
BIOREMEDIATION OF PETROLEUM CONTAMINATED 
SOU USING COMPOSTING 

A Thesis 

Submitted to the Faculty of Graduate Studies and Research 

In Partial FuKdlment of the Requirements 

for the Degree of 

Master of Applied Science 

in Environmental Systems Engineering 

University of Regina 

by 

Darrell J. Mihial 

Regina, Saskatchewan 

December, 1998 

O Copyright 1998: D. J. Mihial 



National Library 1*1 of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliogaphic Services services bibliographiques 

395 Wellington Street 395, rue Wellington 
Ottawa ON K I  A ON4 ûttawaON K1A ON4 
Canada Canada 

Your Mo Verre rskrsncs 

Our iue Notre rgf&ence 

The author has granted a non- L'auteur a accordé une licence non 
exclusive licence allowing the exclusive permettant à la 
National Library of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distribute or sel1 reproduire, prêter, distribuer ou 
copies of ths thesis in microform, vendre des copies de cette thèse sous 
paper or electronic formats. la forme de microfiche/film, de 

reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts from it Ni la thése ni des extraits substantiels 
may be printed or otherwise de celle-ci ne doivent être imprimés 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



ABSTRACT 

Petroleum-contaminated sites are a common occurrence in today's environment. One 

such site in Saskatchewan consists of an earthen pit excavated in the ground and filled 

with petroleum waste (used oil, gasoline, diesel fuel, paint thinners). This pit was in use 

for approximately 20 to 25 years. When environmentai regulations in Saskatchewan 

stacted to become more stringent, the process of disposing of wastes in the pit was 

discontinu4 and the remainder of the pit was filled with soil. The organization that 

owns the site is now considering moving its operation to a new site and must 

decommission the existing site. As part of the decommissioning of the site, it must 

remediate the waste oil disposa1 pit. 

It was determineci, based on field investigation and shidy, that bioremediation was a 

suitable alternative for remediation of the contaminateci soil in and around the pit. 

Biorernediation has been used extensively to remediate petroleum-contaminated soil. 

Many different methods of bioremediation are available. One method that has show 

considerable potential, but has not received widespread use is, composting. Therefore, it 

was decided to conduct a bench scale treatability study to assess the potential for 

success fùl bioremediation of the site using composting . 

Two reactoa were set up; both contained a nutrient amendment (ammonium phosphate 

fertilizer). One reactor also contained a high-energy source (a mixture of grass clippings 

and sheep manure) and the other reactor did not. The high-energy source was added in 

an effort to determine if the cornposting process could be accelerated by the addition of 

these abundantly available waste materials. 



The results of the study showed that the site could be remediated using compostîng. 

Based on the results of the treatability study, the half-life of the petroleurn hydrocarbons 

at the subject site was estimated to be 36.3 days and 121.6 days with the addition of a 

high energy source (Reactor 1 )  and without the addition of the high energy source 

(Reactor 2), respectively. Based on the half-life of the contaminant in each reactor, it was 

estimated that it would take approximately 192 and 643 days to remediate a volume of 

soi1 using the amendments of Reactors 1 and 2, respectively. 
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CHAPTER ONE 

INTRODUCTION 

Petroleum-contaminated sites are cornmon in today's envuonment. Sites become 

contaminated with petroleum through various avenues, including releases fiom 

underground andior aboveground storage tanks, irnproper disposal of waste lubricating 

oils, accidental releases fhm petroleum handling facilities (e.g. tank fms,  pipelines, 

etc.), and spills (while transporting, loading/unloading). With regulatory agencies 

becoming more concemed with the release of petroleum products into our environment, 

there is a growing need to develop more effective and less expensive technologies to 

remediate the petroleum-contaminated soils fkom these sites to acceptable standards. 

There are numerous technologies available to remediate petroleum-contaminated sites to 

acceptable standards. The selection of a suitable method for the remediation of a 



contaminated site depends on such factors as site characteristics, hazardous waste 

characteristics, regulatory guidelines and cost. 

1.2 Background 

During the early 1960'9, a company in Saskatchewan, Canada excavated a pit on their 

propem and used it to dispose of petdeum wastes such as used oil, gasoline, diesel fuel 

and paint thinners. At the t h e ,  there were few environmental restrictions on such 

practices, and the company found this was the least costly option to dispose of such 

wastes. This practice continued until the early 1980's when envhnmental replations 

conceming the disposal of hazardous wastes started becoming more stringent. 

Regulations (Hazardous Substances and Waste Dangerous Goods Regulations) for the 

disposal of hazardous materials, including petroleum hydrocarbons, were introduced in 

the early 1980's. The practice was discontinued and the remainder of the pit was filled in 

with soil. The company is now planning to move their operation to a new site and, as 

part of the decommissioning of the existing site, it must remediate the area of the waste 

oil disposa1 pit to comply with current regulatory guidelines in Saskatchewan. 

The company did not keep records of the types and amount of wastes that were deposited 

in the pit and, although the waste pit was intended for disposa1 of waste petroleum 

products only, the company was unsure of the type of contaminants that may be present. 

In addition, the company was uncertain of the exact location and dimensions of the pit. 

A site investigation and laboratory analyses program was conducted to detennine the 

types of contaminants present in the pit, the approximate dimensions of the pit, and the 

areal extent and depth of contarninated soi1 in the vicinity of the pit. 
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The field investigation consisted of two phases. The fmt phase involved drilling 21 test 

holes to depths between 4.6 m and 10.7 m in the assumed area of the pit. niese test holes 

were drilled to obtain samples for characterization of the waste contained in the pit (i.e. 

the types and concentrations of contarninants) as well as to provide an estMate of the 

areal extent and depth of impacted soil. The second phase of test drillhg involved 

drilling an additional 40 test holes to depths between 1.5 m and 6.1 m within and around 

the estimated boundaries of the pit. Sarnples were not taken fiorn these test holes because 

they were drilled strictly for the purpose of ~fining the estimated physical boundaries of 

the pit and the estimated extent of impacted soil based on visual and olfactory evidence 

of impacted soil and the results of ambient temperature headspace measurernents. The 

locations of the test holes and the estimated boundaries of the pit are shown in Figure 1.1. 

The bore hole logs (Appendix A) indicated that the soil stratigraphy at the site consisted 

of clay till andlor lacustrine clay over silty sand. The clay till was medium plastic and 

was generally in a moist and very stiff condition. The clay fil1 was highly plastic, 

although there were some more sandy and less plastic zones. It was generally in a moist 

and very stiff condition, although some more moist and less stiff areas were encountered. 

The sand was weathered @rom) and was generally in a moist and dense condition. 

Significant petroleum odour and staining were observed at many of the test holes. 

The site hydrogeology consisted of two aquifer formations situated on top of one another 

and separated by a clay till aquitard. The upper aquifer consists of the fine sand 

encountered in the lower part of the deeper test holes drilled at the site. This aquifer is 

approximately 10n to 25m thick (Maathuis and van der Kamp, 1988). It generally 

changes fkom a fme grained, silty sand to a coarse grained sand with some gravel. The 
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Figure 1.1: Site plan showing locations of test holes and boundaries of pit 



piezometric surface lies approximately 20m below the ground surface and groundwater 

flow is toward the west-southwest (Maaîhuis and van der Kamp, 1988). 

The lower aquifer is approximately 23 m to 50 m below the ground surface and varies in 

thickness fiom 4 m to 40 m (Maathuis and van der Kamp, 1988). It is generally 

composed of medium sized sand particles with some gravel. The aquifer is under 

artesian pressure with a piezometric surface which lies approximately 30m below the 

ground surface. Groundwater flow is to the south-southwest (Maathuis and van der 

Kamp, 1988). 

Seventy-eight soi1 samples were selected for labonitory analyses of potentiai 

contaminants. The analyses consisted of the following contaminants: total petroleum 

hydrocarbons (TPH), benzene, toluene, ethylbenzene, xylenes (BTEX), total semi- 

volatile hydrocarbons (TSH), phenoxy neutral herbicides, phenols, polychlorinated 

biphenyls (PCBs), heavy met& and trace elements, ethylene glycol and extractable 

organic chlorine (EOCI). Table 1.1 presents the number of samples analyzed for each of 

the contaminants. 

Table 1.1: Number of soi1 samples analysed for each potential contaminant 

Parameter Number of Samples Analysed 
TPH 78 

BTEX 1 I 
TSH 19 

Phenoxy-neutral Herbicides 7 
Phenols 7 
PCBs 4 

Heavy Metals and Trace Elements 4 
Ethylene Glycol 4 

EOCl 4 



Saskatchewan Environment and Resource Management's (SERM's) "Risk-Based 

Corrective Actions at Petroleum Contaminated Sites" (1995) and the Canadian Council 

of Ministers of the Environment (CCME) "Interh Canadian Environmental Quality 

Critena for Contaminated Sites" (1991) were used to assess the analytical results and the 

requirement for site remediation. These two sets of guidelines are intended to provide a 

basis for assessrnent and remediation of contaminated property, depending upon the 

intended use of the propem, such as agricultwai, residentiallparkland or 

commerc idindustrial. 

The present land use in the area surrounding the site primarily consisted of agriculture 

with several commercial operations and one residential holding located oorth and south 

of the site, respectively. In addition, it was considered possible that following closure of 

the site, the site could be converted to a passive park area. Therefore, the analytical 

results were evaluated using Saskatchewan Environment and Resource Management 

(SERM) residentiallparkland criteria which were the most stringent cnteria in 

consideration of the existing surrounding land use and anticipated future land use. 

An examination of the gas chromatographs fiom the TSH analyses indicated that 

gasoline, paint thinnen, diesel fuel, lubricating oil andlor cnide oit were the primary 

petroleum compounds found in the soi1 samples. Table 1.2 presents a summary of the 

different types of petroleum hydrocarbons found based on test hole number and depth. 



Table 1.2: Types of petroleum hydrocarbons present in soi1 

Test Hole Type of Petroleum Hydrocarbon . . . . . . - . . . . -. - . - ~~T!~.~.!-!I -- - - . -. . - . -- - . -. . - -  . - -  . - ..- -. - - . -.. , - - 

1 3.3 Gasoline, paint thinners, diesel fuel, lube oil 
3 - 2.2 Gasoline, paint thinners, diesel fuel, lubr oil 
3 1.5 Gasoline, paint thimers, diesel fuel, lube oil 
6 3.8 Gasoline, paint thinners, diesel fuel, lube oil 
7 3.8 Gasoline, paint thinners, diesel fuel, lube oil 
9 3.0 Gasoline, paint thinnen, diesel fuel 
10 3.8 Gasoline, paint thinners, diesel fuel, crude oi1 
1 1  5.0 Diesel fuel 
13 2.3 Diesel fuel 
16 6.1 Diesel fuel, lube 
17 3. O Gasoline, paint thinnen, diesel fuel, lube oil 
18 5.3 Gasoline, paint thinners, diesel fuel, lube oil 
20 3.8 Diesel fuel 
2 1 -. 5.3 Diesel fuel, lube oil 

Total petroleum hydrocarbon concentrations were above the 1,000 ppm guideline 

(SERM, 1995) in approximately 67 percent of the samples analyzed. The highest 

concentration was 270.000 ppm which was observed in Test Hole 1 at a depth of 3.8 m. 

The lowest concentration was 4 ppm which was observed in Test Holes 13 and 19 at 

depths of 3.8 m and 1.5 m, respectively. TPH concentrations generally exceeded the 

guideline value at depths of between 1.5 m and 6.lrn, at the rnajority of the test holes 

which were sampled (Test Holes 1 to 211, although, some test holes did have 

concentrations above the bpideline value outside of this depth range. The weighted 

average TPH concentration was calculated for each test hole. The weighted averages at 

the test hole locations were averaged to obtain an average TPH concentration of 3 1 ,O5 1 

ppm over the site. Table 1.3 presents data on TPH concentrations. 



Table 13: TPH concentratioas in soi1 

Test Samplc TPH Weighted Test Sample TPH Weighted 
Hole kpth Concentration Ave. TPH 

(m) mm) Concentration 
in Test Hole 

@pm) 
1 1.5 1,110 

2.2 t 5,000 
3.8 270,000 9 1,280 
6.8 79,600 
7.6 34,000 
9.1 12 

2 1.5 6,890 
3.8 160,000 80,189 
5.3 1 10,000 
6.1 1 O 1,000 

3 2.3 19 
3.8 119 46 

Hole Depth Concentration Ave. TPH 
(@ (ppm) Concentration 

in Te. Hole 



BTEX and phenol concentrations were above the SERM (1995) and CCME ( 1991 ) 

criteria for residentiallparkland land use in the samples fiom Test Holes 1 (3.3 and 3.8rn), 

2 (2.2m), 13 (3,0m), 14 (3.0m), 17 (3.0m) and 2 1 (5.3m) (Table l A).  This indicated that 

there were high concentrations of volatile petroleum hydrocarbons present in the soil. 

