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ABSTRACT 

The study of crude oil degradation was conducted on the crude 

oil supplied by FINA. The sludge from the industrial treatment 

facility on Gulf coast was utilized as a source of hydrocarbon 

degrading bacteria (15gm of sludge/liter of oil-water 

mixture) . The degradation study was conducted at lab scale and 

in a 21 1 stirred reactor at a neutral pH of 7.0. Sufficient 

nutrients were supplied by the basal salt solution prepared in 

distilled water. Oxygen was supplied at a rate of 0.6 SCFH to 

maintain aerobic condition. Two different oil concentrations, 

5% and 10% (volume percent), were tried in the degradation 

experiments. The daily reduction in total petroleum 

hydrocarbons (TPH) were measured by using the EPA 418.1 

method. It was observed that at the end of 21 days, more than 

90% of oil was destroyed with a 5% oil concentration and about 

82% reduction was observed with a 10% crude oil concentration. 

In all the experiments, the formation of viscous chocolate 

oil-water emulsion, i.e. , "mousse," was the most evident 

phenomenon. At the end of 21 days, this oil-water emulsion was 

reduced to less viscous slurry, indicating the degradation of 

heavy hydrocarbons of crude oil. 
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CHAPTER 1 

INTRODUCTION 

Our environment has been exposed to hydrocarbons from 

natural seeps through much of geologic time. During this time 

processes such as microbial decomposition and photochemical 

oxidation have prevented a significant accumulation of 

hydrocarbons in the ocean (ZeBell, 1969). 

In the last few decades, the changes in the scale of 

operations required to find different ways to transport oil 

has led to a pollution problem of major proportion. The 

changes in the scale of the oil operations stem from an ever 

increasing demand for energy. Beginning about fifty years 

ago, with the conversion from coal to oil as a major source of 

power and manufacturing, there has been an increase in amount 

of oil and oil products released to environment. Much of this 

material finds its way to the sea where it evaporates, 

emulsifies, sinks, or beaches, all the while being slowly 

decomposed by sunlight and microorganisms. 

Blumer (1969) stated that the tar on the sea surface now 

exceeds the amount of surface plant life. He estimated there 

was 3 times as much tar-like material as sargasso weed 

(volume-to-volume basis) in the nets employed for weed 

removal. He estimated that oil influx to the oceans from 

shipping losses alone mounts to about 106 tonsjyear. Other 

sources such as sewage, manufacturing, and refining waste may 
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add considerably to this value. More alarming is the fact 

that a single accident can account for most of this spillage. 

For example, the Santa Barbara mishap released an estimated 

104 tons of crude oil to the sea. "Torry Canyon" lost 105 tons 

of crude oil, which is approximately 0.01 % of the annual oil 

transport across the sea. When vast quantities of crude oil 

are released in a single incident, the detrimental effects on 

local terrestrial and marine life are acute. 

Stringent enforcement of government regulations dealing 

with industrial pollution and shipping procedures can reduce 

careless or negligent oil pollution, but there remains the 

problem of adequate cleanup methods for accidental spills 

which, considering the volume of oil transported over water 

(about 109 tons per year), will inevitably occur. 

Proposed methods for cleaning up accidental spills, 

particularly in the marine environment, include controlled 

burns on the sea surface, physical removal, chemical 

dispersal, adsorption to adsorbents and insitu bioremediation 

at the sea shore (Swift et al., 1969). Each of these methods 

has obvious limitations depending primarily on the spill 

location, the condition of the sea, the type and quantity of 

oil spilled and the disposal of the end products of the 

process. 

Burning the oil on the sea surface has met with limited 

success due to rapid transfer of heat to the water and the 

loss of volatile components through evaporation (Tully, 1969). 
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The rapid transfer of heat to the water affects the ecology of 

aquatic organisms. 

An array of cleaning equipment ranging from suction pumps 

to oil adsorbents has been introduced to enhance the cleaning 

process. However, the efficacy of physical removal is largely 

dependent on the condition of the sea and the extent and the 

thickness of the oil slick (Walkup, Polentz, and Smith, 1969). 

The commercially accepted method of oil removal is still 

adsorption onto commercially available polypropylene booms 

(Harper, 1969). The adsorbent contains the spreading of the 

oil spill and simultaneously adsorbs the spilled oil. This is 

labor intensive, costly, and is often inefficient once the oil 

reaches the shore 1 ine. The disposal of booms and pads 

containing crude oil is a major disadvantage of this method. 

The used polypropylene booms cannot be reutilized and have to 

be disposed of by incineration and/or land filling. 

Presently, the common method of boom disposal is to landfill 

them. However, the authorities have already started raising 

questions regarding the aftereffects of the land filling. As 

polypropylene is a non-degrading material, it remains under 

the ground forever. 

Insi tu bioremediation degrades oil by using microbes. 

This process is preferred by governing authorities as it 

produces a lesser volume of toxic products compared to any 

other existing response method for oil spill. It has a few 

undesirable end products like tar balls, non-degradable 
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hydrocarbon residues, etc. However this process requires 

continuous monitoring and is a very long process. Sometimes 

it goes on for more than 50 years. The insitu bioremediation 

process also poses a danger to ground water contamination 

through seepage of crude oil. 

Considerable research has been devoted to the study of 

microbial hydrocarbon metabolism especially in the field of 

insitu bioremediation (Zebell, 1964; Foster, 1962; McKenna and 

Kallio, 1965; van der Linden and Thijsse, 1965; Davis, 1967; 

Brown et al., 1969). Bertrand (1983) performed the 

degradation studies on crude oil in a continuous process with 

a mixed bacterial population. He observed that degradation 

reached 83% with 6 gjliter crude oil concentration. Little, 

if any, research has been carried out to study the hydrocarbon 

degradation in a stirred reactor (Blogoslawaski, 1971; Zajic, 

1972; Bertrand, 1983). 

In areas subject to chronic oil pollution, such as Cook's 

Inlet, Alaska, populations of 104 hydrocarbon oxidizing 

bacteria per liter (about 10% of the total population) are 

estimated to be present year round (Kinney, Button, and 

Schell, 1969). In unpolluted areas, oil degrading microbial 

populations are usually low. Approximately one or two weeks 

are required for bacteria to colonize the oil-water interface, 

and another two or three months for decomposition (Pilpel, 

1968). ZeBell (1969) noted that out of several hundred 10 to 

50 ml samples of sea water collected beyond the continental 
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shelf, fewer than 5% contained bacteria that could oxidize 

liquid hydrocarbons. However, he stated that oil oxidizers 

near coastal settlements or oil fields ranged from less than 

102 to 108 oil oxidizing organisms per ml of sea water or per 

gram of mud. In addition to the number of naturally occurring 

oil degrading microorganisms, the rate of natural 

decomposition depends on water temperature, type of oil, 

nutrient concentration, etc. Removal of oil from the water 

surface through bacterial attack is primarily accomplished 

through the following mechanism: direct oxidation of carbon 

and energy to C02 and cell material, or by the conversion of 

oil into fatty acids which emulsify more resistant crude oil 

components (LaRiviere, 1955). 

The purpose of this research has been to investigate the 

feasibility of the bio-degradation of crude oil, in a 21 liter 

bioreactor, by using hydrocarbon oxidizing bacteria. The 

objective was to investigate and characterize the operating 

parameters of the process to successfully implement it at a 

commercial level. 

The thesis is divided into the following sections: 

a. experimental Setup, 

b. experimental procedures, 

c. results and discussion, and 

d. pilot plant description. 

The experiments were carried out in two phases: lab scale 

(250 ml) and using a 21 liter stirred reactor. Initial lab 
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scale experiments were carried out on diesel, a refined 

product of crude oil. These experiments were carried out in 

the Department of Biological Sciences by Dr. Caryl Heintz and 

her associates. The biodegradation of diesel was carried out 

to check the feasibility of the process, and then the 

biodegradability of crude oil was studied to obtain the range 

of operating parameters. In the second phase, a narrowed range 

of operating parameters were used with the 21 liter stirred 

reactor. The change in the process output with the scale up 

from 250 ml to 21 liter was studied. Simultaneously, 

controlled laboratory studies were performed to determine the 

efficacy of oil degrading bacteria to degrade the crude oil. 

In Chapter 3, a detailed description of the experimental 

setup utilized in both the phases is given. The equipment 

details along with an instrumentation required are described 

in this section. In Chapter 4, the overall objective and the 

detailed procedures adopted for each experiment are explained. 

The results obtained are discussed in detail in Chapter 5. An 

introduction to the analytical method adopted for the analysis 

of crude oil samples is given in Chapter 6. An introduction 

to the 900 liter plant facility, which was designed and built 

for further scale up is given in Chapter 7. This facility 

could not be utilized due to time constraints. 

Experiments were designed with future applications in 

mind and included such studies as the effects of temperature, 

aeration, and agitation rates on microbial degradation of oil 
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and determination of conditions to bring about immediate 

oxidation of oil (i.e., optimization of process time). 

