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ABSTRACT 

 

 More effective alternative methods for waste stream treatment and reduction are 

continuously being developed and refined with public pressure for a cleaner, more 

sustainable environment.  This is in addition to the associated financial considerations for 

an ever-expanding worldwide population.  Waste management methods can reduce the 

amount of materials going into environmental sinks by including treatments that degrade 

or partially degrade items into environmentally innocuous residues.  For example, in the 

event of an oil spill, we considered using cotton baffles as a method for absorbing the oil 

in order to transfer to an alternative disposal site.  The cotton could be enzymatically 

degraded by cellulases.  This would achieve a volume reduction of landfill waste and 

offers the potential for reclaiming or degrading the oil in a separate reaction.  The same 

concept of using cellulases in the digestion of cellulose was applied to other types of bulk 

and contaminated cellulosic wastes.  The technology showing the most promising 

application involved the degradation of contaminated cellulose, especially those waste 

streams contaminated with potentially hazardous chemicals, as those generated in a 

laboratory setting.  Despite the limitations associated with environments containing high 

concentrations of nitrates or reduced sugars, the enzyme performed well in a series of 

experiments in the presence of certain lab contaminants  including lanthanides and 

actinides.  Other waste streams considered were the voluminous by-products of sawdust 

from the timber and wood processing industries.  Also considered a potential application 

was cellulose-containing water hyacinth and duckweed.  The latter must be dredged from 

commercial waterways and certain water treatment facilities.  All experiments were 

performed on a bench scale.  The enzyme treatment performed well on all cotton-based 

substrates tested.  The enzyme treatment had limited success on water hyacinth and 

duckweed and showed little activity with sawdust in the form of pine shavings. 
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CHAPTER I 

INTRODUCTION 

 The purpose of this work was to investigate the possibility of using enzymes to 

aid in waste disposal.  The possibility for using cellulase enzymes in the degradation of a 

variety of waste products was the focus.  Specifically, the potential for using commercial 

cellulase enzymes to degrade a variety of cellulose waste materials was explored. 

 The target waste included materials that are a voluminous landfill nuisance as 

well as those materials that have a type of recalcitrant contaminant adsorbed to it, which 

then qualified it as a waste product.  The scope of the project ranged from raw cotton and 

water hyacinth degradation to oil spills and plutonium contamination.  The unifying idea 

remained the application of an enzymatic agent for more environmentally sustainable 

waste disposal. 

 The sustainability of a clean environment despite necessary waste generation 

should be a central pursuit of any nation.  This idea demands managed waste processing 

and continuing efforts on the front of contamination remediation.  The projection is that 

between 373 billion and 1.694 trillion dollars will be spent in the next three decades to 

clean up hazardous waste sites in the United States of America (Russel 1991).  The 

money slated for environmental cleanup could be better used, such as in the areas of 

health care, education, social security and infrastructure renewal.  This reality has 

polarized the government into a state of environmental reform.  In an effort to minimize 

future costs, the concept of on-site waste minimization and waste stream treatment has 

evolved.  As a result, environmental policy and federal regulation have demanded 

controlled treatment of various waste streams in an effort to create a sustainable “green” 

environment.  In support of this, the ability of certain commercial enzymes to degrade 

certain parts of traditional waste streams was tested.  One objective was to have the 

resulting effluent be little more than innocuous salts and sugars. 

1.1 Background  

 One assumption that drives cleanup costs is the fear that a contaminant in soils 

and/or groundwater will remain a threat unless actively treated.  There is a misconstrued 

belief that industrial by-products exist independent of natural processes in the 
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environment.  There they either remain intact in a certain location or migrate unaffected 

by the environment until they are finally ingested, whereupon they reduce the quality of 

human life in the form of increased morbidity, accelerated mortality or sterility.  In fact, 

toxicity is often cleansed from soils and groundwaters by natural processes faster and 

more completely than by engineering approaches.  Chemicals considered a contaminant 

to higher animals might be a ready food source for organisms further down the food 

chain.  As it is not always applicable, relying on natural attenuation is not the solution for 

every situation.  It requires monitoring to recognize contaminant reductions that offer 

tangible public health and environmental benefits. 

 In considering contamination issues, if natural attenuation does not offer an 

attractive alternative, then active remediation becomes necessary.  Waste treatment 

schemes available may involve physical, chemical or biological treatment, or any 

combination of these.  Methods besides long-term storage and landfills include 

incineration and air stripping.  In terms of landfilling, limited space and a public 

resistance to establishing new sites has spurred consideration of new approaches to 

increase the longevity of established landfills.  Such efforts have included exploring 

methods to reduce the volume of the waste, enhancing degradation rates of municipal 

solid waste and mining landfills to recover materials and landfill space (Murphy 1995).  

As with all treatment schemes, there are economic questions and the physical and 

chemical constraints of each method to consider.  For example, there are several 

parameters that must be considered when opting for a biological treatment strategy over a 

chemical or physical solution.  First, the reaction must occur between 1-55°C (33-130°F), 

the optimum of which is usually around 37°C (97°F).  Few microbes or their enzymes are 

active above 55°C and microbial activity generally stops when water freezes (Alcamo 

1997).  This temperature range is restrictive compared to the 700-800°C range of 

incinerators.  Another critical factor in biological treatment schemes is the presence and 

concentration of oxygen or other oxidizing agents such as nitrates or sulfates.  

Biotreatment agents can be categorized into two groups: living organisms or their 

products.  Biotreatment using living organisms may range from cattail plants to 
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microorganisms.  Cell-free systems on the other hand simply use the tools of living 

organisms, purified enzymes. 

 Preference for biological systems in waste treatment schemes is appealing for a 

variety of reasons.  Unlike physical approaches, bio-treatment has the potential to 

transform pollutants into innocuous products rather than merely transferring the pollutant 

or their products to another medium.  Furthermore, by comparison to other techniques, 

such as incineration, bio-treatment is generally cheaper and enjoys a greater degree of 

public acceptance.  The next question is whether to treat on or off site, or a combination 

of each.  Off-site treatment involves the transportation of the waste to a processing site.  

On-site treatment involves processing waste where it is produced and any residues can 

then be transported off-site.  Factors involved include size and type of waste to be treated, 

treatment schemes and distance between the generation and disposal sites. 

1.2 Enzymes: sources and applications 

Enzymes are a class of proteins that catalyze specific reactions in biological 

systems.  They are present in all living cells, where they perform a multitude of vital 

functions ranging from cell signaling to metabolic processes.  Acting as catalysts, 

enzymes speed up chemical processes without being consumed in the process and so, in 

principle, they could catalyze reactions indefinitely.  In practice, however, because 

enzymes are protein molecules, they have a half-life.  Thus most organic catalysts have a 

limited stability and break down over time, exhibiting decreasing activity.  Besides rate 

of activity, enzyme efficacy characteristics such as optimal pH and temperature vary 

widely (Uhlig 1998).  There are several categories of enzymes.  Oxidoreductases catalyze 

the transfer of reducing agents from one substrate to the other.  Transferases initiate the 

transfer of a functional molecular group from one substrate to another.  Isomerases 

mediate the rearrangement of chemical bonds within a substrate.  Ligases or synthetases 

initiate the joining of two molecules, hydrolyzing a nucleoside triphosphate in the 

process.  Hydrolases catalyze the hydrolysis of a substrate, and lyases help cleave a bond 

by means other than hydrolysis.  Common examples of the latter two include proteases 

which degrade proteins into its constituent amino acids, lipases that cleave fats into 



Texas Tech University, Luther M. Swift, May 2008 

4 

glycerol and lipids, and a variety of hydrolases that break down complex carbohydrates 

into sugars.  Cellulases fall into the final category.   

