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ABSTRACT 

The use of cornposting is investigated to biodegrade the quench sludge produced 

by the J o e  ethylene cradchg piant Various bulking agents have been tested. Highest 

microbial activity was obtained when a mixture of peat moss and Solv II was used as 

bulking agents. Using this mkture? hydrocarbon content was varied between 1.5% to 

14% per dry mass. Significant decrease in microbid activity was observed when 

hydrocarbon content reached 7.5%. Highest activity was maintained in cornposters with 

2.5% to 5% hydrocarbon content. 

Cornposting experiments were conducted at 35'~. The 46% decrease in Total 

Extractable Hydrocarbon in control composters over one month was similar to the 

decrease found in active composten. Control compostas also redted m 89% 

dicyclopentadiene decrease in one month. DicycIopentadiene losses were found to be 

partially due to air stripping (7%) but mostly due to mixing of the mixture- The effects of 

biodegradation could not be readily identified and non-reactor type composting does not 

present a su~*tabIe biodegradation technique for the quench sludge. 
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CHAPTER ONE: BACKGROUND 

Ethyiene is the single most basic and impomnt building block in the 

petrochemid industry (Albright et al, 1983). In North America, the pyrolysis of ethane 

or propane is ofim the process of choice for production of ethylene since the supply of 

natural gas is abundant and the pyrolysis of ethane or propane produces the lowest yieId 

of by-products. Otber possible feedstocks include naphtha, gas oil, and butane. For 

ethane pyrolysis, a major portion of the reaction is desmid by a singIe stoichiometric 

equation. 

However, it is known that ethane pyroIysis is not as simpIe as the equation shown 

above. Many by-products are formed by mechanisms that axe not i l l y  understood. Rice 

and HeLZfeI (1934) suggested that pyrolysis occurs through fke-radical d o n s .  These 

reactions are very cornpiex as dozens ofreactions can occur simdtaneously. Free-radical 

reactions Id to a broad range ofpmdwtsC Larger moIecuIes may be produced due to the 

couphg of fiee-radid. Tabk 1.1 lists the pyrolysis products fkom various f-cks- 

The ppIysis reaction of choice when producing ethyiene is one that m h h h s  the 

f o d o n  of methane, dH hydrocarbons and pr~p~lene- The reaction parameters that 



most a f f i  the selectivity of ethane production are temperatme, hydrocarbon pamal 

pressure, residence time, and feedstock composition. 

Table 1.1: Pyrolysis Products h r n  Various Feedstocks 

Ethane 82.3 1-8 2.6 0.7 12.6 
Propane 43 -7 21.2 4- 1 4.8 26.2 
Butane 42.2 14.6 3.9 4.8 34.5 
Light naphtha 293 14,4 4.0 13.8 38.5 
Full-range naphtha 272 12.8 45 11.3 44.2 
Gas 03 25-0 12.4 4.8 11.2 46.6 
Crude oil 25.2 8 3  3.5 15.3 47.7 

From Albright et al. (1983). 

The cracking of ethane at the lo* pIant operated by Nova produces a waste 

sludge, called quench sludge, which is cunently trucked out of the province where it is 

treated by incineration. Landfirming the quench sludge is not an alternative due to its 

strong odour which tends to aggra.vate the pubIicYs perception of the waste and due to the 

production rate of the quench sludge. Figure 1.1 summadzes the process of the ethane 

cmkhg p h t  producing the quench sludge- To make ahylene, ethane gas is heated in a 

firmace at 800°C in the absence of o x y g a  The effluent gases are passed through a 

tra&er Iine heat exchanger and then to a quench tower where wid cooking to ambient 

temperatme occurs by direct contact with cold water- Here, the ethyIene and some Iighter 

hydrocarbons are removed as gas phase product A Iiquid hydrocarbon stream. called the 

C* stream and a water rich stream called the p c h  sludge are also produced The water 

carmot be effectiveIy separated from the hydmarhn stream due to the formtion of an 



emuhion layer betwee0 the two phases. The quench sludge is a mixture of water, 

hydrocarbons, and fine soIids. The h y d r h l l s  include m y  compounds, princpdy 

benzene, diqclopentadiene, styrene and polyaromatic hydrocarbons. The soIids are 

composed of primadIy coke con taminated by adsorbed hydrocarbons and containing 

s i ~ ~ t  amounts of heavy metals, mostly nickeI, iron and chromium. The production 

rate of the ~uench sludge is estimated to be 500 tomes p a  year. 

Ethylene gas & HC 

Figure L. I: Row Diagram of E t h e  Cracking Plant 

The quench.sIudge is m n d y  trucked out of the province where it is treated by 

incineration in Ontario. Although similar petroleum wastes produced by Nova Chemicals 

in Ontario are treated by Iandtreatment, the smeII associated with the quench sIudge 

prevents such went. The quench sIudge is a petroIeum waste which may be 

considered hazardous based on its potential to hiit toxic and flammable 

c-cs. The toxicity of the quench sIudge has not been ~uantifIecL However- the 
sludge contains hydrocarbons sac6 as -e, which is a known carcinogen, Many 

petroIeum wastes aIso cause a hazard since they are often readiIy ignhbte. The 

pervasive dout  ofthe qnencfr sludge is caused by the presence o f d i c y c ~ o p ~ e n e  

@CPD). Although DCPD has few acute toxic &kctsY pubIic perception ofthe 



seriousness and danger associated with it have been based on its smeU. Very W e  has 

been published on the fkte of DCPD in the environment and on its biodegradability 

potential. Stehmeier (1997) reported that pelLninary work done on DCPD suggested 

that it is very recaIcitrant and biodegradation would be f icul t .  It has been estimated 

that 50% conversion in the soil environment at 2 5 ' ~  codd take 4 to 7 years (Stehmeier, 

1997). The number ofmicroorganisms capable of degrading DCPD is very limited In 

his PhD. thesis, Stehmeier (1997) could not successfulIy find single strains of 

microorganisms capable of rapidIy degrading DCPD. However, an active microbial 

population was sustained even when DCPD became the predominant substrate. He aIso 

concluded h t  DCPD codd readily be b i o ~ o ~ m e d  to intermediate products, but not 

be readily mineralized. However, if the Wormation of DCPD into by-products 

eliminates the odour, part of the pb iem associated with the sludge disposal has been 

soived, 

The processing of hydrocarbons Ieads to a vast army of petroleum wastes. 

ReguIations d c t  the disposal of liquid wastes into landfills. Incineration remains the 

only suitabIe disposai option but is very expensive and has air pollution impIicati011~. 

Biodegradation applications have also been considered for treatment to reduce the risk 

associated with oily wastes- Biodegradation techniques traditionally made use of 

Iandf-g and landqmdhg- In Ia~~dspreading, the sludge is evenly spread over an 

area ofIand and is degraded by microorganisms present in the native soil. In 

Ian-g, the sMge is actualIy mixed to the soiI with mechanical equipment and 

fertiIizers are usualIy added to increase the degradation rates. There are s e v d  

disadvantages associated with Iandlma~~~~emt. Such methods reqyk a Iot of space and tie 

up the land for maay years due to the low rates of b i o d e ~ o n ,  New guidehes now 

reqnire that the soil on which the sludge is applied be propedy lined and a Ieachate 

controI system must be installed. The large &ace area ropuirrd lead to a high cost 

associated with the W g  of the land A landtrtxitment filcility may not be weII accepted 



by the community due to the Iack of emission controL Other bioremediation techniques 

such as composting, biopiIes and bioreactofs offer several advantages over Iandtreaiment 

since the waste is contained or placed in large piles rqpirhg Iess land space and faster 

degradation ratw are possible. 



CHAPTERTWO: OBJECTIVES 

The biodegradation of the quench sludge is an attractive alternative to incinerating 

the waste. The use of composting to degrade the waste offers s e v d  advantages over 

other biological techniqyes. The amendments added to the waste in composting aim to 

prevent limiting conditions from arising drrring the degracktion process- The amount of 

water, nutrients, oxygen and buIking agents required are calculated to provide as high 

d e w t i o n  rates as possible. A compost windrow can reach several meters in height and 

hence reduces the Iand space and lining required. The pile can also be covered to restrict 

gaseous emissions thereby controhg the odour problem. 

The objective of this study is to evaluate the use of compostkg to biodegrade the 

sIudge fiom the JoEe Nova Chemicais facility and especidy its abdity to W o r m  

dicyclopentadiene (DCPD) to remove the pavasive odom. It has already been shown 

that cornposting is capable ofehhting hydrocarbons fiom soils and sludges (Nordrum 

et d., 1992). In this research, the hydrocarbon degradation is to be monitored but the 

main focus will be on DCPD since no previous experiments have been done on the 

composting of that compound. 

This research incIudes a stdy of the influence several factors have on the 

cornposting process- First, the most suitable amendments will be mvestigated+ BuEng 



agents such as wood chips, stmw, peat moss, Sphag Sorb and Solv II will be tested 

Previous work has shown that mixing a small amount of a contaminated soil or sludge 

with amendments can lead to successfal degradation (Fyock et d., 199 I). Increasing the 

hydrocarbon content in a mixture normally decreases biological activity. The 

amendments significantly increase the total volume to be treated iind it is therefore 

necessary to determine the optimal sludge content ofthe compost mixtme. It has already 

been established that maximum microbial activity occurs when the hydrocarbon content 

is maintained between 4% to 6% of the dry weight (Atlas, 1984). However, the 

degradation obtained when different amounts of sludge are mixed in the cornposters wiII 

be evaluated to see ifsuccessfbl degradation can be obtained at higher hydrocarbon 

contents. An evaIuation of the degradation rates of the sludge will also be conducted. 

In summary, the objective of this project is to reduce the toxic nature of the 

quench sludge and to study degradation rates of dicyclopentadiene through composting. 



CHAPTER THREE: LITERATlrS,E REVIEW 

3.1 QUENCH SLUDGE DISPOSAL AND TREA'IIMENT 

For a petroleum waste to be considered hazardous, it must be specificaIIy listed as 

a hazardous waste or must exhiibit one ofthe following fnnctional properties: 

flammability, comsivity, reactivity, toxicity, radioactivity and infectious. The quench 

sIudge may be considered hazardous based on its toxic and flammable chamaeristics. A 

toxic substance is one which causes adverse effects. The emphasis is generaILy on acute, 

or short term effects. Acute toxiciy is defined in i n  of lethaI dose in the case of 

dermal or oral expome- AIthough no I M  dose value is avdable for the quench 

sIudge, it contains benzene which is a known to be toxic based on its chronic, or Long 

term effects. A fI h I e  waste is one that is readily ignitabIe, bums vigorously, causes 

fire or conm%utes to £ire- A liquid waste containing SOW in solution or suspension 

having a flash point Iess than 61 *C is considered flammable. The quench sludge 

contains a variety of hydrocarbons having low flash points and may therefore be 

fhmabIe, 

There are onIy a few dtemathes aMiIabIe for the disposaf ofthe ethane pyroIysis 

quench sludge. It is d y  treated by incineration which remains the p r e f d  method 

for the treatment ofhydmcarbon sIdges* W e  materials c o n .  free IIquids can no 



longer be placed m Iandf?h. Stabhtion and solidification methods may be used to 

reduce the toxicity or to solidify waste materials. However, the high quench sludge 

production rate does not make these methods suitabIe. Biological treatment offers the 

advantage of potentidy reducing the toxic nature of the sludge when the toxicity is a 

r e d t  of the hydrocarbon W o n .  

3.1.1 BioIogicaI Treatment 

Biological treatments utiIize microorganisms to degrade organic wastes. 

Experience and research show that most synthetic organics are biodegradable, making 

biologicat treatment a technicalIy feaslile al-tive. The inherent biodegradability of a 

chemical depends to a large extent upon its molecular structure. Biological treatment 

systems can be classified according to tabie 3.1. 

Table 3.1 : Classification of Biologiml Treatment Systems 

Attached or suspended growth, with or without recycle 
Iiqyid phase of cellular mass, and continuous or batch flow; 

principaily aerobic, but anaerobic can play key role 

In-situ L i e d  and Treatment of ground water in its naW state below 
contaminated soil the smfkce and treatment of subsurface sources of 

0 .  ground water contammahon 
SIq-phase Sludge or soIid (egg., SimiIar to conventional systems for Iiqyid treatment 

con- soiI) except that non-voIatiie soIids content in the reactor 
may range hxn 5% to over 50% (dry weight basis) 

SoIid-phase Sludge or solid (egg., Unsaturated conditions ifnot minimaI fke moistme; 
con tamhkdsoiI) land treatment, composting, and heaping are prime 

exampIes 
From LaGrtga et al(I994). 



The first two systems descricbed in table 3.1 are not applicable to the treatment of 

indwtM waste sIttdges. Wastes treated by these methods include contaminated 

groundwater, wastewater or contaminated soils. 

In slurry-phase treatment, wastes can be sludges, solids or con tambated soiIs. 

Wastes are suspended with water or wastewater in a mixed reactor to form a sitmy. The 

slurry-phase treatment systems are normally equipped with agitators and aeration devices. 

The agitation within the reactor promotes homogeneity, desorption of waste &om solid 

particies, contact between organic waste and m i c r 0 0 r g ~ ~  oxygenation of the shmy 

by aeration, voIatiIization of con taminants, and breaks down the solid particles GaGrega 

et al, 1994). The three steps involved in the treatment of wastes using sIuuy-phase 

methods are d g  and aeration, desorption and biodegadatio~ The more simple 

systems occur in-pIace and are commonly called holding Iagoons. These tend to be batch 

processes but can be modified for conthuous now. However, for continuous flow 

treatment, a multi-stage system is n o d y  used The advantage of the slurry-phase 

treatment is that it can degrade wastes at faster rates than soIid-phase treatment whiIe 

repuking Iess laud area Faster degradation rates are observed since the mixed and 

aerated slurry-phase offers an ideal media for bacterid growth. 

Solid-phase treatment includes various methods capable of treating siudges, 

soh&, and contaminated soils under minimal moisture conditions. The three categories 

of solid-phase treatment are Iandtreatment, cornposting and heaping. 

Lan-tment incIudes kind spreacbg and 1su1df~gL The waste is mixed with 

the upper layer ofthe soil The soil must be conditioned to obtain a relative d o r m  

consistency with the removai of rocks and debris- Reduction in contaminant 

concentrations occurs due to degradation fiom native bacteria in the so& aeration due to 

exposure and oxidation ofthe compounds due to contact wa6 air. Landtreatment is 



Iimited by the depth of soil that can be effectively treated because of M e d  oxygen 

-OIL Although a popular biological treatment method over the last few decades, the 

use of landtreatment is decreasing due to stricter environmental reguIatio11s~ The process 

ties up the land for many years while presenting a hazard due to the leaching of 

con taminants into the surrounding environment. 

In composting, degradation is aided by the addition of amendments such as 

b W g  agents which provide a more suitable environment for microbial activity. 

Cornposting can be performed in windrows, piles or in vessels. The composting process 

is able to maintain temperatures in the mesophiiic region (30'~ to 50°C) due to the size of 

the piles (Haug, 1993). Degradation rates are faster than those observed in landtreatment 

and less Iand is required, 

Soil heapin& is the piIing of a waste, n o d y  c o n ~ e d  soil over an air 

piping system and impermeable layer. This system is W a r  to composting since it 

provides favorable environments for microbial activity, but differs in that lesser quantities 

of bulking agents are used It represents an effective method for treating large quantities 

of soil and other organic wastes containing low concentrations of organics (LaGrega et 

aI, 1994). The piles can be covered to prevent precipitation penetration and voIatiIe 

emissions. The air is normally dram fiom the piles aIIowing for treatment of voIatiIe 

emissions. Degradation rates are generaIIy siower than landtreatment due to the low 

initial organic concentrations and since there is no mixing management However, it 

provides the Ieachate and emission controI that cannot be obtained with Iandtreatment, 

3.1.2 Remediation Legisiation 

ReguMons goveming the mediation of contaminated soil and disposal of 

con tamhated waste have undergone extensive review over the Iast few decades due to the 



new information on en.nmentd and health risks. In Canada, Environment Canada is 

the government department respomiie for mvirortmental quality. Although soil 

remediation legidation is provincially enforced, it is generdy based on national 

guidelines called the " C d a n  CounciI of Ministers of the Environment Interim 

Canadian Environmental QuaIity Criteria for Contaminated Sites". Soil remediation 

guidelines in the document are based on intended Iand use, giving numerical contaminant 

concentration targets for remediation in terms o f a g r i c u l ~  residential and commercial/ 

industrial land nse applications. 

In Amerta, a two-tier system for setting acceptable levels of residual 

contamination in remediated soiI was developed by Alberta Environment Alberta Tier 1 

Criteria for Contaminated Soil Assessment and Remediation represent background levels 

used to indicate if remediation is needed and hence clean-up to Tier 1 levels is g e n d y  

not attempted In contrast, Tier 2 criteria are site-specific concerning protection of humaa 

health and the environment and generaIIy represent the remediation levels to be met. 

Such criteria are based on acceptabIe risk specific to the site consideration of such 

variabIes as so& geology, d a c e  and groundwater, climate and Iand use. Tier 2 criteria 

are proposed by the proponent who is required to provide credible risk-based scientific 

documentation m support of their &&a and be willing to defend them. 

3 3  PETROLEUM MICROBIOLOGY 

The impact of petroleum hydrocarbons on the environment has probably been 

studied more extensively than any other singIe cIass ofpolI-ts (Atlas, 1984). Large oiI 

spiIIs initiated the need to consider the biorernediation of hydrocarbons. The rate of 

microbid decomposition of organic compounds in SO* is a hction of three vanCabIes: 

(I) the ava2abiEty of the chemicaIs to the mi-- that can degrade them; (2) the 



quantity of these microorganisms, and (3) the activity level of theses organisms. 

(Vecchioli et d, 1990). 

Biodegradation of hydrocarbons by nat td  populations of microorganisms 

represents one of the primary mechanisms by which petroIeum and otha hydrocarbon 

pollutants are eliminated h m  the environment Hydrocarbon-utilizing bacteria and fimgi 

are widely dktriiuted in the marine3 fkshwater, and soil Mitats. Migobid 

communities in soil typically are largely capable of degrading a wide variety of natural 

chemicals. This is particuIarIy true for petroleum hydrocarbons (Atlas, 1984). The 

degrading capacity has made bioremediation tecbniqpes appealing since We intervention 

is re- The presence of appropriate microorganisms is established by testing their 

abiIity to remove the contaminant, Rates of biodegradation under optimal Iab conditions 

range between 25 000 and 100 000 g/m3d, whereas in-situ petroleum biodegradation rates 

range only between 0.00 I to 60 g/m3d (AtIas, 1 98 1). 

The a b i Q  to degrade petroleum hydrocarbons is not restricted to a few microbial 

genera; a diverse group of bacteria and fimgi have been shown to have this abiIity (AtIas, 

1981). Morr than I00 species representing 30 microbial genera, have been shown to be 

capabIe of degrading hydrocarbons. The most important genaa ofhydrocar&n-wg 

bacteria are Pseudomonar, Achromobacter, Arthrobacter, Micrococais, NNocma and 

Acinetobacter. A large number of PseuCiOmomzs species have been isoIated which are 

capabIe ofutiIiring petroieum hydrocarbons. The rates of degradation by bacteria are 

much lower in so2 environm- than in water- Fungi were also found to phy an 

important roie in the ehnhation of hydrocarbo11~ in the soil environment, These incIude 

Pem'cifliirn and CiumhgiiameIla spp  



3 3 3  Degradation of Individual Hydroarbom 

The type ofhydroca~bons present in the soil affects the degradation rates. Straight 

chain aIkanes are considered to be the easiest to remove. Compounds containing 

unsaturated bonds or rings are degradabIe but at slower rates. High molecular weight 

aromatics, resins and asphaItenes exhibit only very low rates of biodegradation. 

CompIetely different populations of microorganisms may out degradation of 

different classes of hydrocarbons. 

Hydrocarbons within the alrpMc W o n  indude alkanes, alkenes, aQnes, and 

cycloakanes (aIiphatic cyckics or naphthenes). Oxygen is required for the bioremediaton 

of aliphatics since the decomposition process is aerobic. The n-alkanes are g e n d y  

considexed to be the most readily biodegradable components in a petroIeum mixture. 

Hydrocarbons with branched chains are degraded Iess readily than unbranched ones. 

Also, unsaturated aliphatics are less readiIy U o r m e d  than the saturated analogues. 

Those compolmds exhiiiting charactaistics ofboth cyclic and aliphatic chemids 

(alicyclic) are more resistant to microbiaI attack than most other groups of hydrocarbons. 

CycIoalkanes are partidarly resistant to microbial attack when the compound is made up 

of four or more rings. However, aIicycIic compotmds do not accumulate in ateas where 

microbial activity is abundant which indicates that biodegradation of these compounds is 

occurring. Degradation of substituted cydoakanes appears to occur more readily than the 

degradation of the unsubstmned forms, partidarIy ifthere is an n - h e  substituent of 

adequate chain Iength, 

Aromatic compounds are those compomds containing a benzene ringC A Iarge 

number ofbackria and kn@ can o g d k  aromatic compounds. These compounds are 

miherabed under aerobic m e t a b o ~  and degraded under anaerobic metabolirm mode. 

The anaerobic degradation of mwxygen containing m&c compounds recpires the 



incorporation of oxygen fkom water into the aromatic stmture (Atlas, 1984). This may 

become the rate-limiting step. For shgIe-ring aromatic compounds, the ease of 

degradation for both aerobic and anaerobic modes is influenced by the number, type, and 

position of substitutiom. Simple aromatic compounds are usually degradab1e by several 

mechanisms of ring cleavage. The inmduction of halogens wilI result in decreased 

biodepdabiliity because halogens stabilize the ring. Multi-ring aromatics, or poIycycIic 

aromatic hydrocarbons (PAH) are molecules containing two or more h e d  benzene rings. 

As for single-ring aromatics, the ease of degradation of a PAH is a fimction of 

substitution, and position of substitution but also of the number of bed rings. Two and 

three ring aromatics are readily degraded by soiI bacteria and fimgi. Aromatic 

compormds containing four and more rings are signifcandy more nifFcuIt to degrade. 