The larger scale experiments ( 21 1) were designed to 

verify lab results as a first step towards the 

commercialization of the process. Various techniques were 

developed to measure changes in the quantity and composition 

of the crude oil. These included viable bacterial count, 

measurement of Total Petroleum Hydrocarbons {TPH), Total 

Organic Carbon measurement {TOC) , Total Organic Hydrogen 

measurement and Total Oxygen measurement. Various oil 

concentrations were tried to study its effect on the 

degradation. The observed and measured results from 

laboratory scale experiments and 21 1 experiments on crude oil 

were considered to constitute a reliable basis from which the 

projection of the potential and limitations of the bacterial 

degradation of crude oil is possible. 
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CHAPTER 2 

HISTORICAL REVIEW 

Early investigations about the metabolism of petroleum by 

soil microorganisms were carried out in Europe ( Sohngen, 

1906,1913; Tausz and Peter 1919; Mathhews, 1924) and in Russia 

(Tausson, 1927, 1928, 1929) during the early part of this 

century. However, hydrocarbon oxidizing microorganisms were 

considered somewhat of an oddity in the United States until 

Stone, White and Fenske (1940), and Haas, Yantzi, and Bushnell 

(1941) began detailed and systematic investigations of oil 

microorganisms. 

Increased demands for petroleum products during and after 

World War II led to the development of prospecting methods, 

which included extraction of soil and coal samples with 

various solvents and the use of microorganisms selective for 

volatile hydrocarbons. 

Earlier emphasis on the application of hydrocarbon 

degrading microorganisms in the oil industry was in the field 

of refinery and petrochemical waste treatment. Activated 

sludge plants which remove phenolic waste from manufacturing 

processes have been operating in this country from a long 

time. Treatment plants designed to remove oil wastes from the 

separator tank water (100 ppm carbon and less) are becoming 

numerous in order to meet increasingly stringent federal and 

state anti-pollution requirements. 
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However, the study of biodegradation of hydrocarbons 

reached its peak when the worst u.s. crude oil spill by Exxon 

Valdez in 1989 occurred. This spill made environmental 

authorities aware of the calamities involved with an oil 

spill. The other incident "Santa Barbara" oil spill, 

compelled them to take some immediate action towards this 

rising problem. 

2.1 Chemistry of crude oil 

For better understanding of the phenomena involved with 

an oil spill, it is essential to understand the complex 

chemistry of crude oil. The crude oil components can be 

classified broadly into four classes of compounds: alkanes, 

aromatics, resins, and asphal tenes. The lower molecular 

weight compounds in petroleum are alkanes & aromatics and 

resins, asphaltenes & waxes account for the higher molecular 

weight compounds. Asphaltenes are the high molecular weight 

heterocycles that do not dissolve in CS2 • Waxes are high 

molecular weight alkanes. In a complex mixture like crude 

oil, all these compounds interact in such a way that all 

components are maintained in the liquid oil phase, i.e., the 

lighter components of the oil act as a solvent for the higher 

molecular weight compounds. As long as this solvency 

interaction is maintained and thermodynamic conditions remain 

constant, the oil will remain stable. 
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2.2 Physical Considerations of an Oil Spill 

When crude oil and other refined products are released at 

sea, they are subjected immediately to a series of weathering 

processes. These include: spreading, evaporation and 

dissolution of selected lower molecular weight components, 

dispersion of whole oil droplets in water, coalescence of 

those droplets with entrapment of sea water; photo-, 

microbial- and autooxidation; emulsification and tar ball 

formation. 

Before discussing biodegradation, the physical effects of 

spreading, evaporation, dissolution and emulsification should 

be considered. All these weathering process are inextricably 

linked with one another. They are also dependent on the type 

and amount of oil spilled and environmental conditions (water 

and air temperature, wind speed, turbulence regime, sea state, 

etc.) . 

It is a common observation that oil spilled on water has 

a tendency to spread outward in the form of a thin continuous 

layer. The direction of drift and spreading are mainly 

dependent on the wind speed and water currents. If wind speed 

is fairly high, then the effects of water currents can be 

ignored (Holme, 1969). The other forces like gravity and 

surface tension increase oil spreading, while inertia and 

viscous forces retard it. Field observations of oil spill 

have always shown a rapid spreading followed by a long period 

of slow spreading. For example, it is estimated that a 2 x 
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ton oil will spread 2 x 104 m2 from the source after 2 

days, reaching 4 x 104 m2 after 2 weeks (Fay, 1969). The 

estimation and prediction of spreading are also essential in 

effective removal of spilled oil. Walkup (1969) noted that 

the spreading and hence efficiency of removal depends on the 

sea condition, the type of oil spilled and the extent of the 

slick. As an example of spreading rates of various 

hydrocarbons, he estimated that a 200 gallon of spill of Navy 

Special Fuel would cover 5. 4 x 105 m2 with 0. 013 mm of oil 

after 10 minutes and 8.523 X 105 m2 with 0.991 mm of oil after 

10 hours. JP-5 distillate fuel on the other hand would cover 

2.133 X 105 m2 after 10 min with 0.003 m of oil, and 3.258 X 

106 m2 with 0.229 mm, after 10 hours. The above data reflect 

that the possibility of technical as well as economical 

problems could arise if spill containment is delayed. 

Evaporation and dissolution are the two major processes 

of removal of oil after it is released into the sea water. It 

is observed that majority of the volatile compounds may be 

lost by evaporative processes within 24-48 hours. The lower 

molecular fractions in crude oil, which normally have low 

boiling point, are lost through evaporation. Due to these 

factors, the properties important to spreading of crude oil 

like: density, viscosity, and surface and interfacial tensions 

will change. 

The evaporation rate of spilled oil depends mainly on the 

conditions of the sea and the type of spilled oil. Smith and 
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Mcintyre (1971) noted that the loss of weight of oil was 

proportional to the percentage of volatile compounds present 

in the oil. Their experiments also showed that the medium 

molecular weight aromatic hydrocarbons were the major portion 

of the dissolved compounds in sea water. 

2.3 Biological Considerations of 
Oil Spill Biodegradation 

Oil which does not evaporate and is not physically 

removed from the environment is subject to microbial attack. 

However, the biodegradation of the crude oil is an intricate 

interaction between a chemically complex substrate and mixed 

microbial populations. The biodegradation takes place in an 

environment where the physical/chemical parameters influencing 

the process may constantly be shifting. The spill environment 

is normally low in nutrients, and often permits only sub-

optimal levels of microbial activity. The rate of 

biodegradation is normally enhanced by providing a suitable 

environment for the growth of the bacteria like adding 

nutrients, optimising temperature and aeration, etc. 

The ability of microorganisms like bacteria, yeasts and 

fungi to use the organic compounds and energy inherent in the 

oil is distributed throughout many genera and species. Gunkel 

and Gassman (1980) noted that more than 100 strains of oil-

degrading bacteria have been described. The most important of 

these include, but are not limited to: Pseudomonas, 

Achromobacter, Arthrobacter, Micrococcus, Nocardia, Vibrio, 
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Brevibacterium, Corynebacterium and Flavobacterium (Atlas, 

1981; Jamison et al., 1976). The most important fungi are 

Candida, Rhodotorula and Sporobolomyces (Bartha and Atlas, 

1977). Under certain conditions, Penicillum, Cunnighamella, 

Verticillium, Beauveria, Cladosporium may also be included 

(Atlas, 1981, Davies and Westlake, 1979). 

Cooney and Summers ( 1979) stated that in chemically 

unstressed environments (i.e. , neutral pH) , bacteria are 

generally responsible for the majority of the oil degradation. 

They usually outnumber the yeasts and fungi isolated from oil

degrading populations, although the biomass of the three 

groups may be equivalent. 

Sufficient bacterial growth is necessary for the 

significant degradation of crude oil. The most important 

factors affecting hydrocarbon degradation include: 

availability of carbonjenergy source (i.e., oil), oxygen, 

nutrients, temperature, pH and presence of inhibitors like 

lead. 

The spilled crude oil provides a potentially energy-rich 

source of carbon for microbial growth. However, the chemical 

and physical parameters of oil also affect the growth of oil 

degrading bacteria. Atlas found out that n-alkanes are 

degraded more quickly than other classes of compounds. Those 

n-alkanes of intermediate length are less toxic than the small 

(less than c
8

) n-alkanes, and are more quickly degraded than 

the larger (greater than c30 ) n-alkanes or cycloalkanes. 
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Branching of the alkanes inhibits degradation of the compounds 

(Schaeffer et al., 1979) especially in low temperature 

environments (Westlake J .M.) . Therefore n-c
17 

and n-c
18

, the 

straight chain alkanes, are more rapidly degraded than their 

branched isoprenoid counterparts, pristane and phytane. 