Enzymes are harvested from a variety of sources.  Although most commercial 

enzymes are microbially derived, a significant number of enzymes also are derived from 

plant and animal sources (Walsh 1994).  Microorganisms represent an attractive source of 

enzymes because they can be cultured in large quantities in a relatively short time period 

by established methods, and as such they can produce an abundant, regular supply of 

desired enzyme products.  Moreover, microbial proteins are often more stable than 

enzymes of similar specificity obtained from plant or animal sources and often may be 

stored under less than ideal conditions for weeks without significant loss of biological 

activity (Headon 1994).  Once extracted from the bacterium or fungus and purified, the 

cell-free enzyme may be used industrially. 

Isolated enzymes are often used in commercial processes that were previously 

either mechanical or cellular.  Although antibiotic and brewing fermentation are the most 

recognized industrial uses for enzymes, the number of potential and realized applications 

continues to grow.  In denim softening procedures, physical “stonewashing,” which 

mechanically cleaves the fibers that lie perpendicular to the fabric has been replaced with 

a commercial cellulase digestion which hydrolyzes the fibers enzymatically.  Enzymes 

are also used in increasing numbers as a replacement for processes that traditionally 

employ live microbial cells.  Cell-free enzymes have been used to degrade carbohydrates 

in the baking industry and proteins in the leather industry.  These industrial enzymes have 

great potential for the treatment of environmental contaminants (Nannipieri 1991) as well 

as general waste treatment as seen in Tables 1.1 and 1.2. 
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Table 1.1  Enzyme market segments & applications (Headon 1994)
Detergent industry 
• Degradation of protein, starch, and 

fatty stains in laundry 
• Color clarification and softening of 

cotton laundry 
• Automatic dishwashing 
• Surfactant production 
 
Textile industry 
• Polishing cotton fabrics 
• Stonewashing denim garments 
• Degumming silk 
• Bleach clean-up 
• Removal of starch from woven 

materials 
• Starch Industry 
• Production of dextrose, fructose, and 

special syrups for the baking, 
confectionery and soft drink 
industries, among others 

 
Baking industry 
• Degradation of starch, proteins and 

glucans when brewing with a 
combination of malt and unmalted 
raw materials, e.g. barley, corn and 
rice 

 
Wine and juice industry 
• Degradation of pectin when 

manufacturing fruit juices, wine, etc. 
 
Alcohol industry 
• Degradation of starch into sugars 

which are converted to alcohol 
through fermentation 

 
 
 

Food functionality industry 
• Improvement of nutritional and 

functional properties of animal and 
vegetable proteins 

• Process of optimization, e.g. energy 
savings by lowering of viscosity 

 
Dairy industry 
• Curdling of milk 
• Conversion of lactose in milk and 

whey into sweeter, more easily 
digestible sugars 

• Flavor development in specialty 
cheeses 

 
Personal care industry 
• Biotechnological ingredients for 

personal care products 
 
Pulp and paper industry 
• Control of pitch problems caused the 

use of mechanical pulps  
• Reduction of chlorine consumption 

in pulp bleaching process 
• Viscosity control in starch-based 

coatings 
 
Leather industry 
• Soaking of hides and skins, 

unhairing, bating and defatting 
 
Fats and oils industry 
• Modifications of fats and lecithins, 

and synthesis of esters 
 
Biocatalysis 
• Synthesis of organic compounds
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Table 1.2  Enzymes contributing to sustainable industrial development (Headon 1994) 
Industry segment            Enzymes Chemicals/Process replaced 
• Detergents Lipases, proteases, cellulases, amylases Phosphates, silicates, high 

temperatures 
• Textile Amylases, cellulases, catalases Acid, alkali, oxidizing agents, 

reducing agents, water, 
pumice, energy, new garment 
manfacture 

• Starch Amylase, pullulanases Acids, high temperatures 
• Baking Amylases, proteases, xylanases Emulsifying agents, sodium 

bisulfate 
• Pulp & Paper Xylanases, mannanases Chlorine, toxic waste 
• Leather Proteases, lipases Sulfides, high temperature 
• Biocatalysis Isomerases, lipases, reductases, acylases Acids, organic solvents, high 

temperatures 

 
1.3 Cellulases 

Cellulases are a group of hydrolytic enzymes capable of converting insoluble 

cellulose to glucose.  These enzymes are produced as a cellulase system of several 

distinct enzymes by microorganisms, plants, and animals.  The system has traditionally 

been assigned three types of enzymes including: endoglucanases (endo-1,4-β glucanases 

or 1,4- β-D-glucan 4-glucanohydrolases), cellobiohydrolases (exo-1,4 β-glucanases or 

1,4-β-D-glucan cellobiohydrolases), and cellobiases (β-glucosidases or β-D-glucoside 

glucohydrolases) (Sarkka 1996).  Generally, endoglucanases randomly hydrolyze the 1,4- 

β bonds within cellulose molecules, thereby producing reducing and nonreducing ends.  

Cellobiohydrolases (exogluconases) cleave cellobiose units from the nonreducing ends of 

cellulose polymers, and cellobiases hydrolyze cellobiose and low-molecular weight 

cellodextrins, thereby yielding the single monomer sugar, glucose. 

Commercially available preparations of cellulases are mixtures of the three types 

of enzymes described above.  Celluloytic enzymes isolated from various sources differ in 

their molecular characteristics (molecular weight, amino acid composition and sequence, 

isoelectric point, carbohydrate content), adsorbability onto cellulose, catalytic activity, 

and substrate specificity.  Furthermore, cellulase components from almost any organism 

occur in a number of forms, thereby creating an almost infinite number of potential 
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cellulase systems.  Each system is different in its composition and catalytic 

characteristics in terms of the enzyme systems’ ability to hydrolyze cellulose.  The 

individual components of a cellulase system combine to act synergistically toward 

insoluble cellulose.  That is, the action of two or more individual cellulolytic components 

is greater that the sum of the action of each component part alone.  Despite the many 

investigative efforts with cellulase, its mode of action is still incompletely understood.  

At present, mutant strains of Aspergillus niger and Trichoderma viridae are the best 

available commercial sources of cellulases (Ashadi 1996).  

1.4 Substrate (cellulose) 

Cellulose is the most abundantly produced polymer in terrestrial environments.  It 

is by far the most abundant and readily available of all solid organic materials.  Although 

vast quantities of presently available cellulose-rich materials have great potential as a 

source of renewable energy, it is often a source of voluminous waste (Abdel-Fattah 

1995).  Each year photosynthetic fixation of CO2 yields at least 1011 tons of dry plant 

material worldwide, and almost half of this material consists of cellulose (Eriksson 1990).  