Some may even be d c i t r a n t  and cometabolism appears important for their 

biodegradation. Methyl branching tends to inhibit biodegradation of aromatic 

compounds due to steric hindrance: Finally, m d g  the degree of saturation 

signi6cantIy reduces the relative degree of degradation since more stabie compounds are 

formed 

The metabolic pathways for the degradation of ashphaitic components of 

petroleum are probably the least tmdentood. Their complex structures are dBidt to 

analyze with common techniques. 

333  Facton Muencing Biodegradation of PetroIetun Hydrocarbons 

The rate at which microorganisms can W o r m  chemicals during biotemediation 

is dependent on two processes: (1) met activity and (2) mass transfer (Stehmeier, 

1997). Mass transfier is in most cases the h i t h g  fmor in bioremediation due to 

desorption fkom soil, Iow soIt16iIity in water and diffoson transport, The fate of 

petroiemn hydrocarbons in the environment is IargeIy detemkd by abiotic &tors 



which influence the weathering, including biodegradation of the oil (Atlas, 198 1). Any 

fiictor influencing the rate of microbiaI activity and enzyme production will have an effkct 

on the rate ofhydrocarbon degradation, Populations of indigenous hydrocarbon 

degrading microorganisms, physioIogical capabilities of popuIations and abiotic fktors, 

determine rates of biodegdatio~~ 

Prior exposure of a microbial community to hydrocarbons is important to 

determine how rapidly subsequent hydrocarbon inputs can be biodegraded. An exposure 

results in adaptation, selective enrichment and genetic changes and an increase in the 

population of hydrocarbon degrading bacteria in unpolluted environments, hydrocarbon 

degraders represent less than 1% of the miaobid community, whereas in oil polluted 

soil, they can represent up to 10% (Atlas, 1984). An adapted community presents an 

advantage since it can respond to hydrocarbon pollutants within hours. 

The physical. state of petroleum hydrocarbons bas a marked effect on 

biodegradation. A polIutant that has been in the soil for an extended period of time wilI 

be entrapped in the micropores and hence is no longer available to microorganisms. This 

process is cded "con taminant aging". The degree of spreading ofthe c o n ~ t s  

determines the mfhe area avdabIe for the microorganisms. Availability of increased 

d a c e  area should improve the rates of biodegradation since the hydrocarbon-degrading 

microorganisms act mainIy at the oir-water interface (Atlas, 1984). The microorganisms 

have been found to grow over the entire srrrface area of an oiI dropIef however, growth 

does not appear to take pIace within the droplet. Hence, the dissoIution and 

emdsificafion ofhy&ocarbons appar to increase biodegradation rates. 

The degradation of hydro&ns can occur over a wide range of tempemtures. 

Low tempemtuns lead to Iess spreading ofthe oil due ta the increased viscosity. 

Degradation ofhydmcarbons has been observed between O'C and 70"C, dthough the 



rates usually decrease significantIy below 20°C ( A t l ~ ,  1984). Seasonal shifts to a 

microbial population capable of degrading hydrocarbons at Iow temperature are observed 

during winter months. The e f f i  oftemperature on degradation depends on the 

composition of the hydrocarbon mixture. Low temperatures retard the rates of 

volatilization of low moIecuIar weight hydrocarbons, some of which are toxic to 

miaoorganisms. The presence of these compounds at low temperatures has been found 

to delay the onset of biodegraclatio~~ Hence, the toxic volatile compounds that cannot be 

released as readily at Iower temperatures often hinder the biodegradation of lighter oils. 

However, heavier oils are not affected similarly by temperature if they do not have an 

associated volatile M o n  (Atlas, 1984). 

The amount ofnutrients such as nitrogen and phosphorous can severely limit the 

extent of hydrocarbon degradation. Nahnal rates of replenishment of these nutrients are 

generdy inadequate and additional nitrogen and phosphorous are g e n d y  added 

through the use of fatilizers. 

Although the existence of anaerobic hydrocarbon degrading bacteria has been 

confirmed, aerobic degradation is genemy preferred since it leads to much faster rates m 

nature- The importance of oxygen for hydrocarbon degradation is mdicated by the fm 

that the major degradative pathways for both saturated and aromatic hydrocarbons 

invoIve oxygenases and rnoIedar oxygen (Atlas 198 I). 

Cornposting is one of the many forms ofbiodegradation since it makes use of 

microorganisms to break down a waste product Compostlng is an aerobic biologicd 

decomposition process which uItkwteIy degrades organic materid to carbon dioxide, 



water, and a stabilized residue, principally humic substances, d e d  compost @hug, 

1993). Although the decomposition of organic materials om occur under anaerobic 

conditions, aerobic cornposting is generdy emphasized because decomposition of 

organic mataial occurs more rapidy and produces less odours. Composting of municipal 

sewage sludge has been widely practiced, however, treating chemical and indwtrkd waste 

sludges by composting is a relatively innovative concept 

33.1 Composting Systems 

Composting systems are divided into reactor and non-reactor types. A reactor 

type system is one which is often tenned mechanical, enclosed or in-vessel. They are 

considered mechanical because most have agitators and forced aeration. Non-reactor 

systems include passive composting, windrows and aerated static piles. 

Enclosed reactor systems can lead to the compIetion of the composting process in 

only a few days. Most in-vessel systems use sophisticated mixing eqyipment. The use of 

conveyors to transport matmCaI is a major diffaence between in-vessel composting and 

other composting configurations- The high-rate stage is always conducted in a cIosed 

reactor while the curing stage may be conducted in an exterior piIe. Reactor processes 

are first classified according to the manner solids flow, either as vertical ff ow reactors or 

horizontal fI ow reactors. Vertical reactors are fixrther divided by the bed conditions, 

either continuous or discontinuous. In the continuous vertical reactor, the cornposting 

mass is introduced in one operation whereas in the discontinuous process, masses are 

introduced at different times- The main disadvantage is the extreme ciifECUIty of 

controhg the process, d y  the oxygenation ofthe mass. The Iower pact is usually 

overventiIated, Qied and COOL whereas the apper part is insufticidy aerated, the air is 

warm and enriched in carbon dioxide with reduced oxygen content Horizontal reactors 

are g e n d y  chssified according to the type of agitatioa In the h o e M  type reactors9 



it is possible to control under good conditions oxygenation of the mass, humidity and 

temperatureture It is possible to tum the mass within the reactor and hence leads to a very 

d o r x n  production of compoa 

In passive cornposting the organic material is placed into large piles and left to 

degmde over time with little or no mixing and management Degradation rates are slow 

as anaerobic conditions develop. The windrow process shown in figure 3.1 is the most 

popular non-reactor agitated bed system (Haug, 1993). The mixture of waste and organic 

is piled in long rows and turned once or twice a week &y by mechanical equipment. 

A wid windrow turner is shown m figure 32. The turning aerates the mixture while 

releasing excess heat produced and increases the release ofvoIatiles. Turning is 

conducted more fkquenty during the first weeks when the oxygen demand is high. The 

size and shape of the windrows depend prknariIy on the nature ofthe feed and on the 

equipment avdable for tinning. The windrows are generaIly trapezoidal in shape, and 

can reach sizes of 6 m in width at the base, 2 rn in width at the top and 2 rn m height. 

Static piles are similar to windrows but the piles are not turned The piles are 

buiIt on top of perforated pipes, and air is rnechanidy drawn or forced through the p i k  

The substrate of aerated static piles is mixed with a bulking agent. The btdkhg agent 

removes the a d  of periodical ttrming by providing structmal stab* to the mataid 

and maintaining air voids m the piIe. Most piles or windrows are pIaced on a concrete or 

asphalt base pad. The base pad allows for placement of distri'bntion pipes whiIe 

co11ecting rain water mming off the pile. 

The advantage of the enclosed reactor system is that the operation can be 

optimized to complete the process mas M e  as three days compared with as much as 

thirty days with wMrowsWS An enclosed reactor system also facilitates contr01 of v o M e  



4 supply by venmation and 
tlnaing (conventional) 

aeration I 
Periodic turning of solids along 

length of windrow 

Figure 3.1 : Windrow System: (1) conventional - agitation by periodic turning without 
forced aeration; (2) forced aeration - same as conventional with forced 

aeration. 

Figure 3 2 :  Wmdmw Tnma Usedto Mix and Aerate Wmdrows 



emissions. It can be operated as a batch or continuous system, with or without agitation. 

However, the capital and maintenance costs of non-reactor systems are much lower and 

are hence used more widely for remediation applications. It is aIso more difficult to bring 

a reactor system to a site, whereas windrows or static piles can easily be constructed on 

site when the space is available, removing the need to transpot the Wasfee 

33.2 Essential Factors 

Essential factors are those features of the physical, chemical, and biological 

background that are necessary for the operation ofthe composting process. The 

following facton have become key design features in recent compost technology, 

namely, temperature1 moisture content, oxygen availability (aeration), nmients, and 

microorganism population. 

It is weII known that satMactory composting and the attainment of high 

temperatures are mutually interdependent (Haug, 1993). Greatest microbial activity 

during composting is observed in the 30 to 50°C temperature ranges. hitidy, the 

temperature in the compost pile will quickIy rise due to the rapid degradation of the 

aliphatic compounds. The tern- do no5 however, exceed of6S°C since few 

thermophilic organisms can slwive at such high temperatures (Golueke, 1987). When the 

re!adiIy metaboIiPd hydrocarbons have brm consumed., the rate of microbid activity 

decreases and the temperature begins to drop. When it reaches SS'C, other micIobiaI 

groups, mesophilic bacteria, become active again, Towards the end of the process, at an 

advanced stage ofstabihation, the fimgi have their highest activity rate and bacterial 

activity begins to deche. Hence, the degradation ofhydrocarbons n q u b  thennophilic 

and mesophiIic bacteria as well as fungi. The probIem associated with composting in 

coId cIimates is mainly a betic  one, Reaction rates are so siow that the rate of heat 

g e n d o n  is less than the rate of heat Ioss to the coId surroundings- The energy is still 



available in the substrate but is not released due to the low d e w t i o n  rates. The best 

approach to ovacome low temperature kinetic limitatom in cold climates is to assure 

that any heat in the feed substrates is conserved to give as high a starting temperature as 

possile (McMiIlen et al., 1996). It may also be necessary to heat the air added to the pile 

at the start of the process to obtain higher initial degradation rates. Once the organic 

matter begins to degrade, the process will generate &cient heat to sustain elevated 

temperatures in the pile. The heat is somewhat conserved due to the size of the pile 

which acts as an insulator (McMiIlen et al., 1996). 

Water is both required for and produced by microbial activity. Ifthe moisture 

content falls below 2O%, the decomposition ceases (Golueke, 1987). If it exceeds 70%, 

water begins to fill the interstices between the particles ofthe biomass, reducing access to 

interstitial oxygen. The decrease in rate will reduce the temperature and may also lead to 

anaerobic conditions. For hydrocarbons, 60% moistme is recommended (Cookson, 

1995). A water content of40% to 60% shodd be maintained in the earlier stages of the 

composting process to compensate for water loss through evaporation due to the high 

initid t e m p n s .  me large addition of water necessary to obtain the desired moisture 

content increases the ovaalI mass of the compost mixture substantiatly. It is d&bIe to 

remove the water upon comp1etion of the composting process since a dry tesidue is more 

easily screened, storcd, transported and disposed of. 

Oxygen is usually supplied as air and reaches the microorganisms through 

~ Z ~ ~ O I L  Oxygen availability is a fimction of aeration through the piIe. If moisture 

content is too high or the composting mass is compressed, oxygen may be used up Wer 

than it can enter the buIk ofthe cornposting mass and anaerobic organisms wiII start to 

grow. Aeration and ven-on afso play a crucial role in the removaI of excess heat and 

water  pour. The optimaI supply of oxygen lies between I5 and 20 voIume percent of 



the internal atmosphere. Aerobic cornposting is limited when oxygen is less than 10% by 

volume of the atmosphere within the biomass (Alberta EnvixonmentaI Protection, 1993). 

Bacteria use carbon as an energy source and nitrogen for cell building. The 

process of aerobic decomposition involves the reduction ofthe relative proportion of 

these elements, known as the carbon to nitrogen (C: N) ratio. This ratio is a deciding 

f- in the speed at which decomposition takes pIace. An ideal C: N mass ratio is 

approximateIy 30:1. Phosphorous is mother nutrient that is aIso needed by the 

microorganisms, It is somewhat less imp- since the optimum mass ratio of carbon 

to phosphorous is stpproxhate1y 100:l m e  et al., 1996). Petroleum contaminated 

soils and siudges usually do not contain nitrogen and phosphomus. These elements are 

supplied to the compost using a suitable f-, In soil remediation, the ratio of 

nutrients must be monitored peri&*caily since adding aU the nutrients necessary at once 

creates an undesirable environment, 

Uniike in the cornposting of mm*cipaI solid wastes or crop residues, the type and 

size ofthe miaobid popuiation can be a Iimiting factor for industrial wastes and sIudges 

(Golueke et ai., 1987). Typid microbiaI cotmts for soil vary between lo3 and 107 counts 

per gram of soil. Counts below lo3 organisms per gram of soil in contaminated zones 

may indicate toxic conditions. The nafive soil must be d y z e d  for the presence oftotal 

heterotrophic and hydrocarbon degrading b6a to determine if it is a suitable source of 

inocdum (McMillen et aI, 1993). If it does not contain enough hydrocarbon degrading 

bacteria, another i n d u m  must be seiecteh A so3 may be used as a source of modum 

if it contains at Ieast 0.05 miIIion of backria per gram of soiI in3My. This number 

shotdd increase to well above 30 miEon within I0 days of exposure to the con taminant 

(McMiIIen et a& 1993). 



Successful cornposting depends on the proper attainment of the essential factors 

listed above, The process is also dependent on bulking agents and the dative amounts of 

the waste and bulking agent in the compost piIe. 

The main problem associated with petroleum wastes is that they may not contain 

enough organic material to sustain composdng. In such instances, highly biodegradabIe 

soIids are mixed to small amounts of the waste (LaGrega et d., 1994). The biodegradable 

solids serve as a bullring agent and as  a thermal source. As bulking agent, they provide 

void space for passage of air needed to supply the necessary oxygen, improve water 

holding capacity and improve the soil textm. It is not required that the solids added to 

as bullcing agents be biodegradab1e. The solids can provide a t h d  source since the 

bioIogica decomposition releases large amomts of energy in the form of heat, which 

enhances biological activity. Usually, the solids added are a mixhne of two different 

materids since a good bulking agent (wood chips) does not necessarily serve as an 

adeqyate thermd soutce. And on the other hand, a good t h d  source (dry molasses) 

may make a poor bulking agent The t h d  source must not present a preferential 

carbon source, which prevents the degradation of the waste. TypicaI organic bukhg 

agents incIude wood chips, shredded tree waste, stcaw, sawdust and peat moss. Bdkhg 

agents can represent w e n  20% to 40% of the overall mass of the compost mixture. 

As with water addition, bulking agents are benefciaI but increase the over& mass to be 

cornposted 

There are s e v d  advantages to wing organic buILing agents over inorganic ones 

such as sand or v01can.i~ ash. Organic bulking agents are readiIy avaiIabIe, cheap and 

easy to handle- They decompose during the process removing the need of a separation 

process upon completion of composting* Organic bnlking agents tend to improve the soiI 



chmctedics dudng the process. FinaIIy, the soil retuns to (or close to) its original 

state having approxhnkLy the same volume as initially (Hang, 1993), 

However, organic bulking agents are partially degraded during the composting 

process. Ioitd increase in oil content may be observed ifbulking agent degradation is 

favoured to oil degradation The decomposition ofthe organic bulking agent requires 

nutrients, air and water and hence there will be a competition for these eIernents with the 

contambmf lading to slower remediation. The high microbial activity d t i n g  fmm 

the decomposition of the bulldng agent may lead to anaerobic conditions. Finally, straw 

and hay are very Low in nitrogen. During the decomposition of straw* the 

microorganisms will use up the available nitrogen (Conklin, 1995). 

33.4 Literature Review on the Cornposting of Oily Wastes 

Although the use of cornposting for the disposd of oily wastes is a fairly recent 

concept, it has previousiy been reported to be successll in treating hydrocarbon wastes 

in Iaboratory studies and in the fie1cL Some of the many studies done include the 

composting offlare pit soils, oily sludges, and various oiI contaminated soas. The 

composting of oiIy wastes in cold a climate has also proved to be succesdid. 

Holger et ai. (1 998) completed a study where petroleum based oil wastes were 

biodegraded through composting. The oiI wastes fiom petroIeum stations and petroleum 

residue h m  a refinery were mixed with horse manure in amounts varying from 1.8% to 

7.1% by weight of dry matter- The mixture was placed in 280 L bins which were aerated 

and regdady mixed thoroaghIy. The amount of hydroarbon m the compost air was 

evaIuated by sacking a known vo1tme ofair through an active carbon trap. The carbon 

was then extracted and a n d . &  Up to 78% mineralization was obtained after a four 

month treatment period with 2. I% by werLght petroleum residw concenmtio~ 



Concentrations o f e h a t i c  hydrocarbons decreased with time of composting, whereas 

aromatic hydrocarbons remained or decreased only sIightLyy Sampling of the compost air 

revealed that the concentrations of hydrocarbons lost due to aeration tepresented an 

overatl loss of 0.2% of the oil content 

In a study conducted by Bengtsson et al. (1998), sludges with high oil content 

were treated by composting in lab scale cornposters (100 L) and outdoor compost piles 

(1 5 000 to 20 000 kg) using peat moss, straw and bark as bulking agents and m u r e  or 

inorganics for nutrient source. Mixtures for lab experiments contained 03 concentrations 

of 30 to 50 g k g  of dry matter. Depending on the conditions, the hydrocarbon 

concentratio~zs were reduced by 55 to 90% during a period of 60 to 120 days. Using a .  

activated carbon trap, Ioss of hydrocarbons due to voIatiIization was determined to be 

only 5%. Outdoor compost containing 40 to 80 g of oil per kg of dry matter resulted in 

86 to 94% reduction of hydrocarbon in ten months. Prolonged treatment of five more 

months resulted in 97% decrease. 

Milne et al. (1998) cornposted a heavy oil refinery sIudge using various bulking 

agents. A Total Petroleum Hydrocarbon (TPH) decrease of 55% m five weeks was 

obtained k g  Solv II, a peat moss substitute r n a n u f i d  for bioremediation 

applicationsy as the bulking agent The final product was reported to be suitable for direct 

Iand dispod at an industrid site according to the Interim Canadian EnvironmentaI 

QuaIity Criteria for Con w d  Sites, 

Cornposting for the biodegradation of oily wastes in noahedy climates has been 

shown to provide a number of possiie benefits, over previousIy used methods such as 

Iandfanning and Iandtreatxnent, i n c 1 . g :  I) higher soil tern- which enhances 

bioIogical activity and can extend the b i ~ r e m ~ a t i o n  period to M v e  months ofthe year; 

2) Iess Iand is re- to tmt the simiIar volumes of soil; and 3) Iess ongoing 



maintenance may be re- The compost mixtures generate their own heat due to 

microbial breakdown of organic. This heat is somewhat conserved due to the size of the 

pile. A fieId study conducted by McMillen et al. (1996) in North Dakota over the winter 

months revealed that the temperature inside the windrows remained near 23OC even when 

the ambient temperature chopped to -3OC. The attainment of such temperatllres over the 

winter months resulted in 44% to 72% TPH degmhtion in 14 weeks. 

McMillen et al. (1993) found cornposting to be an effective biotreatment method 

for removing hydrocarbons fiom a crude oil production pit sludge. The composting 

mixture was composed of 55% siudge by weight, wood chips, manure and soil. The total 

extractabIe loss was 92% after 4 weeks of composting. The hydrocarbon distribution in 

terms of saturates, aromatics, resins and asphaltens changed significantly with 97% of 

the saturates and 86% ofthe aromatics being lost during the process. 

Nordrum et aL (1992) biodegraded tank bottom sIudges and other oily wastes 

using composting. Mixing the sIudge with 84% wood chips, 15% manure and 1% 

finished compost fiom previous operations resulted in a TPH decrease fiom 60 000 ppm 

to 20 000 ppm in just two weeks. Most of the compouucis remaining were the branched 

aIkanes and some heavier hear alkanes. 

Fyock a d (1 99 1) cornposted petroIeum production siudges using a saw d l  

waste as a buIking agent The sludge was appIied at 20,30,40% volume. The best 

conditions w a  observed m the pile containing 20% sludge and led to a decrease in 

compost TPH from 10% to 27% by weight during the f b t  ten days of cornposting then 

gradually to less than 1% ova the next thirty days. 



33.5 Advantages and Disadvantages of Composting 

Non-reactor type composting has several advantages over other biodegradation 

techniques. The capital and operating costs of on-site cornposting are low since IittIe 

equipment and management is necessary. The simple hWki011 and maintenance of a 

windrow can be brought to a site, removing the need to transport the waste off site. The 

"low technology" nature of composting is particularly appropriate for use at d andlor 

remote f e e s  (Fyock et al., 199 1). Composting offers the potentid of completely 

destroying the waste and hence ehbtt ing long term liabiIiq. The final state of the 

composting process is a stable product rich in nutrients and can be d k d y  pIaced back 

into the environment or even sold as an organic f e e r  and soil conditioner. The time 

required to obtain a stable product is much shorter than previously commonly used 

methods such as landfanning or landtreatment. Less area is required for -anent since 

the compost is placed in large piIes than can reach several meters in height and therefore 

reduces the costs invoIved in the protection ofthe underIying soil 

However, the main problem with non-reactor type composting is that it is stiII a 

reIativeIy sIow process. This makes composting unsuitable for wastes that are produced 

in large quantities ifthe rate ofproduction of the waste exceeds the rate of degradation 

(Milne et al., 1996). Its appIicability is aIso Iimited in coId climates since the 

microorganisms work best in a warm environment The degradation will produce heat, 

but the air entaing the windrow during aeration wilI lower the temperature within the piIe 

and Iead to Iower degradation rates. PetroIeum wastes need to be mixed with bulking 

agents, nutrients and water, making a Iarge overd volume to compost and increasing the 

amount of space r e e d ,  The need to amend the mass to be cornpod can cause a 

problem ifcornposting is to be used in remote areas where bulking agents such as wood 

chips are not readily available. Bringing the amendments to the remote site may not be 

@cd and may increase the cost ofthe remediation process. 