Some low molecular weight aromatics such as naphthalene 

may actually be mineralized before some saturates. However, 

it is observed that the aromatics are more resistant to 

degradation. Their degradation proceeds from the least 

complex to the most complex (Fedorak and Westlake, 1981). For 

example, in a mixed oil-degrading culture, biphenyl is 

degraded before phenanthrene, which in turn is degraded before 

the methyl-phenanthrene, and benzothiophene is degraded before 

dibenzothiophene. Some low molecular weight aromatics are 

also observed to be toxic to some microbes probably due to 

their solvent action on cell membranes. In his study for the 

review of biochemical pathways for the microbial oxidation of 

benzene and related structures, Gibson (1968) observed that, 

in the absence of more labile straight chain paraffins, the 

benzene eluted fraction of Louisiana crude oil showed 

microbial decomposition. 

The compounds such as larger polycyclic aromatic 

hydrocarbons (PAH) are not directly metabolized by microbes, 

but can be partially oxidized by co-metabolism. In this 

process, the organism while growing on one substrate 

adventitiously transforms another parent molecule, without any 
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benefit from the process. In pure culture, the altered 

compound might remain as a refractory oxidation product. In 

a mixed bacterial population, however, there may exist other 

microbes capable of degrading the altered compounds, thus 

removing the refractory parent compound by a series of 

metabolic interactions. This route for the degradation of 

cyclohexane was proposed by Harder in 1981. 

Ward and Brook (1975) noted that the presence of an 

easily assimilated carbon source like acetate or glucose 

decreases hydrocarbon oxidation. They found out that acetate 

at levels of 25 to 1000 mgjliter or glucose at 35 mgjliter 

significantly reduced hydrocarbon degradation in lake 

sediment. The acetate inhibition was relieved by adding N and 

P, which suggested that the inhibition was related to nutrient 

depletion. 

Thus, the chemical composition of crude oil will pre

determine the amount of degradation. An oil very rich in 

saturates can be degraded rapidly with little residue. An 

asphal tenic oil will contain less material that is easily 

degradable, and will leave a greater residue. Along with 

chemical composition of crude oil, its physical state also 

controls the degree of degradation. 

The spreading andjor emulsification of oil increases the 

surface area exposed to microbes, which increases the degree 

of microbial degradation as microbes tend to concentrate at 

the oil-water interface. The oil spilled in cold conditions 
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will produce a smaller area of exposure and hence will be more 

refractory to degradation. 

Atlas observed that slightly weathered oil could be more 

degradable than a freshly spilled oil. Volatilization of 

crude oil reduces the absolute carbon influx to the system. It 

simultaneously removes the toxic low molecular weight 

compounds such as benzene and smaller n-alkanes. 

Other research work proved that mechanically induced 

dispersion increases the effective surface area for microbial 

attack, and hence enhances the biodegradation of oil. 

Dispersion also increases the dissolution of low molecular 

weight compounds by providing a larger surface area for 

partitioning. Wodezinski and Coyle (1974) proved that liquid 

hydrocarbons degrade faster than solid hydrocarbons. This is 

important for those hydrocarbons with very low solubilities, 

such as PAH, olefins and high molecular weight paraffins, and 

becomes important in a cold environment where liquid alkanes 

become solid, or aromatics precipitate. 

The initial steps in the biodegradation of hydrocarbons 

by bacteria and fungi involve the oxidation of the substrate 

by oxygenases for which molecular oxygen is required (Atlas, 

1984). Hence aerobic conditions are necessary for the 

microbial oxidation of hydrocarbons in the environment. In 

soil and ground waters, oxygen is often limited. The use of 

technique like tilling, forced aeration and hydrogen peroxide 

treatment can be useful in overcoming the rate limitation 
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caused by the low molecular oxygen availability. Many 

attempts have been made to degrade hydrocarbons anaerobically, 

but this was observed to be a very slow process. Westlake 

(1983) found that anaerobic degradation of alkanes was 

possible if the initial attack was accomplished aerobically. 

In this study, same approach was tried for crude oil and was 

found applicable (explained in procedure section). The time 

taken to degrade oil by the combination of both degradation 

processes was found to be less than time taken by anaerobic 

degradation alone. 

Inadequate amounts of nutrients like nitrogen and 

phosphorus have been proved to be the limiting factors 

affecting biodegradation rates in many cases. Dibbie and 

Bartha ( 1979) observed that oil sludge biodegradation was 

optimal at a C:N and C:P ratios of 60:1 and 800:1 (weight 

ratios), respectively. Also they observed that addition of 

micronutrient and organic supplements were not beneficial. 

The ambient temperature of an environment affects the 

biodegradation of oil. Bacterial metabolism is slower at low 

temperatures. Westlake and co-workers (1974) observed that 

bacteria capable of degradation at 4 oc would mineralize oil 

at 30 oc, but those populations that developed at the higher 

temperatures had limited degradative capability at low 

temperatures. Also it was observed that an increase in pH 

from 5 to 8 increased the degradation (Hambrick et al., 1980). 

Bartha (1979) observed that a pH of 7.5 to 7.8 is optimal for 
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the biodegradation of oil sludge. However, no information was 

presented about the effect of very high pH. 

Mineralization of crude oil produces C02 , H20 and cell 

mass, since the bacteria utilize these hydrocarbons as a 

carbon and energy source. The number of oil degrading 

bacteria increases, if physical and chemical parameters of oil 

favor the growth. These bacteria may release low molecular 

compounds such as acetate and lactic acid through incomplete 

oxidation of the hydrocarbons. The latter organic compounds 

are available for non-hydrocarbon-degrading flora which may be 

stimulated by the presence of such degradation byproducts. 

Larger molecules that have been altered by co-metabolism may 

remain in the environment and may contribute to the humic and 

fulvic acid content of the environment (Atlas, 1991). The 

magnitude and composition of this residue are determined by 

combinations of the various factors described above. 

2.4 Basis of Research 

The successful insitu application of bacteria for the 

degradation of crude oil provided the idea for this research 

(Zajic, 1972; Bertrand, 1983). If successful implementation 

of the degradation of crude oil in a bio-reactor is possible, 

then it will reduce many problems associated with insitu 

bioremediation like: natural parameters (tidal effects, wind 

speed, sea condition, etc.), close monitoring of operating 

parameters (availability of nutrients, oxygen, temperature, 
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etc. ) , contamination of the sea shore, chances of 

contaminating ground water through seepage, etc. 

Zebell (1969) and Foster (1962) stated that they could 

not find any single bacterial species which could noticeably 

degrade crude oil. Rather, most crude oils examined were 

degraded by mixed cultures consisting of numerous species. 

They noted that often about 20 to 30 different morphological 

and colonial types of bacteria were detected in experiments 

with crude oils. They conclude that complete degradation of 

crude oil to carbon dioxide and cell biomass involves the 

decomposition of various hydrocarbon metabolic products 

including complex organic acids, alcohols, ketones, etc. 

Zajic (1972) found out that the mixed culture begins the 

emulsification when inoculated into an aqueous medium 

containing Bunker c oil. He observed that due to mild 

agitation, within 24 hours the oil-in-water emulsion forms and 

on continued exposure and agitation reverts to a water-in-oil 

emulsion in 48 hour. 

Various preliminary experiments were conducted by Dr. 

caryl Heintz, Department of Biological Sciences, Texas Tech 

University, on the diesel to check its susceptibility to 

bacterial attack. These experiments provided the basis for my 

experiments with crude oil. The experiments on diesel found 

the following. 

1. When the effect of combinations of macronutrients and 

micronutrients was studied, the addition of 
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macronutrients improved the performance of the 

fermentation process. However, the addition of 

micronutrient did not help significantly. 

2. When the effects of various microbial consortia were 

studied, bacterial sludge from the Gulf Coast showed 

better performance than other 5 products containing 

different bacteria. 

3. When the effect of surfactant was studied, it was 

observed that the addition of 2 different surfactants 

increased the degradation of diesel by about 10%. 

4. When the effect of various diesel concentrations (1% to 

50%) was studied, it was observed that the percentage of 

diesel degradation was decreased with increasing 

concentrations of diesel. At 1% of diesel concentration 

a nearly complete degradation of diesel was observed. 

The operating conditions for the experiments with crude 

oil were selected based on the above results. It was decided 

to use the bacterial sludge from an industrial treatment 

facility on the Gulf coast for all the experiments. Also 

macronutrients were added in each experiment as per the recipe 

of the basal salt solution. 
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CHAPTER 3 

EXPERIMENTAL SETUP 

Soil exposed to the hydrocarbons contains a large number 

of hydrocarbon degrading microbes. The sludge from an 

industrial treatment facility on the Gulf Coast was utilized 

as an inoculum material in this research. The bacterial 

sludge was gathered from Gulf Coast industrial facilities and 

shipped to the Department of Biological Science facilities. 

It was stored in a closed plastic container at a temperature 

of 20°C. The physical properties of the sludge are given in 

Table 3.1. It is evident from the properties of the sludge 

that it contains small amount of fixed carbon and water in the 

form of moisture. The bacterial sludge did not provide any 

additional easily degradable carbon source. 

