1 23.69 1 4.75 - 2.0 1 

Partiele Diameter (mm) 

Fine Grave1 1 O 
I I 

> 4.75 

- 

Medium Sand 

Fine Sand 

Silts and CIays 

The composite soi1 sarnple's density was found to approximately 1,426 kg/m3. This 

value f d s  with in the range of 1,300 kg/m3 to 1,800 kg/m3 typically found in coarse- 

textured surface soils [62]. As wetl, the composite soil sarnple's porosity of 38% was 

found to fa11 within the typical range of 26% to 53% for fine sands [63]. Soil porosity is 

an important soi1 characteristic for the bioremediation of diesel contaminated soils. As 

hydrocarbons are biodegraded thmugh aerobic respiration, a sufncient amount of pore 

space is required to ensure that adequate air is available for the microbial respiration. A 

porosity of 38% is s f ic ient  to ensure that aerobic biodegradation of the contaminant will 

0ccu.r. 

1 Total 

The initial concentration of Total Extractable Hydrocarbons (TEH) found in the 

composite soil sarnple was 3,880 mg TEW kg Soil. These TEHs comprise approximately 

0.4% of the soil by weight. For successful biodegradation to occur, the C:N:P ratio of 

3 1 .O7 

38.22 

7.02 

1 oo i 
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2.0 - 0.425 

0.425 - 0.075 

< 0.075 
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100: 10:l needed to be achieved. This required nutrient concentrations of 396 mg N / kg 

Soil and 88 mg P / kg Soil. The initial analysis of bioavailable nibogen and 

phosphorous indicated that the composite soil sample possessed 3.67 mg NO,-N / kg 

Soil and 0.333 mg PO,-P / kg Soil. Stoichiometnc analysis of the bioavailable N and P 

indicated that 2852 mg KN03 / kg Soil and 385 mg KH,P04 / kg Soil would be required 

to meet the C:N:P ratio of 100: 10: 1 for successful bioremediation. The composite soil 

sample was amended with the required concentrations KN03 and -PO, as descnbed in 

Section 3 -3.3. Table 4.4 summarizes the nutrient requirements and applied amendments. 

Table 4.4: Required Nutrient Concentrations and Applied Amendments for 
Successful Bioremediation of the Composite Soil Sample 

Nutrient Requirement for 
C:N:P of 100:lO:l 

1 Bioavailable Nutrients 1 3.67 mg NO,-N 1 kg Soi1 

396 mgN/ kg Soii 

0.333 mg PO,-P /kg Soil I 
Required Nutrients 

Amendmen ts 
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88 m g  P 1 kg Soii 

1 Nutrient Ameodments Added 

1750 mg NO& / kg Soi1 270 m g  POJ-P / kg Soi1 

2852 mg KNO, / kg Soi1 385 m g  KH2P0, 1 kg Soi1 
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4.2 Respiration Monitoring 

The initial concentration of TEH as for each reactor sample was determined prior 

to the reactors being sealed to begin the study. The results of the initial contaminant 

concentrations in the reactors are presented in Table 4.5 below. 

Table 4.5: Initial TEH Concentrations in Reactor SoiI Samples 

' Values are an average of triplicate reactor samples 

Reactor Grriup 
Dgignation . 

ABIOTIC 

F/T 1 

All of the initial TEH concentrations are lower than the composite soi1 sample's 

concentration. The nutrient amendments of 2852 mg JOJOp / kgsoil and 385 mg KH2P04 

/ kgsoi, were sufficient, and in fact exceeded, the C:N:P ratio of 100: 10: 1. 

hitiaIConcentratiou o€TE&' 
(qm &,il) 

3790.71 

3394.70 

A total of 48 data points were collected on the reactor's headspace O2 and CO2 

concentrations over the duration of the 229 day study. The data was tabulated as  
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cumulative moles of O, utiiized and cumulative moles of COz produced. The cumulative 

utilization of O2 and production of CO, are presented graphically Figures 4.1 and 4.2. 

I 

egin Freere-Thaw Treatment ! i 
1 

I 1 

Figure 4.1: Cumulative Utilkation of Reactor Headspace O, . The concentration of O2 in the reactor 
headspace was monitored for 229 days. When the microbial activity a?peared to have leveled-off at Day 
94, the Freeze-Thaw Reactors (F/TZ, FIT 9, F/T 6,  F/T 9) were subjected to a 9-day keeze-thaw treatment. 
The O2 utilization in the Freeze-Thaw reactors appeared to increase for approximately 12 days after the 
Freeze-Thaw Treatment, with the exception of FIT 1, which rlisplayed elevated rates of O? utilization for 
approximately 30 days. Each data point represents an average value fiom 3 reactors. 
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l End FreezsÏhaw Treatmenk 1 
1 

Figure 4.2: Cumulative Production of Reactor Headspace CO, . The concenmtion of COL in the reactor 
headspace was monitored for 229 days. When the microbial activity appeared to have leveled-off at Day 
94, the Freeze-Thaw Reactors (Fîïl, Fîï 9, F/T 6, FA' 9) were subjected to a 9-day fkeeze-thaw matment. 
The CO, production in the Freeze-Thaw reactors appeared to increase for approximately 12 days afier the 
Freeze-Thaw Treatmenc with the exception of F E  1, which appeared to display elevated CO, production 
for approximately 30 days. Each data point represents an average value from 3 reactors. 

The utilization rate of 0, and the production rate of CO, were initially high in al1 

reactors, except the abiotic control reactor. These rates leveled-off at approximately day 

80. The nine-day fieeze-thaw treatment described in Section 3.4.4 was applied to the 

Freeze-Thaw Reactors (ml, FIT 9, FIT 6,  FIT 9) at Day 94. As can be seen in Figures 
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4.1 and 4.2, the utilization of 0, and the production of CO2 in the Freeze-Thaw Reactors 

appeared to increase for approximately 12 days after the heeze-thaw treatment ended on 

day 105. The exception to this was reactor F/T 1, which appeared to display elevated O2 

utilization and CO2 production for approximately 30 days after the completion of the 

fieeze-thaw treatment. 

The results of the Abiotic Control reactors were unexpected. From Figures 4.1 and 4.2, it 

appears that the Abiotic Conkol reactors (ABIOTIC) were utilizing O2 as weIl as 

producing CO2 . This wouId indicate that the Mercuric Chloride treatment utilized to 

sterilize these reactors was ineffective. The utilization of O2 and production of CO2 may 

also indicate an abiotic transformation of the hydrocarbon, such as abiotic oxidation. 

With the initial concentration of TEH as in each reactor, the relationship presented 

in equation 3.8 in Section 3.4.2 can be employed to estimate the concentration of Cl,H3, 

in each reactor fkom the O2 utilization and CO2 production data- This estimation of the 

Cl,H,o concentration in the reactors is provided graphically in Figures 4.3 and 4.4. 
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Begin Free~~Th3w Treaîment i - - - - - - -  i 

Figure 43: Estimation of Reactor Concentration Based on Cumulative O2 Utilization. Based on 
the stoicheometric relationship of 1 mole of C,,H,, is depded  for every 10 moles of 0, utilized, the 
concentration of C14H2, in the reactors' soi1 sampies was estimatted fiom the cumulative O2 utilization data. 
Jut as the O2 utilkation rate increased &r freeze-thaw treafmen6 the Freeze-Thaw reactors displayed 
increased hydrocarbon degradation rates aftet the fieeze-thaw treatments were applied. Each data point 
represents an average value fiom 3 reactors. 
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Figure 4.4: Estimation of Reactor Concentration Based on Cumulative CO2 Production. Based on 
the stoicheometric relationship of 1 mole of Ci4Hz4 is degraded for every 6.86 moles of CO, produced, the 
concentration of C,,H2&$ in the reactors' soi1 samples was estimated fiom the cumulative CO2 production 
data. Just as the CO2 production rate increased afier fieeze-thaw treatment, the Freeze-Thaw reactors 
displayed increased hydrocarbon degradation rates after the fkeeze-thaw treatments were appiied. Each data 
point represents an average value fiom 3 reactors. 
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To aid in the direct cornparison of the reactors' hydrocarbon degradation over time, the 

C14H, concentrations presented in Figures 4.3 and 4.4 were divided by their initial 

C L4HZ4 concentrations (Co) presented in Table 4.5. The concen~tions of C,,H,, as C/Co 

over the duration of this study are presented Figures 4.5 and 4.6 . 