Table 1.4: BTEX and phenol concentrations (ppm) in soil 

Test Hale 
. . . . . . . . . . . . . .. . 

1 (3.3 and 3.8m) 
2 (2.2m) 
12 (3.0m) 
14 (3,Om) 
17 (3.0m) 
2 1  5.3m) 

SERM residentiaVparkland 
criteria 

Benzene Toluene - .  Ethylbenzene Xylenes Phenols 
47 36 37 83 5 --- 
1 1  --- 5.5 26 2.5 
--- 9.5 6.0 36 --- 
--- --- --- 5.1 --- 
2.3 --- --- 97 --- 
1.5 --- --- --- -"- 
0.5 3.0 5 .O 5.0 --- 

Ethylene glycol, PCB and trace elernent concentrations (Appendix B) were below method 

detection limits and were, therefore, not of concern. 

Results of the solvent scan, herbicide scan, and EOCI scan (Appendix B) were below or 

very near the method detection limits and, therefore, these parameters were not of 

concern. 

The boundaries of the pit were estimated by a visual examination of the soil to determine 

the presence of fil1 soil. The transition from fil1 soil to native soil was assumed to be the 

boundary of the pit. The estimated boundary of the pit was approximately as shown in 

Figure 1.1. The boundary of the pit consisted of two portions; a long narrow section to 

the north, 15m wide by 40m long, and a wider, trapezoidal shaped section to the south, 

28rn by 28m. 



The areal extent and depth of the contaminated soi1 requiring remediation was estimated 

using TPH values. Based on the values presented in Table 1.3, the estimated volume of 

soil requiring remediation was 8,000 m3. 

A prelirninary feasibility analysis was conducted for the subject site in 1995 

(Viraraghavan et al). The feasibility study evaluated various technologies for 

remediation of the site. Costs from the literature used for analysis of several rernediation 

alternatives are shown in Figure 1.2. From the preliminary feasibility analysis, it was 

determined that bioremediation should be examined further for remediation of the 

contaminated soil from this site. 

Treatment Costs (1994 CANS per m3): Ranges and Medians 

' . I  97'5 . , Incineration b~ 1600 1 
O ' 350. ., . 600 ] Hazardous Waste Landtill 

5 0 f l 2 S  ~ O O  Thermal Adsomtion 

150 1 3 5 0  Soi1 Washine 

4 0 [ 7 1  150 Bioremediation 

Figure 1.2: Treatment Costs for Petroleum Contaminated Soi1 (Leahy and Brown, 
1994) 

An analysis of several bioremediation alternatives was then conducted in order to choose 

the option that could be used to remediate the site at the lowest possible cost and within a 

reasonable length of time. The alternatives that were evaluated were landfarming, 

composting, accelerated composting (biopile composting) and enhanced 
1 O 



biopilehiofiltration. It was determined that accelerated composting would provide most 

effective remediation at a reasonable cost. 

1.3 Objectives of the Study 

The objective of this study was to conduct a bench-scale biotreatability study using a 

composting process which would demonstrate a reduction in the concentration of the 

petroleum hydrocarbons (presumabl y to below the S ERM guideline criteria). The 

components of the shidy used to acheive the overall objective were as follows: 

1. analysis of the nutrients in the soi1 and the need for nutrient additions; 

2. identification of the presence and types of hydrocarbon degrading bacteria 

in the petroleum hy drocarbon contaminated soil at the site; 

3. enurneration of the bacterial population; and 

4. evaluation of the contaminant half life. 

1.4 Scope of  the Study 

The scope of the study included a review of literature on bioremediation of contaminated 

soi1 using the composting process. Laboratory studies were conducted to determine 

whether or not the concentration of petroleum hydrocarbons in the soil could be reduced 

to below the S E W  guideline value of 1000 ppm. 



CHAPTER TWO 

2.1 General 

The literature review is presented in three sections. The fmt section discusses the 

development of composting of petroleum-contaminated soil. The second section of the 

literature review covers the important factors which determine the efficiency of 

composting operations. The third and fourth sections outline the procedures for 

conducting treatability studies, and the degradation kinetics used to predict fmal cleanup 

levels for bioremediation processes, respectively. 

2.2 Development of Cornposting 

2.2.1 Definition of Composting 

In order to undetstand the composting process one must fmt defme composting. There is 

no univenally accepted definition of composting. Haug (1 980) defuied composting as 

follows: 



"biological decomposition and stabilimtion of organic substrates under conditions which 

alfow devefopment of thennophilic temperatures as a result of biologicaLly produced 

ka t ,  with a finai product suficiently stable for storuge and application tu fami without 

adverse environmental efects ". 

This definition is basically accurate with reference to composting municipal wastes; 

however, it may not be totally accurate when considering the composting of hazardous 

wastes. Cookson (1995) reported that composting of some hazardous cornpounds does 

not require the higher temperatures that are typical in composting municipal wastes and 

which are required for the destruction of pathogenic organisms. He M e r  stated that if 

no pathogenic organisms an associated with the wastes, then the higher temperatures are 

not necessary. In fact, he stated that composting of hazardous cornpounds had been 

successfully pilot tested at ambient temperatures. C o n s i d e ~ g  the above, it appears that 

composting need not allow the development of thermophilic temperatures as stated by 

Haug (1980). The defmition of composting given by Golueke (1977) may be more 

appropriate for application to composting of both hazardous and non-hazardous wastes. 

"Composting is a method of solid wuste management whereby the organic component of 

the solid waste stream is biologically decomposed under controlled conditions tu a state 

in which it con be handled, stored, andor upplied to the land without aùversely afecting 

the environment". 

2.2.2 Process Description 

Composting is a n a d  process whereby rnicrobiological transformations, known as 

bioremediation, convert hazardous materials to harmless inorganic products in a simple, 

inexpensive and environmentally safe manner (Williams and Myler, 1990). Until 

recently, composting has been used primarily to treat wastewater sludges, processing 

wastes and municipal refuse. The prirnary reasons for composting these materials are to 
13 



reduce moisaire content and volume, to destroy pathogens and odour-producing nitrogen 

and sulphut-containing compounds, and to stabilize the waste for ultimate disposal or use 

as a marketable product. The objective in composting hazardous materials is to convert 

the hazardous substances into innocuous end products. in general, no matter what the 

material king composted, the composting process employed is virtually the sarne. 

However, the shift in objectives between composting non-hazardous wastes and 

hazardous wastes requires that a more tightly controlled and aggressive approach be 

employed for composting hauirdous wastes. 

Modem composting systems are usually divided into three types: windrow, aerated static 

pile (biopile) and in-vessel. Each is described below. 

Windrow System 

In the windrow composting system (Figure 2. l), the contaminated soil is usually mixed 

with a bulking agent to facilitate air permeation through the soil. m e r  items that may be 

mixed with the soil and b u h g  agents include fertilizer or nutrients ftom other sources, 

organic matenal (such as municipal waste, animal wastes, grass clippings, leaves) and 

bacterial ùinoculaots. The purpose of the addition of diese materials is described later in 

this chapter. The mixture is then distributed in long rows on an impervious liner. The 

rows are typically 1.2m to 1.5m in beight and 3.0m to 3.7m in width. The length of the 

rows will vary depending upon the land available for the process. The rows of 

contaminated soil are mixed or tumed daily to maintain an aerobic condition by 

convective air flow and diffusion. Mixing is usually done using a fiont-end loader or 

specially designed equipment. Front-end loaders are generally less expensive than 

specially designed equipment, however, the quality of the mix is usually better (Le. 



nuû-ients are mixed better and aeration is better) when specialiy designed equipment is 

used. 

The rows of contarninated soil are usually constmcted on an impervious liner to prevent 

the contarninant(s) from seeping into the native soil and into groundwater systems. Some 

benning or ditching may also be requued around the m a  to prevent contarninants fiom 

moving off-site and entering surface waters. 

composted 
placed in 
windpws 

Figure 2.1 : Windrow composting system (Tchobanoglous, 1993) 

SIaric Pile System 

The static pile composting system (Figure 2.2) uses forced aeration to maintain aerobic 

decomposition in a much larger pile mass than is possible with the windrow system 

(Cookson, 1995). Aeration is typically provided by a system of perforated pipes Uistalled 

under the static pile(s). The contaminated soil is mked with various amenciments as 

described for the windrow system and placed in piles over the perforated pipe. The 
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Figure 2.2: Static pile corn posting system (Al brecht, 1983) 

perforated pipes are connected to a non-perforated header pipe which is connected to fans 

which either draw air or force air through the pile. It is preferrable to draw air through 

the pile as this will allow treatment of volatile emissions. In a system which forces air 

through the pile, the system of pipes may be covered with a layer of highly permeable 

material such as wood chips or grave1 to allow the air being released from the pipes to be 

more evenly distributed under the pile. This will allow more even percolation of air 

through the pile. The piles can be up to 6 m in height. The height of the piles is limited 

by the capabilities of the front-end loader or backhoe that is used in their construction. As 

with the windrow system, the piles are usually constmcted on an irnpervious liner to 

prevent the contaminant(s) from seeping into the native soi1 and into gound water 

systems. Some berming or ditching may also be required around the area to prevent 

contaminants from moving off-site and entering surface waters. 

In-vesse f Svs f ern 

The process used for in-vesse1 cornposting is identical to that described in windrow and 

static pile composting. The mixture is placed inside enclosed reactors where the actual 



cornposting takes place. The major advantage is that ditches, berms, etc. are not required 

due to the enclosed reactor, however, in-vesse1 operations do not allow the degree of 

process flexibility of the open systems (Cookson, 1995). For example, if a materiai 

handling problem such as compaction of the rnix in the vessel should occur, correction by 

remixing with the front-end loader is not an option (Cookson, 1995). Thrrefore, most in- 

vessel systems use sophisticated mixing equiprnent and, hence, are very expensive. In- 

vessel composting uses pug mills and plow blade mixers for rnixing, and belt conveyors, 

screw conveyors, cleated belt conveyors and drag conveyors for material transport. 

There are two types of in-vesse1 cornposting reactors: plug flow (horizontal (Figure 2.3) 

and vertical (Figure 2.4)) and agitated-bed reactors (Figure 2.5). In plug flow reactors, 

m port 

Aeration Hcader - 
Reversible Alr Flow 

Figure 2.3: Horizontal-bed in-vesse1 corn posting reactor (U. S. EPA, 1989) 



the mixing is such that the mix moves either from top to bottorn or horizontally through 

the reactor chamber (Cookson, 1995). Most vertical plug flow reactors use a screw for 

material discharge (Cookson, 1995). In Iiorizontal plug flow reactors, the matenal is 

transported by a moving floor or a hydraulic door (Cookson, 1995). The agitated bed 

reactors use mechanical mixing to mix the compost either in place or as it moves through 

the reactor (Cookson, 1995). 

Air Flow 1 
- Rotating Bridge 

Agitating Augers - 

C o m p o s t  Discharge 

Aeration Header  

Figure 2.4: Vertical-bed in-vesse1 composting reactor (U. S. EPA, 1989) 



- - Feed Conveyer 
Exhaust Air 

Header 

Aeration Piping 

Figure 2.5: Agitated-bed in-vesse1 corn posting reactor (W. S. EPA, 1989) 

2.2.3 Soil Contamination 

The three most common types of hazardous marerials released to the environment in 

decreasing order are petroleum products, creosote and volatile organic compounds 

(Cookson, 1995). 

The widespread usage and storage of petroleum products have made them the most 

widespread soil and groundwater contaminant (Cookson, 1995). Leaking underground 

storage tanks have been cited as one of the rnost common sources of soil and 

groundwater contamination (Demque, 1994). It is estimated that across Canada there are 

200,000 underground storage tanks installed, and as many as 30,000 may be leaking 

products into the underground environment (Demque, 1994). 
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2.2.4 Disposa1 of Contarninated Soi1 in Saskatchewan 

In Saskatchewan, eontaminated sites are evaluated using the SERM "Risk Based Corrective 

Actions for Petroleum Contaminated Sites in Saskatchewan (SERM, 1995)." The 

guidelines dlow two methods of evaluating contaminated sites. One method is to evaluate 

the need for and degree of cleanup based on a risk assessrnent, and the other method is to 

evaluate these requirements based on future land use. Table 2.1 presents the fiiture land use 

criteria published by SERM. 

