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ABSTRACT 

The purpose of this experiment was to determine the effect of soil loading rate on the 
Mcrobial performance during active phase CO-composting of diesel-fuel c ~ n t a ~ n a t e d  
clay soi1 under simulzted windrow cornposting conditions. Microbial performance was 
monitored through relative heat generation, volatile solids destruction, and headspace 
oxygedmethane levels. Additional analyses in the form of radio-IabeIled diesel fuel, 
which was monitored through NaOH traps for respired I4CO, and total petroleum 
hydrocarbon (T'PH) concentrations were attempted during the experimentai run. 

A total of seventeen biocells were used during the experiment. Soi1 loadings ranged fiom 
0% contaminated soi1 to 30% contaminated soil. Each biocell received the same arnount 
of compost amendments, with altering soil loadings. Biocells were placed in an 
environmental chamber for a duration of two weeks. During that time, the charnber 
temperature was ramped to simulate temperatures within a compost heap. Biocell height 
and temperature readings were taken at least three times daily. Air was supplied to the 
biocells for five minutes every hour, and the offgas from the biocells was bubbled 
through NaOH traps to capture respired CO, and "CO2. 

The results indicate that above 20% contaminated soil ioading, the oxy=en levels in the 
headspace of the reactors began to drop. Above 26% soil loading, methane levels were 
detected within the headspace. These results corresponded to the relative heat generation 
results, where at soil loadings above 26%, relative heat generation levels dropped sharply. 
This is fùrther supported by the volatile solids destruction results, which dropped at above 
24% soil loading. The decrease in volatile solids is likely due to the decrease in availabIe 
oxygen and the onset of anaerobic conditions, seen as methane levels in the headspace of 
the reactors. 

Radiolabelled "CO, was not detected in the trap system, indicating that no radiolabelled 
diesel füel was utilized by the microorganisms. The system should be allowed to 
compost for a longer duration to determine whether the respired 14C0, is generated. 

The total petroleum hydrocarbon results performed initially showed that total petroleum 
hydrocarbon levels in the woodchips are significantly greater than levels in the 
contaminated clay soil. The total petroteum hydrocarbon concentrations in the woodchips 
masked the diesel added to the clay soil, as the levels added to the woodchips were 
significantly higher than present in the clay soil. 
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1.0 INTRODUCTION 

The City of Winnipeg and part o f  southern Manitoba are underlain by thick ciay soil 

deposits. Many sites in Manitoba are being investigated for diesel fueI contamination. Since 

polynuclear aromatic hydrocarbon (P-4E-I) concentrations generally increase near urban and 

industrial centres @lemer et ai., 1997), the clay soil underlying the City of Winnipeg has the 

poientia1 to become hydrocarbon contaminated. 

Guidelines for totd semi-volatile hydrocarbon cleanup of soils in the province of 

hlanitoba currently specify targets of 2000 mg kg' for Level II (Medium Risk) and Level II1 

(LON Risk) land usage, and 500 mg kg-' for Level 1 (High Risk) land usage. Guidelines for 

volatile hydrocarbons speciQ targets of 100 mg kg' for Level 1 use, 150 mg kg'' for Le\-el 

II use. and 800 mg kg-' for Level II1 land use (Manitoba Environment, June 1996). 

Presently, two options are availabIe for sites with contaminated cIay soils. The first 

option is natural attenuation, the process of leaving contamination within the soil ro ailou. 

natural biodegradation to occur. This process is slow and ofien there is recalcitrant 

contamination, generalIy occurring as the heavier hydrocarbons. I f  natural attenuation is not 

feasible at a specific site, then an alternative method must be used to remediate the soils to 

a level acceptable according to the legislation. 

Presentiy, the only other viable option is landfarming the contaminated clays 

Landfarrning is a slow remediarion process due to the strongly sorbed characteristics of the 

diesel &el. This process also releases volatiles from the diesel fbeIs directly into the 

atmosphere, and rarely achieves low contaminant IeveIs. Landfarming also can slow or stop 

during the esrremely cold temperatures which Manitoba experiences for haif of the year. A 



possible alternative to landfarming the clay soil would be to use CO-composting as a 

bioremediation technique for the soil. 

Co-composting, the process of combining contaminated soil with a compost mix~ure 

and allowing it to compost, has the potentiai to overcome some of the shortcomings of 

landfming. Using compost increases the number of microorganisms amilable to degrade 

the substrate, and can help to maintain favourable conditions at lower ambient temperatures; 

this increase in temperature should increase the rate of desorption and biodegradation. Co- 

cornposting should increase the amount of diesel fueI remediated, decrease the arnount of 

volatile hydrocarbons reaching the atmosphere. and allow the remediation process to occur 

at a faster rate than Iandfarming. Co-composting has been proven as a valuable remediation 

tool on soils that range from sand and grave1 to sandy-silt with minor clay ( 1  9%), but heavy 

clay soi1 has not been reported in the Iiterature presently published in the CO-composting field 

(Ai-Daher et al., 1998; Beaudin et al., 1996; Benoit and Barriuso, 1996; Cho et al.. i997b: 

Kastner et al., 1995; Liu and Cole, 1995; Valo and Salkinoja-Saionen, 1986). 

The purpose of this thesis was to determine the relationship between contaminated 

heavy clay soil loading rate and rnicrobial CO-composting performance. The rnicrobial 

performance was monitored through volatile solids removal and relative heat generation. 

The contaminated soi1 was heavy clay soif from a typical site underlying the City of 

Winnipeg, and was contaminated with diesel fuel #2 which was spiked with 1-14C- 

octadecane. The compost mixture was created using biosolids from the City of Winnipeg's 

North End Water Poilution Control Centre and woodchips created from trees at the 

University of Manitoba Fort Garry campus. 



2.0 WINNIPEG CLAY CHAR4CTERIZI4TION 

The City of Winnipeg is located mainly on sediments that were deposited 

approxirnately 1 1,700 to 8,500 years ago (Teller 1 985). The upper clays and silt materials 

are of glacio-lacustrine origin, deposited by Lake Agassiz; these soils overlie dacial till and 

a limestone aquifer (Teller, 1985; Baracos et al., 1979). 

2. l STRATIGRAPHY 

Stratigraphy in the Winnipeg area consists of an upper layer of urban filIs, mixed \cith 

cla>.s, silts and organic soils. This layer ranges from 0.5 to 4.5 m below grade (Baracos et 

al., 1979; Kjananson, 1983). The urban fil1 overlies a silty clay unit, which ranges from 9 

to 12 m in depth. The silty clay shows the effects of weathering, with a grey or grel--bro\~-n 

colour due to osidation from the top 1.5 to 1.5 m of the unit. Below the oxidized clay, the 

soi1 becomes unoxidized and is a grey or grey-blue colour, and becomes increasingly sofr 

with depth- Both of the ciays (unosidized and osidized) have sirnilar mineralog and clay 

size fractions (Baracos et al., 1979; Baracos and Graham, 1980). Below the layer of siIr). 

clay occurs glacial tills fiom 3 to 6 m thickness. The tills overlie the bedrock in the region. 

which is a Paieozoic carbonate bedrock (Baracos et ai., 1979). The bedrock contains an 

aquifer which is an important source of water, used for cooling and industrial purposes 

(Render, 1970). 

The stratigraphy in the Winnipeg area is summarized in Figure 2.1, taken from 

Baracos et al. (1 979): 



STIF  BROWN MûTTLED 
FISSURED SlLTY GLAY (CH ) 
W l n l  GYPSUM STREAKS 

MED. STlFF - STlFF 0 LUE 
LIGHTLY FISSURED SlLfY 
CLAY WlTH SI LT INCLUSION2 - 
(Ci-CH) 

Figure 2.1: Typical Stratigraphie Section 
showing soi1 types within the 
Winnipeg area taken from 
Baracos et al. (1 979) 

The materiai used in this study was obtained from the brown clay in the oxidized 

zone of the silty clay, from approximately 3.0 to 3.6 m below grade (Man, 1998). Since 

the soi1 for the study was obtained fi-om the oxidized clays, the physical properties of this 

unit will be discussed in fbrther detail. 



The Winnipeg upper brown clay soi1 is characterized as a glacio-lacustrine. hishly 

plastic swelling clay which may contain inclusions of gypsum, pebbles, and silt pockets 

(Baracos et al.. 1979; Baracos and Graham, 1 980). 

The clay is firm to stiff and has a larninated structure of h m  couplets of alternating 

clay and silt rich Iayers. At the top of the oxidized clay zone the soi1 is nuggetty and 

~veathered with fissures; the fissures generally close with depth (Baracos et ai., 1979; Baracos 

and Graham. 1980). Some properties of the Winnipeg brown clay are surnrnarized in Table 

Table 2.1: Properties of Winnipeg Upper Brown Clay Soi1 

Pro perty 
-- 

clay size O/o (<0.002nm1) 70-85 

moist unit tvei& 16.2-1 8.2 kN/m3 

d q  unit ~veight 10.2-13.3 khr/mj 

liquid lirnit 65-1 10% 

plastic limit 20-35% 

plasticit>. indes 40-75% 

organic carbon 0.0028 (Man 1998) 

Notes: Taken from Bancos et al. ( 1  979) unless othem-ise notsd 

The clay consists of approximately 75% montmorillonite, 10% illite 10% 

kaolinite and 5% quartz (Loh and Holr, 1974; Baracos, 1977; Baracos et al., 1979; 

Baracos and Grahm, 1980). The silt fraction of the soi1 is mainly limestone and 

dolomite silts. 



Clay minerais are phyllosilicates, with laminar alurnina altemating wi th  laminar 

silica as shown in Figure 2.2. 

0 Aluminium 
O Hydroxyl 

Silica tetrahedron Alumina octahedron 
(a) 

Silica sheet 
(b) 

Alumina sheet 

Figure 2.2: SiIica and -Mumina Units and Laminar Structures takem 
from Craig (1 992) 

Each layer is composed of linked tetrahedrons (either alumina or silica 

tetrahedrons). The difference between clay rninerals results from different arrangements 

of the sheets in the mineral structure, as ir.el1 as differing bonding mechanisms between 

adjoining sheets of tetrahedra. 

Kaolinite is a 1 : 1 (silica 1ayer:alumina layer) layer silicate structure t h a t  has 

alternating silica and alumina sheets held together by hydrogen bonding. Illite is a 2: 1 

layer silicate that consists of an alumina sheet between two silica sheets; the sh eets are 

held together by weak bonding of non-exchangeable ions (potassium) and adjalcent layers. 

Montmorillonite is also a 2: 1 layer silicate but has a different type of bonding than  illite. 



The bonding between sheets in montmorilIonite clays comes from water bonds and 

exchangeable cations. The ability of montmorillonite to adsorb more water molecules 

causes the high swelling capacity of the minerai (Craig, 1 992; Klein and Hurlbut, 1 993) 

The laminar and bonding arrangements for kaolinite, illite and montmorillonite are s h o w  

in Figure 2.3.  

/'a H bond l e  K+ 

Figure 2.3: hfineralogical Structure of a) Kaolinite; b) Illite; c )  Montmorillonire; 
taken from Craig ( 1  992) 

Clays generally c a q  a negative charge. The negative surface charge comes from 

substitution of magnesium and iron for aluminum and of aluminum for silicon. 

The polarity of water molecules binds them to the negatively charged clay surface. 

This causes a layer of water to be adsorbed to the clay surface. The strength of the 

bonding between the water and the clay depends on the magnitude of the charge on the 

clay. The bonding decreases with distance from the clay surface until the bonding 

becornes governed by gravitational forces (Craig, 1992). 



3.0 DIESEL FUEL CHARACTERISTICS AND PROPERTIES 

3.1 CHEMICAL COMPOSITION OF DIESEL FUEL NO, 2 

Diesel fuel $2 is a complex mixture of organic compounds. These organic 

compounds are classified as middle disrillates, or  more specifically, as the middle 

distillates of crude oil with hydrocarbons mostly in the range o f  C, to C, with a boiling 

point from 160 to  360 OC (Millner et al., 1992). Diesel fuel $2 is composed of mostly 

alkanes (63 to 85% by volume) with aromatic and mixed aromatic compounds 

comprising the majority of the rest of  the fuel (Block et al., 1991). Diesel fiei dZ is more 

easily termed a mixture of ti-alkanes, monoaromatics. and polycyclic aromatic 

hydrocarbons (-4tlas and Bartha, 1997; h.lcGill et al., 198 1 ). 

3.2 PWSICAL CHARACTERISTICS OF DIESEL WEL 

The general physical characteristics of diesel fiel are presented in Table 3.1. 

These specifications are based on the laboratory analyses of  physical properties that allou. 

for identification of  different petroleum products. The propenies o f  interest, namely 

solubilit);, hydrophobicity, specific graviry, vapour pressure, and viscosity are discussed 

in more detail in the following sections. 



Table 3.1 : Specifications and Normal Characteristics of Diesel Fuel No.2, 
afler Biock et al. (1 99 1) 

Property Specification Normal Values 

Specific Graxity 0-830-0.876 0.85-0.87 

Flash Point (OF) 135 (min) 145-1 65 

Colour, Sai.bolt 2.0 (mas) 1.0-1 3 

Corrosion, Copper Stnp # I  (mas) # I  

Distillation- ASTM D86 ("Fr 

Initial Boiling Point 

10% Point - 355-380 

50% Point - 450-550 

90% Point - 620-635 

Final Boiling Point - 665-675 

Cstane Num ber (unitles) 42 (minimuni) 45-46 

3 -2.1 SOLUBILITY 

Solubility is defined as the extent to which a compound will dissolve into an 

available water phase at equilibrium with pure praduct. The solubility of a cornpound is 

important since it aids in determining the partitioning of the contaminant between the 

sorbed and liquid phase as well as indicating whether contaminant will exist in the non- 

aqueous phase (NAPL phase) or in the dissolved (soluble) phase in soi1 water. It  also 



provides a measure of the degradability of the compound, since the contaminznt must be 

present in the liquid phase for biodejradarion of the contaminant to occur. 

The many compounds that coinprise diesel fuel each have their own distinct 

solubilities. Many of the compounds (i.e. aromatics and alkanes) are nonpolar to 

moderately polar compounds. These constiruents will have lirnited solubility in water; 

crenerally, as the carbon number of the compound increases, the solubility will decrease. - 
Polycyclic aromatid hydrocarbon (Pm) compounds have low solubiliries except for the 

smaller PAH compounds such as naphthalene (Henner et al., 1997). The solubilities of 

some organic cornpounds are shown in Table 3 2 .  

Tabie 3.2: Solubility of Some Organic Compounds, adapted from 
Alexander ( 1999) 

Cornpound Solubility (mg1L) 

kesadecane 0.000020 

anthracene 

decane 

octane 

phenanthrene 

heptane (C-H, ,) 

biphsn>.I 

naphthalene 
- -- - -  

For the group of compounds referred to as BTEX (benzene, toluene, ethylbenzene 

and xylenes), solubility is significant compared to other hydrocarbons. The BTEX 

compounds are toxic and potential carcinogens, so their presence in the subsurface (soi1 

or sroundwater) is important for environmental and health reasons. 



3 - 2 2  HYDROPHOBICITY 

The highly hydrophobic nature of most petroleum hydrocarbon compounds means 

that their methods of transport through soi1 media and biological media are far from 

understood today (Henner et al., 1997). A common problem with diesel contaminated 

soil is residud saturation of the diesel fuel. Since the organic compounds that comprise 

diesel fuel are generally insoluble, these compounds will preferentially remain in the soil 

as residual saturation rather than partition into the dissolved phase. where it would be 

more readily degaded. This problem is compounded in clay soils. where the inherent 

charge of the clay soi1 will also aid in retaining the compounds of the diesel mixture 

within the soil matris. 

3 -2.3 SPECIFIC GIWVITY 

The specific gravity of diesel fiel is normally between 0.85 to 0.87 at 4 OC, with a 

specified range of 0.830 to 0.876 (Block et ai., 199 1). Specific gravity is used to classifi. 

insoluble (NAPL) compounds such as diesel fuel into light non-aqueous phase liquids 

(LN.4PLs) which have a specific gravity smaIler than that of water, or dense non-aqueous 

phase liquids (DNAPLs) which are heavier than water. Since diesel &el has a lower 

specific gravity than water, it is classified as an LNAPL compound. 

3.2.4 VApOliR PRESSURE 

The vapour pressure of a compound is defined as the pressure that exists when a 

liquid reaches equilibrium with its surrounding atmosphere causing the number of 



molecules leavins the liquid to be equal to the number of molecules entering the liquid 

(Munson et al., 1993; Dragun et al., 1991a). This means that the contaminant 

concentration in the Iiquid phase has stabilized with the atmosphere and the pressure of 

the contaminant in the vapour form is the vapour pressure of the contaminant. This is 

shown in Equation 3.1, which is the Henrfs Law Equation: 

where KH is the dimensionIess Henry's Law Constant, C, is the concentration of the 

compound in the vapour phase, and Cs, is the saturation concentration of the compound in 

the liquid phase. Compounds with lower KH values are iess volatile than compounds with 

hisher K,, values. 

In yeneral, PAH compounds ha\-e lo\v voIatilities (Henner et al., 1997). Diesel 

fuel is considered low ro semi-volatile. This means the compounds in diesel fuel have 

low vapour pressures and will preferentially remain in the liquid phase. Again, the BTEN 

components are an exception. They are considered to be volatile orsanic compounds 

(VOCs). 

The ternperature profile of the compost heap will have an effect on the volatility 

of the substances within the compost. Generally, higher temperatures increase the vapour 

pressure of the compounds (Henner et ai., 1997). 



3.2.5 VISCOSITY 

The viscosity of diesel fuel is of interest since it has ar. affect on how the fuel 

migrates throush soil (Riser-Roberts, 1992). As t he  viscosity of a cornpound increases. 

its tendency to remain in the soil as residual saturation dso increases. The viscosity 

effects are taken into account within the Darcy proportionality constant (K). This 

constant is inversely proportional to the viscosity of the fluid travelling throueh the soil 

(Domenico and Schwartz, 1990). Generally, diesel fuel has a viscosity of 3.5 to 3 . 8  mm' 

s-' (Riser-Roberts, 1992). 

3 -2.6 HEALTH CONCERNS 

Diesel contamination is a health concern and is covered under the CCME 

ouidelines for pollutants. The BTEX constituents, discussed earlier, are potential 
L 

carcinogens. rZlthough no studies have been reported where diesel fuel was present as a 

lone contaminant, there is lirnited evidence that workins in petroleum refineries poses a 

carcinogenic risk (IARC, quoted in Millner et al., 1992), particularly for skin cancers and 

leukemia Studies on the genotosic effects of diesel fuel and animal bioassays for 

carcinogenic potential of petroleum hydrocarbons have shown that potential esists for 

petroleum hydrocarbons to be mutagenic and carcinogenic (Millner et al., 1992). 

3.2 -7 PARTITIONING AND AVAILABILITY 

For biodegradation to take place, the compound must first be present in the 

aqueous phase; if it is not present in the aqueous phase, it must partition into the aqueous 



phase in order for biodegradation to initiate (DOD, 1994). The partitioning of the diesel 

fuel into the aqueous phase is governed by the sorption of the fuel to the soil, dissolution 

€rom the NAPL phase, or volatilization. The extrernely high surface area of clay soils, 

which are fine-grained, provides cIay soi1 with a high degree of sorptive capacity. The 

sorption of the diesel to the clay soil is also affected by the hydrophobicity of the diesel 

&el, which increases the Iikelihood of sorption. The degradation of the compound can 

occur afier a mass transport process acts on the sorbed diesel fuel, and the rate of 

biodegradation is limited by man- factors, including the electron acceptors present in the 

soils It should be  noted that the possibility e'usts for the diesel fbel to become bound into 

the orsanic amendments of the CO-compost mixture. 

3.3 METABOLISM OF DIESEL FUEL 

Diesel fiel can be utiIized 6'. heterotrophic microorganisrns as both an energ!. 

source and a carbon source. Microorganisms release energy during metabolism of the 

diesel Lel through redox reactions. During aerobic reactions, the reaction process 

removes an electron from the hydrocarbon products and transfers it to oxygen, as an 

electron acceptor. In this way, the hydrocarbon compound is converted into new cellular 

material, water, and carbon dioxide. In general, the reaction proceeds as follows: 

hydrocarbon + O? + energy + cells + H7 O + CO-) - - - 

Oxygen is used as the electron acceptor, because the dominant electron acceptor 

process is dictated by the availability of the acceptors as well as the thennodynamically 



favoured process. The reaction which produces the most energy is favoured ocer 

reactions that produce less energy. Once oxygen becomes unavailable, other acceptors 

may be used, such as nitrate (NO;), carbon dioxide (CO9 and iron (Fe3-). The ranking 

sequence expected for reactions is aerobic degradation (03, denitrification (NO,), 

manganese reduction (Mni-), iron reduction ( ~ e ~ - ) ,  sulphate reduction (SO,") and the 

final stage. methanogenesis (COJ. The reactions will proceed using the highest ranking 

ai-ailable electron acceptor until it is depleted and then the microorganisms wï11 be  forced 

to utilize the nest available eIectron acceptor. When the degradation substrate is a 

petroleum product, osygen is the preferred electron acceptor for higher biodegradation 

rates (Dupont er al., 1991). 

The aerobic hydrocarbon redos reactions require activation energy to proceed. 

The enersy is provided by the enzymes produced by the microorganisms. A substrate 

compound requires a certain enzyme in order to produce a cornples of enzyme-compound 

which results in an alignment necessary for the reaction to proceed (Dragun et al., 199 1 a). 

This enzyme may or rnay not be located within the microorganism's ce11 membrane 

(Dragun. 199s). The extracellular enzymes are used to help break down compounds that 

are too large to pass through the cell membrane (Man, 1998). 

3.4 BIODEGRADATION OF DIESEL FUEL COMPONENTS 

hlicroorganisms can degrade ai1 petroleurn hydrocarbons present in a diesel fuel 

mixture (Nyer, 1993), but at generdly slow rates (AtIas and Bartha, 1997). Bacteria are 

mainly responsible for the degradation of petroleum hydrocarbons; however, 



actinomycetes, molds and some algae may also degrade the hydrocarbons (Dragun et al., 

199 1 a). Microorganism growth is ofien limited by the organic matter present within a 

system (Atlas and Bartha, 1997; Alexander, 1999). Generdly, hydrocarbons are degraded 

by aerobic microbes (NCHRP, 1996). 

Petroleum products are composed of many different organic compounds which 

wi-Il degrade at differing rates (Alexander, 1999; NCHRP, 1996). The same compound 

will be degaded at different rates when present in different NAPLs (Alexander, 1999). 

In general, the n-alkanes are degraded the fastest, followed t y  branched aikanes, 

aromatics, and cyclic alkanes (Douglas et al., 1992; Cho et al., 1997a; Atlas and Bartha, 

1997). Generally, as the chain length or branching increases, the compounds become 

more resistant to degradation. Compounds with shon chain Iengths (C, or less) cm be 

tosic to microorganisms and are also difficult to degrade (Atlas and Bartha, 1997), as are 

the aromatic compounds (Cho et al., 1997a). 

The rate of biodegradation depends on the range of conditions required by the 

microor;anisms that are performing the degradation. Factors that may affect the rate of 

utilization include moisture content, pH, nutrient supply and temperature. The pH of the 

environment affects the cellular functions and ceIl membrane transport of the substrate. 

Generally, most bacterial species grow best in a pH range of 6 to 8 (Dragun, 1988). The 

moisture content should be between 50 to 70% for petroleum hydrocarbon remediation 

processes to occur, because above 70% moisture, anaerobic conditions may occur, and 

below 50% moisture, transport of substrate may be inhibited (Cookson, 1995). 

In general, compounds that have higher solubilities are more mobile and more 



bioavailabIe, and thus more biodegradable (Riser-Roberts, 1993) because the liquid phase 

is where microbial metabolism occurs. However, it should be noted that the hiyh 

solubility does not indicate high levels of biodegradation; for some compounds. the high 

solubility may indicate that the compound is present in enough strength to be toxic to the 

microorganisms. 

Another factor in biodegradability is the "age" of the contaminant. Aged soils 

(soils with a longer contaminant-chernical contact time) may contain only recalcitrant 

cornpounds which are resistant to biodegradation (Berg et al., 1998). Berg et al. (1 998) 

examined a soil which proved to have adequate hydrocarbon degrading rnicroorganisms 

(shown through plate counts) even though biodegradation was minimal. A "younger" 

(and different) soil was shown to have a 39% reduction in TPH Ievels. 

3 -4.1 AEROBIC BIODEC~R~ATION OF 11-ALICANES 

Alkanes are dso  termed saturated hydrocarbons, since alkanes are carbon-chain 

compounds that exhibit singe bonding for carbon-carbon bonds and carbon-hydrogen 

bonds. and may also be called aliphatic hydrocarbons (Mchlurry, 1992). Straight-chain 

alkanes are called normal aIkanes, or n-alkanes. Alkanes are affected first by 

monooxygenases and dioxygenases which use oxygen as the terminal electron acceptor 

for degradation processes (Atlas and Bartha, 1997). Monooxygenase uses one atom of 

oxysen to create a primary alcohol through oxidation of the terminal methyl group, as 

shown in Equation 3.3 (Atlas and Bartha, 1997). 

R-CH2-CH;+02+NADPH2-t 



Dioxygenase uses two atoms of oxygen to create a hydroperoxide which is then 

reduced to an alcohot and water (Equations 3 -4 and 3 3). 