The basic objective of this research was to investigate 

and characterize the crude oil degradation process. The 

experiments were conducted at two different stages to 

characterize the process. 

3.1 Laboratory Scale Experiments 

The laboratory scale experiments were conducted in the 

250 ml Erlenmeyer glass flasks. These flasks were utilized to 

develop the bacteria and to study the degradability of crude 

oil. The flasks were sterilized in an autoclave before each 

experiment. The experiments at this stage were conducted to 
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determine optimal seeding parameters such as type of inoculum, 

nutrient concentrations, pH of the aqueous phase, temperature, 

etc. 

The experiments for the study of biodegradability of 

crude oil were performed on the crude oil supplied by FINA. 

The properties of the crude oil are given in Table 3.2. The 

experiments were conducted with a narrowed range of operating 

parameters evaluated from these diesel degradation studies. 

The experiments were conducted to characterize the effect 

of crude oil concentration and inoculum concentration on the 

crude oil degradation process. All the above experiments were 

conducted under aerobic conditions. To supply enough oxygen 

inside the flask, 

close the flasks. 

conducted at room 

the air permeable stoppers were used to 

All experiments with crude oil were 

temperature {25°C) and neutral pH 7. 

Distilled water was used for all experiments. Also sufficient 

micro and macro nutrients were provided through a basal salt 

solution. The basal salt solution was prepared according to 

recipe given in the Table 3. 3. In all the experiments, 

sufficient nutrient was provided so that nutrient deficiency 

should not be a limiting factor for the growth of bacteria. 

The oil, water and bacterial sludge were dispersed by 

using the gyratory shaker. The flasks were mounted on the 

platform. Since all of the flasks containing solutions were 

shaken at the speed of 200 cycles per minute, all were 

subjected to the same operating conditions. 
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TABLE 3.1 

Properties of bacterial sludge 

(PERCENTAGE) 

MOISTURE CONTENT 85.4 

ASH CONTENT 41.02 

VOLATILE MATTER 52.53 

FIXED CARBON 6.43 

TABLE 3.2 

Properties of crude oil 

SOURCE FINA 

COLOR BLACKISH BROWN 

API GRAVITY 33 

SPECIFIC GRAVITY 0.8707 

VISCOSITY (UNWEATHERED) 14 cp 

COMPONENT ANALYSIS (weight percent) 

HYDROGEN 11.59 % 

OXYGEN 1.38 % 

CARBONATE CARBON < 0.02 % 

ORGANIC CARBON 84.32 % 

TOTAL CARBON 84.32 % 
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Table 3.3 

Basal salt solution 

Nutrient solution recipe 

Chemicals gmjliter 

(NHt.) ,sot. 1.2 

cacl,. 2H,o 0.1 

MgSOt.. 7H,O 0.1 

NaCl 5.0 

FeCf.,Hc;07 0.0002 

YEAST EXTRACT 1.5 

K2HPOt. 0.2 

KH,POt. 0.1 

Distilled Water 1 liter 

3.2 21 Liter Stirred Bioreactor 

A 21 liter Plexiglas reactor was utilized for the study 

of the non-ideality involved with the scale up of degradation 

experiments from a lab scale (250 ml) to a large reactor (21 

liter). Also initial experiments in this prototype reactor 

were carried out to develop quantitative sampling techniques. 

Plexiglas was selected for the reactor as it was 

compatible with the crude oil and was economical to build. 

The schematic diagram of the 21 liter experimental setup is 

shown in Figure 3.1. The reactor is 300 mm in diameter and 
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450 mm in length, providing the standard L/D ratio of 1.5. 

All other dimensions are mentioned in Figure 3. 2. The reactor 

was furnished with four baffles situated at 90 degrees to each 

other to minimize vortex formation. The visual observation of 

the process was possible due to the transparent reactor walls. 

A variable speed agitator (Lightnin Mixer) with a 0.25 HP 

motor was utilized in all the experiments. The agitator had 

an output speed from 0 to 1750 rpm. A four bladed disk 

turbine of 100 mm diameter was utilized for proper dispersion 

of the contents in the reactor. The turbine impeller was 

selected to take care of viscous oil-water emulsion formation 

during the experiment. The material of construction of all 

the wetted parts of the mixer, including turbine impeller, was 

stainless steel 316. It was observed that SS 316 was 

compatible with the crude oil and bacterial sludge solution. 

The portable mixer was mounted on a metallic frame, on which 

it could easily slide up and down. This arrangement was 

beneficial especially during the unloading of the reactor, 

when the portable mixer could be raised high enough to tilt 

the reactor. 

The reactor was hooked up with an air injection line as 

shown in Figure 3 .1. The air line was connected at the bottom 

of the reactor to facilitate sparging of air inside the 

reactor. The outlet of air injection line was kept just below 

the impeller. The turbulence created due to impeller motion 

dispersed the injected air throughout the reactor content. The 
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air flow line comprised a flow control valve and a rotameter 

to monitor the required flow rate. The check valve was 

installed in the air line to prevent inflow of water into the 

air line. 

The reactor was designed to provide enough flexibility to 

facilitate future variation in the operating parameters. The 

agi tater speed and air flow rate were the main parameters 

which were expected to vary during the experiment. The 

variable speed agitator and air flow rate controller were 

provided to take care of that problem. However, the effects 

of these variables were not studied. A fixed air flow rate of 

0.6 SCFH and a fixed speed of 165 rpm was employed throughout 

the experiments. 

Two sets of experiments were conducted in this 21 liter 

stirred reactor, to study the bio-degradability of the crude 

oil. Both 5% and 10% oil-nutrient solution concentration were 

tried to study the effect of concentration on the process of 

crude oil degradation. The control experiments (i.e. , similar 

experiments but without bacteria) were also carried out to 

characterize the effect of weathering on the process. The 

daily variation in total petroleum hydrocarbons (TPH) was 

measured by using the EPA method 418.1 (Chapter 6). Also 

daily samples were analyzed for the bacterial count using the 

membrane filtration method (Chapter 6). The bacterial count 

analysis was performed to understand the pattern of viable 

counts during the process. Other analyses including total 
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organic carbon (TOC), total hydrogen and total oxygen were 

conducted on selected samples. 

The residue left at the end of the aerobic experiments in 

the 21 1 iter fermentor, were placed under anaerobic conditions 

and were degraded anaerobically for 21 days. The effect of 

the combination of aerobic-anaerobic degradation on the 

process of crude oil degradation was studied. The reactor 

content at the end of 21 days of the anaerobic experiment was 

analyzed for total petroleum hydrocarbons. 

3.3 Pilot plant 

A pilot plant for the oil degradation process was 

designed and built to study the process output at a larger 

scale than 21 liters. The schematic diagram of this plant is 

shown in Figure 7.1. The pilot plant was designed and built 

for a batch process of 250 gallons volume. The pilot plant 

involved aerobic and anaerobic fermentation processes. Enough 

flexibility was provided in the layout of this plant to 

accommodate future changes in the process. However this plant 

was not operated due to time and financial constraints. The 

detailed explanation of the process and instrumentation is 

given in Chapter 6. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

This chapter describes the various experiments conducted 

in both stages of this research: laboratory scale and 21 liter 

scale. In this chapter, a detailed explanation for each 

experimental procedure is given. The results and observations 

will be discussed in the following chapter. Each experiment 

is numbered sequentially and independent of subheading 

numbers. 

4.1 Laboratory Experiments 

In this section an outline of all the experiments carried 

out using crude oil is given. The crude oil experiments were 

done to study the bacterial degradation process with crude 

oil. The bacterial sludge from the Gulf coast was utilized in 

each experiment. All experiments were performed in 250 ml 

flasks. 150 ml of slurry was added in each 250 ml conical 

flask. A 10 ml sample was drawn at the beginning and at the 

end of each experiment from each flask. All the samples were 

drawn from the thoroughly mixed slurry. The flasks were 

agitated at a speed of 200 rpm on a gyratory shaker. 

Each experiment was allowed to run for 21 days. At the 

end of experiment, the samples were drawn for the analysis. 

The samples were analyzed for the total petroleum hydrocarbons 

(TPH), total organic carbon (TOC) and total organic hydrogen. 
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The comparison of initial and final results will indicate the 

behavior of the degradation process with respect to the 

variable operating parameter. 

The general procedure for each experiment can be outlined 

as follows: 

1. preparation of basal salt recipe without water in the 

flask: 

2. addition of distilled water: 

3. addition of bacterial sludge: 

4. mounting of each flask on shaker: 

5. mixing of flask contents by agitation for 10 minutes: 

6. addition of crude oil (as per experimental plan): and 

7. addition of other additional material like surfactants 

(as per experimental plan). 

4.1.1 Experiment # 1 

In this experiment the effect of various crude oil 

concentrations was studied. The various crude oil 

concentrations ranged from 5% to 25% (volume to volume basis) 

were tried. A total volume of 100 ml was present in each 

flask. The bacterial sludge of 15 gmjliter concentration was 

added in each flask. Sufficient nutrients were provided 

through the basal salt solution. Except the crude o i 1 

concentration, all other operating parameters were kept 

constant for all flasks. 