DicycIopentadiene (DCPD) represents the largest fiaction of the quench sludge 

hydrocarbon phase. Its presence is primadly probiematic due to its smell. Although a 

lethal dose value for DCPD is not available, recent investigation on its toxicity indicates 

that acute effects are minimal, 

DicycIopentadiene is a h e r  of cyclopentadiene and is produced as a pyrolysis 

by-product in the production of hyckocarbon feed stocks in petrochemical. piants. In such 

plants, the normal source of DCPD con- . * on is pyrolysis gas, a co-product of 

petrochemid monomer production. 'Only 5% to 13% DCPD is usually found in this 

stream, but due to the compound's ability to stimuhe oktory sensors, human 

perception of its presence is often as a greater percentage (Stehmeicr, 1997). The 

threshofd level for detection by the @unan nose is 5.7 ppb. Due to its pervasive odour, 

DCPD is placed in odour s a f i  class A, meaning that more than 90% of distracted 

persons will perceive the threshold limit value m air. 

3.4.1 Properties of Dieyclopentadiene 

DCPD exists in 2 stereo-isomeric forms, the endo- and the exo-isomers. The 

endo-isomer is the most prevaIent form and is formed at temperatures beIow 15O0C by 

Dieh Alder condensation. Figme 3 3  shows the structure of the isomer and tabIe 3 2, its 

chemid and physicaI c W s t i c s .  



Figure 3 3 : Structb ofthe Endo-isomer (compound T) 

Table 32: Chemical and Physical Characteristics of DicycIopentadiene 

MoIecdar Weight 132.21 
Boiling Point ("C) 170 
Melting Point eC) 33-6 

Density (g/mL, 35°C) 0 -98 
Water Solubility (mg/mL, 2S°C) 0-019 

Log K, (organic carbon partition coefficient) 2-99 
Vapour Ekessure (mmHg, 20-25 OC) 1 -7 

The material safety &ta sheets suggest that DCPD is an irritant, primarily due to 

the exposure to vapours. Inhafation of vapours close to saturation may cause irritabiIity, 

loss of appetite, nausea, vomiting, headache, wedmess, sleeplessness or damage to her, 

Itmgs or kidney. Chronic exposure may increase the acute effects. 

The industrial use of DCPD has m-d m the past 20 years to over 70,000,000 

kg per year. Yq W e  research has been done on the fete of DCPD m the environment, 

The adsorption coefficient ofDCPD mdi- that it will tend to sorb to soil more than 

other aticycfic compounds. The Iogarithmc of the organic carbon partition coefficient of 



DCPD is 2-99. As a comparison, the logarithmic of the organic carbon padtion 

coefficient of benzene is 1.9 meaning its tendency to adsorb to the soil will be lower than 

that of DCPD by a factor of 12. 

Stehmeier (1997) conducted many experiments to monitor the rnin-on of 

DCPD to carbon dioxide using radioiabeled DCPD. The k t i o n  of total radioactivity 

recovered as carbon dioxide was found to increase with time in all experiments. Equation 

(3-1) shows the theoretical balanced equation for the complete conversion of DCPD. 

According to the e@on, the compIete conversion of DCPD to C 4  and Hfl, reqyires 

1.3 moles of 4 p a  mole of C 4  produced. 

However, Stehmeier's experiments indicated that on average I9 moles of O2 were 

requirrd for every mole of CQ produced The large excess m oxygen consumed suggests 

that oxygenated derivatives are formed in the initid process of DCPD degradatio~lc 

Figure 3.4 Iists the possibIe oxygenated derivatives. Comparing the experimental and 

theoretical values, it could be derived that when I% of DCPD is converted to C02 

approximately 25% is converted into mono-o~genated DCPD derivatives. AIthough he 

found this ratio to vary, he could stilI concIude that a dture in which 5% of the DCPD 

has been converted to CO1 very M e  DCPD is IikeIy to remain and most of the 

re- 95% win be present as oxygenated derivatives- The data suggests that DCPD 

is readily W o r m e d  but not minexaIize6 Howwer, the intensity ofthe odonr is known 

to be a fbnction ofthe molecular structure of DCPD and bioxidation may be successful at 

removing the odour since it ~ o m s  the stmctme- 
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Figure 3.4: Stmcture ofOxygemted Deriv&es ofDCPD 



A study of the oxygenated derivatives allowed Stehmeier to make the following 

proposal for the initid steps in DCPD degradation. 

Compound I 
0 

Compound II 

Figure 35: Roposed Initid Steps of DCPD Degradation 

3.43 Biodegradation Potentid of Dicyclopentadiene 

The stntctme of DCPD indicates that rninera,htion may be difficuit The half 

life of DCPD in soil has been estimated to be 35 days (Stehmeier, 1997). Stehmeier 

attempted to single out strains of minoorganisms capable of rapidy degrading DCPD 

witbout success. However, an active microbial population was sustained even when 

DCPD became the predo-t substrate. Members ofthe DCPD degrading community 

indude Pseudomoms specie and a S p h i n g o m o ~  specie. He found that biodegradation 

rates could be increased by pre-expome to DCPD. 

Ideally, the god of bioremediation is to convert the organic waste to C02 and 

Hfl. M i n a o n  is occurring, but at a slower rate than other organic wastes. The fact 

that DCPD is mody W o r m e d  to oxygemted derivatives does not mean that 

bioremediation techniques cannot be applied, Ifbioremediation can remove the odor 



associated with DCPD, one of the objectives has been met However, Iittle is known 

about the derivatives which may even be more toxic than the initiaI compound. 

A review of case studies of in-situ bioremediation of DCPD compound in the soil 

shows that the loss of DCPD over time can be significant (Stehmeier, 1997). It was 

suggested that a site contaminated with 100 mg ofDCPD per kg would take less than 2 

years to reme&-ate when the soil was placed in a soil pile. Nutrients appeared to increase 

the degradation rates in such a case. In a different study reviewed by Stehmeier (1997, 

DCPD was not the predominant hydrocarbon source and was only available in d 

quantities. In this case, it was found that the amount of DCPD present in the soiI did not 

decrease substantidy, possibly due to substrate preference. The low concentrations of 

DCPD can also be inhribitory because of the i~ccessi3ility due to soil adsorption. 



CHAPTER FOUR: MATEXIALS AND METHODS 

The use of composting for the biodegradation ofthe quench sludge was 

investigated using bench scale bioreactors. The composition of the compost mass was 

varied to study the effects of various parameters. The cornposters were designed and 

built to d o w  aIf aspects of the process to be monitored throughout the experiments. AU 

streams and components entering the system were controlled to study the effects each 

faor  has on the process. 

4.1 EXPERMENTAL APPARATUS 

Bench scale cornposting was canied out in the laboratory in six bioreaetors. The 

composting bioreactors were enclosed in an environmentaIIy controDed chamber which 

was maintained at a f5xed temperatme using a conventioxd in- heater and a controUer 

panei. The PIexlexlgIass chamber was 1.5 rn long, 1 m wide and 1.5 rn high, and was lined 

with a 3 cm Iayer of Styrofoam for insulation. Figure 4.1 shows the compostas m the 

en.nmenta1 chamber. 



Figure 4.1 : Compo'sters m the Environmental Chamber 

Each composter was made ofa I1 5 cm in outer diameter PlexigIass cyhder 

having a totaI height of 30 cm and a walI thickness of 6 mm. The cylinder was seaIed at 

the bottom and was dosed at the top using a pIexigIass pIate. An aeration port was 

placed I cm fiom the bottom of the composter on the wall ofthe cyhder. The top plate 

had two openings, one through which a mini K type thennocotapIe (AII Temp Sensors) 

was inserted 19 cm into the mass, and an exhaust air port- A PIeXigIass plate was pIaced 

3-5 cm above the base ofthe cornposter to support the cornposting mass and alIow proper 

air distri'bution at the bottom oft6e cornposting mass. The support plate had 64,6 mm 

holes and was covered my a thin d e u m  mesh to prevent any ofthe composting mass 

from f f i g  through. The schematic repmsmtation of each composter is shown m figure 

4.2 M e  figure 43 shows an actuaI composter in the chamber* 
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Figure 4.2: Schematic Representation of a Cornposter 

Figure 43: ActuaI Cornpasta in Chamber 



Air fiom a cylinder at atmospheric pressure was sent to a humidifier made of a 

Plexigiass cyiinder, 10.7 mm in diameter and 36.5 mm high, fiIled with water. The air 

was forced to the bottom ofthe water using a bubbler. A scale was eagraved on the 

cyIinder to calculate the drop in the water Ievel over the foil experiment The air stream 

entered a manifold which divided the flow equaIIy to each cornposter- The air entered the 

cornposter, traveled upwards through the cornposting mass and out the exhaust port. The 

outlet gas stream was then passed through a saalI Kirnax West condenser (I90 mm) at 

1 5 ' ~  to reduce loss of volatile hydrocarbons and moisture. The gas was directed through 

a 20 cm long and 3 mm diameter plastic tube containing indicating drierite (8 mesh size, 

BDK) to remove all water fmm the stream for GC adysis of the gas. The air passed 

through a nylon tee connector dosed with a natural rubber septum, The septum was 

placed to d o w  gas samples to be drawn for Gas Chromatograph analysis. The gas was 

then sent through a 15 cm long tube (3 mm diameter) filled with Indicating Ascerite II 

(20-30 mesh size, Thomas) to absorb the carbon dioxide present in the stream. The tubes 

filled with drierite and ascerite were cIosed with a plastic cap h e d  with an O-ring on one 

side to be able to replace the materids during the process as needed. A 65 mm direct 

reading flowmeter with valve, for air flow rates of up to 7 d j m i n  (Cole Parmer), was 

placed at the end of each exhaust Line to control the airflow rate through each cornposter- 

Finally, the gas streem was directed to a h e  hood Figurr 4.4 shows a schematic flow 

diagram for the cornposting apparatus. 
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Figure 4.4: Schematic Flow Diagram of the Cornposting Apparatus 



4.2 INGREDIENTS 

The compost ingredients were aItered to study what mixture composition would 

lead to the highest biological activity and degradation rates. The amendments 

significantly increase the mass ofwaste to be w e d .  The amount of sIudge mixed with 

the bulking agents was therefore also varied to find a composition which would Iimit the 

mass to be cornposted while achieving high degradation rates, Table 4.1 lists the 

ingredients used for the compost preparation. . 

Table 4.1: List of Ingredients Used in Compost Preparation 

Straw Triple Superphosphate Sodium Azide 
Peat Moss 
Sphag Sorb 

Solv a[ 

4.2.1 Buiking agents 

Various organic buIking agents were investigated such as straw, peat moss, wood 

chips, Sphag Sorb, and Solv 11. Straw, wood chips and peat moss are readily availabIe 

and were purchased fiom Sumyside garden stores. The other bulking agents are 

manufktued commerciaIIy and dim'buted in Canada for use in bioremediadon and 

dean-up of con taminant spilIs. Peat moss, straw and wood chips offer the &vantage of 

being cheap and readily a-ie* 

A heat treated peat moss, Sphag Sorb was purchased hnt Patron Equipment in 

CaIgary. Sphag Sorb is an ai I  nannaI product marmfactlned fhm sphagnum peat moss, 



originating in the bogs of Canada It outpediorms atl other types of absorbent matenenais. 

It is used to clean up major toxic chemical spills on watert 02 in wetlands. The key to 

Sphag Sozb's effectiveness is the naturai capiIlary and porous structure of the activated 

peat, It allows for rapid absorption ofhydrocarbons, PCBs and solvents. The 

contaminant is then encapsdated in the peat In bioremediation applicationst it is not 

desirable to have the contaminant trapped in the matrix of a material as it is no longer 

accessibIe to the microorganisms. Sphag Sorb was used to increase the void space and 

the water hoiding capacity of the composting mixture, not simply to absorb the 

contaminant Hence, the water necessary for the composting process was first added to 

the Sphag Sorb. This resuIted in a wet matrix which no longer absorbed the contaminant 

into its matrix. 

Soh 11 is a peat moss substitute produced by Control Inc. (Des Moines, IA), 

obtained h m  Pro Flow located in Medicine Hat. It is a complete product with dry 

microbes, nutrients, and absorbent that dows a one-time product application. This 

product is an advanced biotechnoIogy rnaterrtaI that has demonstrated the ability to 

degrade a broad spectrum of hydrocarbon compounds, cmde oil, PCB's, and chlorinated 

solvents. Solv II provides an infusion of contaminant degrading organisms, rapid and 

slow reIease of nutrients, enhances the moisture-holding capability and aeration of the 

contaminated soil, and adsorbs and holds approxhmeiy four times its weight in 

hydrocarbons. It requires no additional ingredients other then water and the waste to be 

degraded. 

Inorganic balking agents such as ash or tire chips were not used since these would 

not BeIy be practical for a large scaIe cornposting facility- Inorganic bulking agents are 

not as readily avdab1.e and q u i r e  a separation process at the end afthe operation. 

FWy, compIications wodd arise during hydrocarbon extraction with dichloromethane 

ifplastic parts were used as a buIking agents 



Various sources of nutrients were considered for this study* Most f e e =  

contain m i c r o o r g ~  and a source of organic matter. The addition of microorganisms 

and a carbon source was not desirable since a m a t d  balance around the bioreactor was 

to be made. Although the bacteria found m a fertilivr are dike1y to be hydrocarbon 

degrading, they will be able to use the organic matter in the f m r  as a energy source. 

Ws additional bacterial activity may increase the amount of carbon dioxide produced 

fiom the cornposter and use water and nutrients. 

It was recommended by a f e r  manufictmr to use urea for a nitrogen source 

and Triple Superphosphate (TSP) for phosphorous, to avoid the addition of any 

mdeskab1e organic matter and bacteria However, the addition of organic matter fiom 

f e n  was not found to be of gnat concern since organic bulking agents were used 

4.23 Hydrocarbon Content 

Sludge sampIes wae obtained fiom the JofEe ethyiene cracking plant. It was 

necessary to determine the optimal amount of sludge that could be mixed into the 

compost mixture. A small ratio of sludge to overalI mixture is known to give high 

degradation rates but is not desirable due to the large increase in the waste to be treated. 

Too much sludge however, can Iead to a toxic environment for the microorganisms and 

Iead to low degradation rates. Previous studies have shown that the maximum microbial 

aaivity occurs in a soil containing 5% to 6% hydrocarbons per dry weight (A*, 1984). 

haeasing the arnotmt of hydrocarbon in the soil a h  this qnantity tends to over1od the 

system and prevent microhI growth. Tl~e hydrocarbon content was varied fiom 1.5% to 

14?6 by weight ofthe dry matter once the most suitable using baIking agent was 

established, 



Inoculation is the addition ofmicroorganisms into an environment to ensure that 

enough are present for biodegradation to take place. The purpose of inoculation m y  also 

be to increase the degradation rates of biodegdabIe compounds that tend to persist in the 

soil environment. Such inoculation is u d y  called bioaugmentation. In circumstances 

in which the period for destruction ofthe chemicals is not importanf it is likely that 

inoculation is not warranted because the initially small popdation will multiply to 

destroy the unwanted chemical (AIexander, 1994). 

In this study, tops03 h rn  the Iandfarm at the Nova Chemicals f d t y  in 

Conmna, Ontario which treats various waste streams fbm the processing of 

hydrocarbonsy was used as an inodum. In Ontario, the ethylene is not produced fiom 

natud gas as in the lo* plant E&yIene is obtained by cracking oil and hence results 

in a richer and more complex waste materid than the quench sludge. The matmends 

placed on the so2 include hydrocarbon contaminated water and tank bottom sludges. 

Hence a variety ofhydroca,tbons are present m the soiI which should contain microbial 

populations capable of degrading the quench sludge. A some  of inodum was 

necessary since the sludge coming directly out of the plant did not IikeIy contain oiI 

degrading bactaia for b i o d e ~ o n  to take pIace in the composters. Although the soil 

was found to contain a large enough population of hydrocarbon degrading bacteria (0.5 

e o n  per jpm of soil), it was incubated for a month in an BushneU-Hass medium at 

mesophilic tempenrtlues and m the dark with continuous aeration. At the end of the 

incubation, the medium was cenWbged to separate the bacteria fbm the nutrients- The 

microorganisms were then mixed with distilIed water and added to composters. 

hcubation was used to reduce the lag period associated with the adjustment of the 

microorganisns to the new mvhmnent and to ensure that the size ofthe microbial 

popuIation was not a hnithg fixtor. 



4.2.5 Control Cornposters 

To study the Iosses of hydrocarbons in the composters due to effects other than 

degradation., some control cornposters were poisoned with sodium azide. Inocdum water 

was not added to the control composters to reduce the addition of bacteria Sodium azide 

was mixed to the distilled water used to wet the buIking agmt at a concentration of I0 

g/L. The control composters were connected to the air Iine and mixed once a week Eke 

the active composters. To study the Iosses due to the mhhg done, a control cornposter 

was not connected to the air supply and only mixed once a week 

4 3  PREPARATION OF THE COMPOST IKDUWRE 

The bioreactors were designed to hold approximately 650 g (2.8 L) of compost 

mixture- For the biodegmhion of hydrocar&ns, it is recommended to maintain a 

moisture content of 60% (Cookson, 1995). The moisture content of each bulking agent 

and of the sludge were determined, The sludge was found to have a 53% moisture 

content and the bulking agents varied from 6% for the wood chips to 34.5% for Solv II. 

The fo110wing desmcbes the steps that were taken to prepare the mixture using peat moss 

as the bulking agent containing 5% hydrocarbon per dry weight (approximateIy 33 g of 

sludge). 

To obtaiu the desired 60% moisture in the mixture, the water contained in the peat 

moss was c o m C d d  The water contained in the small amount of sIudge was ignored for 

simplicity. Drying the peat moss indicated that it contained 19% moisture. It was 

caIcuIated that 329 g of distilIed wata were needed in combhation with 321 g of peat 

moss to obtain the desired moisture content, 



The solids content of the sIudge was determined to be 8% and the ash content was 

less thaa 0.1%. Since another 53% of the sludge is water, the hydrocarbons ody 

represent approximately 3 9% (or I3 g of the 650 g mixbure). The mass of available 

hydrocarbons in the sludge was used to detamine the amount of nutrients remed It 

was assumed that all hydrocarbons present were bioavailable. Using a carbon to nitrogen 

to phosphorous mass ratio of 100:3.3: 1, it was calculated that 0.43 g and 0.13 g of 

nitrogen and phosphorous respectively were needed, 028 g of Triple Superphosphate 

(TSP) which contains only phosphorous in the form of phosphoric acid (46%), were 

added to obtain the 0.13 g of phosphorous needed 0.81 g of urea was used as the 

b g m  source. The amount of inocnlmn water was accounted for when measrning the 

distilled water to be added to the bulking agents. 

Once alI measurements were made, the nutrients were dissolved in 329 g of the 

mixture of distilled and inoculum water. The water was then mixed with 321 g of peat 

moss until a homogeneously wet mixhne was obtained. 30 g of the inocuIum so3 was 

aIso added to the mixtme. The sludge was then poured and mixed into the wet peat 

mixture using a large spoon Ekevious work has shown that when the sludge is mixed to 

the dry bulking agent, the oil become trapped in the bulking agent partic1es and hence 

will be less avdabie to the microorganinns (Milne a d., 1996). Therefore, it is best to 

first mix the water with the bdkhg agent prior to the sludge addition. 

The prepared compost mixture was then t m & d  to the cornposter. The 

mixture was placed into the cornposter in snalI amounts using a large spoon without any 

compacting. The weight of the cornposter with and without the cornposting mass was 

measured and a 20 g sample was kept for anaiysis. All inlet and outIet streams weze 



connected and the process was operated for one to two months. The air flow rate was 

kept constant at 2.5 W '  Several parameters were recorded every second day. These 

include the temperature in the composters and m the charnbes, the amount of carbon 

dioxide, oxygen and methane in the output gas stream as determined by Gas 

Chromatograph d y s i s ,  the air ff ow rate, and the weight of the drierite and ascerite 

tubes. Once a week, for up to seven weeks, the composters were opened so that the 

compost could be mixed and to take a 20 g sample for analysis. To mix the compost 

mixture, the content of each composter was emptied into a pale and mixed using a large 

spoon. The mixture was then placed back into the composter as done initially and the 

new weight was noted The sampfe was used to determine the moisture content of the 

mixture, for extraction to determine the amount of hydrocarbons remaining in the 

composters and for bacteria enumeration, Additional water was added as deemed 

necessary fiom the moisture content or by the change in weight of the drierite tubes. At 

the end of the process, the drop in the water Ievel of the humidifier was recorded and the 

composters were weighed to determine the finid compost mass. 

The primary objective of this study was to determine the ability of the microbes to 

degrade dicyclopentadzene. However, it was also necessary to evaluate the Total 

-Ie Hydrocarbon (TEH) throughout the cornposting process. The rate and mass 

of carbon dioxide evolved during the process can aIso quantify the amount of degradation 

that is taking pIace. Howevert carbon dioxide evolution does not represent the amount of 

hydrocarbon degradation aIone. The degradation of the bulking agent itseifincreases the 

amount of carbon dioxide in the output gas stream. The composition ofthe exhaust gas 

was analyzed for carbon dioxide, oxygen and methane content The other parameters 

monitored during the process inciude the moistUte content and the microbial activity. 



4.5.1 Hydrocarbon Content and Dicydopentadiene Reduction 

The Total Petroleum Hydrocarbon (TPH) or Total -1e Hydrocarbon 

(TEH) content are the most widely used to quantify the amount of biodegradation that has 

occurred. TEH represents all hydrocarbons that are e-ie using dichIoromethane 

and analyzed using Gas Chromatography (GC). When the recovered oiI fkom the 

dichloromethane extraction is cleaned wing silica gel prior to GC analysis, the texm TPH 

is used. Silica gel is used to remove polars not associated with hydrocarbons. 