Table 2.1: SERM future iand-use cntena (SERM, 1995) 
-- -- 

Analyte ci& 

Agricultural ResidentiaVParkland CommerciaVIndustrial 

Benzene 0.05 0.5 5.0 
Toluene O. 1 3 .O 30 

Ethy lbenzene O. 1 5 .O 50 
Xy lenes O. 1 5 .O 50 

Lead 375 500 1,000 
TPH 1 .O00 1 .O00 1.000 

Until approximately ten to fifteen years ago, landfilhg was the most cornmon method of 

disposing of contaminated soil. However, regdatory agencies are irnposing greater 

restrictions on the disposal of contaminated soil in landfills. Landfilhg of contaminated 

soil without some kind of treatment is no longer an acceptable form of disposal. Many 

landfills are setting up treatment facilities (usually bioremediation) to treat petroleum- 

contaminated soils. However, most landfills have an upper limit for the concentrations of 

petroleum in the soil that they will accept for treatment. The limit in Saskatchewan is 2 

percent by weight or 20,000 pg/g. Soi1 with a petroleum hydrocarbon concentration 

greater than 20,000 pg/g usually requires the soil to be treated on-site or excavated and 

transported to a hazardous waste treatment facility. Off-site disposa1 at a hazardous 
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waste treatment facility is usually very expensive. On-site treatment (usually ex-situ, 

biological treatment) is usually chosen because it is less expensive and elirninates the 

liability associated with the transportation of hazardous waste; however, it usually 

requires extensive permitting and regulatory approvals. 

2.2.5 Chernical Nature of Petroleum Products 

There are many difierent types of petroleum products, such as gasoline, diesel fuel, crude 

oil, solvents, pesticides, PCBs, PCP, and paint thinners. Ail these products are made of 

hydrocarbon compunds, which are, as the name irnplies, chernical compounds made up 

of hydrogen and carbon atoms (Rowell et al., 1992). The carbon atoms are linked 

together in chahs, in a ring, or in more than one ring (polycyclic hydrocarbons) (Rowell 

et ai., 1992). Petroleum products such as gasoline, diesel fuel and crude oil are 

sometimes grouped according to their "carbon number". The carbon number is simply 

the number of carbon atoms in a molecule of the product (Rowell et a l ,  1992). For 

example C l 0  is a product that has 10 carbon atoms in one molecule of the product. 

Gasoline is typically in the Cl to C9 range, diesel fuel is typically in the C l 0  to C20, and 

crude oils are in the C2 1 to C30 range. 

The composition of petroleum products varies with such factors as their origin, method of 

storage, treatment, and weathering conditions. Regardless of its source, a single 

petroleum product is usually made up of a large mixture of hydrocarbon compounds. For 

example, regular gasoline contains approximately 50 different hydrocarbon compounds 

(Cookson, 1995). 

The focus of th is  research is degradation of gasoline, diesel fuel, used lubricating oil and 

small amounts of paint thinners and crude oil. The most common types of hydrocarbon 
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structures contained in petroleum products such as these are aliphatic hydrocarbons and 

aromat ic hydrocarbons . 

2.2.5.1 Petroleum Alipbatic Hydrofnrbons 

Aliphatic hydrocarbons are straight or branched-chah hydrocarbons of various lengths 

(Cookson, 1995). They are divided into the families: alkanes, alkenes, alcohols, 

aldehydes, ketones, acids, and aiicynes. Typical structures are shown in Figure 2.6. 

H H H  H H  H H H H 

I I I  I I I I I I 
HC-C C H  HC = CH HC -C -OH HC-C = O 

I I I  I I I 
H H H  H  H H 
ALKANE ALKENE ALCOHOL ALDEHYDE 
P W m e  eîhylene ethanol acetaidehyde 

O H  H O 

I II I 
HC - C -CH 

I II 
HC - C- OH HC = CH 

I 
H 

I  
H 

I 
H 

KETONE ACID ALKYNE 
a t o n e  acetic acid ' acetyleae 

Figure 2.6: Petroleum aliphatic hydrocarbons (Cooksoo, 1995) 

2.2.5.2 Aromatic Hydmcarbons 

Aromatic hydrocarbons contain the benzene ring as the parent hydrocarbon. The benzene 

ring is represented by double bonds between altemate carbon atoms (Figure 2.7). 

Benzene ring compounds are M e r  divided into monocyclic aromatic hydrocarbons 

(MAHs) and poly cyclic or polpuc lear aromatic hydrocarbons (PAHs) . The MAHs are 



those that contain a single benzene ring. These consist of benzene, toluene, ethylbenzene 

and xylene (BTEX) compounds. Typical structures of MAHs are shown in Figure 2.8. 

PAHs are those compounds where several benzene rings are joined at two or more ring 

carbons. The hydrogen rnay or may not be substituted by other compounds. Some of the 

more common substitutes are chloro (CI), bromo (Br). iodo O, nitro (NO*), and cyano 

(CN). Structures of some common PAHs are show in Figun 2.9. 

Figure 2.7: Benzene ring (Cookson, 1995) 

Benzene 

Figure 2.8: Single-ring ammatic hydrocarbons (Cookson, 1995) 



Figure 2.9: Multi-ring aromatic bydmcarbons (Cwkson, 1995) 



2.2.6 Microbial Decomposition of Petroleum Hydrocarbons by Biorernediation 

Bioremediation is a process in which microorganisms in the soil convert complex 

organic materials (such as petroleum hydrocarbons) into ce11 biomass and other non-toxic 

by-products such as carbon dioxide (CO*) and water (H20). This is accomplished through 

a catalyzed oxidation-reduction reaction in which the catalyst (enzyme), supplied by the 

microorganism, causes the destruction of the contaminant. 

Detailed environmental control is necessary for the catalyst production and the desired 

reaction (Cookson, 1995). Therefore, successful bioremediation, requires a tightly 

controlled process with the presence of a suitable energy source, an electron donor- 

acceptor system, and adequate nutrients and moisture level. The appropriate combination 

of these conditions is critical to the performance of the bioremediation process. 

In a bioremediation process, microorganisrns in the soil obtain energy by metabolizing 

the organic compound (contaminant). Indigenous microorganisms can readily degrade 

the naturally occurring organics in a soil. However, contaminated soils may contain 

man-made organics which are more difficult to degrade. Therefore, the indigenous 

microorganisms in the soil must fm acclimate themselves to the man-made chernicals 

before the degradation process can occur. As the micrwrganisms become acclimated to 

the contaminant, they will start to reproduce and the biodegradation rate will gradually 

increase. 

Bioremediation has been shown by numerous researchers to be a viable method for 

remediating soil contaminated with petroleum products (Albrecht et al., 1983, Beaudin, 

et al., 1996, Demque, 1994, Pruess and Saberiyan, 1996, St. Cyr et al., 1992,). 

Bioremediation technologies usually result in the lowest cost method of remediation if 
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the contaminant of concem is biodegradable and the biological processes are optimized. 

Optirnization of the processes can require significant scientific analyses and testing but, if 

found to be an appropriate rnethod for remediating the contaminant of concem, usually 

results in the lowest cost when compared with technologies such as incineration, themal 

adsorption, soil washing, or excavation and disposal at a hazardous waste disposal facility 

(Leahy and Brown, 1994). 

23 Factors Afiixting Composting 

Composthg of hazardous wastes is essentially the same process that is used in 

composting of municipal wastes. The objective in composting of hazardous wastes is to 

create an ideal environment, in either the windrow, static pile or enclosed reactor, in 

which the indigenous microorganisms will biodegrade the petroleum contaminants in the 

soil to imocuous carbon dioxide, water and organic matter (humus). Before the 

composting operation can begin, many factoa must be considered to ensure that a 

favourable environment exists. The factoa affecting composting can be grouped into the 

headings "physicai", "chemical" and "nutritional". These factors include the following: 

substrate (nutritional) 

nutrients (nutritional) 

temperature (physical) 

pH (chemical) 

moisture content (physical) 

aeration (physical, chemical) 

bulking agent (physical) 

Of the above factors aeration is the most critical (StCyr et al., 1992). The rate of 

bidegradation is proportional to the rate of aeration (St-Cyr et al., 1992). 



2.31 Substrate 

The physical and chernical nature of the substrate is one of the most important factors in 

detexmining the rate and potential success of the biodegradation of the waste. Substrate 

simply refen to the presence and accessibility of organic food sources. The organic food 

source in a hazardous waste composting system is usually the contaminant o f  concem 

(e.g. petroleum products). In composting of municipal solid waste, the waste usually 

provides the organic food source and the energy (thermal) source. However, most 

hazardous wastes do not contain a high enough concentration of organic material to 

sustain composting anâ, therefore, require the waste to be mixed with another matenal 

which contains a high concentration of organic material such as gras clippings, animal 

manures, etc. The highly organic/biodegradable material serves as a high energy 

(thermal) source for microorganisms which provide the microbial heat generation which 

is required for destruction of pathogenic organisms present in some wastes (both 

hazardous and non-hazardous). If no pathogenic organisms are present (as is the case in 

this thesis) in the contaminated waste, elevated temperatures are not required. Cookson 

(1995) States that composting of hazardous waste has been successfully pilot tested at 

ambient temperatures. 

Microorganisms require inorganic nutrients for growth and reproduction. Carbon (C), 

nitrogen 0, phosphoms (P) and potassium (K) are the macronutrients required for the 

growth of microorganisms. Trace nutrients are also required, but if the optimum N:P:K 

ratio is satisfied then the amount of trace nutrients is usually satisfied as well (Demque, 

1994). The typical N:P:K ratio is 100: 10:l (Pruess and Saberiyan, 1996). Typically, the 

rate lirniting nutrients are N, P and K (Cookson, 1995). Nutrient deficiencies are usually 



corrected by adding nutrient sources such as normal lawn or agricultural fertilizer. 

Carbon is supplied by the hazardous waste king composted. 

2.33 Temperature 

The cornmon belief is that composting must involve the development of high 

temperatures (in the 50 to 60 OC range) in order to be effective. It has been stated that 

composting c m  be successful under ambient temperature conditions (Le. 20 to 30 OC) 

(Cookson, 1995). Furthemore, the developrnent of high temperatures is not necessq 

when composting some hazardous wastes, such as petroleum products, because 

pathogenic organisms are not present. Cold tempenitues, such as those experienced in 

Saskatchewan during winter months, retard and cm stop bacterial activity (St Cyr, 1992). 

Cold temperature, however, is merely a constraint; it does not necessarily prevent 

effective bioremediation (St Cyr, 1 992). 

The temperahire attained during the composting process is dependent upon the type of 

bacteria that are present to degrade the contaminant. Some microorganisms are 

mesophilic which means they thrive in environments where the temperature is in the 20 

to 50 O C  range. Other bacteria are thermophilic and prefer temperatures in the 45 to 70°C 

range. There are also different optimum temperatures for the different microorganisms 

that exist within each of these temperahire ranges. So, for example, if a compost pile has 

three mesophilic microorganisms present, each with a different optimum temperature, the 

chances of the temperature being optimum for every microorganism at any given instant 

is vimially impossible. Therefore, the temperature of the pile usually adjusts to a 

temperature that can be described as a compromise between the optimum of al1 the 

organisms present. 



Beaudin et (11. (1996) conducted a study in which they used the composting process to 

degrade mineral oil and grease from soil. They found that temperature fluctuated 

throughout the degradation process. They concluded that changing temperatures are an 

indication of the microbial diveaity that develops in a composthg system and is 

necessary to achieve more complete degradation of contaminants. They referenced 

several studies (Atlas 1975; Westlake et al. 1974; Jobson et al. 1972) which indicated 

that different hydrocarbon components may be degraded at different temperatures. 

23.4 Moisture Content 

It is essential to have an adequate moisture content in the soi1 being remediated. 

Inadequate moishue content causes bacterial desiccation. Elevated moishve content 

reduces the oxygen supply by reducing forced soil-gas flow and decreases the 

biodegradation rate. 