R - C H ~ - C H ~ + O ~ + R - C H Z - C H Z - O O H  [3.4] 

R-CH2 -COOH +- NADPH2 + R - C H 2  - CH2 -OH + NADP +- H z 0  [3.5] 

Once either monooxygenase or dioxygenase has acted to create an alcohol, the 

alcohol is then further transformed into a fany acid and aldehyde. From this point. the P- 

oxidation process acts upon the compound (Atlas and Bartha, 1997; McGill et al., 193 1 ), 

shown in Equations 3 -6 to 3.10. P-oxidation acts upon the fatty acid formed by 

convenin- the fatty acid into a coenzyme form. The acetyl CoA group is cleaved and the 

fatty acid loses two carbon groups, whereupon the sequence repeats. The CoA groups are 

converted to carbon dioxide through the tricarboxylic acid cycle (Atlas and Banha, 1997; 

Burton, 1997). 

R - C H 2  - C H 2  -CH, - -COOH-+C,.A * R - CH2 - CH2 - CH2 - COCO-4 [3 .6]  

R - CH. - - CH = CH - COCo.4 -TH- + R-CH2-CHOH-CH2-COCOA [j.8] - 

R-CHz -CO-CH2 -COCoA-+-> R - C H ,  - -CO-CoA+CH3-CO-CO-4 [j.lO] 



The products resulting from P-oxidation are carbon dioxide and water. I t  should 

be noted that the P-oxidation process does not require oxygen to proceed and can proceed 

anaerobically (Atlas and Bartha, 1997). 

3 -4.2 AEROBIC BIODEGRADATION OF h/LONOAROM..4TIC COMPOUNDS 

Monoaromatic compoimds are compounds that contain one benzene ring, such as 

benzene and toluene, and are degraded through the process of creating a cis-dihydrodiol 

whicli is then funher oxidized to a catechol (McGiil et al., 198 1). Procaryoric cells tend 

to use dioxyzenase to form the cis-dihydrodiol while eucaryotic cells tend to use 

monoosyyenase which forms an arene oside which is then transformed to trans- 

dihydrodiol and then hrther ta a catechol (hkGiI1 et al., 198 1). 

Once the catechol has been formed, ring cleavage processes can occur. Ring 

cleai-age occurs through either ortho cleavage or meta cIeavage (Ribbons and Eaton, 

1982). 

3 -4.3 POLYCYCLIC AROk4ATIC B IODEGRADATION 

Biodegradation of  polycyclic aromatic hydrocarbons is generally quite comples 

due to the fùsed ring stmcture of these compounds. Oxygenation occurs through enzymes 

foming a dihydrodiol. This compound can be further oxidized and then rhrough salicylic 

acid is transformed to a catechol. From this point, degradation occurs as for 

monoaromatics. The TCA cycle reduces the compound to CO, and H20. 



1.0 REMEDIATION TECHNOLOGY 

Several remediation options e'ust that have proven effective for decontamination 

of hydrocarbon contarninated soils. Rernediation methods can be separated into two basic 

types, i~ s i r i i  and ex silu technologies. Several rnethods of both types have been proven 

effective for hydrocarbon-contaminated soils. These methods and their applicability to 

the heavy clay soils present in Manitoba wiII be discussed in the following sections. 

4.1 Lr\t' SITU T R E A T M E ~  TECHNOLOGIES 

In situ treatments consist of biodegadation, bioventing, soi1 flushing, soil vapour 

extraction (in situ), thermaily enhanced soi1 vapour extraction and natural attenuation, al1 

of n-hich have been proven average to better as a fuel degradation technolog (DOD, 

1 994). 

Biodegradation, as a treatment technology, is defined as the process of adding 

water-based solutions to contaminated soils in situ (DOD, 1994). These solutions contain 

nutrients or osygen to enhance biological degradation. The solutions may also be created 

using additives to help desorb contaminants from the soil matrix, which will also aid in 

biological de~radation of contarninants. This technology is used in conditions where 

osygen is suficient to dlow aerobic microbial degradation to convert organic 

contarninants into carbon dioxide and water. In systems where oxygen is not present in 

suficient amounts to  sustain aerobic degradation, anaerobic degradation will convert the 

organic contaminants to methane, small amounts of carbon dioxide and trace arnounts of 

hydrosen gas. Biodegradation is generally performed by injection o f  groundwater or 



uncontarninated water that has been mixed with the chosen additives. Occasionally 

microorganisms (either naturally occurring or engineered) that have an affinity for the 

contaminant to be degraded wilI be introduced to the site; this is termed bioaugmentation 

(Cookson, 1995; DOD, 1994). Biodegradation and bioaugmentation have been proven 

effective on petroleum-hydrocarbon contarninated soils (Alexander, 1999; DOD, 19941, 

but the processes may prove dificult in clay soils. This is due to the  Iow permeability of 

the clay which prevents rnicroorganisms from movîng easiIy through the soi1 to the 

contamination for degradation purposes, and wilI preclude the movement of the additive 

solutions through the soil (Alexander, 1999). 

Bioventing is the process of stimulating naturally occurring biodegadation in 

soiis by adding oxygen to sustain the degradation process using low air flow rates 

(Burton, 1997; DOD, 1994). The oxygen is generally supplied through direct injection of 

air into the soil. The addition of oxygen will help maintain microbiai degradation and 

will aid in the removal and desradation of volatile substances, which wiIl travel slowly 

through zones ofmicrobial activity. It has proven effective on petroleum hydrocarbon 

contaminated soiIs (DOD, 1994), but it has been noted that the process is less effective to 

ineffective on very moist soils or soils with fine grain sizes. This process is limited by 

the permeability of the soil (NCHRP, 1996; Alexander, 1999). Low permeability soils 

such as Lake Agassiz clay rnay show little response to bioventing processes. 

Soi1 flushing is the process of using water, or water mixed with a detergent to 

clean the soil. The water is app1îed directly to soil or injected into groundwater. The 

contaminant misrates into the groundwater through the process of leaching, and the 



groundwater is collected and treated separately (DOD, 1994). This process is simply an 
C 

extraction process; the collected groundwater may need to be treated prior to release. The 

permeability of soils is again a limiting factor, and the low perrneability of clay wiII 

severely lirnit the flushing rate (NCKRP, 1996). 

Soi1 vapour extraction (SVE) is used to remove contaminants fiom the 

unsaturated zone of soils. This method involves the application of a vacuum to the soil in 

order to extract air frorn the soil, removing volatile contaminants (DOD, 1994). The air 

can then be treated, combusted, or vented to the atmosphere. The method is generally 

acceptable for compounds with a Henry's Law constant of 0.01 (unitless) or a vapour 

pressure p a t e r  than 0.5 mm Hg (DOD, 1994). This treatment method is also Iirnited b!. 

the air permeability of the contarninated soil and the moisture content of the soil. The 

Io\\- perrneability and high moisture content of Manitoba clay soils may render this 

technology unsuitable for clay soils mTCHRP, 1996). ThermalIy enhanced soil vapour 

extraction is the process of using steam or hot air in the process of soi1 \vapour extraction 

(see above), but has the same permeability limitations as S I E .  

Natural atrenuation has been attempted on some soils. It is the option of Iea~ing 

the remediation processes to nature, allowing the natural microorganisms and 

environmental conditions to dictate the degradation of the soi1 (DOD, 1994). It involves 

site monitoring to ensure that the natural attenuation is meeting the required guidelines 

for contaminant concentration before potential exposure pathways are attained. 

The in situ treatment methods are compared and summarized in Table 4.2. 



Table 1.1 : In-situ Treatments for Fuel Contaminated Soils. adapted from DOD 
( I 994) 

Treatmen t klethod Cu rren t Applicability Function Cost  
Usage (overall) 

Biodegradâtion Wide Bener Destruction A~~erage 

Bioventiny Wide Better Destruction Bener 

Soi1 flushing Limited Average E~naction - 

Soi1 vapour extraction W ide Better Exaaction Better 

Thennail>- enhmced SVE Limited Better Estraction Average 

Natural attenuation Limited Better Destruction Better 

It should be noted that the applicability column does not apply to only clay soils, 

but to al1 soil types. The in situ treatments that have been used for hydrocarbon 

remediation are al1 (with the exception of natural attenuation) lirnited by the soil 

permeability which renders them of little use when treating a heacy clay soi1 such as the 

Lake Agassiz clay soil in Manitoba. 

4.2 EX SITU TREXTMENT TECHNOLOGIES 

The ex situ methods are generally more usehl for treatment of clay soils. 

Accordin2 to the DOD ( 1  994), controlled solid phase biological treatment, slurry phase 

biological treatment, soil washing, soi1 vapour extraction, solvent extraction (chemical 

extraction), high temperature thermal desorption, low temperature thermal desorption, 

landfarming and composting have al1 been proven adequate as fuel degradation 

technologies. 



ControIled solid phase biologica1 treatmemt processes use excavated soils mixed 

with soil amendments to enhance degradation. T h e  mixture is placed in an aboveground 

enclosure in treatment cells and biopiles (DOD, If994). Biopiles consist of soil which has 

been escavated, combined with nutrients and structural modifiers (if necessary), and 

placed in a distinct treatment area, and may inclulde a Ieachate collection system and an 

aeration system. The area of treatment (the treatment cell) may be closed to prevent 

rainfall or other moisture from entering the biopik. The prirnary limitation of this 

process is the length of time necessary to treat material, especially with clay soils. where 

the strongly sorbed hydrocarbons wilI be remediated very slowly. 

Slurry phase biological treatment is the creation of an aqueous solution of 

contaminated soil, water, and additives. The sIurry is mixed in order to  allow the 

microorganisms to maintain suficient contact wiah soil, and to keep the soil suspended in 

solution (DOD, 1991). The typical solids content is 10 to 40% by weight, and osygen is 

added to the s1ur-q. to optirnize biodegradation processes. Acids or alkalis may be added 

to controI the pH of the slurry if desired (DOD, 1994). This technique has been used 

successfully on soils contaminated with petroleum hydrocarbons and petrochernicals 

(DOD, 1994). Some of the problems associated with this method are that non- 

homoeeneous soils can create serious handling pmblems, and the process creates a 

wastewater that must be dealt with. The fines present in soils such as clays cause an 

expensive removal problem dunng dewatering (NCHRP, 1996). 

Soi1 washing is the process of washing t h e  soil with water, which may be 

augmented with a leaching agent, surfactant or chelating agent to help remove organics 



from the soil particles (DOD, 1994). Soi1 washing follows one of two methods: 

suspension of the soil in the wash solution, or separation of the soi1 by panicle size 

separation or gravity separation, and dealing with these srnaller volumes of soil. The 

reason for separation is to reduce the volume of contamination (contaminants generally 

bind to siIt and clay, not gravels and sands). This process is used for fuels and SVOC's. 

Fine soi1 particles may need a polyrner addition to the solution in order for them to be 

removed from the fluid. Also, the washing fluid will require treatment after the soil is 

removed from solution (DOD, 1994). 

Es situ soi1 vapour extraction (S\%) uses a vacuum applied to the soil to 

volatilize and collect orsanics from the soil (DOD, 1994). Soi1 is excavated and placed 

over a network of piping that applies a vacuum to the soil. This method is used for 

\'OC'S- Some disadvantages to the method are that air emissions may require treatment 

and the process has a large areal requirement. This process is limited by the permeability 

of the excavated soils and will not perforrn welI on clay soils. 

Solvent extraction (chemical extraction) uses a chemical solvent to remove the 

oryanic contaminant frorn the soil. The soil is placed with the solvent in an ex9ractor and 

rnised. The solvent and contaminant is then removed by separation (DOD, 1994). This 

merhod is simply a separation rnethod. It has been shown effective on VOCs and 

petroleum wastes (DOD, 1994), but has low effectiveness in clay soils. 

High temperature thermal desorption (HTTD) is the process of heating soi1 to 3 20 

to 560 ('C (600 to 1000 OF). This volatilires the contaminants and water in the soil. The 

jas produced is collected and treated separately (DOD, 1991). The method has been - 



proven effective on SVOCs and P M s .  It has also been used (at a less cost-effective 

Ievel) for the treatment of fuels and VOCs. However, the rnethod was atternpted at the 

Domtar Site in Winnipeg, but proved to be ineffective in reducing the contaminant to 

acceptable Ievels due to the high amount of clay in the soil (Burton, 1997). According to 

the DOD (1994), clay and silty soils c m  affect reaction time (lengthening the time to 

degrade) due to the strong binding of contaminants to the soil. Low temperature thermal 

desorption (LTTD) is the same process as HTTD except that the temperature ranse for the 

process is lowered to 90 to 320°C (200 to 600Y). As with the high temperature process. 

the gases must be collected and treated separately (DOD, 1994). 

Landfarming is the process of spreading contaminated soi1 on an uncontaminated 

soil surface and then periodically tilling the soi1 to aerate the contaminated soils (Burton, 

1997; DOD, 1994; Alexander, 1999; Cookson, 1995; Henner et al-, 1997). Nutrients, such 

as nitrogen and phosphorus, may also be added to the soils to stimulate bioactivity while 

landfarming. Ofien the moisture content becomes a limiting factor, requiring soil to be 

periodically watered to maintain suficient moisture levels for biodegradation (AIexander, 

1999). This process fias the advantage of being performed on-site, and gcnerally does not 

require a leachate collection system. -4nother advantage to Landfarming is the low cost of 

equipment and maintenance of the process (Alexander, 1999). The limitations of this 

process include the amount of space necessary to landfarm contaminated soils, the lack of 

contro! over biological processes, and the SLOW rate of degradation. It is ofien used to 

degrade the  recalcitrant compounds such as heavier hydrocarbons fiom soil. 



Co-composting is the practice of combinins contaminated soi1 with compost, as 

buking agents and organic arnendments (Alexander, 1999; DOD, 1994; Cookson, 1995; 

Henner et al.. 1997). This technolog has been shown to be effective at degradation soi1 

contarninated w-ith explosives (Williams and Keehan, 1993; Ziegenfüss et al-_ 199 I), 

chIoropheno1 (Aiexander, 1999; Va10 and Salkinoja-Salonen, 1986; Laine and Jorgensen, 

1997) and hydrocarbons (Al-Daher et al., 1998; Beaudin et ai., 1996; Hupe et al., 1996; 

Joyce et al.. 1998). It has been suggested that composting of petroleum products may be 

performed with high contaminant concentrations (Henner et al., 1997). Co-composting 

rnay prove to be a viable alternative to landfarming/excavation processes or in situ 

biological processes. Sites having clay soi1 with volatiles already weathered through 

dissolution, leaching, volatilization or biodegradation wiIl possess a residual product that 

is very recalcitrant. This recalcitrant contaminant may require more agressive treatments 

than biopilin~ or landfarming. 

The es  situ methods are compared and surnrnarized in Table 1.2. The 

applicability of each method is for al1 soit types, not specifically clay. 



Table 4.2: Ex-situ Treatment Methods Cornparison adapted frorn DOD ( 1  991) 

Treatm ent Method Current AppIica bility Function Cost 
Usage (overall) 

Controlled Solid Phase Bio. 
Treatment 

S l u w  Phase Bio. Treatment 

Chemical ReductiodOsidation 

Soil \vashine 

Soil vapour extraction (es-situ) 

Sol\-ent Ex~raction 

Hi$ Ternp. Thern~ril 
Desorption 

Lon--Temp. Thermal 
Desorption 

Landfamiing 

Con~posting 

Wide 

Limited 

Limited 

Limited 

Lhi ted  

Limited 

Limited 

Wide 

Wide 

Wide 

Better 

Better 

BeIow- average 

Better 

Average 

Average 

Average 

Better 

Better 

Better 

Destruction 

Destruction 

Destruction 

Ex-traction 

Ehaaction 

Ex-acti on 

E ~ ~ r a c t i o n  

Exxraction 

Destruction 

Destruction 

Bener 

Average 

Average 

A ~ ~ e r a g e  

Better 

Worse 

A\.erage 

Bener 

Better 

Better 

hlost CO-composting projects have involved soils such as sands, silty sands, and 

zra\-els with little or no clay content. so that the effects of working with heavy clay soi1 - 
have nor yet been investigated. The first step to usinz CO-composting on a panicular soi1 

tvpe is to characterize the soi1 and contaminants present. 



5.0 CORWOSTING LITERATURE REVIEW 

5.1 COMPOSTING - GENERAL PROCESS AND LNFORMATION 

Compost is a mixture of  organic matenals which, when combined, undersaes 

rapid degradation, stabilizes the materials, reduces volume and creates usefiil end 

products. The degradation which takes pIace may be either aerobic (requiring oxygen) or 

anaerobic (requiring a lack of oxygen) degradation processes. 

The composting process is dependent on a variety of factors. The oxygen transfer. 

carbonmitrogen ratio (C:N), moisture content, structure of the compost misure, 

temperature, and length of time composting occurs (material retention time). h o t h e r  

factor which affects compost performance is the compression which occurs in the 

compost pile, which has an affect on both the structure of the compost pile as the pile 

settles and on the oxygen transfer rates. The compost Vecipe" (ratio of materials in 

mixture) can be  optimized to create a mixture that will compost quickly and effectivell-. 

Pore space oxygen levels should be no less than 5% to ensure that oxygen is not a 

limitins factor in the composting process ( h W S ,  1992). The structure of the compost 

pile is important as it influences the settling and compression which occurs in the 

compost pile. Particle size should be generally from 0.3 cm to 1 2  cm diameter, but the 

range will depend on the materials used in the compost pile. 

Chen (1  998) examined the effect of compaction on compost performance. 

Woodchip-biosolids compost that experienced a compressive loading of 12 kg over an 

area of  0.009 16 m' (12.9 kPa) showed a reduction of 43% in fiee air space (FAS) 



measurements. Straw-biosolids mixtures showed a 74% reduction in FAS and the leaves- 

biosolids mixture showed a reduction of 85% in the FAS. Although the woodchips- 

biosolids mixture did not show the highest initial FAS, it is clear that the 

woodchips:biosoIids mixture maintains the highest FAS measurements (2 1 %, as opposed 

to 12% and 5?40 for the straw and Ieaves mixtures respectively) when under compressive 

loading. The effects of three different Ioading levels on the FAS of the three mixtures 

used in Chen ( 1  998) are shown in Table 5.1. 

Table 5.1: FAS under compression, adapted from Chen (1998) 

Feedstock FAS FAS after FAS after FAS after 
original 4.28 kPa 8-57 kPa 12.85 kPa ( O h )  

("A) ( ) ("A) 

biosolids/\\-oodchips 37 26 24 2 1 

The carbon:nitrogen ratio is important because carbon is necessary for 

microorganism growth and energy, while nitrogen is necessary for microbiai protein 

synthesis and reproduction- Ideally, the carbon:nitrogen ratio should be 20: 1 to 40: I ,  and 

preferably in the range of 25: I to 30: 1. The rnoisture content of the compost mixture is 

important, as the water provides a transport mechanism for microorganisms and nutrients 

and is a medium for chernical reactions to take place. ldeal rnoisture content ranges from 

30 to 65%, with the preferred range from 50 to 60% @IRAES, 1992). Experimental work 

has shown that moisture content in the piles affects respiration rate of microorganisms 

(Al-Daher et al., 1998). 



The temperature of a composting process occurs in two ranges, mesophiiic at 10 

to 4 1 OC (50 to 105 O F )  and thermophilic at over 41 OC (1 05 OF). Mesophilic temperatures 

allow for composting, but the recommended temperature range is within the thermophilic 

range at 43 to 66 O C  (1 10 to 150 OF). The thermophilic, or active range {Joyce et al., 

1998; Tchobanoglous et al., 1993; Haug, 1990) destroys pathogens above 55°C (1 3 1 O F )  

and weed seeds above 63°C (145 OF). Above 60 "C (140 OF) the microbes begin to be 

affected by the heat, and composting slows. Above 71 OC (160 OF) many microorganisms 

die or become dormant, necessitating temperature monitoring of compost. The 

microor~anisms most active in compost are actinomycetes, fungi, and bacteria 

(Tchobanoglous et al., 199 1 ; Haug, 1993), which occur in both mesophilic and 

thermophilic species within compost. The bacteria are generally most abundant, \.sith a 

wide variety and are present at the beginning of the compost process. The fungi are more 

tolerant of low moisture content and low pH but are less tolerant of low oxygen than the 

bacteria. The hngi are better decomposers of woody or decay resistant materials within 

the compost. Actinomycetes are aerobic filamentous bacteria which are tolerant of 101s. 

nioisture content conditions, but are sensitive to acidic conditions. The fungi and 

actinomycetes become more important as the compost process progresses. The fùngi 

become more important, because when the readily available and easily degraded carbon 

sources are depleted, the fungi are capable of degrading the decay resistant materials. 

Actinomycetes also become important, since the moisture content of the compost 

decreases during the composting process (unless augmented by water addition). The 

microorganisms use oxygen as the electron acceptor (under aerobic conditions). 



There are three basic types of compost technology; the in-vesse1 system. the static 

pile system, and the windrow system (Cookson, 1995; TchobanogIous et al., 1993). The 

three composting operation systerns are compared in Table 5.2, adapted from Cookson 

Table 5.2: Composting Technolog Cornparison fiom Cookson (1 995) 

Windrow System Static Pile System In-vesse1 System 

operationai ski11 Ion- moderate hig h 

process flssibilit>, hiçh medium low 

material load 
flesibilitl- 

high mediuni medium 

process control Io\\ medium high 

moisture control 1o\v medium high 

air emission control Io\\ medium high 

runoff control medium 

spact: requ irement hi& 

medium 

medium 

high 

Ioiv 

pathogsn destruction medium high hizh 

climatic dependenq- high medium Io\\. 

capital cost Io\\. medium high 

maintenance COSI lori medium high 

5.2 COMPOSTINC OF CONTAMINATED SOIL 

The compost mixture can be mixed with contaminated soiIs to aid in the degradation of 

the contarninants. This process is cdled CO-composting, and it has been shown to be 

effective in reducing some organic contaminants. It has been used successfully to 

remediate TNT and other explosives-contarninated soils, chlorophenol-contarninated 

soils, as weil as soils contaminated with hydrocarbon compounds such as an oily waste. 



or mineral oïl and grease. 

5 -2.1 TNT AND OTHER EXPLOSIVES COMPOSTING 

Williams and Keehan (1 993) reported degradation of explosives-contaminated 

soiIs using CO-composting The variables they exarnined included the amendment 

composition, control of environmentai conditions, arnount of soi1 added to compost, and 

the effects of bioaugmentation. However, the soil type contaminated with explosives was 

not discussed in the paper, other than the statement that it was excavated from a lagoon, 

and contained 13,; 80 mg kg-' of tri-nitrotoluene (TNT), 1 O7 1 mg kg'' of cyclotri- 

methylenetrinitramine (RDX), and 273 mg kg-' of cyclotetramethylenetetranitrarnine 

(HhIIX). The uncontaminated soil used in the control reactor was also not discussed; it is 

unknown if the soit types were similar. 

The first step in their esperiment was to run two reactors with different 

amendment compositions and 10% contarninated soi1 by volume, ro determine the 

amendment mixture to be used for hrther experimentation. The final amendment 

misture chosen had a C:N ratio of 30: 1,  and consisted of sawdust, apple pomace, chicken 

manure and chopped potato waste. It was not described how this mixture was chosen, 

nor how it was determined as the optimum amendment mixture of the two mixtures used. 

The second amendment mixture tested was not discussed in the paper. 

Williams and Keehan (1 993) then examined static pile systems, ninning eight 

different static pile compositions. The control static pile consisted of 10% 

uncontaminated soil by volume. Five different amendment ratios were tested, at 7, 10, 



20, 30, and 40% contarninated soi1 by volume. One static pile was bioaugmented, while 

the final static pile was run usine 10% contaminated soi1 by volume and utilized a 

different amendment recipe dong with 200g of "C-TNT spiked compost. The compost 

was monitored for pH, moisture content and water retaining capacity. The highest 

percentage removai of explosives occurred at 7% contaminated soil Loading by volume. 

Ho\vever, for TNT, at 30% contaminated soil the highest removaI, 9S%, occurred. The 

total reduction of the three explosives examined (TNT, RDX, HMX) indicated that the 

hizhest reduction occurred at the lowest soi1:organic arnendment ratio. The reduction 

levelled off at approximately 30% and at 40% almost no reduction occurred in the H3IX 

and RDX, and si~nificantly less reduction occurred for the TNT contamination. The 

concentration of TNT in the soil for tests in the range of 7 to 30% contaminated soil 

reached approxirnately the same vaiue afier approximarely 45 days of composting and 

rernained at these levels. The 40% contaminated soil by volume remained significantly 

above this value for the duration of composting (90 days). 

From this research, it was suggested that there were 7 areas for future research in 

order to overcome the serious dearth of information on the specific behaviour of 

compounds in a composting setting. The seven areas of firther study suggested by 

Williams and Keehan (1 993) are: 

(1) definition of the ultimate fate of organics in compost 
( 2 )  examination of the potential of adverse impacts of toxic organics which may 

remain bound in compost 
(3)  amendment selection strategy definition 
(4) definition of optimal operating conditions, development of compost systems 

meeting criteria 
(5) definition and optimization microbial ecology of degradation systems 



(6) improvement of the chernical analysis methods for compost testing 
(7) definition of contaminant degradation rate limiting parameters 

These seven areas will allow for a more complete understanding of the fate of 

contaminanis during the CO-composting process. 

Ziegenhss et al. ( 199 1) state that the incomplete mineralization of organics may 

biologically convert to organic products and become part of the compost residue. They 

examined TNT-contaminated soirs. Their past lab work had indicated that 66-5% of the 

13 C activity became bound into the compost residue after 6 weeks of thennophitic activity 

and couId not be estracted using conventional solvent extraction techniques. However, 

on combustion of the compost residue, it was released as '"CO2. They observed a 37 to 

46Oli total reduction in "C-RDX, not including results found during combustion as "CO, 

as reduced '"C-RDX. They then created 2 aerated static piles, one at 35 OC (mesophilic) 

and one at 5 5  "C (thermophiIic), with both piles containing 24% by weight of explosi\-es- 

contarninated soil. The piles were maintained for 153 days, during which both piIes 

eshibited rapid moisture depletion and required rewatering. Thermophiiic conditions 

caused better levels of remediation of the explosives contamination, and the significant 

\-ariation in temperatures within the piIes (generally lower at pile edges) affected the 

degradation rate at different points within the pile. The mesophilic and thermophilic piles 

reached the same remaining concentration of TNT afier approximately 740 to 160 days. 

but the thermophilic pile degraded the TNT more rapidly than the mesophilic pile. 