Extractions of the pure bulldng agents were conducted to see whether clean up of the 

extract using silica gel was necessary. A small residue was extracted h m  buIking agents 

such as peat moss and Solv II but when analyzed by GC, no peaks were observed. It was 

therefore concluded that silica gel clean up was not necessary since the presence of polars 

does not &ect 'EX values. 

Two methods were investigated to d y z e  the compost samples for TEH and 

DCPD content Since the sludge contained Iight hydrocarbons, it was initially decided to 

extract the compost sample directly with dichloromethane in a sealed jar to minimize 

losses. The resuIts were then compared to values obtained using a Soxhla extraction 

appmtus. 

In the direct e m o n  method, the prepand compost sample was mixed with a 

solvent, dichloromethe, m a d e d  jar. A 3 g compost sample was mixed with 6 g of 

sodium suIfate anhydrous in a sealed jar to remove the moisture* The mixture was kept 

aside for 24 hours to insure afI moistme was removed. 25 mL of solvent was then added 

to the dried samplee The mhme was agitated vigorous1y and was I& to stand for 48 

hours m a refkigerator with occasiod mixing. The contents were then poured into an 

aatovid syringeIess iZter (Whatman) with 2 pm pores to separate the extract h m  solid 

particles- 



For the SoxhIet extraction, a 10 to 15 g compost sampfe was first prepared for 

extraction. An equal weight of sodium sulfate anhydrous was mixed to the sample to 

remove the mo-- The mixhrre was kept aside until dry (24 hours), and then placed in 

a 33 x 80 mm Whatman single thickness celIulose extraction thimble of known weight 

250 mL of dichhromethane in a 500 mL round bottom flask was used for the extraction. 

DichIoromethane was used as the solvent because of its-low boiling point of 360C 

decreases the loss of the lighter hydrocarbons. The extraction ran for 16 hours. The 500 

mL round bottom flask containing the diIuted extract was evaporated in a Buchi 46 1 

rotary evaporator to recover the solvent The weight of the flask and solvent-fke extract 

was noted. The extract was then redissolved in 5 mL of solvent for Gas Chromatograph 

analysis. The weight of oil recovered was converted to a weight of oil per gram of 

compost extracted The oil residue obtained fiom dichloromethane extraction without 

any siIica gel clean up is cded the oil and grease fraction. The percent decrease in oil 

and grease can be evaluated over time by comparing the oil per gram ratio o v a  time as 

shown in equation (4-1). 

02 f g(im) - 0s 1 g(adl 
%OiI reduction = x LOO 

oil / g[*w) 

The extracts obtained fiom both methods were analyzed using a Hewlett Packard 

6890 Series Gas Chromatograph equipped with a Flame Ionizasion Detector (FID). A 30 

m HP-I capillary column (crosslinked methy1 doxane) from Hewiett Packard was used, 

and the FID output was connected to a GC ChemStation software package. Using the HP 

automatic Ii@d sampler, I pL samples were injected into the GC. The oven tern- 

was maintained at 3 5 ' ~  for 5 minutes, ramped at a rate of 3 0 ' ~  per minute to 75'~ where 

it was heId for one minute- The oven was then ramped again at the at a shw rate of5OC 

per minute to a finaI temparrtme of= and held for I5 more minutes- The mjector 

and detector port tern- wae set at 220 '~  and 3 2 5 ' ~  respecfive@. The injector 



temperature could not be set to a higher temperature since it was found that 

dicycIope~ene starts to dissociate near 200°C. The helium gas flow rate was set to 30 

mWmin. Only 2 mL/& ofHeIium was used as d e r  gas, the excess was needed to 

make up the flow required by the detector. Hydrogen gas flowing at 30 Wmin and air 

at 400 Wmin were used as fkI and oxygen suppiy for the FID. 

USEPA method 418.1 for hydrocarbon content d y s i s  measures the idhired 

absorption of the extract from the so3 sample. Other EPA analytical methods such as 

DHS 80 15-modified pass the extract fiom the soil sampie through a Gas Chromatograph 

and use a ED to measme contaminants according to retention time of the constituents. In 

a cornposting sttdy conducted by Milne et al. (1996), the extract was analyzed using 

Fourier T d o r m  Mared Spectroscopy m). Relative decrease was estimated by 

comparison of absorbency at different times of the process. The extracts were then sent 

away for GC-FID anaIysis for comparison. The GC method calculated the totd 

integrated area under the curve ignoring the soivent m a .  The areas wap compared to 

evaluate the TPH denease over time. Both the FTIR and GC-FID method produced 

SimiIar refllits. 

Hence, it was concluded that comparison of total integrated area over time could 

also indicate the reIative decrease in TEH as shown in equation (4-2). 

Because the response f&or of dicycIopentadene was not e@ to one, the S a i  

and final areas used in w o n  (4-2) were caIcuIated using equation (4-3). The response 

factor ofDCPD was found to be IS. It was required to adjust the totaI areas using the 

reference fktot since DCPD qmsents such a kge -on ofthe hydrocarbon phase. 



DiIuted samples of the sIudge were used as standards for the quantification of 

TEE in the compost extracts- CMi'bration curves were produced by pIotting the areas of 

each diluted sample against concentration, The linear refationship obtained is shown in 

figure 45- An exkmaf caiiktion was also made for dicydopentadiene. The 

~ & % ~ o n s  allowed the integrated areas to be converted to concentrations. 

4.5.1.1 Comparison of Extraction Procedures 

The resuits h m  the direct and SoxhIet extraction methods were found to be 

s i g d i d y  different and hence the Soxhlet extracton procedure was used for finther 

experiments. Direct extraction redted in much higher TEH reduction and was found to 

vary even when duplicate analyses were done. This variance is IikeIy due to the high 

dilution of the 03 that redts fiom the direct extraction method, Figure 4.6 shows the 

diffkence obtained for TEH reduction at the end of an experiment fiom both extraction 

procedures. 

The difliefences observed can be am'buted to several factors. The percent 

decrease in TM was found to be much Iarger using the direct extraction procedure. This 

is m part due to the kt that the tight ends are Lost d h g  the Soxhlet extractioa Hence, 

the direct method shows the amount of all hydrocarbons while the SoxhIet extraction ody 

the M o n  that is stilI present at 3S°C. 
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Figure 45: TEH Calibration Plot 
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Figure 4.6: Comparison of Percent Decrease of TEEI at the End of an w e n t  Using 
the Direct and SoxhIet Extmction Procedures 



The direct exhadon method d t s  in a very dilute extract and the hydrocarbon 

peaks were found to become too smalI for detection when Iower sludge contents were 

investigated The spectrum obtained fkom the muted extracts containing low 

hydrocarbon content were no Ionger simiiar to the TEH calkition spectrum. The total 

area of the mute extract was not representative ofthe sludge. This poor peak resolution 

was the main reason for switching to the SoxhIet extraction procedure. The sampIe taken 

for extraction is much smaller than for the SoxhIet extraction method which can result in 

more random error since the cornposting mixtrne cannot be p e r f i y  mixed. AII these 

facf~rs redted in numbers that fluctuated when duplicate samples were taken. Three 

sampIes fiom thc same compost mixture were extracted using the Soxhlet apparatus. The 

oil per gram and total integrated area values varied at the most by 8% fkom the average 

values. 

The SoxhIet extraction is a proven method and does not rely on eqtditbrium since 

clean solvent is recycled to the thimble every cycle. The direct extracron method, 

however, relies on an ecpdiirium and may therefore not represent acctmte1y the decrease 

in the heavier hydrocarbons once the Iighter components have been degraded. 

45.2 Identification of Compounds in the Shdge 

A sample of the quench sIudge was piaced in a sepamtory funnel to allow 

separation be- the water and the hydrocarbons. The water was then drained aad a 

known weight ofthe hydrocarbon phase was pked in a vial- A known weight of sodium 

sulfate anhydrous was added to the sIudge to remove traces of water which may not have 

been sepxkb 25 mL ofdichlommethane was added to the mktare for dilution The 

~ampIewasthenpIacedinan~viaEsyringeIessfiIta~)with2pp~to 

remove the sodimn wEte a d  aII other solid co xwituent 



The extract was then analyzed using a HewIett Packard Gas Chromatograph 5890 

series connected to a HP Mass Spectrometer 5970 series to iden* the components. The 

output fiom the Mass Spectrometer was sent to a MS ChemStation software package. A 

5 0 m  x 0 2  mm x 0.5 p (film thickness) HP PONA coIumn with crosslinked methy1 

silicone gum was used Helium flowing at 0.5 rnL/min was used as the carrier gas and 

the split flow was set at 30, equivalent to a asplit ratio of 62. The GC oven was 

maintained at 35OC for I0 minutes and was ramped at L5OC per minute to a 6nal 

temperature of 220°C where it was held for 30 minutes. The injector and detector 

temperatures were 220'~ and 250°C respectively. 

A sludge sample was also sent to Maxxam Analytics Inc. for analysis. A 

PONAOX(U) analysis was completed for compound identifZcation.. Only compounds 

present in their data bank could be identified, An Iatroscan analysis was also done to 

determine the dative amounts of various hydrocarbon groups such as the saturates, 

aromatics and polars. 

45.3 Carbon Dioxide Evolution and Output Gas Composition 

The amount of microbiaI activity was monitored fiom the amount of carbon 

dioxide evolved drnring the process. Two methods were used to keep track of the evo1ved 

carbon dioxide. The output gas h m  each cornposter was directed through a tube tilIed 

with Iadicatiog Ascexite I1 (Thomas) which adsorbs the carboa dioxide m the  erea am. 

The weight of the tube at various time iatervah during the process was recorded 

Knowing the density of carbon dioxide at room tempemme, the weight of carbon dioxide 

absorbed wuId be converted to a flow rate as shown in @on (a). The overalI 

change in mass of the ascerite tube d d g  the process gave the totd amount of carbon 

dioxide produced. This vaIue was then used to complete mass balances around each 

composter. To use of equation (4-4)* it is assumed that all carbon dioxide present in the 



exhaust gas is adsorbed by the merite. Analysis of a gas leaving the ascerite tube . 

reveaIed that carbon dioxide adsorption by ascerite was appximateLy 98.5%. 

- mass of co, 
Fco2 - density of CO, x dapseci time (4-4) 

The other method used to analyze the amount of carbon dioxide produced during 

the process involved the use of a Gas Cbromato&ph, The gas was analyzed using a 

HewIett Packard Saies 5890 eqpipped with a t h d  conductivity detector (TCD). The 

TCD output was sent to a Hewien Packard 3396A Integrator. A Carboxen 1000 (SupeIco 

Canada), 15 ft packed coIumn was used since it can analyze a wide range of gases such as 

carbon dioxide, oxygen, nittogen, methane and ethane. Hence, while checking for the 

carbon dioxide content in the output stream, the amount of oxygen codd aIso be 

obtained The amount of oxygen in the stream served as an indicator to ensure that 

aerobic conditions were maintained in the composters. Methane content codd aIso 

indicate if anaerobic conditions developad, and the amount evolved was used for carbon 

mass bdances, 

The program for the analysis was set using the r e c o m m ~ o n s  made by 
* 

Supelco. The oven tern- was kept at 30°C for 7 minutes, then increased to 2 2 5 ' ~  

at a ramping rate of 45OC per minute. Once the £inaL temperature was reached, it was 

maintained for 11 minutes. HeIium was the carrier gas and was set at a flow rate 30 

mL/min whiIe the refefence gas flow rate was set at 45 mUmh The injector and 

detector t- were set at 170°C and 240°C respectively. The size ofthe sample 

used was 50 pL. The integrator was c a I i W  using a &hation gas prepared by 

Prauair, con-g 20% oxygen, 50% nitrogen, 15% carbon dioxide, 4% metJmue and 

1% ethane (weight percents). 



Knowing the percent of carbon dioxide and oxygen in the stream and the flow rate 

of the gas through the cornposter h m  the flow meters* the carbon dioxide and oxygen 

flow mtcs could be dcdated using equations (4-5) and (4-6) respectively. 

Fc, = flowmeter reading x %CO, (4s) 

Fo, = flowmeter reading x %02 

4.5.4 Solid Phase Microextraction 

To quantify and keep track of the losses of hydrocarbons escaping Eom the 

cornposters over the duration of the expdent,  a Solid Phase Microextraction (SPME) 

device was used The SPME m u a i  holder assembly and I00 PoIy Dimethyt 

Siroxane (PDMS) non-bonded fibre assembly were puschased from Supeico. The fibre 

was exposed to an exhaust gas sampIe contained in a I50 mL samphg bulb for 45 

minutes. The compounds adsorbed onto the fiber wae then analyzed using the same GC 

apparatus used for TEH dys is .  The fiber was inserted in injector port set at 220 '~  for 

5 minutes to ensure complete desorption. The oven was maintained at 35OC for 5 

minutes, ramped at a rate of loOc, and kept at 2 2 0 ' ~  for 10 minutes. Using a ca[lcbration 

done on di~ydopentadiene~ the area recovered for DCPD was first converted to a 

concentration. The mass of DCPD Iost over time was calculated knowing the 

concentration of the compound (CDBD) in the gas bulb7 the voItme of the buIb (vbd& 

the air flow rate through the cornposter and the t0ta.L time elapsed as shown in e m o n  

(4-7)- 

b, = flowrate x C, x V,, x time elapsed 



The calibration ofthe fibre was based on Henry's Iaw shown in equation (4-8). 

Hemy's law is used to descnbe the solubility of a gas in a Iiquid It states that under 

q p i l i i u m  conditions, the partial pressure ofa gas p d  above a Iiquid is proportional to 

the concentration of the chemicai in the liquid (Cd. The proportiodty constant is 

known as Henry's constant 0. Knowing the partial pressure of the gas, the mole 

W o n  ofDCPD in the buib could be caIcuIated and converted to a concentration. 

Equation (4-8) can be rewxitten as equation (4-9) in terms of liquid and gas 

concentrations only ifthe definition of paaial pressure is used. 

Since there! was M e  information avaiIabIe on DCPD, the Hemy's constant was 

estimated using the vapotr pressme p,) and the solubility (S) at room temperature as 

shown in equation (4-10). TabIe 4.2 summarizes values used and caidated for the 

CaIrition of the fibre. 

TabIe 4.2: Vdues Used for the Cahibratioon ofthe SPME Flke 



To cdiirate the SPME fibre, a known amount of dicyclopentadiene was placed in 

250 mL of water. The weight of DCPD placed into the water was maintained close to its 

solubility Iimit in water. The flask was connected to gas sampling bulb closed at one end 

and the system was dowed to reach equiIi'brium overnight. Using Henry's Iaw, the 

amount of DCPD in the head space of Emown volume could be estimated. The bulb was 

dosed off and the fibre was exposed to the gas and anal@ A reeltionship between 

moles and area was then established, 

4.5.5 Moistare Content 

It was necessary to know the moisture content in the bulking agents and in the 

initial sludge to calculate how much additionaf water was required to obtain the desired 

moisture content in the mixture. Once the cornposting process was operating' compost 

sampIes were removed h m  the composters and tested for moistlne content to ensure that 

the moisture content was anaining at a desired level. 

A 3 g sample of the buIking agent was placed in a pre-weighed Pyrex dish. The 

sample was then placed m a drying oven at 6 5 ' ~  four 24 hours. The change in weight 

was assumed to be purely due to water Ioss. This simpIe procedure could not be used to 

measure the moisture content m the sludge due to the presence of volatile organic 

compounds m the sludge. A DeanStadr disdllation apparatus was used m e  et aL, 

1996). A 30 g sampIe ofsIudge was mixed with toluene and boiled until ail the water 

was collected. It was found that the w e t  made up approldmateIy 53% of the sludge by 

weight Compost sampIes were tested for moisture content rising the same method 

desmcbed to detemnhe the moisture content of the bdkhg agent aIone. Although the 

compost samples contained light hydro&ns that disappeared during the drying, the 

percentage of fight hydrodm11~ in the sampIe was considered small enough to be 

insrinsr@cant compared to the water content. 



Table 4.3: Moisture Content ofBulking Agents and Sludge 

Bulking agent 
Peat Moss 19 

Wood Chips 6.7 

Sphag Sorb 10.5 

Solv rr 34.5 

Sludge 53 

4.5.6 Microbial Count 

Sampies were again taken fiom the cornposters and were diluted several times 

befoeeing placed on a pIate with a BushneII-Hass medium. The plates were placed for 

two weeks in the environmentai chamber to keep them at the same temp- as the 

compostem. The colonies formed by each bacteria could then be identified and counted, 

The compost sample was diluted using a mined salt solution to reduce colonial growth 

on the plate to 20 to 300 colonies. Differentiation between bacteria types was not 

attempted The primary energy source was hydrocarbons, and aI I  hetaotrophic bacteria 

were enumerated together. 

The viable count method introduces several sources of error. The main problem 

d t s  fiom the dilutions that are requkd due to the Iarge population density of bacteria 

Slight variations in dilution precision causes large differences in estimated propagde 

densities- 

4.5.7 MetaI and Solids Content 

The amount of metals in the sIudge codd best be determhd by adhgg A known 

weight ofmaterid was placed m a pre-weighed crucife. The mate& is then slowIy 



heated to 750'~ and heId thae overnight in an oven eqyipped with a h e  hood The 

rrmaining particIes are assumed to be completely metalIic in nature- The sludge was 

found to have a very low ash content of less than 0.1%. 

Another method was used to evaiuate the W o n  of o v d  solids content in the 

sludge since it was known that the solids were primarily coke. A known weight of sludge 

was placed on a pre-weighed filter paper. Toluene was added occasiody to aid m the 

fiItratioa The so&& coUected on the fiIter paper were then heated to 70°c for 24 hours 

to remove any remaining hydrocarbons and ensure that only solids were collected on the 

paper. The change in weight of the paper was noted and the percent SOW content 

determined 

The solids fraction recovered fiom the filter paper was analyzed for metai content. 

The solids were placed in a tube with boiling chips and a 20 mL mixture of hydrochIoric 

acid and nitric acid (1:I volumetric ratio). The tube was heated over a heating plate for 3 

hours. The fight-coloured soIution was collected in a volumetric flask and diluted to the 

desired con cent tat or^ The samp1e was stored at 4OC until ready for anaIysis. The 

solution was then d y z e d  with a Thermo JatreII Atomscan 25 using the ThermoSPEC 

Spectrometer Opexation System software package. Prior to dyz ing  the sample, 

distilled water and standard soIutions for a wide range of heavy metak at I0 ppm were 

analyzed 

4.5.8 RemovaI of Polars From OiI and Grease 

The W o n  ofpoIars present in the oil and grease obtained h m  soxhIet 

extraction was separated fbm satllrates using methods descnkd by PoIIard et aI, (1992). 

The separation was ody conducted on extracts k m  compost sampies containing n- 



hexadecane to study the W o n  ofpolars recovered dudng extraction due to organic 

bulking agents. 

Recovered oil from -011 was diIuted in 5 mL of dichloromethane and 5 mL 

ofpentane- AsphaItenes precipitation was not necessary since only saturates were present 

in the sample. A 2 mL sample ofthe diluted oiI was placed in a 20 mL Hamilton glass 

syringe with Luer-Lok co~ected to a silica d d g e  (Waters Sep-Pak silica cartridge for 

rapid sample preparation). The cartridge was presluted with n-pentane prior to sample 

analysis. The sampIe was then separated into component classes by use of an eiution 

scheme: 30 mL of n-pentane for elution of satmated compounds followed by 30 mL of a 

solution of dichloromethane (50% volume) and methan01 (50% volume) for polars. 

Fractions were couected in pre-weighed beakas and gravimetric recovery was calculated 

after removal of eluting solvent by evaporation to dryness in a fumt hood. 

4.6 EXPERMENTAL PROTOCOL 

The various experiments conducted are summized in table 4.4. SIudge 

characterization was initially done to d y z e  the hydrocarbon phase, and to measure the 

water and solid content Some background experiments were conducted to determine 

vaIues such as the amount of carbon dioxide produced due to bulking agent partial 

degradation, the efficiency of the direct extradon procedure, and the possfcbiIity of 

increased adsorption ofhydrocarbons onto bnIking agent with time. 

A bdki.ng agent study was then conducted to evaluate which buIIcing agent, or 

mixture of, couId Iead to highest micmbiai activity and contaminaat reduction. In this 

study, the hydrocarbon content in the compost mixture was maintained constant, Using 

the most SuitabIe baILiag aged a hydmcahn content study was then conducted The 



Table 4.4: Summary of Experbents 

Solid and metal content 
AnaIysis of hydrocarbon phase 
Lab chammmm 

C t  

O I l s  

Background Bulking agent degradation at 3S°C, using peat moss (70%) 
and solvII (30%) 

-14% hydrocarbon content for 2 weeks 
-2.5% n-hexadecane for 7 weeks 

Efficiency of direct extraction procedure 
Adsorption of hydrocarbon to bulldng agent 

Bulking agent Constant sludge content, conducted for 5 weeks at 35OC 
-Wood chips 
-Peat moss x 2 composters 
-Solv 11 
-Sphag sorb 
-50% solv IV 50% peat moss 
-30% solv W 70% peat moss 
-Control (70% peat/ 30% solv) x 2 composters 

Hydrocarbon content Using peat mosd solv mixture (85Yd I5%), conducted for 4 
weeks and 3S°C 

-I .5% hydrocarbon content 
-2.5% hydrocarbon content x 2 composters 
-5% hydrocarbon content 
-7.5% hydrocarbon content 
-Control with 5% hydrocarbon content 

n-Heradecane Using peat moss/ solv mixture (85W I5%)), conducted for 6 
weeks and 3S°C 

-Contro1 wit6 5% n-hexadecane x 2 composters 
SIudge voIatibation N~~aexated controL cornposter (5% KC), mixed weekly for 

Aerated control composter (5% H Q  not mixed for 4 weeks 
Sludge mixed to &ass beads* 5 weeks 



hydrocarbon content was varied between 15% and 7.5%. Due to problems encountered 

during the bulking agent and hydrocarbon content studies, n-hexadme was cornposted 

to verify all methods and apparatus- Experiments were then conducted to evaluate whexe 

hydrocarbon Iosses were occurring* A contcol cornposter was mixed once a week but not 

continuously aerated and another was not mixed but was aerated, F i d y ,  sludge was 

mixed to glass beads and piaced in a composter to study its tendency to voIatiLize without 

organic matter interactions. 