Cellulose is a homopolymer consisting of glucose units joined together by β-1,4 bonds.  

The disaccharide cellobiose is regarded as the repeating unit in cellulose inasmuch as 

each glucose unit is rotated by 180 degrees relative to the adjoining molecule as can be 

seen in Figure 1.1.  The size of cellulose molecules depends on the degree of 

polymerization and may vary from 7000 to 14,000 glucose moieties per molecule in 

secondary walls of cotton fibers but may be as low as 500 glucose units per molecule in 

primary walls of plants (Ljungdahl 1985). 
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Figure 1.1 Cellulose structure 

 

 Cellulose molecules are strongly associated through inter- and intra-molecular 

hydrogen bonding and van der Waals forces that result in the formation of microfibrils, 

which in turn form larger fibers.  Cellulose molecules are oriented in parallel, with 

reducing ends of adjacent glucan chains located at the same end of a microfibril.  These 

molecules form highly ordered crystalline domains interspersed by more disordered, 

amorphous regions.  The degree of crystallinity in native cellulose is 60-90%.  Cellulose 

can take on at least four different crystalline forms as determined by X-ray 

crystallography.  Generally, the percentage and crystalline form of cellulose within a 

plant cell wall varies according to cell type and developmental stage.  For example, 

cellulose constitutes about 20-40% of wall dry weight in growing primary walls and 

increases to 40-60% in secondary walls.  The secondary walls of cottonseed hairs, 

however, are nearly 100% cellulose.  Secondary cell wall microfibrils have a higher 

cellulose crystallinity and may be thicker that primary wall microfibrils (Richmond 

1991).  Cellulose almost never occurs alone in nature but is usually associated with other 

organic molecules.  This association affects its degradation rate.  Cellulose fibrils are 

embedded in a matrix of other polymers including hemicelluloses, pectins, and proteins.  

Although cellulose imparts tensile strength to the wall to resist turgor pressure, high 

compression strengths are better achieved when lignin (a complex aromatic polymer) 

replaces water in the matrix of cell walls.  Lignification greatly increases bonding within 

the wall and produces rigid, woody tissues able to withstand the compressive force of 

gravity (Richmond 1991).  Hemicelluloses (e.g. xylans, glucomannans) are composed of 
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linear and branched heteropolymers of D-xylose, L-arabinose, D-mannose, D-glucose, D-

galactose, and D-glucuronic acid.  Xylans, often the most abundant hemicelluloses, have 

a β-1,4-linked xylopyranose backbone with attached side groups of acetate, 

arabinofuranose, and O-methyl glucuronic acid (Erikson 1990).  Inasmuch as 

hemicelluloses surround the cellulose microfibrils and occupy spaces between fibrils, this 

polymer must be degraded, at least in part, before cellulose in plant cell walls can be 

effectively hydrolyzed by cellulase (Sinner 1979). 

1.5 Original application  

The initial project involved developing a technology that would use  

biodegradable materials as sorbents for oil spills and then degrade both the sorbents and 

the oil by biological means.  The purpose of the initial project was to reduce the volume 

of oily sorbents which would otherwise have to be disposed of as hazardous waste.  The 

natural biodegradable sorbents utilized had to effectively absorb large quantities of oil in 

the presence of water without sinking, had to be recoverable by currently existing means, 

and had to be stable for transportation and storage purposes.  An implicit constraint on 

the technology was that oily material be kept out of environmental sinks.  Tasks included 

(1) the development of sorbents made only of natural material to replace those currently 

in use, which were made of synthetic materials and resistant to degradation, and (2) the 

development of procedures to biologically degrade both the sorbent, and either reclaim 

the sorbed oil or degrade it also. A report to the Texas General Land Office summarized 

the findings concerning cotton as an oil sorbent. 

As the report detailed, cotton proved to be an excellent oil sorbent so a series of 

experiments were conducted to find the most effective conditions for degrading it 

biologically prior to disposal.  Because cotton is nearly all cellulose (raw cotton still 

contains waxes), cellulases were considered to be potentially an ideal means for 

degrading the cotton biologically.   Initially, several strains of known cellulolytic fungi 

and bacteria were tested. Degradation of cotton by cellulase-producing bacteria was slow, 

and the best case was a 10% reduction of cotton over a two-week period.   Treatment 

with a cell-free commercial enzyme solution led to more rapid and more complete 

degradation.  Seven different commercial enzymes were tested.  Initially, conditions of 
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temperature and pH used were those recommended by the manufacturer.  Further testing 

was performed to determine the optimum pH, temperature, and agitation rate to use in 

degradation (Table 3.1) under standard conditions of substrate concentration and time of 

contact with the enzyme solution.   When tested in the presence of both crude oil and 

diesel fuel, Rapidase® exhibited the highest percentage of degradation and was chosen as 

the standard enzyme to be used in all other studies.   

1.6 Other applications 

1.6.1 Contaminated cellulose 

 The potential for using commercial cellulases to dispose of contaminated 

cellulose lab wipes and lab wear by government laboratories was evaluated by this study.  

The initial substrates considered but not fully tested were lab materials contaminated with 

high explosives (RDX, HMX, and TNT) from the Pantex plant in Amarillo.  This concept 

was extended to consider the possibility of degrading actinide-contaminated and suspect 

waste from the waste stream at the National Laboratories in Los Alamos (LANL).  The 

idea was to attempt to reduce the amount of cellulose-rich bulk waste already stored in, 

and slated for disposal in, secure facilities such as the Waste Isolation Pilot Plant (WIPP) 

sites.  These so called transuranic (TRU) and low-level radioactive wastes (LLW) 

represent an extremely expensive by-product of research at many national laboratories. 

To determine the feasibility of reducing the volume of radioactive cellulose-based 

laboratory materials, the presence of materials other than oil and cotton on cellulose 

activity had to be taken into account.  For example, plutonium in soluble waste streams is 

dissolved in nitric acid, so the effect of the presence of contamination by nitrate ions had 

to be evaluated.  In addition, whether the enzyme would remain active in the presence of 

actinides (first tested on lanthanide surrogates) or other radioactive materials was not 

known.  Further, other metals might be present in the waste stream, so the effect of 

soluble metal chloride salts on the process was evaluated.  Finally, both glucose and 

sucrose are products of the activity of cellulases on cellulose and have been reported to 

feedback-inhibit enzyme activity.  Therefore, a set of experiments was conducted to 

determine the amount of residual sugars in the enzyme mixture after cellulose had been 

degraded.  In addition, individual sugars were added to the reaction mixture to determine 
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the concentrations necessary for enzyme inhibition, as measured by percent substrate 

degradation.  