Bruns-Nage1 et al. (1 998) composted TNT-contarninated soil in reactors using an 

anaerobic/aerobic process. The organic amendments were a mixture of chopped sugar 

beets and straw, which were mixed with the TNT-contaminated soil, This mixture was 

placed into 4 L reactors. During the anaerobic phase of 19 days, tap water was percolated 



throueh the reactor at a flow rate of 12 mL-h-' and a pH of 7.0 * 0.2. Afier anaerobic 

treatment, the compost was aerated through an outlet at the bottom of the compost 

reactor. During the anaerobic phase, dmost 90% of the TNT was transformed. The 

aerobic phase led to an elirnination of rnost of the remaining TNT along with the 

degradative products of the TNT- 

5 -2.2 CHLOROPHMOL (AND OTHER P ~ o L )  COMPOSTING 

Chlorophenols have also been remediated using composting methods. VaIo and 

Salkinoja-Salonen (1986) used a sand and grave1 soil which had been contarninated with 

chlorophenots. The windrow composting mixture was created from 70 m3 of 

contaminated soil, 35 m3 sofiwood bark, and 3 m3 of ash. The extractable chlorophenol 

concentration in soi1 dropped from an average of  2 12 mg kg'  of dry compost to 30 mg 

kg-' of d r )~  compost after four summer months of composting, and to 15 mg kg-' of d- 

compost after 16 months, includinj a second summer of cornposting. The initial 

concentration of chlorophenols in soil was 400 to 500 mg kS-' of soil. They determined 

that the first two months of composting were the most effective (aithough no samples 

were taken in this interval, only at the endpoints). This indicates that the most effective 

composting occurs sornetime during the first two months of composting. The results also 

indicated that the forms of microbial inoculum used during the experiment did not have a 

significant effect on the performance of the degradation of the chlorophenols during the 

composting process. They were able to confirm degradation through the production of 

"CO, from radiolabelled chlorophenols; however, this was performed in the laborator). 

using mature compost from the field scale trials, not at field scale. Binding of 

chlorophenoIs to the compost matrix was not determined. Benoit and Barriuso (1996) 



contaminated wheat straw with 2-4, dichlorophenol and 4-chiorophenol and then 

composted some of the straw over a 6 month period. They combined this material (both 

uncomposted and composted straws) with loarny soi1 that had passed a 2 mm sieve. They 

discovered thar the stabilization of the chlorophenoIs was enhanced by the bound-residue 

formztion which occurred. The composted straw decreased the mineralization of 

chlorophenols (seen as "CO, generation). The composted straw mixture had extractable 

chlorophenol concentrations a factor of 0.55 lower for 4-chlorophenol and 0.36 lower for 

2-4, dichlorophenol. 

Laine and Jorgensen (1997) used chlorophenol contaminated soil mixed with 

woodchips for biodegradation and obsewed that afier about nine weeks the percentage 

removal of chlorophenol began to level off at near 98% for high inirial concentrations of 

chlorophenols, and at near 80% for low contamination levels of chlorophenols. This tirne 

period correlated to an observed drop in temperature within the compost at about week 

nine. This also correlated to a drop in basic respiration and substrate induced respiration. 

They aiso observed that there was little benefit to adding remediated soil or mature 

compost to the mixture. The soil type used d u r i n j  the study is unknown. 

Laine et al. ( 1  997) composted chlorophenol contaminated soi1 in four different 

compost mixtures. The reference pile consisted of contaminated soil, bark chips and 

nutrients. The other three compost piles were constmcted of sirnilar material, but 

received small amounts of rnicrobiai inoculum in the form of straw compost (pile 2) ,  

remediated soi1 (pile 3 ) ,  and remediated soil mixed with contaminated woodchips (pile 

4). M e r  9 weeks of composting, the first three piles received an additional amount of 

heavily contarninated soil. The concentrations of chlorophenols in the piles after the 

additional heavily contaminated soil ranged from 680 to 1 100 mg kg" dry compost. The 



compost piles were allowed to compost for a fünher 16 weeks, afier which time the 

extractable chlorophenol concentration in the piles ranged from 34 to 67 mg kg' in piles 

1 to 3 ,  and was 200 mg kg" in pile 4, which was initially (week 0) 1800 mg kg-' The 

results indicate that heavier contaminant loads increase the treatment time of the soil, as 

seen in pile 4. This is likely due to heavier contaminant loads being toxic to 

microorganisms, hindenng the growth of the microbid community which degrades the 

chlorophenols. The results also indicate that the fonn of microbid inoculation used with 

low chlorophenol concentration (piles 2 and 3) showed little difference in the final 

concentrations of the chlorophenols, indicating that the inoculum was not a necessary pan 

of degradation of the chlorophenol contamination. The soi1 type used during the srudy is 

unknown. 

5.2.3 HYDROCARBON AND FUEL CO~POSTING 

Co-composting has been used effectively on calcareous sandy soil from Kuwait. 

reducing estractable levels of oïl contamination by 54.5% for liçhtly contaminated soils 

( 10.92 mg P . W  k_o-' soil) and by 60% in heavily contaminated soils (1 5.2 mg P.= kg-' 

soil) over a period of 8 months (Ai-Daher et al., 1998). The compost mixture consisted 

of woodchips and either dried sewage sludge, mature compost, or both. 

Cho et al. (1997b) exarnined the effect of differing soil amendment materials on 

oil-contarninated soil from Kuwait. The soi1 was a calcareous sandy soil (silt content of 

less than 6%). The amendments used were a commercial bark manure (Fujimi Bark Inc.). 

hyponex powder (1.7% NH,-N, 5.6% NO,-N, 8.0% PO,), baked diatomite (0.9 to 1.5 mni 

diameter, primarily composed of silica dioxide), an oil degrading bacterial culture; 

microporous = las  and charcoal from coconut huskç. M e r  36 weeks of 30 "C 



temperatures, the highest levels of degradation occurred with a bark/hyponex/diatornite 

mixture. with approxirnately 70% residual hydrocarbons. The results from the 

experiment from the samples collected 9 times over the 36 week run, indicated that the 

sampling results were affected by the sampling technique. This was shown in the 

variability of the results for residual hydrocarbons, which fluctuated greatly over the 36 

week run. The inaccuracy was credited to the non-homogeneity of the mixture, which 

caused representative sarnpling problems. 

Beaudin et ai. ( 1 996) CO-composted weathered hydrocarbon contaminated soils. 

The study \iras performed to analyze the degradation of minera1 oil and grease (MOG) 

during CO-composting. The first soil type was contaminated at 17,000 pg kg" MOG on 

average, and was a sandy soil (83.5% sand). The second soil type was uncontaminated 

and was aIso a sandy soil (97.1% sand). For their first expenmental phase, their compost 

misture contained mostly leaves and alfalfa pellets (Purina brand rabbit chow). They ran 

several reactors with the same composting mixture of soil, alfalfa, leaves, and mature 

compost. The data showed that the rates of carbon dioxide generation and oxygen 

generation were affected by the temperature changes (heat generation) within the reactors 

The rates of generation of CO, and O2 were low for the first 15 hours, then rose rapidly. 

The temperatures within the reactors remained constant for about 6 hours then rose 

quickly to 53 OC, at which point aeration was used to control the temperatures, which 

rradually fell to room temperature. The gas generation dso  decreased, to less than 10 - 
mm01 hr-' kg" initial dry compost by the twelfth day. The extractable MOG 

concentration was decreased from 17,800 mg kg' of  dry cocompost to 7500 mg k g '  of 

dry CO-compost over 105 days. 

They also ran a separate experiment with 2 reactors to allow for the detemination 



of  MOG originating from the compost. The reactors were loaded using soil, dfalfa, 

leaves and nutrients, as well as a microbial inocolum- This experirnent was conducted to 

determine the amounts of mineral oil and grease orïginating from the alfalfa and leaves 

used for the composting. They found that 50% of the MOG that had originated from soil 

had been degraded afier 105 days. Over 287 days, the fraction of MOG that degraded 

€rom the soi1 increased to 73%. 

Liu and Cole (1 995) rnixed mature yard waste compost with pesticide- 

contaminated soi1 to determine the amount of compost that was needed to significantly 

degrade the pesticides while encouraging plant growth on the compost and optimiziny 

microbial activity. The contaminated soil consisted of 27% sand, 32% siIt, 19% cfay and 

22% gravel, with a very Iow organic content. The compost used in the experiment was 

mature yard waste compost that had undergone thermophilic composting. They analyzed 

additions of O, 1, 5 ,  10, 20, and 40% compost (wt/wt). They exarnined plant dry matter 

production (sweet corn, greenhouse grown, 4 weeks), and microbial activity as 

dehydrogenase and extractable pesticide content. They found that the maximum 

stimulation of microbial activity (as indicated by dehydrogenase) and extractable 

pesticide reduction occurred at 20% compost by weight. According to Liu and Cole 

(1995), the expectation would be that the optimal arnount of  compost would var). 

depending on the site and matrix conditions, and they suggest carrying out studies for 

each case to determine optimum arnounts. Their experiment showed that for extractable 

pesticide reduction the compost addition was ineffective below 20% compost by weight. 

In their previous studfes, much faster reduction of extractable pesticide rates had occurred 

at 50% compost. This indicates that higher than 50% compost would be beneficial for 

reduction purposes, while 20% would be a minimum compost addition for these 



conditions. 

Lilja et al. (1 995) studied the biodegradation of PM-contaminated soil using a 

slurry reactor test and a soil column test, and examined the effect of adding ground tree 

bark as a carbon source. The four sluny reactor tests were canied out in four 1000 mL 

glass reactors which were aerated (1 L min-') and agitated using mechanical agitation. 

The reactors were maintained at room temperature. In each reactor, 100 grams of the soi1 

was agitated for 4 to 6 weeks. Each reactor was ais0 supplied with nutrients, usins hTK-. 

S-, Mg-, and Ca- nutrients. The sluny reactor tests showed, interestingly, that the 

addition of soil bark hampered the reduction of  the extractable PAH compounds. The 

soil column testing used glass columns filled with the soil. For the samples which were 

mised with bark, 20 percent bark by volume was added. 

Lilja et al. (1995) concluded that the addition of bark increases the porosity of the 

soi1 mixture, increases the moisture rerention capacity of the soil, and provides a large 

area for microbial attachment as weIl as a rnatrix for efficient P M  adsorption. It also 

eives the microbes a carbon source. - 
Joyce et al. (1998) composted P-4I-l compounds in simulated municipal solid 

waste (hllSW) compost, consisting of paper, yard and food wastes. The compost was 

contaminated to 15.2 ps g1 fluorene, 16.1 pg g-' of anthracene, 15.4 pg g-' phenanthrene. 

17.1 pg 8'' pyrene and 18.5 pg pl benz[a]anthracene, for a total contamination of 82.3 

g' P M  compounds. Oxygen was supplied through a pumping system in arnounts in 

excess of the calculated stoichiometric needs of the compost and was only supplied 

during the active composting stage, where the arnbient temperature around the bioreactors 

was maintained at 50 O C .  The reduction in extractable concentrations of the five P.4I-I 

compounds was monitored separately. The anthracene, pyrene, phenanthrene, and 



fluorene were a11 reduced significantIy during the experiment to levels apprroaching O pg 

2'' in each case. The benz[a]anthracene showed a definite difference in reduction 
C 

compared to the other compounds. with a much slower removal of compownd and also a 

higher leveI of residuai extractable contamination than the other four compounds tested 

It was unknown whether the removal of fluorene was due to volatilization, sorption, or 

biodegradation processes. The three composting-suitable compounds (pyrene, 

anthracene, phenanthrene) showed a significant drop in contamination within the firn 6 

days of the experiment. It was observed that the majonty of the deg-adatiam of the 

compounds occurred within the active cornposting phase; little to no degradation 

occurred during the curing stage of composting. 

Hupe et al. (1996) investigated the biological degradation of soils, rrying to 

optimize the degree of degradation during their study. They investigated mixtures with 

soil:compost ratios (by weighr) of 2:  I , 1 :  1 and 8: 1 at 22 OC. It was found that the oxysen 

consumption of the reactors decreased as the amount of compost decreaseld. Hupe et al. 

( 1996) also monitored the effect of using compost additions of varying compost age; the. 

obsened that the reduction in hydrocarbons was independent of the a;e o f  compost used 

and the hydrocarbons were reduced by approximately 94% in dl cases (aftor 60 days). 

This reduction was monitored throuph the extractable hydrocarbons present in the soi1 

matrix, substrate-induced respirometry for the hydrocarbons present in the compost 

materials, production of carbon dioxide by the reactors, and volatile organiic compound 

(VOC) analysis of the ofYgas to determine volatilization of hydrocarbons. 

Diaz et al. (1995) showed that API separator oily waste could be carnposted. The 

compost mixture consisted of dewatered digested sludge, composted sewage sludge, and 

woodchips which was mixed with the oily waste to be composted. One reactor was a 



control, where the compost mixture was autoclaved prior mixing with the oily waste. 

Composting occurred over a 33 day penod and the rate of reduction was rapid in the first 

13 days for the active (non-control) reactor. The downward trend in reduction paralleled 

the upward trend in temperature within the reactor. The removd rates observed were 2.5 

to 5.5 times higher than removal rates with a landfarming operation on the sarne soil. The 

reactors were (by olfactory observations) assumed to be anaerobic. 

Wischrnann and S teinhart ( 1 997) exarnined the formation of P A H  oxidation 

products in jars with soiVcornpost mixtures kept at arnbient temperatures. They 

determined that afier 25 weeks, al1 P-4Hs within the jar filled with coal tar oiI and soil 

were significantly degraded from original concentrations. However, most of the fùsed 3 

to 4 ring P M  compounds showed no evidence of degadation. The residuals fiom the 

coal tar oil composting were acenaphthalene, flourene, phenanthrene, anthracene, 

fluoranthene. and pyrene. The jar containing coal tar oil, soil and compost (9: 1 ratio of 

compost to soil by dry weight) showed that the PXHs were aiso significantly degraded. 

Hoivever, the fùsed 3 ring PAH compounds were al1 degraded to <3% of the original 

concentration by 25 weeks. The degradation of the PAH compounds was more complete 

in the soil/compost mixture. The addition of the compost aided in the degradation of 

even the previously recaicitrant 3 to 4 fùsed ring P A H  compounds. They also observed 

that in the CO-composting case, short-term maximums of the oxidation products of PAHs 

correlated fairly well with the periods of more rapid contaminant degradation. 

The anaiysis of Kirchmann and Ewnetu (1 998) indicated that the greatest 

decomposition of the oily wastes used in the experiment occurred during weeks 5 to 5 .  

The oily wastes were added directly to horse manure. Their results indicate that pyrene, 

chrysene, and dibenz(a)anthracene were slightly recalcitrant. Also, they determined that 



successive additions of manure caused the degradation of the compounds to be enhanced. 

Kastner et al. ( 1995) used radiolabelled anthracene and hexadecane during co- 

compostint of a sandy soil. "COZ recovery was immediate for the hexadecane ( I -"C 

hexadecane)and reached 53 -6% of original radioactivity at 1 03 days of CO-composting. 

The anthracene (9-"C anthracene) required a 12 day lag period, and after 103 days 23 -600 

of the original radioactivity had been recovered. They also deterrnined that the majority 

of residue remaining in soi1 afier 1 O3 days was "bound" residue, unextractable by either 

organic acid or  humic acid extractions. 

5.3 LITERATL~RE SUMMARY 

The literature on TNT composting indicates that the maximum soi1:organic 

amendment ratio is approsimately 30% by volume (Williams and Keehan, 1993). 

However, the soil type used in the experiment is unknown. 

The Iiterature on chlorophenol cornpostin_s indicates that compostins is an 

effective way to reduce chlorophenol concentrations. Va10 and Salkinoja-Salonen (1 986) 

used 64.8% contaminated soil and observed a significant decrease in chlorophenol 

concentration afier one surnmer of composting the mixture in a windrow. Laine and 

Jorgensen ( 1997) used 82.4% contaminated soil in their compostin,o mixtures and 

observed that afier about 9 weeks the percent removal was quite high (approxirnately SO 

to 98%). 

Hydrocarbon compounds have aiso been shown to compost well. Diaz et aI. 

(1995) showed that oily wastes could be composted by adding straight waste to a compost 

composed of dewatered sludge, composted sewage sIudge, and woodchips. They found 

the rate of destruction fastest within the first 13 days of composting. Beaudin et al. 



(1  996) used 33.4% contarninated sandy soil (by weight) dunng composting and observed 

significant degradation. Joyce et al. (1 998) used a PAH-contaminated simulated MSMr 

compost misture and achieved good reduction o f  extractable hydrocarbon results for 

pyrenr, anthracene, fluorene and phenanthene within the first 18 days of the  

experimental study. 

Most of  the experiments discussed above, when soil type was defined- used a 

sandy type of  soil. Clay soils have inherent handling difficulties; their high rnoisture 

content, plasricity and tendency to  aggregate cause difficulty in field conditions. Clay 

soi 

soi 

soi 

s have much different material propenies and behave much differently than a sandy 

. Since clay soils have a tendency to  agsregate, it is postulated that the  amount o f  da! 

that could be composted would be less than a sandy soil. This is due t o  the fact that 

the tendency to aggregate rnay reduce t h e  FAS within the compost pile and affect oxysen 

transfer by acting to prevent oxysen flow This may cause the microbid activity to slow 

down o r  cease at larser loadings of clay soil. 



6.0 EXPERIMENTAL METHODS AND MATERIALS 

The objective of the experimentaI study was to determine the maximum diesel 

contaminated clay soil loading that c m  be CO-composted without adversely affecting the 

microbial activity of the compost system during the active composting phase. The 

microbial activity within the compost was measured as the relative heat generation of the 

compost and the volatile solids removal from the compost mixture. In order to determine 

whether the microorganisms were utilizing the diesel fuel within the clay soil as well as 

the carbon sources in the compost feedstock, a radiolabelkd diesel compound 

(octadecane-1-"C) was added to the soil and the respiration of from the reactors Kas 

monitored. The amount of total petroleum hydrocarbons was also measured in the 

feedstock. The composting reactors were operated under a compressive loading and w-ere 

maintained aerobically by pumping air through the reactors at intervals of 5 minutes of 

e\-en hour. to ensure that oxygen was not a lirniting factor. 

The esperimental procedure was divided into three phases. The first phase 

characterized the feedstock rnaterials. The second phase identified the compressive 

loading conditions to be used, and the third phase investigated the effect of increasing, soil 

load on rnicrobial activity. 

6.1 WITIAL CHARACTERIZATION 

The first phase of the experiment characterized the soil, biosolids, and woodchips 

used in the experiment. The results were used to create a "feedstock recipè' for 



cornposting. 

6- 1.1 SOL CHARACTERIZATION AND PREPARATION 

The clay soil used in the experirnent was previously characterized (Man, 1998). 

The soil was collected at depths of 3.0 to  4.5 m below surface fiom a site in Winnipeg, 

Manitoba. Representative sarnples were analyzed for BTEX (benzene. toluene, 

ethylbenzene, and xylenes) compounds. In order to determine whether the soi1 had been 

previously contaminated by hydrocarbons, total volatile hydrocarbons (SC,), total semi- 

volatile hydrocarbons (C,, t o  C,,) and heavy extractable hydrocarbons (>C,,) were 

measured. Other analyses performed included carbon content, nutrients (N, P and K), 

metals content, grain size distribution, and general soil qudity parameters. The soil 

characterization is summarized in Table 6.1. 



Table 6.1: Soi1 Charactenzation Analysis Results from Man ( 1  998) 

Pa rameter  Units Detection Lim it Sam ple Results 

Hvdrocarbons 

benzene 

toluene 

total volatile hydrocarbons (C,,- 
C5iJ 

total em-actable hydrocarbons 
('C3o) 

fraction of orsanic carbon - total 

inorgmic carbon, total 

carbon - total 

Nutrients  

total nitrogen 

phosphorous 

potassium 

Grain Size 

sand 

silr 

cla?. 

General Parameters 

PH 

field moisture content 



6.1 -2 ORGANIC AMENDMENTS C ~ C T E R I Z A T ~ O N  

Municipal biosolids and woodchips were used as the composting material for this 

experimental study. The biosolids were collected from the City of  Winnipeg's North End 

Water Pollution Control Centre (NEWPCC) and consisted of  prïmary and secondary 

shdges which had been anaerobicaily digested and centrifiigally dewatered. Biosolids 

were collected and stored in a sealed, airtight plastic container at 4 OC to prevent moisture 

loss and to minirnize decornposition of the biosolids. Before storing biosolids in airtight 

containers, the biosolids were gently and thoroughly mixed by hand and six 2 L beakers 

were filled with biosolids. The contents of each beaker were then spread evenly over a 

plastic sheet and quickly quartered to yield approximately 5 to 10 g quarters of which one 

was selected for analysis of volatile solids. A second sarnple was taken from each beaker 

and combined, then quartered, with three quarters chosen for andysis, to yield a total of 6 

samples of biosolids for characterization. Three of the beakers, chosen randomly, ivere 

also sampled for nitrogen. Biosolids were stored in sealed ziploc bags at 4 "C until 

characterization was performed. The total volume of biosolids from which samples tvere 

taken was approsimately 83 L. 

Woodchips were created from brush trimming waste collected fi-om the University 

of hlanitoba's soiid waste transfer and storage site at the Fort Garry campus. The wood 

was chipped using a Crary Bear Cat Limited mode1 70539 3 HP shredder, thoroughly 

mixed using a shovel for one hour, sieved to achieve particle sizes ranging from 2.4 to 9.6 

mm, as recommended by Haug (1 993), and was stored in airtight containers at 4 O C  to 

prevent rnoisture loss and to minirnize decomposition of the woodchips. M e r  misin2 the 



woodchips with a shovel and before stonng the woodchips in airtight containers, the 

woodchips were spread evenly over a 3.5 rn by 3 S m plastic tarp to approximately five 

centimetres depth. The woodchips were then quartered, and two quarters were placed in 

airtight containers. The remaining quarters were combined and spread evenly over the 

tarp. Quartering was perforrned until quarters approximated 100 g of woodchips. At this 

point. two quaners were combined and further quartered to yield approxirnately 5 to 10 g 

of woodchips per quarter, from which two samples were selected. The remaining two 

quaners were also combined and then quartered to yield 5 to 10 g of woodchips, from 

which two samples were selected. Al1 samples were stored in sealed ziploc bags at 4 OC 

until analysis was perforrned. The total volume of woodchips from which sarnples were 

taken was approximately 400 L. 

The arnendment materials were characterized for moisture content (MC), volatile 

solids (VS); organic carbon (OC), and total Kjeldahl nitrogen (N). The panicle size 

distribution of the woodchips was also determined. 

The moisture content, total solids, fixed solids and voIatile solids were determined 

using the APH.4 standard methods 2540 B. E and G. The standard methods 2540 B and 

E were used to examine the solids properties of the biosolids, while the standard method 

2540 G was used to anaiyze the solid woodchips. 

The panicle size distribution of the woodchips was determined by sieving 

methods. A sample of the woodchips was collected as previously described and sieved to 

allow for a particle size distribution determination. 



The nitrogen content of the samples was determined using a T m ,  or total 

Kjeldahl nitrogen analysis method, based on the micro-kjeldahi anaIysis without 

pretreatment presented by Carter (1 993). 

The dry basis organic carbon (OC) content of the sample was calculated using 

Equation 6.1 (Haug 1993): 

where FS is the fixed solids content of the sarnple on a dry basis (fractional value). 

6.1 -3  O R G . ~ C  AMENDMJZM- MIXTURE RECPE 

The biosoIids and woodchips were rnixed to produce an initial moisture content of 

559b using: 

where the amount of woodchips required is expressed as kg woodchips per kg of 

biosolids used in the mixture; MC,,,,,, and MC,oo,,,, are the moisture content of the 

biosolids and woodchips respectively and MC,, is the target moisture content desired 

(55%). 

The resulting C:N ratio of the recipe was caiculated using: 



where N, and N, are the nitrogen contents of the biosolids and woodchips respectively (g 

d n  weight); C:N,,,,,, , C:N,, and C:N, are the carbon:nitrogen ratios of the 

amendment mixture, biosolids and woodchips respectively; TS, and TS, are the total 

solids (%) of the biosolids and woodchips, respectively, and R is the bioso1ids:woodchips 

ratio (kg kg-'). 

The biocell reactors used in this study were previously descnbed in the lirerature 

(Larsen, 1999; Chen. 1998). The biocells were developed to simulate the compressive 

loading that occurs within a compost pile (Figure 6.1). 

12 kg load - - 4 kgs each 
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Figure 6.1 : Schematic of Biocells Used for Testing; taken fiom Chen (1 998) 



The biocells were designed so that the loadîng was transferred to the compost 

through a perforated plate covered with a meshed screen (Figure 6.2). The screen 

prevented the compost mixture fiom extnidllig through the perforations in the plate, and 

the plate aliowed the Ioad to act over the cross-sectional area of the compost column. 

Figure 6.2: Cover of bioceil, showhg air hole and 
headspace testkg vent, as well as perforated 
plate with mesh screen through which loading 
is applied 

The lower end of the bioreactors also consisted of a removable perforated plate 

which was also covered with the meshed screen (Figure 6.3). The perforated plates 

allowed the air in the bioreactor to move fieely through the entire ceU. The biocell is 

shown completely in Figure 6.4. 