4.7 MASS BALANCES 

A mass balance of carbon content m each composter was done to ensure that the 

decrease in hydrocarbon observed during the process was in fact due to biodegradation 

and not losses. Equation (4-1 I) shows the reIatiomhip used to establish the amount of 

carbon lost due to stripping and not accounted for. 

KCi, is the mass of hydrocarbon placed in the composter initialIy. The amount of 

hydrocarbon left (HClm) was calculated using the percent decrease in the Total 

Extractable Hydrocarbon content dculated fiom the extradon at the end of the process. 

The amount of carbon in the carbon dioxide evolved (Ciacot) was cdcdated wing the 

accumdated weight of carbon dioxide adsorbed on the ascerite throughout the whoIe 

process. Carbon represents 273% of the total weight of carbon dioxide collected The 

amount of carbon present in the output stream as methane can be estimared h m  the 

percentage ofmethane in the gas stream h m  GC analysis. However, to obtain a mass 

from the flow rate ofmethane, a constant flow rate value must be assumed over a given 

time period 



Emrs are introduced in the determination of hydrocarbon losses due to several 

reasons. The weight of hydrocarbons introduced in the cornposters is assumed to be 

equal to the weight ofthe carbon into the system The weight of carbon dioxide produced 

is a resuIt of hydrocarbon and bulking agent de-011, An experiment was conducted 

to establish the amount of carbon dioxide produced to due the bulldng agent done. 

However, the toxic nature of the sludge reduces the microbial activity and it was often 

found that contaminated composters d t e d  in Iess carbon dioxide production than in 

non-contambted ones 

The percent losses of hydrocarbons due to fhctors that can not be calculated, such 

as loss during the mixing, can be calculated as shown in equation (4-12) 

The calculation of the percent carbon Iost during the process was used to indicate 

the efficiency or problems of the experimental setup. hitid experiments were found to 

have percent Iosses as high as 65% due to the high air flow rates leading to stripping of 

the con taminants* The combination of high air flow rates and high condenser 

tempmtms lead to the high losses. 



CHAPTER FIVE: RESULTS AND DISCUSSION 

5.1 SLUDGE CHARArrIil?lZATION 

The sludge hydrocarbon content was analyzed using a Gas Chromatograph-Mass 

Spectrometer. Relatives amounts for some components were qpmtified and compared 

with values given by Nova The sludge was sent to an analytical lab for compound 

identificafio~~, The water and solids content of the sludge were also detamhed. 

5.1.1 Nova Characterization of Stream 

The qyench sludge is a mixture ofwater, hydrocarbons, and fine solids. The 

hydrocarbons include many compounds, principalIy benzene, dicycIopentadiene, styrene 

and poIymmtic hydrocarbons. The composition ofthe oil W o n  of the sludge is 

skcdar to that of the C* streara The solids are primariry coke, but are contamhated by 

adsorbed hydrocarbons and contain significant amounts of heavy me*, mostly nickeI, 

iron and chromium. A break down ofthe hydrocarbon c o w  of the C* stream was 

provided by Nova and is shown in table 5.1. The somce ofhydrocarbons m the sludge is 

the C* stream so similar cornpopnds should be f o d  in both but in different amounts. 



Table 5.1: Maia Hydrocarbon Codtwnts ofthe C* Stream 

. -- 

Benzene 45 
Dicyclopentadiene 

CycIopentadiene 
ToIuene 

ClO mixture 

C6 mixture 

styrene 
C5 mixture 

Pentene-l 
Cyclopentene 

Others 

5.13 Characterization Using GC-MS 

A sludge sample of known weight was treated to remove the water content and 

diluted in dichloromethane for 2malysis by a Gas Chromatograph eqyipped with a Flame 

Ionization Detector. The spectrum obtained for the sludge is shown in figure 5.1. The 

*dth ofthe peaks indicate that the injector temperature shouId be raised for better 

resoIuti01~ However, due to the promes of DCPD, the temperatme codd not be 

increased. The same sample was also analyzed using a GC-MS apparatus to identify 

compounds present- Some of the peaks identifled using GC-MS are shown on figure 5.1. 

The amounts of s e v d  compounds only could be obtained since external caIi%rations 

were ody done for benzene, toluene, dicycIopentadiene, and styrene. TabIe 5.2 Iists the 

compounds identified and the weight percentage values obtained for some of these. 

GC-MS d y s i s  revealedthat cyclopentadiene could not be separated k m  the 

soIvent peak since both had dose retention times. Berwne was also difEcuIt to d y z e  

since it was ovrdapped by the solvent peak when the sample was diInted 
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Figure 5.1: GC-FID Spectrum of Hydrocatbons in the SIudge 



Table 5 2 :  Components Identified Using GC-MS 

Benzene 8 
Dicyclopentadiene 38 
Cyclopentdiene N/A 

Toluene 7 
Styrene 5 

P q I e n e  N/A 
Orthoxylene N/A 
Naphthalene N/A 

Methyl naphthalene N/A 

The cumpomds detected using the GC-MS were s b i I a r  to those presented in 

table 5.1. As expected, the composition of the hydrocarbon fktion did not match that of 

the C* stream. A direct comparison b ~ e e n  the C" stream and the quench sludge 

carmot be done since the sludge is a mixture of severd phases. It is ody partially made 

up of the cS+ strwrm The amount of benzene found to be present in the sIudge was much 

lower than expected according to the amount found in the C* stream. The lower 

benzene content in the siudge is IikeIy due to volatiIization during transfier d storage. It 

can be seen that dicyclopentadiene becomes the most significant constituent of the 

hydrocarbon phasee The percentage dues shown in table 5.2 are calculated for the 

hydrocarbon phase only which makes up 39% ofthe total weight of the sludge. Hence, 

38% dicycIopentadiene in the hydrocarbon phase represents 15% of the total weight ofa 

siadge sampIe. 



5.13 Lab Characterization 

The PONA analysis performed by Mixxam Anlytics Inc. was not found to give 

VaIuabIe iafo&on since only those compounds present in their data base could be 

identifid The compound present in the largest quantity couId not be identified 

according to their data base but is WreIy to be diqc1opentadiene. Many of the 

compounds were Iisted with a question mark showing that there was little confidence to 

be placed in the d t s  presented, Table 5.3 lists' some of the compounds that were 

identified and their weight percents. The identified components were placed in group 

concentrations shown in table 5.4. 

Table 53: Composition of Hydrocabon Phase fiom PONA Analysis 

Benzene 4.98 

Toluene 3.26 

Cl 1 Paraffins 2.79 

Table 5.4: Identified Component Group Concentrations From PONA Anaiysis 

Aromatics 11.57 



The Iatroscan adysis was done by Mamcm Andytics to obtain info&on 

about the component g r o q s  maldng up the sludge- Table 5.5 lists the results from the 

analysis. The c T o l ~  B" material can be asphaltenes but cannot be reported conclusively 

as such, 

Table 5.5: ResuIts From Iatroscan Anaiysis 

Saturates 12.9 
Aromatics 
Polars A 
PoIars B 

5.1.4 Water and Solids Content 

The -011 of water contained in the sludge was evaluated as desm'bed in 

section 4.5.5 using the Dean-Stark apparatus. The water content was measured to be 

53%. The ashing method resulted in very low met& W o n  of Iess than 0.1%. Using 

the fltration method, it was found that solids made up 8% ofthe sludge. The soIids 

content ofthe sludge quickly precipitated to the bottom ofthe storage container- The 

solids content was siificantly higher when only the bottom -on of the sludge was 

analyzed. However, the sludge was well mixed with the solids prior to taking a sampie 

for all eqmimnts. 

A nitric acid<hloric acid digestion done on the solids coIIected on the filter paper 

indicated that some heavy metals were present. The main heavy metaIs found were iron, 

nickeI and chromium as expected according to the infoxmation provided by Nova Table 

5.6 lists the heavy metaIs obtained and their conantration in the sludge. 



Table 5.6: Heavy Metal Concentration in Sludge 

Nickel 72 
Chromium 224 

Iron 18 

5.2 BACKGROUND EXPERIME'INTS 

Experiments were conducted to &ermine certain background values such as the 

amount of carbon dioxide produced due to degradation, the efficiency 

the direct extraction procedure, and the pomcbility of increased adsorption of 

hydrocarbons onto the b e g  agent with time. 

53.1 BItlhing Agent Degradation 

An experiment was done to estabiish the weight of carbon dioxide produced due 

to the degradation of the pure bukhg agent The mixture was prepared following the 

same procedure as for other compostas but no contaminants were added. The bulldng 

agent mixture used for this experiment was 85% peat moss and 15% SoIv IT by weight 

It was found that a significant amount of carbon dioxide was evolved due to the 

d e m o n  ofthe bulldng agent Figure 5.2 shows the carbon dioxide production rate 

calcnlated for a cornposter without c o m b  compared to one w i c h  was 

contmhted with 25% =hexadecane per dry weight Peat moss obviously provides an 

energy source and hextce more nitrogen and phosphorous should be added to account for 

the b d h g  agent degradatioa 
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Figure 5 2 :  Carbon Dioxide Production Rate From BuOdng Agent Degradation 
Compared to a Cornposter Con tamhated with 25% n-Hexadecane 



The amount of carbon dioxide colIected during the experiment using ascerite is 

shown in tabie 5.7. IdealIy, the amount of carbon dioxide produced due to contaminant 

degradation should be equal to the carbon dioxide collected fiom the contaminated 

composters less the amount produced fiom the bulking agent degradation, Carbon 

dioxide produced fiom contaminant degradation is needed to complete mass balance 

calculations. It was therefore attempted to establish a background amount ofcarbon 

dioxide produced fkom bulking agent degradation. This vaIue was estabIished using the 

total weight change of the ascerite tube dwhg the whole process. 

Table 5-7: Weight of Carbon Dioxide Produced From Bulking Agent Degradation 

Some experiments were carried out with high hydrocarbon content, For these 

experiments, a background amount of carbon dioxide production could not be sub-d 

fiom the con tarninatcC composters since the carbon dioxide production rates were 

tigniscantIy Iowa than in the non-con taminated cornposter. This is shown in figure 5.3. 

The experiment was only carried out for two weeks since it was obvious that a 

background value could not be obtained. 



Figure 53: Carbon Dioxide Production Rate of Bulking Agent Compared to Highly 
Con taminstcd Cornposter 



Although Iarge amounts of carbon dioxide were produced fiom bdkhg agent 

degradation, the weight of the non-eontaminated compost mixture did not change 

signiscantly. As shown in tabIe 5.8, there was only a 17.7 g decrease in weight in the 

mixture weighing iniMy 579.3 g. This decrease corresponds ody to a 3% weight 

change- 

Table 5.8: Change in Weight of Bulking Agent With'Tiie 

total 17.7 

Paaid degradation of bulking agents can cause problems when analyzing for oil 

content in a wrnpost mixture. Ifthe decomposition of compost mass is more intensive 

than oil decomposition, oii concentrations increase in the remaining mass aIthough there 

is an actual breakdown of oil (HoIger et d., 1998). TotaI organic content in the compost 

material can monitor carbon content decrease and expiain an unexpected increase in 02 

concentration. Even if oil content decreases, the degradation may be underestimated due 

to bulking agent degradatiorz Totd organic content was not monitored since m r n e n t  

was not availabIe, 



5.33 Efficiency of Extraction Procedure 

Since the direct extrzdon method described in section 4.5.1 initially used is not a 

standad method, it was necessary to establish the efficiency of the extraction procedure. 

The percent recovery of hydrocarbons during the extraction was based on the 

concentration obtained for dicycIopentadiene and on the TEH diration p1ot A known 

mass of the sludge was mixed with a bulking agent and extracted. Knowing the 

concentration of DCPD in the sludge and the v h e  of solvent used, the maximum 

attainabIe concentrations of DCPD and TM wexe calcuIated and compared to the 

concentrations actually obtained fkom the GC analysis. The efficiency of the extraction 

procedure was verified using Herent bbulldng agents. Experiments were carried out for 

compost mixtlnes containing at least 10% hydrocarbon per dry mass. Table 5.9 lists the 

efficiency of the extraction using various bullcing agents. Once the hydrocarbon content 

was lowered, it was found that peaks were not well resolved and the method did not seem 

SUitabIe for mixtures containing less than 7.5% hydrocarbon. 

The recovery of dicyclopentadiene varied between 76% and 97% depending on 

the bulking agent The -on that codd not be recovmd was IikeIy due to adsorption 

of the con taminants onto the bulking agents or Iosses due to v o l a ~ t i o n  during the 

extradon procedure. The recovery of the TM was found to be simiIar, ranging between 

81% and 95%. Peat moss was found to alIow the highest recovery while Sphag Sorb 

d t e d  in the Iowest percent recovery which could be expected due to its absorbent 

nature. Assuming that adsorption ofcon taminants on buiking agents did not increase 

with time9 the smaII untecovered Man o f c o ~ t s  shouId not affect the evaluation 

ofreIative decrease in TEH in the compost mixture- 



TabIe 5.9: Efficiency of Extradon Rocedure Using Different BBuIking Agents 

Peat moss 97 95 7 
Sphag sorb 76 81 4 

Solv II 87 84 8 

The values shown above were found to vary fiom sample to sample since the 

calcdations assume that the compost mixtlne is perfectly mixed. The samples taken for 

extraction were small (3.000 g) which increased the likelihood that the sampie was not 

well representative of the mkture. Percent errors shown m tabie 5.8 were calculated by 

averaging three different samples taken h m  the same mixture and taking the maximum 

deviation between the average and any one value. 

5.33 Adsorption of Hydrocarbons Onto B d b g  Agents With Time 

The change in adsorption of hydrocarbons onto the bnlldng agent over time was 

also investigated to ensure that the decrease in TEH and DCPD was not due to gradual 

adsorption of the contaminants onto the bulking agent Poisoned compost samples were 

stored in a refiigerator at 4OC to m i n h k  losses and were extracted every second week 

for up to one month (approximately the duration ofan experiment). The resuits are 

shown in table 5-10, It was found that the concentration of contaminants remained 

relatively constant during the month, suggesting that the adsorption of the hydrocarbons 

on the bulking agent did not change throughout the experiment. TEH and DCPD values 

were not found to decrease with time and the DCPD values were even found to hcrease 

siightIy (shown by the negative value). The small increase was IikeIy due to shifts in 

moisture content of the mixture- Even though the mixtw was stored in the refrigerator, 

water collected on the cap ofthe via1 i n d i d g  that moisture content may have varied 



siightly. The extraction is strongly dependent on moisture content since 60% of the 

sample mass was water. 

Table 5.10 TEH and DCPD Reduction Obtained for Poisoned Mixture Placed in a 
ReEaerator for One Month 

5.3 BULKING AGENT STUDY 

Different b u h g  agents were tested to investigate which could Iead to highest 

degradation rates. The hydrocarbon concentration in the compost mixtm was 

maintained coostant using diffe~ent bulking agents. The o&c bulking agents studied 

include stmw, peat moss, wood chips, Sphag Sorb, and SoIv II. Different combinatio11~ 

of buIking agents were also tested The efficiency of each bulking agenf or mixnne of, 

was evaluated according to its capability to maintain high microbial activity and to Iead 

to high TEH reductiont The environmental chamber was maintained at 3 5 ' ~  for alI 

experiments. Cornposting was carried out for five weeks and dupIicate experiments were 

done on the contcoL and for compostm containing peat moss. Control cornposters 

contained a mixture of 30% peat moss and 70% SoIv II and were aerated and mixed Iike 

the active ones. 

53.1 Carbon Dioxide Produdion 

The production rate of carbon dioxide was monitored to see which bulking agent 

provided the most suitabIe envbnmm for microbid actbity- Figme 5.4 shows the 



carbon dioxide evohtion rates with time for d iken t  balking agents and mixtms of 

bulking agents. The evolution rates shown in figure 5.4 were dculated using the GC 

results. 

Figure 5.4 shows that mi- of Solv II and peat moss Iead to the highest 

microbial activities. The same was obsaved when Sphag Sorb was used in combination 

with Solv 11. Sphag Sorb, peat moss and wood chips alone d t e d  in low carbon dioxide 

productions. However, the low rates obtained for these bulking agents were due to the 

high hydrocarbon content in the mixture. Solv II done does not represent an ideal 

bulking agent because it does not keep its porous structure during the process and d t s  

in ineffective aeration ofthe compost materials. W~thin a week, the mixhrre compacted 

and reduced in voImne. Figure 5.5 shows the bulking agents before the composting 

process. Figure 5.6 shows that a mixture prepared using peat moss (70%) with Solv I1 

(30%) does not change in textore after 35 days ofcomposting. It can be said that Sphag 

Sorb and peat moss act as better bulking agents over time since they maintain their 

porous structure and do not compact 

The total amount of carbon dioxide coIIected during the composting process rising 

ascerite is shown below m table 5.1 1. These amounts were used to calculate mass 

balances of carbon for each cornposter- 
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Figure 5.4: Carbon Dioxide Evolution Rate Using Different BuEng Agents 



Figure 5.5: Bulking Agents Before Cornposting Process (Clodrwise Starting Top Lefk 
Soh II, Peat Moss, Sphag Sorb, Wood Chips) 

Figure 5.6: Peat Moss and SoIv II mixture Befone (left) and Aftn (right) Compostlng 
Process 



Table 5.1 I : Carbon Dioxide Collected After 35 Days of Operations 

Control (30% Solv W 70% peat) (duplicate) 
Wood Chips 

Peat moss 

Peat moss (duplicate) 

Sphag Sorb 
Solv 11 

50% Solv Iy 50% peat moss 

30% Solv Iy 70% peat moss 

53.2 Orygen and Methane Content 

The amount of oxygen in the output stream was dso monitored. Ideally, the air 

input imo the cornposters shouid be adjusted so that the oxygen content makes up at least 

12% of the air space in the composters. However, hitS experiments indicated that 

volatile losses were of concern and it was therefore decided to maintain the air flow rate 

at a constant low value of 2 5  mL/min, 12% oxygen in a gas flowing at 2.5 mUhr is 

ecpivdent to an oxygen flow rate of I8 mL/hr. Figure 5.7 shows the oxygen and carbon 

dioxide flow ates in the output stream for the cornposter containing 50% SoIv II and 

50% peat moss. The Iow air input resulted m low oxygen content for the most active 

weeks of the process as seen in figme 5.7. Even after mixing, the oxygen content 

decreased rapidy to insufEcient Ievels for cornposters containing dxtures of SoIv II and 

peat moss. 

OnIy the most active compostas were expected to have reduced oxygen levels. 

The GC was caIibated to analyze methane content in the gas. No methane peak was 

detected even when the oxygen content had dropped to a IeveI that c d d  no longer be 
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Figure 5.7 Oxygen and Carbon Dioxide EvoIution Rate in Output Stream of Cornposter 
Containing 50% Solv II and 50% Peat Moss 



detected. Figure 5.8 shows a spectmm obtained h m  a gas d y s i s  where the oxygen 

peak has disappeared and yet no methane peak is obsmed, In comparison, figure 5.9 

shows the spectmm obtained fiom the c a l i o n  gas containing both methane and 

oxygea 

533 Oil and Grease Reduction 

Figure 5.10 shows the oil and grease reduction obtained after five weeks of 

operatioa The oiI and grease content decreased by 8% in the control cornposter. The oil 

and grease in composters containing wood chips, peat moss, Sphag Sorb and mixtures of 

peat moss and Solv II resulted in similar decreases, ranging between 7% and 13%- The 

largest decrease was observed for composters containing peat moss. The small difference 

between the control cornposter and o t k  active ones prevents concIusi011~ to be made 

about the e f f i  of biological activity- 

The oil and grease recovezed fiom the Soxhlet extraction d t e d  in variable 

remits- Extraaion ofpure bulking agents gave oily residues which indicates that poIars 

are present in the bulking agents- The amount of residue was found to vary and hence 

affected the amount of oiI and grease recovered fbm a compost sample. The decrease in 

oil and grease was not a s  significant as the decrease observed in TM. A I a q e  ftaction of 

the extracted oil was found to be polars h m  bulking agents. Hence, the change in the 

small oil fiaction may have been masked by the presence ofthe larger, variabie polar 

MOIL Even when the oil per gram ratio did not show much of a decrease after 

composting, GC d y s i s  ~veaIed a more signifcant decrease in TEE The GC did not 

analyze polars present in the extract and specifically qpmtified hydrocarbons 

The Iarge presence ofpolars m the brrIking agents makes the quantification of 

hydrocarbon reduction by oil and grease determination difEcuIt ifthey are not removed 
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Figure 5.8: Spectrum From GC Anaiysis of Gas Sample Containing no Oxygen and no 
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Figure 5 9: Spe~mrm From GC Analysis o f C & i o n  Gas 
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Figure 5-10: Tot& OiI and Grease Reduction Using Various Bulking Agents After Five 
Weeks of Operation 



53.4 TlEH and DCPD Reduction 

The reduction of Total =bIe Hydrocarbon content ("LEH) and 

dicyclopentadiene were recorded weekly for buiking agents, Figure 5.1 I shows 

the overall decrease in hydrocarbon content and DCPD after five weeks of operation. 

There was a 38% decrease in hydrocarbon content and a 83% DCPD reduction in the 

control cornposter. The highest TEH decrease was 41% when peat moss was used as a 

buEng agent The large decrease observed in the control cornposters prevent 

conclusions to be dram about biodegradation of the hydrocarbons since the 6% 

difference falls within the emr of the e m o n  procedure. 

