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CHAPTER 1 

INTRODUCTION 

1 • 1 Problem Statement 

Oil spills in marine environments produce observable impacts on the ecosystems 

and require immediate responses. Methods to minimize the impacts involve clean-up and 

collection of oil by in situ burning, biodegradation, dispersants, booms, skimmers, and 

sorbent materials. Cellulose-based organic sorbent materials have the advantages of 

selective removal of oil over water, biodegradability, relatively low cost, and limited 

impact on the environment. Cotton and wool fibers could replace synthetic materials, 

such as polypropylene, as the sorbents of choice in oil spill removal. Cotton and wool 

fibers biodegrade, preferentially adsorb oil over water due to the natural wax coat on their 

surfaces, and can be easily disposed. 

Cellulose sorbents are also used in cleaning and maintenance of equipment in 

laboratories. Generally, cheesecloth and laboratory wipes are used in cleaning of 

radioactive wastes produced in nuclear laboratories such as the Department of Energy's 

Los Alamos National Laboratory (LANL). The radionuclide-contaminated cellulose 

wastes require suitable means of degradation and disposal. Untreated radioactive wastes 

with various levels of radioactive strengths are stored in large volumes over decades 

throughout the world necessitating disposal. 

The researchers at Texas Tech University patented methods to reduce the volume 

of oil-soaked cotton and waste-contaminated cotton due to the stringent regulations on oil 

sorbent disposal. Sorbents generated from an oil spill are first squeezed to remove as 
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much oil as possible to reduce the volume prior to placing them in landfills. Even after 

squeezing, a considerable amount of residual oil or liquid waste is always retained by the 

fibers. An enzymatic process was developed as an adjunct to squeezing by Wyatt et al. 

(1997) to degrade and release the entrained oil or other contaminants from natural sorbent 

fibers. The United States Patent and Trademark Office issued two patents to Wyatt et al. 

(# 5,597,728 and # 5,656,490) in 1997 for their work on enzymatic degradation of 

contaminated cellulose fibers. These patents describe methods to enzymatically shorten 

the natural organic fibers that have entrained oil or radionuclides by the application of 

cellulase enzymes, such that the fibers can no longer hold the oil or radioactive 

contamination. The released oil or radionuclides from the fibers either float to the 

sm-face of the aqueous medium, remain in suspension, or collect with residual fibers, 

aiding in their recovery. The enzymes also reduce the volume and weight of the sorbents 

significantly for convenient disposal. 

1.2 Objectives 

Various researchers and research teams at TTU performed studies on the 

separation of oil or radionuclide contaminants from a number of cellulose sorbents and 

cotton in particular. Some of these studies have never been published or printed as 

student theses. Hence, the purpose of my thesis is to document the unpublished and 

published work of the researchers for public availability as a single document. 

Previously, only small-scale studies were performed on the enzymatic degradation 

of oil soaked sorbents. The second purpose of my research is to investigate the 

degradation of oil-soaked cotton at both small-scale and a scaled-up air-lift reactor as a 



second step in volume reduction, using the linters to represent the shortened cotton fibers 

after the first enzymatic treatment. This research includes design and economic 

considerations of cotton and enzyme in a realistic large-scale application. 



CHAPTER II 

LITERATURE REVIEW 

2.1 OU Spills 

A prime source of fuel oils is crude oil. Most countries require fuel oils for 

industrial and transportation purposes, but crude oil reserves are confined to few 

geographic locations. The demand for oil has led to its transport in huge quantities across 

the oceans in tanker ships. Sometimes, unfavorable weather conditions and increased 

traffic lead to spillage of oil during transportation. The spilled oil requires clean-up 

operations. 

2.1.1 Types of Petroleum Products 

Crude oil predominantly comprises hydrocarbons (hydrogen and carbon), though 

a small amount of sulfur and oxygen-containing compounds are also present. The three 

major chemical groups of crude oil are paraffins, napthenes, and aromatics. Crude oils 

vary in consistency from light volatile liquids to dark viscous oils. The chemical 

composition of crude oil is dependent on its geographic and geologic sources (Smith 

1976). The composition of the average crude oil by the molecular size, type, and the 

specific characteristics are given in Tables 2.1, 2.2, and 2.3, respectively (Nash et al. 

1994). The properties of petroleum products depend on the crude oil from which they 

are refined and the processes they undergo such as catalytic cracking and fractional 

distillation are adopted to derive petroleum products from crude oils (Smith 1976). The 

characteristics of specific petroleum products are given below in Table 2.4. 



Table 2.1. Composition of Oil by Molecular Size 

Type of Oil 

Gasoline 
Kerosene 

Light Distillate 
Heavy Distillate 
Residuum Oil 

Molecular Size 

C5-C10 

Cio-C]2 
C12-C20 
C20-C40 

>C20 

Typical Percentage Present 

30 
10 
15 
25 
20 

Source: Nash et al. (1994) 

Table 2.2. Composition of Oil by Molecular Type 

Molecular Type Typical 
Percentage 

Paraffin Hydrocarbons (alkanes) 
Napthene Hydrocarbons (cycloalkanes) 

Aromatic Hydrocarbons 
Nitrogen, Sulfur, and Oxygen-Containing Compounds (NSO's) 

30 
50 
15 
5 

Source: Nash et al. (1994) 

Table 2.3. Specific Characteristics of Crude Oil 
Parameters Units Values 

Specific Gravity (15°C) 
Initial Boiling Point 
Kinematic Viscosity 

Pour Point 
Sulphur 

Wax 
Asphaltenes 

No units 
°C 

cS@100°F 
°c 

%wt 
%wt 
%Wt 

0.8-0.988 
30-125 
4-25 

-35-+75 
0.8-5 
5-2 

0.05-3 
Source: Smith (1976) 



Table 2.4. Typical Characteristics of Petroleum Products 
Diesel 

Parameter Units Gasoline Kerosene or Fuel Oils 
Gas Oil 

Specific Gravity (15°C) No units 0.68-0.77 0.78 0.84 0.925-0.965 
Boiling Point °C 30-200 160-285 180-360 N/A 

Kinematic Viscosity cS@100°F N/A 1.48 3.3 49-862 
Flash Point °C -40°C 55°C 77°C > 90°C 

Source: Smith (1976) 

The major petroleum products are gasoline, kerosene, diesel, lubricating oil, and 

Bunker C oil. Gasoline is a combination of lightweight hydrocarbons that can spread 

easily. It is highly volatile and evaporates totally in few hours under moderate 

conditions. However, it can be biodegraded with dispersants. Kerosene is the product 

formed immediately after gasoline in the distillation of crude oil. It is colorless and can 

be easily dispersed, but slightly heavier than gasoline. Moreover, kerosene is insoluble in 

water, reasonably soluble in alcohol, and extremely soluble in both benzene and 

chloroform (Mushrush and Speight 1995). 

Diesel, or No. 2 fuel oil, is a middle distillate fraction of petroleum that is neither 

volatile nor forms emulsion. Diesel is comparatively more stable than other pefroleum 

products and is less likely to ignite. Lubricating oil is medium weight oil that flows 

easily. It can be dispersed with ease if treated on time. Bunker C oil, or No. 6 fuel oil, is 

the residual oil in the distillation process. It is extremely viscous, weathers slowly, and 

difficult to clean up (Nash et al. 1994). 



2.1.2 Fate ofOils in Oil Spills 

Oils are transported to marine environments by rivers and urban runoff, natural 

seepage from the ocean floor, tanker operations and accidents, and offshore oil facilities. 

The spilled oil eventually undergoes physical, biological, and chemical changes and may 

degrade into many components in the aquatic environment. The damage caused to the 

environment by the oil spill primarily depends on the quantity of oil spilled. The various 

weathering effects include spreading, evaporation, dissolution, emulsification, 

photochemical oxidation, sinking and surfacing, and biological degradation (Smith 1976). 

The first and foremost effect after a spill is the spread of oil on the surface of 

water. Oil can spread until a monolayer is formed, but spreading usually stops before 

achieving that thickness. Spreading of oil is controlled by dynamic equilibrium between 

forces of gravity, inertia, friction, viscosity, and surface tension (Nash et al. 1994). 

Spreading is enhanced by wind, waves, and water currents. Weathering takes place at a 

faster rate as the surface area of oil exposed to air and water increases (McAuliffe 1976). 

Evaporation is a natural process of oil removal from the water surface. Some of 

the lighter portions of oil evaporate as oil spreads into a thin film on the surface of water. 

However, the rate of evaporation depends on the percentage of volatiles present in oil. 

Evaporation also lessens the damage to aquatic life as most of the toxic hydrocarbons 

evaporate easily (Smith 1976). 

Dissolution is a process of transfer of oil compounds into a large volume of water. 

Dissolution depends on the weathering conditions and the type, polarity, and viscosity of 



the oil. Generally, oil compounds having low molecular weight are most soluble in water 

(Smith 1976). 

Emulsification is another process of dispersion of one liquid into another 

immiscible liquid. The heavier portions of crude oil can lead to the formation of 

emulsions of oil-in-water droplets or water-in-oil masses on the surface of water. 

Emulsions usually contain 20 to 80% water and resuU in heavy semi-solid products. 

These oils may mix with the sediments on ocean floor and form a thick oily mass, which 

might adversely affect aquatic species (McAuhffe 1976). 

Photochemical oxidation is a process in which oil floating on the surface of water 

is oxidized by atmospheric oxygen in the presence of solar radiation. The rate of 

photochemical oxidation depends on the thickness of oil layer. Usually, thin films of 

floating oil oxidize more quickly than thick films. 

Biodegradation is another notable natural process for the removal of oil from 

marine environment. Hydrocarbon-oxidizing microbes utilize the spilled oil as source of 

food and eventually break down the oil. The degradation of oil by microbes can be 

aerobic or anaerobic. The amount of degradation of the oil depends on the composition 

of oil, type of bacteria present, availability of oxygen and nutrients, and the temperatures 

of water and air (Smith 1976). 

Ph)4oremediation is a process that uses plants to degrade contaminants in soil and 

sediment. Phytoremediation may be applicable for the remediation of metals, pesticides, 

solvents, explosives, crude oil, PAHs, and landfill leachates on shore. In this process 

microbes derive nutrients from plants and help in degrading the contaminant. In 



subtropical and tropical regions, mangrove swamps are formed due to tidal marshes, 

which help in phytoremediation. While research is still being done in this field, 

phytoremediation has gained commercial significance due to the lesser cost involved in 

this process (Zhu et al. 2004). 

2.1.3 Clean UP of OU Spills 

It is very important to collect the spilled oil as quickly as possible in order to 

reduce contamination of water and reduce the risk to aquatic species. Oil can be 

dispersed, contained, or recovered by the use of booms, skimmers, dispersants, and 

sorbents. Oil booms are floating barriers used to prevent oil from spreading on water. 

Booms help in thickening of oil and reduce the total area over which the oil spreads. 

Skimmers are devices used along with containment booms to recover the spilled oil. The 

effectiveness of skimmers depends on the disturbances in the sea and viscosity of the oil 

(Smith 1976). 

Dispersants are blends of surfactants that assist in the easy breakup of oil slicks. 

However, dispersants are rarely used in clean-up operations due to their short-term toxic 

effects on adjacent coastal habitats and also on vegetation. The efficiency of dispersants 

depends on the viscosity of oil and climatic conditions. Burning of oil is also a fast and 

effective way of removing large quantities of oil from the water surface, but this 

approach creates huge plumes of smoke and emits large quantities of CO2 into the 

atmosphere (Nash et al. 1994). 

Sorbents are another feasible method to clean up oil spills. Sorbents are 

categorized as natural organic, natural inorganic and synthetic materials that soak up 



liquids and recover oil through absorption and/or adsorption mechanisms. Absorbent 

fibers allow oil to penetrate into their pore spaces, while adsorbent fibers attract oil to 

their surfaces without allowing it to penetrate into the material (Nash et al. 1994). 

Types of sorbents are discussed in great detail in Section 2.3. 

2.2 Enzymes 

Enzymes are catalysts that increase the speed of a chemical reaction without 

themselves undergoing any chemical change. However, they are neither used up in the 

reaction nor do they appear as reaction products. The reaction given below depicts that 

enzymes are released after the completion of a chemical reaction and can be recovered 

and reused (Rittman and McCarty 2001): 

S + E -> P + E (1) 

where S represents the substrate, E represents the enzyme catalyzing the reaction, and 

P represents the product of the reaction. 

Enzymes are proteins, which are high molecular weight compounds, made up of 

chains of amino acids linked together by peptide bonds. They have molecular weights 

ranging from 10,000 to 2,000,000 g/mole. Enzymes are categorized based on the type of 

reaction. Proteases break down proteins, cellulases break down cellulose, lipases split 

fats into glycerol and fatty acids, and amylases break down starch into simple sugars 

(Rittman and McCarty 2001). 

10 



2.2.1 Enzymatic Mechanisms 

Generally, reactions that utilize enzymes require less energy than reactions 

without enzymes for each molecule of substrate converted into product. More molecules 

of substrate are therefore converted or synthesized when the enzyme is present than when 

it is absent. Enzymes are responsible for a number of reactions and biological activities 

in plants, animals, human beings, and microorganisms, but are not themselves living 

organisms (Rittman and McCarty 2000). 

Temperature and pH are the factors that affect the rate of enzymatic reactions. 

Generally, the performance of enzymes improves with increase in temperature. 

Enzymatic rates usually double for every 10°C temperature increase in the range 10°C to 

40°C. Over a period of time, enzymes will be deactivated at even moderate temperatures. 

Storage of enzymes at 5°C or below is generally the most suitable. Extremely high or low 

pH values generally result in complete loss of activity for most enzymes. Each enzyme 

requires a specific pH range or value for optimal activity (Uhlig 1998). 

2.2.2 Applications of Enzymes 

Enzymes, as biochemical catalysts, can often replace chemicals or processes that 

present safety or environmental concerns. Enzymes can often be solutions to industrial 

problems and are environmentally friendly. Enzymes are used in food processing, 

alcohol production, animal feed production, textile industry, tanning, paper and pulp 

production, and laundry detergents (Godfrey and West 1983). 

Enzymes have gained most significance in food, textile, and leather industries. 

Enzymes are used widely in meat and dairy industries, baking and flour processing, sugar 
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production, and wine brewing. The main enzymes used in the leather industry are 

proteases and lipases, which help in dehairing and degreasing of the animal hides, 

respectively. In textiles, enzymes are employed in desizing, biopolishing, and biostoning 

of fabrics. Enzymes are also added in animal feed to degrade soluble fiber, reduce anti-

nutritional effects, and help supplement the animal's own digestive enzymes. 

Incorporation of enzymes in detergents lowers the washing temperatures reduces cloth 

damage during washing. Enzymes are naturally occurring, therefore, they can often 

replace chemicals used in industrial processes and improve the worker's safety (Godfrey 

and West 1983). 