%a. a,....- G . - - ~ - - - ~ - 4 - - ~ ~ - ~ - 3 - - - ~ - - Q - - Q - . ~ O ~ O O ~  

Figure 4.5: Esbmated Reactor C,,H2, Concentration Ratio (ClCo) Based on Cumulative Oz Utilization. 
The data point values are obtained by dividùig the estimated concentration of C,,H2, based on Oz 
utilization by the initial reactor concentration of TEH. Each data point represents an average value l?om 3 
reactors. 
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End Freeze-Thaw Treatment , 

1 

Figure 4.6: Estimated Reactor Ci4HZ4 Concentration Ratio (C/Co) Based on Cumulative CO, Production. 
The data point values are obtained by dividing the estimated concentration of Ct4HZ4 based on CO, 
production by the initial reactor concenmtion of TEH. Each data point represents an average value fiom 3 
reactors. 
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From Figure 4.5 and 4.6, one can observe that the greatest degradation rate was 

achieved by the fieeze-thaw treatment conirol reactor, F/T CNTL. 

Based on the 0, utilization data (Figure 4.5), reactors F/T 1, FIT 3 and F/T 9 appeared to 

have similar degradation rates up to approximately day 80. At this point, the degradation 

rates for reactors FIT 3 and FIT 9 appear to begin leveling-out before reactors F/T 1. The 

application of the fieeze-thaw treatment between days 94 and 105 appeared to have the 

greatest effect.0~ the degradation rate of reactors FR 1. The fieeze-thaw treatment had 

the second greatest effect on reactors F/T 9. The fieeze-thaw treatments appeared to have 

minor effect on the degradation rates of reactors FIT 3 and FR 6. 

The results based on the CO2 production data (Figure 4.6) differ fiom the 0, utilization 

results. Reactors F/T 1 and F/T 6, and reactors F/T 3 and FR 9 initially appear to have 

the same degradation rates, with the latter pair slightly out-perfomiing the former. At 

approximately day 75, the degradation rates for reactors FIT 3, F/T 6 and F R  9 appear to 

begin leveling-out, with the degradation rate for reactors F/T 1 leveling out at 

approximately day 88. At this point, reactors FR 1, F/T 3 and FiT 9 appear to have 

similar C, JI2, concentrations. The application of the iÏeeze-thaw treatment between days 

94 and 105 appeared to have equal effect on the degradation rates of al1 the freeze-thaw 

treatment reactors. The duration of increased degradation rate fiom the fkeeze-thaw 

treatment appears to be equal in reactors F/T 3, FIT 6 and FIT 9, hcwever, reactors F/T 1 

appears to benefit for a longer period of t h e  f?om the treatment. 
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As described above, the trends found in Figures 4.3 to 4.6 appear al1 to be similar for al1 

study reactors. Four periods with différent degradation rates can be observed. The fint 

period occurs at initial reactor start-up, between days Zero and 78. During this period, 

the rnost significant degradation occurs. The second degradation rate penod 

occurs between days 78 and 105. During this period, the degradation rates of al1 study 

reactors begin to level-off. D u ~ g  the last 10 days of this period, the freeze-thaw 

treatment is applied to the keeze-thaw treatment reactors. The third degradation rate 

perïod occurs imrnediately afler the completion of the neeze thaw beatments, beginnjng 

at day 105 and continuing to day 134. At this point, all 4 fkeeze-thaw treatment reactors 

demonstrate increases in their CI4H2, degradation rates. The final degradation rate penod 

occurs between days 134 and 229. During this period, dl the study's reactors 

dernonstrate nearly zero CI4Ht4  degradation rates. This degradation rate trend is 

schematically displayed in Figure 4.7. 
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Figure 4.7: Schematic Representation of the Different Degradation Rate Periods Occurring 
During the Duration of the Reactor Respiration Monitoring. The Initial degradation rates 
occur for approximately 78 days. During the second penod (days 78 to los), degradation 
rates approach zero in al1 reactors. It is during this period that the Freeze-Thaw beatment is 
applied to the Freeze-Thaw Treatment reactors. The third period occurs between days 105 
and 134. During this period, the Freeze-Thaw Treatment reactors experience an increase in 
Cl4HZ4 degradation. During the final period, the degradation rates of au the reactors again 
approach zero. 
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Four degradation rate periods were identified for the study reactors koom the CI4Hz4 

concentration data based on both 4 utilization and CO2 production. These values are 

presented in Table 4.6. 

Table 4.6: Reactor Degradation Rates for the Four Degradation Periods 

Degradation Rates Based on O, Utilization Data 

ABIOTIC FIT 1 F f T  3 F/T 6 FTT9 FA' CEYTL 

Degradation Rates Based on COz Production Data 

17.08 

1 .O2 

2.45 

Period 1 

Period 2 

Period 3 

Period 4 

5.60 

1.48 

0.49 

The data from Table 4.6 is presented graphically in Figure 4.8, for the values based on 

0, utilization, and in Figure 4.9, for the values based on CO2 production. 

0.13 
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16.79 

0.32 

1.39 

0.54 

Period L 

Period 2 

Period 3 

Period 4 

20.79 

1.22 

0.88 

0.17 

6.16 

0.73 

0.3 8 

0.33 

18.48 

0.34 

1.3 1 

0.40 

18.35 

0.80 

2.39 

0.54 

19.63 

0.49 

1.26 

0.65 
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ABtOTlC F/T 1 FiT 3 FiT 6 FIT 9 Fm CNTL 

Reador Treatrnents 

Figure 4.8: Reactor Degradation Rates for the Four Degradation Perïods Based on O2 Utilization Data. 
During the initial degradation period (Period I), ail of the reactors exai'bited relatively high degradation 
rates. With the exception of the ABIOTIC reactors, the degradation rates decreased to approximately 5% 
of the initial rates during Period 2. The fieeze-thaw treatments were applied to the Freeze-Thaw 
Treatment reactors (FIT 1, F R  3, F R  6 and F R  9) near the end of Penod 2. D W g  Period 3, degradation 
rates continued to decrease in the ABIOTIC and F/T CNTL reactors, but the Freeze-Thaw Treatment 
reactors demonstrated an increase in their degradation rates. Ail of the reactors displayed decreases in 
their degradation rates during the h a 1  degradation penod, Period 4. 
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AB lOilC FiT 3 F/T 6 FiT 9 Fm CNTL 

Reactor Treatments 

Figure 4.9: Reactor Degradation Rates for TEH Four Degradation Periods Based on CO, production 
Data. During the initial degradation period (Period I), aU of the reactors exhiiited relatively high 
degradation rates. With the exception of the ABIOXC reactors, the degradation rates decreased to 
approximately 3% of the initiai rates during Period 2. The fieeze-thaw treatments were applied to the 
Freeze-Thaw Treatment reactors (FIT 1, FR 3, F/T 6 and F/T 9) near the end of Penod 2. During Penod 
3, degradation rates continued to decrease in the ABIOTIC and F/T CNTL reactors, but the Freeze-Thaw 
Treaiment reactors demonsirated an increase in their degradation rates. AU of the reactors displayed 
decreases in their degradation rates during the find degradation penod, Penod 4. 
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During the initial degradation period (Period l), dl of the reacton exhibited relatively 

high degradation rates. Degradation rate averages between 5.60 to 18-56 mg CI4H2, / 

kgOi,*day based on O2 utilization, and 6.16 to 20.79 56 mg CI4H2, / kgmil*day based on 

CO, production, were observed during Period 1. During Penod 2, the degradation rates 

decreased to approximately 5% of the initial rates- based on O2 Utilization, and to 

approximately 3% of the initial rates based on CO2 production, with the exception of the 

ABIOTIC reactors. The fi-eeze-thaw treatments were applied to the Freeze-Thaw 

Treatment reactors (FE 1, F 5  3, Fm 6 and Fff 9) near the end of Penod 2. This resulted 

in the Freeze-Thaw Treatment reacton demonstrating an increase in their degradation 

rates during Period 3, while the degradation rates continued to decrease in the ABIOTIC 

and F R  CNTL. Al1 of the reactors displayed decreases in their degradation rates during 

the final degradation period, for both the rates based on O, utilization and CO, 

production. These rates are very low, indicating limited microbial activity . 