Optimum moisture content of the compost mix is dependent on the amount of organic 

material in the mix and the type of soil (Le. sand, gravel, clay, etc.). Municipal wastes 

requue a moisture content in the range of 40 to 60 percent by weight for optimal 

composting of the waste. Stegmann et al., (1 991) conducted a study to detennine the 

effect of water content on the degradation rate of oil-contaminated soil. A compost mix 

composed of 8 parts contaminated clayey soil and 1 part compost obtained fiom a 

municipal waste composting plant was used in laboratory respiration studies. The mix 

had a maximum water holding capacity of 48 percent by weight. The maximum oxygen 

uptake of the microorganisms occurred at a moisture content of 60 percent of the 

maximum water holding capacity of the soil/compost mixture. Saberiyan et al. (1996) 

reported that the optimum moisture content of the soil for biodegradation of petroleum 



should be approximately 40 percent of soi1 saturation. The optimum moisture content for 

most contaminated soils would be in the 20 to 40 percent by weight range. 

23.5 pH 

Most microorganisms perfonn eficiently at pH rarîges between 6 and 8. Typically in 

bioremediation experiments, the pH will rise to about 8 and then fa11 back to near 7 at the 

end of the expriment when most of the petroleum product has been d e m e d .  This is 

because during the fmt stages of the biodegradation process organo-nitmgen compounds 

are broken d o m  which releases w4 and causes the pH to nse (LaGrega et al.). This is 

followed by the gradua1 increase in microbial activity producing CO2 which causes the 

pH to decrease (Golueke, 1977). 

23.6 Aeration 

Composting can be conducted in either an aerobic (in the presence of oxygen) or 

anaerobic (without oxygen) mode. Composting of non-hazardous wastes such as 

municipal sludges is usually done under aerobic rather than anaerobic conditions. The 

disadvantage of anaerobic systems for municipal sludges is the generation of odourous 

compounds such as hydrogen sulphide, mercaptans, and disulphides. Aerobic 

composting provides a much greater degree of stablilization of municipal wastes 

(Cookson, 1995). The use of anaerobic systems can be advantageous in composting 

some types of hazardous wastes. Halogenated or cornplex chernicals are treated more 

successfully under anaerobic conditions than under aerobic conditions (Cookson, 1995). 

The method of aeration depends on the type of composting system. In windrow 

composting, aeration is usually conducted by m i n g  the pile periodically. In static pile 



composting, aeration is usually conducted using a series of pipes placed under the 

compost pile(s) and connected to a blower or vacuum pump. The air is blown through 

the pipes and then percolates through the pile. These types of systems were described 

previously . 

The amount and thoroughness of aeration will detemine the rate and extent of the 

destruction of the contaminant, provided other conditions are satisfied. The amount of 

oxygen and the rate of aeration is a function of  the chemistry of the contaminant 

(di fferent contaminants require di fferent amounts of  oxygen and hence different aeration 

rates). Tchobanoglous et al. (1993) and Battaglia and Morgan (1994) have outlined 

methods for determinhg the approximate air requirements in a static pile or enclosed 

reactor system. 

23.7 Bulking Agent 

Most composting systems require a b u l h g  agent. A bulking agent increases the porosity 

of the coctaminated soil which allows greater air (oxygen) flow through the soil and 

distributes the air more evenly throughout the pile/reactor. The material used as the 

thermal source can also be used as the buWg agent (i.e. grass clippings, straw, manure, 

wood chips, etc.). This elbinates the need for screening/separation of the bukhg agent 

fiom the compost following the composting phase, thereby, reducing the cost of the 

treatment process. B u h g  agents that can not serve as a thermal source include grave1 

and shredded rubber tires. 

Savage et al. (1985) defme the ideal b u h g  agent as one that: 

provides ample porosity under al1 moisture conditions; 

is an absorbent; 
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resists compaction; 

degrades very slowly, if at al!; and 

can be easily recovered fiom the composted wastes and subsequently 

recycled. 

Screening of the compost mix is comrnon to recover the bulking agent for recycling. 

Screening involves the use of very expensive equipment, such as vibrating screens, rotary 

screens and trarnmels (Cookson, 1995). Therefore, the capital cost of screening must be 

compared with the cost of lost bullcing agent if it is not recycled. This evaluation is 

dependent on the expected life of the cleanup operation, the treatment required and the 

final deposition of the treated soi1 (Cookson, 1995). 

2.4 Treatability Studies 

2.4.1 General 

Before a full-scale composting operation (or any bioremediation operation) cm be 

designed, it is necessary to conduct treatability studies to determine the potential for 

success and the expected performance of the proposed bioremediation system. A 

treatability study may consist of laboratory or bench-scale studies, a pilot-scale study or 

both. Generally, a proper treatability study would consist of both laboratory-scale studies 

and pilot-scale studies. Laboratory-scale studies determine the potential for successful 

biodegradation of the specific contaminant. Pilot- scale studies follow the laboratory- 

scale studies and would use the results of such studies to develop the design criteria, cost, 

and performance over a period of months of operation. Pilot-scale studies would be very 

similar to a full-sale operation except that the pilot-scale operation is scaled down in 

size. 



2.4.2 Objectives 

The fmt step of a treatability study is to detemine the objectives that you want to 

achieve. Typical objectives of a biorernediation treatability study are show in Table 2.2. 

It is not required to achieve al1 of these objectives under a single treatability study, nor 

would it be possible. If a treatability study is to accomplish several objectives it may be 

more feasible to conduct the treatability study in phases. Conducting treatability studies 

in phases has the advantage of king able to impiement the results of initial phases in 

subsequent phases to either confm or change the results of the preceding phases. The 

major disadvantage of conducting multiple objective treatability studies in phases is that 

sigoificant tirne requirements, ranging fiom a few weeks to a few rnonths or even several 

years, may be necessary. 

Table 2.2 - Typical objectives of bioremediation treatability studies (Cookson, 1995) 

1. Evaluate the capability of the microorganisms to degrade the target compounds. 
2. Evaluate the enhancement capability of seed rnicroorganisms. 
3. Evaluate the optimum range for environmental parameters: 

Moisture 
PH 
Nutrients 
Trace minerals 

4. Evaluate the need and eEect of supplemental substrates and electron acceptoa. 
5. Detemine the feed and starvation cycle for primary substrates. 
6. Evaluate the need to provide supplemental electron donors. 
7. Evaluate the rate of degradation for target compounds under ideal laboratory 
conditions or modified conditions to iepresent expected field response. 
8. Evaluate the expected duration of the bioremediation project. 
9. Detemine the attainable level of tceatment. 
10. Evaluate potential soil-water reactions and clogging potential of in-situ treatment. 
11. Evaluate the potential for toxicity changes due to mixing, surfactants, or buildup of 

intermediates. 
12. Evaluate the degree of volatization. 
13. Determine the cost effectiveness of various opthkation measures. 
14. Evaluate the monitoring fiequency for process control. 
15. Evaluate the operational limits on process control parameten without significant 
decrease in performance. 



Once the objectives of the treatability study have been detemined, the experimental 

design can be formulated. The experimental design consists of development of specific 

protocols or procedures that will be used to satisw the objectives. Development of 

specific protocols are based on the followhg considerations or bases (Cookson, 1 995): 

1. 

2. 

3 .  

4. 

5 .  

6. 

Once the 

Protocols 

Determine how one is to accomplish, quanti@, and document the treatability 

study ; 

Detennine if a customized treatability protocol will be developed or if 

standardized protocols are appropriate; 

Detemine if the treatability study will be conducted under ideal laboratory 

conditions or under conditions that sirnulate those at the site; 

D e t e d e  the level of quality control to be applied to al1 test protocols and 

analytical data; 

Detemine if analytical data will be collected to provide statistically 

significant data and, if so, to what level of confidence; and 

Determine what analytical protocols will be applied to data collection. 

above points have been considered, specific protocols can be developed. 

are sirnply a set of instnictions or procedures that will be followed for a 

particular treatability study to achieve the specific objectives. The protocols must be 

stated in a detailed step-by-step procedure which Ieaves nothing to another's 

interpretation. Protocols can be either standardized or customized. Standardized 

protocols are those that are contained in government standards or other yidance 

documents. Two examples of guidance documents available in the United States fiom 

the U.S. Environmental Protection Agency (EPA) under the Comprehensive 

Environmental Response Compensation and Liability Act (CERCLA) are as follows: 
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Guide for Conducting Treatability Studies under CERCLA: Biodegradation 

Remedy Selection, U. S. EPA, 2" and Final Draft, March 1993; and 

Guide for Conducting Treatability Studies under CERCLA: Aerobic 

Biodegradation Remedy Screening , U. S. EPA, EPAfi401 î -W-l3A,  July 1991. 

Customized protocols are those developed by the researchers who are conducting the 

treatability study and are specific to the treatability study being wnducted. Customized 

protocols are developed when standard protocols are inadequate to satisfy the objectives 

of the treatability study. Customized protocols may be simply a standardized protocol 

with a slight modification or it may be a completely new protocol. 

2.43 Costs 

The cost of a treatability study can range fkom as low as several thousand dollars to as 

much as several hundred thousands of dollars. The budget available for treatability 

studies is influenced largely by the overall anticipated remediation cost of the project. In 

the case of a multimillion dollar bioremediation project there is certainly a justification to 

budget several hundred thousand dollars for treatability studies. Several hundred 

thousand dollars spent on a well designed treatability study may Save millions on the fmal 

remediation cost. On the other hand, in the case of a $50,000 bioremediation project, 

little in the way of treatability studies can be supported. At most, $1000 or $2000 may be 

available for treatability studies. 



2.4.4 Equipment 

Equipment used for solid phase treatability studies can be as simple as a couple of 

beakers or baking pans to specially designed and constructed pilot-scale facilities. 

Typically, laboratory treatability studies are conducted using very low-tech, inexpensive 

equipment such as pans, beakers, flasks, tubs, etc. as the reactors and polyethylene tubing 

and simple compressed air supplies as the aeration system. Some researchea have gone 

to great lengths and expense to fabncate bench scale reacton or "micn>cosrns" which 

accurately sirnulate the actual field conditions in a laboratory setting hcluding such 

things as automated wateringhumidified air supplies, insulated, stainless steel enclosed 

reactors and computerized oxygen-carbon dioxide respirometers. 

2.5 Degradation Kinetics 

The Monod equation is commonly used to model substrate degradation and microbial 

growth (Saberiyan et al. 1996). The Monod equation assumes that a single substrate and 

single type of microorganism are involved. In reality, there are usually multiple 

substrates and multiple microorganisms involved. However, the Monod equation is 

usually selected for ease in analyzing data, and it offers adequate accuracy. The Monod 

model takes advantage of the fact that the biodegradation rate is a function of substrate 

concentration. The Monod equation takes the form in equation 2.1, when substrate 

concentration (C) is srna11 compared to K,: 

where, 

C = contaminant concentration at time t (mgkg) 
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Ih> = maximum subsûate utilizat ion rate (day-') 

Ks = half-velocity coefficient (substrate concentration at one-half the 

maximum growth rate (mgkg) 

X = microbial concentration (mgkg) 

t = tirne (days) 

where K=degradation rate constant, and where b, X and K, are constants for the 

system, then equation (2.1) reduces to a fmt-order equation, 

ifC=Co a t t = O  

then, ln Co = Ci 

and 

lnC=-Kt+InC, 



The value K is measured empirically fiom a biotreatability study by plotthg the n a d  

log of C/G vs time and performing a regression analysis. The degradation rate constant 

can then be used in Equation (2.8) to calculate the length of time required to degrade a 

specific waste to half of its initial concentration. This is cornrnonly referred to as the 

half-life of the contaminant. 



CRAPTER THREE 

MATERIALS AND METHODS 

3.1 General 

The initial site investigation was considered as background information to the treatability 

study, which is the subject of this thesis. Therefore, the methods used in the initial site 

investigation were presented in Chapter One of the thesis under Section 1.2 - 

Background Information. The methods used in the treatabiiity study are presented in the 

following subsections. 

Analytical methods used in analyzing the various parameten identified in the following 

sections are available in detail in other sources. Therefore, the detailed procedures are 

not presented here, however, the methods used for analysis of each parameter are 

indicated. 



3.2 Bulk Sample Collection 

A buk sample of the contarninated soil fiom the pit described in subsection 1.2 was 

collected on May 15, 1997. The location where the bulk sample was obtained is shown 

on Figure 3.1. The location for sarnpling was selected such that the T'PH concentration of 

the sample would be approximately the same as the average TPH concentration over the 

site which was stated in subsection 1.2 as 3 1 ,O5 1 ppm. During the site investigation and 

characterization phase, Test Hole 17 at a depth of 3.0m exhibited a TPH concentration of 

39,600 ppm. Therefore, this was the chosen location for bulk sample collection. Once 

the location for the bulk sample collection was identifie4 a backhoe was used to excavate 

the area The bulk sample was put into a 205 L capacity plastic drum which had k e n  

thoroughly cleaned with warm soapy water prior to sample collection. The bulk sample 

was then transported to the laboratory where the treatability study was conducted. 