Figure 63: Perforated Plate with mesh screen fkom bottom 
of biocell 

Figure 6.4: Complete biocell ready to be fdled with cocom 



6.2.1 LOADING CONDITIONS WITHIN BIOCELLS 

According to Tchobanogloüs et al. (1 9 9 3 ,  minimal technolosy windrows (turned 

with a front-end loader) should be in the range of 3 -05 to 3.66 m in height. h W E S  

( 1992) suggests a height of 1.82 to 3.66 m for turning with a bucket loader. Using a 

windrow turning machine limits the height o f  the compost pile, at 1.52 to 2.44 m 

according to Tchobanoglous et al. (1993) and 0.91 to 2.74 rn according to h W S  

( 1  992). Because the addition of ctay soi1 was anticipated to cause bulk density 

differences in the compost as weli as potential handling difficulties, the low end of the 

height range was chosen. The numbers in the literature for a windrow turrinz machine 

indicate pile heights of 0.91 m or 1.52 m, as discussed above. The average of these 

heights. 1.22 m, was chosen for use in this study. 

t'sing the bulk density of the compost, loading conditions for different pile 

heights can be obtained. Assuming no IateraI stresses in the compost pile, the load on a 

point c m  be reduced to the load caused by the weight of compost above a point. 

Bk Stress = - 

where W is the weight of the compost (kg), g is the force of gravity (rn s'), and A is the 

cross-sectional area of the biocell (m'), and the stress is given in D a .  The weight can be 

calculated using the bulk density of the compost: 



where h is the height of the compost above the point (m), and p, is the wet bulk density 

of the compost mixture (kg m"), and A is the cross-sectional area (m'). 

Combinin~ the two equations, the stress c m  be caiculated as follows: 

Stress = m g h  [6 -61 

6.2.2 LOADING CONDITIONS FOR EXPERIMENTAL STUDY 

The basic stress equations discussed above were used to determine the loading 

conditions for the experiment. The first step of the loading condition phase was to 

determine the bulk density of a mid-range compost-soi1 mixture. This was accomplished 

by mixing three batches of compost with the sarne soil:compost loading rate. During the 

testing, ir was deterrnined that 600 g of organic amendment mixture fills a biocell. Each 

biocell was therefore filled with 600 g of compost and a correspondinp arnount of clay. 

In order to determine the loading conditions for the experiment, three mid-range (1 6% 

contaminated soil) mixtures were prepared. Each rnix~ure was placed into a biocell of 

known cross-sectional area and weight. The height of the mixture was measured and was 

rhen used to calculate the volume of the mixture. The weight of the compost and biocell 

was then measured. The bulk density of the mixture (kj rn")was calculated as follows: 

where WC, is the weight of the biocell and compost mixture (kg), WC is the weight 

of the biocell (kg), A is the cross-sectional area of the biocell (m2), and h is the height of 



the biocell (m). 

Using the three biocells, the Ioading condition for the experiment was calculated 

as follows: 

Load (N) = h y b k  
A 

where p,, is the wet bulk density of the mixture, measured at approximately 25 1 .O kg m". 

The height of the pile above the biocell, h, is 0.8 m, while the force of gravity, g. is 9.8 1 

kg rn-' s'. A is the cross-sectional area of the biocell, 0.00916 m'. The height of the pile 

was determined as 0.8 m above the reactor top, in order to simulate a compost heap of 

1.22 m. The loading on the biocell was calculated as 18.1 N or 1.85 kg. This calculated 

wet bulk density was used in the second step of calculating loading to determine the 

actual loading present for 0.8 rn of compost acting on the reactor, by adjusting the 

experimental loading to reflect compression and density changes of the 0.8 m heisht over 

time. 

The second step of experimental Ioading was to determine the loading change 

over time. The initial caiculated load was applied to the biocell and allowed to compress 

the compost mixture for one hour. According to Chen (1998), one hour is the time where 

the maximum compressive effects occur. The change in height in the biocell was 

measured, and the corresponding change in volume was used to calculate a new bulk 

density, assuming that there was no weight change in the biocell. The new wet bulk 

density was used to cdculate a new loading which was then applied to the biocelI and 

allowed to compress the contents. These steps were repeated until there was Iess than 3% 



difference between the new calculated load and the applied loading. 

6.3 EFFECT OF SOIL LOADING ON MICROBIAL ACTMTY 

The third phase of the experiment used the biocells to compost mixtures with 

different soi1 loadings. Using the information gained in the first two experimental phases. 

biocells were loaded with 2.25 kg weights and filled with 600 g of  organic arnendmenrs, 

to which varying arnounts of wet, diesel contaminated clay soil was added. The soil 

addition was based on percent wet weight, and ranged from O t o  30% contaminated clay 

soil .A total o f  seventeen biocells were run during the experiment, one biocell at 0% soi1 

loading. and one biocell each for soil loadings ranging from 4% soil to 30% soil (in 2% 

increments); one replicate each of the 28% and 30% soil biocells was also performed. 

6 - 3 - 1 COMPOST M I X ~ R E  PREPARATION 

The woodchips, stored in five separate airtight containers, were sampled by 

obtaining two 2 litre samples from each airtight container, which were then combined, 

spread evenly over a plastic sheet, and quarrered (if necessary) to yield adequate 

woodchips for addition to the biocells. The biosolids were sampled by collecting four 

stratified subsamples from the biosolids airtight storage container, which were then 

combined for use in the compost mixture. 

The woodchips and biosolids were weighed, including an allowance for three 50 g 

samples for initial FAS measurements and dry bulk density testing, and placed on a clean 

plesiglass surface. The amendments were mixed thoroughly by hand on this surface. 



Once the organic arnendments were thoroughly rnixed, the contaminated soil was added 

to the mixture- 

The clay soi1 used in the experiment was prepared for the experiment by drying at 

IO5 O C  to a constant weight, and was broken using a harnmer into aggregates to pass a %" 

sieve. The soi1 was then brought to 50% moisture (dry basis) to approximate field 

conditions and then contaminated with diesel fùel to bring the contamination level to 

5000 mg diesel fUel per kg of dry soil. To contaminate the soil, the necessq  weight of 

dry soil (which varied per biocell) was added to a beaker. Water was added to bring the 

rnoisture content of the soil to 50% (dry basis). The diesel fuel, which had previously 

been spiked with octadecane-1-"C (supplied by the Sigma Chernical Co., St. Louis, 

Missouri) was then added to the beaker, and gently agitated until the soil had absorbed 

the liquid. The mixture was then gently mixed by hand to distribute the water and diesel 

fiel evenly throughout the soil before adding it to the organic arnendrnents. 

Once the contaminated clay soi1 was added to the organic arnendment mixture. 

samples for initial FAS and dry bulk density were taken, the CO-compost was weighed to 

ensure initial weight was accurate, and the CO-compost was then placed into the biocells 

for composting to begin. 

6.3.2 BIOCELLS 

In order to examine the efEects of different contaminated soil loading rates on 

compost performance, the other variables of the composting process were controlled as 

much as possible. For this reason, each biocell contained the same amount of organic 



amendment mixture, and therefore the same initial volatile solids content. 

The biocells (shown in Figures 6.1 and 6.4) were placed in an insulating chamber 

as shown in Figure 6.5, which was used to maintain the temperature o f  each biocell 

separately. 

'\- Styrofoam 
Styrofoarn 

F ipre  6.5: Schematic for insulating box for biocells; taken fkom Chen (1998) 

The insulating box is shown in Figure 6.6 as it was constructed and used in this 

experimental mdy. Each biocell was also equipped with a therrnocouple in order to 

rneasure the temperature within the compost mixture during the experirnent. 

Figure 6.6: Insulating box for biocells 

60 



In order to prevent oxygen from becom-ng a lirniting factor in the compos~ing 

process, each biocell was connected to an air nipply, through air hole 1 (Figure 6.1): 

which was hydrated to maintain the moisnire content of the compost and minimize 

environmental disturbances. The air was also heated to the same temperature as the 

environmental chamber in which the insulating chamber was kept in order to rninimize 

heat loss from the biocells, and was hydrated pnor to passing through biocells in order to 

ensure that the air supply was not stripping moisture from the CO-compost. The air supply 

was controlled by 600 rpm pumps by Cole Parmer Instrument Company and Masterfiex 

speed controllers. The biocells were aerated for 5 minutes every hour at a rate of 18 mL 

per second- This rate was chosen by fiiling 4 biocells with varying soil:compost mixtures 

(0. 10. 20 and 30% soil). Each biocell was aerated for 5 minutes. The five minute 

aeration cycle used 18 rnL of air per second, for a total of 5.4 L of air. enough to flush the 

entire volume of the biocell, at 2.5 L, at Ieast twice. Headspace samples were taken every 

30 seconds over the 5 minute span. The aeration rate was adjusted so thar at the end of a 

5 minute span, the headspace of each biocell was of the same composition as atmospheric 

air. 

With the biocells in place in the insulating chamber and the air supply connected 

to each biocell, the air outflow from each biocell was collected through air hole 1 and 

bubbled through flasks containing NaOH. The flasks of NaOH acted as a volatiles trap. 

Since the radiolabelled octadecane, upon metabolism, was converted to "CO, the NaOH 

traps were used to collect the respired "C for scintillation anaiysis. Calculations for the 

NaOH traps are found in Appendix D. 



The biocells were loaded according to the conditions determined in experimental 

phase II (section 6.3.2). Once the biocells were loaded, the insulating chamber was 

placed into the environmental chamber (Figure 6-7)- 

Figure 6.7: Environmental chamber, with insulating chamber 
inside 

The temperature control chamber was used to control the loss of heat Çom the 

biocells. On Day O of testing, the temperature within the chamber was set at 35 OC, then 

ramped by 2 O C  each day until the temperature reached 45 OC. The chamber temperature 

was kept at 45 OC for the remainder of the experïmental m. The experimental run was 

considered complete when the biocell temperatures dropped to below 46 O C  for 24 hours 

during the experiment, which would indicate that active CO-composting had ceased and 

temperatures were beginning to be driven by the environmental chamber, or a total of 14 

days had passed, whichever occurred e s t .  



6.3.3 MONITORING OF MCROBIAL ACTIV'ITY 

Sis separate pararneters were monitored during CO-composting. The microbial 

activity within the biocells was monitored through the first three pararneters; headspace 

analysis, relative heat generation and volatile solids removal. The compressive effects 

were observed through the fourth analysis, the FAS profiles of each biocell. The fate of 

the diesel fuel during compostinp was monitored using the final two analyses, "CO, 

evolution and TPH concentrations. 

6.3 3 . 1  HEADSPACE ANALYSIS 

The headspace of each biocell was monitored for oxygen and methane 

concentrations. Biocells were analysed on days 0, 5 ,  and 10 for oxygen and methane 

content. Headspace samples were taken by inserting a 1 mL syringe into the sarnpling 

port on the upper portion of the biocell. Headspace gas samples were measured by 

injecting the 1 rnL headspace sample into a GOW MAC Mode1 550 gas chromatograph 

(GC) equipped with a Poropak Q 80/100 mesh coiumn and a thermal conductivity 

detecror. Standards containing known concentrations of oxygen and methane were used 

to calibrate the GC before sampling and after every seven sarnples. Headspace sarnples 

were taken approximately 0.5 hours before aeration, 1 minute before aeration, and eveq 

30 seconds during aeration. Samples were taken dunng aeration to ensure that the 

headspace of the biocell approximated atmospheric conditions by the end of the aeration 

cycle. 



6.3.3 -2 RELATIVE HEAT GENERATION 

As discussed previously, the environmental charnber maintained a set temperature 

profile durin- each experimental mn. During each mn, biocell temperatures were 

monitored at Ieast twice daily using a Fluke W3 thennometer. Readings were taken when 

the temperature reading stayed constant for longer than 10 seconds. 

The temperature monitoring results were used to generate temperature profiles for 

each soil loading. The profiles were used to calculate the number of  degree-days above 

35 OC in order to compare the relative heat generation of the different soil loadin~s. The 

degree-days were caiculated by mathematically determinhg the area undcr each soil 

loading temperature profile to a datum of 35 OC. Assuming a straight-line relationship 

between measured temperature points, the area under the curve was determined as 

follo~vs: 

~vhere -4 is the area under the curve to the 35 OC datum (also equai to number of de, oree- 

days), T, is the temperature at time r,. In order to compare runs with differing lengths due 

to the temperature requirements (biocell must be at Ieast one degree above chamber when 

chamber is at 45 OC, othewise active composting is assumed complete), the area A was 

divided by the number of days per mn for each soil loading. 



6.3 -3 -3 VOLATILE SOLIDS REMOVAL 

The volatile solids content of the final samples were determined according to the 

methods discussed in section 6.1.2. However, due to the highly organic nature of the 

samples, the samples were ashed over a burner and then placed into a muffle furnace in 

order to ensure that complete ashing occured. 

Upon completion of the composting run, the biocells were removed £?om the 

temperature control charnber, and the contents were weighed and prepared for sampling. 

One biocell was opened at a time, and the contents of the bioceII were quickly placed 

onto a plastic surface. The contents o f  the biocell were examined and the condition of the 

contents noted. The compost was then stored in a pIastic bag at 4 OC until fûrther analysis 

was performed. M e r  dl biocells had been esamined, and the contents of the biocells 

were allowed to reach 4 O C ,  analysis was performed. The contents o f  a single biocell 

were rernoved from the ziploc bag and quickly mixed thoroughiy by hand on a plastic 

surface. The mixture was then quartered to yield appro'cirnately 5 g sarnples, two of 

which were combined for TPH andysis. After quartering, the mixture was then ground 

using a clean coffee grinder. During the grinding care was taken t o  ensure that samples 

did not lose moisture and remained cool. Afier grinding, the compost was again placed in 

a ziploc bag and stored at 4 OC until sampling. Once the compost had cooled, it was 

removed from the bag and quartered t o  yield approximately 5 g samples, two of which 

were combined to create a single sample. The compost was rnixed thoroughly, and 

quartered to yield a second sarnple. This procedure was repeated to  yield a total of four 

sarnples for volatile solids analysis, and three samples for TPH analysis. 



Microbial activity was monitored by determining the arnount of volatile solids 

destroyed over the experimentai run. The initial volatile solids content by weight of each 

biocell was the same, the initial and final mass of each biocell was recorded, and samples 

were taken from each biocelI at the completion of composting to measure the final 

volatile solids content. 

6.3 -3 -4 EFFECT OF S O ~ L  L0.4DbrG ON FREE AIR SPACE (FAS) 

The initial free air space (FAS) was determined using the methods described 

below The method for determining FAS was created for soils, which are mostly 

inorganic substances. There is presently no method in existence for the determination of 

FAS (to the author's knowledge) for a heavily organic substance. The initial compost 

mixture was quartered to obtain approximately 25 gram quarters, two of which were 

cornbined for a sinsle sarnple. The mixture was then requartered twice, to obtain a total 

of three samples for F.4S analysis. The first step of this method was to determine the 

particle density of the compost mixture using the Pycnometer method (Klute et al. 1986) 

This involved the foilowing steps: 

Weigh a clean, dry 250 rnL flask 
Add approximately 50 g of compost to the flask, ensuring that the outside of 
the flask is clean after addition 
Weigh the flask and compost 
Fill the flask about haIf full with distiiled water. Boil the mixture gently over 
a bunsen burner for severat minutes, agitating the sarnple gently to prevent 
foaming. 
Cool the flask to room temperature and add enough distilled water to fil1 the 
flask, drying the outside of the flask carefilly. 
Weigh the flask and contents. Determine the temperature of the contents. 
Remove compost from flask, thoroughly clean and dry the flask. Fill flask 



with distilied water at the same temperature as determined in step $6. Weigh 
the flask 

Using the readings taken during these steps, the particle density can be calculated 

using the following equation: 

where p, is the particle density (kg III-'), p, is the density of water (at the temperature 

measured, in k_g m"), W, is the weight of the flask plus dried compost sample (kg), W, is 

the weisht of the flask (kg), W, is the weight of the flask filled with compost and water 

(kg), and W ,  is the weisht of the flask plus water (kg). 

In order to calculate the FAS, the bulk density of the compost mixture must also 

be determined. Samples were taken by quartering the initial compost mixture as 

described above. The dry bulk density was calculated using the Core method, taken from 

Carter ( 1 993). The steps for this method are as follows: 

1 .  Weigh 100 rnL clean dry gIass beaker 
7 - - Place compost sample (approximately 25 to 50 g) in beaker. Weigh beaker 

and compost. 
3 
3 - Place sampie in a drying oven at 105 OC. Dry completely. 
4. Weigh the beaker and dried compost. 

The dry bulk density can be calculated using the following equation (Carter, 



where p, is the dry bulk density of the compost (kg m-3), W,, is the weight of the dried 

compost and container (kg), WC is the weight of the container (kg), and V is the volume 

of the compost sample (m3). 

The total porosity of the compost can then be calculated using Equation 6.12: 

Pdb n =  1-- 

where n is the total porosity of the compost (unitless), p,, is the dry bulk density of the 

compost (kg m") and p, is the particle densiry of the compost (kg mJ). 

The voIumetric water content of the compost sample cari be cdculated as: 

PH. 

where 8 is the volumetric water content of the compost (unitless), h4C is the moisture 

content of the compost (%), p,, is the dry bulk density of the compost (kg m"). and p ,  is 

the density of water (kg m"). 

The F.AS of the sarnpie can then be calculated using equation 6.14: 

F A S - n - @  [6.14] 

The method of testing for FAS was not designed for organic substances. It is 

difficult to load the flasks used for testing (see section 6 .3 .3 )  at the same level of 

compaction, which can alter the FAS of a compost mixture significantly. Also, the test 

was designed for inorganic substances (soiI), and does not account for the possible 

absorption of water by organic substances, or for the effect of boiIing the water when 



testing organic substances- 

The chanse in FAS was measured by observing the height change of the compost 

mixture within the biocell. Change in FAS was calculated through the assumption that 

any volume loss during CO-composting was due to a loss of FAS. 

6.3 -3 -5 TPH DATA METHODS 

At the start of the experiment, the soi1 was analyzed separately for hydrocarbons 

to ensure that the method of  diesel addition was adequate. The biosoiids and woodchips 

used in the experiment were also tested for presence of hydrocarbons in the range of 

interest. The TPH values were determined in accordance with the protocoi set out in the 

Environmental Ensineering Department Diesel Fuel in Soi1 Method (1996). 

Hydrocarbons were extracted from soi1 samples according to WSEP.4 Method 80 15B 

using a hesane-acetone extractant, and the resulting extracts were anaiyzed in an He~vlett 

Packard 5890 gas chromato,araph. The chromatograph was equipped with a flame 

ionization detector and packed column injector, and the integration was performed using 

a Waters mode1 710 data module. A 15 m X 2.65 p m  film thickness, HP-1, 0.53 mm 

cross-linked methyl silicone gum coIumn was used with hydrogen as a carrier gas and 

nitrogen as the make-up gas. The temperature prograrn was started at 100 OC for 1 -5 

minutes then rarnped at a rate of 12 O C  m i f i  for 5 minutes. The method was used to 

determine hydrocarbons in the range of C,, to C,,. The method was dso applicable to the 

organic compost mixture with the omission of the anhydrous sodium sulphate addition. 

,411 samples were analyzed in triplicate. 



6.3.3 -6 "CO, DATA MJZIHODS 

The gas produced in the biocells was bubbled through 250 mL flasks filled with 

200 rnL of 2.0 M NaOH to convert the collected CO, and "CO, into CO3'- and "CO,-, 

respectively. Calculations and assumptions for the strength of NaOH necessary in traps is 

included in Appendix C-6. From each trap, 0.1 mL ofthe NaOH was transferred into a 

new 7 rnL scintillation via1 containing 5 rnL of liquid scintillation cocktail ( E c o ~ u m e ~ ' ,  

ICN Biomedicals, Costa Mesa, CA) in tripkate. Each via1 was capped, labelled and 

gently agitated. The viais were stored in a dark room for 24 fiours before scintillation 

counting in order to reduce the effects of chernoluminescence on the results. The sarnples 

were measured using a Beckman LS 7500 liquid scintillation counter using a program 

that correcred for quenching through comparing samples and quench standards to an 

interna1 radiation source. Measurements were recorded in disintegrations per minute 

(DPRI), and were correcred for dilution and background radioactivity. Details of the 

methodolog of using radiorespirometry methods and liquid scintillation countin_o were 

found in Coleman and Fry (1 99 1) and Wang et al. (1 975). 



7.0 EXPERIMENTAL RESULTS AND DISCUSSION 

The objective of the experimental prograrn was to  determine the effect of soil 

loading on microbial activity. The data collected during the experiment is present in 

cornplete form in Appendices A, B and C. The results will be summarized in the 

following sections. 

7.1 ~NTIAL CHARACTERIZATIOIV 

Phase 1 of the experimental program was the characterization of the biosolids and 

~voodchips used during the experimenr in order to allow feedstock recipe calculations. 

7.1 - 1  Son. CHLU~ACTERIZATION 

The soi1 characterization was completed by Man (1998). The soil analysis 

indicated that the hydrocarbon parameters of the andysis (BTEX, total volatile 

hydrocarbons, total extractable hydrocarbons) were al1 below the detection limits of the 

laboratory rnethod of analysis. This indicates that the soil was not previously subject to 

hydrocarbon impacts. The organic carbon and total nitrogen analyses showed thar the 

levels of both parameters were negligible, at 0.28% and €0.1 %, respectively. The grain 

size analysis indicated that the soil was a typical Wiruiipeg area glacio-lacustrine clay. 

7- 1 -2 ORGANIC AMENDL'VIENTS CHARACTER~ZATION 

The results of the characterization of the biosolids and woodchips are summarized 

in Table 7.1. Raw results are available in Appendix C. 
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Table 7.1 : Characterization Results for Biosolids and Woodchi~s 
--- 

Woodchips Biosolids 

Parameter ff of rnean % relative ff of mean % relative 
samples standard samples standard 

(n) deviation (n) deviation 

MC (% \vb) 5 4 1-3 5 -2 6 68.6 0.35 

VS (94 db) 5 6 8 2  4 -6 6 38-6 1.1 

OC (% db) 5 37-9 4.6 6 21.5 1 - 1  

T m  (% db) 3 0.39 15 3 3.1 1 3 -0 

C:N ratio - 97.2 - - 6.9 1 - 

The mean moisture content of the woodchips was 4 1 -3% (percent relative 

standard deviarion (% RSD) of 5.2%), indicating that the woodchips were likely created 

from freshly cut trees, as older, air-dried trees wouId generally produce woodchips with a 

lower moisture content. The carbon content of the chips indicates that the woodchips 

provide a source of carbon for microbial utilization. The fairly low nitrosen content of 

the woodchips is offest by the higher nitrogen content of the biosolids, which also have a 

high moisture content. The high moisture contents are ideal for creating a composting 

recipe; moisture levels should be approximately 55%, and idedly a mixture should be 

created which does not require the addition of water to maintain an initial moisture 

content in the range of 50-60%. The results of the testing are compared to literature 

sources in Table 7.3. 



Table 7.2: Woodchips and Biosolids Characterïzation Results Compared to 
Literature 

- - 

Wsrykush Chen Tchobanoglous NRAES WEF 
(2000) (1 998) et a1 (1 993) (1992) (1995) 

range (typicai) (tlpical) 

Woodchips 

organic carbon, ( O h  cin- 
\veight) 

nitrogen (% dn- ~veight) 

C:N ratio 

moisture c 

Biosolids 

ite 

organic carbon (% d ~ .  
ii.eight) 

nitrogen (% Q- basis) 

C:N ratio 

moisture content ( O h )  

Table 7.2 shows that significant differences existed between the woodchips used 

by Chen (1  998) and the woodchips used here. The difference is due to a number of 

factors. The age and type of trees chipped in both experiments is unknown, and cm 

affect the composition of the woodchips. Chen (1998) also air-dned woodchips before 

use and testing, whereas the woodchips used in this expenment were chipped and then 

immediately stored in an air-tight container at 4 OC in order to maintain the freshness and 

moisture content of the woodchips. The results for the woodchips are within the reponed 



results in the literature. The biosolids results are comparable to Chen (1 998)' althourh 

the moisture content is slightly less than reponed in Iiterature sources. 

Using the results fiom the characterization, the organic amendment recipe was 

created. This "recipè', or  combination of organic amendment materials, was used in each 

biocell to maintain optimum composting conditions for the experiment. The recipe was 

created using the equations given in section 6.2.2, and was designed with a moisture 

content of 55%, within the acceptable range of moisture content for composting as 

discussed in Chapter 5 .  The compost recipe is surnmarized in Table 7 3  

Table 7.3: Compost Recipe Parameters 

C:N '/ON P b  kg o f  amendment %TS "10 \:S VS 
ratio (db) (kg/m3) per kg mixture (wb) (db) (kg) 

(kg) 

biosolids 6.9 3.11 1167.55 0.502 3 1 38.63 0.0610 

woodchips 97.2 1 0.4 102.95 0,498 58.7 68.18 O. 1974 

compost 23.26 1 -35 23 1.93 - 45 .O 57.81 0.2584 

Table 7.3 indicates that the compost mixture had 258.4 g of VS per kilogram of 

wer compost mixture. Each wet kilogram of mixture was composed of 502 g of 

biosolids, and 498 g of woodchips. The final mixture had a C:N ratio of 24-26, which is 

within the acceptable range of C:N ratios for composting. 



The second phase of the expenment invoIved deterrnining the loading conditions 

that were used within the biocells, as was discussed in section 6.3. The results of the 

Ioading are shown in Table 7.4. 

Table 7.3: Iterative Loadin~ Results 

'%R.S .D. is the percent relarh-e standard deviation of the results 

The results of the iterative loading show that the compost recipe chosen 

compresses consistentiy, &in= results within 0.4% reIative standard deviation. The 

initia! calculated loading was 18.1 N or 1.85 kg, with the mean finai Ioading as an 

increase of 22916 over the initial calculated loading. The soil loading used during the 

iteratik-e loading process was a mid-range load (1 6% contarninated soil) in order to 

represent a typica! ioading condition. Using the results of the iterative loading. each 

biocell was loaded with 2-35 kg. 