Control experiments were conducted for each crude oil 
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concentration. In the control experiment, all the materials 

added were kept same as the bacterial experiment, except the 

bacterial sludge. The bacterial sludge was added after 

sterilizing in an autoclave. The comparison of results, 

obtained from the control experiments and the experiments with 

bacteria, shows the actual degradation done by bacteria. 

Each experiment was performed in triplicate because of 

the inherent scatter of the data. 

4.1.2 Experiment # 2 

This experiment was conducted to study the effect of 

Medina Bio-S surfactant on the degradation process. The 

effect of surfactant was studied at oil concentrations of 5% 

and 10%. A total volume of 100 ml was used in each flask. 

The bacterial sludge of 15 gmjliter concentration was added in 

each flask as an inoculum. The surfactant was added in a 

volume of 50% of the total oil volume. The flasks were shaken 

at a speed of 200 rpm. 

Control experiments were conducted for each experiment 

using autoclaved bacterial sludge. The experiments were 

performed in triplicate. 

4.1.3 Experiment # 3 

The objective of this experiment was to study the effect 

of higher inoculum concentration on the degradation process. 

The inoculum concentration of 50 gmjliter was tried with 5% 
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and 10% of crude oil concentration. Sufficient nutrients for 

the increased inoculum were provided through basal salt 

solution. Each flask was kept at an agitation of 200 rpm. 

Control experiments were conducted for all the 

experiments with sterilized bacterial sludge. The experiments 

were performed in triplicate. 

4.2 Experiments in a 21 liter 
Stirred Bioreactor 

The experiments in a 21 liter bioreactor were carried out 

to characterize the behavior of crude oil degradation process 

at larger scale. This was also studied as a preliminary step 

towards the commercialization of the oil degradation process 

at larger scale. The schematic diagram and details are 

explained in the earlier chapter (Chapter 3, section 3.2). 

Each experiment in the 21 liter bioreactor was carried 

out for 21 days. As only one 21 liter setup was available, 

experiments were carried out one at a time. The experiments 

with bacteria and without bacteria were carried out in 

sequence. Due to time limitation only two sets of experiments 

were carried out in the 21 liter reactor. These were: (1) with 

5% oil concentration (Experiment # 4) and (2) with 10% oil 

concentration (Experiment# 5). 

In each experiment, the reactor is initially filled with 

distilled water. Then the nutrients, prepared as per basal 

salt recipe, are added to it. Then the reactor content is 

subjected to agitation, to mix it thoroughly. When it is 
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properly mixed, the bacterial sludge is added into the 

reactor. The air injection is also started simultaneously to 

provide enough oxygen. Once the bacterial sludge is dispersed 

throughout the reactor, oil is added at a rate of 10 ml per 10 

minute. This slow addition of oil is to prevent emulsion 

formation. It was observed during early stages of experiments 

that the addition of all crude oil at once caused emulsion 

formation. 

Three samples of 10 ml volume each were drawn daily from 

the reactor to study the variation in the physical, chemical 

and biological parameters. 

from the middle of the 

The daily samples were pipette out 

liquid volume height to avoid 

interaction with the floating emulsions. The reactor contents 

were kept under turbulence to increase the number of collision 

between the bacteria and oil droplets. A constant speed of 

165 rpm was employed in each experiment. Higher speeds were 

not possible due to the vortex formation. 

The samples taken were analyzed for TPH, TOC, Hydrogen 

and bacterial viable count (Chapter 6). The daily analyses of 

the samples were carried out to study the trend in each 

parameter. The results of each experiment are discussed in 

next chapter. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

In this chapter, the results from each experiment described in 

Chapter 4 are discussed in detail. The results presented in 

this chapter are divided into two sections: laboratory 

experiments and 21 L experiments. 

5.1 Laboratory Experiments 

In this section, the results of experiments performed at 

laboratory scale are presented. The experiments at the 

laboratory scale were performed with crude oil in 250 ml 

flasks. 

5.1.1 Experiment # 1 

This experiment was conducted to study the effect of 

different concentrations of crude oil on the degradation 

process. The results of each experiment were obtained from 

the TPH analysis of each sample (EPA method 418.1). Other 

elemental analyses for the determination of hydrogen and Total 

Organic Carbon (TOC) were also conducted on each sample. 1 

Results obtained from the experiments are shown in Figures 5.1 

to 5. 3. All the experiments were performed by using bacterial 

sludge from the Gulf Coast. 

1The samples were analyzed for hydrogen and TOC at 
Huffman Lab, CO. 
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Figure 5.1 indicates that the flasks containing 5% crude 

oil showed 51% reduction of TPH, while flasks containing 10% 

crude oil showed only 27% reduction of TPH. The flask 

containing 15%, 20% and 25% crude oil concentrations showed 

oil degradation of approximately 20%, 13% and 5%, 

respectively. 

Figure 5.2 exhibits the reduction in the weight 

percentage of hydrogen in each flask. It indicates that the 

flask containing 5% crude oil showed 50% reduction. Flasks 

containing 20% and 25% crude oil showed less than 6% of 

reduction in hydrogen weight percentage. 

Figure 5.3 shows reduction in the weight percentage of 

total organic carbon in each flask. The trend similar to 

organic hydrogen is observed with TOC. The 5% crude oil 

showed about 47% TOC reduction, while flasks containing 20% 

and 25% crude oil showed less than 5% TOC reduction. 

Table 5. 1 indicates the volume of oil degraded at 

different oil concentrations. It shows that approximately 26 

ml of crude oil was degraded in a liter of solution within 21 

days. The quantity of oil degraded remains approximately same 

for crude oil concentrations of 5% to 20%, While it shows that 

about 13 ml of crude oil was degraded at 25% crude oil 

concentration. 

During the experiment, it was observed that the crude oil 

in the flasks containing the 5% oil concentration was 

completely broken into tiny droplets. These droplets were 
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Table 5.1: The Degradation of Crude Oil 

at Different Concentration 

Crude oil concentration (V/V) 

5 % 10 % 15 % 20 % 

ml of oil 

degraded/liter 26.21 26.01 27.45 26.22 

of solution 

40 

25 % 

12.76 



dispersed throughout the reactor contents. When the slurry 

was allowed to settle, these particles showed a tendency to 

flocculate and form an oil layer on top of the slurry. In the 

other flasks, the degree of dispersion of tiny oil droplets 

reduced with increase in crude oil concentration. The flasks 

containing 20% and 25% of crude oil concentration showed very 

little dispersion of the oil droplets. Throughout the 

experiment, the crude oil floated on the top as a single 

layer. The flasks containing 15% or more crude oil 

concentration showed the formation of water-in-oil emulsion 

"mousse," while the flasks containing 5% and 10% crude oil did 

not show any "mousse" formation. 

Figure 5.1 indicates that the flasks containing 5% oil 

degraded the maximum amount of crude oil within 21 days. The 

percentage of crude oil degradation decreased with increases 

in oil concentration. The absolute volume of oil consumed was 

relatively constant as shown in Table 5.1. All the results 

were found to be within a standard error of 6-10. 

5.1.2 Experiment #2 

This experiment was conducted to study the effect of 

surfactant on the performance of the crude oil degradation 

process. The effect of surfactant was studied at an oil 

concentration of 5% and 10%. The samples were analyzed for 

TPH, hydrogen and TOC. The results obtained are presented in 

Figure 5.4. Each experiment was conducted in triplicate. 
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The TPH analyses of the samples could not be successfully 

conducted as the surfactant affected the TPH of the slurry. 

The TPH of the slurry was increased by about 3 times due to 

addition of the surfactant. Also, due to the presence of a 

viscous emulsion in the slurry, the withdrawal of a 

representative sample for TPH analyses was not possible. 

However, a nearly 90% reduction of oil volume was visually 

observed in the flasks containing the 5% oil concentration and 

75% oil reduction was observed with the 10% crude oil 

concentration. In the case of 5% oil concentration, the oil 

was completely dissipated into the surfactant slurry and only 

few tiny droplets floating on the slurry were observed. 

Figure 5.4 indicates the reduction in the weight 

percentage of hydrogen and TOC at 5% and 10% oil 

concentrations. It shows that there is a 26% reduction in the 

weight percentage of hydrogen at a 5% oil concentration and 

approximately 10% reduction at 10% oil concentration. Also, 

Figure 5.4 shows that a 25.15% reduction of weight percentage 

of TOC was observed with the 5% oil concentration and a 14.38% 

reduction was observed with the 10% oil concentration. 

5.1.3 Experiment #3 

This experiment was conducted to study the effect of a 

higher concentration of bacterial inoculum on the degradation 

process. The bacterial sludge at a concentration of 50 

gmjliter was added in each flask. The inoculum effect was 
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studied at oil concentrations of 5% and 10%. The samples were 

analyzed for TPH, hydrogen and TOC. The results obtained are 

presented in Figures 5.5 and 5.6. 