A summary of the degradation rate changes over the 4 degradation rate periods is 

presented in Table 4.7 and 4.8 below. 
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TabIe 4.7: Summary of the Changes in Degradation Rates Between the Four 
Degradation Rate Periods Based on O,  Utilization 

Table 4.8: Summary of the Changes in Degradation Rates between the Four 
Degradation Rate Periods Based on CO2 Production 
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Reactor 

ABIOTIC 

Change in Degradation Rate [A %f 

Rate 3 - Rate 4 

- 14.49 

Rate 1 - Rate 2 Rate 2 -Rate 3. f 
-88.13 -47.83 
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As can be observed fkom Tables 4.7 and 4.8, the Freeze-Thaw Treatment reactors 

experienced significant increases in the rates of degradation of after the 

application of the fieeze-thaw treatment. The reactors subjected to 9 fkeeze-thaw cycles 

demonstrated the largest increases in degradation rates, with a 270% observed rate 

increase based on O2 utilization and a 335% observed rate increase based on CQ 

production. The reactors subjected to 6 fieeze-thaw cycles expenenced a 172% rate 

increase based on Oz utilization and a 280% rate increase based on CO, production. A 

139% increase and a 199% increase base on O2 utilization and CO2 production 

respectively, was observed in the reactors subjected to 1 ffeeze-thaw cycle. The smallest 

increase in post fkeeze-thaw treatment degradation rate was demonstrated by the reactors 

subjected to 3 fieeze-thaw cycles. The observed degradation rate increases were 35% and 

154% base on O2 utilization and CO2 production respectively. 

The C14& degradation rates observed in Period 4 may be misleading. As these rates are 

estimated fiom the concentration of microbial respiration bi-products within the reactor 

headspace, the low rates of 0, utilization and CO2 production rnay indicated a change in 

microbial activity . The bacteria may have degraded al1 readily-availab le substrates 

during previous degradation periods, and may have shifted to a cannibalistic endogenous 

respiration. Therefore, the utilization of O2 and production of CO2 during Period 4 may 

not be tnily estirnating microbial aerobic-degradation of hydrocarbons, but microbial 

utilkation of leaked intercellular solutes fiom leathally damaged cells. 
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4.3 Final Reactor Concentrations 

M e r  the respiration study was completed, the reactors were opened up and the soi1 

samples were analyzed for their final TEH concentrations. The degradation rate 

achieved in the reactors can be determined by dividing the concentration of TEH 

degraded by the duration of the study, 229 days. The reactors' final TEH concentration 

and the observed degradation rate are provided in Table 4.9 below. 

Table 4.9: Final Reactor TEH Concentrations and Degradation Rates 

Based on the change in TEH concentrations (TEH,, - TEHFm&, d l  the reactors 

degcaded in excess of 98% of their original hydrocarbon contamination. Specifically, the 

individual groups of reactors achieved the following removal efficiencies: 
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. Degradation Rate 
~ m g m ~  1 k&~ii*da~) 

16.30 

14.68 

f 5.27 

15.67 

13.09 

14.76 

' Values are an average of triplicate reactor samples 

' Concentration 
o fTEE 

~ernoved' 
(mg-mrr.f kgMi3 

3733.12 

3 3 62.74 

3497.84 

3589.07 

2998.08 

3378.95 

Final 
Concentration 

of TEH' 
~~~s 1 kgau) 

57.59 

31.96 

25.64 

50.97 

55.02 

35.46 

. Reactor 
Group 

Designa tion 

ABIOTIC 

FITT 1 

Ffï 3 

Ffï 6 

F/T 9 

F/T CNTI, 

: Initia1 
i Concentration. 

O~TEH' . 

~ Z T E H  1 km13 

3790.71 

3394.70 

3 523 -48 

3 640 -04 

3053.10 

34 14.4 1 
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ABIOTIC 

F/T 1 

F/T 3 

F/T 6 

F/T 9 

F/T CNTL 

The range of calculated degradation rates fiom initial and final reactor TEH 

concentrations are slightly less than the estimated rates based on O2 utilization and CO2 

production for the £kt "degradation period" presented in Table 4.6 previously. However, 

the estimated rates are based on a 78 day t h e  period, while the actual degradation rates 

are applied to the entire 229 days of the study. As discussed in Section 4.2, the Iow rates 

of 0, utilization and CO2 production observed during the h a 1  95 days of the study 

(degradation Period 4), indicated decreased microbial activity, during which time no 

hydrocarbon degradation was occurrhg. 

A "corrected" degradation rate can be estimated by assuming that al1 the hydrocarbons 

available to microbial degradation had been utilized by the end of the thkd degradation 

period (day 134). This "corrected" degradation rate c m  be calculated by dividing the 

mass of TEH degraded in the reactors by the 134 day period occurring over the k s t  three 

degradation penods. This "corrected" degradation rates are presented in Table 4.10. 
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Table 4.10: Corrected TEH Degradation Rates Based on a 134 Day Period 

Reactor 
GrouP 

Designation 

The final reactor concentrations of extracted TEH are cornpared to the h a 1  

F/T CNTL 

concentrations estirnated nom 4 utilkation and CO2 production rates in Table 4.1 1. 

. concentration . 
of TEH 

~emoved" - 
 TE TEH./ &on) 

Table 4.1 1: Cornparison of Final Reactor TEH Concentrations with Estimated 
C14H24 Based on O, Utilization and CO, Production Rates 

' Values are an average of triplicate reactor samples 
Based on a 229 day degradation period 

Based on a 134 day degradation period 

. Degradation ~ a t e :  
 TEE f ki~il?day) 

ABIOTIC 

25 -22 
I 

uCorrectedn Degradation 
Rase3 

( ~ & E I  f b i ? d a ~ )  

16.30 3733.12 

3378.95 
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27.86 

14.76 

Reactor 
Group 

F/T CNlZ 

Final 
 unc cent ration 

Estirnafed Final 
:. Concentration of CI4Hz4 

Designation 

ABIOTIC 

Estirnated Fmal 
Concentration of C,H, 

' Values are an average of triplicate reactor samples 

35.46 

of TEE' - 

(WTEF~ f k i t )  

57.59 

1766.15 16 15.20 

. ~ a s e d  on O, tJnüzationl Based on CO+ ~roductitioo~ 
(m&14~~4 -/' kgso i3  

3 189.8 1 

(mgct4~24 -1 

3 297.76 
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As c m  bee seen fiom Table 4.1 1, the 

utilization and CO2 production rates 

final concentrations of CI4HI4 based on O2 

are substantially larger than final reactor 

concentrations detemiined through the soi1 extraction and GC analysis. The estimated 

values range fiom 28.5 to 79 times higher than the actual values. 
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5.0 Discussion 

5.1 Degradafion Rates 

The h a 1  TEH values presented in Table 4.9 previously, indicated that the passive 

aeration rnethod of biological treatment of the contaminated soi1 achieved removal 

efficiencies in excess of 98%. One c m  conchde that the contaminated soi1 was 

success fully bioremediated through passive aeration with the nutrient and moisture 

amenciments used. 

The reactors' observed contaminant degradation rates presented in Sections 4.2 and 4.3 

are compared to rates reported in literature [64-651 in Table 5.1. 

Table 5.1: Study Degradation Rates Compared to Reported Rates 
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Repo r ted 
Degradation 

Rates 
t ~ ~ ~ h s d  1 

- kgSoa*dyl3 

0.4 - 19 [64] 

8 W I  

7.8 - 40 [65] 

6.6 - 69 [6q 

' values are an average of tripiicate reactor sampIes 
rates from respiration monitoring degradation Period 1 

3 the estimate for diesel fuel varies between studies 

Degradation 
Rafe Base ou 

CO,~rodnctio$ 
0% C14H24 / 
kaO,*da~l. 

6.16 

18.35 

19.63 

18-48 

16.79 

20 -79 

Degradation 
Rafe Bitse on 

0 2  

~tilization' 
(mg CI&, 1 
kgsoit*da~) 

5.60 

17.08 

17.12 

15.79 

15.16 

18.56 

Correct& 
Degradafion 

Rate 
@%TEE 

kgioii*cfa~) 

27.86 

25.10 

26.10 

Reactor 
Group 

Designatim 

ABIOTIC 

F/T 1 

F/T 3 

Actnd 
Degradation 

Rate - 

~~~~ 
kgsoii*da~) - 

16.30 

14.68 

15.27 

F/T 6 

F/T 9 

F/T CNTL 

15.67 

13.09 

14.76 

26.78 

22.37 

25 -22 
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The contaminant degradation rates observed during this study are comparable to the rates 

reported in literature[64-661. The degradation rates compare particularly with the values 

reported by Davis et al. 165-661. 