2.3 Sorbents 

2.3.1 OU Sorbents 

A report by Schrader (1993) discussed the properties of oil that affect oil spill 

clean up, choice of sorbents, and disposal options for used sorbents. The purpose of his 

work was to specifically compare the sorption capacities of wool and kenaf (a class of 

biomass that contains cellulose and lignin). Also, he evaluated the efficiency of different 

solvents for extracting oil from the oil-soaked sorbents. 

The two most important properties of oil that control the fate of spilled oils are 

viscosity and spreading rates. Oils with higher viscosity are more difficuU to disperse or 

recover using sorbents than low viscous oils. Viscous oils clog the outer layer of the 

sorbent, forming a clot, and block further adsorption of oil. Experiments conducted by 

Schrader (1993) at the Millsaps Sorbent Laboratory (MSL) studied the rate of spreading 

of oil with change in temperature. It was observed that the spreading rates halved when 
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the temperature was decreased to 10°C and doubled when increased from 25°C to 30°C. 

The experiments thus showed that increase in temperature would cause greater spreading 

of an oil spill. 

The choice of sorbents used to clean up oil spills depends on the cost of the 

sorbent, volume of waste generated by the clean-up method, and the cost of disposal 

options. Sorbents are classified as natural organic, natural inorganic, and synthetic types. 

Clay, a natural inorganic sorbent, was used in the past, owing to its low cost and minimal 

personnel training required. However, the disadvantages of clay were the large quantities 

of waste generated and its low oil absorption efficiency. Later, polypropylene, a 

synthetic organic sorbent, was considered a better alternative to clay as it produced less 

waste and had high resistance to chemical attack, although it was relatively expensive and 

required extensive personnel training. Inorganic and synthetic sorbents were preferred 

until organic sorbents such as kenaf, wool, and cotton gained significance. Today, 

organic sorbents are being used extensively as they are biodegradable and combine the 

advantages of both clay and polypropylene. 

The absorption capacity of a sorbent is determined by its arrangement of fabric 

fiber. Generally, fine fibers have greater surface area and high absorption capacity. 

However, a considerable amount of sorbent capacity is taken up by the absorbed water 

during clean up, contributing to the weight and volume of waste generated. 

Schrader (1993) specifically compared wool and kenaf sorbents for sorbency of 

oil and hydrophobicity to water. A wool pad of 6-ounce per square yard with an average 

fiber diameter of 32 microns showed excellent efficiency to absorb oils of different 
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densities due to the distribution of void spaces and fiber packing density. Thus, it was 

concluded that a 6-ounce pad with same thickness and lower density could hold more oil 

than pads with higher packing density. Photomicrographs of the intra-fiber surface of 

wool taken at the MSL with a scanning electron microscope revealed that wool is a 

combination of small irregular and scaly fibers of different diameters. This arrangement 

of wool fibers provides large surface area and high potential to absorb oil. 

Hydrophobicity tests illustrated that wool absorbs a substantial quantity of water when 

left undisturbed on water surface. Hence, it was recommended that the hydrophobicity of 

wool be improved by the application of surfactants or lanolin to its fibers. 

Kenaf, another sorbent tested at the MSL by Schrader (1993) was obtained from 

the Mississippi Agricultural and Forestry Experiment Station. The kenaf fibers were 

grouped as milled core, milled fines, and ultra fines. Based on the tests done at MSL, it 

was found that ultra fines were the most efficient of all types of kenaf particles due to 

their high surface area and high adsorption capabilities. Hydrophobicity tests identified 

the increase in affinity of kenaf particles to water and oil with decrease in sizes of the 

particles. Scanning electron microscopy studies demonstrated that kenaf has excellent 

tendency to absorb oil due to its micro-porosity, which is as high as 90 percent. The 

relative performance of sorbents in terms of absorbency, retention, and reusability was 

tested at the MSL by Schrader (1993) and the results are as shown in Table 2.5. 
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Table 2.5. General Sorbency and Retention for Various Sorbents 

Mass of Crude r. , ,• n i .• 
„ r. J * A,i r Relative Relative _ , .... Type Products P^^ ^ass of ^^^^^^^ ^^^^^^.^^ Reusability 

Sorbent (g/g) 
Inorganic Clay 

Fly Ash/ Kiln Dust 
Synthetic Conventional 

Polypropylene 
Fabrics 

High Efficiency 
Polypropylene 

0.3-2.0 

0.3-0.5 

9.5-15.0 

14.0-21.0 

Low 

Low 

Moderate-
High 

High 

Low 

Moderate 

High 

Moderate-
High 

No 
No 

90% 

75% 

, ^ , . _ Moderate- Moderate- ^, , 
Kenaf 6.0-14.0 . „ • , Unknown 

Low High 

Short Fiber Pulp ^^,^2.0 Moderate High 80% 
Organic By-product 

Peat 2.0-12.0 High Moderate <50% 
Com Cobs 0.5-3.0 Low Low <50% 

Wool 8.0-15.0 High Moderate >90% 
Paper 2.0-6.0 Low Low <50%) 

Source: Schrader (1993) 

The options for disposal of oil-soaked sorbent materials are incineration, dumping 

in landfills, and biodegradation. Though incineration was used in the past, environmental 

groups opposed it due to its harmful emissions that affect the ecosystem. Extraction of 

oil from sorbents using a solvent has been contemplated as an alternative or pretreatment 

before the other disposal options. An ideal solvent used for the purpose of exti-action of 

oil should be non-polar, non-toxic, and inexpensive. It should also have high volatility, 

high extraction efficiency, and should not dissolve the media (Schrader 1993). 

Kerosene, Freon-113, a hydro-chlorofluorocarbon (HCFC), and an aliphatic hydrocarbon 

were tested using polypropylene as the sorbent medium and light crude oil as the sorbate. 
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Table 2.6 gives the percentage of oil extracted during the first and second wash with each 

solvent. Kerosene took almost 8 days to dry, while Freon-113 and HCFC dried in few 

hours. The aliphatic hydrocarbon took 12-15 hours to dry. Freon and HCFC showed 

good extraction but dissolved the polypropylene pad slightly during the second wash 

(Schrader 1993). The EPA (Environmental Protection Agency) prohibits disposing of 

biodegradable sorbents in hazardous waste landfills since they degrade and release the 

sorbate. Thus, only non-biodegradable oil sorbents are approved for disposal in a 

landfill. 

Table 2.6. Percentage of Oil Extracted by Solvents 

Solvents 

Kerosene 
Freon-113 

HCFC 
Aliphatic hydrocarbon 

% Oil Extracted 
First Wash 
94.25% 
98.57% 
98.57% 
98.04% 

Second Wash 
N/A 

99.99% 
99.99% 
99.98% 

Source: Schrader (1993) 

2.4 Research at TTU 

2.4.1 Absorption Capacities of Sorbents 

A study done by Manjrekar (1971) primarily examined the sorption of crude oil 

by various fibrous materials. Table 2.7 below lists the fibers used in this study and their 

deniers. Denier is a weight-per-unit-length measure of filament fibers and is numerically 

equal to the weight in grams of 9,000 meters of fiber. Denier is a direct numbering 

system in which the lower numbers represent the finer sizes, and the higher numbers the 

coarser sizes. 
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Experiments were performed on these fibers to determine the absorption 

capacities by varying the initial concentrations of oil. The crude oil used in these 

experiments was obtained from the wells in the Clearfork field near Lubbock, TX, and 

the Friendswood field in Houston, TX. The crude oil was spread in thin layers and 

evaporated for two days before use to replicate the actual oil spill conditions. Table 2.8 

shows the characteristics of the crude oil in the received and the weathered states. 

Table 2.7. Deniers of Various Fibers 
Fiber Denier 

Cotton (CO) 2.3 
Wool (WO) 4 

Polyacrylonitrile acrylic (PAN) 3.0, 5.0, 15.0 
Polyamide (nylon 66) 3.3, 15.0 

Polyethylene terephthalate polyester (PET) 2.3, 16.0 
Polypropylene (PP) 3.0 

Source: Manjrekar (1971) 

Table 2.8. Characteristics of Crude Oil 

Oil Source 

Friendswood Field, Houston (A) 
Clearfork Field, Lubbock (B) 
Clearfork Field, Lubbock (C) 

Received State 
Specific API 
Gravity Gravity 
0.882 28.93 
0.900 25.72 
0.897 26.25 

Weathered State 
Specific 
Gravity 
0.899 
0.951 
0.940 

API 
Gravity 
25.89 
17.29 
19.03 

Source: Manjrekar (1971) 

The determination of the sorption capacities of fibers involved two mechanisms, 

namely shaking and squeezing. The fibers were initially soaked in sodium chloride 

solution followed by crude oil in one liter beakers and then agitated on a shaker bath for 

five minutes. The cotton was then conditioned at room temperature for 48 hours, 

squeezed through squeeze rolls and weighed to determine the amount of oil absorbed 

(0 to 50 g of oil/1.0 g of fiber). 
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The results of this study show the absorption capacities of various fibers with 

increase in initial concentrations of oil. Figure 2.1 illustrates that the absorption 

capacities of all fibers used in this study were more than the capacity of straw (S) at high 

initial oil concentrations. All the fibers used in this study showed 3.5 to 6 times the 

absorption capacity of straw at 30 g initial oil concentration (where straw attains 

maximum absorption capacity). From Figure 2.1, it is evident that cotton fibers had the 

highest absorption capacity over all the fibers. The absorption capacities of 

polypropylene and wool were relatively lower than cotton, but higher than PAN and PET. 

Figure 2.2 exhibits the effect of specific gravities on oil sorption by straw, cotton, 

and polypropylene. The sorption capacity of straw increased with higher specific gravity 

of oil. However, straw attained maximum sorption capacity at 30 g initial oil 

concentration. The absorption capacities of both cotton and polypropylene increased 

proportionately till 20 g oil/1 g fiber, but diversified beyond this concentration. Also, 

beyond 20 g oil/1 g fiber, the absorption capacity of oil by cotton and polypropylene was 

observed to have increased significantly with increase in oil specific gravity. 

Figure 2.3 displays the change in absorption capacity of cotton with variation in 

temperature. Cotton absorbed the same amount of oil at both 5°C and 25°C till about 30 g 

oil concentration/1 g fiber. At higher initial oil concentrations, beyond 30 g oil/1 g fiber, 

the sorption capacity of cotton was highest at the lower 5°C temperature. 
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2.4.2 Adsorption of Oil by Cotton and Synthetic Sorbents 

A study was conducted by Nash et al. (1994) for the Texas General Land Office 

to find the most effective oil sorbent based on the sorption capacities and percentage of 

oil recovered. Various commercial sorbents were tested to determine the adsorption 

capacity as well as the reuse potential of sorbent pads. Table 2.9 lists the sorbent pads 

tested for their adsorption capacities. 
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Table 2.9. Specifications of the Sorbent Pads 

Material 
Length 
(mm) 

Breadth 
(mm) 

Thickness 
(mm) 

Supplier 

E-lOO 
HP-255 

SPC-100 

100% Cotton 

430 
430 

430 

460 

480 
480 

480 

460 

10 
13 

10 

24 

Ergon 
3M 

Sorbent Products Co. 
Cotton Unlimited 

Source: Nash etal. (1994) 

The properties of an ideal sorbent should be fully understood in order to select an 

efficient sorbent for clean up of oil spills. An ideal sorbent should have high oil 

adsorption capacity on a unit mass basis (oleophillic) and selectively remove oil from an 

oil-water mixture (hydrophobic). Additionally, the sorbent should have large surface-to-

volume ratio for good oil sorption and the recovery of the adsorbed oil from the sorbent 

should be easy. Lastly, the sorbent should be biodegradable and of low cost. 

Polypropylene was widely used in the sorbent market and subsequently research on raw 

cotton was initiated as it was a natural biodegradable sorbent and had good adsorption 

capacity. Cotton selectively adsorbs oil due to the natural wax coating on its fibers, 

which is structurally similar to hydrocarbons. The small diameter fibers of cotton 

provide large surface area and retain significant amounts of oil for later recovery. 

Furthermore, raw cotton is readily available, disposable, and biodegradable (Nash et al. 

1994). 

Experiments were conducted by Nash et al. (1994) to determine the sorption 

capacity and recovery of oil by sorbents. As the first step, each sorbent was cut into 130 

mm X 130 mm squares and lowered for 15 min into a chamber that contained water with 

a 5-nim floating layer of oil on the surface. Next, the sorbent was squeezed through a 
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wringer press five times. Finally, the oil-water mixture from the wringer press was 

collected to determine the sorbent capacity and percentage of oil recovered. Table 2.10 

shows the various sorbents tested for oil sorption capacity (g/g) and oil recovery (%>). 

Figure 2.4 displays the sorption capacities of the fibers shown in Table 2.10. 

Table 2.10. Sorption Capacity and Oil Recovery of Sorbents 
„ ,. Cycle I Cycle II Cycle IE Cycle IV Cycle V 

"PP^^'" SC OR SC OR SC OR SC OR SC OR 

100% 20.47 85.22 13.81 82.50 13.37 82.70 13.81 82.26 14.13 82.02 
Cotton 
HP 255 17.05 84.80 13.22 84.62 12.60 83.99 12.25 83.91 12.26 83.60 
E-lOO 14.70 80.90 10.23 78.65 9.91 78.39 9.70 78.83 10.04 78.93 

SPC-100 14.75 81.77 9.84 79.61 9.82 79.88 9.70 79.73 10.37 80.65 
Source: Nash etal. (1994) 

The cotton pad, supplied by Cotton Unlimited, showed consistent and highest oil 

adsorption capacity throughout the cycles as given in Table 2.10. The percentage 

recovery of cotton pads was excellent in the first cycle. Cotton and HP-255 pads showed 

constant decline in percentage recovery over cycles but E-lOO and SPC-100 pads showed 

slight increase after the third cycle. Cotton and E-lOO pads started to disintegrate in the 

fourth cycle and SPC-100 pads in the second cycle. 
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The absorption capacities of cotton and polypropylene can be compared based on 

their structural differences. Each individual cotton fiber has a primary wall, secondary 

wall, and an empty channel. The primary wall or outer layer consists of wax, protein, 

pectic materials, and cellulose. The secondary wall consists of pure cellulose, which is 

arranged in fibrils to provide sfrength to the fiber. The empty channel, or lumen, runs 

lengthwise at the center of the cotton fiber. This structural arrangement of the 

microfibrils in the primary and secondary walls, space between the fibers, and the lumen 

at the center of the cotton fiber collectively creates more volume for oil adsorption. On 
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the confrary, polypropylene fibers utilize only the space between the fibers for oil 

adsorption. Therefore, cotton has higher adsorption capacity compared to 

polypropylene, owing to its greater volume. Also roughness of fibers is another factor 

that determines the absorption of oil. hi general, rough fibers adsorb more fluid than 

smooth fibers. Thus, cotton fibers, which are rougher than polypropylene, adsorb more 

oU (Nash etal. 1994). 