1.6.2 Denim 

 The possibility of using enzyme technology to reduce the volume of other 

cellulose-containing waste streams also was tested.  One such use involved the treatment 

of waste cotton products that result from denim production.  Working with samples from 

several Levi’s processing plants in Knoxville TN, Amarillo TX, and El Paso TX, and a 

denim processing plant in Littlefield TX, enzymatic treatment was considered as a 

potential method for minimizing the amount of certain leftover cotton wastes in their 

production effluent.  In Littlefield, the denim scraps and desiccated denim sludge leftover 

from the process is presently stored in hundreds of small drums and no long-term 

disposal method other than landfilling has yet been developed for these wastes.  Cotton 

sludge was another waste product from denim production that had the potential to be 

degraded by cellulose.  Therefore, enzymatic degradation of cotton sludge from the 

various Levi’s processing plants was also investigated.  At present, there are no solutions 

for permanent disposal of this type of waste; it accumulates in lagoons outside the 

production facility.  An eventual means of permanent disposal will be needed when the 

lagoons become filled. 

1.6.3 Water hyacinth 

Another possible use for cellulase involved destroying the structure of the water 

hyacinth (Eichhorinia crassipes) plant so it is unable to reproduce.  This plant is a 

nuisance in major waterways and recreational lakes because its reproductive potential, 

rapid growth and hardiness places it in direct competition with local flora.  Once 

established, its effect is similar to the kudzu plant of the South in that it out-competes 

other flora and becomes the dominant or sole occupant of the habitat.  Massive removal 

tends to be problematic due to the plant’s slow natural degradation rate and its ability to 

repopulate a water source by way of runoff from any rainstorm or flood.  It is resistant to 

other destruction methods such as crushing since new plants arise from the crushed 

biomass.  Although a few water treatment facilities have attempted to utilize hyacinth in 

the wastewater treatment scheme with some success, their final disposal is not 



Texas Tech University, Luther M. Swift, May 2008 

12 

economically feasible (Záková 1995).  The water hyacinth has a potential role in water 

quality improvement and has gained increased attention as an “alternative and 

innovative” method of wastewater treatment (EPA Report, 1988), but the problem occurs 

when it escapes confined facilities and establishes itself in natural bodies of water 

(Debusk 1987).   Removal and on-site enzymatic digestion of the plant where it has 

become a nuisance may be a viable method for plant destruction. 

1.6.4 Sawdust 

Another potential application for digestive enzymes is the treatment of sawdust, 

as it is a voluminous waste generated by the timber and wood processing industries.  Due 

to its lignin content, it is more slowly degraded in nature, and its low bulk density makes 

traditional disposal of this material an economic and environmental challenge.  If not 

pressed into wood products for commercial uses, it can be used as a combustible fuel; 

however, its high surface area and low bulk density makes energy recovery inefficient 

and combustion incomplete.  The result is often the generation of volatile pollutants 

(Rajor 1996).  If a technology was developed to quickly degrade the lignin, cellulose, and 

hemicellulose components of sawdust, it could be used as a potential sorbent for 

hazardous liquid waste spills, both commercial and industrial.  The economic advantages 

would be a large supply of inexpensive sorbent available with little processing.  Cellulase 

treatment of sawdust was attempted. 
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CHAPTER II 

MATERIALS AND EXPERIMENTAL METHODS 

2.1 Standard conditions for enzyme treatment 

 Rapidase proved to be an effective commercially available enzyme with which to 

degrade cotton as shown in the Results section in Table 3.1.  All experiments were run at 

the optimum conditions which included: an enzyme concentration of 5%, a temperature 

of 45ºC, a pH of 4.5, and an agitation rate of 200 rpm.  McIllvaine’s buffer (Dawson 

1986) was used to keep the pH at 4.5.  Substrates (approximately 0.5g) were dried to a 

constant weight for each test.  Each reaction occurred in 75 mL of a 5% Rapidase 

solution in McIllvaine's buffer (see below) in a 125-mL Erlenmeyer flask shaken at 200 

rpm.  All residues were collected after 6 days by filtration of the test solution through a 

tared Whatman® #1 filter.  Residue remaining on the walls of the flask was collected in a 

small amount of water used to rinse the flask.  The residue and filter then were dried at 

100ºC overnight, allowed to cool in a desiccator and weighed.  The tared weight of the 

filter, subtracted from the dry weight of the substrate and filter paper, divided by the 

original tared weight of the substrate was considered the percent substrate that remained 

after the enzyme treatment.  One minus this value was considered the percent digested.  

Controls were run in McIllvaine’s buffer without enzyme under the same conditions.  All 

experiments were performed in this manner unless otherwise specifically noted.  

Degradation of raw cotton under standard conditions was optimized in previous work.  

Light microscopy was used to identify cellulosic fiber content in denim processing plant 

samples. 

2.2 Chemicals and enzymes 

 The Rapidase® enzymes (cellulases and amylases) were originally supplied by 

International Bio-synthetics in Kingstree, South Carolina.  Gist-Brocades was a later 

supplier.  Indiage® and Multifect® were supplied by Genecor, and Denimax® and 

Cellusoft® were supplied by Novo Nordisk.  All other chemicals were from Sigma. 
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2.3 Buffer 

 McIlvaine Buffer: 100 µM citric acid solution and 200 µM sodium phosphate 

(monobasic) solution titrated to a pH of 4.5. 

2.4 Equipment 

 The High Pressure Liquid Chromatograph used to analyze simple sugars released 

after an experiment was a Dionex DX 500 HPLC System with an AS3500 Autosampler.  

The two columns used in series for carbohydrate separations were CarboPac PA-1 

preceded by a CarboPac PA1 guard column.  Pulsed amperometric detection was 

combined with anion-exchange chromatography to provide a sensitive and selective 

means of determining carbohydrates.  A gradient eluent of 400 mM sodium hydroxide 

and 500 mM sodium acetate/200 mM sodium hydroxide was used to separate the 

carbohydrates. 

 The rolling reactor included a 7 L (35 cm X 28 cm) Plexiglas cylinder with two 

baffles.  A sealable 4-cm hole on top allowed for the addition of solution and substrate. A 

heavy-duty, single-speed bottle rotator rolled it at a set rate of 45 rpm. 

 The shaker/incubator used was a G24 Environmental Incubator and Shaker 

manufactured by New Brunswick Scientific Company Incorporated. 

 The oven used was an Isotemp Vacuum Oven Model 282A from Fisher Scientific. 

 Thermolyne Corporation manufactured the stirring hot plates, and the temperature 

control unit was an 89000 series from Cole-Parmer Instrument Company.  

 Liquid scintillation counting was performed on a Packard Instrument Company 

Scintillation Counter. 

2.5 Potential inhibitors 

 Because enzymes are proteins, their activity is susceptible to selective inhibition by 

materials that affect protein structure.  Likewise the activity of most enzymes is affected 

adversely by high or low pH, high or low temperature, the presence of salts and heavy 

metal ions (in part reflecting susceptibilities to high and low ionic strengths of the medium 

in which they operate), and other materials that denature or alter the structure of the active 

site(s) of the enzyme or enzyme complex (as in the case of cellulases).  In addition, 
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products of the enzymes’ activity often build up to concentrations that in turn inhibit the 

activity of the enzyme. 