At the laboratory, a smaller subsample consisting of approximately 10 kg (wet weight) of 

soil was removed from the bulk sample barrel. The 10 kg sample was broken down into 

smaller pieces using a 7mrn (0.25 inch) screen. The sample was then put into a plastic 

tub and mixed thoroughly, by hand, so that the waste petroleum in the soil was evenly 

distributed throughout the sample. A second subsample consisting of approximately 4 kg 

of soil was removed fiom the 10 kg subsample. The 4 kg sample was designated as the 

test sample. The rernainder of the 10 kg was put into a plastic bag and stored in the 

freezer in case it was required at a later date. Part of the 4 kg sample was put into 250 ml 

certified clean laboratory glass jars with teflon lined lids to be used for analyses of 

parameters for initial characterization of the soil and contaminant(s). 
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Figure 3.1: Site plan showing location where bulk test sample was obtained 



3.3 Soi1 Contaminant Characterization 

It was necessary to determine the initial concentrations and types of petroleurn 

hydrocarbons in the soil sample. The petroleum hydrocarbons in the soil collected fiom 

the site were characterized and quantified by the following analytical methods: 

Hydrocarbon fingerprint by GC (EPA Method 355018000), (U. S. EPA, 1986); 

and 

Total petroleum hydrocarbons by the infrared method (EPA Method 418.1 

Modified) (USEPA, 1986). 

3.4 Nutrient Analyses 

It was necessary to detemine the amount of nutrients in the initial soil sample in order to 

evaluate the need for, and amount of, nutrient additions to achieve the optimal C:N:P:K 

ratio. The initial pH of the soil was also required to detennine if pH adjustment was 

required. The following analyses were conducted using the analytical methods shown: 

available phosphorus (Method 4.43), (McKeague, 1978); 

available nitrate nitrogen (Method 4.34), (McKeague, 1978); 

available ammonia nitrogen (Method 4.3), (McKeague, 1978); 

available potassium (Method 4.5 l), (McKeague, 1978); and 

pH (Method 4.13), (McKeague, 1978). 

3.5 Bacterial Enurneration and Characterization 

A procedure outlined by Pruess and Saberiyan (1996) was used for bacterial enurneration. 

Ten gnuns of soi1 and 100 ml of stenle water were agitated vigorously for approximately 

one minute, after which the soi1 was allowed to settle fiom the supernatant. One millilitre 

of supernatant was mked with nine millilitres of stenle Bushnell-Haas broth. The 



sample supematant was then ten-fold serially diluted twice more to a lu3 dilution. Small 

(0.1 ml) aliquots fiom each dilution were plated in triplicate on Bushnell-Haas agar. Oil 

(0.1 ml), to serve as the carbon source, waç placed on filter paper within each sealed Petri 

plate. Control plates (sterile water added in place of supematant)) were also prepared and 

incubated in the presence of peboleum product to monitor possible cross contamination. 

Al1 plates were incubated for eight days at 30°C. Following the incubation period, 

bacterial colonies were enumerated on each plate. The counts were averaged to 

determine the number of colony forming units (cfu's) per gram of soil. In addition to 

plate count analysis, the species of bacteria present in the soi1 were determined in order to 

confirm that they were capable of degrading hydrocarbons. 

3.6 Labotato y Composting Studies 

3.6.1 General 

The experimental phase of the study was conducted to determine the reduction of the 

contaminant (petroleum hydrocarbons) with tirne using a laboratory composting 

apparatus which simulated an aenited static pile composting system. TPH was chosen as 

the indicator panuneter for the reduction of the contaminant because it was consistent 

with that used by other researchen for similar contaminants and the equipment was 

readily available. The theoretical nutrient additions as calculated were used. It was also 

decided to determine what effect, if any, the addition of a highly biodegradable material 

had on the rate and degree of biodegradation of the petroleum product. The hi&-energy 

source chosen was partially composted grass clipphgs as it was felt that this was a low 

cost, readily available energy source. 



3.6.2 Prepamtion of Soi1 Samples 

Approximately 2 kg of soil was taken £kom the previously prepared 4 kg sample. The 2- 

kg sample was split into two approximately equal samples (by weight) using a soil 

sample splitter. These samples were designated as I and 2. Nutrients, in the amount 

calculated previously (40.3 gramskg of soil), were added in the form of granular lawn 

fertilhr. The granular fertilizer was dissolved in approximately 50 ml of water. The 

two 1-kg soi1 samples wem each placed in a rnking pan and the water (with dissolved 

fertilizer) was sprinkled over each soi1 sample and subsequently mixed thoroughly hto 

each soil sample. 

Next, approximately 25 percent by weight of sandy gravel was added to each of the 

contarninated clay soil samples. The gravel was used as the b u h g  agent to provide a 

more permeable medium and, thereby, facilitate greater air flow through the soil. Grave1 

was chosen as the bulking agent because it was readily available and required no 

preparation prior to its use. Following this, approximately 25 percent by weight of the 

total soil mixture (i.e. contaminated clay soil and gravel bulking agent) of grass clippings 

was added to reactor # 1. These materials were thoroughly mixed into the nutrient 

amended contaminated soil. 

3.63 Laboratory Composting Apparatus 

A schematic of the experimental set-up and the details of each reactor are s h o w  in 

Figure 3.2. An aerated static pile system was simulated in the laboratory using two 4- 

litre glass jars as reactors. The aeration was supplied to each reactor by a cornpressed air 

system. The pressure and flow rate of the air in the compressed air line was reduced 

using a pressure regulator installed in the line. A line was then constructed fiom the 



regulator to each of the reacton using 7.5 mm 1. D. polyethylene tubing and a plastic tee 

connector. A cone-shaped porous stone, used in fish aquariums, was connected to the end 

of each line. The porous stones were used to disperse the air in al1 directions in order to 

provide more even air distribution in the reactors. 

to compressed 
air supply 

4 L wide mouth 

Contaminated soi1 Contaminated soi1 
grass cllpplngs and -- - -  and fertilizer 

lertillzer mixture mixture 

Reactor 1 12 mm minus Reacto r 2 

g ravel bedding 

Figure 3.2: Schematic of reactor system 

3.6.4 Monitoring 

TPH, moisture content, tempenture, pH, and the growth of microorganisms were 

monitored, at various fiequencies, throughout the experirnent. The following subsections 

describe the monitoring and sarnpling that was conducted throughout the expenment. 
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3.6.4.1 TPH 

T'PH concentration in the soil was monitored on a regular basis tbroughout the 

experiment. The TPH concentration was used as the primary indicator of petroleum 

degradation and the completeness of the experiment. Each experimeatal ce11 was 

sarnpled (approximately 100 gram samples) for detemination of TPH concentrations at 

days 26,55,74 and 18 1. These sampling times were essentially chosen at random. 

3.6.4.2 Moistum Content 

Moishue content was detemined on the same occasions and samples as for TPH 

analyses. As mentioned in section 3.6.4.1 the sample size taken for T'PH and moishire 

content was 100 gram. This was adequate for T'PH as only 50 g r a m  of soil is required. 

Moisture content in accordance with ASTM D2216 requires a sample size of 

approximately 250 gram and only 50 gram was used. However, a simple test was 

conducted to detemine the effect of a srnaller sarnpie size on the results of the moisture 

content test. The test consisted of conducting a moisture content test on a sample of the 

experimental soil using the sample size stated in ASTM D2216 and using the smaller, 50 

gram sample size. This was replicated three times. The test indicated that the moisture 

content was approximately 2 percent lower, on average, wben the smaiier sample size 

was used. This was considered an acceptable degree of error for purposes of this 

experiment, since a soil rnoisture content of 30 percent was used. Moisture content was 

adjusted as required to maintain it at approximately 30 percent by sprinkling water over 

the composting soil. The saturation point of the site soil was assumed to be 

approximately equal to its plastic lirnit which was determined using procedure ASTM 

D43 18. 



3.6.43 Temperature 

Temperature was determined within the contaminated soi1 mass in each reactor using a 

mercury thennometer. Temperature was rneasured daily for the fmt 12 weeks of the 

experiment and then it was rneasured approximately twice per week thereafier. 

3.6.4.4 pH 

pH was rneasured at days 0, 74 and 181. Similar to the moisture content testing, the pH 

test had to be slightly modified to use a smaller sample size than is required due to the 

lack of ample in the reactors. A sample size of 50 grams was used for this test. 

3.6.4.5 Bacterial Enurneration 

Bacterial enumerations were conducted at the beginning of the experiment, at day 96 and 

at the conclusion of the experiment (day 182). The enumerations consisted of a 

heterotrophic plate count using the rnethod previously described in section 3.5 of the 

thesis. 



CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Nutrient Analyses 

Results of the initial nutrient analyses on the soi1 are shown in Table 4.1 .O. The nutrient 

analyses indicated that available nitrogen (in the form of amrnonia and nitrate) was very 

low and available phosphorus was also low. Nutrient supplementation for nitrogen and 

phosphorus deficiency was necessary. The required amounts were calculated fiom the 

stoichiometric relationships developed in 4.1.2. It was detemined that approximately 

40.3 g a m s  of ammonium phosphate fertilizer was required for nitrogen supplementation. 

Based on the typical N:P:K ratio of 10: 1:O. 1, it was also detemined that 30 grams of 

fertilizer was required for phosphorus supplementation; however, this arnount was less 

than that required for nitrogen supplementation and the requirement for phosphorus 

would be satisfied with the addition of the required mount of fertilizer for nitrogen 

supplementation. Available potassium was adequate for microbial growth based on the 

typical N:P:K ratio of 100: 10: 1. 



Table 4.1 - Results of initial nutrient analyses 

Nutrient Concentration (mg/L) 

Available armnonia 

Available nitrate 

Available phosphorus 

Available potassium 

4.1.2 Determination of Nutrient Deficiency 

The results of the outnent analyses suggested that the soil had fairly low levels of 

nitrogen (nitritehitrate and ammonia) and high levels of phosphorus and potassium. The 

soil had a pH of 7.49 which is ideal for bioremediation. 

The hydrocarbon fingerprint analysis indicated that the contaminant of concern was 

rnainly oil with mhor amounts of diesel fuel andor weathered gasoline, paint thinnea, 

and solvents. The gas chromatographs (Appendix C) indicated an average carbon chah 

length of approximately Cu. Therefore, the following calculations for determination of 

the nutrient requirements assume that the contaminant has an average carbon chah length 

of Cu. The stoichiometric relationship is as follows: 

1 ) Energy Reaction: 

Electron Donor (ED) = C2&4 

Electron Acceptor (EA) = O2 

ED half reaction: 

C,H, + 44H,O + 22C02 + 132H' + 132ë 

EA half reaction: 

4 H + + 4 ë + 4  + 2H20 
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Energy reaction = ED + EA 

S ynthesis Reaction: 

Overall reaction = A (energy reaction) + synthesis reaction: 

Assume A = 1 



For each mole of C22H44 there are: 16.5 moles of O2 utilized; 

3.3 moles of NH3 utilized; 

5.5 moles of COz produced; 

3.3 moles of biomass produced; and 

1 5.4 moles of water produced. 

Converting h m  moles to mas,  the mass ratio is: 

MwCyH*(=22 X 12+44=308g/mole 

MW N = 3.3 NH3 per mole of C u b  X 14 = 46.2 g/mole 

MW N/Mw Cu& = 462308 = 0.15 

Ushg the theoretical mass ratio above and assuming used oil ( C z z k )  contaminant 

concentrations of 39,800 ppm, the requkd level of available nitrogen cm be estimated as 

39,800 X 0.1 5 = 5970 ppm of nitrogen required 

The soil was estimated to have only 28.81 ppm of available nitmgen. Therefore, 

approximately 5941 ppm has to supplemented. To estimate the unit m a s  of nutrient 

amendment (fertilizer) required, the following calculation was done: 

Molecular weight of ammonium phosphate (NH4PO4) = 95 grams 

Molecular weight of nitrogen in ammonium phosphate = 14 g a m s  

(95114) X (5941 mg/kg/1000 @mg) = 40.3 gram of ammonium phosphate fertilizer per 

kg of soil. 