Figure 5.12 shows the spectrum of the extract obtained from GC analysis for the 

control cornposter at the start of the process. Figure 5.13 is the spectrum of the extract of 

the same compost mixnne after five weeks ofopemtion. It can be seen that most of the 

peaks have decreased in size. The first large peak shown in the figures represents 

dicyclopentadiene which is significantly reduced during the cornposting process. A new 

peak increasing m size was not found when initial chromatograms were compared to ones 

obtained later in the process, indicating that oxidation of DCPD due to aeration cannot 

account for the reduction of DCPD. 

AII the experiments conducted for the bulking agent study contained a high 

hydrocarbon content of 14% ofthe dry mass due to an error in calcuIation. This large 

concentraton of hydrocarbon in the mixture was W y  Iimiting the microbial activity. 

The main problem was found to be the Iarge decrease in contaminants obswed in the 

contror cornposters and was not IikeIy due to the high hydrocarbon content However, the 

hydrocarbon content stady was conducted using Iower hydrocarbon contents to vedfy 

that the probIems encountered were not simpIy due to the high hydrocarbon content 
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Figure 5.1 1 : TotaI Decrease in TEK and DCPD Using Different B d h g  Agents After 
Five W ~ k s  Operation 



Figure 5.12: GC Spectnrm of ControI Cornposter Extract at Start of Process 

Figure 5-13: GC Spectrum ofContro1 Cornposter Afta Five Weeks 



53.5 Bacteria Counts 

Bacteria counts were done on the initid compost mixtures and after two weeks of 

composting. TabIe 5.12 shows the bacteria counts, or colony forming units (CFU), 

calculated at the two time intervals. Most cornposters showed a decnase in bacteria 

population while some increased slightly. However, the increase observed for some of 

the composters is not significant. Populations should reach numbers well above 30 

million within a couple of weeks of exposure to a c o ~ t ,  The decrease in bacteria 

counts indicated that toxic conditions were present in the composters. This was due to 

the high sludge concentration placed in the mixture which resulted in toxic conditions. 

Table 5-12: Bacteria Counts For Various Bulking Agents at the Start and A f k  Two 
Weeks of Comwsting 

Control (30 solv/70 peat) (duplicate) 0.003 0 

Control (30 soIv/70 peat) 0 0 

Peat moss 0-02 0 

Peat moss (duplicate) 0-02 0.001 

Sphag sorb 0.03 0-001 

SOIV n 0-9 0.6 

30% solv/70% peat 

50% soIv/50% peat 

5.4 EYDRWARBON CONTENT STUDY 

Hydrocarbon content in the compost mixture was varied between 1.5% aad75% 

ofthe dry mass to d y  the optimaI concentration ofhydrocarbon in the mixture- Two 



cornposters were contaminated with 25% hydrocarbon to verify reproducibility. A 

mixture of peat moss (85% by weight) and Solv II (15% by weight) was used for d 

experiments while the temperature within the chamber was maintained at 3s°C. The 

control composter was contaminated with 5% hydrocarbon. 

5.4.1 Carbon Dioxide Evolution arid Output Gas Composition 

As for the bulking agent shldy, the amount of carbon dioxide evolved throughout 

the process was monitored. The d t s  calculated fkom GC anatysis are shown in figure 

5.14. It can be seen that when the amount of hydroaubon within the cornposting mixhlrr 

is set to 7.5% and above, a significant decrease in carbon dioxide production was 

observed. The highest activity was obtained at the lowest sludge concentration indicating 

that the sludge is toxic especrtaUy when appIied at high concentrations. However, the 

high initid carbon dioxide production rates observed with 1.5% hydrocarbon content was 

not maintained, Although composters containing 2.5% and 5% hydrocarbon showed 

sIightly Iowa carbon dioxide production rates than the composter containing only 15%, 

the difference became less obvious after two weeks of operation, Two composters were 

con taminated at 2.5% to test the reprodua-bility of the process. As can be seen in figure 

5-14, both composters resulted in similar carbon dioxide evoIution rates. 

Figure 5-15 shows the difference in the resuIts obtained for the production of 

carbon dioxide using the werite and Gas Chromatograph methods. The d t s  shown 

are only those obtained for the two cornposters contamhated with 2.5% hydrocarbon for 

clarity and to show reproduciiility. It can be sem that both techniques used to d u a t e  

carbon dioxide production rates gave simiIar d t s .  Production rates were dways found 

be sIightly lower and less consistent using the ascerite metho6 The ascedte tubes 

pIugged up when large c o n c ~ o n s  ofcarbon dioxide wae detected in the exhaust gas 

for the most active compostets. Even though the ascaite was repiaced ockonalLy9 the 
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Figure 5.14: Carbon Dioxide EvoIution at Various Hydrocarbon Concentrations 

Figure 5.15: C o r n p e n  of Cot EvoIution Rates From GC and Ascerite Method 



plugging ofthe tubes resulted in lower air flowrate through the composters and hence in 

less carbon dioxide adsorption in the tubes. The lower flowrates calculated h m  the 

ascaite method can also be attributed to the smaII percentage of carbon dioxide that was 

found to pass through the ascede tubes. The total weight of carbon dioxide collected 

during the process in the ascerite tubes is shown in table 5.13. 

Table 5.13: Total Carbon Dioxide Produced Over Four Weeks Using Different 
Hydrocarbon Contents 

Control (5%) 3 -9 1 

As in the bulking agent study, the amount of oxygen became Iimited for the most 

active composters but no methane was detected Eom GC d y s i s S  Less than 24 hours 

after mixing, the amount of oxygen dropped to nearIy zero for the aaive composters 

containing 5% and less hydrocarbon content. The oxygen flow rate in the output stream 

for composters containing 15%, 25% and 5% hydrocarbon content is shown in figure 

5.1 6. The dark Iine m the figure represents the minimum oxygen content r e e d  for the 

composter containing 15% hydrocarbon. The Iimitkg flow rate of oxygen was 

calculated by setting the minimal oxygen content m the output stream to 8%. The m e  

is not represented by a straight line since the ffow rate through the composter varied 

sIightIy with time and codd not be maintained at e d y  2 5  Urnin due to pIugging of 

the ascerite tubes Both the carbon dioxide and oxygen flow rate curves for the 

composter containing 5% hydtocarbon indiacte that microbid activity reaches a peak 

after two weeks ofopemtioa The cabon dioxide evoIution rate surpasses that of the 
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Figure 5.16: Oxygen How Rate in Exhaust Gas of Cornposters Containing IS%, 2.5% 
and 5% Hydrocarbon 



cornposter containing only IS%, whiIe the oxygen content decreases below the level of 

the initially most active compostem. 

5.42 Oil and Grease Reduction 

The change in oiI and grease content in the cornposters ova time is shown in 

figure 5.17. The diBerence between the control composter and the active ones is not 

signiscant. The oil and grease content in the control composter (contaminated with 5% 

hydrocarbon) decreased by 27%. The composter contamhated with 1.5% hydrocarbon 

resuited in the Iargest decrease of 30% and the lowest decrease of 13% was observed in 

the composter containing 75% hydrocarboa The 13% decrease in oiI and grease was 

lower than the decrease obtained in the control cornposter. This ~ e d t  is surprising and 

seems to indicate that direct comparison of oil and grease content may not be valid here 

as discussed previously. It was found that results obtained fkom oil and grease content 

dcuIati0n.s fluctuated. The poor results obtained from oil and grease cdcuiations are 

again likely due to the polars contained in the bulking agent Even though polars do not 

affect: the TM value obtained fiom GC anaLysis, they do have a marked e&xt on the oil 

and grease vaIue. 
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Figure 5.17: OiI and Gnase Reduction for Cornposters with Various Hydrocarbon 
Content 



5-42 TEH and DCPD Reduction 

Similar problems as were found during the bulking agent study were encountered 

when 'EH and DCPD contents were analyzed As shown in figure 5.18, a 46% decrease 

in total extractable hydrocarbon was obtained in the controI composter which was 

contaminated with 5% hydrocarbon No other aaive composter showed a higher 

decrease- Very little carbon dioxide was coIIected from the control composter (as shown 

in table 5-13), indicating that the deaease in TM was not due to miaobid activity* 

Partial dewtion of the buIking agent may explain the higher reduction observed m the 

control composter than in the active ones. Even ifthe hydrocarbons were being 

consumed due to microbial activity, the simultaneous degradation of the bulking agent 

d t e d  in an sm&er decrease of the hydrocarbon to total weight ratio. 

The decrease in DCPD was found to be once again significant even in the control 

composter as shown in figure 5-19. Within two weeks of opemtion, the loss of DCPD 

was approximately 70% and after four weeks reached 89% in the coatroI cornposter. 

Reduction values in the active composters were in the same range, varying by no more 

than 10%. The large lasses of both TM and DCPD in the contmI composter prevent any 

conclusions to be b.wn about the effects of biological activity due to the small difference 

observed between the contml and the active compostas. 



Figm 5.18: Reduction in TEH for Various Hydrocarbon Concentrations Over Four 
Weeks 
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Figure 5.19: Decrease inDCPD for Various Hyhcarbon Concentrations Ovet Four 
Weeks 



5.4.4 Bacteria Counts 

Bacteria enumeration revealed that the toxic conditions previousIy encountered 

were reduced since bacterial growth was observed. Table 5-14 shows the increase in 

bacteria counts after two weeks of composting. It can be seen that even ifthe number of 

b d a  per gmm of compost mixhe increased after two weeks, the popuIation did not 

increase to the high value that is normally expected Even at the Iowest hydrocarbon 

concentration bacteria counts did not reach 30 million indicating that the sludge is toxic 

and can only be applied at low concentraiions. Increasing the hydrocarbon content to 

7.5% limits bacteriai growth as was deduced from the low carbon dioxide production 

curves. 

Table 5.14: Bacteria Population at Beginning and After Two Weeks of Cornposting 

5% HC poisoned 0.004 0.001 

5-43 M o h e  Content 

The moisture content was monitored weekiy but ody the initial and final vdues 

are shown in table 5-15 since W e  change was observed over time. Negative values 

indicate an increase in the moisture content, The moisture content was monitored since a 

smalI change in moismre content can have a significant influence of the TEEI value 

obtained from extmction, Ifthe moistme content ckeases over time, more dry mass wiII 



be placed in the extraction thimble and the TEH d u e  will increase- Ifthe m o m  

content of a sample is 60% initially, a 1% decrease in moisture wilI increase the amount 

of TM by 2.5%. Hence a variance in moisture of only 3% can become significant, 

The changes in moishne content for this experiment do not e x p h  the we 
decrease in TEH observed for the control composter. According to table 5.15, moisture 

in the poisoned composter decreased by 2.4% which implies that the decrease in TEH 

was actually undawhated by a vaIue of 6%. However, TEH decrease for the 

cornposter con tnminated with 5% hydrocarbon should be lowered by another 7.3% to 

accommodate for the small haease in moisture content. 

Table 5.15: Deaease in Moisture Content After Four Weeks of Operation 

The top thin Iayer of the cornposting m a t d  in the control composter was 

UnJfody wet This wetness was &amstantid evidence that the outlet gas was 

sattuated. As the gas emerges fiom the mixture, it encounters Iower buIkhead 

tempemtures due to the condensers. This causes condensation onto the top materid A 

Iayer of a few centimeters thick just above the distncbuting pIate, where the air 

first entered the cornposting matrix was dry. Othemise, the bulk of the mated m the 

contro1 and Iess active cornposters appeared to be d o =  with respect to moisttlre 

content. The top hyer of the materi& in the most active cornposters with Iess 

hydrocarbon content was also wet but the buIk ofthe msrterid was not found to be as 

d o r m  A few days &a mixing, a Iarge portion ofthe mataiaIs at the bottom appeared 

dry (up to 10 cm). The reduction m moisture content at the base of the cornposters was a 

resuIt of rmCcmbid activity since the drying was not observed m fie controI cornposters 



Fungal p w t h  was obsaved in the drg material since fimgi need less moisture for 

metabolic activity and can grow faster than bacteria at lower moisture contents. The 

change in ~o~ of the materiaIs indicated that mixing at least once a week was 

repired for the most active composters. 

5.5 n-HEXADECANE STUDY 

Due to the Iarge unexpected decrease in TEH and DCPD found in the control 

composters, the cornposting apparatus and d y t i c d  methods were verified using a 

readily biodegmdabIey non voIatile compound. n-Hexadecane was chosen due to its low 

vapour pressure (0.00496 mmHg at 35'~) and its linear chemical st~ctme for ease of 

biodegmddon. The god of this experiment was to verify that the amount of n- 

hexadecane would not decrease in the control composters and show degradation in the 

active ones. If successful conciusions about the appIicabiIity of composting for the 

degradation of the quench sludge couId be marle. 

Four cornposters were p r e p d  Two were poisoned and two were maintained 

active with 2.5% and 5% n-hexadecane per dry weight The poisoned composters 

contained 5% n-hexadecane. The experiments were conducted at 35 O C  for six weeks 

using a mixture of peat moss (85% by weight) and SoIv II (15% by weight). The same 

methods and equipment were used as previousIy d e s c n i  Only the GC-FTD settings 

were altered to accommodate the higher boiIing point of n-hexadecane. The injector 

tern- was raised to 3Oo0C and the W oven temperature was raised to 3OO0C. All 

other settings were maintained. CaLiion for n-hexad- was done using two 

diIutions of 038 g/L and 1.86 g/L in dichIorornetEume. 



5.5.1 Carbon Dioxide Production and Output Gas Composition 

The amount of carbon dioxide produced during the process was again monitored 

Figure 5.20 shows the evolution rate of carbon dioxide and oxygen for composters 

containing 2.5% and 5% n-hexadeame. The production rate of carbon dioxide for the 

control composters is not shown since the rates were on average lower than 1 mL/hr and 

once reached a maximum value of 2 3  mL/In at the start of the experiment. It can be seen 

once again that the oxygen content in the composters quickly dropped hIow desired 

levels but the air flow rate was not increased to remain consistent with previous 

experiments for comparison. Once again, methane was not detected using GC even when 

the oxygen content was minimal during the most active weeks of the process. The 

composter contaminated with 2.5% hexadecane resuIted in the highest carbon dioxide 

evolution rates initially- The carbon dioxide production rate decreased after 30 days and 

the amount ofoxygen in the output stream increased, The cornposter con tambatedm 

5% showed a slightly lower initial carbon dioxide production rate but maintained a higher 

rate after one month of operation. The oxygen was still utilized quiddy upon entering the 

composter since the oKygen content in the output remained at a low value, The total 

carbon dioxide collected dudng the six weeks of operation for aLI composters is shown 

tabIe 5-16, 

Table 5.16: Carbon Dioxide Collected =Hexadecaue Study 

Controi (5%) 2-43 

c o m r  (5%) (duplicate) 2-49 
2.50% 26.74 

5% 21.25 



Figure 5.20: Carbon Dioxide and Oxygen EvoIution Rates for Compostas Containing 
n-Hexadecane 



Figure 5.21 shows the decrease of n-hexadecane observed during six weeks of 

ope ratio^ A small increase m hexadecane was obsemed in one of the control 

compostas. Tht moisture content ofthe cornposting mixtlne was monitored and the 

drop in moisture over the duration of the experiment was taken into account when 

calculating the total decrease in the con taminant, Table 5.17 shows the decrease in 

moisture content in the composters during the e-ents. The appearance of the 

materials in the active composters changed within a few days ofcomposting. The bottom 

portion ofthe material was dry a couple of days after mixing, showing the need for 

mixing, during the most active weeks of the process. 

Table 5.17: Percent Decrease in Moishne Content During Cornposting of n-Hexadecane 

As seen on figure 5.21, a decrease in contaminant was obsemd as expected in 

the active compostas whereas the control composters maintained their level of 

contamhtioc The red& ofody one ofthe poisoned cornposters arp show11 since both 

gave very similar d t s .  



weeks 

Figme 521: Decrease in n-Hexadecane Content Over Six Weeks 



5.5.3 Separation of PoIars 

The extracts recovered for the cornposter con tamhated with 2.5% n-hexadecane 

at the beginning and after six weeks of operation were firher andyzcd to stxdy their 

polar content Polar content was analyzed in compost sampIes containing only saturates 

for ease of s e p a d o ~  Using a silica edge, the saturates (hexadexme) were separated 

fiom the polars and weight percents were determined gmvimetriicaly. The polar h d o n  

in the extracts was found to be 72% initially and 78% at the end of the process once the 

saturates content had decreased, These vdues indicate that the polar M o n  in the oil 

extract is significant and should have been removed for a l l  samples prior to gravimetric 

aaalysis. The decrease in saturates was found to be only 50%. However, the separation 

method was not perfected and was only done to verify that the polar firaction was 

significant and possibly skewing oil and grease vdues obtained previously fhm compost 

sarnpIes containing sludge. 

5.6 SLUDGE VOLA'I?LlZA'MON 

Due to the large decrease observed for both TM and DCPD values, experiments 

on the voIatihtion of the sludge were carried o u t  To study the extent of the sludge 

voiatibtion aIone, a known weight of sIudge was Ieft open in a b e  hood and the 

weight change was noted after a week It was found that 59% of the weight was Iost due 

to venting- The sIudge residue was a dry black powder since the k g e  water fraction 

disappeared. The sludge was Wyzed using the GC. The chromatogram 

reveaIed that the fighter hydrocarbons such as toIuene and styrene were no Ionger present 

in the dudgee The DCPD peak still appeared in the chromatogram after 

evaporation but was reduced in size and no Ionger represented a main constituent ofthe 

hydrocarbon phase. 



Further experiments were conducted to attempt to ~uantiry the Iosses observed in 

both TM and DCPD fiom the extraction procedure and to understand where the losses 

were occmring. A Solid Phase Microextraction apparatus was used to detect the 

hydrocarbons presemt in the exhaust gas of the compostas. A control composter was not 

aerated but was still opened and mixed once a week. Another controi composter was 

aerated but was not mixed weekly. Finally, the sludge was mixed with glass beads and 

placed in an aerated cornposter to study the effects of vola-tion without organic 

matter interference* 

5.6.1 SPME Resdts 

Bengtsson et al(1998) found that hydrocarbons corresponding fiom n-C,, to n- 

C14 originating fiom Iight hels were found in the offgas during enclosed composting, 

Based on the sludge charac t~ t ion ,  several hydrocarbons were expected to escape the 

system. The hydrocarbons present in the exhaust gas stream of the control cornposter 

h m  the bulking agent study were analyzed using a SoIid Phase Microextraction (SPME) 

appamm. An exhaust gas sample could not simply be drawn and d y z e d  using GC- 

FID since the coItxmn was sensitive to oxygen. The colunm in the GC equipped with 

TCD could separate oxygen but could only separate hydrocarbon compounds Iighter than 

ethylene. 

The gas fkom a control composter dtxing the bulking ageat study was d p e d  

every coupIe of days and it was assumed that the Iosses over the two days were constant 

The amomt of DCPD escaping the system was cumdated and compared to the iaitial 

amount of DCPD placed m the cornposter. Figure 5.22 shows the percent DCPD Lost 

over three weeks according to the SPME fibre- While other hycixocarboas wae found to 

exit the sy- dicyc10pen~ene and benzene were most significant It can be seen that 
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Figure 5.22: Percent DCPD Lost m Exhaust Gas According to SPME Fibre for Control 
Cornposter During Bulking Agent Study 



after three weeks, a p p m ~ I y  6.2% of DCPD was lost in the exhaust gas. However, 

as s e e n  previousIy in figure 5.1 1, there was a 65% to 85% decrease of DCPD in the 

cornposting mixture determined fbm extraction. Hence, not all losses observed m DCPD 

and TEH codd be atki'buted to air stripping alone. 

Figure 5.23 shows a typical spec- from SPME fibre anaiysis using GC-FID. 

Benzene was always present in the largest concentration but the peak size decreased with 

time as the amount in the compost mass depIeted. DCPD, naphthalene and other 

compounds were present in much smaller amounts. The reiease of DCPD was found to 

remain relatively constaat and did not level off as fast a benzene. This could be due to 

the increased adsorption of DCPD on the fibre as the amount o f  benzene in the exhaust 

gas demased, leaving more available adsorption sites on the fibre. 

5.63 Expected Losses Using Raoalt's Law 

The losses ofdicyclopentadiene caIcuIated using the SPME fibre were verified by 

perfoming a calcuiation knowing the vapour pressure of DCPD in the cornposter at 

35OC. DCPD has a vapour pressure of5 mmHg at 34.1°c, and the air was fed into the 

cornposters at atmospheric pressure (680 mmHg). The moles of air passing through one 

cornposter over three weeks were caiculated, The calcdations were done over a duration 

of three weeks for comparison with the resuIts shown in fim 5.22. 

CalcuIations were done wing RaouItys and Dalton's laws shown by equations (5- 

1) and (5-2) respectivelyy Raoultts Iaw can be used when a soIution consists of 

substances with neady identical moIecuIes. It states that the partial pressure ofa 

CO-t p d  is equaI to the mole MOIL ofthe contaminant in the Iicpid phase &) 

multiplied by its vapour pressme (P,) at a giwn temperature. The mole fiaction of 

DCPD was taken as the -on m the hydrocarbon phase, which was caIdated to be 



Figure 523: Typical GC-FID Output From SPME Analysis 
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46%. Since RaouItys Iaw applies to moledes in miscibIe phases, the water and 

hydrocarbon phases cannot be both considered Although the use of Raodt's law is 

extended for this calculation it still represents the best approximation for the 

determination of the partid pressure of DCPD in the exhaust gas. The moie MOP of 

DCPD in the exhaust gas can be found using Dahon's law. Dalton's law states that the 

mole W o n  of the contaminant in the gas phase is equal to the ratio ofthe partid 

pressure of that contaminant to the total pressure of the system. 

The assumption made for the CalcuIations is that the air passing through the 

cornposting mass is in e@%rhm with the hydrocarbon phase at d times. The Ioss 

calculated should therefore represent the maximum possliIe Ioss. 