The degradation rates presented in the literature are based on in-situ remediation studies 

which employed a forced aeration, or bioventing, method of delivering oxygen to the soil 

microbes. The in-situ respiration tests consisted of ventilating the contaminated soil of 

the unsaturated zone with air and monitoring the depletion OZ and/or the production of 

CO2 over rime after the air is turned off [64-661. In attempts to make a fair conparison of 

the degradation rates achieved in this study with those found in the literature, only the 

degradation rates based on 4 utilization and CO2 production fkom the first degradation 

period are presented. The subsequent degradation periods (periods 2 to 4), exhibited 

reduced rates. These lower rates may have occurred due to the reduced concentration of 

readily available contaminants to soil microbes, conditions that were not achieved in the 

literature studies. 

The bioreactors achieved degradation rates within ranges that have been previously 

observed in actual in-situ remediation studies. The observed degradation rates, b o t .  

actual (based on the change in TEH concentrations) and estimated (based on headspace 

0, and CO, concentrations), are comparable. These results suggest that the method 

emp Io yed for correlating measured biological activity to contaminant degradation may be 

employed to track site remediation efforts. Soi1 gas concentrations can be monitored 
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until observed results indicate a decrease in O2 utilization or CO2 production, that would 

suggest a decrease in microbial activity. A decrease in biological activity may indicate 

environmental conditions inappropriate for further biodegradation of the contamination. 

Simple lab analysis of the soil for contaminant and nutrient concentrations, and moisture 

levels will indicate the causes for the decrease in biological activity. Appropnate actions 

c m  be implemented to increase biological activity, should M e r  remediation be 

required. 

The results of this study suggest that field implementation of soil nutrient and moisture 

amendrnents, in conjunction with a passive aeration treatrnent, such as land farming or 

biopiles, should effectively remediate the site fiom which the original contaminated soils 

were obtained. As weil, the method emplo yed for CO rrelating measured bio logical 

activity to contaminant degradation rnay be employed to track site remediation efforts. 

As c m  be seen fkorn the table above, the Abiotic Control Reactors (ABIOTIC) achieved 

estimated degradation rates of 5.60 to 6.16 m&[4~24 I kgsoioii*day and actual rates of 16.30 

to 27.86 mgc14H24 / kgsoi,*day. These results indicate that the application of 120 mg/kgS0, 

of Mercuric Chloride was ineffective at k i l h g  off al1 the soil bacteria. However, the 

lower rates of 4 utilkation and CO, production observed fiom the Abiotic Control 

Reactors indicate that the Mercuric ChIoride dosage did inhibit microbial activity to a 

certain degree. 
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5.2 Effects of Freeze-Tha w Treatments 

From the estimated C ,4H24 concentration data summarized in Tables 4.6, 4.7, and 4.8, it 

appears that the fkeeze-thaw treatments applied to the bioreactors produced positive 

effects on the hydrocarbon degradation rates. The estimated, post keeze-thaw treatment 

degradation rates, increased 35% to 270% fiom the pre-fkeeze-thaw rates in the data 

based on 0, utilization, and 155% to 335% increases were observed in the data based on 

COz production Degradation rates were observed to decrease in the non fieeze-thaw 

treated bioreacton (ABIOTIC and F/T CNTL) during the same penod. The data also 

suggests that the degradation rates generally increase with the number of fieeze-thaw 

cycles applied. The degree of degradation rate increases after fieeze-thaw treatment, 

based on both O2 utilization and CO2 production were: 

However, CI4Hz4 degradation was estimated fiom the measurement of the concentration 

of microbial respiration by-products in the reactor headspace. Therefore, the respiration 

data only directly measured the microbial activity in the reactors, and not the 

concentration of CI4H24 in the reactors' soils. 

As mectioned in Section 2.3, freezing and thawing has been noted to cause large flushes 

in microbial respiration measured in O2 uptake and CO2 production [31]. This burst of 
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activity has been related to the presence of readily available nutrients and soluble carbon 

compounds released by the fieeze-thaw process. Some of these readily available 

nutrients and soluble carbon are attributed to intercellular solutes which Ieak out of 

lethdly damaged ceUs and serve as metabolic substrates for cells not damaged [39]. 

Therefore, the increased rates of O2 uptake and CO, production f i e r  the neeze-thaw 

treaûnents may actually have measured the microbid degradation of leaked intercellular 

solutes, and not the degradation of C14H2, . The presence of easily degraded intercellular 

solutes may cause a diauxie effect, inhibiting hydrocarbon degradation [53]. The soi1 

bacteria may have ceased producing the enzymes necessary for hydrocarbon degradation, 

in favor of the enzymes required to utilize the easier degradable intercel1ula.r rnaterials. 

As each Eeeze-thaw cycle can destroy up to 60% of the soil's bacteria population [40], 

the concentration of leaked intercellular material would increase with the number of 

fieeze-thaw cycles. With increasing concentrations of easily-degraded intercellular 

material, the post freeze-thaw microbial activity should increase with the nurnber of 

fieeze-thaw cycles. As rnentioned previously, this trend was observed. 

The theory that increased fieeze-thaw cycles causes increased rnicrobial activity due to 

degradation of leaked intercellular solutes, and not the degradation of hydrocarbons, is 

supported by the bioreactor hydrocarbon removal efficiencies. The observed bioreactor 

removal efficiencies were opposite to the observed increases in post fkeeze-thaw 

degradation rate changes: 
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Fm 3 ~ e m o v d  EiEsiency ' F R  ~ ~ e m c ~ v a i  Efficiency ' FIT 6 ~ e m o v a ~  Efficiency ' Fm g~emov.l  Effciency 

With more readily degradable intercellular material present in the soil matrk, the soil 

b actena will concentrate more energy in producing non- hydrocarbon degrading enzymes, 

and ignoring the target compounds. Therefore, more hydrocarbons would be degraded in 

the bioreactors with lower concentrations of leaked intercellular materials (caused by less 

fieeze-thaw cycles) during the sarne time penod. 

Although the removal efficiencies observed only v k e d  slightly between the Freeze- 

Thaw Treatment reactors (98.20% to 99.24%), the trend is exactly opposite of the 

observed increases in post fkeeze-thaw degradation rates, and supports the theory that 

these rate changes are due to the bactenal degradation of leaked intercellular materials. 

The effect of freeze-thaw on releasing sequestered and sorbed contaminant compounds 

within soil micropores may have had limited effect on the study's soil. The action of 

fFeeze-thaw was intended to disrupt the physical structure of a soil, thereby exposing new 

soil particle surfaces and any sorbed hydrocarbons to microbial attack. As determined 

through soil charactekation, the study's soil sample was classified as a well graded sand 

with silt. Approximately 45% of the soil particles were determined to be a fine sand and 

smaller pariicles. Sillanpaa and Webber [34] found that fkeeze-thaw did effect the mean 

weight diameter of larger aggregates, but had Little effect on the soil fraction with 

diameters less than 0.25 mm. With approxirnately 45% of the sample's material being in 
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the h e  sand size distribution, and approximately 30% of the matenal havhg diameters 

equal to or less than 0.25mm, the over all affect that the fieeze-thaw treatment had on 

disnipting the soil's physical structure was limited. 

5.3 Estimated and Measured Final Contaminant Concentrations 

Table 4.1 1 compares the results of the final hydrocarbon concenirations in the 

bioreactors. The estimated final concentrations of based on reactor O2 utilization 

and C O  production are compared to the actual concentration determined by soil 

extraction with hexane and GC analysis. The estùnated h a 1  concentrations are an 

average of 50 times higher than those determined by the extraction and GC analyçis. 

Three items may contribute to this discrepancy. 

5.3.1 Compounds Not Detected By The TEH Method 

The TEH method employed utilized a gas chromatogrzph to detect hexane-extracted 

hydrocarbon chains within a CIO to C19 range. Diesel fuel normally consists of 

hydrocarbon compounds within this C,, to C,, range 1671. However, as the soil bactena 

metabo lize these compounds through aerobic degradation, smaller hydrocarbon chains 

are formed. Some of these chahs may be smaller than the C,, to C19 detection range of 

the TEH method employed. 
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Soi1 bacteria aerobicaily attack the hydrocarbon chairs in one of two ways: t e e a l  

oxidation and subtermuial oxidation. These forms of attack are demonstrated in figures 

5.1 and 5.2 below. 