 Other inhibitory substances could be present in the materials contaminating the 

cotton substrates to be degraded.  Therefore the effect of various substances on the ability 

of cellulase to degrade cellulose was considered.  Included were the effects of a variety of 

oils and greases, nitrate salts, heavy metal ions, lanthanides, actinides and mono- and 

disaccharides known to inhibit cellulase activity.  

2.5.1 Hydrocarbons   

 The ability of the cellulase enzyme to degrade cotton sorbents in the presence of 

five different types of petroleum hydrocarbons was evaluated.  Into the enzyme solution 

was added separately a 5% solution by volume of diesel fuel, Pennzoil® motor oil (SAE 

5W-30™), crude oil, Lubrimatic® SAE 85W+40 EP gear lubricant, and Lubrimatic® 

lithium grease.  Each hydrocarbon was run in experimental triplicate; cotton was allowed 

to absorb as much of the diesel, crude or motor oil as it would hold, then the excess was 

squeezed from the sorbent before adding it to the enzyme solution.   Lithium grease was 

kneaded into the cotton before placing it and the sorbent into the enzyme solution. All 

tests were performed under standard conditions.  At the conclusion of the reaction, the 

excess oil was removed from the top of the mixture, before the percent degradation was 

considered. 

2.5.2 Heavy metals 

 To determine whether divalent metal ions such as those which might be found in 

industrial oil wastes would inhibit enzyme activity, the following soluble metal salts were 

added to the test solution.

• manganese chloride  MnCl2 
• magnesium chloride MgCl2 
• cobalt chloride  CoCl2 
• zinc chloride  ZnCl2 
• nickel chloride  NiCl2 

• iron chloride  FeCl2 
• mercury chloride HgCl2 
• chromium chloride CrCl3 
• vanadium chloride V2Cl2 
• arsenic chloride AsCl2 

  Each experiment was run in triplicate under standard conditions with controls.  Two 

concentrations of metal salts were tested.   The low concentration consisted of one mg per 

mL of each metal chloride, tested individually.  The high concentration consisted of ten 
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mg per mL of each metal chloride.  The low-concentration experiments were repeated 

with separate additions of 5% diesel and 5% crude oil.  At the end of the experiment, the 

oil was removed and residual weight of the undigested cotton was determined. 

2.5.3 Sugars 

 A set of experiments was performed to test the effect of added glucose and 

sucrose on the activity of the enzyme.  These sugars are products of cellulose degradation 

and can cause feedback inhibition of one or more of the enzyme components.  The cotton 

substrate was reacted with the enzyme solution in the presence of sugar concentrations 

ranging from 0.01 M to 1.0 M. 

 To determine the amount of residual glucose and sucrose remaining after 

enzymatic digestion of the cotton, total sugar analysis was performed by High 

Performance Liquid Chromatography (HPLC) analysis after both the added sugar 

experiments and the nitrate experiments described in the next section.  After pouring the 

solution through the Whatman® filter paper and washing the reaction vessel, the 

remaining solution was adjusted to 100 mL.  A small aliquot (10-20 mL) was heated to 

60°C for a period of one hour in order to denature the proteins.  After allowing the solid 

protein to settle to the bottom, a 1-mL aliquot was diluted to 100 mL with water.  The 

diluted sample was then run against a series of standards by HPLC analysis in order to 

calculate the exact concentration and species of sugars in the final reaction solution. 

2.5.4 Nitrates 

 A set of experiments was performed to test the effect of various concentrations of 

nitrate ion on the activity of the enzyme, because a potential use of the enzyme was to 

degrade radioactively-contaminated materials.  In waste streams that have plutonium 

present as a contaminant (i.e. national defense laboratory wastes), nitric acid also may be 

present because it is used as a solvent for plutonium salts.  The cotton substrate was 

reacted with the enzyme solution in the presence of NaNO3 and KNO3 from 0.1 M up to 

1.0 M to test the effect of the nitrate ion on cotton degradation.  To determine if any 

inhibition exhibited by NaNO3 or KNO3 was due to the cation salting-out the enzyme, the 

effect of adding various concentrations of NaCl from 0.025M to 5M (0.1-20%) on 

substrate degradation was determined. 



Texas Tech University, Luther M. Swift, May 2008 

17 

 

2.5.5 Lanthanides and actinides 

Prior to directly testing the effect of radionuclides in the enzyme reaction series, 

two lanthanides were tested as surrogates.  Three lanthanide salts, cerium oxide (CeO3), 

cerium carbonate (Ce(CO2) 3), and praseodymium oxide (PrO3) were added into the 

prepared enzyme solution in three concentrations with substrate.  In order to mimic more 

closely the typical waste stream components, the reactions were carried out with 

cheesecloth and Kimwipes® as the substrates, and the agitation mechanism was changed 

from the shaker incubator to a magnetic stirring method.  Due to the limiting number of 

stirring ports, each concentration was reacted in duplicate in the traditional shaker 

incubator, and the results of the single stirring reactions were compared to those that were 

shaken.  The controls (Kimwipes® and cheesecloth both in triplicate) were shaken.  

Inhibition rates were calculated as the percent of the substrate digested as compared to 

the controls.  The migrations of the lanthanides within the system were calculated by 

mass spectroscopy. 

 These experiments were then repeated with plutonium added to the mixture.  All 

experimental procedures were performed at LANL in gloveboxes, as directed by a LANL 

workplan.  The number of stirring ports limited the number of experiments done on the 

effect and migration of plutonium.  As only four ports were available per experiment, all 

experiments were done in a single set.  The controls were run in a separate lab under the 

same conditions.  Plutonium concentrations in solution were analyzed by liquid 

scintillation and alpha spectroscopy. 

2.6 Cellulose-containing lab products 

 A series of experiments were established to test the ability of the enzyme in 

degrading specific cellulosic components of waste streams that can become contaminated 

with plutonium or other radionuclides.  In the event of certain contamination by-products, 

reclamation of the contaminant was also considered.  Potential cellulosic wastes tested 

were standard wipes, filters (HEPA and Whatman®), and various lab wear.  Each 

experiment was run in triplicate unless otherwise specified. 
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 The first set of reactions simply established the viability of repeating previous 

experiments conducted at Texas Tech University in the laboratories at LANL.  The 

experimental samples tested included standard cotton controls (raw and shirleyed), two 

types of fabric (polyblend 50/50 cotton/polyester and 100% cotton), paper (shredded and 

milled), cotton balls (scoured and bleached), and cheesecloth wipes.  Shirleyed cotton is 

raw cotton that has been de-seeded. 

 To narrow reaction scheme options (i.e. batch or continuous feed reactor), a more 

accurate correlation between decreasing enzyme efficacy and sugar produced from 

cellulose digestion was established after a series of weeklong digestion reactions by 

HPLC analysis of sugar content.  This analysis was performed as described as before.  To 

test the effect of freezing the samples for transport, the samples were split in two and one 

set was frozen before analysis.  The sugar analysis was performed on the first series of 

reactions performed at LANL involving the pilot reaction of several known cellulose 

substrates. 

 The second set of reactions involved possible aspects of the LANL waste stream.  