When the cdcuiations were done, it was found that after a 21 day operation a 

m h u m  of 13.1% DCPD should escape the system due to air stripping. However, the 

a d  Ioss due to v o I a ~ t i o n  is likely to be less than the value cddated since the 

exhaust gas was passed through a condenser at lS°C prior to SPME analysis. The Iosses 

due to volatilization at 15OC could not be repeated since DCPD has a melting point of 

32.g°C and hence vapour pressure vdues cannot be obtained below that temperature* 

Figure 5 2 2  shows that a 6.2% decrease m DCPD was observed h m  the SPME. The 

lower vahe was expected since the condensers reduced the output stream temperatme 

and hence prevented all DCPD vapondzed h m  escaping the system, 

Using the same principIes, the amount of water gain to be expected during the 

process could also be caIcrrlateh Water accumuMon in the cornposters was expected 



since satmated air enters the cornposters at room temperature and exits at 1 5 ' ~  in the 

condenser. The mole W o n  of vapour in the input and output gas stream can be 

calculated knowing the vapour pressure of water at both temperatures. The mole -on 

in each stream was converkd to a mass of water and the net gain of water m the 

composter over a 30 day upemtion was found to be approximateIy 1 g. Hence, the water 

gain fiom the humidified air is not significant, 

5.6.3 Non-Aerated ControI Composter 

A composter was poisoned a s  the other control composters but was not 

continuously aerated, The bulking agent used was 85% peat moss and 15% Solv II and 

the mixture was contaminated with 5% hydsoca~bo~ It was opened and mixed once a 

week to study the losses of contaminants due to the mixing done. Cornposters were 

always cooled to room temperature prior to opening for mixing. Figure 5.24 shows the 

TEH and DCPD decrease observed in the non-aerated control composter. 

These results show that d g  done leads to 40% and 78% iosses in TEH and 

DCPD respectiveIy. The aerated control composter resuited m 46% and 89% losses in 

TEE3 and DCPD over the same duration. Hence, the losses obsaved in the buIking agent 

and hydrocarbon content studies are mostly due to opening, emptying and mixing of the 

compost InakriaI. The higher losses observed for the aerated composter can be attrr-bated 

to air stripping. As predicted by RaouIt's law and shown fiom SPME analysis, the losses 

due to air stripping shodd not be signi6amt. 

The moisture content of the poisomd composter was also monitored weekLy. The 

decrease in moisture is shown m t d e  5.18. The wata content decreased by 2% at the 

most dming the experiment and should resuit m a 4.8% increase in TER 'Ihe d u e s  for 
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Figure 524: Decrease m TEH and DCPD for a Non-Aerated Control Cornposter 



TEH percent deaease shown in figure 5.24 were not corrected for the change in moisture 

content and hence represent a slightly u n m t e d  vaIue. 

Table 5.18: Moisture Content ofControL Non-Aerafed Composter 

The decrease in TEH and DCPD observed in the non-aerated control composter 

were much larger than e2cpectedi The compostas were only opened for short periods of 

time during mixing. If such losses.occu~ wMe the compost makriaIs are mixed and 

opened to atmosphere, the use of cornposting to biodegrade the quench sIudge does not 

seem to present a viabIe solution. 

5.6.4 Aerated Control Composter Without Miring 

Another control composter was prepared using 85% peat moss and 15% Soiv I1 

and contaminated with 5% hydrocarbon. The composter was aerated for four weeks but 

was never opened during the process and the compost mass never mixed The purpose of 

this experiment was to verifil that if the mixture was not stirred every week, iosses wouId 

be minimid at the end ofthe process. Table 5.1 9 Iists the decrease observed in TM 

and DCPD after four weeks o f d o n .  



Table 5.19: TEH and DCPD Decrease in Aerated Control Cornposter Mixing 
Over Four Weeks 

The decrease shown in table 5.19 for DCPD and TM do not represent the losses 

due to aeration done since the mixture was emptied into a pale and mixed at the end of 

the four weeks prior to extraction, The Iosses shouid be compared to the ones observed 

for an aerated control composter sampled after one week of operation. Figures 5.18 and 

5.19 show that the losses were found to be 40% and 17% for DCPD and TEH 

respectively for the aerated control composter after one week These values indicate that 

the losses observed for the control composter that was not mixed weekly were primarily 

due to the mixing prior to samphg at the end of the process. 

5.6.5 Vohtikation of Sludge on Glw &ads 

To study the e f f i  of voIatibation ofthe sludge in the composter without 

organic matter interference, the sludge was mixed with @ass beads (2 to 2.5 rnm in 

diameter) and enclosed in an aerated composter. The SPME fibre was used to analyze the 

composition ofthe exhaust gas. The exhaust gas was then passed through an activated 

charcoal trap (Sigma-Aldrich, untreated 8-20 mesh size) to measure hydrocarbon Iosses 

gravirn&caUy. The glass beads and sludge mixture was not mixed every week to 

minimirr the amount of sIudge Ioa to the mixing container and spatula 

The weight of the activated c h d  trap did not change during the six weeks of 

operation. The insignificant weight change impIies that the amount of hydrocarbons 

escaping the system was negiigiiIe. SPME d y s i s  revealed that benzme was escaping 

readily while d i c y ~ i o ~ e n e  and other components were found but in Iesser amounts. 



Figure 5.25 shows the DCPD Iosses calculated fiom the SPME. The amount of DCPD 

calculated in the output stream may have been t m d m  because the fibre was 

caki"bnted when DCPD onIy was psen-t in the gas phase. Benzene is Wcely to be more 

readily adsorbed onto the jibre since it is a d e r  molecule. Its presence in the exhaust 

stream may have hindered the adsorption of DCPD onto the fire. Figure 525  shows that 

after six weeks of operation approximateIy 5.7% of the DCPD escaped due to aeration. 

According to Raoult's law, a 14% loss of DCPD couId be expected without condensers 

and if the air reached eqdii'brium with the hydrocarbon phase while passing b o u g h  the 

cornposter. The lower loss of 5.7% obtained ffom the SPME d y s i s  is likely due to the 

effects ofthe condenser, the high benzene content in the output stream and fXure to 

reach eqpiI.i%rium with the air passing through the cornposter. Since the mixtme of beads 

and sIudge contained initially 15.8 g of DCPD, the corresponding loss was 0.9 g loss. 

The benzene represented qpruximately 2 g of the sludge added to the beads and was 

expected to entirely escape the system according to Raoult's Iaw. However, the weight of 

benzene and DCPD escaping the system was not observed h m  with the activated 

charcoal trap. 

Finally, extraction was done on the bead mktwe to quantify the drop in total 

hydrocarbons during the process. Results fiom the extraction were not expected to 

provide accurate information since each mixing resulted in significant Iosses of sIudge to 

the bucket and mixing spatola Figure 5.26 shows the decrease in TEH and DCPD 

observed ova time. According to figure 5.26 the losses are in the same range to those 

observed during the cornposting experiments fbr both TEK and DCPD values* with TM 

valws d d g  by 36% and DCPD by 60%. 



Figure 525: DCPD Losses From Bead/SIudge Mixture According to SPME AnaIysis 
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Figure 526: Decrease mTEK and DCPD for the SlllagefBead Mixtme 



5.7 MASS BALANCE CALCULATIONS 

Carbon mass balance caIculatons did not result in closure and indicated Iarge 

losses, It was obvious that losses o c c d  for control composters showing a 46% 

decrease in TEH. Mass balance calculations on control composters d t e d  only in a 

39% loss since some carbon dioxide was collected However, closure on the carbon 

balance codd not be obtained even h r n  the n-heme study which showed that abiotic 

losses were not significant, The unexplained losses obtained h m  the mass balance 

calcuIations are due to the dBcuIty in isoIating the amount of wbon dioxide evdved 

due to con taminant degrdatio~~ Carbon dioxide fiom con taminant degradation couid not 

be identified separately fiom carbon dioxide production due to bulking agent degradation, 

Taking the difference of wbon dioxide produced between a contaminated and non 

contaminated composter is not in an accurate estimate of the carbon dioxide produced 

fiom con taminant degradation. This is clear according to the results presented in tabIe 

5.20, 

Table 520 shows the values used for mass balance caIcuIations done to determine 

the percent carbon losses for the composters fiom the =hexadecane study. The weight of 

n-hexadecane at the staxt of the process is shown and knowing the percent degradation, 

the weight of carbon mminbg in the compostas codd be detemined.. The table also 

shows the amount of carbon dioxide produced during the process which was used for the 

calcuIati011 The carbon content in n-hexadecane was CalcuXated to be 9 I .4% by mtght 

and 28.73 g @om table 5.7) ofcarbon dioxide was subtract& fiom the total weight 

couected to account for bdkhg agent degradation- This amount was not subtracted fkm 

the cone01 composter so that a value codd be dculated The negative vahe obtained 

for the control composter is due to the small amount of carbon dioxide produced which 

was Iikely due to bnlking agent degradation and not contamknt degdation. This Iow 

value contirms that abiotic losses of carbon during the mhexadecane study were 



negtigile. The mass baIance c d c ~ o n s  done by subtracting the amount of carbon 

dioxide due to bulldng agent degradation show that the subtraction is not vaIid to 

differentiate between carbon dioxide from bPlldng agent and contaminant, Cornposters 

contaminated with 2.5% and Solo n-hexadeame resulted in 55% and 60% carbon loss 

respectively, according to mass balance caIdati011~. The Iarge Iosses caIcuIated in the 

active c o m p o ~  wae not likely to have occrrrrrd since cIosure was obtained on the 

control cornposter which underwent the same treatment. Hence9 when dealing with 

organic bulking agents, carbon mass balances cannot be done unless it is possrile to 

differentiate b-een carbon dioxide mass produced fiom the con taminant. 

The most active cornposters indicated that oxygen Ievels became Iimiting for 

aerobic activity. AIthough methane was not detected using GC it is suspected that it was 

present, Some of the Iosses codd be due to the failure of q y a n m g  methane in the 

output stream, 

Table 5.20: Percent Carbon Losses According to Mass BaIance CaIcuIations Done on n- 
Hexadecane Study 

Control 12 -1 2-43 -7.0 



CEWHCR 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

The composition of the ethane pyroIysis quench sludge produced by Nova 

Chemicals at the Jofiie pIant indicates that it has the potential for biological treatment. 

However, the experiments done on the cornposting of the sludge do not provide much 

information on its biodegradability potentid. 

A study of the bulking agents reveaIed that a mixture of the rnanufihctured Solv II 

and pcat moss resulted in the highest microbid activity according to carbon dioxide 

production rates. Solv II alone compacted during the process and did not maintain its 

structure, preventing proper aeration ofthe materials, A mixture of 70% peat moss and 

30% Solv II d t e d  in the highest microbial activil for prolonged periods of time. Peat 

moss, Sphag Sorb and wood chips done were abIe to sustain microbial activity when low 

hydrocarbon content was placed m the mixture. The advantage of using Solv II as part of 

the buIking agent is that it contains a wide range ofbacteria and fungi and hence served 

mostly as another some ofinodllfn. TEH decrease m the conmL composter was 

significant indicating that volatile Iosses weze o c ~ g .  The control cornposter resulted 

in a 38% decrease in TEH snd 83% redPCtion in DCPD. In the active compostas* TEH 

and DCPD contents decrrased between 34% to 41% and 62% to 85% rcspectiveIy. The 



high reductions in the control cornposter prevent concIusions to be dram about 

biodegradation e f f i .  AU experiments wcre conducted at 35'C and contained up to 14% 

hydrocarbon content per dry weight The high hydrocarbon content was limiting 

microbid activity. Bacteria counts revealed that the high concentration of hydrocarbon in 

the compostem resulted in toxic conditions. 

Experiments on the effect of hydrocarbon content in the cornposters were 

conducted using a mixture of85% peat and 15% SoIv II by weight. Hydrocarbon content 

was wicd between 1.5% to 7.5% per dry mass and experiments were a g e  conducted at 

3S°C. The highest carbon dioxide production rate was observed in the cornposter 

containing 15% hydrocarbon but the evolution rate was fomd to decrease within two 

weeks of the operation, Cornposters contaminated with 2.5% and 5% hydrocarbon also 

resulted in high carbon dioxide evolution rates and the high rates were maintained for a 

Ionger period oftime. Oxygen content fen below Iimits but the air flow rate was not 

increased to r n i r i . u k  voIatile Iosses. Once hydrocarbon content was set to 75% and 

higher, carbon dioxide production rates were signiscany leduced Bacteria counts were 

consistent with d t s  obtained fiom carbon dioxide evolution. The iargest popuIation 

growth was obsewed in the 1.5% hydrocarbon mixture, reaching 1 1 million bacteria per 

gnun ofmixture after a two week exposure. Growth was si@cantIy reduced when 

hydrocarbon content was increased to 7.5% since bacteria counts only reached 0.7 

milions per gram. However, even at Iow hydrocarbon content, the bacterX growth after 

two weeks of operation was Iower than expected TEH decreased by 46% and DCPD by 

89% in the control composter a&r one monk Again, the active cumposters did not 

decrease in hyckoarbon content any more than the controI. 

The methods and apparatus were verified by cornposting phexadecaneC n- 

Hexadecane was chosen since it is readily biodegradabIe and should not be Iost to 

v 0 1 a ~ o n .  The poisoned cornpostezs maiatained their initial concentration ofn- 



hexadecane whereas the cornposters con tsYninated with 2.5% and 5% hexadecane resulted 

in 90% and 85% denease respectively after 42 days of opefation. This experiment was 

conducted to ensure that the uneqecied decrease observed in the control cornposters 

during previous experiments was not due to experimental set up and prucedures. 

A problem associated with the use of organic buIking agents is that they degrade 

during the process. Partial degradation ofbulking agents utiIizes nitrogen and 

phosphorous and more nutrients must be added to the compost mixture. The decrease in 

bulking agent content may also mask the effect of biodegradation of hydrocarbons9 if 

decomposition of bulking agent is more intensbe than oiI decomposition, As a r e d  oil 

concentration may increase although thexe is an acnrai breakdown of oiL FinallyF 

degradation of the bulking agent d t s  in large carbon dioxide production making 

carbon mass balance CalCuIations dBicult. An experiment conducted using non 

con t ambkd bulking agent revealed that most ofthe carbon dioxide collected h r n  the 

cornposting process was due to bulking agent degradation. 

Miass balance caicuM011~ were attempted using the d t s  fiom the n-hexadecane 

study since it was known that abiotic Iosses were not significant The amount of carbon 

dioxide produced due to bulking agent depdation was subtracted h m  the amount 

collected h m  the contaminated wmposters. This method resulted in large percent Iosses 

of 55% and 62% for the cornposters con tamhated with 2.5% and 5% n-hexadecane 

respectively. These vaIues are not representative since it was previousfy shown that 

abiotic Iosses were negligriie. The caidated iosses imply that a background amount of 

carbon dioxide associated with buDdng agent degradation cannot be identified h g  

methods pnxented in this work It became obvious that a background amount codd not 

be estabiished when the hycirocarbon content in the cornposters was increased and 

d t e d  in lower carbon dioxide production than in the non-contaminated compostas. 



A Solid Phase Microextradon apparatus was used to analyze hydrocarbon 

compoutlds escaping in the exhaust gas. SPME analysis indicated that 6.2% of DCPD 

was lost due to air stripping after 21 days of opedon of a controI cornposter. Extraction 

ofthe same compost mixture i n d i d  that there was a 83% decrease in DCPD during 

that time. Hencet air stripping effects were not leading to the high Iosses observed. 

SPME resuits were v d e d  using Raodt's law. The maximum losses that can be 

expected due to v o l a ~ t i o n  were calculated to be 13%. Lower actuaI losses were 

expected due to the cooIing effect of the condensers not included in the calculation, 

A composter was poisoned and not aerated but was opened and mixed once a 

week to study the losses due to mixing. TEH and DCPD values decreased by 40% and 

78% respectively after 42 days of operation. Previous experiments were carried out to 

verify that the hydrocarbons were not simpIy adsorbing onto the bulking agent with time. 

Hence, the losses observed h m  the bulking agent and hydmcatbon content studies were 

mostly due to the mixing of the material. 

Sludge was mixed with glass beads and placed in an aerated composter to study 

the losses without organic matter interactiom. The activated charcoal trap placed at the 

output of the composter did not increase in weight indicating that hydrocarbons lost fiom 

air stripping were negIigibleC However, SPME analysis revealed that up to 5.7% DCPD 

was lost during a 42 day operati011 which was m e n t  to 0 9 g  Extradon of the beads 

resulted in high losses of36% in TEH and 60% in DCPD, but these can mostly be 

attrimbud to the loss of sIudge to the bucket and spoon dming mixing. 

Cornposting does not seem to provide a viable waste management alternative for 

the quench sludge due to the hig6 abiotic losses of dicycIopentadiene and tot& 

 hydrocarbon^^ An enc1osed system may be more -Ie to address the concern of 

voIatile losses- 



6.2 RECOMMENDATIONS FOR WORK 

The foiIowing recommenWons are made taking into consideration problems 

encountered dming this work: 

The use of organic bulking agents is convmient for large scale composting operations 

but presents probiems due to their tendency to biodegrade. The degradation of 

bulking agent material increases carbon dioxide production. This is maidy a problem 

for lab work when attempting mass balance calculations. The degradation of buIking 

agents may also lead to undereshation of oil degradation. Total Organic Content 

should be monitored to account for dry mass reduction when using organic b e g  

agents. The use of inorganic bulking agents such as tire chips should be considered 

since they are essentially inert and pass through the composting process virmally 

unchanged. Because they do not decompose, they can be recovered by screening, 

saving composting fkdities money by reducing the purchase costs of other bulking 

agents. However, they present a problem when extracting the compost material for 

hydrocarbon content using dichloromethane. 

2. POI= recovered during extraction shodd be removed fiom the oil to obtain more 

accurate oil and grease content values when using organic bulking agents. 

3. Lab s d e  cornposters were built to hoId approximately 650 g of material (3L). Larger 

bioreactors (I0 - 100 L) are recommended since Litetatme review on the comparison 

between lab scale and pilot Scale composting indicates significant Wkences in 

d t s .  

4. The composition ofthe ~ c h  sludge suggests that it shodd be biodegradable- 

Other bioIogical treatments should be investigated. The Iarge fiaction of DCPD 



present in the sludge suggests that an aerobic process is fkvourable since oxidation 

has been shown the be the fim step m DCPD biodepdati011, Based on the high 

losses observed due to volatilhtion d e g  mixing, the foiIowing systems md 

changes are recommended for the treatment ofthe quench sludge: 

The use of hydrogen peroxide or pure oxygen under controlled feed in 

response to oxygen needs is recommended since it can miibize volatile 

losses due to lower aeration requirements. 

Mixing ofDCPD to activated charcoal has been found to reduce volatiIity of 

the sub-- It is recommended to mix the sIudge with activated charcoal 

prior to any biological treatment method to reduce vol-on although it is 

not know how it will interfere With other compounds or solids and water 

found in the sludge. 

The large losses during mixing indicate that an enclosed compost reactor 

system may be more suitabie. The built-in agitator removes the need to open 

the reactor and mix the materials. Enclosed reactors allow for better control of 

voIatile emissions. 

SIurry-phase treatment also offers the advantage ofmixing the material during 

the process but tends to promote volatibtion of contamhunts. 

For any enclosed system equipped with agitators, recircuIation of the exhaust 

gas &odd be considered since vo1atiIization of contaminants will be 

increased due to mixing effects. The use of a gas-reckcuhtion system 

removes the need for off gases processing and aUows for a better estimate of 

the extent of bioremediatioa 

BiopiIes present an advantage since the materid is not mixed during the 

process. They do not however, provide much controI ofvoIatile losses. 

Static piIes use perforated pipes on which the are placed. The pipes 

supply the oxygen whiIe removing the need for occasiod mixing- U .  



biopiles they offer better control of volatile losses if the air is draw fiom the 

pile and coUected. 

5. The hydrocarbon content study indicated that the sludge is toxic when appiied at 

concenWons near 7.5% (or 75 000 ppm). OptimaI microbial activity was observed 

below 5% hydrocarbon content. The ratio of bullring agents to sIudge needed to 

obtain this concentration is vesy large (10% wh), indicatkg that bulking agents 

should be recycled to m h i m h  operating costs. The increase in material to be treated 

may make any type of cornposting msuitabIe ifthe production rate of the sludge is 

fhster than remediation rates. 
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Caiibration for Sludge Extract Anmsis Using GC-FID 

The calkation plot for Total ExmctabIe Hydrocarbon content was shown in 

chapter 4. Dicyclopentadiene cafrcbration plot used to q y a n e  the amount of DCPD 

present in the extract is shown below. 