2.4.3 Bioremediation of Oil with Microbes 

Earlier, research was done on the different methods to clean up the oil spilled on 

marine environment using dispersants or sorbents. Reports by Parker et al. (1992 and 

1993) evaluated the characteristics and properties of natural fibers like wool and cotton 

used for oil spill clean up. In 1992, researchers at TTU initiated the study on the 

biodegradation of oil and oil-contaminated adsorbents faster than it would actually occur 

in normal environmental conditions. The main objective of this research was to observe 

the degradation of oil with the help of microbes by providing optimum conditions for its 

safe disposal into environment. 

Various microbial genera were identified in previous studies for having the 

capability to degrade hydrocarbons, but no single species had the potential to degrade the 

oil completely. Hence, a combination of different species obtained from both 

commercial and natural sources were required for overall degradation. In this microbial 

study done by Parker et al. (1992) degradation of diesel fuel was observed for about two 

weeks. Degradation experiments were performed with diesel in a mixture containing 

basal salt medium and bacteria. Initially, the residual hydrocarbon was analyzed with 
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total petroleum hydrocarbons (TPH) method, but was limited to alkanes only. Therefore, 

Parker et al. (1992) used gas chromatography to measure degradation. The results 

showed that the bacterial consortia used in this study were capable of degrading the diesel 

oil, which was evident by the disappearance of the oil layer from the shake-flask in two 

weeks (Parker et al. 1992). 

In the experiments conducted by Parker et al. (1993), the bacterial cultures 

supplied for in-situ bioremediation protocols was used to observe the degradation of 

diesel fuel and sweet West Texas crude oil in fermentation type vessels. The oil was 

initially released by degrading the adsorbents and then recovered by the standard 

procedures followed in petroleum industry to separate oil from liquid media. The only 

residues from this process were observed to be the medium in which degradation took 

place and the little portion of adsorbent that was not completely degraded (Parker et al. 

1993). 

From the experiments, it was observed that 10% concentration diesel fliel in 

nutrient solution degraded in one week when high aeration rate was provided, but lesser 

amount of crude oil degraded at the same conditions. However, crude oil degraded 

completely under anaerobic conditions in six months. It was also found that addition of 

yeast extract in minor quantities (0.1 %> w/v) enhanced the degradation 

(Parker etal. 1993). 

2.4.4 Degradation of Oil-Sorbed Cotton 

A study conducted by Wyatt et al. (1997) presented in patent # 5,656,490 

describes a method to removing oil from the surface of water using organic natural fibers 
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and separate the adsorbed oil from the adsorbent by degrading the natural fibers through 

using a commercially produced cellulase solution in an aqueous medium. The natural 

organic fibers that adsorb oil are degraded into small individual fibers by enzymes so that 

the fibers can no longer hold the adsorbed oil. The oil thus released floats to the surface 

of the aqueous medium for recovery. The use of cellulase on cellulose fiber degrades and 

reduces the weight of cotton with a corresponding decrease in the strength of the fibers. 

The cellulase partially hydrolyzes the cellulose fiber and breaks the beta-1, 4-glycosidic 

bond of cellulose molecule. The glucose and cellobiose units are removed by breaking 

the bond through a hydrolytic chemical reaction catalyzed by cellulase. 

The purpose of this study was to determine the optimal enzymatic degradation 

conditions, such as pH and temperature, and evaluate the impact of using seawater as the 

aqueous medium on the degradation process. Also, this study examined the effects of 

agitation, heavy metals, and glucose concentration on the degradation of cotton with 

Rapidase® at varied pH and temperature. The cotton samples weighing 0.5 g were 

initially placed in a 125-mL Erlenmeyer flask with 75-mL buffer/enzyme solution and 

shaken in a gyrotory shaker/incubator (New Brunswick Scientific Co. In, New 

Brunswick, NJ, Series 24). Later, the degraded cotton samples were filtered through 

Whatmann #1 filters and the residual solids were oven-dried and weighed to determine 

the potential of the enzyme in degrading cotton. The same test procedure was used in all 

the experiments tabulated below unless otherwise mentioned. However, the initial 

conditions differed for each experiment. 
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Tables 2.11 to 2.26 summarize the findings of Wyatt et al. (1997). Table 2.11 

shows the types of enzymes used in the study and the suitability of these enzymes to 

degrade cellulose. Table 2.12 shows the degradation of raw cotton fibers over the cotton 

pads supplied by Cotton Unlimited at 21-22°C for a 48-hr incubation period using 

Rapidase enzyme. It was observed that both the products showed similar amounts of 

degradation. 

Table 2.11. Commercially Available Enzymes 
Enzyme Type Affected Substrate 

Raw Cotton 
Raw Cotton 
Raw Cotton 

Raw and Scoured Wool 
Raw and Scoured Wool 
Collagen (formed pad) 

Rapidase 
Indiage 

Cellusoft 
Protease 
Papain 

Protease 

RTM 
RTM 
RTM 

Type IV 
Protease 
TypeFV 

Source: Wyatt et al. (1997) 

Table 2.12 
Product 

Raw Cotton 
CUPad 

. Degradation with 
% Degraded with Cellulase 

14 
16 

Rapidase 
% Degraded without Cellulase 

3 
3 

Source: Wyatt et al. (1997) 

Tables 2.13, 2.14, and 2.15 show the degradation of cotton at different enzyme 

concentrations, pH, and temperature. Table 2.13 shows the degradation of cotton at 32°C 

and pH of 4.0 by varying the dosages of Rapidase enzyme. It was observed that 

substantial amount of cotton degraded at 5%) enzyme concentration by volume. 

However, an increase in the dosage of enzyme beyond 5%) did not significantly increase 

the degradation of cotton. 

The effects of pH and temperature using Rapidase solution at 32°C and 200 rpm 

were tested as shown in Tables 2.14 and 2.15 to determine the optimal pH and 
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temperature at which maximum degradation of cotton occurs. Table 2.14 shows highest 

degradation of cotton at pH of 4.5 and least degradation at pH of 7.0. Table 2.15 shows 

maximum degradation of cotton at 40°C and that the enzyme inactivates beyond a 

temperature of 65°C. 

Table 2.13. Selection of Dosage of Enzyme 
Amount of Enzyme (mL & %) 

lmL(1.33%) 
4 mL (5.06%) 
8 mL (9.64%) 

12 mL (13.79%) 
Static Control 

Shaken Control 

% Cotton Degraded 
30 
40 
45 
43 
3 

0.5 
Source: Wyatt et al. (1997) 

Table 2.14. Effect of pH on Cotton Degradation 
pH % Cotton Degraded 
3.5 
4.0 
4.5 
5.0 
6.0 
7.0 

56 
58 
63 
58 
42 
26 

Source: Wyatt etal. (1997) 

Table 2.15. Effect of Temperature on Cotton Degradation 
Temperature (°C) 

21-22 

40 

50 

55 

65 

Enzyme 
With 

Without 
With 

Without 
With 

Without 
With 

Without 
With 

Without 

% Cotton Degraded 
44 
0 
77 
2 
65 
0 

63 
2 
0 
4 

Source: Wyatt et ah (1997) 
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Table 2.16 shows the degradation of 0.5 g cotton in the presence of various 

petroleum products at 45°C, pH of 4.5, and 200 rpm in Rapidase solution for a period of 6 

days. Of all the products tested, cotton showed highest degradation with diesel, followed 

by crude oil. Table 2.17 gives the degradation of cotton in the presence of diesel or crude 

oil at 40°C, pH of 4.5 and 200 rpm. It was observed that oil released only with the 

addition of enzyme. Table 2.18 shows the release of oil using Rapidase enzyme and the 

same initial conditions as the experiments in Table 2.17. The release of oil by the 

enzymatic degradation of cotton was observed to occur between 6 and 24 hrs as shown in 

Table 2.18. 

Table 2.16. Degradation ofCotton by Petroleum Products using Rapidase 
Type of Petroleum Product Tested % Cotton Degraded 

Diesel Fuel 65 
Crude Oil 60 
Motor Oil 49 

Gear Lubricant 33 
Lithium Grease with Hexane 52 

with Diesel 68 
with Crude Oil 61 
with Mineral Oil 55 

Source: Wyatt et al. (1997) 

Table 2.17. Degradation ofCotton in the Presence of Diesel and Crude Oil 
_., ^ „ % Cotton 
Q'̂  ^ ^"^y^^ Degraded 

Crude 3 
Diesel 3 
None 3 
Crude 6 
Diesel 6 
None 6 
Crude 6 
Diesel 6 

Source: Wyatt etal. (1997) 

With 
With 
With 
With 
With 
With 
/ithout 
/ithout 

28 
38 
46 
64 
65 
60 
0 
0 
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Table 2.18. Degradation of Oil over Hours 
Time (hr) Oil Result 

24&72 

Crude 
Diesel 

Crude 
Diesel 

Crude 
Diesel 

No degradation, no oil recovered 
No degradation, no oil recovered 
No degradation, no oil recovered 

No degradation, 0.1 mL oil 
recovered 

Degraded, oil recovered 
Degraded, oil recovered 

Source: Wyatt et al. (1997) 

Tables 2.19 through 2.24 correspond to the degradation experiments conducted at 

a temperature of 40°C, pH of 4.5, and 200 rpm using Rapidase enzyme. The degradation 

of fifteen different sorbents weighing 0.5 g each in the presence of oil using Rapidase 

solution was tested as shown in Table 2.19. Altogether, 100% terry cloth towel and raw 

cotton showed highest degradation in the presence of enzyme and crude oil. 

Table 2.19. Evaluation of the Degradation of Cellulosic Sorbents in Rapidase 

Type of Sorbent Tested 

Raw Cotton 
Blue Paper Towels from Oil Change Co. 
Red Rags (Shop Towels) 
100% Terry Cloth Towel 
Cotton/Polyester Knit Towel (white) 
Cotton/Polyester Knit Towel (multicolored) 
Chamois Type 
Another Chamois Type 
Corrugated Cardboard 
DriSorb 

SOS 129 
SOS 503 
JRMH-100 
Sphag Sorb 
Kwik Sorb 

Enzyme 
(6 Days) 

65 
79 
62 
63 
31 
23 
0 

23 
56 
43 

58 
30 
3 
2 

24 

Average Values 
Enzyme + 
Diesel 
(6 Days) 

65 
62 
63 
72 
0 
0 

N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 

Enzyme-1-
Crude 
(6 Days) 

60 
58 
51 
66 
0 
0 

N/A 
N/A 
N/A 

0 
0 

0 
0 
0 
0 

Source: Heintz and McAuely (1991) 
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Tables 2.20 and 2.21 show the degradation of cotton in the presence of Rapidase and 

Instant Ocean̂ ""̂  (chemical mixture for artificial sea water prepared from distilled water 

for fish aquarium application). However, the degradation of cotton remained the same 

even in the presence of seawater and also at different concentrations of sea salts. 

Table 2.20. Degradation ofCotton in the Presence of Enzyme and Instant Ocean 
Addition Time(days) % Cotton Degraded 

Control -I- enzyme 3 48 
Control + no enzyme 3 0 

Control + McUavine's buffer + enzyme 6 69 
Instant Ocean+ no enzyme 6 0 

Experimental -i- enzyme + Instant Ocean 3 48 
Experimental + enzyme + Instant Ocean 6 68 

Source: Wyatt et al. (1997) 

Table 2.21. Effect of Sea Sahs on Degradation ofCotton by Rapidase 
% Sea Water Oil % Degradation 

1 None 73 
1 Diesel 76 
1 Crude 75 

0.5 None 74 
0.5 Diesel 74 
0.5 Crude 76 
0.1 None 73 
0.1 Diesel 74 
0.1 Crude 74 

0.01 None 75 
0.0 Diesel 72 
0.01 Crude 73 

0 None 74 
0 Diesel 73 
0 Crude 73 

Source: Wyatt etal. (1997) 

The degradation of cotton with increase in agitation speed or rpm of the gyrotory 

shaker/incubator was observed for a 6-d period. The cotton with the buffer-enzyme 

solution was incubated using static (zero rpm) and shaking mechanisms in the gyrotory 
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shaker. Cotton did not degrade with static incubation, whereas, excellent degradation 

was observed with shaking mechanism. Table 2.22 illustrates that considerable 

degradation occurred between 100-400 rpm, good degradation between 200-400 rpm and 

little degradation below 50 rpm. However, no appreciable increase in degradation was 

noticed between 200 and 400 rpm. 

Table 2.22. Effect of Agitation on Degradation ofCotton by Rapidase 

RPM Enzyme % Cotton Degraded 

4 
38 
2 
39 
3 
53 
1 

60 
1 

64 
0 
63 
0 
67 
0 
66 

0 
0 
50 
50 
100 
100 
200 
200 
250 
250 
300 
300 
350 
350 
400 
400 

With 
Without 

With 
Without 

With 
Without 

With 
Without 

With 
Without 

With 
Without 

With 
Without 

With 
Without 

Source: Wyatt etal. (1997) 

The ability of enzymes to degrade cotton in the presence of saUs of heavy metals 

and glucose are presented in Tables 2.23 and 2.24, respectively. Table 2.23 shows that 

high concentrations of the salts of heavy metals partially inhibit the degradation, but low 

concenfrations have no effect except mercuric chloride. Table 2.24 depicts that the 

addition of glucose inhibits degradation of clean and oiled cotton. 
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Table 2.23. Effect of Salts of Heavy Metals on Degradation ofCotton by Rapidase 

Addition Low 
1 mg/mL 

High 1 mg/mL Sah 10 mg/mL 
10 mg/mL + Diesel Salt + Crude 

MnCL 
•MgCh 
CoCl: 
ZnCl2 
NiCb 
FeCl2 
HgCL 
CrCl: 
V2O5 
ASO3 

61 
62 
65 
66 
66 
60 
17 
68 
62 
63 

65 
68 
61 
0 

Not Tested 
0 
17 
0 
30 
40 

66 
70 
70 
70 
73 
62 
0 

Not Tested 
Not Tested 
Not Tested 

65 
73 
69 
69 
70 
64 
0 
65 
58 
63 

Source: Wyatt etal. (1997) 

Table 2.24. Effect of Glucose on Degradation ofCotton by Rapidase 

% Glucose Added % Residual with Crude 
% Residual without 

Crude 

0 
0.5 
1.0 
2.0 
5.0 

36 
45 
53 
62 
76 

36 
45 
52 
64 
71 

Source: Wyatt et al. (1997) 

Tables 2.25 and 2.26 represent experiments conducted at 45°C, pH of 4.5, and 200 

rpm. The degradation of cotton in the presence and absence of crude oil with Rapidase 

enzyme is presented in Table 2.25. The degradation of cotton masses of 0.5 g, 1 g, 2 g, 

and 4 g was observed for a period of 24 d with a 6-d interval. The results obtained from 

the experiments in Table 2.25 using Rapidase enzyme were used in the current research 

project to compare with Multifect enzyme and are discussed in detail in Sections 4.1.1 

and 4.1.2 of this thesis. 
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Table 2.25. Percent Degradation ofCotton by Rapidase 
6 Days 12 Days 18 Days 24 Days 

Cotton 
-Crude +Crude -Crude +Crude -Crude +Crude -Crude -HCrude 

0.5 
1.0 
2.0 
4.0 

69 
57 
46 
29 

66 
51 
0 
0 

81 
73 
57 
47 

86 
82 
63 
0 

89 
83 
61 
53 

92 
86 
74 
54 

90 
87 
69 
47 

93 
89 
78 
62 

Source: Wyatt et al. (1997) 

Aleskerov (2000) conducted experiments to evaluate the efficiency of four 

different enzymes, namely Rapidase, Multifect, Denimax, and Indiage, to degrade cotton 

as shown in Table 2.26. The experiments were performed at a temperature of 45°C, pH 

of 4.5, and 200 rpm for a period of 6 d. These experiments were done to understand the 

performance characteristics of altemate sources of enzyme. The degradation of cotton 

using Multifect enzyme was observed to be the highest over all other enzymes used. 