7.3 EFFECT OF SOIL LOADING ON MICROBIAL ACTMTY 

Table 7.5 shows the initial contents of each biocell. Each biocell was prepared 

with the same amount of compost in order to have a consistent volatile solids content in 



each reactor and to  ensure that 

to rninimize experimental bias. 

with the initial case of 0% soil, 

the reactors were filled to approximately the same arnount 

The clay soil was added in increasing increments, starting 

to determine the baseline volatile solids reduction and 

heat seneration in unioaded compost. Loading of soil began at 4% contaminated clay soi1 

(by weight) and increased in increments of 2% contarninated soil by wet weight. Diesel 

was addeci in arnounts equalling 5000 mg kg-' dry clay soil to ensure that levels of 

contamination were consistent for the soil, 

Although the addition of diesel increases the arnount of volatile solids in the 

reactors, the amount of volatile solids in each biocell from the compost mixture was 

156.1 g, and it c m  be seen from Table 7.5 that the addition of diesel was insignificant in 

terms of volatile solids content and weight of the biocells. For this reason, volatile solids 

calculations were perfonned using the initial 156.1 g of volatile solids as initial volatile 

solids content for each biocell. 



Table 7.5: Contents of Biocells 

Contaminated Soil Amount of Components 
Loading k) 

O/O Clay Diesel Total Weight 

O 0.00 0.000 600.0 

4 25.00 0.083 625.1 

6 3 8 -3 O O. 128 638.4 

8 52.17 0.174 652.3 

10 66-66 0.222 666.9 

12 8 1-82 0.273 682.1 

14 97-68 0.326 698.0 

16 1 14.3 0.38 1 714.7 

18 131.7 0.439 732.1 

20 150.0 0.500 750.5 

3 1  -- 169.2 0.564 769.8 

24 189.5 0.632 790.1 

26 210.75 O. 703 81 1.5 

28 233 2 5  0.778 831.0 

30 257.1 0,857 858.0 

7.3.1 RELATIVE HEAT GENERATION REsLJLTs 

The temperature monitoring data for each soi1 loading biocell is included in 

Appendix C-2. The daily temperature measurements were used to generate temperature 

profiles for each soi1 Ioading rate, and were used to determine the relative heat generation 

over the experimental run. Temperature profiles for each biocell can be found in 

Appendis C-2. 



73.1.1 TEMPERATURE PROFILES 

The rise in temperature observed during the composting process reached a maximum 

over a range of 4 to 5 d f ~ r  lower soi1 loadings, and 7 to 8 d towards the higher soil loadings; 

above 26?4 contaminated soil, temperature profiles were generally lower than lower soi1 

loadings. The O% soil loading biocell had temperatures greater than the charnber shortly 

after the start of the expenmental run. The biocell temperature remained elevated, until 

approximately day 5, when the temperamre dropped to  a plateau, where it remained for the 

remainder of the experimental mn, as shown in Figure 7.1 

,> 
0 

+ 0% soi1 biocell temperaturc 
O charnber temperature 

6 8 

Time (days) 

Figure 7.1 : Temperature profile for 0% soil Ioading biocell with environmental 
chamber temperature profile shown 



Temperature profiles of some biocells were affected by fluctuations in the 

environmental charnber temperature, seen in Figure 7.2, the temperature profile measured 

in the 4% soil biocell. Spikes in the biocell temperature profile match the slight spikes in the 

chamber temperature; other biocells that were in the chamber during this run (6, 26. and 

30b% soil loading) also exhibited the same spikes. The same effect is observed in the 8% 

soil loading biocell, with a single spike occuring at approxirnately day 4. Profiles for the 6, 

26, job, and 8% soi1 loading biocells are found in Appendix C-2. 

-0- 4% çoil biocell temperature 
O chamber temperature 

l 
O 2 4 6 8 10 12 14 

Time (days) 

Figure 7.2: Temperature profile from 4% soil loading biocell with environmentai 
charnber temperature profile shown 
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Although the spikes in the chamber temperature appeared to affect the biocel1 profiles 

for 3.6,26 and 30% soil, spikes in the charnber temperature did not affect al1 reactors 

similarly; charnber temperature spikes are seen in biocells with 12, 18, 22 and 24% soi1 on 

approximately day 8; these biocells were completed in a single experimental run and the 

charnber temperature spike is not reflected in the biocell ternperature. Figure 7.3 shows the 

biocell and charnber temperature profiles for the 18% soil biocell, with the chamber 

ternperature spike at approximately day 8 present. 

18% soi1 biocell ternperature 
cham ber tem perature 

O 2 4 6 8 10 12 14 

Time (days) 

Figure 7.3: Temperature profile of 18% soil loading biocell with environmental 
charnber temperature profile shown 
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The initial profile observed for 0% soil was observed in other soi1 loadings; however 

temperatures reached by biocells generally decreased as soil loading increased, seen in 

temperature profiies in Appendix C-2. Biocells with high suil loadings (28 and 30%) had 

temperature profiles that were either slightly above or below chamber temperature, seen in 

Figure 7.4. The temperature profile for the 28a% soil loading biocell also shows the 

shonened experimental run for t h i s  biocell. Biocells were required to be at least one degree 

above the chamber temperature once the chamber temperature reached a plateau at 45 OC; 

othenvise, it was deemed that active CO-composting had ceased and the nin was terminated. 

28% soit biocell temperature 
chamber temperature 

O 2 4 6 8 10 12 14 

Time (days) 

Figure 7.4: Temperature profile of 28%a soil loading biocell with environmental 
chamber temperature shown 
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7.3.1 -2 DEGREE-DAYS ABOVE 3 5 OC 

Using the temperature profiles and data, the heat generation (measured as degree-days 

per day above 35 OC) over the experimentai run was calculated for each soi1 loading. Due 

to the diRering experirnental run lengths, the method of Larsen (1998) could not be used. 

The degree-day calculations are included in Appendix C-2 on the data sheets for each soi1 

loading, and the resuIts are shown graphically in Figure 7.5. Originally, the degree-days 

calculation was simply a sum oftotal degree-days above 35 O C ,  however, due to the differing 

experirnental nin lengths, it was felt that using this method introduced a bias to  the results, 

as the cornparison between biocells did not account for the number of days over which the 

temperatures were generated. Severai different methods of analysis were examined and 

attempted; the final method used, with resuIts presented in Figure 7.5, was to take the total 

number of degree-days generated per biocell over the experirnental run, and then divide this 

total by the number of days in the experimental run for each biocell, as discussed previously 

in section 6.3  -3  -2. Using this method, each biocell is compared using the total degree-days 

generated and the days over which the experiment runs is ais0 considered. Figure 7.5 shows 

the results of the relative heat generation analysis. 



Soil Loading 

Figure 7.5: EWct of soi1 loading on relative heat generation 
expressed as degree days per day above 35 O C  

The figure shows that the heat generation is highest at 0% soil loading, indicating thar 

the addition of soil impacts heat generation even at low loadings (4%). The heat generation 

drops to a plateau of approximately 10 degree-days day-' above 35 OC, where it remains until 

approxirnately 26% soil loading, when the heat generation begins to drop dramatically to 

approximately 6 degree-days day*' above 35 O C .  At lower soil loadings, high relative hear 

generation indicates that the composting process generates significant arnounts of heat, 

similar to the heat generated at 0% soil loading. The drop in heat generation once soil has 

been added to the biocells indicates that the clay soil is impeding biodegradation of the 



organic amendment mixture. The flanening of the curve indicates that the soi1 addition only 

impedes biodegradation beyond a threshold value, seen here as approximately 20% soi1 

loading. The sharp decrease which occurs at 28% soi1 indicates that at this point the 

composting system is beginning to generate significantly less heat, possibly indicative of 

anaerobic conditions within these bioceIIs. The results for 20% contaminated soi1 loading 

indicate that this data point may be an outlier, possibly due to experimental difficulties with 

this biocell during the experimentd nin, including maintainin; air supply and off-gas tubing; 

as the tubing began to crack during the experimental run and was repaired temporarily. 

7.3 -2 VOLATILE SOLIDS REMOVAL 

The volatile solids (VS) at the beginning of the experimental mn were asssumed 

to be the sarne for al1 biocells, at 156.1 _e of volatile solids from the biosolids and 

woodchips. The results from the testing are presented in Appendix C-3. The results from 

the testing were converted to a final weight of volatile sofids, using the analytical results 

for volatile solids as a percentage and applying this to the final compost weight, measured 

at the end of the experimental run. This final weight of volatile solids was then cornpared 

to the initial weight of 156.1 g VS in each biocell at the begiming of the experimental 

run. This cornparison was performed in order to calculate the percentage removal of VS 

fiom each biocell. These results are presented graphicaily in Figure 7.6. 
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Soil Loading (% wet weight) 

Figure 7.6: Effect of soil loading on volatile solids reduction expressed as percent 
volatile solids reduction 

The soi1 loading rate affected the volatile solids reduction substantially at the 

lower end of the expenmental loading condition, as well as at the upper limit of the 

loading conditions. The drop in volatile solids reduction beyond 24% soil indicates t ha t  

beyond this level, the rnicrobial community had more difficulty degrading the 

biodegradable fraction of the compost mixture. Once again, the 20% contaminated son1 

loading data point appears to be an outlier. In general, the data indicates that the 

composting process rernained healthy until approximately 24% contarninated soil when 



the volatile solids reduction dropped dramaticdly. The reduction in volatile solids is 

indicative of the microbial activity; the drop in volatile solids reduced indicates that the 

microbial activity levels were begiming to drop beyond approximately 24% 

contaminated soil. The maximum mean volatile soIids reduction was 35.8%, which 

occured for 0% contaminated soil loading. 

7.3 -3 ~ A D S P A C E  ANALYSIS 

Results of headspace testing are included in Appendix C-4. In al1 biocelIs, the day 

O results indicated that sufficient oxygen transfer was occuring to produce atmosp heric 

conditions in the headspace of the biocells for al1 soil loadings both before and during the 

five minute aeration cycle. However, headspace analysis on subsequent days showed that 

above approximately 26% contaminated soil, the biocells becarne anaerobic. Both the 28% 

soi1 and the 30% soil biocells were nin in duplicate, with anaerobic conditions occurring for 

both replicares. Biocells began showin; levels o f  methane above 5% within the headspace 

of the 28% and 30% contaminated soi1 biocells on day 5 of the experimental mn, as shown 

in Figure 7.7. Levels of methane below 5% were detected within biocells from 22% to 26% 

soi1 loading, as seen in the figure. 



+ Oxygen Concentration 
O Methane Concentration 

O 

0 0 

O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Soil Loading (Oh) 

Figure 7.7: Oxygen and methane concentrations in headspace taken one minute 
prior to aera~ion cycle on day 5 of experimental mn 

The headspace analysis was the initiai indication of the aerobic or anaerobic nature 

of the biocell, and anaerobic conditions were confirmed through odours noted by author at 

the conclusion of experimental runs. Other than the 28% and 30% soi1 biocells, biocells did 

not show the presence of methane levels over 5%, aithough the day 10 headspace analysis 

showed decreasing levels of oxygen in biocells (Figure 7.8). 
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Figure 7.8: Oxysen and methane concentrations in headspace taken one minute prior 
to aeration cycle on day 10 of experimental run 

This indicates that the composting system remained aerobic, with headspace oqgen 

levels above 5%, until approximately 26% soil. This was the maximum soil Ioading which 

maintained aerobic conditions dunng the compost in^ process for this expenmental design. 

It should be noted that the maximum aerobic soil loading condition is expected to change as 

experimental conditions are altered, and that without replicates of data points. the 26% 

contarninated soil loading aerobic threshold is an estimation. Also, oxygen levels in the 

biocells above 20% contarninated soil loading expenenced a drop in oxygen levels for the 

pre-aeration cycle sarnples. However, no methane was observed in the headspace in levels 



above 5% by volume. This is supponed by Hupe et al. (1998), who reported that oxygen 

levels below 10% impede mineraiization of diesel fuel, indicating that although aerobic 

conditions are rnaintained, the Iower oxygen levels affect the amount of microbial rerno\-al 

of volatile solids, and the amount of microbial activity which causes heat generation. 

Olfactory and visuai inspection of the biocells above 26% contaminated soil loading 

indicated that anaerobic conditions did not appear to be present throughout the biocell, but 

appeared to occur in pockets of anaerobic or aerobic activity. This was due to the structure 

of the compost; when the free air space compresses, the air supply will preferentially flow 

through the paths of least resistance, leaving anaerobic pockers. The anaerobic conditions 

above 26% contaminated soil and decreasing levels of oxygen observed in biocells above 

20°4 contaminated soil was likely due to the increasing arnount of clay soil coating the 

carbon source (woodchips). The clay was present in the compost matnx as both discrete 

particles (nuggets) and ais0 as a cIayey fiIm that coated the woodchips as did the biosolids. 

The nuggets may have presented obstacles to air flow, creating pockets of anaerobic activity. 

while the clayey film coating the woodchips may have acted to inhibit degradation of the 

woodchips. 

Although the aeration system was set up to flush approxirnately twice the volume of 

the biocell, aeration results indicate that for biocells with 28 and 30% soil loading, the 

aeration cycle did not act to flush the biocell. Figure 7.9 shows the aeration cycle acting to 

flush the biocell gas contents for the 22% soil biocell; although methane is initially present 

within the biocell, during aeration the methane is flushed and the biocell headspace 

approximates atrnospheric conditions at the conclusion of the cycle. 
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Figure 7.9: Methane concentration of 22% soil biocell on day 10 of experimental 
run during aeration cycle; includes measurement taken one minute prior 
to aeration 

Figure 7.10 shows the aeration profile for the 28%a soil loading biocell; methane is 

present at the conclusion of the aeration cycle in the same concentrations as were present 

prior to aeration; this indicates that the biocell gas contents are not being nushed during 

aeration, indicating a blockage within the biocell or a failure of the aeration system. 

However, a failure of the system is unlikely; the same general results were observed for the 

28%b, 30%a and 30%b biocells. 
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Figure 7.10: Methane concentration of 28%a soil biocell on day 10 of 
experimental mn durhg aeration cycle; includes measurement one 
minute prior to aeration 

The results of the relative heat generation analysis and volatile solids destruction 

suppon the headspace analysis results. The drop in relative heat generation corresponds to 

the presence of methane in biocells above 26% soil. Once the biocell becomes anaerobic, 

the destruction of the volatile solids within the biocell is slower. This causes the microbial 

comrnunity to produce less heat than would occur within an aerobic setting, seen as a 

significant drop in the relative heat generation that occurs at approximately 26% 

contaminated soil loading, where anaerobic conditions were confirmed by headspace 

analysis. The drop in volatile solids reduction beyond 24% soil loading indicares that the 



microbial cornrnunity has more difficulty degrading the biodegradable fraction of the 

compost mixture, which could be due to the decreased oxygen levels apparent at this soil 

loading. The oxygen levels have impeded the aerobic microorganisms degradative efforts, 

as supponed by the results of Hupe et al. (1998). Beyond the 26% soil loading, this drop in 

the volatile soIids reduction was due to the anaerobic conditions, as anaerobic destruction is 

typically slower than aerobic destruction. 

7.3 -4 FREE AR SPACE (FAS) PROFILES AND OXYGEN TRANSFER 

Initiai FAS measurernents were performed before the beginning of each experimental 

run. Over the experirnental mn, the decrease in FAS was monitored through the decrease in 

height of the biocell. The heieht decrease was used to calculate the final FAS of each soi1 

loading compost mixture. 

7.3.4.1 ~ N I ~ A L  FAS RESULTS 

The initial FAS of each soil loading is shown in Figure 7.11, with the raw results 

summarized in Appendix C. Initial FAS results ranged from 34% to 43%, with a slight 

decreasing trend as soil loading increased. According to the initial FAS results, at the highest 

soil loading rate, 30% soil by wet weight, the initial FAS of the compost was 34.22%, which 

is adequate for composting. Initial FAS measurements for al1 soil loadings indicate that 

adequate FAS exists for cornposting at the start of the experimental mn. A decreasing trend 

to the initial FAS data is shown using a linear regression fit to the data, with an ? value of 

0.68. 
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Figure 7.1 1 : Effect of soil loading on initial FAS 

7.3.4.2 HEIGHT DECREASE DI BIOCELLS 

The biocell height measurements are presented in raw form in Appendix C-3. The 

height decrease obsewed during this study was distributed over the experimental run of two 

weeks, as shown in Figure 7.12. The loading applied during this study resulted in a gradua1 

reduction in biocell height. The results fiom Chen (1998), using a loading of 39.4 N. 

compared to the 22 N used during this study, followed a significantly different pattern. Chen 

(1998) found that the FAS reduction was 60% of the total reduction &er one minute of 

loading, and that 90% of the total reduction was reached after one hour. The lower loading, 

as well as the addition of clay soil, appear to have affected the  settlement pattern. The clay 



soi1 may provide a less compressible element in the compost, affecting FAS decreases ove: 

the esperimental run. 
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Figure 7.12: Typical biocell height decrease over experimental mn 

7.3 -4.3 FINAL FAS 

The results for the final FAS calculations are found in Appendix C- 1. The biocells 

were compared using the relationship of the ratio of the final FAS to the initial FAS, as 

shown in Figure 7.13. This relationship was used to demonstrate the arnount of compression 

as it related to the initial fi-ee air space. 



Soil Loading (% wet weight) 

Figure 7.13: Effect of soil loading on ratio of final FAS to initial FAS, with linear 
regression line of best fit indicated 

As seen in Figure 7.13, the data are scattered. However, an increasing trend is seen 

with increasing soi1 loading as indicated by the linear regression fit to the data (9 = 0.59). 

As more clay soil is added to the compoa, the compressibility of the compost mixture 

decreases. This may be due to the clay particles (nuggets) adding strength to the CO-compost 

mixture. The FAS of the biocell can also be affected by the spatial distribution of the clay 

particles within the compost biocell. An even distribution would provide ideal FAS settling, 

but a homogeneous compost mixture is extremely difficult to create. If the clay nuggets are 

located in a region of the biocell and are compressed together over the expenmental run, they 



may effectively block the air flow through areas of the biocell and cause anaerobic conditions 

to occur within the biocell. The 28% and 30% contaminated soi1 biocells may be evidence 

of this phenornenon, where the clay within the biocells prevents oxygen transfer within the 

biocells, causing the anaerobic conditions observed within the biocells. 

7.3.5 TPH DATA RESULTS 

Initial results of TPH testing, performed on the woodchips, showed that the TPH 

testing detected the background TPH in the compost components in Ievels significantl'. 

above the diesel contamination proposed for the expenment. The results of the initial TPH 

testing are presented in Appendix C-6. and are surnmarized in Table 7.6. 

Table 7.6: Mean Initial TPH Testing Results for Woodchips 

TPH Percent Relative Standard 
mg kg-' ( ~ v e t  basis) Detiation (%) 

Total: 13359.41 



Levels of TPH in the woodchips alone were greater than the 5000 mg kg-' dry soi1 of 

diesel contamination. An atternpt was made to dry the chips to remove the volatile 

compounds, as it was thought that some of the more volatile hydrocarbons could be removed 

through drying. As shown in Table 7.7, drying the woodchips removed some of the TPH 

compounds, but some of the higher end compounds remained in the woodchips in substantial 

concentrations. Also, drying the woodchips wiil necessitate the addition of water to the 

compost mixture to obtain an adequate moisture content. The addition of water is 

undesirable at the field scale. 

Table 7.7: Mean TPH results on dried woodchi~s 

TPH Percent Relative 
mg kg-' Standard Deviation 

(%) 

Total: 3 169.23 

The TPH method used was also unable to quanti@ the amount of diesel fuel 

remaining in the clay soi1 at the end of each experimental mn. This was due to several 



factors. The first factor was the design of the method, which involved extraction of diesel 

&el from pure clay soil. Upon completion of composting, it was not possible to separate the 

clay soi1 from the biosolids/woodchips compost mixture. The experimental method then 

requires the extraction of the TPH compounds from the biosolids, woodchips and soi1 

mixture, causing difficulty in obtaining a representative sample. It is also difficult to 

determine the arnount of anhydrous material to add to the sample prior to extraction for 

analysis, since woodchips do not require the addition of anhydrous materid prior to analysiso 

unlike the biosolids and clay soil. Due to this difficulty, TPH concentrations were not 

measured at the termination of the experimental mn. Another factor that af5ected the 

utilization of TPH testing was the IeveI of TPH compounds in the woodchips, present in 

levels substantially exceeding the TPH levels of 5000 mg kg" dry soil in the clay soil, and 

therefore masking the contribution of diesel fuel to the total TPH concentrations. The 

measurement of tinal TPH concentrations, if feasible, may possibly have aided in 

determininz hydrocarbon usage through exarnination of comparative peaks in diesel and 

woodchips respectively. 

7.3.6 ' % o 2 D A T A R . E ~ U L ~ ~  

The 14C0, generation of the biocells was determined through the volatile traps of 

NaOH through which the offgases from the biocells were bubbled. The traps were sampled 

in tripiicate and analysed using the Beckman LS 7000 Scintillation Counter in the Soi1 

Science Department at the University of Manitoba. The results of the testing indicate that 

levels of radioactivity in the offgas of the biocell were negligible; the analysis indicated that 



the traps measured extremely close to the levels ofbackground radiation present. The results 

of the 14COz testing are presented in Appendix C, with the average "CO2 recoveries for each 

soi1 loading presented in TabIe 7.8: 

Table 7.8: Total ''CO2 recoveq over experimental run for al1 biocells 

Soi1 Loading Total ''C02 recovery over eqerirnental 
nln 

(% wet weight) (%) 

O O 

There are three possible explmations for this phenomenon. The first is that the traps 

did not function to trap the "CO2 and were therefore not an accurate representation of the 



14 COz generation over the experirnentai mn. This explanation was refùted through weighing 

the NaOH traps before and after the experimental nin; an increase in weight wôs obsen-ed. 

indicating that the  traps were functioning. Also, as a second check for the traps, a co- 

compost mixture was prepared, diesel hiel was added to make 20,000 mg diesel kg" wet co- 

compost. This mixture was placed in a biocell, and was put in the environmental chamber 

at 45 "C for founeen days. The trap was then monitored for '"C after the fourteen days had 

elapsed; the presence of 14C in levels above background indicated that the traps were 

hnctioning to trap respired '"CO,. The second possible explanation for the lack of respired 

I J  CO, observed over the experiment is that the radio-labelled octadecane was not utilized by 

the microorganisms. This is possible, since the biocells were allowed to run for a maximum 

of 14 days, during which microorganisms had to acclimate themselves. The diesel is also 

tightly bound to the clay soil and may prove to be difficult to degrade in a short time. The 

work of Man (1998) indicated that for clay soil incubated at 22"C, ''CO, was recovered 

beginning on day 14 of his experimental run, at approximately 4% of the total "C added. 

Significant recoveries occured over the experimental run, with a final percent recovery as 

"CO, of approximately 45%, over a span of 210 days. A longer cocomposting time will 

likely produce substantial ''CO, recovery. The third explanation is that the CO-composting 

environment also may promote the formation of bound residues, supported by the work of 

Kastner et al. ( 1995), who observed 14COz generation using I -l4C-hexadecane in sandy soi1 

composting in minimal amounts during the first 12 days of CO-composting, and observed a 

lack of ''CO2 production from 9-"C-anthracene during the first 12 days of CO-composting. 

The work of Kirchrnann and Ewnetu (1 998) on CO-composting o f  oil wastes in horse manure 



also observed little carbon mineralization during the first 10 days of cornposting. An 

aerobidanaerobic system utilizing [l'Cl TNT degradation showed that about 84% of the 

radioactivity was bound to  the humic compounds and did not measure any generation of 

"CO1 (Drzyga et al., in Bmns Nagel et al., 1998). The work of  Diaz at al (1 995) showed that 

hydrocarbon utilization occurred within the first 13 days of  composting. However. Diaz et 

al. (1 995) used oily wastes and did not use contaminated soil; the pure oily waste material 

is more readily available for degradation than wastes sorbed to clay soils. The "C content 

of the cocompost mixture at the end of the expenmental run was not deiermined; this was 

due to  dificulties wîth the extraction procedure for hydrocarbons, as described for the total 

petroleum hydrocarbon analysis in the previous section. 



8.0 SUMMARY AND CONCLUSIONS 

The objective of  this thesis was to determine the maximum soil loading rate for diesel 

contaminated heavy clay soi1 added to a woodchips-biosoIids CO-compost mixture. The 

maximum soil ioading rate was determined through analysis of microbial activity, measured 

as relative heat generation, volatile solids destruction, and headspace gas composition. The 

change in free air space of the compost was also measured over the expenment, as was the 

respiration of 'T02 from a radiolabelled compound added to the diesel fuel. An attempt to 

monitor the degradation of TPH compounds was made. 

The first step of the experiment was to determine the compost mixture recipe. In 

order to do this, an initial characterization of the compost arnendments, the woodchips and 

biosolids, was performed. The amendments were characterized for organic carbon, to ta1 

Kjeldahl nitrogen, rnoisture content, and volatiIe solids content. In order to determine 

whether the soil used for the experiment had been previously contaminated by hydrocarbons. 

the soil was charactenzed for total volatile hydrocarbons (X,,), total semi-volarile 

hydrocarbons (CI, to C,,) ,  and heavy extractable hydrocarbons (>C,,). The soi1 was ako 

characterized for carbon content, nitrogen, metals content and grain size distribution. .Mer 

characterization had been completed, the compost recipe was created, using a target moisture 

content of 55%. 

The Ioading to be applied during the experimental run was determined through 

empirical testing. A mid-range compost mixture was prepared and placed into biocells. 