Figure 5.5 indicates the percentage of TPH reduction at 

5% and 10% crude oil concentration. It shows that 69.9% of 

the oil from the slurry containing the 5% crude oil 

concentration is degraded within 21 days, while only 60% is 

degraded in the case of the 10% oil concentration. Figure 5. 6 

indicates the reduction in the weight percentage of hydrogen 

and TOC at the end of the 21 day experiment. It shows that 

hydrogen is reduced by 58.4% and TOC is reduced by 63% in case 

of 5% oil concentration. While, in the case of the 10% oil 

concentration, 46% hydrogen reduction and 49.4% TOC reduction 

were observed. 

Table 5.2 indicates that due to an increased inoculum, 

the overall percentage reduction of TPH was increased at both 

initial concentrations of crude oil. This is due to the 

higher bacterial population provided for the destruction of 

the crude oil. Also, in the case of hydrogen and TOC, the 

percentage reduction is increased due to the higher inoculum. 

Thus, increasing the inoculum has improved the performance of 

the degradation process. 
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Table 5.2 Effect of higher inoculum on TPH reduction 

% Reduction in TPH ( After 21 Days) 

Crude oil Inoculum Concentration 
concentration (V/V) 

15 gjl 50 gjl 

5 % 51.24 69.99 

10 ~ 
0 26.01 61.21 
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5.2 21 Liter Experiments 

This section describes the observation and the results of 

the experiments with crude oil in the 21 liter%weactor. These 

experiments were conducted to study the performance of the 

degradation process in an agitated reactor. These experiments 

could not be conducted in triplicate nor could they be 

repeated due to the time and equipment limitations. However, 

triplicate samples were analyzed for the proper prediction of 

the operating conditions. The daily samples were drawn to 

characterize the daily variation of different parameters. 

Also, a control experiment (without bacteria) was performed 

for each experiment. 

hydrogen and TOC. 

These samples were analyzed for TPH, 

For better representation, all the results obtained 

during Experiment 4 (with 5% crude oil) and Experiment 5 (with 

10% crude oil) are described in one section only. However, 

proper references are given while referring to any experiment. 

Figure 5.7 shows the percentage degradation of crude oil 

with a 5% and 10% crude oil concentrations. It shows that 

about 92% reduction in TPH was observed with 5% crude oil 

concentration and 72% degradation was observed with 10% crude 

oil concentration. Figure 5.8 indicates the reduction in the 

weight percentage of hydrogen and TOC in both experiments. It 

indicates that 32% of hydrogen and 27% of TOC are reduced in 
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case of 10% oil concentration. In case of 5% oil 

concentration, 49.4% reduction of hydrogen and 49.4% reduction 

of TOC are observed. 

Figure 5.9 shows the trend followed by the decrease in 

TPH in both experiments. The graph indicates that within the 

first few days, TPH is decreased by more than 50% in case of 

10% oil concentration. This could be due to the loss of oil by 

weathering. The graph indicates that the loss due to 

weathering, in case of 5% oil concentration is less compared 

to the loss in 10% concentration. This could be due to 

sampling flaw occurring during the experiment with 10% crude 

oil concentration. The error in sampling might have occurred 

during the experiments with 10% crude oil, because during that 

period the standardization of the sampling procedure was in 

progress. 

Figure 5.10 exhibits the trend of the reduction in weight 

percentage of hydrogen during the experiment. The analysis 

was done on the samples taken at the interval. The graph 

indicates sudden reduction in first few days, which can be 

explained as a loss due to weathering. Figure 5.11 also shows 

the similar trend in case of TOC reduction. Figure 5.12 shows 

the path followed by the atomic mass ratio of hydrogen to 

carbon at both oil concentrations during the process. It 

indicates that in both cases, i.e., with 5% oil concentrations 

and 10% oil concentrations, the H/C ratio steadily decreases. 

This trend of decreasing H/C ratio indicates that the higher 
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molecular weight components are reducing to less complex low 

molecular weight compounds. 

Figure 5.13 shows the pattern followed by the bacterial 

population during the span of the experiment. The bacterial 

count was measured by using a membrane filtration method 

(Chapter 6, Section 6.2). The bacterial count represents the 

numbers of viable cells present in a sample. The bacterial 

count was described in terms of Colony Forming Units (CFUs) 

which is equivalent to the number of viable bacteria present 

per ml of sample. Figure 5.13 shows that the bacterial count 

decreases with time in the case of 10% oil concentration. The 

same pattern is observed with the 5% oil concentration. 

However, the number of bacteria present initially with the 5% 

oil concentration was observed to be higher than the number of 

bacteria present with the 10% oil concentration. The reason 

behind this could be that a fewer number of bacteria could 

acclimatize in the more toxic environment provided by the 10% 

oil concentration than that provided by the 5% oil 

concentration. Also the method of addition of oil could be a 

major factor. At 5% oil concentration, oil was added at a 

rate of 100 ml per 10 minute, while in the case of 10% oil 

concentration, the crude oil was dumped at a single time only. 

Also, at the end of the experiment, a large number of bacteria 

were observed in both slurries containing 5% crude oil and 10% 

oil concentrations. The reason behind this could be that the 

crude oil susceptible to bacterial attack was not available to 
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the bacteria. Perhaps more decrease in CFU would have been 

observed if the experiments were allowed to run for more than 

21 days. 

Figure 5.14 exhibits the degradation achieved through 

anaerobic degradation. The comparison of the aerobic and 

combination of aerobic and anaerobic fermentation shows that 

the products left at the end of aerobic degradation were 

further degraded by 10% in an anaerobic fermentor. The higher 

molecular compounds not degradable by aerobic degradation were 

further degraded by the anaerobic bacteria. Also Figure 5.14 

shows that complete degradation of crude oil in an anaerobic 

environment took about six months. 2 Thus a combination of 

aerobic and anaerobic degradation enhanced the process of 

crude oil degradation. 

Besides the above parameters, there were many other 

parameters which were observed to vary during the process, but 

could not be quantified due to analytical limitations. An 

attempt to measure the viscosity of the slurry was made, but 

it could not be measured with accuracy because of the 

multiphase nature of the slurry. The slurry contained solid 

particles of bacterial sludge, crude oil, water and viscous 

"mousse." Due to this mixture of multiphase components, the 

viscosity of the sample changed rapidly and it was not 

possible to measure the representative viscosity of the 

2 The unpublished results of this anaerobic experiment 
were provided by Dr. Heintz, Biological Sciences Department, 
Texas Tech University. 
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slurry. However, an attempt was made to represent the 

condition of the slurry by registering the viscometer reading 

of each sample at 30 seconds. The readings obtained are shown 

in Figure 5.15. However, this cannot be considered as a 

viscosity of the slurry. It is just a reading taken by Brooks 

viscometer at 30 seconds. The Figure 5.15 indicates that the 

viscometer reading of the mixture reduced steadily from 14 to 

4, indicating bacterial action on the oil slurry. In case of 

control experiments, the viscometer reading of the mixture 

reduced from 20 to 8. 

The oil-water emulsion was the main problem encountered 

during these experiments. Due to vigorous mixing, formation 

of the blackish brown color "mousse" was observed. The 

emulsion floated on top throughout the span of the experiment. 

However, It was observed that the concentration of the 

emulsion reduced as the experiment proceeded. This was mainly 

due to the microbial attack on the emulsion. It was observed 

that the emulsion was assimilated into the water phase at the 

end of 21 days, in case of 10% crude oil concentration, and 

within 12 days in case of 5% concentration. Zajic (1972) found 

that as the biodegradation proceeds, paraffinic hydrocarbons 

were selectively removed along with other low molecular weight 

aromatics. The "oil pellets" in the emulsion became much 

smaller and dispersed into the reactor contents. Later, they 

may again aggregate and form larger, sticky brown balls of 

oil. This mass of water-in-oil emulsion, "mousse" contains up 
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to 50-80% water. The same phenomenon was observed in 

experiments 4 and 5. 

The emulsion formation also caused a problem during 

sample withdrawal. The samples were drawn by dipping the 

pipettte to the middle of the slurry volume where only oil

water mixture was present. The agitator was kept running 

while sampling to get representative samples. However, in the 

case of the control experiments the emulsion was observed to 

become more viscous during the span of the experiment. This 

highly viscous emulsion formation stuck on the side walls of 

the pipette and it was not possible to transfer the sample 

from the pipette to the test tube. Initially when control 

experiments were performed without any addition of bacterial 

sludge, the emulsion problem was a dominating phenomenon. 

However, when the sterilized bacterial sludge was added in the 

slurry, the increase in the viscosity of the emulsion was 

stopped and remained constant, and sampling of control 

experiments was possible. The solid slightly amorphous 

particles could be the main factor affecting the emulsion 

formation. The dispersion of these particles possibly broken 

the emulsion and prevented further formation of it. 