Based on the results of the experiment in Table 2.26, the current thesis project employed 

Multifect enzyme in all the experiments. 

Table 2.26. Evaluation of the Best Enzyme for Degradation ofCotton 
Enzyme % Degraded 
Rapidase 38.2 
Multifect 64.4 
Denimax 0.0 
Indiage 47.7 

Source: Aleskerov (2000) 

2.4.5 Degradation of Plutonium-Contaminated Waste 

The Department of Energy's Los Alamos National Laboratory (LANL) performed 

regular work with plutonium and other radionuclides in a glove box. The surfaces of the 

glove box were generally cleaned with cellulose materials, such as laboratory wipes and 
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cheesecloth. These cellulose materials were then considered as transuranic (TRU) or low 

level (LEW) radioactive wastes (Jones 2000). 

The researchers at TTUWRC initiated the study on the enzymatic degradation of 

cellulose-based radionuclide contaminated wastes at LANL in 1997. The enzymatic 

technology adopted to degrade oil-soaked cotton was extended to degrade radionuchde 

contaminated waste and a second patent (# 5,597,728) was issued to Wyatt and Wyatt 

(1997). Later, experiments were conducted by Swift (1998) to enzymatically degrade the 

LEW and TRU wastes as cited by Jones (2000). 

The degradation of radionuclide-contaminated cellulose waste with Rapidase 

enzyme in McUvaine's buffer was carried in a gyrotory shaker/incubator at 45 °C and pH 

of 4.5. The contaminated waste included laboratory clothing and supplies like laboratory 

wipes, cheese cloth, waste paper, rubber and any other laboratory equipment that might 

have been in contact with radioactive materials. Application of the Rapidase enzymes to 

these wastes might release some of the radioactivity into the enzyme solution. The 

residue obtained after one enzyme treatment was further tieated with enzyme for six days 

to reduce the volume. 

Swift (1998) studied the effects of different concentrations of sugars, nitiates, 

plutonium, and lanthanides on the degradation of cellulose fibers. Increase in sugar 

(glucose and sucrose) concentrations and nitrate levels were observed to inhibit the 

degradation of cotton as shown in Tables 2.28 and 2.29. On the contrary, lanthanides and 

plutonium did not affect the enzymatic degradation of cheesecloth at all as given in 
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Tables 2.30 and 2.31. The results of the experiments conducted by Swift (1998) are 

presented in Tables 2.27 through 2.31. 

Table 2.27. Residual Substrate and Glucose after Cellulose Treatment 

Substrate 

Raw Cotton 
Shirleyed Raw Cotton 

Cotton Balls 
Paper 

Kimwipes 
Milled Paper 
Cheesecloth 

100% Cotton Fabric 
Cotton Blend Fabric 

Source: Swift (1998) 

Average % Residual 
Substrate 

45 
46 
34 
21 
4 
2 

40 
43 
60 

Table 2.28. Effect of Sugars on Cotton Degradation 

Added Sugars 
None (Control) 
Glucose 0.1 M 
Glucose 0.5M 
Glucose l.OM 
Sucrose 0.1 M 
Sucrose 0.5M 
Sucrose l.OM 

Source: Swift (1998) 
Table 2.29. 

Added Nitrates 
(Molarity) 

Control 
NaNO3(0.1M) 
NaN03 (0.5 M) 
NaNO3(1.0M) 
KNO3(0.1M) 
KNO3(1.0M) 
HNO3at0.1% 

% Residual Substrate 
46 
57 
77 
96 
44 
66 
91 

Average Residual Glucose 
(mg/mL) 

3.9 
4.3 
4.3 
3.9 
4.0 

4.4 
2.9 
2.0 

Residual Glucose (mg/mL) 
7.68 
11.52 
30.26 
45.95 
3.74 
6.00 
5.67 

Effect of Nitrates on Cotton Degradation 

% Residual Substrate 

41 
53 
61 
87 
51 
97 
56 

Residual Substrate 

77 
97 
50 
28 
69 
15 

Unknown 
Source: Swift (1998) 
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Table 2.30. Effects of Lanthanides on Cheesecloth Degradation 
Lanthanide (mM) Average % Residual Substrate 

Cheesecloth Control 
Ce(CO2)3(1.0) 
Ce(C02)3 (0.5) 
Ce(CO2)3(0.1) 

Ce(C02)3 (0.05) 
CeO2(1.0) 
Ce02 (0.5) 
CeO:(0.1) 
Ce02 (0.05) 
Pr2O3(1.0) 
Pr203 (0.5) 
Pr2O3(0.1) 

Pr203 (0.05) 

36 
60 
41 
40 
39 
43 
44 
45 
43 
36 
35 
35 
36 

Source: Swift (1998) 

Table 2.31. Effects of Plutonium on Cheesecloth Degradation 

Test Condition 
%) Residual 
Substrate 

Pu in Spent 
Enzyme Solution Pu in Residual 

No Pu, added enzyme 
No Pu, no enzyme 

Pu control, no enzyme 
Pu & enzyme added 
Pu & enzyme added 
Pu & enzyme added 

32 
106 
108 
31 
30 
38 

Unknown 
Unknown 

15.7 
44.8 
25.1 
26.4 

Unknown 
Unknown 
2830 
2470 
2120 
2090 

Source: Swift (1998) 

Jones (2000) compared his small-scale experiments with the experiments of Swift 

(1998) as shown in Table 2.32 using Rapidase enzyme to degrade raw cotton, 

cheesecloth, and copier paper at a temperature of 45°C, pH of 4.5, and 200 rpm. He also 

examined the possible presence of contaminants rubber, lead, and organic solvents (TCE, 

acetone, and pentane) in the waste streams at LANL that could affect the enzyme activity 

as given in Table 2.33. From his experiments, it was observed that TCE, acetone, and the 

smaller amount of rubber in the waste stream had no effect on the degradation reaction. 
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Raw Cotton 
Cheesecloth 
Copier Paper 

53.9 
48.4 
2.3 

However, the presence of pentane and lead inhibited the enzyme reaction slightly. In 

contrast, larger amount of rubber enhanced the degradation process. This increase in 

degradation might be due to the increase in turbulence and mixing, resuhing in additional 

contact of substrate with enzyme. The Student t-test values in the following tables were 

based on the hypothesis that the t-test results are accepted if the averages of the two 

treatments are statistically equal. 

Table 2.32. Comparison of Experiments by Jones (2000) and Swift (1998) on 
Degradation of Cellulose Fibers 

Substrate Jones at TTU %> Residual Swift at LANL %> Residual 
45.3 
39.6 
09 

Source: Jones (2000) 

Table 2.33. Effects of Contaminants on Degradation Process 
Contaminant % Residual 
Rubber 1:2 42.6 
Rubber 2:1 39.3 

Lead 53.9 
Acetone 43.4 
Pentane 51.8 

TCE 42,8 
Source: Jones (2000) 

Jones (2000) also conducted large-scale experiments to determine the degradation 

potential of Rapidase enzyme by varying degradation times and substrate loading. In the 

large-scale experiments, the degradation of cheesecloth, raw cotton, and copier paper was 

observed individually in an 8-L Coming Dyna Lift Spinner flask assembly by modifying 

Swift's procedure. Table 2.34 compares the large-scale experiments with the small-scale 

experiments conducted by Jones (2000). 
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Table 2.34. Comparison of Large and Small-Scale Experiments 

Substrate 
75 mL Volume 

% Residual 
7500 mL Volume 

% Residual 
t-Test Results 

Raw Cotton 
Cheesecloth 
Copier Paper 

53.9 
48.4 
2.3 

47.8 
33.2 
2.8 

Rejected 
Rejected 
Accepted 

Source: Jones (2000) 

In the large-scale experiments, Jones (2000) observed an increase in the residual 

substrate as the subsfrate to enzyme (S/E) ratio increased as shown in Figure 2.5. He 

noted that the increase in residual substrate might have been due to inadequate amount of 

enzyme. Finally, it was concluded that Rapidase enzyme could be used to its maximum 

potential at an S/E ratio of 15 g/L. 

Figure 2.5. Linear Relationship between S/E and Percent Residual 

Source: Jones (2000) 
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2.4.6 Scanning Electron Microscopic Studies of Lanthanides 

Following the research of Swift (1998) and Jones (2000) on enzymatic 

degradation of radioactive wastes, Verde (2000) studied the adherence of lanthanides to 

different cellulose-based materials like raw cotton, Kimwipes ®, and cheesecloth for 

better understanding of the enzymatic breakdown. The adherence pattem of a radioactive 

surrogate, lanthanide salt (cerium carbonate), was studied on all the cellulose substrates 

with the scanning electron microscope (Hitachi S-570 operated at 12 kV) in the Biology 

Department at TTU. To analyze the adherence of cerium carbonate to the substrates, the 

procedure used by Jones (2000) and Swift (1998) in their small-scale experiments was 

slightly modified by the addition of 1-mL of each concentration of cerium carbonate to 

substrate samples apart from the buffer/enzyme solution. The dry filtered substrate 

samples were then examined under the electron microscope. Four different studies were 

performed in this research as discussed below. 

Initially, the cerium carbonate particles alone were observed with the scanning 

electron microscope. The air-dried sample of cerium carbonate was placed on a 

microscopic slide that was coated with 20 ran of gold-palladium in a Hummer V spotter 

and visualized through a scanning electron microscope. The microscope showed two 

shapes and sizes of the crystals. One type was large, rhomboidal crystals, and the other 

was small particle clusters. 

The second study conducted in this research was adherence of particles from 0.1, 

0.01, and 0.001 M cerium carbonate solutions to raw cotton, Kimwipes, and cheesecloth. 

The addition of 0.1 M of cerium carbonate to raw cotton fibers showed adherence of both 
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medium and small-sized particles to the dry fibers, which might have been due to 

adsorption or entrapment of particles in the cotton fibers. However, very few or no 

crystals were observed to adhere at 0.01 M and 0.001 M concentrations. The 

visualization of 0.1 M and 0.01 M cerium carbonate to Kimwipes showed that few 

particles adhered to the fibers. On the contrary, the addition of 0.001 M cerium carbonate 

showed more crystals attached to Kimwipe fibers than with the other two higher 

concentiations, which could be due to the close packing of Kimwipes fibers. The 

addition of 0.1 M of cerium carbonate to cheesecloth (cotton weaved fibers) showed that 

the fabric was completely covered with the crystals. The concentrations of 0.01 M 

ceriiun carbonate to cheesecloth attached few crystals, whereas the 0.001 M adhered 

many particles. In general, the adherence of particles to dry substrate depended on the 

concentration of the cerium carbonate particles and density pattem of the substrate fibers. 

On the whole, the adherence of particles was greater if the fibers had looser patterns. 

Also, higher concentrations of cerium carbonate contained more particles than lower 

concenfrations 

The third study observed the adherence of different concentrations of cerium 

carbonate crystals to raw cotton, Kimwipes, and cheesecloth in McUvaine's buffer 

solution. The addition of 0.1 M cerium carbonate to the substrates in McUvaine's buffer 

showed high numbers of particles on all the substrate fibers, which could be due to the 

dispersion or chelating action of the buffer. In the raw cotton fibers, no crystals were 

seen at 0.01 M and 0.001 M concenfrations. Very few cerium carbonate crystals or 

particles were observed to attach to Kimwipes and cheesecloth at 0.01 M and 0.001 M. 

42 



The fourth study was conducted to analyze the adherence of cerium carbonate in 

the presence of a 5% Rapidase solution in McUvaine's buffer. The substrate fibers 

degraded by the enzymatic action and the lanthanide crystals were liberated, leaving very 

few or no crystals with any concentration of cerium carbonate on all the substrates. 

However, the lanthanide particles were observed to be embedded in the filter paper 

(Whatmann, 0.45p) through which the enzymatically digested substrates were filtered, 

which might have been due to the presence of the particles in the bulk hquid phase 

(Verde 2000). 

2.5 Current Research 

Various researchers studied the separation of oil from cellulose sorbents, which 

was discussed in detail in this chapter. The study on the separation of radionuclide 

contaminants from cellulose sorbents by Jones (2000) using the enzymatic technology 

patented to Wyatt et al.in 1997 led to the current research. In his work, Jones (2000) 

observed that larger amounts of rubber increased the degradation, which might have been 

due to increased turbulence and mixing. Also, he observed that an increase in S/E ratio 

increased the residual substrate and concluded that an S/E ratio of 15g/l would cause 

most effective degradation with Rapidase enzyme. The current research initiated based 

on these major resuUs of Jones (2000). 

Until now, only small-scale tests were done by researchers on the enzymatic degradation 

of cellulose sorbents. Hence, the major focus of this thesis is to sttidy the large-scale 

degradation of cotton in an air-lift reactor and evaluate the design and economic 

considerations for real application. 
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CHAPTER 111 

METHODS AND MATERL\LS 

3.1 Materials for Small and Large-Scale Experiments 

The primary materials used for both small-scale and large-scale experiments in 

this research were raw cotton (Textile Research Center, Lubbock, TX), commercially 

available Multifect XL cellulase enzyme (Genencor International hic, Rochester, NY), 

and McUavine's buffer (Dawson et al. 1986). Multifect XL was chosen as the only 

enzyme for degradation of cotton in this research based on Aleskerov (2000) study. His 

study concluded that Multifect XL degraded cotton better than the other enzymes tested. 