HOOC - (CH, 1 ,- COOH - b-oxfdation 

Figure 5.1: Degradation of n-alkanes by Oxidation of the Terminai Methyl Group. The 
aikane is e s t  oxidized to an alcohol, and then to a corresponding fatty acid. The formed 
carboxyl groups are then removed by b-oxidation, resulting in a smder  aikane chain. [68] 

Tom Sarauskas Page 70 



The Efiecfs of Freezxng and ThawUig 
iatr'on o f  Diesel Fuel Co on the Bioremed ntaminated Soils 

CH,- (CH, ),, - CH,- CH,- CH2- (CH, )n- CH, + 
OH 

I 
CH,- (CH, ),, - CHp- CH - CH2 (CH2 )*- CH, 

t 

I 
CH f (CH,),- CH 2 O - C - CH,- (CH, ln- CH3 

CH3- (CH2 ), CH 20H t CH3- (CH, - CH,- COOH 

Figure 5.2: Degradation of a AIiphatic Hydrocarbon by Subtenninal Oxidation. 
Tbrough the oxidation of a subterminal methyl group, the hydrocarbon c h i n  is 
split into two smaüer chains, with terminal carboxyl groups. These carboxyl 
groups are then removed through b-oxidation, [68] 

If the rnajonty of the contaminant compounds readily available to the soil bacteria were 

degraded to smdler hydrocarbon chains, the intemediate compounds may not have been 

"long enough" to have been detected by the TEH method. The results of the final 

hydrocarbon concentration analy sis may not have accurat ely re flected the actual 

concentration of contaminants in the soil. The actual concentration of hydrocarbons 
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remaining in the soil rnay have been higher, and rnay have actually been at the same 

levels estimated by the monitoring of respiration by-products. 

This may also oEer reasons for the decrease in microbiological activity measured in the 

latter portion of the study (> 78 days). Short-chah hydrocarbons, with the exception of 

methane, are more difficult to degrade [68]. It is therefore conceivable that the soil 

bactena had transformed the majority of longer-chained hydrocarbons to shorter 

intermediate chains within the Est 78 days of the study. M e r  this point, the microbial 

activity had decreased as the bactena attempted, with limited success, to degrade the 

more recaicitrant, short-chained hydrocarbons. This lunited success, or lack of success in 

degrading these compounds, was reflected in the decreased concentrations of 4 utilized 

and CO2 produced in the reactors headspace. 

The presence of hydrocarbon compounds not detected by the TEH method could have 

been determined by conducting a Total Organic Carbon (TOC) analysis of the soil. 

Analyzing the soil for TOC, both pnor to, and upon completion of the study, may have 

provided information on the actual concentrations of hydrocarbons degraded. A high 

concentration of TOC in the h a 1  soil samples would have suggested that the longer- 

chained hydrocarbons had indeed been transfonned to shorter-chained intermediate 

compounds. A low, final concentration of TOC would have codïrmed the accuracy of 

the h a l  TEH analysis, and may have suggested an error in the method ernployed to 
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estimate the concentration of hydrocarbons based on the utilization of headspace O2 and 

the production of headspace CO2 . 

5.3.2 Reactor Headspace Pressures 

As described in Section 3.4.3, the concentration of O2 and CO2 as a percent of headspace 

air was determined on a Packed-Column GC. The moles of O2 and CO2 within the 

reactor headspace were denved f?om these values using the Ideal Gas Law, equations 3.9 

and 3.10. The assumption made in utilizing this method was that the reactor headspace 

pressure was assumed to be ambienf 1 atm. Because of the direct relationship between 

pressure and moles in the Ideal Gas Law, any under or over estimation of the headspace 

pressure would result in an under or over estimation in the moles of gas calculated. A 

difference of 0.1 atm would result in an error of 10% on the number of moles calculated. 

As the volume of the reactor headspace was known, and the temperature also known, 

underestimating the headspace pressure would result in an underestimation of the actual 

number of gas moles present in the headspace. During the fint 78 days of the study, the 

reactors demonstrated rapid degradation rates. It is conceivable that the gaseous by- 

products of microbial respiration during this penod may have caused an increase in the 

reactor headspace pressure. Because the headspace pressure was assumed to be 1 atm, 

the molar concentration of 4 or CO2 calcdated would have been underesthated. This 

would result in underestimating the moles of CL4HZ4 degraded during that sarnpIe period. 

The accumulation of this error during every sampling session throughout the study would 

have resulted in a substantial under estimation of the moles of degraded. For 
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future studies implementing the same protocol, the pressure within the reactor headspace 

should be measured and utilized in the calculation of headspace gas concentrations. 

5.3.3 Estimation of Microbial Metabolism 

A third item that rnay have contributed to the underestimation of the concentration of 

hydrocarbons degraded is the estimated hction of degraded organic contaminant 

associated w-ith conversion to microbial cells, as described in section 3.4.2. The fiaction 

of organic matenal converted to microbial cells (f,) chosen, 0.5, may not have accurately 

estimated the actual conversion of the hydrocarbon into cells. An f, of 0.6 [57] would 

increase the nurnber of moles of CI4H2, degraded for every mole of O2 utilized and CO2 

produced by 10%. Although the 10% error attributed to the value of f, is minor, when 

coupled with any cumulative error associated with the under estimation of headspace gas 

concentrations, the actud concentration of C14H24 degraded during the duration of the 

study might have been substantially underestimated. 
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6.0 Conclusions 

The following conclusions c m  be derived fkom this study: 

1. The contaminated soil sample obtained fiom a Manitoba Hydro site in Churchi 11, 

Manitoba, was successfully bioremediated in the study's bioreactoa, utilizing passive 

. rates were demonstrated in d l  of the study's 

1 dHD / k&oil*da~ to 27 mg 4H% / kgsoil*da~, 

aeration. Over 98% contaminant removaI 

bioreactors. Degradation rates of 13 mg C 

based on reactor headspace O, utilization and CO2 production, were observed in this 

study. These rates are comparable to degradation rates found in literature. Field 

implementation of soil nutrient and moisture amendments, in conjunction with a passive 

aeration treatment such as biopiles, should effectively remediate the site fkom which the 

onginal contaminated soils were obtained. Remediation efforts in the field may be 

tracked by monitoring the by-products of microbial respiration. However, initial, 

intermediate, and h a 1  TEH and TOC analysis of the soi1 may be required to accurately 

quanti@ the results of the respiration monitoring. 

2. Freezing and thawing did beneficially effect the degradation of hydrocarbon 

contaminated soils in this study. Freezing and thawing did increased the microbial 

activity in the soil. Reactors subject to fieeze-ihaw heatrnents showed estimated 

degradation increases of 35% to 335% over pre-Eeeze-thaw rates. During the same tirne 
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period, the reactors not subjected to fkeeze-thaw treatments demonstrated a 20% to 66% 

decrease in their estimated degradation rates. 

3. Generally, the benefit observed fkom fieeze-thaw treatments increased with the 

number of fieeze-thaw cycles. The greatest increase in post fkeeze-thaw degradation rates 

were observed in the reactors subjected to 9 fkeeze-thaw cycles. The reacton subjected to 

6 fkeeze-thaw cycles had the second greatest increâse in degradation rates, while the 

reactors subjected to 1 fkeeze-thaw cycle demonstrated the third largest increase. The 

reactors subjected to 3 fieeze-thaw cycles demonstrated the Lowest increase in post 

treatment degradation rates. With the exception of the reactors subjected to 3 fieeze-thaw 

cycles, the post fieeze-thaw treatment degradation rates increased with increasing keeze- 

thaw cycles. 