The experimental samples included a standard cotton control, Kimwipes®, two types of 

High Efficiency Particulate Air (HEPA) filters, two types of lab coat material, and a 

cheesecloth sample.  The third set of reactions explored the effect of a plastic reaction 

vessel (as opposed to glass) as well as the option of running the enzyme under anaerobic 

conditions. 

2.7 Application to bulk waste 

2.7.1 Textile waste conversion  

 A series of reactions were established to test the ability of the enzyme to 

degrading various by-products of a cotton finishing operation.  The textile waste samples 

were collected from denim processing facilities in Amarillo TX, El Paso TX and 

Knoxville, TN.  The samples included cotton sludge, finished denim strips, and various 

bits of cotton residue from different steps along the cotton machining process.  These 

items are described more fully below.  Rapidase® and a Genencor® amylase both were 

used in separate denim sludge experiments, and the percent waste material degraded was 

determined. 
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 Additional experiments were run on various by-products collected from the local 

Littlefield denim processing plant.  The wastes from this facility included cotton yarn 

(dyed and raw), fluff from the machines, suspended cotton from indigo washing, and 

sludge.  Substrate preparation included filtration of the suspended cotton in solution and 

the recent sludge though a 40-mesh screen, and the trapped particulates were air-dried for 

24 hours under the hood and then dried in the oven as described.  At the conclusion of the 

reaction, the residual cellulose weight was calculated. 

2.7.1.1 Waste denim  

 Strips of denim fabric were divided into two categories. The thicker strips were 

greater than five centimeters wide and the thinner strips were pared down to a centimeter 

or less.  Denim strips were sheared cleanly, without any fraying on any surface.  

Shredded denim consisted of processed and dyed cotton, stripped and frayed at the edges.  

No recognizable weave appeared in the loosely bound fabric.  Garnetted fibers were 

pieces of thread, of which some were dyed and others appeared natural in color.  

2.7.1.2 Cotton sludge 

 The first set of cotton sludge was collected from three separate processing plants.  

The second set of experiments used sludge collected from the local Littlefield denim 

processing plant.  A portion of “fresh” sludge was collected directly from the effluent off 

the dye vats, and a portion was taken from the drums of legacy sludge (over a year old).  

2.7.1.3 Cotton residue 

 Cotton samples were collected at the local Littlefield processing plant from 

various points along the denim production line.  At the beginning of the line, raw yarn 

was collected before and after dying.  Further along the processing line, pieces of light 

fluffy cotton were collected from the machines.  The sludge described above was 

collected at the end of the processing line. 

2.7.2 Plant 

 The ability of the enzyme to assist in degrading dredged water hyacinth and 

duckweed plants was tested.  All conditions for enzyme degradation were as described 

earlier.  The first sets of experiments were run on different individual parts of the 

hyacinth including the stems, leaves, and roots.  Three hyacinth samples in triplicate were 



Texas Tech University, Luther M. Swift, May 2008 

20 

also prepared by being chopped, ground or autoclaved.  At the conclusion of the reaction, 

the weight of the residual plant material was calculated.   

2.7.3 Pine shavings 

 The enzyme’s ability to degrade pine shavings was tested.  The shavings were run 

either raw and untreated, or autoclaved before the enzyme digestion in the attempt to 

degrade some of the lignin.  The latter substrate was autoclaved at 15 psi at 121°C for a 

period of 20 minutes and then allowed to dry overnight, re-weighed and reacted in the 

enzyme solution under standard conditions.  A finer grade of shavings also was tested to 

see if a more processed version of the pine shavings would affect the degradation rate.  A 

scaled-up rolling reactor test which used a seven-liter plastic cylinder complete with two 

opposing internal baffles was tried.  Four liters of the 5% enzyme solution were agitated 

with fifty grams of pine shavings.  The vessel was rolled continuously at 45 rpm for three 

weeks, and samples were extracted every four days for microscopic analysis in order to 

note any morphological changes in the shavings. At the conclusion of the reaction, the 

weight of the residual pine shavings was calculated as before. 
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CHAPTER III 

RESULTS 

For each experiment reported below, three replicates without cellulase were 

performed as controls for each experimental condition to account for any degradation of 

the substrate that might have occurred under the (usually) acidic buffer conditions.  For 

all experiments, substrate degradation in the controls did not exceed 5%, but it did vary 

between 0 and 5%.  Therefore, percent degradation in each table or figure is reported as 

“% of control” values. 

3.1 Comparing different cellulase efficacies 

 Seven different types of commercially available cellulases were tested for their 

ability to degrade raw cotton.  All comparisons were made using 0.5 g of dried raw cotton 

as the substrate, 75 mL of enzyme solutions and an incubation period of six days, unless 

otherwise noted.  It should be noted that Celluzyme is a powdered enzyme preparation 

containing TiO2 which made it difficult to measure dry weights of the residual cotton 

accurately because it was not possible to determine if the TiO2 was evenly distributed 

throughout the enzyme preparation.  

 

Table 3.1 Optimum conditions for using various manufacturers’ versions of cellulases to 
degrade raw cotton * 

Enzyme 
 

pH 
 

Temperature Cº 
 

Rpms 
 

Concentration (%) 
 

% Degradation
 

Rapidase 4.5 40 100-200 5 64 
Indiage 5.0-5.5 50 300 5 67 
Denimax 6.0 50 ND 5 29 
Cellusoft 5.0-5.5 45-50 250 5 56 
Multifect 4.5-5.5 45 350 5 60 
Celluzyme ND** ND ND 10 44 
Celluclast 4.0-5.0 ND ND 5 44 
   *All comparisons were made using 0.5 gram of dried cotton substrate, 75 mL enzyme 
solution and 6 days of incubation unless otherwise noted 
  **ND=not done     
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3.2 Potential inhibitors 

 The ability of Rapidase® to degrade cotton in the presence of various types of 

hydrocarbon products, a variety of metal salts, nitrates, sugars, lanthanides and actinides 

was tested. 

3.2.1 Hydrocarbons 

 Rapidase® degraded cotton in the presence of crude and diesel oil nearly as well 

as without these items present (Table 3.2).  The other, more processed oil and greases, 

such as lithium grease and gear lubricant, reduced the amount of cotton that was 

degraded. 

3.2.2 Metal chlorides 

As seen in Table 3.3, none of the metal chlorides except mercury had an adverse 

effect on cotton degradation by cellulase when they were present at a level of 1 mg/mL. 

Magnesium, cobalt and manganese chlorides had no inhibitory effect at the higher 

concentrations at 10 mg/mL, but the iron, chromium and zinc chlorides at this level 

totally inhibited the action of the cellulase, because no cotton degradation occurred. 