Multifect XL is a "liquid fungal cellulase complex with a specified level of 

xylanase activity..." '̂̂  derived from a selected strain of Trichoderma reesei and is used 

mostly in baking, agricultural silage, and waste treatment. Multifect XL is a brown liquid 

with specific gravity ranging from 1 to 1.2 g/mL. The activity of Multifect XL is most 

effective between pH of 3 to 7 and temperature of 40°C to 65°C. The optimal 

performance of this enzyme is at a pH of 5.0 and temperature of 60°C. The exact 

temperature and pH optimum depends on other process variables including time, 

temperature, substrate nature, and concentration (Genencor International 1998). 

A buffer is a solution that contains a weak acid and its salt or a weak base and its 

sah, and is resistant to changes in pH. McUavine's buffer solution was used in both the 

small-scale and large-scale experiments in this research. It was made of 0.1 M citric acid 

and 0.2 M sodium phosphate in 1:0.83 ratio by volume to hold a pH of 4.5. The cellulase 
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enzyme, Mulitifect XL, was added to McUavine's buffer solution to make a 

buffer/enzyme solution (5%) enzyme solution and 95%) buffer by volume). 

3.2 Small-Scale Experiments 

The preliminary experiments in this project were laboratory tests done to evaluate 

the degradation potential of cotton with Multifect XL in the presence and absence of 

crude oil and compare the degrading ability of MuUifect enzyme used in this research 

over the Rapidase enzyme used by Wyatt et al. (1997). The small-scale experiments 

verified the optimal operating conditions by observing the percentage of cotton degraded 

with and without crude oil. The small-scale experiments for the degradation of oil-sorbed 

cotton in this project were done by slightly modifying the procedure adopted by Jones 

(2000) in degrading radionuclide-contaminated cellulose waste. The 6-d degradation 

interval was adopted in the current research as the results of Swift (1998) and Jones 

(2000) showed about 50%) degradation of cellulose material in 6 d. Also, Jones (2000) 

studied several S/E ratios starting from the baseline at 6.67 g/L (0.5 g substrate in 75-mL 

buffer/enzyme solution) up to a maximum of 46.7 g/L. Similar S/E ratios were adopted 

in the present experiments but the maximum S/E ratio used was 26.67 g/L (2 g). 

3.2.1 Small-Scale Experimental Materials 

The primary materials used in the small-scale experiments were raw cotton, 

medium crude oil from a West Texas oil field near Sagerton located north of Abilene, 

TX, and buffer/enzyme solution. The masses of raw cotton used in the experiments were 

0.5 g, 1 g, and 2 g. The present study limited the maximum mass of cotton to 2 g using 
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Multifect. The other materials used in the small-scale experiments were 125-mL 

Erlenmeyer flasks, 100-mL and 1000-mL volumetric flasks to measure the buffer/enzyme 

solution, a heating oven, a weighing scale with a precision of 0.01 g, a gyrotory 

shaker/incubator (New Brunswick Scientific, New Brunswick, NJ, Series 25), a squeezer, 

Whatmann #1 filters, and a vacuum-filtration apparatus. The squeezer used in this 

experiment was a kitchen potato ricer. All the glassware used for the experiment was 

properly cleaned and oven-dried at 100°C for 24 hr. 

3.2.2 Small-Scale Experimental Procedure 

The following procedure was adopted for the small-scale tests. 

1. Three liters of buffer solution was prepared in advance and refrigerated as 

described in Section 3.1. 

2. The buffer solution was then mixed with 150-mL (5%) of Multifect enzyme. 

3. Thirty-six 125-mL Erlenmeyer flasks were washed and oven-dried. 

4. Seventy-five mL of buffer/enzyme solution were put in each 125-mL 

Erlenmeyer flask. 

5. Preparation of cotton for the experiment 

(A) Twelve 0.5-g, twelve 1.0-g, and twelve 2.0-g cotton masses were 

weighed. 

(B) (i) For the experiments with crude oil, the weighed cotton samples 

were soaked in crude oil for 24 hr. Later, the oil was squeezed and 

allowed to drip for 15 min to remove as much oil as possible. 
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(ii) For the experiments without crude oil, the cotton samples needed 

no further preparation. 

6. The prepared cotton masses were then put in the flasks containing 75-mL 

buffer/enzyme solution and labeled as shown in Figure 3.1. 

7. All flasks were covered with parafilm to prevent the exposure of the contents 

in the flask to the atmosphere and inhibit mold formation. 

8. The flasks were fixed to the shaker plate on the gyrotory shaker as shown in 

Figure.3.2, which was set to 200 rpm and a temperature of 45°C. 

9. Three replicate flasks of each initial cotton mass at 6, 12, 18, and 24 days 

were removed. 

(A) Most of the oil was removed from the flasks using a pipette without 

disturbing the degraded cotton and stored in containers for disposal through 

the Department of Environmental Health and Safety at TTU. 

(B) No fiirther preparation was required for the flasks without crude oil. 

10. The filters were dried in a heating oven at 100°C to avoid any increase in the 

weight of the filters due to the presence of moisture. 

11. The contents of each flask were filtered through a 110-mm diameter 

Whatmann # 1 filter, using a vacuum filtration apparatus. 

12. The filters with the residual solids were oven-dried for 24 hr at 100°C and 

weighed. 

13. The percentage degradation of cotton was calculated as shown in Section 

3.2.3. 
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Figure 3.1. Cotton Masses in Buffer/Enzyme Solution 

Figure 3.2. Flasks Fixed to the Shaker Plate 
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3.2.3 Calculations 

The following calculations were performed for each sample. 

1. M, (g) represents the initial mass of cotton used in the sample. 

2. Mfl (g) represents the mass of oven-dried filter. 

3. Mfr (g) represents the mass of filter + residual cotton that are oven-dried. 

4. The percentage of residual cotton, R, and the percentage of cotton degraded, D, 

from the small-scale tests were given by Equations 2 and 3: 

R = 
Mfr-Mfi 

Mi 
100 

D=1QQ-R 

(2) 

(3) 

5. The standard deviation (SD) and standard error (SE) for the mean degradation rate 

(X) of cotton samples was calculated as shown in Equations 4 and 5. Xj 

represents the degradation rate of individual sample from N number of samples. 

SD = 
' N-\ 

n l / 2 

(4) 

SE = 
SD 

•X/A^-1 
(5) 

49 



6. The degradation rates of the samples were compared using Student's t-test for two 

means with unequal variances at 95% confidence level. All statistical analysis 

using t-tests for small-scale experiments can be found in Appendix C. 

3.3 Large-Scale Experiments 

From earlier research, it was found that oil-soaked cotton can be degraded by a 

process using enzymes to reduce the cotton fiber size and release the oil. The resulting 

short fibers of cotton can be further degraded to reduce the volume of residual fiber for 

easy disposal. The purpose of the large-scale experiments in my study was to observe the 

enzymatic degradation of cotton in an air-lift reactor, which represented the repeat or 

second step of enzymatic degradation. In this study, the experiments in the air-lift reactor 

were done in three phases at an ambient temperature of 23°C. These experiments were 

performed to establish [1] appropriate flow rate for mixing water and enzyme solution, 

[2] mixing time for enzyme denaturation and, [3] amount of degradation of cotton linters 

in the air-lift reactor. 

Cotton linters were used to simulate the second stage cotton fibers. Linters are 

short, fine cotton fibers that remain adhered to the cottonseed after the first ginning and 

later are separated by a second ginning. The large-scale experiments in this research used 

cotton linters, as shown in Figure 3.3, that were obtained from PYCO Industries, 

Lubbock, TX. 

50 



Figure 3.3. Cotton Linters 

3.3.1 Large-Scale Experimental Apparatus 

The large-scale air-lift reactor was made of plexiglas. It was cylindrically shaped 

in the middle and conical at top and bottom and can hold up to 20 gallons of solution. 

Figure 3.4 shows the dimensions and specifications of the air-lift reactor used in this 

study. A flow meter (Accucal, Gilmont Instruments) that read both in scfm and sLpm 

was fixed to the air-lift reactor as shown in Figure 3.5. The flow of air into the reactor 

was controlled by a valve fixed to the air-pipe. Air was allowed into the reactor in 

increments of 10 sLpm (Standard Liters per Minute) starting from the minimum to a 

maximum of 80sLpm. An infiision tube made of stainless steel with 1/32 inch holes and 

0.5-inch in diameter was used for bubbling air in the reactor is as shown in Figure 3.6. 
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Fig 3.4. Air-Lift Reactor 
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Figure 3.5. Flow Meter 

Figure 3.6. Infiision Tube 

Air was supplied to the air-lift reactor from the lab compressed air line. The 

exhaust line from the air-lift reactor was connected to a fume hood to prevent the 

emissions from the reactor into the lab atmosphere as shown in Figure 3.7. The reactor 
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was elevated by placing it on concrete blocks for easy collection of water or sludge from 

the bottom valve connection. 

Figure 3.7. Connection of Exhaust Line of Reactor to Fume Hood 

The materials used for large-scale experiments in the reactor were cotton linters 

that represented the small fibers from the preliminary enzyme treatment and 

buffer/enzyme solution. The linters were measured on a weighing scale with a precision 

of 0.01 g. The buffer enzyme solution was prepared as described in Section 3.1. A 

manual siphon pump was used to remove supematant liquid in the air-lift reactor. A 

plastic tray that held up to 8 L was used to collect the sludge from the bottom. 
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3.3.2 Large-Scale Experimental Procedure 

In the first large-scale experiment, water alone filled three-fourths, or 75 L (20 

gals), of the air-lift reactor as shown in Figure 3.8 to allow observation of two important 

aspects. The first aspect was to observe the level up to which water can be filled, while 

allowing turbulent mixing in the reactor. The next important aspect was to observe the 

distribution of bubbles in the reactor at various flow rates. The air flow into the reactor 

was monitored using the flowmeter on the inlet air pipe and controlled by the valve. 

Flow rates from the lowest (10 sLpm) to the highest (80 sLpm) were applied in 

increments of 10 sLpm. Further, the increments in flow rate were adjusted using the 

control valve on the flow meter. After completion of the experiment, water was collected 

from the bottom outlet of the reactor into a plastic tray that fits under the reactor. 

Figure 3.8. Water Filled to V* "" of the Air-Lift Reactor 
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The second experiment in the air-lift reactor was performed to observe if the 

Multifect enzyme denatured at a fixed flow rate, selected after the first experiment, over a 

period of time. Denaturation was inferred when agitation created a steady foam on the 

enzyme surface. Seventy-five liters of buffer/enzyme solution was filled in the reactor, 

and the selected flow rate (10 sLpm) was applied as shown in Figure 3.9. The air flow 

rate was controlled as described in the first experiment. The experiment was continued 

till a steady froth was observed floating on the buffer/enzyme solution in the reactor 

representing denaturation of the enzyme. At the end of the test, the solution was drained 

into a plastic tiay through the outlet at the bottom of the reactor for disposal. 

Figure 3.9. Buffer/Enzyme Solution in Air-Lift Reactor at lOsLpm 
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The third experiment in the air-lift reactor was done to determine the percentage 

of degradation of cotton linters by enzymatic action. The initial mass of cotton used in 

the experiments was 500 g in 75 L solution which was selected based on the small scale 

experiments (0.5 g in 75-mL buffer/enzyme solution). The cotton linters were soaked in 

water for 24 hr prior to starting the experiment to simulate the moist condition of the 

degraded fibers when recovered from a primary degradation step. The soaked cotton 

linters were then put in the reactor along with 75 L buffer/enzyme solution for 6 d at an 

air flow rate of 10 sLpm as shown in Figure 3.10. The linters were initially hand-stirred 

for complete contact with the solution before agitating the contents in the reactor with air. 

The air flow rate was controlled as described in the first experiment. 

Figure 3.10. Cotton Linters with Buffer/Enzyme Solution in Air-Lift Reactor 
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Two trials were conducted in the third experiment, hi both the trials, three 

100-mL samples were taken from the 75 L (20 gal) mixing solution in 250-mL flasks at 

the end of the 6' d, while the reactor was still running. After the 6"" day, the reactor was 

stopped, and the linters were allowed to settle for 24 hr. Both the presence of enzyme 

and mixing in the reactor contributed to the degradation of cotton linters. In the first trial, 

the sludge and the buffer/enzyme solution were drained from the bottom valve 

connection of the reactor. Three 100-mL samples were taken from a volume of 8 L after 

separating sludge from the drained solution to determine the degradation efficiency. In 

the second trial, the supematant solution was removed carefiiUy with a siphon pump 

without disturbing the settled sludge. The residual sludge with a volume of 8 L in the 

bottom cone of the reactor was then taken out into a tray. Three 100-mL samples of the 

residual settled sludge were taken into the 125-mL Erlenmeyer flasks. The contents in 

each flask from both the trials were filtered through a 110-mm diameter, Whatmann # 1 

filter using a vacuum filtration apparatus. To avoid any increase in the weight of the 

filters due to the presence of moisture, the fUters were previously dried in an oven at 

100°C. The filters with the residual solids were again oven-dried at 100°C for 24 hr and 

weighed. The percentage of the cotton degraded was calculated as shown in Section 

3.3.3. 
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3.3.3 Calculations 

The following calculations were performed for each sample in the third experiment of 

the large-scale tests. 

1. VsL (mL) represents the volume of solution from which sample was taken after 6 

d degradation 

2. Vs (mL) represents the volume of sample taken after 6 d from the degraded 

sludge. 

3. MT (g) represents the initial mass of cotton in the reactor. 

4. Mf, (g) represents the mass of oven-dried filter. 

5. Mfr (g) represents the mass of filter + residual cotton that are oven-dried. 

6. MM (g) represents the mean mass of cotton in N number of replicate samples as 

shown in Equation 6. 

7. Ms (g) represents the mass of cotton present in VSL volume of sample and was 

calculated as shown in Equation 7. 

T {Mfr-Mr) .,. 
M^ = ^ ^ ^ '- (6) 

M=r^k) (7) 
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8. The percentage of residual cotton (R) and the percentage of cotton degraded (D) 

from trials 1 and 2 of the large-scale tests was calculated as shown in Equations 8 

and 9: 

R = 
^ Ms^ 

yMrj 

D = \00-R 

100 (8) 

(9) 

7. All statistical analysis using t-tests for large-scale experiments can be found in 

Appendix C. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1 Small-Scale Experiments 

The small-scale experiments were conducted to determine the amount of 

enzymatic degradation of cotton with and without crude oil. The first experiment 

involved degradation of cotton without crude oil, and the second with crude oil. These 

experiments were conducted to compare the amount of degradation of cotton by 

Multifect ® enzyme used in this research with the Rapidase® enzyme employed in the 

experiments performed by Wyatt et al. (1997). The experiments were conducted for a 

period of 24 d with a 6-d sampling intervals with three different initial masses of raw 

cotton (0.5 g, 1 g, and 2 g) in 75-mL buffer/enzyme solution as discussed in Section 

3.1.2. The maximum S/E ratio employed in the present study was 26.7 g/L (2 g in 75-

mL solution) unlike the S/E ratio of 53.4 g/L (4 g in 75-mL solution) used in the study of 

Wyatt etal (1997). 