The loss of water due to weathering and evaporation 

caused by the dry injected air was observed to be the main 

limiting factor for these experiments. It was observed that 

the water level of the reactor was reduced by 1 or 2 inches 

everyday. This reduction in water level caused the reduction 
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in the submergence of the agitator blade, which eventually 

caused the splashing of the reactor content. This splashing 

of the reactor content caused the loss of oil content in the 

slurry and hence it was difficult to study the degradation 

process. It was difficult to quantify the loss of oil along 

with this evaporation of water. However, it was observed 

during the weathering experiment on crude oil that at the end 

of 21 days, 30% of the oil was lost due to weathering. Hence 

it was assumed that only 30% of oil is lost due to weathering 

during the experiment, and the remaining loss of slurry is 

only due to the loss of water. Hence a constant water level 

was maintained by the addition of water. This prevented 

splashing of reactor contents. 

5.3 Comparison of Laboratory Results 
with 21 L Experimental Results 

In this section, the results obtained from the laboratory 

experiments are compared with the results obtained from the 21 

liter experiments. The comparison of these results shows the 

relative performance of the degradation process at both 

scales. 

Figure 5.16 indicates the percentage reduction of oil, at 

5% and 10% crude oil concentrations, in the laboratory scale 

and 21 1 iter stirred bioreactor. It shows the results 

obtained from Experiments 1 and 3 and their comparison with 

the 21 1 experimental results (Experiments 4 and 5). With 5% 

oil concentration, approximately 92% reduction of TPH is 
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obtained in the 21 1 reactor, while only 50% reduction of TPH 

is obtained at the laboratory scale (250 ml flasks). Also, 

with 10% oil concentration, approximately 70% oil reduction is 

obtained in the 21 1 reactor and 25% reduction in TPH is 

obtained at the laboratory scale. Also, it shows that at lab 

scale, due to increase in the inoculum, approximately 65% oil 

degradation was observed with 5% oil and approximately 50% 

reduction was observed with 10% oil concentration. Thus it 

shows that the performance of the 21 1 reactor was better than 

the laboratory scale experiments, even with increase in 

inoculum at laboratory scale. 

Figure 5.16 exhibits the superior performance of the 21 

1 reactor. The high shear agitation and better aeration could 

be the reason for the better performance. The gyratory motion 

at lab scale possibly could not provide the sheared agitation 

equivalent to the agitator blade in the 21 1 reactor. Hence, 

lab scale experiments did not show better performance. 
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CHAPTER 6 

INTRODUCTION OF ANALYTICAL METHODS 

In this chapter, an introduction to different methods 

developed for the analysis of the parameters like bacterial 

count, total petroleum hydrocarbons, etc. is given. The 

brief introduction to the analytical method employed for the 

determination of total organic carbon and total hydrogen is 

also given. 

6.1 Membrane Filtration Method 

The membrane filtration test was employed to determine 

the growth or survival of aerobic hydrocarbon degrading 

bacteria. This method is a specialized bacterial count 

procedure. It involves the preparation of an agar plate, the 

serial dilution of the samples, filtration of the dilution 

through a cellulose acetate membrane, development and counting 

of the bacterial colonies. All steps are explained below. 

The presence of microorganisms in any medium can be 

determined by direct microscopic examination or by plate 

count. The direct count method requires special counting 

chambers (Petroff-Hauser chamber) or stained slide 

preparations with a known volume spread over a known area. 

These techniques do not allow one to differentiate between 

living and dead cells. The plating method counts numbers of 

live bacteria in the sample at a given time. 
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The bacteria are normally developed on the medium that is 

rich in nutrients. In our experiments, the bacteria are grown 

on the agar medium containing all micro and macro nutrients 

(recipe given in Table 3.1). The agar is normally added (15 

g/liter) to obtain a solid medium. Although the primary 

constituent of agar is complex carbohydrate, galactan, 

extracted from the marine alga of the genus Gelidium, it is 

not used as a food by the microorganisms but acts as a 

solidifying agent. Agar goes into solution form or melts when 

heated to 100°C and remains a liquid until it is cooled down 

to about 43°C. It should be reheated to 100°C to cause 

liquification. 

6.1.1 Preparation of Agar Plate 

The agar plates are prepared by using a sterilized agar 

solution. The sterilized and cooled agar solution (45°C) is 

transferred to a small bottle for easy handling. Care should 

be taken while transferring the solutions. After flaming the 

neck of the bottle, the agar solution is poured into each 

sterile petri dish, approximately 15 to 20 ml or enough to 

cover the bottom of the dish to the thickness of 2 to 3 mm. 

The agar is allowed to solidify. Usually, it requires 5 to 10 

minutes to solidify at room temperature. These prepared petri 

dishes are normally stored in a cold room for future purposes. 

67 



6.1.2 Serial Dilution of Samples 

The number of viable cells is determined by the plate 

count method. This method assumes that when bacteria are 

placed on the surface of an appropriate medium, each viable 

bacterium will replicate and give rise to a single, well

separated colony. If the number of organisms inoculated per 

plate is too great, the entire plate is covered by the growth 

(known as confluent growth) and individual colonies cannot be 

observed. In the plating method, the number of the organisms 

in the sample is reduced by a method known as serial dilution. 

The series of dilution is usually made in multiples of 10 or 

100, that is, 1 ml of sample is added to 9 ml of a sterile 

water blank (1:10), or to a 99 ml blank (1:100). The dilution 

required is dependent on the number of microorganisms present 

in the initial sample. 

Once the dilution is prepared, it is filtered through a 

membrane filter. The membrane filter has pores of 0.45 ~m in 

diameter, hence bacteria larger than 0. 4 7 ~m cannot pass 

through the pores and are retained on the filter. The filter 

with the bacteria is placed on the agar medium. The bacteria 

retained on the filter paper will form colonies that can be 

counted with the unaided eye or with a dissecting microscope. 

6.2 Total Petroleum Hydrocarbons 

For the determination of Total Petroleum Hydrocarbons 

(TPH), the EPA method 418.1 was employed. This method is for 
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the measurement of fluorocarbon-113 extractable petroleum 

hydrocarbons from surface & saline waters and industrial & 

domestic wastes. The freon extraction was conducted on 

selected samples to determine TPH. 

The samples were first acidified to a low pH (< 2) and 

serially extracted with fluorocarbon-113 in a separatory 

funnel. Interferences are removed with silica gel adsorbent. 

Infrared analyses of extract is performed by direct 

comparisons with standards. The standard solutions for 

different concentration of crude oil in freon solution were 

prepared. The cell path length of 10 mm was employed for the 

infrared analysis of crude oil samples. The calibration chart 

was prepared for the infrared spectrophotometer, using a 

series of standard solutions. The calibration chart of 

absorbance versus mg crude oil per 100 ml solution was 

prepared to analyze all the crude oil samples. The absorbance 

of each extract was measured at 2950 cm" 1
• 

6.3 Total Organic Hydrogen 

The total organic hydrogen is determined by using a 

custom built analyzer which uses coulometric detection. 3 A 

summary of the method is as follows. 

3 This analysis was performed at Huffman Laboratories, 
Golden, co. The results of this analysis were supplied by 
them. 
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Weighed samples are combusted at 1000°C in oxygen. 

Oxidation catalysts insure the complete oxidation of all 

hydrogen to water and carbon to co
2

• H
2
o is trapped, and the 

C02 is measured with C02 coulometer. When the measurement of 

is complete, water is released from trap and 

quantitatively converted to C02 , which is measured in a second 

coulometer. 

6.4 Total Organic Carbon 

The analysis for total organic carbon (TOC) is determined 

as the difference between total carbon (TC) and carbonate 

(inorganic) carbon (CC). 

TC is normally determined using Leco CR 112 carbon 

analyzer. A typical analysis combusts a sample in a high 

temperature furnace ( 1500 o C) with an oxygen carrier gas. 

Carbon is oxidized to C02 , which is then measured by infrared 

detection. There is no standard reference method for this 

procedure, but the instrument is well accepted as one of the 

industry standards. 

cc is determined using a UIC/Coulometric system 140 

carbonate carbon analyzer. A typical analysis consists of 

acidifying sample with 0.1 N perchloric acid (or another 

suitable inorganic acid) to convert carbonate and bicarbonate 

to C0
2

• The C0
2 

is then swept to the C02 coulometer for 

quantification. This method was also used in EPA 

Direct/Delayed Response Project. 
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CHAPTER 7 

PILOT PLANT FACILITY 

This chapter describes the pilot plant designed to study 

the oil degradation process at a scale of 900 liters. The 

detailed description of a suggested process and equipment 

layout are given in this chapter. The pilot plant for the oil 

biodegradation includes an aerobic fermentor, intermediate 

settling tank and an anaerobic fermentor. 