DCPD, FlDl A 

Area = m*Amt +b (m,b diffkrent h r  way segment) 
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SPME Calibration 

The & i o n  plot obtained for the concenttation ofdicyc1opentdiene in a gas 

sampbg bulb using the SPME fibre is shown n a  The second figure shows the 

&%ration and bear  -on actually used once the line was forced to pass through 

the origin. 
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A caliiration was done for n-hemkcme using c o n c e ~ o n s  of038 g/L and 

1.86 gL in d i c h l o r o r n ~ .  The fouowing figure shows the caI.i%Mon plot obtained 

fiom GC-FID for n-hexadecane. 

hex, FID I A 

Area = rn*Amt +b (m,b different for every segment) 

Area 



Flowmeter Calibration 

The flowmeters were provided with a calt-on table. The values given in the 

table werr verified using a digital flowmeter (J&W Scientific ADM 1000 IhteIligent 

Flowmeter). The folIowiug figure shows the diffinct between the given values and the 

ones observed using the digitaI flowmeter. The hear regression for the actuai values 

was used to convert the flowmeter reading to air flow rates. 
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APPENDIX B: MAXXAM. ANGLYTICS RESULTS 



Analyzed By: 

MAXXAM ANALYTICS Inc. 
CHEMEX LABS ALBERTA (nc- 

CERTIFICATE OF PONAO X(U) ANALYSlS 

Container 1-0,: Glass Contact Name: EsteIbOucateL - 
Project No.: 99-22066-0 1 Contact Phone: t 403-220-8409 
Date Received: 98-1 2-03 Contact Fax: 1-403-220-1 06 1 - 
Company: UcriversityOfCargary 
Ptant: 
Sample Point Quench Sludge 
Date Sampled: NIA Sampled By: 

Sample Description: Sludge 

Date Reported: 99-01 -1 1 

information not available 
C 

A 

Component 
.Methane 
Ethene 
.Ethane 
,Propene 
Propane 
lsobutane 
Methanol 
Isobutene 
,l-Butene 
,I ,3-8utadiene 
n-8utsne 
trans-2-8utene 
22-Dimethvbropane . 

c i k 2 - e u t s n a I  
T2-8utadiene 
,Ethm 
,3-MethN-Z-butene 
Isopentane 
1.4-Pentadiene 
.2-Butvne 
t -Pentene 
. Isopro~anol 
2-Methy[-t -butene 
~Pentane  
,2-Methyl-I ,3-butadlene 
trans-2-Pentene 

W&gM 46 
~ 0 - 0  1 
c0.01 
cO,Of 
<0.01 
(0.0 1 
4 .0  I 
4,Ot 
40.01 
(0.0 1 
<O.Ol 
4 - 0 1  
<0.01 
<O,OI 
4 , O I  
4 - 0 1  
<O.OI 
<O.OI 
cO-01 
c0.01 
<O,O I 
<O -0 I 
4 . 0  I 
<O.Ol 
c0 -0 1 
<0,01 

Liquid Volume 96 
~0 .0  t 
~0.01 
c0-0 I 
cO.01 
<O,Of 
c0,01 
(0.0 I 
~0.01 
c0 -0 t 
(0-0 I 
e0-0 1 a 

4 , O f  I 

4 , O  1 
c0.0 t 
cO.0 I 
~0.01 
~ 0 . 0  1 
CO -0 t 
c0-0 t 
~0.01 
<0,01 
<0.01 
(0-0 I 
e0.0 I 
~ 0 - 0 1  

, I  -Pentyne c0 .OI  cO-Of 
1 CO-01 cO-0 t 



. 

h 

Comp~n~nt  WMght% : Liquid vdum~g 
,ds-2-Perrterre 
2-Methy(-2-buterre 
trans-1.3-Pentadiene 
Wothv(-I 2-butadlene 

,cisst .%Pentadiene 
1.2-Pentadiene 
2.2-Oimethvl butane 
c%Chpentene 
CMethyl-I qcfomntene 
2,Wentadiene 

<0.01 
<O-01 
4 .0  1 
4-01 
(0.0% 
<0,01 
(0.01 
<O-0 1 
<O.O I 
<O-01 
<O,O? 
4 - 0 1  

4-01 
4.01 
4-01 
4.01 
4-01 
e0.01 
4.01 
40.01 
<0,01 
<0.01 
4.01 
c0.0 t 
4-01 
c0 -0 I . 
4-01 
(0.01 
c0.01 

Cvdopentane 
23-Dimethylbutane 
C6=Olefin 
Methyf-tert-butyl ether 
,c6=Otefin 

(0.0 t 
c0-0 I 
(0.0 1 
~0.01 
c0.0t 

2-Methyfpetntane 
C6aefi11 

sthvl kame 
3-Methvlpentarre 
cX-OleIfin? 
C6-OCefi 
I*exene 
C6aefin'ir 
CXaern? 
2-8~hmot 
nHsrcane 
c6.oWin 
bans-2-Hexene 
Z-Methy(-21pentene 
C 6 a e h  
C6-0reltin 
cb2-Hexene 
-Zn 

<0-03 
(0-01 
eO.01 
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4 . 0  t 
<O.OI 
<O,O 1 
c0.0t 
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~ 0 . 0  t 
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4 . 0  1 
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4 .0  1 
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(0.0 1 
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4 , O t  
4 . O t  
co-0 I 
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cO*Ot 
eO.OT 
~ 0 . 0  1 
c0-0 I 
(0-0 I 
(0  -0 1 
<O-Of 
c0.0 I 

i 4 - 0 1  
4 , O T  

C69Cetin 
MethyWdo~entane 
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4 , O t  
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2.2-Dfmethylmntane 
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223-Ttimethyf butane 
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cO -0 t 
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cO.0 t 
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4 . 0  t 
cO.OI 
cO-Of 
t0-0 1 
c0-0 I 
cO-0 1 c0.0 1 



,-tin 
Berrzlerre 
q-Methyt-1 -wdopenfene 
m a ?  
Ssmmthmetrtane 

madin? 
CTawh? 
n-Butand 
Cf-okfin 
C f '  
C74efin 
C791e6n 
,C7-OIefin? 
,c7-0lefin 
2Methvlhexane ' 
,2.3-DimethMp8ntane 
t ,t-OimethvrcvcropentaneWopentane 
CIaefin 
C 7 -  
Wethylhexacre 

4-01 
4.98 
4.0  I 
4.0 t 
4.01 
(0.0 1 
<O.OI 
<0*01 
cO.Ot 
4 -01  
4 -01  
(0.0 t 
<O.Ot 
io.0 t 
<0,01 
e0.0 1 
<O.Of 
4.01 
<o-0 t 
eo-01 . -  
<o,ot 

4 , O t  1 

4-45 I 

4.0t 
4 .0  t 
4-01 
<O.OI 
<O.Ot 
<o.ot.* 
<0.01 
<O.O$ 
<0.01 
4 - 0  I 
<O,O t I 

4 .0 t  
~0 .0  1 
C0.0 t 
4.01 
e0.0 I 
<O.OI 
4-01 I 

e0.01 
<O.Ot 
<O.Ot I 

~0.01 

CT4efin 
CTOlefin 

e0.01 
e0 .O 1 

,cis-t ,3-Dimethytcydopentane f ~0.01 

I 

b 

e0.01 I 

4-01 
d . O t  
cO.0 t 
4 , O I  
4.01 

trans-? ,3-0irnethyCcydo0entane 
SEthvlpentane 
tra1#~-1,2-0imethMcydopentane 
C7lOlefin 
1 
2,2.4-Trimethytpentane 

(0.0 1 
e0.0 t 
4 .0  1 
4 - 0  T 
(0.0 I 
<a-0 t 

,I -Heptene 
,CTOtefin 
C7-n 
Cf-Okfin 
CI101efin 
rpw-3-He~tene 
(FH- 
els-3-Heptene 
C?aefin 
CI-Olefin 
tmns-Z-Heptene 
,W-Oref~n 
Cf-Olefin 
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C=f-OIefin 
us-2-Heptene 
Cf-Olefin 
, Methyicycto hexane 

c0 -0 I 1 4.01 
c0.0 I 
c0.02 
<O.OI 
<O.Ot 
(0.01 
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4 . 0  t 
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cO.01 

A (0-0 I 
I c0.0 1 

eO.01 
4 , O t  
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4 , O T  
4 -01  . 
4.01 
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(0.0 t 
<O.Ot 
(0 -0 t 
e0.0 I 
4.0 t 
e0.01 
<O -0 I 
~ 0 . 0  t 
cO-Q I 

I (0-0 I 



Component WdgW % Uqufd Vdume %- 

22-Oimethythexane (0.01 
,c%adih? <O.OI 

(0.0 t 
e0-0 I 
4 - 0  t 
4 , O l  
(0.01 
e0,OI 
4 - 0 1  
<O.O t 
eO.Ot 

c&Okfin 4-01  
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4 - 0 9  
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-' 
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~1 

<O,Ot 
4.01 
1 

c0.01 
4 .0  I 
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~ 0 . 0  I 
<0,01 . 
4 . O t  
40.0 1 I 

,c$-Pm I 
M M n ?  
M e f i n ?  
trans*cis-1,2.3-f rim8~Vrcyclo~entane 
C84Mn? 
-n? 

(0-0 1 
<O,O I 
d,01 
~0.01 
4 - 0  I 
<O.Ot 

C8-O(efin? 

,&3,jtT rimethvlpentane 
rc7.Qefin? 
,cs-~retin? 
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,ToCuene 
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,-n? 
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4 - 6 1  
4 .01  
4 - 0  t 
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3-26 
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4 - 0 1  
4 .0  1 
4 .0  t 
4 . 0 l  
~0.01 
(0.01 
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4 . 0  t 
4 .0  t 
4 .0  t 
(0.0 I 
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4.01 
4 . 0  t 
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<0.01 
<O+O t 
~ 0 . 0  I 
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4 - 0 1  
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Compontnt Watqht % - UqUrd V ~ U W  % 

,csUe(in? 
c8=Own? 
, l ~ m e ~ ~ o b ~ ?  

2 2 S T n ' m e ~ M ~ P  
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ds-I-Ethvl~3-methytcrdo~? . 
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cis,ds-I 2.3-Trimethvfcyclopentane 
nacCane 

4.01 
4 -01  
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4 - 0  t 
4.01 
(0.0 1 
(0 -0 t 
e0.01 
(0-0 1 
4.01 
4.0 1 

(0.0 I 
<O.O t 
4.01 
4 . 0  t 
4,Ot 
<O.OI 
4.01 
c0.O t 
<O -61 I 

c0.01 
4 -01  
~0 .0  t 

<O.OI ,C84Mn? 

4.01 
c0.01 
~0.01 

<0.01 

c0 -0 3 
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4 - 0 1  

\ ! ?  
, trans-24ctene 

< 

(0.0 1 
e0 -0 1 

c0-0 1 
i 4.0t 

<ow0 t - 
4.0 t 

~0 .0  I 
GO -0 t 

4IO1 
<O-OI 
(0.0 1 
<0,01 
<O.Of 
4 . 0  1 
4 .0  1 
<O,OI 
4.01 
4 .0  t 
4 .0  t 
<O -0 1 
cO.0 t 
4-01  
~ 0 . 0  1 
4 - 0 1  
4.01 
~ 0 . 0  t 
<O -01 
4.01 
<O.OT 
(0.0 t 
cO*OT 
ea.0 1 
<O,Of 
cO-0 f 

I co -0 t 

, Isopro~vlcydo~entane t 4.0t 
Wtefin? 
CS-Olefin? 
.C9-01efin? 
c9=Owii? 
?ZrFTrimethvlhexane? 
2.4,C,Trimethythexane? 
C9aktin3 - 
23S'ttimeth~fhe~caneP 

(OcOt 
cO-0 1 
<O,O 1 
4.0 t 
(0.01 
<O.OI 
4 -01  
(0.01 

cis-2-0~t8(1e 
22.3.4-Tetramethylpentane? 
Waraflin? 
Z2.Oimethythe~tane? 
2.60hettndhe~tane2 
,d*t 2atnethyh&h8%ane 
CBaun?  

~rop-ntane 
cis-1.3.S-Tn'methVrcyclo h-e 

c0.Ot 
4.0 t 
d.01 
4.01 
4 - 0 1  
4-01 
4.0 1 
<O.OI 
<o,01 
<O-0 t 

Wtef in?  1 
cQ-omh? 
1 ,I .3-T rimethy(wdohertane? 
Ca-OMn? 
~~3 
3 ,I -4-Trime thykycfo hexane 
3,3-Dimethylheptane 

<O.O t 
<o-01 
(0-01 
<O-0 I 
(0-01 
cO-Of 
c0-0 t 

cg-~tefin? 1 CO-o t 





I Component Weight 56 - t'quld Volume 36 



. 

Component 
,I -Decene 
ClOcPasaffin? 
C4 0-Paraffin? 
CTO-Aromatic? 
CtO-Pamffin? 
Naphthene? 
!sobuMbenzene 
trans-t -Methyl-2=propyrcyd~ hexane? 
CtO-Paraffin? 
sec-&Wbemerre 
ndecane 
~ T - P ~ ?  
,a t -PanN~n? 
1,2.3-Trimsthyibenzene 
~ - M e t h ~ ~ ~ m W l b e c u e n e  
,Ct t -Paraffin? 
t =Me~yt-eiso~ro~~beruene 
Ctt-Pafaffin? 
Ctt-Paraffin? - 
. 2SDIhvdmfndene'l 

I 

I 

I 

- 

(lndem ????) 
eMethvld&cane? 
,l-Methvt-24soprooyl benzene 
,3-EWnonane? 
.NapMtrene'L 
CtlSafaffin? 
EIt-hmffh? 
t .34iethvlberlzene? 
I-Methyl-3-wopyNmnzene 
t ,4-Diethvlbenzene? 
1 IMethyt4propylbenzene 
BuMbef~etle 
1.3-Otm~-5-ethvlbenzene 
t 2IM--? 
Ef t98mffln? 
tsoklnr(cvdoh-3 
5-Mmvl-3- .. 
,CtO-Ammatic? - 
,Gt &Ammatic? 
-MethM-Z~ropyfberuene 
,Ct &Aromatic? 
Cl I -Paraffin? 
Ct t -Paraffin? 
ttrms-~-Methvl-2-methvl~m~clopentane 

Weight 96 
<O,Ot 
<O.Ot 
4 . 0  t 
<O.OI 
e0-01 
~ 0 . 0  t 
c0.01 
c0.01 
cO.Ot 
e0,Ot 
c0-Ot 
~0.01 
eO-Ot 
~0.01 
(0.0 I 
<O.Ot 
cU,Ol 
(0.01 
eO.04 
4 . 0  t 

Liquid Vdume % 

~ 0 - 0  t 
<O-01 
4 -01  

I 

4.0 t 
I 

<O,O t 
4 -01  
4-01. 
c0-01 
(0.0 I 
4.Ot 
4,01 
c0.01 
<0.01 
(0-0 I 
4.0  t 
4 .0  1 , 

cO.01 
c0,OI 
<0*01 
<O,O t I 

4t -00 
<O-Ot 
<0,01 
c0.01 
2-03 

4 , O t  

41 -09 
4 .0  1 
c0-01 
(0-01 
2.78 1 

(0-01 

~ 0 - 0  1 
<O-Ot 
cO-0 I 
4 , O T  

Ct t -Paraffin? 

4 . 0  1 
4 - 0 1  
4 , O t  
~ 0 . 0  t 
0 -54 
4.0 1 
4 . 0 t  
<o,ot 
(0.01 
4 -Ot  

. ' r-  - : 4-01 
., 4 . 0 t  

~0.01 
cO.Of 
<O,O I 
(0-Ot 
cO.0 t 
4 - 0  I 
(0-01 

<O.Ot 
eO.0t 
c0,OI 
<O,OI 
0.49 
c0-01 
4 , O l  
4 . O t  
4 -01  
4 .0  t 
4 .0  I 
<O-0 1. 
<O-0 t 
(0-0 t 
eO.0 t 
c0,OI 
e0.0 I 
(0-01 

Ct I-Paraffin? I 4 - 0  t 
rf ,4Dimethyl-2-ethylbenzene 
>I .3-Dimethyf-4-ethylbenzene 

cO-0 t 
4 - O f  



I 

Liquid Vdume % 

<0.01 
(0.0 I 
c0*01 
4 - 0  t 
2-95 
4.01 I 

c0-0 1 
4 - 0 1  
1-15 

<O -0 1 
~ 0 . 0  t 
<o-0 1 
3.3 1 
cO.0 1 
4 .0  I 
<O,OI 
co .01 
q0.0 1 . 
4 , O I  
4.0 I 
4-01 
~ 0 . 0  t 
<O.O t 
<0.01 
4 .0  t 
4-03 
c0.0 1 
0.8 t 
~0.04 
1.06 
0.35 

Component Weight % - 
CI 1-Paraffin? 
,Ct 1-Paraffin? 
1 2-0imethyC4-ethytbenzene 
ly3-0Tmettryt-2=ethy(benzene 
CIt-PHn? 
C11 -Paraffin? 
,El ISamffin? 
t -Methy(4tert-butvIbenzene? 
.t ,2-Dimethyt-3-ethyIbenzene 
I-€ttrvl-24sopropylbec1zene? 

<O,Ot 
~ 0 . 0 1  
e0.0 t 
e0.0 I 
2-79 

<O,OI 
~0.01 
c0.0 t 
1.31 
c0.0 I 

,Nndecane 1 4 . 0  t 
t-EthWs0~fOp~lb8llz6~e? 
Unknowns -C12 
t ,2,4,5-Tetramethylbenzene 
,2-Meth~lbuMbenzene 
.I 2,S.S-Tetrarneth~becuene 
Ct2-?arafiin? p p 

C1 I-Aromatic? 
CI I-Aromatic? 
,ClI-Aromatic? 
Ct t -Atmati& 

c0,OI 
3.1 6 
c0-0 1 
c0.0 t 
(0 -0 I 
~0.01  
c0.01 
<O,OI 
<O.Ot 
4 .01 

tert4-8uM-2-mettrvt benzene 
Ct t -Aromatic? 

4 - 0  t 
<O -0 1 

1 -Ethvl-Z+ropyl benzene? cO .O 1 

Cl I-Aromatic? 
CI 1-Af0mati& 
.Gll -Ammatic? 
t -MetfwI-3-butytbenzene? 
~ ~ ~ l l z e n e ?  
Unknowcls-E12 
,Unkrormo -a2 

(0-01 
~ 0 . 0  t 
4 - 0 1  
0.88 
4.01 
1.02 
0.34 



C 

Component . Weight % Liquid Volume % 

, U n m  - Cf3 
Ct 1 -Aromatic? 

0 -22 
4 - 0  t 

0 -23 
c0-01 
<0.01 
<0,01 , 

0.53 
0.21 

.<O -0 I 
0.83 
1-16 
0.54 
0.33 
0.7? 
4-30 
4-03 
0-17 
(0 -01 

C1 I -Aromatic? 
1.3.54 n'ethvlbenzene 
C* I-Aromatic? 
U- - C13 
tert-l -Buty(-rFeth~benzene? 
UnkKnrvns - C13 
Unknorms - C I S  
Unknamrs - C13 
.Unknowns - C13 
Unknawns - C13 
.Mk#wns - a 3  
Unknowns - C13 
Uc~kftOWns -a3 
I Methytnaphthalene 

4-Of  
<O-01 
0 -59 
0-20 

tO.0 1 
0 -80 
1-12 
0.52 
0:32 
0 -74 
4-1 5 
3-69 
0 .IT 

<O -0 I 



I Component Weight % Liquid Volume % 

IDUWRED COMPONENT GROUP WNC€WRATK)NS 

The~dys i swed i sc l rPsedhasbec l l compl#eb  T h c d t s e r e o f t h e C a r b o n D ~ d e  
soIubte d o n l y .  N d y ,  a % Ramvery is reported butwahorrt.pmpa samp1epqaration 
~morecostbyoqthe'kk~~vc~y~~notdetermined TheUPolarsBnmatedaLcanbe 
rci,haltenes but c a ~ o t  be report ooncIusivdy as such. Yon have to anaIyst the sample using an 
asphdtcne d o d  to be LOO % sureC The data arc tabuIatcd below: 

L 

C4 u-s 
, C5 U n ~ s  
C6 Unknourns 
CIUnknOwns 
C8 U- 
C@Uiilanavlrns 
. E I O 4 h l a m m s  
EI1 Unknowns 
, C12 UnFaKmrns 
, Cl3 Unknow~ls 
Ct3+ Unknowns 

, 

I 
P o I A R ~ ~  

(Weight %I 

4-6 

SATURATES 

' (weights) 

L2-9 

m 

4.01 
c0.0 1 

<O*Ot 
<o-0 I 

ICS LARSA 

(Weight 96) 

68.8 

4 - 0  1 
<o -0 1 
4.01 
(0.01 
4.01 ' 

<O,O 1 
5-71 
12-1 4 
5-42. . 

(Weight %) 

13.7 

c0.0 I 
<0,01 
4 .0  1 
<O-Ot 
d.01 
e0.0 1 
5.98 
12.59 
5.62 



APPENDIX C ATOMSCAN 16/25 RESULTS 



B h d c  run: D M e d  water 

Yet hod: ENY 1302 Standard: blank 

ilea lii2516 
&go, J.Sff8 
SDev .0832 
$ 3  .%5i& 

Ser 950 
G ,454 t 

.C055 
t .2t9 

Elea Ca3C33 
Avqe d.6168 
SOev *0001 
IRE2 ,5970 



Standard I: Various eiements at LO ppm 

Yet hod : ENY Iff02 Standard: std1 

flem Be2348 CrL627 Ft2599 Co2286 
Avge 22.48 2 L 9 9  31-33 23.22 
SDev . I 1  .to .I2 -09 
XRSD .4821 ,3383 ,3840 .3988 

Elem K-1664 Ca3533 
Avge 2.465 13-30 
SDev .006 .IS 
XASD ,2427 1.09 7 

S b n d u d  3: mesium, hhgamse and Mncrny at 10 ppm 

Elem Kg2802 
kvga 22.tT 
SOev -08 
XRSD ,3691 

Standard: std3 



Standard 4: Vanadium and Molybdenum at 10 ppm 

Yethod: ENYIR02 

€lea V-3114 
Avge 23.38 
SOev .09 
SRSO .4004 

Standard: std4 

Standard 4b: Barium at 10 pptn 

Uethod: EMVIR02 Standard: std4ba 

Elem 084554 
Avge St8.70 
SOev .24 
SRSO ,3047 



Solids SampIes 

Method: ENYIROZ Sam0 1 e Name: Samg lc-2 
Run h a t :  05/04/99 09:21:34 
Conrent: 
Kodc: MNC Corr. Factor: t 

Elm Be2340 Yg2802 V-3uO Cr2677 
Units ppa PO& gun OPR 
Avge 0.0020 2.786 0.0167 6.746 
S0tv .OOOl .Of2 ,0022 ,043 
SRSD 2.5I0 ,4254 t3.07 ,6423 

Elm Hi2316 Cu324T Zn2130 A13092 
Units #pa 991 PPU OUR 
Avge 35.7T .3tlO ,1942 2,616 
S O ~ V  . t3  .0023 .OOS .or0 
t R S D  ,3662 .6266 ,7065 ,3714 

Elm Cd2265 462203 Yo2045 #a4554 
Units ppe 00a DOa P 9 1  
Avge d.0088 1.363 .0731 ,8037 
socv .oooa ,036 .oot4 ,a041 
SRSD 9.580 2.643 t ,886 ,5154 

flea C13933 
Units p g t  
Avge 17-52 
S O ~ Y  .or 