4. The final contaminant concentrations in the reactor soils estimated by the by- 

products of rnicrobial respiration were an average of 50 times larger than the 

concentrations determined by the h a 1  TEH analysis. These result may be explained by 

the degradation mechanisms employed by soil bacteria. As the soil bacteria metabolize 

the contaminant compounds, long hydrocarbon chahs are broken-up, forrning shorter 

chained compounds. These shorter chained compounds may not have been long enough 

to have been detected by the TEH method, which concentrates on compounds within a 

CIO to Clg range. A TOC analysis of the h a I  soil sarnples might have reveded high 

concentrations of organic carbon, which would. have suggested that the TEH method had 
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indeed underestimated the actual concentration of contaminants present. A low TOC 

concentration would have suggested an error in the method used to estimate the 

contaminant concentration fiom the monitoring of soi1 bacterial respiration. 
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APPENDIX A: 

INITIAL SOIL CHARACTERIZATION 



TIie Effects of Freefùrg and likowuig on the 
BwremcdiafiOn of Dkd Fuel Conlamin& Soils 

The foliowing values are the redts of the intial physical and chernical lab 
characterization of the composite Manitoba Hydro soi1 sample nom Churchill, Manitoba 
Note that aII of the presented values are an average of three samples. 

p h t  = 8.33 
p%cnt = 8.13 

VOC = 1.1854 x 10-~ g VOC / g  Soil 

Moishne Content = 9.9391 x 10 -~  g H20 / g Soil 

Bioavailable Nitrogen = 0.00367 mg NO3 - N / g Soil 

Bioavailable Phosphorous = 0.00033 mg PO4 - P / g Soii 

Soil Texture = SW-SM * 

Pomsiîy = 38 % 

Soil Density = 1425.67 kg / m3 

Initial Total Extractable Hydrocarbons (TEH) = 3 883 -8 1 mg TEH / kg Soi1 
= 3883.81 ppm 

* SW-SM = well graded sand with silt 
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Tne Effects of Freeuig and l h u h g  on the 
Bwremediatton of f i e l  Fuel Contamînoicd Sbüs 

Table A. 1 presents the resdts of the initial composite soil sample sieve analysis. 

Table A.l: Sieve Analysis Resnlts for Composite Soii Sample 

- ---- - 
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Sieve Sizc 

1/2 

No. 4 

No. 8 

No. 10 

No. 16 

No. 20 

No. 30 

No. 40 

No. 60 

No. 100 

No. 200 

< No. 200 

Appmxbate 
DiametCr (mm) 

%Retqmd 
(bvweight) 

Sofl 
~ t i o n  

Fine Gravel 

Coarse Sand 

Coarse Sand 

Medium Sand 

Medium Sand 

Medium Sand 

Medium Sand 

Fine Sand 

Fine Sand 

12.7 

4.75 

2.36 

2.0 

1.18 

0.85 

0.6 

0.425 

0.25 

O 

10.8 

12.9 

2.4 

10.4 

7.5 

10.7 

15.1 

15-4 

0.15 

0.075 

-C 0.75 

4.0 

3.6 

7 2  

Fine Sand 

Fine Sand 

Silts and 
Chys 
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REACTOR I-IEADSPACE DATA 



REACTOR HEADSPACE 
OXYGEN DATA 



AppendLr B1: 
Reactor Headrpace 
W g e n  Data 

The Effectb of Freedng and Tkawing on 
the Bloremediation of Diesel Fuel 
Contaminated Soils 

Reactor Headspace Oavaeo Content (% 0 2 1  

Note: "## X-Change" indicates a Reactor Headspace Exchange. The headspace oxygen content was brought up to approximately 
atmospheric concentrations, insuring aerobic respiration. 

Reactor Headspace Temperature 
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.?Ml c 
W K  

Days 
O 

28 
299.15 

26 X- 
Chanae. 

24 
297.15 

2 

25 
208.1 5 

4 

26 
290.15 

22 

24 
297.15 

7 

23 
206.15 

28 

24 
297.15 

7 X- 
Change 

23 
296.15 

18 XI 
Change 

24.5 
297.65 

9 

22 
285.15 

9 X- 
Change 

22 
29515 

18 

24.5 
297.65 



Appendlr BI: 
Reudor Headfpuce 
Oxygen Data 

The Effects of Freezing and Thawlng on 
the Bioremedirrllon of Dlesel Fuel 
Contamhated SolLs 

32 . 37 43 - Reaotor 29 41 41 X- '46 c , s i  ûû . 62 
. , 68'' 66 XI' 

. . Change . . c@Pi!ge 
ABlOTlC 19.6272817 19.122016 18.442013 18.1 28483 21 20.275862 1 9.461207 1 18.81 5044 18.073276 17.ô48448 17.094406 21 

Note: "# X-Change" indicates a Reactor Headspace Exchange. The headspace oxygen content was brought up to approxirnately 
atmospheric concentrations, insuring aerobic respiration. 

Reactor Headsaace Temaerature 
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Lmc' - '  

IDeaK I 297.151 288.651 297.151 296.151 296.151 297.151 298.151 297.151 297.151 298.151 297.151 297.151 

D4ya 
29 

24 

66 X- 
. Channe.- 

24 

32 . 

25.5 

66 ' 

24 

37 

24 

62 . 

25 

68 

24 

41 

23 

41 X- 
change 

2 3 

43 

24 

46 

25 

$4 

24 



Appendii: BI: 
Reactor Headspace 
Oxygen Data 

The Eflec& of FreeJng and Thawing on 
the Bioremediation of Diesel Fuel 
Contamlnated Soils 

Reactor Heads~ace Orv~cn Content 1% 02) - 

Note: "# X-Change" indicates a Reactor Headspace Exchange. The headspace oxygen content was brought up to approximately 
atmospheric concentrations, insuring aerobic respiration. 

r 

Reactor 

ABlOvC 

Reactor Headspace Temperature 
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70 

20.624876 

W C  
mK . 

84 

18.02085 

74 

10.037162 

h 

D a r  

78 

18.550923 

88 

17,846245 

70 

24 
297.15 

' 81 ' 

I7.7572l8 

74 

23 
298.15 

B I  X-. 
Change. 
'î7.546217 

78 

24 
297.15 

94 

16.786805 

108 

25.5 

84 

24 
297.15 

1001p 
change 

26 

105 

25 

1'00 
8 .  

15.1 89802 

299.1 5 

O ,  
* 

19.91 501 3 

1 0 0 ~ - a  
chsrlge 

21 

100 

26 
299.1 5 298.1 51 208.85 

88 

25 
298.1 5 

1 0 8 .  

19.7948 

91 

24.5 
297.65 

91 X- 
Change 

24.5 
297.65 

' 9 4  

24 
287.1 5 



Appertdix BI: 
Reuctor HeadFpace 
Oxygen m a  

The Effecb of Freezing and Thawing on 
the Bioremediation of Diesel Fuel 
Contaminalcd SoUs . 

Reactor Headspace Orveen Content (% 0 2 )  

Days 

Note: "## X-Change" indicates a Reactor Headspace Exchange. The headspace oxygen content was brought up to appmxirnately 
amiospheric concentrations, insuring aerobic respiration. 

Reactor Headspace Temperature 

1 .  Davs 1 
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Appertdix BI; 
Reactor Headspace 
O n e n  Data 

The Eflecls of Freezing and Tkawing on 
the Bioremedbtion of Ditsel Fuel 
Contaminated SUUS 

Reactor Heads~ace Oxwen Conte- 

Reactor 181. ' 187 1' ' 1% 1 2q3 - 210 216 1 231 1 229 

Note: "# X-Change" indicates a Reactor Headspace Exchange. The headspace oxygen content was brought up to approximately 
aûnospheric concentrations, insuring aerobic respiration. 

Reactor Heads~ace Temperature 
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Appnd& BI: 
Reactor Headcpace 
Oxygen Da& 

The Egecîs of Freezing and Thnwing on 
the Bioremediation of Diesel Fuel 
Contaminated Soi& 
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Appndlr BI: 
Reactor Headrpace 
îhygen Data 

The Effech of Freezing und Tltawing on 
the Bloremediatlon of Diesel Fuel 
Contaminated Soik 

- 
FIT1 - 
FIT 3 

FIT 9 - 
FIT CNTL 

FIT 1 
__I_ 

F/T 3 - 
FIT 6 
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Appendtr BI: 
Reacîor Headspace 
-en Data 

The Effecls of Freezing and Thawing on 
the BJoremediation of Diesel Fuel 
Contamhated SOUS 

Reactor Headspace O x y w  

Moles of  ON^ 

ReactM 
i 1 

*ABIO~C 
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IQ8 

0.01 3892'1 ' 

70 . 

0.0145483 

74 

0.0134737 

84 

O.Ol27llS 

I 78 ' 

0.0130854 

$8 

0,0125461 

91 

0.0325045 

91 + 
Change 

0.0123559 

. . 
. I W .  