7.1 Process Description 

As shown in the schematic diagram (Figure 7 .1), the 

degradation process begins with the aerobic degradation of 

crude oil. In an aerobic fermentor, the oil is subjected to 

aerobic conditions, which facilitate the oil degradation by 

hydrocarbon degrading bacteria. The hydrocarbon degrading 

bacteria were provided by a bacterial sludge from the Gulf 

Coast. This process destroys up to 85% of the crude oil as 

analysed by residual TPH. 

The oil-water slurry at the end of the aerobic 

degradation is then pumped to the intermediate settling tank. 

In the settling tank, the oil-water slurry is allowed to 

settle so that the heavy bacterial sludge settles and oil 

floats to the top. The sludge is then recycled to the aerobic 

fermentor to maintain the bacterial population in the reactor. 

The oil-water slurry remaining in the settling tank separates 
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into two different layers of oil and water. Oil being lighter 

floats on the top. The lower water layer at the bottom is 

then slowly drained off. The residual oil is then pumped to 

the anaerobic fermentor. 

In the anaerobic fermentor, the remaining oil is 

subjected to the anaerobic degradation. The air tight 

environment in the anaerobic fermentor causes oil to degrade 

under anaerobic conditions. The methane and other gases 

produced during the anaerobic degradation are circulated for 

agitation of the reactor contents. After the oil is degraded 

up to the level when it meets regulatory requirement, the 

slurry is discarded. The slurry is steam sterilized to 

destroy the bacteria before it is discharged into the sewer. 

7.2 Equipment Specification 

7.2.1 Aerobic Fermentor 

The aerobic fermentor is utilized for the aerobic 

degradation of the oil-water slurry. As shown in a schematic 

diagram (Figure 7. 2), the aerobic fermentor is a conical 

bottom open end fiberglass tank. The reactor is jacketed, 

consisting of a heating coil inside the jacket, to maintain 

higher temperatures inside the reactor. It can maintain a 

temperature up to 90 oF. The variable speed mixer was employed 

for the dispersion of the reactor contents. The air injection 

was facilitated by using a blower of 20 cfm capacity. The air 

vent facility was provided to monitor the air injection rate. 
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The progressing cavity pump was selected for the transfer of 

oil. This pump was mounted on the movable platform, so a 

single pump can be utilized for pumping from any reactor. 

Also flexible piping is used for the pumping to facilitate 

mobility. The instrumentation for measuring air flow rate, 

pH, dissolved oxygen was provided. The instrumentation 

details are given in Table 7.1. 

7.2.2 Oil Water Separator 

This tank is mainly utilized for the storage of liquid 

from the aerobic fermentor and for the separation of oil-

water mixtures. This reactor is a conical bottom open end 

fiberglass reactor. This reactor does not employ any 

instrumentation. However, it could be provided with side 

glass to observe the oil-water separation. The stop valve is 

provided at the bottom of the reactor. 

7.2.3 Anaerobic Fermentor 

This reactor is utilized for the anaerobic degradation of 

the partially degraded oil slurry. The anaerobic fermentor as 

shown in the schematic diagram (Figure 7. 3) , is a conical 

bottom closed top fiber glass tank. The methane gas produced 

during the degradation process is recirculated by compressing 

it through a compressor to agitate the reactor contents. The 

recirculation line is made of polyvinyl chloride. Also, check 

valves are provided at the bottom of the reactor to prevent 
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the flow of the reactor contents in the recirculation line. 

The venting facility is provided to prevent pressure build up 

inside the reactor. The check valve is provided in the 

venting line to prevent inflow of outside air to the reactor, 

due to vacuum in the line. The reactor is sealed tight by 

using gaskets to maintain an anaerobic environment inside the 

reactor. The instrumentation to measure the flow rate of 

recirculated methane and to measure the flow rate of venting 

was provided. The recirculated methane flow rate can be 

measured through an orifice meter provided on-line. The 

differential pressure across orifice will measure the flow 

rate of recirculated methane. The flow rate to be vented can 

be measured by passing vent flow through the gas flow meter 

provided by Mcmillan Co. (Table 7.1). 

7.3 Instrumentation 

The instruments were selected specifically for service in 

an oily environment. The instrumentation to measure various 

parameters like speed of agitator, load taken by the agitator, 

pH, Temperature, oxygen flow rate, was provided in the aerobic 

fermentor. All the instruments had provision to provide an 

output of 4-20 ma signal, that can be used as an input to the 

computer. Also, computer setup was prepared for the data 

acquisition. The details of all instrumentation are given in 

Table 7.1. 
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Table 7.1 :Instrumentation and utilities of pilot plant 

No. Instrument Company Specification Purpose 

INSTRUMENTATION 
1 Diaaolve Oxygen Senaor Great Lakes lnstrumen1 Range : 0 to 15 ppm To Mesure the Dissolved 

Model # 504200 Accuracy: 0.2 ppm Oxygen in aerobic reactor 
Electrodes : Zinc/Silver Automatic Temperature 
Grindstone : Diamond Compensation 

2 pH Meter Cole Palmer Accuracy : 0.01 pH To measure pH in 
Model# 05656-10 Automatic temperature in aerobic fermentor 

compensation 

3 Digital Load Meter Load Control Inc., Outputs : in Percent, To measure the load taken 
Model # PH-3A Horespower, Kilowatts by agitator in aerobic fermentor 

4 Digital Gaa Flow meter McMillan Co. Capacity : 0.6 to 1 0 cfm To measure the flow rate 
Model # 11 0-6C of vent gases from the 

anaerobic fermentor 

5 Thermocoupl .. Omega Engineering Range: -40 F to 140 F To measure temperature 
Model# TQSS-14G 

UTILITIES 

1 Regenerative Blower Texas Air Handler Capacity : 20 cfm @ 70 I To inject air in aerobic 

Model # DR 513A72 water pressure fermentor. 
Motor: 1.5 HP, 230 vol 

3 phase 

2 Rotary vane oll-Ie .. R & G rotron Capacity : 9.0 cfm @ To compress and recirculate 

Compr .. aor 10 psi. vent gases from the 

Model # 4Z337 anaerobic fermentor 

3 Prograalng Cavity Pump Teei Capacity: 9.0 GPM To transfer oil slurry 

Stock # 1 P898 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The process of biodegradation of crude oil in a stirred 

reactor was successfully demonstrated at a scale of 21 liters. 

The process of biodegradation was tested at two different 

concentrations of crude oil: 5% and 10%. The emphasis was 

placed on the development of a simple operating method along 

with a standardization of the sampling procedure. 

The process of degradation was characterized by analyzing 

various aspects of the process. The physical properties as 

well as biological parameters were analyzed for better 

understanding of the process. These properties were: ( 1) 

total petroleum hydrocarbons (TPH), (2) total organic carbon 

(3) hydrogen and (4) bacterial count. The method of analysis 

was standardized for a better prediction of the results. 

Triplicate experiments were performed in case of the 

laboratory experiments, to predict the variation of the 

results. 

The following conclusions were made based on the 

observations made from the experimental data. 

(1) The degradation of crude oil in a stirred bioreactor is 

possible and can be successfully implemented up to an 

oil concentration of 20%. 
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(2) The percentage of degradation is observed to be 

decreasing with increase in crude oil concentration. The 

5% crude oil concentration shows a best performance of 

92% degradation. 

(3) The stirred bioreactor shows better performance than the 

lab scale experiments. The high shear rate and better 

air injection facility helps in improving the 

performance. 

( 4) The increase in inoculum increased the performance of the 

degradation process. The increase in inoculum dosage from 

15 g/1 to 50 g/1, improved the degradation of slurry 

containing 5% crude oil by 15%, and by more than twice in 

case of 10% crude oil. 

(5) A combination of aerobic and anaerobic degradation 

enhances the degradation process. 90% of crude oil 

degradation was observed within 42 days with a 

combination of both processes, while it took 180 days for 

100% degradation of crude oil with anaerobic 

fermentation. 

8.2 Recommendations for Future Research 

Although the process of crude oil degradation was 

successfully implemented at 21 1 scale, there are many other 

aspects which need to be carefully studied for the improvement 

and commercialization of this process. The future studies 

should be exposed to the following areas: 
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(1) The implementation of the process at a higher scale of 

900 1. The facility has already been designed and built 

for this purpose. 

(2) Study of various mechanical parameters with respect to 

their effect on the process, like: air flow rate, 

different impellers for agitators, high speed of 

agitation, temperature, etc. 

(3) The variations in biological parameters like: different 

bacterial consortium, dosage of inoculum, etc. 

( 4) All the parameters should be tried at large scale 

facilities: 21 1 and 900 1. 

(5) A better analytical method to characterize the progress 

of the degradation process should be developed. The TPH 

method employed in this research measures only freon 

extractable hydrocarbons. The higher molecular weight 

hydrocarbons like asphaltenes and waxes are not 

completely extractable by freon. Hence proper analytical 

methods to measure the heavy hydrocarbons will have to be 

developed. 

(6) The analysis of crude oil for the determination of each 

of its components will help in determining the mechanism 

of degradation process. 
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