The phosphoms concentration is also of concern in biorernediation. Typically, a ratio of 

10:l for N:P is necessary to optimize biological activity. Therefore, a theoretical 

concentration of 597 ppm is predicted. There is currently only 1 ppm of available 

phosphorus in the soil. Therefore, 596 ppm had to be supplemented. Sirnilar to the 

calculation for nitrogen supplementation, the calculation for phosphoms is as follows: 

Molecular weight of ammonium phosphate -O4) = 95 grams; and 

Molecular weight of phosphorus in ammonium phosphate = 3 1 gram 

(95B 1) X (594 mg/kg/1000 glmg) = 1.8 gram of ammonium phosphate fertilizer per kg 

of soil. 

Therefore, the amount of ammonium phosphate calculated for nitrogen supplementation 

will also satisfy the phosphorus requirement. 

4.2 Microbial Characterization o f  Soi1 Samples 

4.2.1 Eaumeration of Bacteria 

The results of microbial enurneration in the soil in each experimental ce11 are shown in 

Table 4.2. Generally, there was an increase in the microbial population in both cells. The 

microbial population in Ce11 #1, which was amended with a high energy source, 

increased by approximately three orden of magnitude throughout the duration of the 

experiment. The microbial population in ce11 #2, which did not have the high energy 

source added to it, stayed constant for the h t  three months of the experiment and then 

increased by approximately one order of magnitude during the last three months. 



Quinn et al. ( 1997) found that biological counts remained relatively constant over the 13 

weeks of a study which used static pile composting to degade diesel Fuel from soil. 

Although the biological counts did not increase over the course of the experiment, they 

were significantly higher than those obtained from a sarnple of the experimental soil to 

which no amendments were added. 

Table 4.2 - Heterotrophic plate count results 

Time (days) Date Cell # 1 (cf~dg of soil) Cell XZ (cfu/g of soil) 
. - -  - -  . - .  . 

O 97/06/06 4.3 x -106 - 1.3 X ioT 

96 971091 1 O 1 .1  X 1oR 1 . 1  x IO' 

182 97/ 1 2/06 2.4 X 10' 3.1 X 1oX 

42.2 Identification of Bacteria 

The types of hydrocarbon degading bacteria identified in the initial soil samples are 

shown in Table 4.3. 

Table 4.3 - Types of hydrocarbon degrading baeteria identified 



T h e  genera of microorganisms listed in Table 4.3 have k e n  fkquently identified as 

active members of microbial consortiums in bioremediation of hazardous wastes: 

Actinomycetes spp. Pseudomo~s spp and Pseudorno~s fluorescence (Cookson, 1995). 

The group found with the highest frequency consists of those belonging to the genus 

Psaidornonaî. Pseudomronas consist of gram-negative, aerobic chemoheterotrophic 

organisms (Cookson, 1995). About 30 species have been idenfieci, each of which is 

capable of u t i l k g  60 to 100 different organic compounds as their sole carbon and 

energy source (Cookson, 1995). It is not surprising, therefore, to fmd them as the 

predominant group in wntaminated soil and groundwater. Two species of Pseudomonas 

were found in the experimental soil. These two species are capable of degrading the 

petroleum hydrocarbons found in the soi1 at the site (Cookson, 1995). 

4 3  Temperature 

The results of temperature monitoring throughout the experiment for Reactors 1 and 2 are 

summarized in Tables 4.4 and 4.5, respectively, and in Figure 4.1 . Temperature did not 

increase significantly throughout the experiment, as one would have expected in a 

composting experiment. This may be amibuted to any one of or a combination of the 

following: 

the aeration rate was quite high (5 1itredrni.n) and may have cooled the reactors 

which prevented a temperature increase; 

the amount of thermal source (grass clippings) may not have been sufficient to 

produce the temperature rise characteristic in municipal waste composting; andor 

Pseudornonas spp. and Pseudomonasflmrescenî were found to be present in the 

soil and., as stated earlier, are two types of microorganisms that are hquently 
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identified as the active members of microbial consortiums (Cookson, 1995). The 

temperature for growth of Psuerlomoms spp. bas ken reported to be in the -10°C to 

20°C range (Cookson, 1995). The temperature for growth of Psdomonus 

flt~~rescens has beea reported to be in the range of 20 to 25OC. The optimum 

temperature which would satisfy the quirements of these organisms is likely 

around 20°C, which was approximately where the temperature of the soi1 remained 

throughout the experiment. 

As stated earlier in this thesis, it has been found by other researchers that composthg can 

be successfil under ambient temperature conditions (i.e. 20 to 30 OC) (Cookson, 1995). 

Furthemore, the development of high temperatures is not necessary when composting some 

hamrdous wastes, such as petroleurn products, because pathogenic organisms are not 

present . 



Table 4.4 - Results of temperature monitoring for Reactor 1 

Date (1 997) Temperature (OC) 
Jun 6 21 
Jun 7 22 
Jun 8 21 
Jun 9 21 
Jun 10 22 
Jun 1 1  22 
Jun 12 21 
Jun 13 21 
Jun 14 22 
Jun 15 23 
Jun 16 22 
Jun 17 23 
Jun 18 23 
Jun 19 22 
Jun 20 23 
Jun 21 23 
Jun 22 23 
Jun 23 24 
Jun 24 24 
Jun 25 23 
Jun 26 23 
Jun 30 24 
Ju14 25 
Jul9 25 

Jul 14 24 
Ju1 17 24 
h l 2 3  25 
h l 3 0  25 

Date (1 997) Temwrature (OC) 
Aug 5 27 

Aug 12 25 
Aug 15 
Aug 20 
Aug 23 
Aug 27 
Aug 3 1 
Sep 4 

Sep 10 
Sep 15 
Sep 22 
Sep 26 
Sep 30 
Oct 5 

Oct 10 
Oct 16 
Oct 20 
Oct 24 
Oct 27 
Oct 30 
Nov 3 
Nov 6 

Nov 1 O 
Nov 14 
Nov 20 
Nov 26 
Nov 30 
Dec 5 



Table 4.5 - Results of temperature monitoring for Reactor 2 

Date ( 1997) Tem~erature ( O C )  
Jun 6 21 
Jull7 
Jun 8 
Jun 9 

Jun 10 
Juri 11 
Jun 12 
Jun 13 
Jun 14 
Jun 15 
Jun 16 
Jun 17 
Jun 18 
Jun 19 
Jun 20 
Jun 21 
Jun 22 
Jun 23 
Jun 24 
Jun 25 
Jun 26 
Jun 30 
h l  4 
Jul9 

Jul 14 
Jul 17 
Jul23 

Date ( 1997) Temperature ( O C )  
Aug 5 26 
Aug 12 25 
Aug 15 24 
Aug 20 24 
Aug 23 25 
Aug 27 26 
Aug 3 1 25 
Sep 4 25 

Sep 10 25 
Sep 15 24 
Sep 22 24 
Sep 26 24 
Sep 30 23 
Oct 5 23 

Oct 10 22 
Oct 16 22 
Oct 20 23 
Oct 24 22 
Oct 27 22 
Oct 30 23 
Nov 3 22 
Nov 6 22 
Nov 10 21 
Nov 1 4 23 
Nov 20 22 
Nov 26 23 
Nov 30 22 
Dec 5 22 



I 
1- Reactorl Reador 2 1 

Figure 4.1 Temperature vs time for Reaetors 1 and 2 

4.4 TPH Coilcentratioos, Moisture Content and pH 

TPH concentrations, rnoisnire content and pH of the soi1 in each experimental ce11 are 

show in Table 4.6. The TPH concentration, pH and rnoisture content versus time are 

shown in Figures 4.2,4.3 and 4.4, respectively. 

TPH concentrations in Reactor 1 and Reactor 2 decreased from 39 100 ppm to 1300 and 

11000 ppm, respectively, in 181 days. These reductions in the TPH concentrations 

correspond to removals of approximately 96.7 percent and 71.9 percent for Reacton 1 

and 2, respectively. The difference between Reactors 1 and 2 was the addition of a 

highly biodegradable material to Reactor 1 and not to Reactor 2. The addition of a highly 

biodegradable source (gras clippings) resulted in a significantly higher overall removal 
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of 'T'PH. These results compare very well with a pilot-scale study conducted by Quinn et 

al., (1997) where aerated static piles were used to reduce the concentration of diesel fuel 

in contaminated soi1 h m  3000 ppm to less than 200 ppm in 13 weeks. 

pH of the compost mix in each reactor was monitored three times during the course of the 

study, at the beginaing, approximately halfway through and at the end. The pH profile 

was essentiaiiy the same for both reactors. pH started at approximately 7.49 in both 

reactors, ihen increased to 8.23 and 8.03 in Reactors 1 and 2, respectively, halfway 

through the study and then it decreased to 7.25 and 7.05 in Reactors 1 and 2, respectively, 

at the end of the study. This is because during the first stages of the biodegradation 

process organo-nitrogen compounds are broken down which releases and causes 

the pH to rise (LaGrega et al.). This is followed by the gradua1 increase in microbial 

activity producing CO2 which causes the pH to decrease (Golueke, 1977). The pH profile 

was consistent with that expected based on other similar studies reported in the literature. 

The moisture content of the compost mixture remained between 29 and 33 percent in 

both reactoa which corresponds to approximately 45% to 5 1% saturation. The saturation 

point of the soil at the site was detennined to be approximately 65 percent moisture by 

weight of soil. This is consistent with the literature which suggests an optimum moisture 

content for biodegradation of hydrocarbons in soil of approximately 40 to 48 percent of 

soil sahinition (Saberiyan et al., 1996 and Stegmann et al., 1991). 



Table 4.6 - Results of TPH, moishire content and pH in reactors 

Tirne Date 

Pays) (1998) 

O Jun 6 

26 Jul2 

55 h l 3  1 

74 Aug 19 

181 Dec 4 

Reactor 1 

TPH Moisture PH 

( P P ~ )  (W 
39100 30.5 7.49 

27000 29.7 - 
10000 30.9 - 
4300 3 1.2 8.23 

1300 29.2 7.25 

Reactor 2 

TPH Moisture pH 

@P@ (%) 

39100 30.5 7.49 

19000 30.4 - 
14000 31.3 - 
1 1 O00 32.6 8.03 

Z 1000 32.4 7.05 



Tlme (Days) i 

Figure 4.2 TPH vs time for R e a c t o ~  1 and 2 

Figure 4.3 pH vs time for Reactors 1 and 2 
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Figure 4.4 Moisture content vs time for Reactors 1 and 2 

4.5 Calculation of Rate Constants 

Values of ln (ClCo) are plotted vs time in days in Figure 4.5. Regression analysis was 

used to determine the rate constants for each reactor. The regression equation for each of 

the reactors are shown on the graph in Figure 4.5. The rate constants for Reactors 1 and 2 

are simply the slopes of the two lines in Figure 4.5. The rate constants are -0.019/day and 

-0.OO61day for Reactors 1 and 2, respectively. Using these rate constants and equation 

(2.8) developed previously the half-life of the contaminant can be cdculated as follows: 

h(C / Co) = -Kt 

or, reamnging 

t = -h(C 1 Co) 



where, 

Co = initial contaminant concentration in soil 

C = fmal or target concentration in soil 

K = degradation rate constant 

t = degradation time 

For Reactor 1, K = -0.019/day, Co = 39 100 ppm and C = 39 10012 = 19 550 ppm. 

Therefore, using equation (2), the half-life of the contaminant ushg the amendments of 

Reactor 1 is 36.3 days. Similarly, for Reactor 2, K = -0.006/day, = 39 1 00 pprn and C 

= 19 550 ppm, the half-Iife of the concarninant is 12 1.6 days. 

The regulatory critena for TPH concentration in contaminated soil in Saskatchewan is 

1000 ppm. The estimated time to remediate the soi1 in each of the reactors used in this 

study can be calculated using equation (2) and the following variables: 

Co =39 100 PPRI 

C =  1OOOppm 

K = -0.0 19/day for Reactor 1 and K = -O.O06/&y for Reactor 2 

The resulting period to rernediate a batch of soil fiom the site, assurning an average initial 

TPH concentration of 39 100 pprn would be 192 days and 643 days for Reactoa 1 and 2, 

respectively. 