0.0140005 

100~- 
c w g e  ' 

0.0147139 

94 
A , 

0.01 1841 

,100 
I '  , 

0.0106429 



Appendh Bl:  
Reactor Headspsce 
m e n  Data 

The Effects of Freezing and Thawing on 
the Bioremediation of Diesel Fuel 
Contaminatcd SoJis 

Moles of O N ~  

Reactor 154 1 163 ( 169 1 175' ' 1  181 [ 187 203 221 229 
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AppendLr Bl: 
Reactor Heaàspace 
Oxygeri Data 

The Eflects of fieezing and Thawing on 
the Bioremedlation ofDiesel Fuel 
Contamlrtated Soi& 

Reactor Headsoace Oxywen Concentration (Moles O 4  

Reactor 
. . 

ABIOTIC 

FK9 - 
FK CNTL 



AppendLr BI: 
Reactor Heahpace 
Oxygn Data 

The Effects of Freezing and Thawing on 
the Bioremedlation of Diesel Fuel 
Con faminated Soi& 

Concentration of Total Extrnctable Hvdrocarbons in Reactor Soil ( m m H  1 ke $Oid 
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Appendir Bl: 
Reactor Headspace 
mgen Data 

The Eflech of Freezing and Thawing on 
the Bioremediatlon of Diesel Fuel 
Contumlnoted Soit3 

Concentration Ratio of Total Extractable Hydrocarbons (TEH) in Reactor Soils (CTEII 1 Cmed 
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Appendiir Bl: 
Reactor Heaâspace 
Oxygen Data 

The l?.'ects of Freezing and Thawing on 
the Bioremediatio~ of Diesel Fuel 
Contaminated Soih 

Concentration Ratio of Total Extrietable Hvdrocarbons (TEHI in Reactor Soils (CTEH 1 C 
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Appendir BI: 
Reactor Headsp4ce 
m g e n  Duru 

The Eflects of Freaing and Tkawing on 
the Bioremediation of Diesel Fuel 
Contamlnated Sol& 

Concentralon of Total Extractable Hvdrocarbons in Reactor Soi1 (mgTEH w l d  

Concentration Ratio of Total Extractable Hvdrocarbons (TEH) in Reactor Soils ~ ~ T E H  I Cmd 

' Reacbt 

ABIOTIC - 
FIT 1 

I___ 

FK3 
P 

FlT 6 

Fi l  CNTL 
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REACTOR HEADSPACE 
CARBON DIOXIDE DATA 



AppendLr B2: 
Reactor Hea&pace 
Carboa D k i à e  Data 

The Effects of Freezing and Thawing on 
the Bioremediotion of Diesel Fuel 
Contamlnated Soih . 

Note: "# X-Change" indicates a Reactor Headspace Exchange. The headspace Carbon Dioxide content was brought down to 
approximately atmospheric concentrations, insuring aerobic respiration. 

Reactor Headspace Tem~erature 
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28 
C)egK I 299.15 
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25 
298.15 
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26 
299.15 
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23 
298.15 

7 X- 
Change 

23 
206.15 

9 

22 
285,15 

9 X- 
Change 

22 
205,15 

26 

24 
297.15 

26 X- 
Chanfie 

24 
297.15 

18 

24.5 
297.65 

10, X- 
Change 

24.5 
207.65 

22 

24 
297.15 



Appendk B2: 
Reactor Heahpace 
Carbon D u e  Data 

The mects of Freezing and Thawing on 
the Bioremediation of Diesel Fuel 
Contamlnated Soils 

Note: 'YI X-Change" indicates a Reactor Headspace Exchange. The headspace Carbon Dioxide content was brought down to 
approximately atmospheric concentrations, insuring aerobic respiration. 

Reactor Heads~ace Temperature 
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WC 
mK ' 
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Days , . l 

29 

24 
207.1 5 

32 

253 
298.65 

. 37 

24 

44 

23, 
297.1 5 

S I  4 ' 

24 

41 X- 
Change 

23 

66 X- 
Chrinaet , 

24 

$6 

24 
207.15 207.1 5 

43 

24 
207.15 

62 

25 
296.1 51 296.15 

46 

25 

66 

24 
298.15 297.1 5 297.15 288.15 



Appendix B2: 
Reactor Hendspace 
Carbon DiarIde Data 

The Effects of F'redng and Thawing on 
the Biorernediation of Diesel Fuel 
Contaminated Soils 

Reactor H e a d s p D  

1 Days 1 
Reactors 70 -. 74 78 . 84 88 81 ' 9'1 X - .  94 IO0 100 .x- IO6 . ' -108 'r 

. . chan09 change 
ABlOTlC 1.471 12 1.90776 2.02286 2,0701 2 2.25601 2.363 12 2.13869 2.2251 3 2.401 23 0.0407 0.89888 1.1597 1 

Note: "# X-Change" indicates a Reactor Headspace Exchange. The headspace Carbon Dioxide content was brought down to 
approxirnately atmospheric concentrations, insuring aerobic respiration. 

Reactor Headspace Temperature 
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r 

,bac  . 
, h g  K 

Days 
70 74 

24 
207,15 

78 

23 
298.15 

04 

24 
207.15 

24 
207.15 

88 91 

25 
298.15 

24.5 
297.65 

91 X* 
chanae 

100 X- 
change 

24.5 
297.65 

26 
298,15 

S4 IO0 

24 
207.15 

105 

26 
299,t5 

108 

25 
208.15 

25.5 
298.65 



Appendix B2: 
Reactor Headspace 
Carbon Dioxide Data 

The Eflects of Freezing and Thawing on 
the Bioremeâiation of Diesel Fuel 
Contaminuted Soils 

Reactor Headspace Carbon Diolide Content I% CO4 

Days . , 

Note: "# X-Change" hdicates a Reactor Headspace Exchange. The headspace Carbon Dioxide content was brought down to 
approximately atmospheric concentrations, insuring aerobic respiration. 

Reactor Headspace Temperature 
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Apperidh B2: 
Reactor Headvpace 
Carbon D M â e  Data 

The Egecîs of Freezing and Thawlng on 
the Bloremediatbn of Diesel Fuel 
Contaminated Solls 

Note: 'W X-Change" indicates a Reactor Headspace Exchange. The headspace Carbon Dioxide content was brought down to 
approximately atrnospheric concentrations, insuring aembic respiration. 

Reactor Headspace Temperature 
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Appendix B2: 
Reactor Headspace 
Carbon D i d e  Data 

The Epcîs of Freezing und Tha wing on 
the Bioremediation of D h e l  Fuel 
Contamhated Soi& 

1 Days 
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Rtactor Headspace 
Carbon DiarIde Data 

The Effects oJFreezing und Thuwing on 
the Bloremediutlon of Dksel Fuel 
Contuminated Soi& 
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Appendix B2: 
Reactor Headspace 
Carbon Dlarlde Data 

The &'nec& of Freezing and Thawing on 
the Bloremedlaih of Diesel Fuel 
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Reactor 

ABlOTlC 

94 

0.86481 

' 105 

0.85382 

, IO0 

0.86307 

146 

0.8452 

108 

0.851 O4 

I l i  

0.8501 7 

' 1 2 1  

0,84636 

113 

0.848 15 

126' 

0.84628 

118 

0,84694 

130 

0,84601 

134 

0,84548 





APPENDIX B3: 

TOTAL EXTRACTABLE 
HYDROCARBON RESULTS 



The E#iec@ of FreGzUig und TliOWUlg 
on tlte BwreîneA.'rdinn of DiCrel Fuel 

ConfOllLjnaied Soi& 

Initial and Final Reactor Soii 
Total Extractable Hvdrocarboas (TEH) Concentrations 

1 Reacfor 1 Initial TEH Concentrations 1 Final E H  Concentrations 1 

Note: All above values are the average of three soil samples. 

v 

FK CNTL 
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Tke E f l i  of Frec~~*ng and T h d g  on the 
Bwremediation of Diesel Fuei Cont4nlinat.d Soüs 

Sample caiculations for the Reactor Respiration Monitoring will be demonstrated below. 
The sample calculations WU demonstrate how one obtains a degradation rate for 
hydrocarbons (as Cl&) fkom a bio-reactor's headspace O2 and CO2 content. 