Using the density of the compost, and assuming a compost heap height of 1.12 m. the 



theoretical loading was calculated and then applied to the biocells and allowed to act for one 

hour- The compression of the compost was rneasured afier one hour, and used to calculate 

a new bulk density of the compost. Using this new bulk density, the new loading for the 

biocells was calculated, applied, and ailowed ro act. These steps were repeated until the 

loading applied was within 1% of the cdculatod loading. Initial FAS was ais0 determined 

for each soil loading compost mixture. 

With the compost recipe, initial FAS a n d  the biocell loading calculated, the next step 

of the study consisted of creating the compost mixtures for the biocells, and using the 

biocells to simulate cornposting over a period o f  two weeks. The biocells were constructed 

to allow a supply of gas (in this case air), which was supplied through pumps comected to 

a programmable controller. Pjr was supplied for 5 minutes of every hour during the two 

week experimental run. The biocells were also equipped with a septum for headspace 

sampling, which was performed during days O, 5 and 10 of the experimental run for ongen 

and methane levels in the headspace. The offgas from each biocell was collected with tubin2 

and bubbled through flasks containing NaOH t o  trap respired CO,. 

A total of seventeen biocells were run f o r  a two week span; soil loadings ranged from 

0% to 30% soil loading. One biocell contained 0% soil; one biocell was used for each soil 

loading from 4% to 26% (in increments of 2%); duplicates were performed for 28% and 30% 

contarninated soil biocells, in order to confirrn the anaerobic conditions encountered in these 

biocells. Biocells were loaded with the compost mixture, to which clay soil contaminated 

with 5000 mg kg" dry clay soil of diesel fuel spiked with 1-I4C-octadecane was added 

Biocells were placed in an environmental chamber, which was initidly set at 3 5  O C ,  then 



ramped 2 O C  each day until reaching 45 OC, where the chamber temperature remained for the 

remainder of the two weeks. This program was chosen to mimic the temperature of a 

compost heap surrounding each biocell. During the two weeks, each biocell was loaded with 

the empirically detennined loading and monitored at Ieast three times daily for temperature 

and biocell height. Bioceil temperature monitoring results were used to calculate the relative 

heat generation of each soil Ioading, through determination of degree-days above 35 OC for 

each soi1 loading biocell. VolatiIe solids destruction andysis was performed on the compost 

afier each experimental run. The decrease in FAS over the compost run was monitored 

through the biocell height decrease. Samples of woodchips were analysed for TPH content, 

and sarnples were taken from the NaOH traps and andyzed for "C, to indicate the respiration 

of "COZ. 

Results indicate that above 20% contaminated soil, oxygen levels begin to decrease 

until above 26% soil, where anaerobic conditions were encountered in headspace testing. 

The anaerobic conditions were supported by the volatile solids and relative heat generation 

results, which indicated that above 26% soil the relative heat generation and volatile solids 

destruction decreased sharply . 

Free air space results indicate that the addition of clay soil appears to affect the 

cornpressibility of the compost mixture; at higher soil loadings the ratio of final FAS to 

initial FAS was close to 1 .O; at lower soi1 Ioadings the ratio was in the range of 0.74 to 0.76. 

The results o f  the TPH analysis performed on the woodchips indicated that the 

concentrations of naturally occunng TPH compounds within the woodchips were high 

enough to mask the diesel present in the biocells. The woodchips were dried and reanalysed 



to determine if this process would reduce the TPH results to acceptable levels; afier drying, 

TPH concentrations were still present in enough concentration to mask diesel fuel or affect 

results. For this reason, TPH analysis was not performed on the compost rnixqure. 

The "CO, results showed that no respired ''CO, was trapped within the NaOH 

mixture. These results indicate that the active composting phase is not sufficient to degrade 

diesel fuel compounds from clay soils. 

From the results obtained, the following concIusions were made: 

The recommended maximum soil loading for CO-cornposting of heavy clay soil is less 

than 20%, in order to maintain maximum oxygen levels and prevent anaerobic 

conditions from occunng. 

A method for determining TPH compounds in diesel fuel separately from naturally 

occuring hydrocarbons in the woodchips and biosolids needs to be developed for use 

in the Environmental Engineering Laboratoty at the University of Manitoba. The 

method would dlow for determination of degradation, transformation, or binding of 

diesel compounds during CO-cornposting. 

The active CO-cornposting phase is not sufficient to degrade diesel compounds sorbed 

to heavy clay soils. A longer composting time may allow for degradation of diesel 

fùels from the soils. 

A protocol for measuring initial FAS for heavily organic substances such as compost 

mixtures would provide more consistent results and allow for comparability between 

researchers. 



9.0 SUGGESTIONS FOR FURTHER STUDY 

Several suggestions for further study have evolved fiorn the work performed during 

this experimentai study. The volatile solids analyses seem to have inherent variabilities due 

to the non-homogeneous compost mixtures used in this expenment. 1 beIieve that these 

values are to be expected when working with such a non-homogeneous substance. The 

analysis is more accurate than previous andyses due to the present technique of grinding the 

compost before anaIysis. However, the grinding does not cornpletely remove the variability 

in anaiysis, which must be expected when working with highIy variable organic substances. 

There is an inherent difficulty in obtaining representative samples, as well as ensuriny 

that clay soil is distributed evenly throughout the compost; clay soi1 also poses a dificult). 

since it will form "nuggets" as well as coating the woodchips, and does not do so in 

consistent patterns. 

There is a need for a TPH analysis that does not include hydrocarbons from the 

compost materiais. Methods do exist for this purpose; however they need to be developed 

for use in the Environmental Engineering laboratory. The analysis should be simple enough 

to be performed by students in the Environmental Engineering laboratory facilities at the 

University of  Manitoba to render the method applicable. A potential solution may be to 

compost the woodchips and biosolids mixture before the addition of soil; allowing 

microorganisms to degrade the naturally occunng hydrocarbons present in the woodchips and 

biosolids may reduce these concentrations to negligible levels, allowing for diesel addition 

as the sole source of hydrocarbons in the CO-compost mixture. 



The FAS method needs to modified for organic substances such as compost. This 

would provide more confidence when comparing results between researchers. The current 

method provides results that are dependent on the compaction of the compost mixture that 

the researcher creates, which vary from researcher to researcher, as well as varying between 

triais for a researcher- 

Realtime monitonn~ of headspace, height reduction and temperature would provide 

more exact results and provide more meaninml concIusions. Deterrnining at which point 

dunng pre-aeration the compost headspace begins to show anaerobic conditions would be 

of interest, and reaitime temperature monitoring wouId provide more accurate relative heat 

creneration calculations. - 
An examination of the efTect of the thermal regime (environmental chamber 

temperawres) would be beneficiai for explaining the presence or absence of spikes in the 

biocell temperature profiles. 

The experiment should be repiicated, Iikely within a Ph.D. program or Master's 

program to ensure that the results obtained are accurate and repeatable, and to help define the 

maximum soi1 loading with accuracy. 
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APPENDIX A: 
EXPERIMENTAL PHASE 1 RESULTS 



APPENDIX A-1 
CHARACTERIZATION RESULTS FOR BIOSOLIDS 



Biosolids Analysis 

Moisture Content Data 
Crucible # Ernpty Wet Dry Ashed Moisture % moisture %TS %VS %ash %OC 

wt wt ' wt wt wt (wet basis) (wet basis) (dry basis) (dry basis) (dry basis) 
43 83.7553 93.7202 86.9092 85.6659 6.81 1 68.349908 31.65OO92 39.421 O34 60,578966 21.900575 
47 84,0855 106.532 91.1 503 88.4454 15.381 7 68.526051 31.473949 38.287 61,713 21,270556 
30 94.149 104.3237 97.3742 96.1306 6.9495 68,301768 31,698232 38,558849 61.441 151 21,421583 
23 90.5373 lOg.I294 96.382 94.1 545 12.7474 68.56353 31.43647 38.1 I l451 61,888549 21,173029 
25 92.1495 109.2254 97.5193 95,4569 1 1.7061 68.553341 31,446659 38.407389 6l.5926Il 21.337439 
45 83.1 756 105.7459 90.1622 87.4397 15.5837 69.045161 30,954839 38,967452 6l,O32!%8 21,648584 

mean 68.556627 31.443373 38.625529 61.374471 21,458627 
Std Dev 0,240605 0.240605 0,443593 0.443593 0.2464406 

TKN Analysis Data 

Zb 
Water Blanks: C harted Standards Charted Value: 

1 '  
Value 

w 1 5.45 1 .O mglL 10.6 
2 4,9 1.0 mglL 10.1 
3 524 5.0 mglL 15,4 
4 5,35 5.0 mglL 15.25 

mean 5,235 10 mg/L 26 
std dev 0.207183 10 mglL 25.2 

Biosotids: Weight Chart N (mglL) N (mglkg) %N 
1 0.1 g 19,l 6,42 32100 3,21 
2 0, l  g 18 5.97 29850 2.985 
3 0.1 g 18.5 6.24 31200 3.12 

mean: 3. 105 
Std Dev: 0.0924662 

Results: wb density 
%N %OC C:N (kglmA3) 

3.105 21,45863 6,s 1167.55 

Density: wet bulk 
volume: weight: density: 
(cmA3) (g) (glcmA3) 

200 233.51 1,16755 



APPENDIX A-2 
CHARACTERIZATION RESULTS FOR WOODCHIPS 



Woodchips Analysis "woodchips dried prior to TKN analysis 

Moisture Content Data 
Crucible # Empty Wet Dry Ashed Moisture % moistur %TS %VS %ash %OC 

wt wt wt wt wt (wet basis (wet basis (dry basis (dry basis (dry basis) 
J I  1 91.5854 95,048 93.6478 92.2253 1 .4002 40.43782 59,56218 68.97304 31.02696 38.31836 

56 96,8029 102,5234 IOO,O318 98.0048 2,4916 43.55563 56.44437 62.7768 37.2232 34,876 
72 80.9629 83.427 82.3913 81,4373 1,0357 42.03157 57.96843 66.78801 33,21199 37.10445 
81 lO3.9Ol7 109.0309 lO7.lO25 104.83 1.9284 37,59651 62.40349 70.99788 29.00212 39,44326 

J4 90.9252 94.1858 92.7843 97,4565 1.401 5 42.98289 57,0171 1 71 ,42166 28.57834 39.6787 
mean 41.32088 58,6791 2 68.19148 31,80852 37.88415 
Std Dev 2.140665 2,140665 3,168887 3,168887 1.760493 

TKN Analysis Data 
Water Blanks: Charted Standards Charted Value: 

Value 
Lb 1 8.5 1 ,O mg/L 13 

I 2 8,25 1 .O mglL 
u i  

72.75 
3 8.5 5.0 mglL 20 
4 9.25 5.0 mglL 19.75 

mean 8.625 10 mglL 29.25 
std dev 0.375 10 mglL 28 

Biosolids: Weight Chart N (mglL) N (mglkg) %N (db) Density: wet bulk 
1 0.1 g 25.5 8.2 4 1 O0 0.4 1 volume: weight: density: 
2 0.1 g 21.5 6.2 3100 0.31 (cmA3) (g) (glcmh3) 
3 0.1 g 27 8.98 4490 0.449 200 20.59 0.10295 

mean: 0.389667 
Std Dev: 0.05854 

Results: wb density 
%N %OC C:N (kglmA3) 
0.389667 37.88415 97.221 95 1 O2,95 



APPENDIX A-3 
COMPOST RECIPE RESULTS 



Spreadsheet used to calculate composting recipes using two starting materials. 

a. Enter material characteristics in table. 

Material %MC %N C:N Bulk 
'(dry wt.) wt.:wt. Density 

kglm3 

Wet (b) 68.56 3.11 6.9 1167.55 
DV (a) 41.32 0.4 97.21 102.95 

To determine the required recipe: 
a, Enter target moisture content below, 
b. Record the target moisture content, the amount of amendment, & the resulting C:N ratio. 

I *  
4 Enter the target moisture content = 55 % 

The required amount of amendment = 0.991 kg per kg of material b. 
The resulting C:N Ratio = 24.26 of mixture. 

To determine the resulting volume of material to be composted: 
a. Enter the amount of material composted annually. 
b. Enter the expected volume reduction when materials are mixed, This is 
typically a 20% volume reduction so the default value is 0.8, 
c. Record the arnount of material cornposted annually, the expected volume reduction, 
the resulting start-up volume, & the resulting weight.. 

Enter the arnount of material b which is composted annualty = 3366 tonnes 1 year 
Enter the arnount of volume reduction expected (default = 0.8) = O. 8 
The resulting volume of mixture at start-up is = 28233 cubic metres per year 
The resulting weight of material at start-up is = 6702 tonnes 1 year 
The resulting bulk density at start-up is = 237 kg / cubic metre 



To determine the volume of material on the composting pad: 
a. Enter the material retention time (MRT) for the compcsting operation. 
b. Enter a windrow shrinkage factor, typically a 25% volume reduction so default value is 0.75. 
c, Record the MRT, the shrinkage factor, & the material volume, 

Enter the MRT = 30 days 
Enter the shrinkage factor = 0.75 
The resulting material volume of the composting pad is = 1740.41 cubic metres 

To determine the number of windrows required: 
a. Enter the length of windrow that the site allows. This is usually controlled by the existing site conditions. 

b, Assuming a buchet loader 1s used for the lurning, enter the target pile height Normal pile heights range !rom 1.8 m (6 ft) to 3.6 m (12 
fil- 
c. Record the length, height, base width, B the required number of windrows, 

Enter the windrow length = 50 metres 
Enter the target pile height = 1.8 metres 
The resulting pile base width Is = 3.00 metres 
The resulting number of windrows are = 9.7 windrows 

To determine the composting area requirements: 

a. Enter the space required between each windrow. Typically. 6 metres (20 feet) are required between each windrow lo allow for 
movement of the bucket loader. 

b. Enter the space required between the windrows and the edge of the composting pad. Typically, 3 metres (10 ft ) are reqiiired between 
the windrows and the edge of the pad. 
c. Record the spaces used and the composting pad dimensions. 

Enter the space between each windrow 6 metres 
Enter the space between the windrows and the edge of the pad 3 metres 
The required pad dimensions are = 90 rnetres by 56 rnetres, 
The required area for composting is = 5040 square metres, 



To determine the curing area requirements: 
a, Enter the MRT in the curing stage. 

b. Enter the shrinkage factor. Typically, the rnaterial shrinks about 50% from the volume at the tirne of start-up, so the default 
value is 0.5. 
c. Enter the average depth of the curing piles. Typically, an average depth of 1.2 rnetres (4 feet) is expected, 
d. Enter the space required between the curing piles and the edge of the curing pad. 
e. Enter the width of the curing pad. Typically this is 1.5 metres (5 feet) less than one half of the windrow length. 
f. Record the MRT, the shrinkage factor, theaverage depth, the space used, the width of the curing pad, and the curing pad 
dimensions. 

Enter the MRT = 
Enter the shrinkage factor = 
Enter the average curing pile depth = 
Enter the space required behveen the piles and the edge of the pad = 
The width of the curing pad as a function of the windrow length = 

\ The amount of rnaterial in the curing area is = 
The required pad dimensions are = 
The required area for curing is = 

30 days 
05 
1,2 metres 

3 metres 
23.5 metres. 

1 160.3 cubic metres, 
47.1 metres by 28 metres. 
1320 square metres, 

To determine the required compost storage area: 
a, Enter the MRT in the storage area. 
b, Enter the average depth of the storage piles. Typically, 2,5 metres (8 feet), 
c. Enter the space required between the storage piles and the edge of the pad. 
d. Enter the width of the storage pad. Typically, this is 1.5 rnetres (5 feet) less than one half of the windrow length. 
e. Record . . . 
Enter the MRT = 180 days 
Enter the average storage pile depth = 2.5 metres 
Enter the space required between piles and edge of pad = 3 metres. 
The width of the storage pad as a function of the windrow length 23.5 metres 
The arnount of material in the storage area = 6961.6 cubic metres 
The required pad dimensions are = 124.5 metres by 28 metres, 



The required area for storage is = 

To determine the overall pad dimensions: 
Sum the requirements for composting, curing, and storage. 

The total area required is = 
The total area required per unit weight of wet feedstock = 

Design Summary for Print Out. 
MC N C:N Density 

Wet Material 
Dry Material 

3486 square metres. 

9846 square metres or 2,4 acres. 
2,93 square metres pet tonne per year, 



APPENDIX B 
EXPERIMENTAL PHASE II RESULTS 



APPENDIX B-1 
LOADING CONDITIONS DATA 



Experimental Phase II: lterative Loading Results 

Trial 7 weight of reactor: 1.77 kg 
Wt reactor + mix: 2.37 kg 
initial volume (cmn3) 2390.76 % total 

Calc, Load Volume Volume volume 
Iteratian Wet bulk density Stress Calc. Load Load Used $4 difference after compaction reduction reduction 

(kglmA3) (Pa) (N) ( N ) YO (cmA3) (cmA3) 
1 (initia!) 250.97 1967,60 18.02 17.44 2070,16 320,6 13,409962 

% difference behveen last load used and new calculated load: 
0.5973639 

Trial 2 weight of reactor: 1.82 kg 
Wt reactor + rnix: 2.42 kg % total 
initial volume (cmA3) 2381.6 Calc. Load Volume Volume volume 

* Cr) lteration Wet bulk density Stress Calc. Load Load Used % difference after compaction reduction reduction 

th (kglmA3) (Pa) ( N ) (N) YO (cmA3) (cmA3) 
1 (initial) 251 -93 1975.14 18.09 1 8,04 1987.72 393,88 16.538462 

% difference beîween last load used and new calculated load: 
0.744898 

Trial 3 weight of reactor: 1.78 kg 
Wt reactor + rnix: 2,38 kg % total 
initial volume (cmA3) 2372.44 Calc, Load Volume Volume volume 

lteration Wet bulk density Stress Calc. Load Load Used O/O difference after compaction reduction reduction 
(kg/mA3) (Pa) ( N ) ( N ) % (crnn3) (cmA3) 

1 (initial) 252.90 1982.77 18.16 18.04 2033.52 338,92 14,285714 
2 295.05 231 3.23 21.19 21.8 14.28571429 1941 $2 91.6 18.146718 
3 308.97 2422.34 22.19 4.504504505 

% difference between last load used and new calculated load: 
l.75lïOO7 





APPENDIX C 
EXPERIMENTAL PHASE III RESULTS 



APPENDIX C-1 
INITIAL FAS DATA 



Initial FAS measurernents: 

PARTICLE DENSITY: 
0% soil: 

wt flask wt flask + wt ffask+ wt flask + density of temp 
compost comp+water water water at T 

(3) (9) (9) (200 mL) (g/crnA3) 
136.56 183.97 329.93 336.62 1 24.1 
145.87 201 -22 341 -87 349.8 1 
128.42 168.7 323.12 328.41 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(g/cmA3) 
0.88 
0.87 
0.88 
0.88 
0-00 
0.46 

DRY BULK DENSITY: 
wt flask+ wt dried 

wt flask volume compost comp+flsk 
(g) flask (cmA3) (9) (9) 
221 -54 1 O0 245.34 232.1 1 
256.4 100 281.2 267.06 

261 -81 1 O0 286.01 272.51 
avg : 
std dev: 
% rel std: 

POROSITY: 
n = 0.8788 

dry bulk 
density 

(g/crnA3) 
O. 1 OS7 
O. 1 O66 
0.107 

O. 1 O64 
0.0005 
0.51 08 

VOLUMETRIC WATER CONTENT: 
theta = 0.4831 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3957 

39.57% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heigh 20.6 initial FAS (cm3) 746.76 Final FAS (% of final volume) 30.46% 
final height: 17.9 volume reduction: 247.32 FAS reduction (%) 
difference: 2.7 Finai FAS (cm3) 499.44 
volume red 247.32 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL fiask! 

PARTICLE DENSITY: 
4% soi1 
wt flask wt flask + wt fiask+ wt flask + density of temp 

compost omp+wate water water at T 
(9) (9) (9) (200 (g/cmA3) 
137.87 1 85.85 324.72 337.87 1 24.1 
155.42 203.99 339.48 355-44 1 

139 187.34 323.54 339.01 1 
avg : 
std dev: 
% rel std: 

particle 
density 

DRY BULK DENSIN: 
wt flask+ wt dried dry bulk 

wt flask volume compost omp+fls density 
(9) ask (cmA3 (g) (9) (g/cmA3) 

232.15 100 257.02 243.31 0.11 16 
244.58 100 270.12 256.22 0.1164 
220.47 100 244.73 230.83 0.1036 

avg : 0.1 105 
std dev: 0.0053 
% rel std: 4.7766 

POROSITY: 
n = 0.8555 

VOLUMETRIC WATER CONTENT: 
theta = 0.4208 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.4347 

43.47% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 23 initial FAS (cm3) 915.93 Final FAS (% of final volume) 31.93% 
final heigh 19.1 volume reduction: 357.24 
difference 3.9 Final FAS (cm3) 558.69 

FAS reduction (Oh) 11 -54% 

volume re 357.24 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL fiask! 

PARTICLE DENSITY: 
6% soi1 
wt fiask wt flask + wt flask+ wt flask + density of temp 

compost ornp+wate water water at T 
(9) (9) (g) (200 mL) (g/cmA3) 
143.1 5 190.43 33-72  344.01 1 
127.88 165.33 321 -51 327.78 1 
139.06 185.49 332-1 7 339.06 1 24.1 

avg : 
std dev: 
% rel std: 

particle 
density 

(g/cmn3) 
0.84 
0.86 
0.87 
0.85 
0.01 
1.68 

DRY BULK DENSITY: 
wt flask+ wt dned dry bulk 

wt fiask volume compost comp+flsk density 
(g) ask (cm"3 (g) (9) (g/cmA3) 
145-77 100 172.37 157.72 0.1195 
138.28 100 164.64 150.15 0.1187 
141.56 100 168.21 153.54 0.1198 

avg : 0.1 193 
std dev: 0.0005 
% rel std: 0.3891 

POROSITY: 
n = 0.8603 

VOLUMETRIC WATER CONTENT: 
theta = 0.4750 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3853 

38.53% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 21 -3 initial FAS (cm3) 751.73 Final FAS (% of final volume) 32.16% 
final heigh 19.3 volume reduction: 183.2 FAS reduction (%) 6.37% 
difference 2 Final FAS (cm3) 568.53 
volume re 183.2 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurernents: "used 250 mL flask! 

PARTICLE DENSITY: 
8% soit 
wt flask wt flask + wt flask+ wt flask + density of ternp 

compost omp+wate water water at T 
(9) (9) (g) (200 mL) (g/cmA3) 
147.52 201 -41 336.91 347.63 1 
127.44 183.47 317.52 327.44 1 24.1 
130.1 1 188.7 321.08 331 -2 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(glcmA3) 
0.83 
0.85 
0.85 
0.85 
0.01 
0.96 

DRY BULK DENSITY: 
wt flask+ wt dried dry bulk 

wt flask volume compost comp+flsk density 
(g) ask (cmA3 (g) (9) (9/cmA3) 
128.45 100 155.64 140.72 0.1227 
1 32-4 1 100 159.58 144.59 0.1218 
153.92 100 181.14 166.11 0.1219 

avg: 0.1221 
std dev: 0.0004 
% rel std: 0.3298 

POROSITY: 
n = 0.8555 

VOLUM ETRIC WATER CONTENT: 
theta = 0.4701 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3855 

38.55% 

FAS REDUCTION OVER EXPERIMENT: . 

cm 
initial heig 20.5 initial arnount of FAS 723.83 Final FAS (% of final volume) 29.03% 
final heigh 17.75 volume reduction: 251 -9 FAS reduction (%) 9.52% 
difference 2.75 Final FAS (cm3) 471 -93 
volume re 251 -9 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL flask! 

PARTICLE DENSITY: 
10% soi1 
wt flask wt flask + wt flask+ wt flask + density of temp 

compost ornp+wate water water at T 
tg) (9) (g) (200 m l )  (glcmA3) 
133.48 181.45 320.19 332.94 - 1 
128.73 180.09 31 9.71 329.23 1 
122.38 174.2 311.14 322.38 1 24.1 

avg : 
std dev: 
% rel std: 

particle 
density 

(glcmA3) 
0.79 
0.84 
0.82 
0.82 
0.02 
2.69 

DRY BULK DENSITY: 
wt flask+ wt dried dry bulk 

wt flask volume compost comp+flsk density 
(9) ask (cmA3 (g) (9) (g/cmA3) 
118.41 100 146.23 131.05 0.1264 
129.97 100 157.71 142.48 0.1251 
135-66 100 163.43 148.1 0.1244 

avg : O. 1253 
std dev: 0.0008 
% rel std: 0.661 3 

POROSITY: 
n = 0.8469 

VOLUMETRIC WATER CONTENT: 
theta = 0.4551 

INITIAL FAS: 
FAS = n-theta 
FAS = 0-391 8 

39.1 8% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 21 -5 initial amount of FAS 771 -69 Final FAS (% of final volume) 34.13% 
final heigh 19.85 volume reduction: 151 A4 FAS reduction (%) 5.06% 
difference 1.65 Final FAS (cm3) 620.55 

"volume is caiculated using 91 -6crnA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL fiask! 