Figure 4.5 ln (ClCo) vs time for Reactors 1 and 2 

The degradation tirne of 192 days for Reactor 1 compares very well with the 184 to 230 

&y range that Viraraghavan et al. (1997) reported for biopile composthg petroleum 

hydrocarbon contaminated soil. Their estimate of degradation time was based on 

degradation rate reported in the literature (Howard et al., 1991). Howard et al. (1991) 

reported degradation rate constants for various hydrocarbon components (BTEX) in the 

range of -0.027lday for xylenes to -0.lWday for ethylbenzene. Based on sevenil case 

studies reported by Vhraghavan et al. (1997), the average degradation rates reported for 

TPH was -û.030/day. Saberiyan et al. (1996) reported degradation constants for TPH in 

soi1 (consisting of diesel fiel and motor oil) of -0.056/day and 4.06Yday (consisting of 

diesel fuel only). These rate constants compare very well to the degradation rate constant 
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of 4 . 0  19/day obtained for Reactor 1. The slight difference between the rate constant 

obtained for Reactor 1 and those obtained by Saberiyan et al (1996) can be explaineci by 

the fact that the soil used in this study was mainly contaminated with used oil and those 

that Saberiyan (1996) reported on were based on a mixture of diesel fuel and motor oil 

and diesel fiiel alone. 

Statistical analysis of the data (Appendix D) indicates that the data obtained for Reactor 1 

is statistically signifiant at the 95 percent confidence level. That is, the predicted values 

of In (C/Co) agree very well with the obtained values. However, the analysis shows that 

the data &om Reactor 2 is not significant at the 95 percent confidence level. 

4.6 Prelirninary Design of Composting System 

Based on the results reported in the thesis and by Viraaghavan et al (1997), it is evident 

that biopile composting is a feasible alternative for this site. It is M e r  evident that 

remediation tirne may be reduced by as much as two thirds if g ra s  clippings or some 

other source of highly biodegradable solids are added to the contaminated soil. 

A static pile composting system could be consmicted on the north side of the subject 

site. It is expected that due to the high volume of soil that rnust be treated at the site, it 

would have to be done in batches over a two to three year penod. The soil would have to 

be treated in three batches over a period of three summen. Each batch would be treated 

in four piles, each with dimensions of approximately 30m X 15m X 2m high. A 

preliminary, conceptual design and construction plan for a composting system is 

presented in the following points: 



An area large enough to treat the desired batch of soil would be prepared to 

prevent runoff and leachate fiom the piles fiom entering surface or 

groundwater systems. This would likely consist of a benned area with an 

impermeable liner (eitber synthetic or a natural soi1 liner). If a synthetic liner 

is used, it would have to be covered by a layer of soil to protect it during pile 

constmction. 

The pile(s) would then be constructed within the bermed area on top of the 

impermeable liner. The pilets) would likely be constructed in 0.5m to 1.0m 

layers. 

The contaminated soil would be excavated from the pit and stockpiled for 

preparation to place into piles. The soif would be mked with gravel by 

placing a windrow of each material side by side and then blading the two 

together to form a mixture of the correct proportions. Once the soil and gravel 

are mixed together, the grass clippings and fertilizer would be mixed in. This 

may be accomplished using the windrow method as well. 

Once the cornponents are mked together adequately, the pile would be 

constmcted. Construction of the pile would consist of placing a 0.5 m thick 

layer of the mixture on the imperneable liner, then laying a grid of perforated 

PVC pipe over the layer. Following this, another layer, approxhately l m  

thick (cm be thicker than fust layer because aeration pipes are above and 

below rather than just above), would be added over the piping, then another 

grid of pipes. This process would continue until the desired pile height is 

achieved. This would be no more than 6m. The length of the pile would have 
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to be constructed in short sections to prevent the need for construction 

equipment to travel over the constructed portions of the pile and prevent 

compaction of the pile and breakage of the piping. The length of the pile 

would Vary and would depend on the area of land available for treatment. 

After the pile is constructed, the piping would be connected to an air supply. 

It is expected that the air would be blown through the pile and vented to the 

atmosphere. Adequate moishire within the piles wodd be maintained by 

manually sprinkling the pile with water and also fiom precipitation as it is 

available. The moisture content would be maintained at approximately 30 

percent. This would be ensured through monitoring of the moisture content. 

As each batch of soil is remediated it would be stockpiled until al1 

contarninated soil is excavated. The rernediated soi1 could then be used to 

refil 1 the excavation. 

A schematic of the conceptual composrhg system is shown in Figure 4.6. 

Static pile Y' 

Figure 4.6: Schematic diagram of composting system 
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND FURTEIER RESEARCH NEEDS 

5.1 Summary 

A bioremediation treatability study was conducted, using a composting process, to 

degrade TPH fiom soil. The treatability study compared the use of different amendments 

in an attempt to detemine if the remediation tirne would be affected by the addition of 

certain amendments to the soil. It was apparent fkom the study that the type of high- 

energy source added to the soil would have an effect on the degradation rate of the TPH. 

5.2 Conclusions 

The following conclusions were drawn fiPm the present study: 

The contaminated soi1 fkom the site contains hydrocarbon degrading bacteria. 

The genus and species of bacteria identified were AspergiIZus spp, 

Actinomycetes spp, Pseudomonaî spp, Citrobacter fieundi, and 

Pseudomonus jluorescence. The indigenous bacteria, currently present at the 
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subject site, were found to be capable of degradhg the contaminant of 

concern, narnely petroleurn products. 

Nutrient levels in the soil suggested insufficient amounts of nitrogen and 

phosphorus for bioremediation to occur at an optimum rate. To compensate, a 

nutrient supplement of 40.3 g of ammonium nitrate fertilizer per kg of soil 

may be needed. 

Based on the resuh of the treatability study, the half-life of the contaminant at 

the subject site was estimated to be 36.3 days and 121.6 days with the addition 

of grass clippings (Reactor 1) and without the addition of grass clippings 

(Reactor 2), respective 1 y. 

Based on the reaction rate of the contaminant in each reactor, it was estimated 

that it would take approximately 192 and 643 days to remediate a volume of 

soil to an acceptable level of TPH using the amenciments of Reactors 1 and 2, 

respective 1 y. 

Neither of the reactors exhibited significant temperahw increase during the 

course of the composthg process and the decrease just prior to completion of 

the composthg process that is characteristic of municipal waste composthg 

systems. This was likely due to the fact that the aeration rate was quite high 

and may have cooled the reactors, preventing a temperahue increase, or the 

percentage of the high energy source (grass clippings) was not sufficient to 

cause the characteristic temperature rise. 



53 Further Research Needs 

The following studies could be considered in future: 

Furiher treatability studies to optùnize the amount of fertilizer required. 

Further treatability studies utilizing different types and amounts of highly organic 

substances to determine if the composting process can be accelerated M e r  so that a 

batch of soi1 can be remediated in less than the 192 days as indicated by the present 

sîudy . 

Fuaher treatability studies using different concentrations of contarninants ranging 

from the lowest to the highest found at the site. This may show an upper limit of 

petroleum hydrocarbon concentration that may be toxic to the microorganisrns and 

prevent biorernediation. 

A study to detemine the optimum air flow rate through the compost pile. 

A pilot-scale study, using the results of this and any other treatability studies that are 

conducted, to detemine the potential success of a full-scale operation. 
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DESCRIPTION 

LAY(W4.6m)-CRMSH BROWN 
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END OF TEST HOLE 8 3.8m 

ACRA Earth & Environmental Limited 
Regina. Saskatchewan 
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APPENDIX B 

OTHER ANALYTICAL RESULTS 



BTEX, TSH, PEHNOLS, ETHYLENE GLYCOL AND PCap 
1 

SERbi Guideline / 0.5 3 0  1 5.0 1 5.0 N/A I N/A 1 NIA 1 ?UA 

iCCMEGuideline1 0.5 1 3.0 5.0 5.0 NIA i 

Notes: "<" means that the result was less than the method detection lirnit indicated. 
"-" denotes that these samples were not analyzed for the parameter indicated. 
N/A denotes that a guideline concentration does not exist for that parameter. 



SOLVENT SCAN RESULTS 
I 

Parameter r - - - - - - 

Test Hole and Depth (m) 1 

Acetone 

1 Ethyl Benrene 1 37 i <0.0? 1.43 6.0 1 3 , 3  1 <002 1 
- - - - - - - - - - 

<012 1 1 . 5 1  1 <O02 1 ~ 0 . 2  
1 Ethyl Ether 1 <O2 / <O02 

1 1 1 1 

I 
I 

n-Butyl Alcohol 1 <O. 2 

1 Isobutanol 

, 

~0.02 

~0.03 

<O. 2 

Carbon Disuifide 
1 

Cresols/Cresylic Acids 

Cyclohexanone 

J 1 1 i 

1 O 
1 / Methyl Ethyl Ketone 1 10 3 22 1 O20 43 1 <O02 

16(2.3) 

039 

O. 5 

<O 5 

<O 5 

1 1 

, Nitrobenzene C0.4 1 c0.1 < O 1  <0.4 c0.4 COI 

l(3.8) 

O. 7 

~0.02 

12.8 

< O 2  

Ethyl Acetate I ~ 1 . 0  

1 Z(3.0) 

O. 8 

2(2.2) ' 2(6.1) 

96 1 1.71 

14(3.0) 

1 . 1  

<o.2 l <0.2 

t 
1 1 

! 

<0.02 

CO. 02 
, 

40 .2  
( 

1 
<0.2 ~ 0 . 2  

<O.? 

/ ?-Nitropropane <0.5 1 a . 1  

<0.2 

<O. 2 

O. 3 

<O. 5 

<O. 5 

< O 2  

CO. 1 

O. 2 

<O. 5 

<O. 5 

~ 0 . 1  1 ~ 1 . 0  
1 

1 

! Pyridine 
1 

<O8 4 4 . 0  j 1.19 1 <0.8 ! c0.8 1 <0.3 1 
1 

Toluene , 36 0.46 0.32 95 1 O 5  <O02 1 1 1 
I 



I SOLVENT SCAN RESULTS (con t 'd) l 

1 Acetone 1 066  1 ~0.1 1 <0.01 1 0 . 1 5  1 196 1 

r -- - - - - - Parameter 

i 1 l 
Benzene 1 c0.01 1 c0.1 1 <0.01 / <O01 1 0.63 1 

- - - - - - - - 

Concentration (mgkg) 

Test Hole and Depth (m) 

i Pyridine ! 1 c0.3 1 <0.8 1 c0.3 3.3 1 '7.20 1 

n-Butyl Alcohol 

Toluene 
I 1 r 

Xylenes 1 cO.02 c0.2 1 ~ 0 . 0 2  0.69 

<O. 02 <O 02 1 c0.2 <0.02 1 
1 

I 
- Cresols/Creîylic Acids 1 <0.2 € 0 5  1 <O2 

Note: "<" rneans that the result was less than the method detection limit indicated. 

2 94 1 
Carbon DisuIfide 1 <O 02 1 ~ 0 . 2  <O02 1 <O 02 

CO. 2 

<O 2 

2.1 

<O 2 

C0.2 
1 

C yclohexanone 

1 Ethyl Acetate 

Ethyl Benzene 

Ethyl Ether 

c0.5 

<\.O 

<0.2 

<O.? 

<O.? 

<O. 02 

~0.02 

<0.2 

<0.2 

<0.02 

c0.3 6 . 7  

<O.? , <0.02 

0.93 

<0.02 

1 

0.68 1 
4 

~0.02 1 



--- - - -- - - - - 

EiER.BICI.DE SCAN RESULTS 

1 1 1 1 1 1 I 

I 
Dicamba 1 <40 1 <40 <40 1 <40 <40 ~ 4 0  ! 140 1 

i Parameter 

Picloram <50 -30 4 0  <50 ~ 5 0  
r I 1 

Concentration (pg/kg) 

Test Hole and Depth (m) 

Note: "<" means that the result was less than the method detection limit indicated. 

MCPA ' ~ 2 0  a 0  

Tri fluralin 

Trial late 

<20 

<40 

<20 <20 ' ~ 2 0  

<20 1 €20 

<40 

~ 2 0  

, <20 

<40 4 0  

<20 ' 
(20 

4 0  

<20 

q40 

<20 

<40 j 



EXTRACTABLE ORGANO-CELORINE RESULTS 

Parameter 
Test Hole and Dcpth (m) 

l(3.8) I 12(3.0) 1 4(3. O) 17i2.3) 



ICP TRACE ELEMENT SCAN RESULTS 
1 l 

Parameter 

Aluminum 

- - - 

Beryllium 10.1 CO. 1 <O. 1 4 
i 

1 Arsenic 

Concentration 

Test Eole and Depth (m) 

8.9 

Calcium 

1 Chrornium 

CCME Guiddke 

N/ A 

Bariurn , 138 

I 
Cobalt 

f (3.8) 

7520 

7.4 

3 1000 

1 

1 Copper 

/ Molybdenum 1 € 5  1 <5 1 <5 i 1 O I 
1 

14(3.0) 

1 1  100 

1 î(3.0) 

84 I O  

167 1 133 

1 

7 7 l 

1 I ron 

l Nickei 1 17 / 14 / I 16 / 22 1 100 ! 