The steps involved are as follows: 

1. Convert reactor headspace 0 2  and C a  content fkom a percentage to moles; 

2. Determine the number of moles of O2 utilized and CO2 produced since the 
previous sample period; 

3. Convert moles of 02 utilized and C a  produced into moles of Ci& 
degraded during the sampling period; 

4. Convert moles of C14H24 degraded to a concentration ratio of C/Co; 

The calculations WU be demonstrated on the data obtained for the 9 freeze-thaw cycle 
treated reactors (F/T 9), for the time period Day O to Day 4. The data is provided in Table 
C.l below. 

Table C.1: Sample Calcalation Data for Reactor F/T 9 

I Reactor Headspace CO2 Contrent (O!% CO2) - I 

Reactar 

FK9 

Reactor Headapace O2 Content (% 02) 

1 
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Day O 

21 

Reacdor 

FK 9 

- 
RaacoOr 

OC 

O K  

C 

Day 2 

18.41 

Day O 

O 

Day O 

26 

299.15 

Day 4 

16.27 

Day 2 

i -55 

Oay2 . 

25 

298.1 5 

Day 4 

3.57 

Day 4 

26 

299.15 



S t e ~  1: Convert Reactor Heads~ace 0 2  and C a  Content h m  n Percentape to Moles 

The content of 02 and C G  in the reactor headspace is obtained as a percentage. By utilizing 
the Ideal Gas Law, these percentage values can be converteci into moles. The Ideal Gas Law 
formulas were presented in Section 3.4.3 previously, and have been reproduced again below. 

Moles O, = 
p * VO2 
P T  

P - - Headrpace Pressure (atmospheres) 

v~ - - Volme of Headpace m g e n  (Iitres) 
- - Volume of Air * % Oz 
- - 1.72 litres * % O2 

R - Ideal Gas Constant 
- - 0.08206 (atm *L / K * moles) 

T - - Temperature (Kelvin) 

Moles CO, = 
P*Vq 

R*T 

P = Headpace Pressure (atmospheres) 

vco, 
- - Volume of HeaaSpace CCmbon Dioxide (Iitres) 
- - Volume of Air * % C a  
- - 1.72 litres * % ca 

R - - IdeaC Gas Constant 
- - 0.08206 (dm *L / K * moles) 

T - - Temperature (Kelvin) 

The following assumptions are made in utilking Equations 3.9 and 3.10: 

1. Headspace pressures were assumed to be ambient (1 atm); 

2. Soil pore space does not contribute ta the total headspace volume; 

By subsrituting the values in Table C.1 for Day O into Equations 3.9 and 3.10, one obtahs 
the following: 
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Tllie Eff- of Freezihg and Tltawurg on the 
BwrenreAiniinn of Dieel  Fa1 Conlaminated Soils 

MoZesO, = 
(1- am) * (172- L * 0.21) 

= 0.0 1 4 7  Moles O, 
tbyo 

(08206- ubn * L Io K * moles) * (29915-'K) 

and 

MoZesCO, = 
(l ami) * (1.72- L * 0.0) 

= 0.0- Moles CO, 
e4vo 

(0.8206- atm * L /' K * moles) * (299.lS-*K) 

Utilizing the same procedure 
Table C.2. 

Table C.2: 

for Days 2 and 4, one would obmin the results presented 

Moles of Reaetor Headspace O2 and Ca 

Moles of Oz in Reactor Headspace (Moles  Oz) 

Rmctor 

Fm 9 
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I 

Day O 

0.0147 

Reactor 

FIT 9 

Moles of C& in Reactar Headspace (Moles CO2) 

Day 2 

0.0129 

Day 2 

0.001 

Day O 

0.0 

Day 4 

0.01 14 

Day 4 

0.003 



me E f f i  of Freezing and Tkawing on the 
BioremediotZon of D k e f  Fuel Contanùnuïed Soîls 

S t e ~  2: Determine Moles of a - UfiIized and C a  Produced 

To determine the moles of 9 utilized and CO2 produced, îhe Equations A C 1  and A C 2  
are utilized: 

Moles O2 UtiZized @ t, = (WoZes - Moles 0 2  @ t,J f Moles QI UtiZized @ r,, (A-C. 1) 

Moles CO2 Prorhrced @ t, = (Moles COZ @ t, - Moles CO2 @ t, j + Moles CU2 Produced @ t,l (A-C.2) 

By assuming that there is zero 9 utilizaîion and C G  production at Day 0, and by 
substitutkg the values in Table C.2 for Day 2 into Equations A-C.1 and A-C.2, one obtains 
the foliowing: 

Moles O2 Utiiized @ t, = (0.0147 moles - 0.0129 moles) + O. O moles = 0.001 8 moles utilized 

Moles C h  Produced @ t,, = (O. 001 1 moles - 0. O moles) + 0.0 moles = 0.001 1 moles produced 

Utilin'ng the same procedure for Day 4, one would obtain the resdts presented in Table C.3. 

Table CS: Moles Headspace @ Utilized and C a  Produced 

l M o h  of Oz üülized in Reactor Headspace (Moles Oz) 

' Réactor 

Fm 9 
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Mole+ of COI Pmduced in Reactor Headapace (Moles CO4 

Day O 

0.0 

Rieqctor 

Day 2 

0.001 8 

0.001 1 

- - 

FIT 9 
& 

b~ 4 

0.0033 

Day 4 

0.0025 0.0 



me Eflecfr of Freezing and Thawïng on tke 
Bwremedr'aiinn ofDicei Fuel Contaminated S '  

Step 3: Convert Moles of 02 Utüized and C c , J 3 M D o t d d  

To determine the moles of Cl& degraded based on the number of moles of 9 utilized and 
C G  produced, the relation in Equation 3.7 is utilized. 

To summarize equation 3.7, for every mole of hydrocarbon (C1&24) degraded: 

10 moles of 6 are utilized 

1.43 moles of NQ' are utiLized 

6.86 motes of CO2 are produced 

1.43 moles of Microbial mass are produced 

0 7.71 moles of HzO are produced 

The concentraiion of hydrocarbons within the bioreactors can be estimated utilizing the 
foilowing equatiom: 

and 
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TIlre Eflects of Frecring and ThawUig on ïhe 
Biotemcdiotion ofDiesel Fuel Coniamina&dSoilS 

Given an initial concentration of 3053.1 mg Cifi4 I Kg Soi1 within the example reactor (see 
Appendix B3), and an initial mass of 500 g of so& one obtains the following, by substituting 
the values in Table C.3 for Day 2 into Equations A-C.3 and A-C.4: 

and 

Utilizing the same procedure for Day 4, one would obtain the results presented in Table (2.4. 

Table C.4: Concentration of C&t4 in Reactor Estimated from Moles of Reactor 
Headspace 0 2  Utilized and CO2 Prodaced 

Concentration of h s e d  on Moles of Oz ütilized in.Rerrctor 
Headspace (mg C14Hzcl Kgw) 

Concentration c# ClJiu. Based o~ Mol- of CO2 Produced in 
Reactor Headapaca (mg CIIHU 1 K m )  I 

Reactor 

Fïï 9 

Tom Suramkas 

Day O 

3053.1 

R8a-r 

FIT9 

i 

Day 2 

2984.9 

Day O - 

3053.1 

Day 4 

2925.5 

D ~ Y  2 

2992.0 

Day 4 

291 2.7 



me E f f i  of Freezing and Thawùrg un the 
Bioremediotion of Diesel Fuel ContOlllXnafcd Su& 

~ 4 : 3 4 D m ~ d e d  to a Concentration Ratio (C/Co) 

To equally compare the results of C1&24 degraded between reactors with dinerent initial 
contaminant concentrations, the conceotrations of contaminant over time need to be 
converted into a concentration ratio. This is accomplished by utilizing Equatiom A-C.5 . 

(A-C. 5 )  

Wirh: Concof C,,H, @DqyO=30531 mg c14Hx 
Kg Soir 

Applying Equation A C 5  to the values in Table C.4, one would obtaïn the results presented 
in Table CS. 

Table C.5: Concentration Ratio (ClCo) of  CI&^ in Reactor Estimated from Moles of 
Reactor Headspace UtiIized and C a  Produced 

concentration Ratio of C44Ha Based on Moles of Oz Utilized in 
Reactor Headspace 
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Reactor 

FIT9 

Reattor 

Fm 9 

I 
Day 4 

0.958 

Day O Day 2 I 
1 .O 0.978 

Concentration Ratio of CqrHu Based on Moies of COz Produced in 
Rei-r Headapace . 

Day O 

1 .O 

Day 2 

0.980 

Day 4 

0.954 