PARTICLE DENSITY: 
12% soi1 
wt flask wt flask + wt flask+ wt fiask + density of temp 

compost omp+wate water water at T 
(9) (9) (g) (200 m l )  (g/cmA3) 
138.74 195.72 330.42 338.74 1 24.1 
172.51 227.89 361 -98 370.99 1 
129.44 188.46 31 9.73 329.13 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(g/cmA3) 
0.87 
0.86 
0.86 
0.87 
0.01 
0.62 

DRY BULK DENSITY: 
wt fiask+ wt dried dry bulk 

wt flask volume compost comp+fIsk 
(9) ask (cmA3 (g) (9) 
140.18 100 168.59 152-97 
151.3 100 173.88 163-91 

142.68 100 190.41 155-39 
avg : 
std dev: 
% rel std: 

POROSITY: 
n = 0.8532 

density 
(g/cmA3) 

O. 1279 
0.1264 
0.1271 
O. 1270 
0.0007 
0.5797 

VOLUMETRIC WATER CONTENT: 
theta = 0-4810 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3722 

37.22% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heio 22.3 initial amount of F AS 760.22 Final FAS (% of final volume) 33.1 7% 
final heigjh 20.95 volume reduction: 123.66 FAS reduction (%) 4,05% 
difference 1.35 final FAS (cma 636.56 
volume re 123.66 

"'volume is calculated using 91 .6cmAZ as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL flask! 

PARTICLE DENSIN: 
12% soi1 
wt f ask wt flask + wt flask+ wt flask + density of ternp 

compost omp+wate water water at T 
(9) (9) (g) (200 mL) (g/cmA3) 
138.43 193.45 32334 338.43 1 24.1 
127.45 188.91 312.06 328.02 1 
158.67 225.81 342.28 359.59 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(g/cmA3) 
0.78 
0.79 
0.80 
0.79 
0.00 
0.58 

DRY BULK DENSIN: 
wt flask+ wt dried dry bulk 

wt fIask volume compost comp+flsk density 
(9) ask (cmA3 (g) (9) (g/cmA3) 
135-81 100 164.88 148.91 0.1 31 
142.58 100 1 72.42 156 0.1342 
139.47 100 169.04 151.93 0.1246 

avg : O. 1299 
std dev: 0.0040 
% tel std: 3.071 7 

POROSITY: 
n = 0.8358 

VOLUMETRIC WATER CONTENT: 
theta = 0.4399 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3959 

39.59% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 21 -1 initial amount of FAS 765.1 1 Final FAS (% of final volume) 31 -1 0% 
final heigh 18.5 volume reduction: 238.16 FAS reduction (%) 8.49% 
difference 2.6 Final FAS (cm3) 526.95 
volume re 238.16 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL fiask! 

PARTICLE DENSIN: 
16% soi1 
wt flask wt flask + wt flask+ wt flask + density of temp 

compost ornp+wate water water at T 
(9 1 (9) (g) (200 -mL) (g/cmA3) 
139.08 186.77 329.75 340.87 1 
141 -42 197.33 330.58 341 -42 1 24.1 
107.5 159.26 296.48 306.88 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(g/cmA3) 
0.81 
0.84 
0.83 
0.83 
0.01 
1.40 

DRY BULK DENSITY: 
wtflask+ wtdried drybulk 

wt fiask volume compost cornp+fisk density 
(9) ask (cmA3 (g) (9) (g/cmA3) 
157.42 100 188.97 170.98 0.1356 
122.09 100 151.03 134.92 0.1283 
154.66 100 184.44 168.01 0,1335 

avg : O. 1 325 
std dev: 0.0031 
% rel std: 2.3164 

POROSIN: 
n = 0.8398 

VOLUMETRIC WATER CONTENT: 
theta = 0-4599 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3800 

38.00% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 20.8 initial amount of FAS 723.98 Final FAS (% of final volume) 35.52% 
final heigh 20 volume reduction: 73.28 FAS reduction (%) 2.48% 
difference 0.8 Final FAS (cm3) 650.70 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL flask! 

PARTICLE DENSITY: 
18% soi1 
wt fiask wt flask + wt flask+ wt flask + density of temp 

compost omp+wate water water at T 
(9) (9) (9) (200 mL) (g/cmA3) 
137.29 195 325-77 337.29 1 24.1 
124.45 183.74 31 1.84 322.81 1 
119.83 177.29 304.28 319.4 1 

DRY BULK DENSITY: 
wt flask+ 

wt flask volume compost 
(9) ask (cmA3 (g) 
132.24 IO0 166-41 
144.75 100 175.23 
157.36 IO0 186.27 

wt dried 
cornp+flsk 

(9) 
146.56 
158.4 

170.94 
avg : 
std dev: 
% rel std: 

avg : 
std dev: 
% rel std: 

dry bulk 
density 

(g/cmA3) 
0.1432 
O. 1365 
0.1358 
O. 1385 
0.0033 
2.4084 

particle 
density 

(g/crnA3) 
0.83 
0.84 
0.79 
0.82 
0.02 
2.74 

POROSITY: 
n = 0.831 7 

VOLUMETRIC WATER CONTENT: 
theta = 0.4576 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3741 

37.4 1 % 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 21 initial amount of FAS 719.64 Final FAS (% of final volume) 34.28% 
final heigh 20 volume reduction: 91 -6 FAS reduction (%) 3.13% 
difference 1 Final FAS (cm3) 628.04 
volume re 91.6 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL flask! 

PARTICLE DENSITY: 
20% soif 
wt flask wt flask + wt flask+ wt flask + density of temp 

compost omp+wate water water at T 
(9) (9 1 (g) (200 mL) (glcmA3) 
143.28 201.72 328.19 341.57 1 
129.99 191 -68 320.06 330.84 1 
133.72 193.78 31 9-44 333.72 1 24.1 

avg : 
std dev: 
% rel std: 

particle 
density 

(glcmA3) 
0.8 1 
0.85 
0.81 
0.82 
0.02 
2.33 

DRY BULK DENSIN: 
wt flask+ wt dried dry bulk 

wt flask volume compost comp+flsk density 
(9) ask (cmA3 (g) (9) (glcmA3) 
155.52 100 186-77 169.54 0.1402 
127.63 100 158.04 142.05 0.1442 
162.78 100 194.72 177.15 0.1437 

avg : O. 1427 
std dev: 0.00 18 
% rel std: 1.2470 

POROSITY: 
n = 0.8269 

VOLUMETRIC WATER CONTENT: 
theta = 0.4583 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3686 

36.86% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 23.3 initial amount of FAS 786.65 Final FAS (Y& of final volume) 35.47% 
final heigh 22.8 volume reduction: 45.8 FAS reductian (%) 1.38% 
difference 0.5 Final FAS (cm3) 740.85 
volume re 45.8 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL flask! 

PARTICLE DENSIN: 
22% soi1 
wt flask wt flask + wt flask+ wt flask + density of temp 

compost omp+wate water water at T 
(9) (9) (g) (200 mL) (g/cmA3) 
103-69 164.01 283.05 303.69 1 24.1 
119.73 180.49 297.15 321 .O1 1 
128.41 192.96 304.92 329.07 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(g/cmA3) 
0-75 
0.72 
0.73 
0.73 
0.01 
1.53 

DRY BULK DENSITY: 
wt flask+ wt dried dry bulk 

wt flask volume compost comp+flsk density 
(9) ask (cmA3 (g) (9) WmA3)  
162.1 100 195.21 176.78 0.1468 

148.18 100 180.47 163.04 0.1486 
139.42 100 169.38 154.81 0.1539 

avg : 0.1498 
std dev: 0.0030 
% rel std: 2.0122 

POROSITY: 
n = 0,7949 

VOLUMETRIC WATER CONTENT: 
theta = 0.4060 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3889 

38.89% 

FAS REOUCTION OVER EXPERIMENT: 
cm 

initial heig 21.4 initial amount of FAS 762.31 Final FAS (% of final volume) 34.28% 
final heigh 19.9 volume reduction: 137.4 FAS reduction (%) 4.61 % 
difference 1.5 Final FAS (cm3) 624.91 
volume re 137.4 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL flask! 

PARTICLE DENSITY: 
24% soi1 
wt flask wt flask + wt flask+ wt flask + density of temp particle 

compost omp+wate water water at T density 
(9) (9) (g ) (200 mL) (g/cmA3) (g/cmA3) 
134.57 201 .O2 324.17 335.78 1 24.1 0.84 
138.45 204.58 328.98 337.42 1 0.89 
129.72 198.43 31 9-08 331 -81 1 0.84 

avg : 0.86 
std dev: 0.02 
% rel std: 2.36 

DRY BULK DENSITY: 
wt flask+ 

wt flask volume compost 
(g) ask (cmA3 (g) 
109.87 100 143.81 
122.62 100 155.03 
137-48 100 169.38 

wt dried 
comp+flsk 

(9) 
124.94 
138.26 
152.61 

avg : 
std dev: 
% rel std: 

dry buIk 
density 

(g/cmA3) 
0.1 507 
0.1 564 
0.1513 
O. 1 528 
0.0026 
1.6737 

VOLUMETRIC WATER CONTENT: 
theta = 0.4771 

lNlTlAL FAS: 
FAS = n-theta 
FAS = 0.3448 

34.48% 

FAS REDUCTlON OVER EXPERIMENT: 
cm 

initial heig 22.6 initial amount of FAS 713.80 Final FAS (% of final volume) 29.99% 
final heigh 21 -1 5 volume reduction: 132.82 FAS reduction (%) 4.49% 
difference 1.45 Final FAS (cm3) 580.98 
volume re 132.82 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL fiask! 

PARTICLE DENSITY: 
26% soi1 
wt fiask wt flask + wt flask+ wt flask + density of temp 

compost omp+wate water water at T 
(9) (9) (g) (200 mL) (glcmA3) 
124.18 187.1 1 315.78 325.66 1 

138.2 199.21 326.5 338.2 1 24.1 
1 19-68 178.43 309.12 320.75 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(g/crnA3) 
0.86 
0.84 
0.83 
0.85 
0.01 
1.54 

DRY BULK DENSIN: 
wt flask+ wt dried dry bulk 

wt flask volume compost comp+flsk density 
(9) ask (cmA3 (g) (9) (g/cmA3) 
146.57 100 181.91 161.96 0.1539 
152.89 100 186-43 168.03 0.1514 
139.48 100 174.22 155.18 0-157 

avg : 0.1 541 
std dev: 0.0023 
% rel std: 1.4864 

POROSITY: 
n = 0-8 179 

VOLUMETRIC WATER CONTENT: 
theta = 0.4704 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3475 

34.75% 

FAS REDUCTlON OVER EXPERIMENT: 
cm 

initial heig 21.55 initial amount of FAS 685.87 Firial FAS (% of final volume) 29.69% 
final heigh 20 volume reduction: 141.98 FAS reduction (%) 5.06% 
difference 1.55 Final FAS (cm3) 543.89 
volume re 141 -98 

"volume is calculated using 91 .6cmA2 as cross-sectional area of reactor cylinder 



Initial FAS measurements: "used 250 mL flask! 

PARTICLE DENSITY: 
28% soi1 
wt fiask wt flask + wt fi ask+ wt flask + density of temp particle 

compost omp+wate water water at T density 

DRY BULK DENSITY: 
wt flaskt 

wt flask volume compost 
(9) ask (cmA3 (g) 
156.02 100 193.27 
149.22 100 184.01 
128.45 100 166.43 

(200 mL) (g/cmA3) (g/cm*3) 
338.48 1 24.1 0.83 
327.09 1 0.85 
341 -23 1 0.84 

avg : 0.84 
std dev: 0.01 
% rel std: 1.25 

wt dried 
comp+fls k 

(9) 
172.74 
165.46 
144.72 

avg : 
std dev: 
% ret std: 

dry bulk 
density 

(g/cmA3) 
0.1672 
O. 1624 
O. 1627 
0.1641 
0.0022 
1.3379 

POROSITY: 
n = 0.8046 

VOLUMETRIC WATER CONTENT: 
theta = 0.461 9 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3427 

34.27% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 23.15 initial amount of FAS 726.72 Final FAS (% of final volume) 33.55% 
final heigh 22.9 volume reduction: 22.9 FAS reduction (%) 0.72% 
difference 0.25 Final FAS (cm3) 703.82 
volume re 22.9 

cm 
initial heig 22.5 initial amount of FAS 706.31 Final FAS (% of final volume) 33.38% 
final heigh 22.2 volume reduction: 27.48 FAS reduction (%) 0.89% 
difference 0.3 Finai FAS (cm3) 678.83 
volume re 27.48 
ClCo (FASdFASo) average volume redu 25.1 9 
0.968488 
ClCo (FASf/FASo) average final FAS: 691.3256 
0.96 1 094 
average: 0.964791 average final FAS (%vol) 



Initial FAS measurements: "used 250 rnt flask! 

PARTICLE DENSITY: 
30% soit 
wt flask wt flask + wt fiask+ wt fiask + density of temp 

compost omp+wate water water at T 
(9) (9) (g) (200 mL) (g/cmA3) 
131 -24 186.14 323.42 331 -24 1 24.1 
148.75 204.33 333.72 348.75 1 
128.1 3 180.74 320.55 328.1 3 1 

avg : 
std dev: 
% rel std: 

particle 
density 

(glcmA3) 
0.88 
0.79 
0.87 
0.85 
0.04 
4.88 

DRY BULK DENSITY: 
wt flask+ wt dried dry bulk 

wt flask volume compost comp+fisk density 
(9) ask (cmA3 (g) (9) (glcm"3) 
155.67 100 193.03 172.02 0.1635 
141.37 100 177.68 158.13 0.1676 
148.52 100 186.29 164.31 0,1579 

avg : O. 1630 
std dev: 0.0040 
% rel std: 2.4391 

POROSITY: 
n = 0.8072 

VOLUMETRIC WATER CONTENT: 
theta = 0.4650 

INITIAL FAS: 
FAS = n-theta 
FAS = 0.3422 

34.22% 

FAS REDUCTION OVER EXPERIMENT: 
cm 

initial heig 22.5 initial amount of FAS 705.25 Final FAS (% of final volume) 33.33% 
final heifh 22.2 volume reduction: 27.48 
difference 0.3 Final FAS (cm3) 677.77 FAS reduction (%) 0.89% 
volume re 27.48 

cm 
initial heig 23.15 initial amount of FAS 725.62 Final FAS (% of final volume) 33.50% 
final heigh 22.9 volume reduction: 22.9 
difference 0.25 Final FAS (cm3) 702.72 FAS reduction (%) 0.72% 
volume re 22.9 
CICo (FASdFASo) average vol reductio 25.19 
0.961 035 
ClCo (FASdFASo) average final FAS: 690.2443 
0.968441 
average: 0.964738 average final FAS (%vol) 



APPENDIX C-2 
TEMPERATURE PROFILES, 

RELATIVE HEAT GENERATION DATA 
AND GRAPHS 



l i m e  0% soi1 rnesophilic chamber chamber 
days h(cm) T celsius degree days T celsius target 

O 20.5 20.3 30 35 

sum: 



Time 4% soi1 mesophilic chamber chamber 
days h(cm) T (OC) degree days T celsius target 

23 20.6 35 



Time 4% soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  degree days T cefsius target 

10.9688 19.8 46.2 10-734 45.4 45 
19.8 45.9 
19.5 46 
19.5 46 
19.4 46.3 
19.4 46.2 
19.2 46.5 
19.2 46.2 
19.2 45 

19.15 46 
19.1 45.6 

surn: 



Time 6% soi1 mesophilic chamber chamber 
days h(cm) T (OC) degree days T celsius target 

20.6 35 



Time 6% soi1 rnesophilic chamber charnber 
days h(cm) T ( O C )  degree days T celsius target 

10.01 04 19.85 47 0.625 44.8 45 
19.8 46.6 

19.75 46.3 
19.5 46.3 
19.5 46.1 
19.5 46.4 
19.5 46.5 
19.3 46-3 
19.3 46 
19.3 45.1 
2 9.3 46 
19.3 45.5 

surn: 



Time 8% soi1 mesophilic chamber chamber 
days h@m) T ( O C )  degree days T celsius target 



Time 10% soi1 mesophiiic chamber chamber 
days h(cm) T ( O C )  degreè dayr T celsius target 
0.0000 22.5 21.3 30.8 35 



Time 10% soi1 rnesophilic chamber chamber 
days h(cm) T ( O C )  degree days T celsius target 
12.0417 20.4 46.7 9-020 44.8 45 
12.21 88 20.4 46.5 2,037 45.1 45 
12.5521 20.4 46 -4 3.800 45.2 45 
13.041 7 20.35 46.3 5.532 45.4 45 
13.1 042 20.35 45-9 0.681 44.5 45 
14.0000 20.3 46 9.854 45 45 

sum: 135.593 



Time 12% soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  degree days T celsius target 

Q 22.3 25.9 28.5 35 



Time 12% soi1 mesophilic chamber chamber 
da ys h(cm) T ( O C )  degree days T celsius target 

12.427 1 20.95 47.5 4.297 45.3 45 
12.9792 20.95 47.5 6.901 45.4 45 
1 3.1 146 20.95 47.4 1.679 45.3 45 
13.2708 20.95 47.1 1.890 45.3 45 

14 20.95 46.9 8.677 45.1 45 
sum: 152,798 



l ime 14 % soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  degree days T celsius target 
0.0000 22 21 -8 



Time 14 % soi1 mesophilic chamber chamber 
days h(cm) T (OC) degree days T celsius target 

12.0417 19.65 46.8 9.097 44.8 45 

14.0000 19.55 45.9 9-764 45 45 
SUM: 136.343 



Time 16% soi1 mesophilic chamber chamber 
days ht T ( O C )  degree days T celsius target 

21 -95 19.6 30 35 

sum: 



Time 18% soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  degree days 1 celsius target 

28.5 35 



Time 18% soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  degree days T celsius target 

12,0833 20 47.6 1 .O50 45.5 45 
12.4271 20 47.6 4.332 45.3 45 
12,9792 20 47.4 6.846 45.4 45 
13.1146 20 46.8 1.598 45.3 45 
13.2708 20 47 1.874 45.3 45 

14 20 46.7 8.532 45.1 45 
sum: 145.131 



Time 20% soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  degree days T celsius target 

23.3 24.3 25.9 35 

sum: 



Time 22% soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  -- - degree days T celsius tarqef 

O 21 -4 



Time 22% soi1 mesophilic chamber chamber 
days h(cm) T ( O C )  degree days T celsius target 

12 20 47.2 5.464 45.3 45 
12.0833 19.95 47-9 1.075 45.5 45 
12-427 1 19.95 48.1 4.504 45.3 45 
12.9792 1 9.95 47.9 7.122 45.4 45 
13.1 146 19.85 48 1.760 45.3 45 
1 3.2708 19.9 47-9 2.015 45.3 45 

14 19.9 47.9 9.407 45.1 45 
sum: 149.458 



Tirne 24% soi1 mesophilic chamber charnber 
days h(cm) T ( O C )  degree days T celsius tarqet 

25.5 28.5 35 



Time 24% sail mesophilic chamber chamber 
days h(cm) T ( O C )  - degree days T celsius target 

12 21.2 48-4 6.002 45.3 45 



Time 26% soi1 mesophilic chamber chamber 
days h(cm) T (OC) degreedays T celsius target 

O 21 -55 



Time 26% soit mesophilic 
days h(cm) T (OC) degreedays 

10.01 04 20.4 45.7 0.557 
10.9688 20-4 45.3 9.872 
11 -1 146 20.4 45 1.458 
1 1 -9271 20 44.4 7.638 

12 20 44.5 0.693 
12,375 20 44-8 3.675 

12.9688 20 44.8 5.819 
sum: 336.137 

chamber chamber 
T celsius tarqet 

44.8 45 



Time 28% soi1 (anaer) #i mesophilic chamber target 
(d ) h (cm) T (OC) -- - degreedays T, celsius temperature 

O 21 -1 

sum: 



Time 28% soi1 (anaer) #2 mesophilic chamber chamber 
days h (cm) T ( O C )  degreedays T celsius target 

O 22.2 24.2 - 25.9. 35 
21 -9 
21 -9 
21 -9 
21 -9 
21 -9 
21 -85 
21 -8 
21 -7 
21 -7 
21 -7 
21 -65 
21-6 
21-6 
21.6 
21.6 
21 -6 
21 -6 
21 -55 
21 -55 
21 -55 

sum: 

average mesophilic degree days: 



Tirne 30% (anaerobic) #l mesophilic chamber chamber 
days h(cm) T celsius degree days T celsius target 

O 22.5 24.6 - 25.9 35 
22.4 24.6 
22.5 32 
22.5 36 
22.5 35.9 
22.5 35.5 
22.5 37.1 
22.3 38-1 
22.4 39 -7 
22.4 40.1 
22.4 40.6 
22.4 41.1 

22.35 41 -4 
22.3 41 -4 
22-4 42.3 
22.4 42.5 
22.4 43.8 
22.4 43.1 
22.4 44.5 
22.3 45.9 
22.3 45.7 
22.2 45.8 
22.2 46 
22.2 45.4 
22.2 45-8 
22.2 45.5 

sum: 

average mesophilic degree day 73.33 



Time 30% anaer #2 mesophilic chamber chamber 
days h(cm) T celsius degree days T calsius target 

O 23.15 20.5 20.6 35 

sum: 



0% soi1 loading 
Temperature Profile 

+ 0% soi1 biocefl 
O - chamber temperature 

O 2 4 6 8 10 12 14 

Time (days) 



. 4% soi1 loading 
Temperature Profile 

+ 4% soi1 biocell 
O - chamber temperature 

O 2 4 6 8 10 12 14 

Time (days) 



6% soi1 loading 
Temperature Profile 

+ 6% soi1 biocell 
O + chamber temperature 

Time (days) 



8% soi1 loading 
Temperature Profile 

+ 8% soi1 biocelil 
O - chamber temperature 

Time (days) 



10% soi1 loading 
Temperature Profile 

+ 10% soi1 biocell 
O - chamber temperature 

Time (days) 



12% soi1 loading 
Temperature Profile 

+ 12% soi1 biocell 
O - chamber temperature 

6 8 

Time (days) 



f4% soi! loading 
Temperature Profiie 

+ charnber temperature 
O - 14% tirne vs 14% chambe 

Time (days) 



. 16% soi! loading 
Temperature Profile 

+ 16% soi1 biocell 
O chamber temperature 

6 8 

Time (days) 



18% soi1 loading 
Temperature Profile 

+ 18% soif biocell 
O - chamber temperature 

6 8 

Time (days) 



20% soi1 loading 
Temperature Profile 

+ 20% soi1 biocell 
O - chamber temperature 

Time (days) 



22% soi1 loading 
Temperature Profile 

+ 22% soi1 biocell 
O . chamber temperature 

6 8 

Time (days) 



24% soi1 loading 
Temperature Profile 

50 - 

+ 24% soi1 biocell 
O - chamber temperature 

O 2 4 6 8 10 12 14 

Time (days) 



26% soi1 loading 
Temperature Profile 

+ 26% soi1 biocell 
O - chamber temperature 

6 8 

Time (days) 



28a% soi1 loading 
Temperature Profile 

IV- + 28% sail hincell -- - -  ---. -.---.. 
O - chamber temperature 

6 8 

Time (days) 



28b% soi1 loading 
Temperature Profile 

+ 28% soi1 biocell 
O . chamber temperature 

- 

1 1 I l 1 I 1 

O 2 4 6 8 10 12 14 

Time (days) 



30a% soi1 loading 
Temperature Profile 

+ 30% soi1 biocell 
O - chamber temperature 

6 8 

Time (days) 



30b% soi1 loading 
Temperature Profile 

30% soi1 biocell 
chamber temperature 

O 2 4 6 8 10 12 14 

Time (days) 



Reactor Height Decrease 
0% soi1 

6 8 

Tirne (days) 



Reactor Height Decrease 
4% soi1 

Time (days) 



Reactor Height Decrease 
6% soi1 

Time (days) 



Reactor Helght Decrease 
8% soli 

Tirne (days) 



Reactor Height Decrease 
i O %  soi1 

6 8 

Time (days) 



Reactor Height Decrease 
12% soif 

4 6 8 

. Time (days) 



Reactor Height Decrease 
14% soi1 

6 8 

Time (days) 



Reactor Height Decrease 
36% soi1 

6 8 

Time (days) 



Reactor Height Decrease 
18% soi1 

O 2 4 6 8 10 12 14 

Time (days) 



Reactot Height Decrease 
20% soi1 

6 8 

Time (days) 



Reactor Height Decrease 
22% soi1 

6 8 

Time (days) 



Reactor Height Decrease 
24% soi1 

Tirne (days) 



Reactor Height Decrease 
26% soil 

O 2 4 6 8 10 12 14 

Time (days) 



Reactor Height Decrease 
28% soi1 run A 

6 8 

Time (days) 



Reactor Height Decrease 
28% soi1 run B 

6 8 

Time (days) 



Reactor Height Decrease 
30% soi1 run A 

O 2 4 6 8 10 12 14 

Time (days) 



Reactor Height Decrease 
30% soi! run 8 

O 2 4 6 8 10 12 14 

Time (days) 



APPENDIX C-3 
VOLATILE SOLIDS REDUCTION DATA 



VOLATILE SOLIDS DATA 

0% soi1 

Initial Conditions: Total weight: 600.00 grarns VS = 156.1 g 

Final compost data: 

( % ) wt wt wt wt wt ""w b "wb "db 'db *db (kg) (kg) reduction 
O 68.2375 82.1693 74.4678 71.8023 7,701 5 55,280 44,720 42,783 57.21 7 23,768 0.56807 0.1087 30.3742 

7,442 60.009 39.991 48,871 51.129 27,150 0.1 110 28,8776 
5.170 57.915 42,085 43,153 56,847 23.974 0,1032 33.9105 
8.358 56.333 43,667 43,911 56.089 24,395 0,1089 30.2212 

Mean: 57.385 42.61 5 44.679 55,321 24.822 0.108 30.846 
Std Dev: 1.782 1,782 2.454 2.454 1,363 0,003 1.863 
% rel SD 3.106 4.182 5.492 4.436 5.492 2,694 6,039 

initial VS (kg) 0,1561 initial VS (%): 26,0167 
final VS (kg) O. 1079 final VS (%): 44.6794 
VSiNSi 0.691 5 



VOLATILE SOLIDS DATA 

Initial Conditions: Total weight: 625,083 grams VS = 156.1 g 

Flnal compost data: 