The degradation of all the cotton samples over specific degradation periods were 

statistically compared using Student's two-sample t-test. The t-test proves the hypothesis 

of equal means of any two samples sets with unequal variances assuming a 95%) 

confidence level. All statistical analyses are presented in Appendix C. 

4.1.1 Small-Scale Experiments without Crude Oil 

The small-scale experiments conducted without crude oil were intended to [1] 

observe the effectiveness of Multifect enzyme in degrading cotton and [2] compare the 

performance of Rapidase (R) over Multifect (M) in the degradation process. 
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Table 4.1 displays the results of the average degradation of cotton samples using 

Rapidase and Multifect enzymes after 6, 12, 18, and 24 d in a constant volume of 75-mL 

of buffer/enzyme solution. Table 4.2 compares the percentage degradation of cotton and 

presents the resuUs of the t-tests for equal means at a confidence level of 95%. 

Table 4.1. Percentage Degradation ofCotton without Crude Oil 
by Rapidase (R) and Multifect (M) 

6 
12 
18 
24 

Table 4.2. Comp 

Average Percentage Degradation of Cotton 
0.5 g 

R M 

69 63 
81 80 
89 88 
90 92 

I g 
R M 

57 48 
73 68 
83 84 
87 85 

2g 
R M 

46 27 
57 57 
61 61 
69 64 

arisen of Degradation Rates ofCotton with Multifect 
T .,. i n , i-r^ ^^ t-test Results for Equal Means 
iniiidi ividss oi \^o 

0.5 g to 1 g 
1 g to 2 g 

2 g to 0.5 g 

6 days 
Rejected 
Rejected 
Rejected 

12 days 
rejected 
rejected 
rejected 

18 days 24 days 
accepted Accepted 
rejected Rejected 
rejected Rejected 

In the experiments without crude oil using Multifect enzyme, an unexpected 

temperature drop was observed in the gyrotory shaker, which might have been due to 

equipment problems. After the 12"" day, the temperature in the flasks dropped from 45°C 

to 30°C. In the flasks containing 1 g cotton samples with enzyme/buffer solution, mold 

was observed to form after 12 d of the degradation period, which was indicated by a thin 

black film floating on the enzymatic solution. However, the samples containing 0.5 g 

and 2 g had no mold. The mold was suspected to have formed due to the unexpected 

temperature drop, which allowed the mold to grow. In the future, care should be taken to 
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prevent the unnecessary exposure of experimental materials (especially buffer/enzyme 

solution) to the atmosphere because mold spores are ubiquitous, and temperatures should 

be monitored atleast daily. 

Table 4.1 illustrates an increase in degradation of cotton with time by both 

Rapidase and Multifect enzymes. Rapidase showed higher degradation after 6 days, but 

the Multifect tests caught up at later times. When compared to the initial masses of 

cotton samples used in both the experiments, maximum degradation percentage was 

achieved with 0.5 g cotton at the end of 24 d. Student t-tests were used in this study to 

compare the degradation percentages of all the initial masses of cotton with Multifect 

enzyme. The results of the t-tests given in Table 4.2 show that almost all the degradation 

rates were statistically different with the exception of the 0.5 g and 1.0 g initial masses at 

18 and 24 d. 

As mentioned earlier in this Section, mold formation was observed in the 1 g 

cotton samples without crude oil after the 12* d. However, the degradation values of the 

affected samples without crude oil were not significantly different when compared to 

samples containing crude oil. This result shows that the enzymatic degradation continued 

at lower temperatures. Hence, the large-scale experiments in this research were 

conducted at a lower temperature (room temperature) than the 45°C of the small-scale 

experiments. 

Figure 4.1 displays the Multifect results shown in Table 4.2. The three curves 

represent the means and standard errors for triplicate values of the percentage of cotton 

degraded over time. It can be observed from Fig. 4.1 that in all the three curves, most of 
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the degradation took place by the 12"" d. However, in terms of the total weight of cotton 

degraded in 12 days, increasing amounts of cotton were degraded in 75-mL enzyme 

solution with increased initial weights. When 0.5 g was the initial weight of cotton, 0.4 g 

was degraded in 12 days. Similarly, 1.0 g initial weight resulted in 0.68 g degraded and 

2.0 g resulted in 1.14 g degraded in 12 days. Thus, the greater the initial weight, the 

larger the amount of cotton degraded in 12 days in the same amount of enzyme solution. 
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Figure 4.1. Time vs % Degradation ofCotton with Multifect 

4.1.2 Small-Scale Experiments with Crude Oil 

The experiments with crude oil were conducted to [1] observe the degradation of 

oil-soaked cotton with MuUifect enzyme, and [2] compare the degradation performance 

of Rapidase (R) and Multifect (M) enzymes. The results of the experiments with crude 

oil were tabulated similar to the experiments conducted without crude oil. Table 4.3 
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gives the average amount of cotton degraded using Rapidase and Multifect over 24 d at a 

time interval of 6 d. Also, the degradation rates of oil-sorbed cotton at various 

degradation periods were compared using the t-test for equal means at a 95% confidence 

level, as presented in Table 4.4. 

Table 4.3. 

Time (d) 

6 
12 
18 
24 

Percentage Degradation of Cotton with Crude Oil 
by Rapidi ise (R) and Multifect (M) 

Average Percentage 

0.5 

R 

66 
86 
92 
93 

g 

M 

71 
75 
87 
92 

R 

51 
82 
86 
89 

; Degradation of Cottor 

I g 

M 

66 
70 
85 
87 

2g 

R 

0 
63 
74 
78 

1 

M 

48 
65 
80 
85 

Table 4.4. Comparison of Degradation Rates of Oil-Sorbed Cotton 
with Multifect 

Initial Mass of Cotton 

0.5 g to 1 g 
1 g to 2 g 

2 g to 0.5 g 

t-test Results for Equal Means 
6 days 

accepted 
rejected 
rejected 

12 days 
accepted 
accepted 
accepted 

18 days 
rejected 
accepted 
accepted 

24 days 
Accepted 
Accepted 
Accepted 

Rapidase enzyme used in the experiments of Wyatt et al. (1997) showed no 

degradation within the 6-d period at 2 g initial mass of cotton, while significant 

degradation was observed with Multifect in the same time period, as shown in Table 4.3. 

On the whole, it was found that the degradation of 2 g initial mass oil-sorbed cotton over 

the 24 d degradation period was higher with Multifect enzyme compared to Rapidase 

enzyme. Table 4.4 shows that almost all of the t-test results were accepted with no 

statistical difference at 12'\ 18"", and 24'^ d. The one rejected test was a comparison of 
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the degradation of the smallest (0.5 g) and largest (2 g) amounts of cotton. Also, the 

values comparing the samples containing 0.5 g and 1 g cotton were statistically similar at 

t he6^12^and l8" ' d . 

My degradation percentages of cotton with and without oil in this study using 

Multifect enzyme are presented in Table 4.5. The experiments involving the degradation 

of oil-soaked cotton were initiated to observe the effect of crude oil, as a contaminant, in 

inhibiting the degradation efficiency of Multifect enzyme on the cotton samples. The 

degradation resuUs explicitly showed an increase in the degradation percentage of the 

larger initial cotton mass (2 g) in the presence of crude oil. Also, the temperature was 

constantly monitored and maintained at 45°C to avoid any drop as in the experiments 

without crude oil. Hence, it can be inferred from the increase in degradation percentage 

that the enzymatic activity was favored even in the presence of crude oil. 

Table 4.5. Comparison of Degradation Rates ofCotton in the 
Presence and Absence of Crude Oil with Multifect 

Time Percentage Degradation ofCotton 
(d) 0.5 g I g 2g 

Without Oil WithOU Without Oil With OU Without Oil With Oil 
6 
12 
18 
24 

63 
80 
88 
92 

71 
75 
87 
92 

48 
68 
84 
85 

66 
70 
85 
87 

27 
57 
61 
64 

48 
65 
80 
85 

Figure 4.2 displays the percentage degradation of oil-soaked cotton with Multifect 

given in Table 4.3. The means and standard error bars for the triplicate values of cotton 

degradation are presented for all the three curves in Figure 4.2. Some of the standard 

error bars of the different masses of cotton overlapped and are not distinctly visible. 
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Similar to tiie resuUs wiUiout crude oil, the degradation of oil-soaked cotton increased 

with increase in initial weight of cotton. 

In a constant volume of Multifect enzyme solution, the least amount of residue of 

oil-soaked cotton, or maximum amount of degradation, was observed with 2 g cotton 

sample analogous to the experiments without crude oil. From Figure 4.2, it can be 

noticed that greater amounts of cotton degraded at any particular time period with 

increase in initial weights using Multifect enzyme. 
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Figure 4.2. Time vs % Degradation of Oil-Soaked Cotton using Multifect 
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4.2 Large-Scale Experiments 

The large-scale experiments were intended to [1] find an optimal air-flow rate 

at which the cotton would degrade without denaturing the enzyme and [2] determine 

the amount of degradation of cotton linters with Multifect enzyme in a large scale. 

The large-scale experiments were conducted in an air-lift reactor. Three kinds of 

experiments were carried in the air-lift reactor. The first experiment involved only 

water, the second experiment with buffer/enzyme solution, and the third with cotton 

linters in buffer/enzyme solution. 

Certain problems were encountered and solved while assembling and 

operating the air-lift reactor. Before starting the experiments in the air-lift reactor, it 

was found necessary to apply grease to the gasket at the flange in between the central 

cylinder and bottom conical portion of the plexiglas to prevent leakage of water due 

to agitation in the reactor. Application of methylene chloride was also necessary at 

some of the plexiglas joints to seal and prevent any leakage due to the turbulence in 

the reactor. Furthermore, all the air valves were carefully closed after the completion 

of the experiment to avoid backflow of water into the flow meter. Also, the cotton 

linters were pre-soaked in water for 24 hr before placing in the air-lift reactor to 

simulate the type of wet substrate that would enter this second stage reactor. 

4.2.1 Water in Air-Lift Reactor 

The first experiment in the air-lift reactor used only water. Water was filled to 

three-fourths of the air-lift reactor volume (75-L or 20 gallons). Air-flow rates up to 

80 sLpm were applied in increments of 10 sLpm. The experiment was intended to 
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check if the water would flow over the upper flange of the reactor due to agitation 

caused by air bubbles. It was observed that water did not overflow even at the 

maximum turbulence caused by 80 sLpm. The bubbles entering the reactor from the 

infusion pipe were more uniformly distributed in the reactor at higher air-flow rates 

compared to lower flow rates. The distribution of bubbles and the dead zone in the 

reactor at 10 sLpm were as shown in Figure 4.3. However, the usage of higher flow 

rates might cause enzyme to denature. Hence, the optimal flow rate for mixing 

without denaturation in the next experiments in this research was chosen as 10 sLpm. 

Figure 4.3. Distribution of Bubbles in Air-lift Reactor at 10 sLpm 
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4.2.2 Buffer/Enzyme Solution in Air-Lift Reactor 

The second set of experiments in the air-lift reactor employed buffer/enzyme 

solution. This experiment was performed to find the time required for the Multifect 

enzyme to denature due to turbulence. As described in Section 3.2.1, 75 L (20 gal) of 

buffer/enzyme solution was agitated in the air-hft reactor at a steady air flow rate of 10 

sLpm. A stable foam floating on the top of the solution was noticed at the end of the 

3'̂ '' d (72 hr) representing denaturation of the Multifect enzyme as shown in Figure 4.4. 

The experiment was suspended after the denaturation of enzyme was noticed. However, 

the same flow rate was applied in the next experiment to observe the time taken for 

denaturation of enzyme with cotton linters in the buffer/enzyme solution. 

Figure 4.4. Denamration of Enzyme at the end of 3 d (72 hr) 

4.2.3 Cotton Linters in Buffer/Enzvme Solution 

The third experiment in the air-lift reactor was conducted using 500 g cotton 

linters in 75L buffer/enzyme solution based on the amount of cotton used in small-scale 

experiments (0.5 g in 75-mL). This experiment was done to determine the percentage of 

degradation of small cotton fibers by Multifect enzyme in the air-lift reactor at a large 
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scale. The cotton linters were degraded in the reactor at a steady flow rate of 10 sLpm 

for 6 d in 75 L (20 gal) buffer/enzyme solution. 

The mixing of solution and cotton linters in the air-lift reactor at 10 sLpm kept the 

cotton mass in suspension and allowed more contact with the enzyme for better 

degradation. At the end of 72 hr (3 d) of the experiment, the Multifect enzyme showed 

no signs of denaturing, but by the end of the 96 hr (4 d), the enzyme degradation was 

represented by foam at the water surface. However, the experiment was continued till the 

6' d to observe if the froth was formed due to the bubbling of solution in the reactor or 

denaturation of enzyme. The stable foam on the water surface from the 4**̂  day until the 

6' day confirmed the denaturation of enzyme. In contrast to the earlier large-scale test, 

the enzyme in the 3'̂ '' experiment took 24 hr more to denature. This delay might have 

been due to the additional energy required to mix both the cotton linters and enzyme 

solution, leading to decreased turbulence of mixing as compared to the second 

experiment. 

Two trials were conducted to determine the degradation of cotton at large scale. 

Initially three 100-mL samples were taken from the mixing solution after the 6 d 

degradation period in both the trials. However, the concentration of cotton in the mixing 

solution of the air-lift reactor was not uniform. Next, the sludge in the air-lift reactor was 

allowed to settle for 24 hr. At the end of the first tiial of the third experiment, the 

buffer/enzyme solution and the cotton sludge were drained from the reactor through the 

valved opening at the bottom of the reactor and a 2 gal volume of sludge with solution 

collected. Some amount of cotton was lost during the collection of sludge and solution 
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from bottom, hi the second trial, the enzyme solution was carefully drained from top of 

the reactor using a siphon pump and 2 gal of residual sludge was collected as described in 

Section 3.2.2. None of the cotton was lost by removing the buffer/enzyme solution using 

a siphon pump from top. Table 4.6 gives the estimated mass from average concentrations 

after 6 d degradation in the air-lift reactor and the percentage degradation of cotton linters 

by Trial 1 and 2 in the air-lift reactor with Multifect enzyme. The estimate for real 

behavior was more reliable by Trial 2 since there was no loss of cotton or sludge during 

the collection. 

Table 4.6. Estimated Mass and % Degradation ofCotton Linters in Air-Lift 
Reactor by Trial 1 and 2 

Trial 

1 
2 

Samples from 2 gal Residual Sludge 

Estimated Mass from 
Average 

Concentrations g 
75 
150 

% Degraded 

85 
70 

Samples from 20 gal Mixing Solution 

Estimated Mass 
from Average 

Concentrations g 
155 
320 

% Degraded 

70 
36 
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CHAPTER V 

5.0 DESIGN CONSIDERATIONS 

5.1 Cost Analysis 

The quantities and cost of the materials required to clean up a 1,000,000 gallon oil 

spill were estimated based on the amounts used in the present study and earlier research. 