Mercury was the only metal salt to inhibit at both the lower and higher concentrations; 

interestingly, the maximum amount of inhibition occurred at the lowest level, because 

additional inhibition was not seen at the higher concentration of mercuric chloride.  With 

the exception of mercury, the addition of diesel or crude did not change the efficacy of 

the enzyme in the presence of low concentration of the metals.  There was no degradation 

of the substrate in the presence of low levels of mercuric chloride when combined with 

either diesel fuel or crude oil. 
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Table 3.2  Effect of petroleum products on the efficacy of Rapidase® 

 Additives % Digested 
None (control) 67% 
Diesel Fuel 65% 
Crude Oil 60% 
Motor Oil 49% 
Gear Lubricant 33% 
Lithium Grease 0% 

 

 

Table 3.3  Effect of metal chlorides on the efficacy of Rapidase® 

  % Digested 
Added 
Metals 

Low/High 
(mM) 

Low 
Concentraion 

(1mg/mL) 

High 
Concentraton
(10mg/mL) 

Low in 
Diesel 

Low in 
Crude 

MnCl2 8/80 61% 65% 66% 65% 

MgCl2 10/100 62% 68% 70% 73% 

CoCl2·6H2O 4/40 65% 61% 70% 69% 

ZnCl2 7/70 66% 0% 70% 69% 

NiCl2·6H2O 4/40 66% ND 73% 70% 

FeCl2 5/50 63% 0% 62% 64% 

HgCl2 4/40 17% 17% 0% 0% 

CrCl3 4/40 68% 0% ND 65% 

V2Cl2 5/50 62% 30% ND 58% 

AsCl2 7/70 63% 40% ND 63% 
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3.2.3 Sugars 

 Monosaccharides and disaccharides, in particular glucose and sucrose, are end 

products of cellulose digestion.  Apparent feedback inhibition of enzyme activity was 

seen when glucose and sucrose were added to the enzyme mixture.  They both begin to 

inhibit the enzyme in concentrations of 0.1 M and almost completely inhibit at 1.0 M 

(Fig. 3.1).  Although both glucose and sucrose inhibition increased steadily from 0.1 to 

1.0 M, glucose appeared to be slightly more inhibitory. 

3.2.4 Nitrates and NaCl 

 Both potassium and sodium nitrate increasingly inhibited cotton degradation at 

concentrations between 0.1 M and 1.0 M (Figure 3.2). At 1.0 M concentrations, activity 

was nearly gone.   Nitric acid also was tested, because this is the form in which nitrates 

are likely to be present in waste streams that contain plutonium.  At a 0.1% concentration 

by volume, it had little effect on the ability of the enzyme to degrade cotton (data not 

shown).  Any difference between the nitrate salts is minimal at concentrations lower than 

1.0 M.  At a level of 1.0 M, KNO3 was more inhibitory than NaNO3.  Table 3.4 shows the 

effect of NaCl at various molarities on substrate degradation.  Little inhibition was found 

when up to 1% w/v NaCl (0.175 M) was added to the enzyme, cotton and buffer mixture.  

At 1.75 M NaCl (10% w/v), 70% of the ability of the enzyme to degrade the cotton had 

been lost, and no degradation occurred at 3.50 M NaCl (20% w/v NaCl solution).  Other 

experiments testing the effect of adding synthetic seawater (Instant Ocean), which has a 

total salt concentration of 3.5% [results not shown], showed no inhibition of the ability of 

the enzyme to degrade a raw cotton substrate.  Extrapolating from these results, which 

showed that cellulase is largely inhibited at some concentration between 1% and 10% 

[but likely greater than 3.5%, because of the results with Instant Ocean], inhibition due to 

NaNO3 (and presumably also KNO3, although the effect of KCl was not tested) may have 

been due to the sodium, rather than the nitrate, ion. 
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Figure 3.1  Inhibition of cellulase by glucose and sucrose 
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Figure 3.2  Inhibition of cellulase by sodium and potassium nitrate 
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Table 3.4 Rapidase® in the presence of NaCl 

Molarity of NaCl (% w/v) % Degraded  % Inhibition vs Control 

None (control)   64% 0% 

0.0175 (0.1%) 60% 6% 

0.175 (1%) 61% 5% 

1.75 (10%) 19% 70% 

3.50 (20%) 0% 100% 

  

3.2.5 Lanthanides and actinides 

 The waste streams of government defense laboratories may contain varying 

radionuclides, particularly the actinide plutonium.  Direct experimentation with 

plutonium had to be arranged with interested laboratories at LANL.  Prior to conducting 

experiments with Pu, non-radioactive surrogate lanthanide contaminants of 

approximately the same molecular weight (cerium oxide, cerium carbonate and 

praseodymium oxide) were tested to determine if they inhibited the degradation of cotton 

by cellulase. Little inhibition was seen at concentrations between 0.05 M and 1.0 M of 

any of these compounds (Figure 3.4). Cerium oxide revealed less than a 10% inhibition 

rate and cerium carbonate less than 5%.  Praseodymium oxide did not have any effect on 

the cellulase activity.  Analysis of the post-experiment enzyme solution revealed similar 

concentrations of the lanthanides in solution regardless of initial mixture.  Solubility of 

the salts is very low at the standard pH.  Likewise, the enzyme was not inhibited when 

reacted in the presence of any concentration of plutonium oxide (PuO2) as reported at the 

Waste Management Conference (Heintz 1999). 
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Figure 3.3  Cellulase inhibition by lanthanides
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3.3 Cellulose-containing lab products at LANL 

The ability of Rapidase® to degrade various types of cellulose-based materials 

was tested, including  scoured and bleached cotton, shirleyed (raw) cotton, copier paper, 

Kimwipes®, milled paper, cheesecloth, 100% cotton fabric, and 50% cotton-50% 

polyester fabric.  These materials represent common waste materials from government 

laboratories.  All results were published in the proceedings of the 1999 Waste 

Management Conference in Tucson Arizona (Heintz 1999).  In summary, the enzyme 

was able to achieve over 50% degradation in all but the cotton-poly blend (40% 

reduction) and it degraded over 90% of the Kimwipes® and paper products. 

The enzyme appeared to work most effectively on processed paper and was least 

effective on the cotton polyester blend.  The more processed cotton products appeared to 

digest faster than the unprocessed “raw” cotton.  Processed cotton may degrade faster 

than raw cotton due the “waxy” residue on raw cotton that keeps it from interacting with 

the enzyme for a longer period of time.  It was observed that it took up to twenty-four 

hours for the raw cotton to sink fully into the enzyme solution, whereas the more 

processed versions absorbed liquid within a few hours.  The relationship between cotton 

degradation and relatively low glucose concentration was not apparent.  Freezing the 

samples after degradation did not affect the outcome of the sugar analysis. 

 Both wipes digested as expected, however neither the HEPA filters nor the lab 

coat materials contained any digestible components.  Microscopic analysis confirmed the 

synthetic nature of the materials.  One interesting note is that a sample of cheesecloth that 

was agitated by magnetic stirring resulted in 90% weight loss.  The three samples that 

were shaken resulted in an average of 68% weight loss by digestion.  The increased 

digestion rate for the stirred sample may be due in part to some added mechanical 

destruction to the cheesecloth as well as the slight difference in agitation rates between 

shaking at 200 rpm and stirring at 200 rpm.  Neither the reaction vessel nor creating an 

anaerobic environment changed the degradation rate. 
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3.4 Bulk cellulosic wastes 

3.4.1 Textile 

By-products of the denim production plant in Littlefield Tx include the following 

cellulose-based materials:  waste strips of denim fabric, sludge from the dyeing process 

and residual cotton from the machining processes.  All of these items were tested 

individually for their susceptibility to cellulase degradation.  Figure 3.4 shows that the 

denim strips were degraded in proportion to size of the strips.  The smaller fine-cut strips 

were digested more thoroughly than the larger single pieces of denim fabric.  The 

garneted fibers were digested at a similar rate as the shredded denim strips.  The controls 

also lost up to 5% in weight perhaps due to the dye that was released into solution. 