Sail% Empty Wet Dry Ashed Moisture% molsture % TS %VS % FS %OC total wt VS wt %VS 
wt wt wt wt wt **wb **wb *db 'db *db (kq) (kg) reductlon 

4 66.8303 75.602 70.3875 68.2 195 5.2 145 59,447 40,553 60.947 39.053 33.859 0,51631 0,1276 18.2509 

Std Dev: 0,915 0.915 1,682 1.682 0.935 0.001 0.466 
% rel SD 1.538 2.259 2.742 4.351 2,742 0.568 2,609 

initial VS (kg) 0,1561 initial VS (%): 24.973 
final VS (kg) O. 128 final VS (%): 61,341 
VSiNSi 0.82 



VOLATILE SOLlDS DATA 

Initial Condltlons: Total welght: 638.428 grams VS = 156.1 g 

Final compost data: 

Sail % Empty Wet Dry Ashed Molsture% molsture % TS %VS % FS %OC total wt VSwt '/o vs 
wt wt wt wt wt W b  *'wb 'db "db #db (kg) (kg) reductlon 

6 84.091 97,8239 90.1 Il6 86,851 7 7.7123 56.1 59 43.841 54.146 45.854 30.081 0.52591 0.1248 20,0257 

Std Dev: 1.069 j,069 1,537 1,537 0,854 0.002 1.436 
% rel SD 1,865 2,506 2,830 3,352 2.838 1.846 6.472 

initial VS (kg) 0.1 561 
final VS (kg) 0,1214544 
VSrNSi 0,7780552 

initial VS (%): 24.451 
final VS (%): 54,153 



VOLATILE SOLIDS DATA 

Initial Conditions: Total weight: 652.344 grams VS = 156.1 g 

Final compost data: 

wt wt wt wt wt '"wb 'Wb *db *db Wb (kg) (kg) reductlon 
8 89.871 98.4312 94,8512 93.2287 3,58 41.821 58.179 32.579 67.421 18.099 0,5475 0,1038 33,5214 

Std Dev: 3,633 1,633 2.106 2.106 1.170 0,004 2.831 
% rel SD 3,840 2,840 6,608 3.092 6.608 4,412 7.897 

initial VS (kg) 0.1561 initial VS (%): 23.929 
final VS (kg) 0,1001 5 final VS (%): 31.872 
VSfNSl 0.641 57 



VOLATILE SOLIDS DATA 

Initial Conditions: Total weight: 666,882 g r a m  VS = 156.1 g 

Final compost data: 

Soli% Empty Wet Dry Ashed Molsture % moisture % TS %VS % FS %OC total wt VS wt @/,vs 
wt wt wt wt wt **wb **wb *db "db "db (kg) (kg) teductlon 

10 78,9491 90.1263 84.741 1 82.6756 5.3852 48.180 51,820 35.661 64.339 19,812 0,56784 0,1049 32,7774 

Std Dev: 2,355 2.355 2,348 2,348 1,304 0.003 1.671 
% rel SD 4.788 4,634 6.358 3,722 6.358 2,455 5.233 

initial VS (kg) 0.1561 Initial VS (%): 23,407 
final VS (kg) 0.106 final VS (%): 36,924 
VSiNSi 0.67905 



VOLATILE SOLIDS DATA 

lnitlal Conditions: Total weight: 682.093 g r a m  VS = 156.1 g 

Final compost data: 

Soli% Empty Wet Dry Ashed Moistute% molsture % TS %VS % FS %OC total wt VS wt % VS 
wt wt wt wt wt W b  **wb *db 'db "db (kg) (kg) reduction 

12 76.1589 88.6843 81.4984 79.321 8 7.1859 57.371 42.629 40.764 59.236 22.647 0.59159 O. IO28 34.1425 

12 ' 91.6075 106.8928 98,4867 95.8759 . 8.406 54.995 45.005 37.952 62.048 21,084 
Mean: 57,500 42.500 40.485 59,515 22,492 
Std Dev: 1,598 1,598 1.569 1,569 0,872 0.002 1.307 
% rel SD 2.780 3.761 3,876 2.636 3.876 2.006 3,747 

initial VS (kg) 0.1561 initial VS (%): 22.885 
final VS (kg) 0, 10166 final VS (%): 40,485 
VSiNSi 0,65125 



VOLATILE SOLIDS DATA 

Initial Conditions: Total weight: 698.006 gram VS = 156.1 g 

Flnal compost data: 

Soif % Empty Wet Dry Ashed Molsture% molsture % TS %VS % FS %OC total wt VS wt a/r VS 
wt wt wt wt wt *%b "wb 'db Wb *db (kg) (kg) reduction 

14 92.0314 104.1803 97.7853 95.6921 6,395 52,639 47,361 36,379 63.621 20.210 0,60982 0,1051 32.6911 

Std Dev: 3.227 3.227 2.710 2.710 1.505 0,003 1,920 
% ret SD 6.083 6.874 7.678 4.188 7.678 2.981 5.396 

initial VS (kg) O, 1561 initial VS (%): 22.364 
final VS (kg) 0,10056 final VS (%): 35,295 
VSrNSi 0.644 18 



VOLATILE SOLlDS DATA 

Initial Conditions: Total welght: 714.681 grams VS = 156.1 g 

Flnal compost data: 

Soll % Empty Wet Dry Ashed Molsture % molsture % TS %VS % FS %OC total wt vs wt ~ , V S  
wt wt wt wt wt **wb *"wb *db "db "d b (kg) (kg) teduction 

16 84.0218 96.0816 89,7819 87,8199 6.2997 52.237 47,763 34.062 65.938 18.923 0,62153 0,1011 35,2234 

Std Dev: 2,112 2,112 2.757 2.757 1.531 0,003 1,970 
% rel SD 3,877 4.639 7.359 4.407 7,359 2.911 6.095 

initial VS (kg) 0.1561 initial VS (%): 21,842 
final VS (kg) 0, 10564 final VS (7%): 37.457 
VSrNSi 0.67674 



VOLATILE SOLIDS DATA 

Initial Conditions: Total weight: 732.139 g r a m  VS = 156.1 g 

Final compost data: 

Soll % Ernpty Wet Dry Ashed Molsture% molsture % TS %VS % FS %OC total wt VS wt % VS 
wt wt wt wt wt **wb *'wb 'db *db *db (kg) (kg) reductlon 

18 87,3174 96.3592 91.5776 89,9749 4.7816 52.883 47.1 17 37.620 62.380 20,900 0.61 O5 0,1082 30,6766 

Std Dev: 0.943 0.943 1.017 1.017 0.565 0,001 0.895 
% rel SD 1.817 3.962 2.739 3,618 2.739 1.282 2.966 

initial VS (kg) 0.1 561 initial VS (%): 21.321 
final VS (kg) 0.10898 final VS (%): 37,141 
VSiNSi 0,6981 5 



a- >g<ij - 
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.E G > 



VOLATILE SOLIDS DATA 

Initial Conditions: Total weight: 769.764 grams VS = 156.1 g 

Final compost data: 

wt wt wt wt wt "wb "wb *db Vb *db (kg) (kg) reductlon 
22 90.1353 109,9913 98.7107 95,2643 11.2806 56.812 43,188 40.1 89 59.81 1 22.327 0.6681 0.1 160 25.7131 
22 100,628 115.4321 107.169 'broke 8.263 55.819 44,181 - - - . 
22 85,6921 108.7518 95,9241 91,8794 12,828 55.628 44.372 39,530 60.470 21,961 O, 1 172 24.9292 

Std Dev: 0.488 0,488 0,332 0.332 0,184 0.001 0,334 
% rel SD 0,871 1,108 0.835 0.551 0,835 0.447 1,322 

initial VS (kg) 0.1 561 initial VS (%): 20.279 
final VS (kg) 0.1 1668 final VS (%): 39.722 
VSiNSi 0.74746 



VOLATILE SOLIDS DATA 

Initial Conditions: Total welght: 790.132 grams VS = 156.1 g 

Final compost data: 

Soil% Empty Wet Dry Ashed Moisture % moisture % TS %VS % FS %OC total wt vs %VS 
wt wt wt wt wt "wb **wb 'db Yb  "db (kg) (kg) reduction 

24 95,1056 109.4065 103,531 100,3806 5.8752 41 .O83 58.91 7 37.394 62,606 20.774 0,6943 0,153 2.008604 

Std Dev: 0.932 0.932 0.604 0,604 0.335 0.000 0.096 
% rel SD 2.328 1.554 1.645 0.954 1.645 0.098 4,551 

initiai VS (kg) 0.1561 initial VS (%): 19,756 
final VS (kg) 0.1 5281 final VS (%): 36,705 
VStNSi 0.9789 



VOLATILE SOLIDS DATA 

Initial Condltlons: Total welght: 775.453 grarns VS = 156.1 g 

Final compost data: 

Soil% Empty Wet Dry Ashed MoIsture0/~ molsture % TS OhVS FS %OC total w( VS wt #VS  
wt - wt wi wt wt "wb *'wb Vb Y b  "db (kg) (kg) reductlon 

26 96.8029 107.3065 101.37 99,1224 5,937 56.523 43,477 49.207 50.793 27.337 0.72274 0.1546 0,9480 

26 95.106 106.0235 99.8458 97.5105 6.178 56,585 43.415 49,270 50.730 27.372 
Mean: 56.955 43,045 49.427 50,573 27.459 
Std Dev: 0,431 0.431 0,267 0.267 0.148 0.000 0.096 
% rel SD 0.756 1.001 0.540 0,528 0.540 0,097 9.414 

initial VS (kg) 0,1561 initial VS (%): 20.1 30 
final VS (kg) 0.1545 final VS (%): 49.427 
VSrNSi 0,98977 



VOLATILE SOLIDS DATA 

Initial Conditions: Total weight: 834.028 grams VS = 156.1 g 

Final compost data: 

wt wt wt wt wt "*w b **wb 'db 'db *db (kg) (kg) mductlon 
28 83,1248 95.4785 88.0564 85.61 74 7,4221 60.080 39.920 49.456 50,544 27,476 0.78243 0.1545 1.0407 

28 76,1598 82.6027 78,4264 77.1523 4.176 64.820 35.180 56.232 43.788 31,229 
Mean: 63.422 36,578 54.183 45,817 30.102 m Std Dev: 1,959 1.959 2.777 2,777 1.543 0.000 0.075 

1 % rel SD 3.089 5.356 5.125 6.061 5.125 0.076 8.059 
Co 

Run 2: 
Soli% Empty Wet Dry Ashed Moisture% moiature % TS %VS % FS %OC total wt VS wt %VS 

w t -  wt wt wt wt **wb "wb *db "ci *db (kg) (kg) nduct~on 
28 85,1237 97,3489 89,4237 86,9995 7,9252 64.827 35.173 56.377 43,623 31,320 0,77612 0,1539 1.4087 

28 76.8995 88.6313 80.6782 78.3491 7.953 67.791 32.209 61.638 38.362 34.243 O. 154 1 1.2927 
Mean: 67.919 32.081 61.981 38,019 34.434 0.154 1.474 
Std Dev: 1.926 1.926 3.516 3.516 1.953 0,000 0,147 
% ret SD 2.836 6,004 5.672 9.248 5.672 0.149 9.956 



VOLATILE SOLIDS DATA 

28% soi1 (continued) % moisture %TS %VS % FS %OC 

*' wb = wet basis 
"db = dry basis 

**wb "wb "db *db 'db ' 

Results combined: 60,080 39.920 49,456 50.544 27.476 

67.791 32,209 61.638 38,362 34.243 
Mean: 65.671 34,329 58.082 41.918 32.268 
StdDev: 2,9717 2.9717 5,0239 5.0239 2,7910 
% rel SD 4.53% 8.66% 8.65% 11.99% 8,65% 

initial VS (kg) 0.1561 initial VS (%): 18,716 
final VS (kg) 0,15465 final VS (%): 58.082 
VSiNSi 0.99069 

initial VS (kg) 0.1561 initial VS (%): as above 
final VS (kg) 0,1538 final VS (%): as above 
VSrNSi 0.98526 

average: initial VS (kg) 0.1561 initial VS (7-6): 18.716 
final VS (kg) 0.15422 bnal VS ($6): 58,082 
VSrNSi 0.98797 

reduction 
1.0407 



VOLATILE SOLIDS DATA 

M a l  Conditlons: Total weight: 857.957 grams VS = 156.1 g 

Final compost data: 

Run 1: 
Soil% Empty Wet Dry Ashed Motstute% moisture % TS %VS % FS %OC total wt VS wt %VS . - 

wt wt wi wt wt ^*wb **wb *db "db 'd b (kg) (kg) reductlon 
30 81,2145 92,3153 85.0421 82.6703 7.2732 65.520 34,480 61.966 38.034 34.425 0,72146 0.154 1.251 

30 91.3218 99.1583 93,7485 92.0752 5,410 - 69.033 30.967 68,954 31.046 38.308 
Mean: 65,418 34,582 62.203 37.797 34,557 
Std Dev: 2,847 2,847 4.939 4,939 2,744 0,000 0.146 
% rel SD 4,353 8,233 7.940 13.068 7.940 0,148 11.920 

Run 2: 
Sol, % Ernpty Wet Dry Arrhed Molsture% molsture % TS %VS % FS %OC total wt VS wt ./. VS 

& - wt wt wt wt "*wb "Wb *db *db 'db (kg) (kg) reduction 
30 91.5468 98,7128 94,3874 93,0189 4.3254 60.360 39,640 48,176 51.824 26.765 0.79528 0.152 2,706 

Std Dev: 2.831 2.831 4.158 4.158 2,320 0.000 0,274 
% rel SD 4,391 7.971 7,702 9,038 7,702 0.282 9.500 



VOLATILE SOLIDS DATA 

30% soi1 (continued) % rnoisture % TS %VS % FS %OC . 

** wb = wet basis 
**db = dry basis 

"wb *"wb 'db *db Wb 
Results combined: 65.520 34.480 61.966 38.034 34.425 

67,979 32.021 59,499 40,501 33.055 
Mean: 64,947 35.053 58.097 41.903 32.276 
Std Dev: 2.8781 2.8781 6.1406 6.1406 3.4115 
% rel SD 4.43% 8.21% 10.57% 14.65% 10.57% 

initial VS (kg) 0.1 561 inkial VS (76): 18.194 
final VS (kg) 0.154 19 final VS (Oh): 58,097 
VSiNSi 0,98773 

initial VS (hg) 0,1561 initial VS (%): as above 
final VS (kg) 0.151 59 final VS (%): as above 
VSiNSi 0.971 13 

average: initial VS (kg) 0.1561 initial VS (%): 18.194 
final VS (kg) 0,15289 final VS (%): 58,097 
VSfNSi 0,97943 



APPENDIX C-4 
HEADSPACE OXYGEN AND METHANE GENERATION DATA 





Soil 
Loading 

12 

14 

16 

18 

20 

I 

Gas 
Sampled 

02 
CH4 
0 2  

CH4 
0 2  

CH4 
0 2  

CH4 
0 2  

CH4 
0 2  

CH4 
0 2  

CH4 
O 2  

CH4 
0 2  

CH4 
0 2  

CH4 
0 2  

CH4 
0 2  

CH4 
O2 

CH4 
0 2  

CH4 
0 2  

CH4 

before before 1 

Pre-Aeration Cycle During Aeration Cycle 
Time in minutes (O is start of aeration cycle) 





Soll 
Loadlng 

L 

30a 

30b 

Gas 
Sarnpled 

0 2  

CH4 
O2 

CH4 
0 2  

CH4 

O2 
CH4 
0 2  

CH4 
02 

CH4 

-- -- 

Sample results as volumetric percent 
15 18 21 20 21 20 20 20 20 20 20 

Pre-Aeration Cycle 

30 min 1 min 
before before 
cycle cycle 

During Aeration Cycle 
Time in minutes (O is start of aeration cycle) 

O 0.5 1 1 .S 2 2.5 3 3.5 4 4.5 5 



APPENDIX C-5 
TPH DATA - WOODCHIPS AND BIOSOLIDS DATA 



Woodchips 

Run: CIO C l 1  Cf2 C l 3  Cl4  C l 5  C l 6  C l 7  C l 8  C l 9  Total 
Fox Lake, undried 38.46 12.67 30,79 157.09 947.43 1 1 O0 279.5 336,29 148.71 8537.34 1 1588.28 
Fox Lake, dried 
Pine Falls undried 
Pine Falls dried 

My woodchlps 
undried 

dried 
(3 

I 
1 mean: 

Sm?". 
03 % R.S.D. 



APPENDIX C-6 
'"C GENERATION DATA 



generation data 

Notes: 1. if reading - background was <O, O was used- 
2, Initial conc of 1-14cadecane was 2.536 uCVg diesel 

l ime (reading - background) ./. of original 
l4c 14c 1% . 

(days) (DPM) (ciCi) (%) 
1 O O na 

O O na 
Total: O na 

Time (reading - background) % of original 
¶4C l4c 1% 

(days) (DPM) (pCi) ( % ) 
1 O O O 
5 0.133 5.99E-O8 2.85E-05 
9 O O O 

14 1.607 7.24E-07 0-000344 
Total: 7.84E-07 0.000372 

Time (reading - background) % of original 
l4C l4c $4c 

(days) (DPM) (pCi) {%) 
1 0.046 2.07E-08 6.38E-û6 

14 0.03 1 XE-08 4.16E-06 
Total: 6.35E-07 0.0001 96 



generation data 

Notes: 1. if reading - background was <O, O was used- 
2. Initial conc of l-14codadecane was 2.536 uCüg diesel 

Tirne (reading - background) ./. of original 
l'c l4c 14C 

(days) {DPM) @Ci) (%) 
1 O O O 

O 
O 
O 
O 

6.067 
2.900 

O 
O 

6.333 - 
Total: 

Time (reading - background) % of original 
l4c l4c l4C 

(days) (DPM) (uCi) (%) 
1 O O O 

0 -  
Total: 

Tirne (reading - background) % of original 
l4c 14c '4C 

(days) (DPM) (uCi) {%) 
1 O O O 
5 O O O 
9 0.782 3.523E-07 5.09E-05 

14 0.1 33 5.991E-08 8.65E-06 
Total: 4.122E-07 5.95E-05 



14C genemtion data 

Notes: 1, if reading - background was CO, O was used. 
2. Initial conc of l-14c+ctadecane was 2.536 uCVg diesel 

Time (reading-backgrou./.oforiginal 
l4c I4c l4C 

(days) (DPM)   ci) (%) 
1 O O O 
2 O O O 
3 O O O 
4 0.3 1 .SE-07 1 -63E-05 
5 O O O 
6 O O O 
9 O O O 

10 0.467 2.1E-07 2.54E-05 
12 O O O 
14 O O O 

Total: 3.45E-07 4-1 8E-05 

Time (reading - backgrou % of original 
'4C 14c l4c 

(days) (DPM) (vCi) (%) 
1 O O O 
2 O O O 
3 O O O 
4 3.333 1.5E-06 0.0001 55 
5 O O O 
6 O O O 
9 O O O 
10 O O O 
12 O O O 
14 O O O 

Total: 1 SE46 0.0001 55 

Time (reading - backgrou % of original 
l4c l4C l4c 

(days) (DPM) (pCi) (%) 
1 O O O 
5 O O O 
9 O O O 

14 2.149 9.68E-07 8.7E-05 
Total: 9.68E47 8.7E-05 



I4C genention data 

Notes: 1. if reading - background was <O, O was used. 
2. Initial conc of 1-14cebdecane was 2.536 uCVg diesel 

Tirne (reading - backgrou ./. of original 
l4C '% '4C 

(days) (DPM) (riCi) (%) 
1 O O O 
2 5.933 2.67E-06 0.000211 
3 9 4.05E-06 0.00032 
4 0.567 2.55E-07 2.OlE-O5 
5 2.7 1.22E-06 9.59E-05 
6 2.467 1.11E-06 8.76E-05 
7 0.467 2.1E-07 1.66E-O5 
8 O O O 
9 O O O 
10 O O O 
11 O O O 
12 O O O 

Total: 9.52E-06 0.000751 

Time (reading - backgrou % of original 
l4c l4c l4c 

(da ys) (DPM) (pCi) (%) 
1 0.1 33 5.99E-08 4.1 9E-O6 
5 O O O 
9 O O O 

14 O O O 
Total: 5-99E-08 4.1 9E-06 

Time (reading - backgrou % of original 
l4c 14C "c 

(days) (DPM) (pCi) (%) 
1 O O O 
5 O O O 
9 0.144 6.49E-08 4.05E-06 

14 0.299 1.35E-07 8.4E-06 
Total: 2E-07 1.25E-05 



f4C generation data 

Notes: 1. if reading - background was <O, O was used. 
2. Initial conc of l - ' 4 ~ ~ b d e c a n e  was 2.536 ucilg diesel 

Tlme (reading - background) X of original 
l4C '4C l4C 

(da ys) (DPM) (pCi) (%) 
1 O - O O 

14 4-1 52 f .87E-06 0.0001 05 
Total: 3.277E-06 0,OOOq 84 

28% soi1 run 1 

Tirne (reading - background) % of original 
l4c '4c l4C 

(days) (DPM) (pCi) (%) 
1 O O O 

7 O O O 
Total: 2.504E-06 0.0001 27 

28% soi1 run 2 

Time (reading - background) % of original 
l4c "C *4c 

(days) (DPM) {ciCi) (%) 
1 O O O 
5 O O O 
9 O O O 

14 0.183 8.243E-08 4.1 8E-06 
Total: 8.243E-08 4.1 8E-06 



l% generatlan data 

Notes: 1, if reading - background was <O, O was used. 
ilg diesel 2. Initial conc of l-14c-octadecane was 2.536 uCVg diesel 

30% soit run 1 

Time (reading - background) % of original 
"c '4C 1% 

(days) (DPM) (ciCi) (%) 
1 O O O 
2 O O O 
3 O O O 
4 O O O 
5 O O O 
6 O O O 
7 O O O 
8 O O O 
9 O O O 

10 0.233 1 .OSE-O7 4.83E-06 
Total: 1 .OSE-07 4.83E-06 

Time (reading - background) % of original 
"C "C "C 

(days) (DPM) (pCi) (%) 
1 O O O 

14 O O O 
Total: O O 



APPENDIX D 
NaOH T M P S  AND DIESEL QUANTITY CALCULATIONS 



CO2 generation crlcvWCoru 'note: 0.6 kg of organic amendment m m  1 reador 

~ssumpthns: 4337, VS from biosolids are biodegradable 
5 "7 mM VS fmm woodchips are biodegradable 

1Lods;gradation of 75.80% of biodegradabfe VS *II ocwr over 14 day nrn 
* 

-in one reador, 0.6 kg organic amendments 

~iveS: 0.301 kg wet biosolids which is: 0.094634 kg dry biosolids (0.2064 kg water) 
- 0299 kg wet woodchips 0,175453 kg dry woodchips (0.1234 kg waler) 

per 0.6 k~ of organic amendment mixture per 0.6 kg of organic amendment mùdure 

Volatile Solids: h W  dy &= 230.0 g - 
woodchips: 68.2% dry basis 7 -)&& YS= 156. lq a 

or 0.1 19659 kg woodchips VS per 0.6 kg organic amendment mix 
w 

which is 0.005983 kg biodeg woodchips VS per 0.6 kg organic arnendment mixture 
bioscllids: 38.63% dry basis 

or 0.036557 kg biosoiids VS per 0.6 kg organic amendment mix i 
which is 0.01 8279 kg biodeg biosolids VS per 0.6 kg organic arnendment mixture 

P===-\- - for a total of: i0.024262yg biodeg VS per 0.6 kg organic amendment mixture 
kyu / 

L 
assuming 80% of the bio-degradable VS is converted during the composting m. that means: 

0.019409 kg biodeg vs are degraded per 0.6 kg organic amendment mixture I 
Carbon: 
woodchips: 37.88 % OC dry basis 

or 0.066462 kg wocdchip OC per 0.6 kg organic amendment mixture i 
biosolids: 21 -46% OC dry basis i 

Ca, l -.,? 
or 0.020309 kg biosolid OC per 0.6 kg organic amendment mixture 

for a total of: 0.08677 kg OC per 0.6 kg organic amendment mixture 

oc 7.224831 moles of C per 0.6 kg organic amendment mixture J 

Nitrogen: 
woodchipsr 0.41% wet basis /I 

or 0.001226 kg woodchip nitrogen per 0.6 kg organic amendment mixture 1 - 
biosolids: - 3-1 1 % wet basis 

or 0.09361 1 kg biosolid nitrogen per 0.6 kg organic amendment mixture 
for a total of: 0.094837 kg nitrogen per 0.6 kg organic amendment mixture 

or: 6.ï74064 moles of N per 0.6 kg organic amendment mixture 

Total Parametek: - - 
weight in reactors: 0.6 kg of organic amendment mixture 
minus carbon -4.00677 
minus nitrogen -0.09484 

-c 
;.: k> -- 

minus water -0.3298 this is: 18.30 moles of O and 36.60 moles of H 2.- ,.-- fi  \i'~ * .  - 

+*. - " fp - -!c L , *,-\- 
, i.- v ' . 

\# \. 
L. - 

Using the equation from Tchobanoglous et al (1 993) 4. 1," 
C-aH-bO-cN-d + ((4a+b2~3d)/4)0-2 g i v e w 0 - 2  + ((b3d)/Z)H-20 + dNH-3 

from ealculations above: a = 7 2  
b=36.6 4- 
-18.3 - f t 

d=6-77 r 
. - 

which means that: 2,142-moles of 0 2  will be needed to convert 1 mole of organic amendment mixture 
or, 68 549 of 02  will be needed p e r - o f  organic amendment mixture 
or, 0.0804 kg 9f 02 per 0.6 kg of organic amendment - 

Safety factor (after Lanen 1998): Oxygen required: 0.1608 kg 
0-2 