The materials include the amount of cotton to clean up the spill and enzyme required to 

degrade the oil-sorbed cotton. The small-scale experiments in the present study used 0.5 

g cotton in 75-mL buffer/enzyme solution with 5% MuUifect enzyme. The assumptions 

and calculations for a first-stage enzyme/buffer solution reactor are given below. 

1. All of the oil will be picked up with the raw cotton sorbent. 

2. The sorbent will be squeezed and reused up to five times. 

3. 12.6 gal of crude oil can be recovered per lb of cotton (Nash et al. 1994) 

4. 5 gal of enzyme solution will degrade 2.2 lb oiled cotton. 

5. 1,000,000 gal will require 79,400 lb of cotton for clean up (equivalent to 158 

bales @ 500 lb/bale). 

6. 180,400 gallons of 5% enzyme solution or 9,020 gallons of 100%) solution 

(180,400/20 = 9,020) will be required to degrade 158 bales of cotton. 

7. Cost of 5 gallons of 100%) Multifect enzyme supphed by Genencor International 

will be $181.90. This price is a "worst case scenario" on cost (if buying the 

enzyme per kilogram); Genencor quoted "dramatic" but unspecified decrease in 

price if bought in bulk. 

8. 1804 5-gal buckets of 100%) enzyme will be required for 9,020 gal of enzyme. 
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9. Cost of enzyme to degrade all oil-soaked cotton, using enzyme solution once is 

$328,000 (1804 buckets x $181.90/5-gal bucket). 

10. If the enzyme is used twice for 10%) makeup with new enzyme solution for 

second degradation, the cost of enzyme to clean up 1,000,000 gal of crude oil will 

be $196,900 ($164,100 + $32,800). The reason 10% was added is that the second 

time a batch of enzyme solution is used, it degrades about 10%) less substrate (or 

10% fresh enzyme solution must be added). 

11. Cotton is available at the rate of $ 0.58/lb. The cost of 79,400 lb cotton will be 

$46,000. 

12. The total cost of the materials for a 1,000,000-gal oil spill can be estimated as 

$242,900. 

13. Cost of materials per gal of oil recovered is $0.24/gal. 

5.2 Design of Air-Lift Reactor 

The degradation of oil-sorbed cotton in a large-scale system involves two steps. 

The oil-soaked cotton is initially degraded in a primary degradation chamber to provide 

contact between the enzyme and oil-sorbed cotton. In the first step, most of the oil 

separates from the cotton by enzymatic degradation and floats on top of the solution. The 

smaller cotton fibers from the primary step can be further degraded and reduced in 

volume by a secondary degradation mechanism in an air-lift reactor. 
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1. The air-lift reactor used in the present study could hold 20 gal of solution. It was 

cylindrical in the middle and conical at its bottom. The total volume of the air-lift 

reactor was 0.0968 m .̂ 

2. The volume of the contents in the air-lift reactor is the sum of volume of cotton 

and the buffer/enzyme solution. 

3. From Section 5.1, the volume of buffer/enzyme solution for a 1,000,000-gal oil 

spill would be 189000 gal (9020 + 20 x 9020), which is 715 m\ and the volume 

ofcottonis680m^. 

4. For a circular air-lift reactor, the height of the reactor can be fixed as 5 m, which 

includes 4 m depth of water above the infusion pipe and free board. Hence, a 

similar air-lift reactor for a 1,000,000 gallon oil spill could have a diameter of 19 

m and total depth of 5 m. 

Actual cost of such a reactor would finally depend on the location of the reactor. The 

reactor had to be on-board an ocean-going vessel, or it could be built on shore on solid 

ground. The installation details and operational costs of air blowers would also be 

affected by the mobile or static installation. Precise estimates of these devices were 

beyond the scope of this thesis. 

5.3 General Conceptual Design Considerations 

Estimation of oil spill clean up costs vary based on oil type, location (open 

sea or near shore, local economy and environmental impact), spill size, and clean up 

method (Etkin 2001). Precise estimates of the complete application of the cotton 
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sorbent/enzyme degradation approach are not within the scope of this thesis. However, it 

is possible to conceptually describe the methodology for use at sea. The goals of the spill 

clean up include recovery of the oil, minimization of the final volume of cotton substrate, 

and disposal of the spent enzyme solution. More precise description and cost estimation 

will require direct interaction with professionals experienced in the deployment and 

recovery of marine remediation systems. 

First, the oil is spilled into the open ocean. Cotton sorbents can be deployed in 

pad form with woven cotton covers. The pads can be squeezed, re-soaked in water to 

remove more oil, and reused up to five times. The spent squeezed cotton pads could then 

be chopped into pieces less than 6 in long before placement in the first enzyme/buffer 

solution reactor to increase cotton-enzyme contact. Chopping devices are used in the 

food (guillotine), agricultural (silage), and solid waste industries. A conveyor beU could 

then dump the chopped cotton into the first reactor. Preliminary detention time to 

separate oil could be allowed up to 24 hr, with weir overflow from the reactor to recover 

lower viscosity oil components that float to the surface, leaving more viscous 

components with the degrading cotton mats. The mats of oil fibers would then be 

"snipped" by the enzyme in the first reactor, which should cause a 50%) reduction in 

cotton substrate. The reactor should be mixed mechanically to ensure proper mixing of 

the enzyme/buffer solution with the cotton fibers. Based on the lab experiments, the total 

detention time in the first reactor should be at least 6 d, but not more than 12 d. After the 

mixing time is completed, the first reactor can be shut down to allow fibers to settle to a 

trough-type sump for transfer by a sludge pump to a second reactor. The spent 
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enzyme/buffer solution could be disposed into municipal sewer systems in on-shore 

applications, or dispersed into the ocean, depending on regulatory requirements. 

In the second reactor, the sludge would meet a fresh enzyme/buffer solution with 

mixing by air lift. Based on the lab tests, a detention time of 3 d to 6 d could be used, 

with care to prevent denaturing of the enzymes. The mixed solution could then be 

tiansferred to a final clarifier for separation of the remaining solids from the 

enzyme/buffer solution. The separated solution could be recycled to either the first or 

second reactor. The settled residual solids would then be pumped from the clarifier as a 

sludge, which could be placed into a municipal sewage treatment facility, assuming 

hydrocarbon concentrations are below regulatory limits, or processed by air drying with 

final disposal of the dried solids in a proper landfill. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The general purpose of this study was to investigate the effect of a commercial 

cellulose enzyme in degrading oil-sorbed cotton. The specific objectives of this research 

were to [1] compile the published and unpublished data available in this field of study for 

public availability as a single document; [2] study the degradation of cotton at both small-

scale and large-scale and determine the economic feasibility of the process. The major 

conclusions of this study are summarized in the following Sections. 

6.1.1 Literature Review Conclusions 

This thesis documented the research done on the cellulose sorbents used to 

cleanup environmental spills. Several sorbents such as raw cotton, wool, and 

polypropylene were studied to clean up oil spills by Manjrekar (1971), Schrader (1993) 

and Nash et al. (1994). The absorption capacities of various cellulose sorbents were 

observed by researchers and, raw cotton was determined to have highest oil retention 

capacity. With the finding of raw cotton as the best sorbent, and owing to its disposal 

problems, Wyatt et al. (1997) invented a technique to degrade and minimize the volume 

of contaminated cellulase sorbents by the apphcation of commercially available cellulase 

enzymes. Later, Swift (1998) and Jones (2000) adopted this method to degrade the 

radionuclide contaminated wastes such as cheesecloth, raw cotton, and laboratory wipes 

used for cleaning of radioactive wastes produced at Los Alamos National Laboratory. 

The results of their work showed the effects of plutonium, nitrates, glucose, and other 

78 



possible contaminants in waste stream on the enzymatic activity, which proved very 

useful for future application and study. The research at TTU on the degradation of 

contaminated cellulose focused only on the small scale experiments until now. This 

thesis project extended the study to large scale experiments using air-lift reactor and also 

estimated the cost and volume for real application. 

6.1.2 Small-Scale Experimental Conclusions 

The major small-scale experimental conclusions of this study are summarized as 

follows. 

1. As the initial weight of cotton increased, the amount of enzymatic degradation (as 

a percentage of the initial amount) decreased with both Rapidase and Multifect. 

However, the total amounts of cotton degraded increased with increasing initial 

amounts of cotton. Multifect degraded more cotton quickly than Rapidase at 

higher initial mass of cotton (2 g) in the presence of crude oil. 

2. The presence of crude oil in the experiments using Multifect enzyme did not 

adversely affect the degradation of cotton. 

6.1.3 Large-Scale Experimental Conclusions 

The major large-scale experimental conclusions of this study are summarized as 

follows. 

1. In the air-lift reactor, the adoption of lower air-flow rates (<10 sLpm) reduced the 

turbulence of the mixing solution, thus decreasing the risk of enzyme 

denaturation, and facilitating more complete degradation of cotton, compared to 

higher flow rates. 
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2. This study indicates that the degradation of cotton at large-scale was significant 

even at ambient temperature while maintaining a constant pH of 4.5. 

6.2 Recommendations 

Based on the results of the present study, the following recommendations can be 

made for future work in this field of research. 

1. From the observations in the large-scale experiments of this research, flow rates 

lesser than that used in this study for the enzymatic degradation of cotton linters 

are recommended to be tested in fiiture experiments for this reactor configuration. 

This approach might prevent the denaturation of Multifect enzyme within the 

initial 6 d degradation period as approximately 50% of the cotton degrades during 

that time period. 

2. In the future, the large-scale experiments must focus on conducting experiments 

at ambient temperamre since significant degradation was also observed at that 

temperature. However, the pH of the buffer/enzyme solution should always be 

maintained at 4.5. 

3. Large-scale degradation of cotton in the presence of crude oil in the air-lift reactor 

should also be studied. This particular step was avoided in this research due to 

clean-up problems. 
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A. 1.0 Degradation ofCotton Without Crude Oil 

Table A. 1.1. Raw Data for 6-Day Degradation Period of 0.5 g Cotton 

Mass of Clean Filter J^^^t^/ 
, . Dirty Filter %Residual %Degraded 
^̂ ^ (g) 
0.78 

0.77 

0.75 

Average 

0.98 

0.95 

0.93 

40 
36 
36 
37 

60 
64 
64 
63 

Table A. 1.2. Raw Data for 6-Day Degradation of 1 g Cotton 

Mass of Clean Filter _._^ _,.,̂  . ,_ . , , . . ^ , , 
. . Dirty FUter %Residual %Degraded 
^̂ ^ (g) 
0.78 

0.75 

0.83 

Average 

1.30 

1.21 

1.40 

52 
46 
57 
52 

48 
54 
43 
48 

Table A. 1.3. Raw Data for 6-Day Degradation of 2 g Cotton 

Mass of Clean Filter ^^^^^^^^^ o/„Residual %Degraded 

^̂ ^ (g) 
0.76 

0.69 

0.78 

Average 

2.04 

2.20 

2.36 

64 
75 
79 
73 

36 
24.5 

21 
27 
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Table A.1.4. Raw Data for 12-Day Degradation of 0.5 g Cotton 
Mass of Clean Filter Mass of Dirty „,„ ., , „,_ 

(g) FiUer(g) /"Residual %Degraded 
0?77 088 22 78 
0.80 0.90 20 80 
0.77 0.86 18 82 

Average 20 80 

Table A.1.5. Raw Data for 12-Day Degradation of 1.0 g Cotton 

Mass of Clean Filter MassofDi^rty o/„Res,dual %Degraded 
(g) Filter (g) ^ 

0.78 
0.79 

0.80 
Average 

1.10 
1.08 
1.15 

32 
29 
35 
32 

68 
71 
65 
68 

Table A.1.6. Raw Data for 12-Day Degradation of 2.0 g Cotton 

Mass of Clean FUter MassofDi^rty o/„Residual %Degraded 
(g) Filter (g) 

0.78 1.64 43 57 
0.77 1.71 47 53 
0.79 1.58 39.5 60 

Average 43 57_ 

85 



Table A. 1.7. Raw Data for 18-Day Degradation of 0.5 g Cotton 

Mass of Clean Filter ^^^^ °^ 
(g) Dirty Filter %Residual %Degraded 

(g) 
0.77 

0.76 

0.77 

Average 

0.82 

0.83 

0.83 

10 
14 

12 

12 

90 
86 

88 

88 

Table A. 1.8. Raw Data for 18-Day Degradation of 1.0 g Cotton 
Mass of Clean Filter Mass of Dirty „,„ . , , „,_ 

(g) Fiher(g) %Residual %Degraded 
079 096 17 83 
0.77 O90 13 87 

076 098 19 81 
Average 16 84 

Table A. 1.9. Raw Data for 18-Day Degradation of 2.0 g Cotton 
Mass of Clean Filter Mass of Dirty 

(g) Filter (g) 
%)Residual %Degraded 

0.78 

075 
0.77 

Average 

1.20 

1.68 

1.77 

21 
46.5 

50 
39 

79 
53.5 

50 
61 

86 



Table A.1.10. Raw Data for 24-Day Degradation of 0.5 g Cotton 

Mass of Clean Filter J^^^t^/ 
. . Dirty Filter %Residual %Degraded 
^̂ ^ (g) 
0.76 

0.80 

0.80 

Average 

O80 
085 
083 

8 
10 
6 
8 

92 
90 
94 
92 

Table A. 1.11. Raw Data for 24-Day Degradation of 1.0 g Cotton 

Mass of Clean Fiher Mass of Dirty o/̂ R^sidual o/„Degraded 
(g) Filter (g) ^ 
0.74 

0.78 

0.76 

Average 

0.96 

086 
0.96 

22 
8 
15 
15 

78 
92 
85 
85 

Table A.1.12. Raw Data for 24-Day Degradation of 2.0 g Cotton 
Mass of Clean Filter MassofDi^rty o/„Residual %Degraded 

(g) Filter (g) 
0.77 

081 
0.79 

Average 

1.61 

1.53 

1.39 

42 
36 
30 
36 

58 
64 
70 
64 

87 



A.2.0. Degradation ofCotton With Crude Oil 

Table A.2.1. Raw Data for 6-Day Degradation of 0.5 g Cotton 
Mass of Clean Filter Mass of Dirty 7Z~r~rTZ T T 