1 7 (2.3) 

14 100 

186 1 500 I 

7.5 

22100 ' 19900 

5 2 

313 i 317 1 1 N/A ' Phosphorus 342 376 
I 
1 

N/A Potassium I 1930 1 1730 2560 1 2990 1 l 
1 

21300 / N/ A 

8 

12500 

8 .3  

28 I 250 17 , 18 

10 / 5 Q 
1 

2 8 

12700 / 12900 1 16000 1 N/A I 
1 

1 Lead I 131 I 90 1 35 

1 Sodium / 1060 1 651 1 698 1 412 1 NIA 1 

30 

18 

110 , 500 

2 6 

0.2 1 0.3 1 0.2 1 3 1 
1 1 I 

Selenium 0.4 

Notes: "<" means that the result was less than the method detection Iimit indicated. 
N/A denotes that a guideline concentration does not exist for that parameter. 

82 

t 

/ Thallium 1 ~ 1 0  1 1 c l 0  

1 

100 

< I O  j N/A ! 

Vanadium 1 2 1 

Zinc 1 72 

32 21 i 27 200 i 

63 5 1 273 500 



APPENDIX C 

GAS CHROMATOGRAPHS 



* & A L  - c,. \ 3 C U 4  \.YUUUlUA.U \ O W Q L U Y Y .  LU11 

Method F i l e  : C:\STAR\SEMCAL.MTH 
Sample ID : u254jx30012,3-2-5 

Injection Date: 7-JUL-94 7:05 AM 

Operator : B. Chornin Detector Type: ADCB (1 Volt) 
Workstation: MS-DOS-6 Bus. Address : 16 . 
Instrument : 3400 Sample Rate : 10.00 Hz 
Channel : A = f i d  Run Time : 28.002 m i n  

*********** Varian Ge Star Workstation ************ Version A2 *****te********** 

Chart Speed = 
Start Tirne = 

0.60 -/min Attenuation = 100 Zero Offset - 5% 
0,000 min End T h e  = 28.000 min Min / Tick = 1.00 



Injection Date: 7-JüL-94 11:38 AM 

Operator : B. Chomin 
Workstatfon: MS-D0S-6 
Instrument : 3400 
Channel : A = :  f i d  

Chart Speed = 
Statt Time = 

Detector Type: ADCB (1. Volt) 
BUS ~ddress- : 16 
Sample Rate : 10.00 Hz 
Run Tfme : 28 .002  min 

-/min Attenuation = 100 Zero Offset = 5% 
min End Time = 28.000 min Min / Tick = 1.00  



Run F i l e  : C:\STAR\MODULE16~svarlll.RUN 
dethod F i l e  : C:\STAR\SEHCAL.HTH 
Sample I D  : 4265%30012,7-5-12 

Injection Date: 7-JUL-94 6 : 0 2  PM 

3perator : B. Chomin Detector Type: ADCB (1 Volt) 
dorkstation: US-DOS-6 Bus Addtess : 16 - 
Instrument : 3400 Sample Rate : 10.00 Hz 
3hannel : A = f i d  Ru. Time : 28.002 min 

L**+*++**+* Varian GC Star Workstation ************ Version A2 ***+*******+*+*** 

=art Speed = 
5- Time = 

0.60 cm/min Attenuation = 100 Zero Offset = 52 
O .  O 0 0  min End Tfme = 28.000 min Min / Tick = 1 . O 0  



..-. . A C =  . b. \ornn\~u~ut~~b\sVar103.RUN 
nethod File : C:\STNt\SeMCAL.MTH 
Sample ID : 4270x30012,9-4-10 

Injection Date: 7-JUL-94 1:12 PM 

Operator : B. Chomin Detector Type: ADCB (1 Volt) 
Workstation: MS-DOS-6 Bus Address : 16 
Instrument : 3400 Sample Rate : 10 -00 Hz 
Channel : A = f id Run Time : 28.002 min 

+t++**+*+** varian GC Star Workstation *te*+******* Version A2 *********+******* 
Chart Speed = 
S t a r t  Time = 

0.60  cm/min Attenuation 100 Zero Offset = 5% 
0.000 min End Time = 28 .O00 min Min / Tick = 1.00 



Kun File : C:\STM(\MODULEl6\svarlOS.RUN 
Method File : C:\STAR\SEHCU.XTïi 
Sample ID : 4273~30012,lO-5-12 

Injection Date: 7-JüL-94 2:25 PH 

Operator : B. Chomin Detector Type: ADCB (1 Volt) 
Workstation: US-DOS-6 Bus Adeess : 16 
Instarnent : 3400 Sample Rate : 10 . O 0  Hz 
Channel : A r  f i d  Run Time : 28 .O02 min 

*********** Varian GC Star Warkstation ************ Version A2 ***************** 
Chart Speed = 
Start Time =. 

0.60 -/min Attenuation = 100 Zero Offset = 59 
0.000 min End Time = 28.000 min Min / Tick = 1.00 



Injection Date: 7-JUL-94 4:14  PH 

Operator : B .  ~ h o m i n  
Workstation: MS-DOS-6 
Instrument : 3400 
Channel : A = fid 

Detector Type: ADCB ( 1  Volt) 
Bus Adàress : 16 
Sample Rate : 10.00 Hz 
Run Time : 28.002 min 

*+********* Varian GC Star W o r h t a t i o n  *+********** Version A2 ***************** 
Chart Speed = 
Start Time = 

0 . 6 0  cm/min Attenuation = 100 Zero Offset  = 5% 
0.000 min nid Time = 28.000 min Min / Tick = 1 -00  



- - C A C  . r v r -  d y l A - v ~ ~ b ~ b &  A X U ~ ~ L ~ ~  

X u n  File : C:\SThlR\~?oDULEl6\svarl09.RUH 
dethod F i l e .  : C:\STAR\.SEHCAL.HTH 
sample ID. : 4280x36012,12-3-7 .. . 

tn jec t ion  Date: 7-JUL-94 4:so PH 

Ipera to r  : B. Chomin 
Jorkstation: MS-DOS-6 
Instrument .: 3400 
"hanne1 : A = f i d  

Detector Type:  ADCB (1 Volt) 
Bus Address : 16 
Sample Rate : 10.00 Hz 
Run Time : 28.002 min 

r + + + t * * * * + *  Varfan GC S t a r  Workstation ***+++*+**** Version A2 +***********+**** 

aart Speed = 
;ta* Time = 

0.60 -/min Attenuation = 100 Zero offset = 5 t  
0.000 min End Tirne = 28.000 min Min / Tick = 1-00 



- - -- - - - - -.-Y Y-.& ."Y.* A Y Y  & . A Y A \ u - A I 4  

Run File : c:\star\modulel6\svarO92.run 
H e t h o d  File : C:\STAR\SEMCA&.NTH 
Sample ID : 4294jy300i2;16-~~20 . 
Injection Date:- 7-JUt-94 5:53 AM 

Operator : B. Chomin 
Workstation: MS-DOS-6 
Instrument : 3400 
Channel : A = f i d  

Detector Type: W B  (1 Volt) 
Bus Address : 16 
Sample Rate : 10.00 Hz 
Run Time : 28.002 min 

*r**u*++*+* varian GC Star ~ o r k s t a t i o n  ***+****te** Version A 2  ***************** 
C h a r t  Speed = 
Start  Tirne = 

0.60 -/min Attenuation = 100 Zero Offset = 5% 
0.000 min End Time = 28.000 min Min / Tick = 1-00 

f 



-. .- ------- -----.-----..- 
Run File : C:~STAR\MODUtE16\SVhR1Oo.RUN 
Kethod File ,: C:.\STAR\SEMCAT,.XW . . . . 
~ a m p l e  I D  : 4295~30012,i7-4-10 

' .  

Injection D a t e :  7-JUL-94 11:02 AM 

Operator : B. Chomin Detector Type: ADCB (1 V o l t )  
Workstation: MS-DOS-6 Bus Address : 16 
Instrument : 3400 Sample Rate : 10.00 Hz 
Channel : A = fid Run Time : 28.002 min 

+*+*+****** Varian GC Star Worbtat ion **t+*+**+*+* Version A2 *****+**+**++*+*+ 
Chart  Speed = 0 .60  =/min Attenuation = 100 Zero Offset = 58 
Start Time = 0.000 min End Time = 28.000 min Min / Tick = 1.00 

C 14 - 
C 16 - 

C 28 



. - --  .. - ---.--*.- 
Run F i l e  : C:\STAR\MODULE16\svarl06.RtJN 
Method File :. C : \STAR\SMCALATH 
Sample I D  ,:. 4299x30012,18-7-17, 

Injection Date: 7-JVL-94 3:01 PM 

Operator : B .  Chomin 
Workstation: MS-DOS-6 
Instrument : 3400 
Channel : A = fid 

Detector Type: ADCB (1  Volt) 
Bus Address : 16 
Sample Rate : 10.00 Hz 
Run Time : 28.002 min 

Chart Speed = 
S t a r t  Time = 

0.60  =/min Attenuation = 1 0 0  Zero Offset = 5% 
0 . 0 0 0  min End Time = 2 8 . 0 0 0  min M i n  / T i c k  = 1.00 



Title : TOTAL SEMI-VOLATILE HYDROCARBONS 
Run File : C:\STAR\t30DULE16\SVARO97.RUN 
Hethod File : C:\STAR\SMCU.HTH 
Sample ID : 4304x30012,20-5-12 

~njection Date: 7-JUL-94 8:54 AM 

Operator : B. Chomin 
Workstation: HS-DOS-6 
Instrument : 3400 
Channel : A = fid 

Detector Type: ADCB (.1 Volt) 
Bus Mdqess : 16 
Sample Rate : 10.00 Hz 1 

R u n  Time : 28.002 inin 

Chart 
Start 

Speed = 
Time = 

0.60  -/min Attenuation = 100 Zero Offset = 5% 
0.000 min ~ n d  Time = 28.000 min M n  / Tick  = 1 .00  



T i t l e  : TOTAL, SEMI-VOLATILE HYDROCARBONS 
Run File : C:\STAR\HODUtE16\svarl04.RUN 
Method F i l e  : C:\STAR\SEMW.MTH 
Sample I D  : 4308x30012,21-7-17 

Injection Date: 7-JUL-94 1:49 PM 

Opexator : B. Chomin 
Workstation: XS-DOS-6 
Instrument : 3400 
Channel : A =  fid 

Detector Type: ADCB ( 1 Volt) 
Bus Address : 16 
Sample  Rate : 10.00 Hz 
Run Tirne : 28.002 mfn 

Cha* Speed = 0.60  cm/m.in Attenuation 0 100 Zero Offset = 5% 
Start T h e  = 0 .O00 min End Time = 28.000 min Min / Tick = 1.00 



APPENDUC D 

STATISTICAL ANALYSES 



REGRESSION ANALYSIS 

SUMMARY OUTPUT (Reador 1) 

R SQuare O . W ~ ~ O S ~  
Adjusted R Squ 0.899814078 
Standard EmK 0.438217632 
observatim 5 

ANOVA 
dl SS MS F ~ m F  

Reg- 1 7.091028722 7.091 028722 303257891 1 0.00894899 
Resldual 3 0.57ôlWû78 0.1 92034693 
Total 4 7.8671328 

RESIOUAL OUTPUT 

SUMMARY OUTPUT (Reactor 2) 

R %uam 0.584ûZ8706 
Adjusted R Squ 0.419904941 
Standard Emx 0.402916769 
Obsenrlitllms 5 

ANOVA 
df SS MS F SrSprHicance F 

Regressbn 1 0.6323ûO232 0.632390232 3.895421 8 0.142933388 
Rusidual 3 0.487025788 O. 1 62341923 
Total 4 1.119416 
- .  - -  

Coemdents Standard Emr t Stat ~ m l ~  î~n~w95% ~pper95% 
lnterœpt 4.472919169 
X VadaMe 1 -0.005715489 0.00289585 -1 373882244 0.142933388 -0.014931386 O.W35001K)9 

RESIDUAL OUTPUT 