(g) Filter (g) %Residual %Degraded 

0.73 0.88 30 70 
0.80 0.93 26 74 
0.82 0.88 32 68 

Average 29 71 

Table A.2.2. Raw Data for 6-Day Degradation of 1.0 g Cotton 

Mass of Clean Filter MassofDi^rty o/„Residual o/„Degraded 
(g) FUter (g) 
0.78 

077 
0.78 

Average 

1.02 

1.20 

1.14 

24 
43 
36 
41 

76 
57 
64 
59 

Table A.2.3. Raw Data for 6-Day Degradation of 2.0 g Cotton 

Mass of Clean Filter MassofDi^rty o/„Residual %Degraded 
(g) Filter (g) 
0.77 

081 
078 

Average 

1.69 

1.79 

2.02 

46 
49 
62 
52 

54 
51 
38 
48 

88 



Table A.2.4. Raw Data for 12-Day Degradation of 0.5 g Cotton 
Mass of Clean Filter Mass of Dirty „,„ . , , „ ,^ , , 

, s. „.,^ , , -̂  yoResidual yoDegraded 
(g) Filter (g) ^ 
0.78 

0.77 

077 
Average 

088 
089 
0.92 

20 
24 
30 
25 

80 
76 
70 
75 

Table A.2.5. Raw Data for 12-Day Degradation of 1.0 g Cotton 

Mass of Clean Fiher MassofDi^rty o/^R.̂ jdual %Degraded 
(g) Filter (g) 
0.77 

0.76 

0.77 

Average 

0.47 

0.44 

0.49 

30 
32 
28 
30 

70 
68 
72 
70 

Table A.2.6. Raw Data for 12-Day Degradation of 2.0 g Cotton 
Mass of Clean Filter MassofDi^rty o/„Residual %Degraded 

(g) FUter (g) 

0.77 

0.79 

0.79 

Average 

1.26 

1.89 

1.30 

24 
55 
25 
35 

75.5 

45 
74.5 

65 

89 



Table A.2.7. Raw Data for 18-Day Degradation of 0.5 g Cotton 

Mass of Clean Filter Mass of Dirty o/R„idnal %Depraded , X T̂ -i, / \ /oivesiuudi /oivcgrducu (g) Filter (g) ^ 
0.78 

0.77 

0.78 

Average 

0.85 

083 
0.84 

14 
12 
12 
13 

86 
88 
88 
87 

Table A.2.8. Raw Data for 18-Day Degradation of 1.0 g Cotton 

Mass of Clean Filter MassofDi^rty o/„Residual -^Degraded 
(g) Filter (g) 
081 
0.76 

078 
Average 

0.97 

061 
0.92 

16 
15 
14 
15 

84 
85 
86 
85 

Table A.2.9. Raw Data for 18-Day Degradation of 2.0 g Cotton 

Mass of Clean Filter Mass of Dirty o/„Residual %Degraded 
(o\ Filter (Q) (g) Filter (g) 
081 
078 
081 

Average 

1.29 

1.30 

1.25 

24 
26 
12 
21 

78 
74 
88 
79 

90 



Table A.2.10. Raw Data for 24-Day Degradation of 0.5 g Cotton 
Mass of Clean Filter Mass of Dirty „,„ . , , „,_ 

(g) Filter (g) /"Residual %Degraded 
077 
0.79 
0.79 

Average 

08 
081 
086 

6 
4 
14 
8 

94 
96 
86 
92 

Table A.2.11. Raw Data for 24-Day Degradation of 1.0 g Cotton 
Mass of Clean Filter Mass of Dirty „,_ ., , „.-^ , , 

. . T-w / N %Residual %)Degraded 
(g) FUter (g) ^ 

078 
076 
081 

Average 

0.90 
0.95 
Oi l 

12 
19 
7 
13 

90 
81 
91 
87 

Table A.2.12. Raw Data for 24-Day Degradation of 2.0 g Cotton 
Mass of Clean Filter MassofDi^rty o/„Res,dual %Degraded 

(g) Filter (g) 
0.79 
0.78 
0.78 

Average 

1.01 
1.07 
1.18 

11 
15 
20 
15 

89 
83 

81.5 
85 

91 



A.3.0 Degradation ofCotton Linters in Air-Lift Reactor 

Table A.3.1. Raw Data for Samples from Mixing Solution (20 gal) of Air-Lift Reactor by 
Trial 1 

Replicates Mass of Clean Mass of Dirty ^ . 
Filter(g) Fiher(g) Dirty-Clean 

Rephcatel 0.76 
Replicate2 0.79 
Replicate3 0.76 
Average 

0.98 
1.05 
088 

0.22 g 
0.26 g 
0.12 g 
0.20 g 

Table A.3.2. Vo Degradation ofCotton Linters from Mixing Solution by Trial 1 

Initial Mass of Linters 
Mass of Residual Sludge 

%Residual 
%oDegraded 

500g 
150 g 
30% 
70% 

Table A.3.3. Raw Data for Samples from Residual Sludge (2 gal) in Air-Lift Reactor by 
Trial 1 

Replicates Mass of Clean Filter 
(g) 

Rephcatel 0.78 
Replicate2 0.76 
Replicate3 0.79 
Average 

Mass of Dirty Filter „-^ /-., 
, , -̂  Dirty-Clean 
(g) 

2.04 1.26 g 
1.67 0.91 g 
1.57 0.78 g 

0.98 g 

Table A.3.4. Vo Degradation ofCotton Linters from Residual Sludge by Trial 1 

Initial Mass of Linters 
Mass of Residual Sludge 

%Residual 
%)Degraded 

500g 
75 g 
15% 
85% 
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Table A.3.5. Raw Data for Samples from Mixing Solution (20 gal) of Air-Lift Reactor by 
Trial 2 

Rephcates Mass of Clean Mass of Dirty ^ . ^, 
Filter(g) Filter(g) Dirty-Clean 

Rephcatel 0.79 
Replicate2 0.82 
Replicate3 0.79 
Average 

1.17 
1.24 
1.25 

Table A.3.6. Vo Degradation ofCotton Linters from Mixing 

Initial Mass of Linters 
Mass of Residual Sludge 

%)Residual 
%Degraded 

500g 
320 g 
64% 
36% 

0.38 g 
0.42 g 
0.46 g 
0.42 g 

Solution by Trial 2 

Table A.3.7. Raw Data for Samples from Residual Sludge (2 gal) of Air-Lift Reactor by 
Trial 2 

Replicates Mass of Clean Mass of Dirty _._^ „, 
T7U / N ITU / N Dirty-Clean Filter(g) Filter(g) 

Rephcatel 0.77 
Rephcate2 0.77 
Replicate3 0.82 
Average 

2.95 
2.81 
2.70 

2.18g 
2.04 g 
1.88 g 
2.03 g 

Table A.3.8. Vo Degradation ofCotton Linters from Residual Sludge by Trial 2 

Initial Mass of Linters 
Mass of Residual Sludge 

%Residual 
%)Degraded 

500g 
155 g 
30% 
70% 
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B.1.0 Standard Errors for the Degradation ofCotton without Crude Oil 

Table B.1.1. 0.5 g Cotton without Crude OU 

Time (d) 

6 
12 
18 
24 

% 
Degradation 

63 
80 
88 
92 

SD* 

2.3 
2.0 
2.0 
2.0 

SE** 

1.33 
1.5 
1.5 
1.5 

*SD = Standard Deviation, ** SE = Standard Error 

100 

80 

S3 

.o 

-§ 60 
00 
lU 
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^ 40 

20 

10 15 20 
Time (days) 

25 30 

Figure B.1.1. Standard En-or Bars for 0.5 g Cotton without Crude Oil 
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Table B.1.2. 1.0 g Cotton without Crude Oil 

Time (d) 

6 
12 
18 
24 

% 
Degradation 

48 
68 
84 
85 

SD* 

5.5 
3.0 
3.0 
7.0 

SE** 

3.2 
1.7 
1.8 
4.0 

SD = Standard Deviation, ** SE = Standard Error 

100 

80 
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S 60 
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00 

Q 40 

20 

10 15 20 

Time (days) 

25 30 

Figure B.1.2. Standard Error Bars for I g Cotton without Crude Oil 
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Table B.1.3. 2.0 g Cotton without Crude Oil 

Time (d) 

6 
12 
18 
24 

% 
Degradation 

27 
57 
61 
64 

SD* 

7.8 
3.0 
3.7 
6.0 

SE** 

4.5 
1.7 
2.2 
3.5 

* SD = Standard Deviation, ** SE = Standard Error 

i3 
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00 
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80 
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40 

20 

10 15 20 

Time (days) 

25 30 

Figure B.1.3. Standard Error Bars for 2 g Cotton without Crude Oil 
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B.2.0 Standard Errors for the Degradation ofCotton with Crude Oil 

Table B.2.1. 0.5 g Cotton with Crude Oil 

100 

80 

•B 60 
TO 

T3 
2 
00 

a 40 

20 

% 
Time (d) Degradation SD'' SE * * 

6 
12 
18 
24 

71 
75 
87 
92 

3.0 
5.0 
1.1 
5.3 

1.8 
2.9 
0.6 
3.0 

* SD = Standard Deviation, ** SE = Standard Error 

10 15 20 

Time (days) 

25 30 

Figure B.2.1. Standard Error Bars for 0.5 g Cotton with Crude Oil 
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Table B.2.2. 1 g Cotton with Crude Oil 

Time (d) 

6 
12 
18 
24 

% 

Degradation 

66 
70 
85 
87 

SD* 

1.5 
1.0 
1.1 
5.5 

SE** 

09 
06 
06 
3.2 

* SD = Standard Deviation, ** SE - Standard Enror 

10 15 20 

Time (days) 

25 30 

Figure B.2.2. Standard En-or Bars for 1 g Cotton with Crude Oil 
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Table B.2.3. 2 g Cotton with Crude Oil 

Time (d) 

6 
12 
18 
24 

Vo 
Degradation 

48 
65 
80 
85 

SD* 

8.5 
17.3 
7.1 
4.0 

SE** 

4.9 
10.0 
4.1 
2.3 

* SD = Standard Deviation, ** SE = Standard Error 

10 15 20 

Time (days) 

25 30 

Figure B.2.3. Standard En-or Bars for 2 g Cotton with Crude Oil 
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Student's t-test for equal means 

The statistical t-value (t stat) was calculated using the data analysis tool for t-tests of two 

samples with unequal variances in Microsoft Excel spreadsheet. The procedure for t-tests 

was borrowed from Jones (2000). The t critical (t a, df) was chosen from the math tables for 

Student's Distribution (Berthouex et al.). The selected t critical was then compared with 

the t Stat. 

The hypothesis. Ho, is accepted if tstat < t critical (t a, n+m-2) 

Ho is rejected if the tstat > t critical (t a, n+m-2) 

t . "^^ 
5^*(l/« + l/m)' 

S„ = 1=1 M 

'" \ n + m-2 

Degree of freedom (df) = n-i-m-2 

where, n = number of replicates in first sample and m = number of replicates in second 
sample 

Assuming a 95%o confidence level (a = 0.5), 

t a, n+m-2 = 10.5,4 (whcu in triplicate) 

= 2.776 (from math tables) 
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Table C.1.0. Vo Degradation ofCotton without crude oil at 6-d 

Rephcates ^ Mass of cotton(g)^ 

i 60 48 36~ 
2 64 54 24.5 
3 64 43 21 

Table C.1.1. Student's t-test for degradation without crude at 6-d 

C o m p a r i s o n Tstat Tcritical Ho 

05 to 1.0 4.157 2.776 Rejected 
1.0 to 2.0 3.823 2.776 Rejected 
2.0 to 05 7.517 2.776 Rejected 

Table C.2.0. Vo Degradation ofCotton without crude oil at 12-d 

Massofcotton(g) 
Kepiicates 

1 
2 
3 

05 
78 
80 
82 

1 2 
68 57 
71 53 
65 60.5 

Table C.2.1. Student's t-test for degradation without crude at 12-d 

C o m p a r i s o n Tstat Tcritical H Q 

0.5 to 1.0 5.765 2.776 Rejected 
1.0 to 2.0 4.026 2.776 Rejected 
2.0 to 0.5 9.436 2.776 Rejected 
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Table C.3.0. Vo Degradation ofCotton without crude oil at 18-d 

1 

2 
3 

Mass 
05 
90 
86 
88 

of cotton(g) 

1 2 

83 63 

87 53.5 

81 50 

Table C.3.1. Student's t-test for degradation without crude 18-d 

C o m p a r i s o n Tstat Tcritical Hp 

0.5 to 1.0 2.055 2.776 Accepted 
1.0 to 2.0 6.603 2.776 Rejected 
2.0 to 0.5 8.021 2.776 Rejected 

Table C.4.0. Vo Degradation ofCotton without cmde oil at 24-d 

Rephcates Mass of cotton(g) 
05 1 

1 
2 
3 

92 
90 
94 

78 
92 
85 

58 
64 
70 

Table C.4.1. Student's t-test for degradation without crude at 24-d 

C o m p a r i s o n Tstat Tcritical H Q 

0.5 to 1.0 1.665 2.776 Accepted 
1.0 to 2.0 3.945 2.776 Rejected 
2.0 to 0.5 7.668 2.776 Rejected 
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Table C.5.0. Vo Degradation ofCotton with crude oil at 6-d 

1 
2 
3 

Massof cotton(g) 
05 
70 
74 
68 

1 2 

66 54 

67 51 

64 38 

Table C.5.1. Student's t-test for degradation with crude oil at 6-d 

C o m p a r i s o n Tstat Tcritical Hp 

05 to 1.0 2.535 2.776 Accepted 
1.0 to 2.0 3.608 2.776 Rejected 
2.0 to 0.5 4.408 2.776 Rejected 

Table C.6.0. Vo Degradation ofCotton with crude oil at 12-d 

Replicates Mass of cotton(g) 
05 1 

1 80 91 75.5 
2 76 90 45 
3 70 89 74.5 

Table C.6.1. Student's t-test for degradation with crude oil at 6-d 

C o m p a r i s o n Tstat Tcntical Hp 

05 to 1.0 -4.950 2.776 Accepted 
1.0 to 2.0 2.495 2.776 Accepted 
2.0 to 05 0.991 2.776 Accepted 
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Table C.7.0. Vo Degradation ofCotton with crude oil at 18-d 

Replicates Mass of cotton(g) 
05 1 

i 
2 
3 

86 
88 
88 

84 77.5 
86 74.5 
84 88 

Table C.7.1. Student's t-test for degradation with crude oil at 6-d 

^ C o m p a r i s o n Tstat Tcnt.cal Hp ~ ~ 

05 to 1.0 2.828 2.776 Rejected 
1.0 to 2.0 1.125 2.776 Accepted 
2.0 to 0.5 1.768 2.776 Accepted 

Table C.8.0. % Degradation ofCotton with crude oil at 24-d 

1 
2 
3 

Mass of cotton(g) 
05 
94 
96 
86 

1 2 

90 89 

81 83 

91 81.5 

Table C.8.1. Student's t-test for degradation with crude oil at 6-d 

C o m p a r i s o n Tstat Tcntical Hp 

05 to 1.0 1.058 2.776 Accepted 
1.0 to 2.0 0.722 2.776 Accepted 
2.0 to 05 1.964 2.776 Accepted 
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