The sludge collected from the three processing plants failed to show any 

significant enzymatic digestion with either the Rapidase® cellulase or amylase as 

compared to controls.  The sludge dissolved into both the enzyme and control solutions. 

Although the samples in both the controls and enzyme solutions showed a loss of weight 

after the reaction period, Table 3.5 shows that there was no difference between the loss of 

weight in the sludge run in the enzyme solution as compared to the controls. 

The second series of experiments tested the effect of the enzyme on by-products 

from the local Littlefield denim processing plant.  Table 3.6 reveals that the cellulase 

effectively digested up to sixty-two percent of the cellulosic extras.  The waste with 

definitive cotton fibers readily digested, whereas the sludge both present and legacy 

proved resistant to cellulolytic degradation.  The suspended runoff solids from the 

machines contained very little obvious cellulosic fiber and exhibited no significant 

digestion. 
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Figure 3.4  Denim degradation rates (% residue) 

 

 

Table 3.5 Sludge experiments 

 % Residue 
Origin Control Rapidase® Amylase 
Amarillo, TX 62% 64% 61% 
El Paso, TX 61% 61% 59% 
Knoxville, TN 88% 88% 90% 

 

 
Table 3.6 Littlefield processing plant by-products 

 % Residue  
 Control Rapidase® 
Raw yarn 100% 38% 
Dyed yarn 98% 32% 
Fluff 98% 55% 
Present sludge 100% 93% 
Legacy sludge 100% 95% 
Suspended runoff 100% 100% 
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3.4.2 Plant digestion 

The enzyme treatment was considered as a potential method to reduce the 

biomass dredged from certain waterways and wastewater treatment plants.  Water 

hyacinth and duckweed represent a large proportion of the nuisance plant mass in these 

environments.  Due to the high water content of the water hyacinth (up to 95%), the 

cellulose degradation appears to be very small when compared to the initial weight of the 

plant.  The waxy nature of the leaves, stems and roots inhibited effective enzymatic 

attack.  In the untreated plants, the sites for enzymatic attack were limited by the size of 

the capillaries leading to the interior of the plant.  Likewise, there was a slight correlation 

between the degree of mechanical disruption and the amount of digestion.  Autoclaving 

improved digestion; however, no combination of chopping, autoclaving, or grinding 

resulted in a digestion rate greater than ten percent.  All data are shown in Table 3.7 and 

Table 3.8. 

3.4.3 Pine shavings 

 As a by-product of saw mills and other timber processing facilities, sawdust and 

wood shavings represent a large bulk waste of these industries.  Degradation by cellulase 

was considered as a potential way to reduce the volume of this waste.  Unfortunately, no 

significant degradation was observed in any enzyme-mediated experiment with any 

version of pine shavings regardless of processing.  The activity of microorganisms was 

much more apparent after a week of reacting with the enzyme than with any other 

substrate.  The solutions turned cloudy after the first few days and had a slightly 

unpleasant odor associated with the primarily fungal colonization of the solution.  The 

exception to this was when the pine shavings were autoclaved prior to reacting with the 

enzyme, which destroyed the native microbes associated with the shavings. 

 During the rolling reaction, the pine shavings did not exhibit any morphological 

changes, much less any signs of degradation.  The solution did support the growth of a 

wide array of microorganisms, including both fungi and bacteria.  The solution had a 

noxious odor by the fourteenth day but exhibited no digestion. 
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Table 3.7 Water Hyacinth and Duckweed        

 % Digested 
 Hyacinth Duckweed 
Whole plant 0% 0% 
Roots 0% ND 
Leaves 4% ND 
Stems 5% ND 
Chopped Whole 2% 0% 
Ground Whole 2% 0% 

 

 

Table 3.8 Autoclaved Water Hyacinth and Duckweed 

 % Digested 
 Hyacinth Duckweed 
Whole plant 1% 1% 
Roots 1% ND 
Leaves 10% ND 
Stems 9% ND 
Chopped Whole 6% 2% 
Ground Whole 7% 3% 

 

 

Table 3.9 Potential Waste Stream Substrates 

Substrates % Digested 
Kimwipes 97% 
Cheesecloth 68% 
Cotton standard 64% 
Box HEPA filters 0% 
Cylinder HEPA Filters 0% 
Lab coat sleeves 0% 
Lab coat body 0% 
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CHAPTER IV 

DISCUSSION 

It must be noted that waste treatment and contamination treatments differ in scope 

and were addressed together or separately depending on the treatments and the desired 

end product.  Although natural degradation of organic products is an effective method for 

removing cellulose by products, the process is relatively slow and difficult to manage.  

Microbiological degradation proved less efficient than cell-free enzymatic digestion of 

cellulose wastes. 

The rationale for testing several available enzymes includes determining which 

one is the most efficient and effective (greatest percent degradation in the least amount of 

time) as well as having an alternative source with known performance characteristics in 

case of changes in price or availability. 

During the selection of the enzyme process and the ensuing tests with various 

hydrocarbons, it became apparent there was a direct correlation between the degree of 

processing and an adverse affect on the action of the cellulase.  Additives in hydrocarbon 

products inhibit the enzyme at some level. 

 Although the enzyme did not digest the sludge effectively, all other types of 

leftover textile waste were degraded to some degree.  There was a correlation between 

the degree of fabric processing and the digestion rate.  The random bits of fibers as well 

as the shredded denim were digested more effectively than the more processed denim 

strips. 

The more recent sludge contained a higher percentage of cellulose than sludge 

that was a year old.  Over time, microbial digestion may have used a portion of the 

organic material available in the sludge and left behind the more recalcitrant components, 

such as the dye particles and other metabolically inert molecules.  The low pH 

environment of the sludge was a limiting factor for enzymatic degradation.  The addition 

of dye to fabric also had a negative effect on enzyme efficacy.   

 



Texas Tech University, Luther M. Swift, May 2008 

34 

 Enzymatic hydrolysis of native lignocellulosics is generally a slow process.  The 

resistance of biomass to enzymatic attack can be attributed to the following three major 

factors: 

• Cellulose in lignocellulosic biomass possesses highly resistant crystalline 

structure. 

• Lignin surrounding cellulose forms a physical barrier. 

• Sites available for enzymatic attack are limited.   

Cellulose in lignocellulosics is composed of crystalline and amorphous components.  The 

amorphous component is digested more easily by enzymatic attack than the crystalline 

component, and any means that will increase the amorphous content will enhance the 

hydrolysis rate.  The presence of lignin forms a physical barrier for enzymatic attack; 

hence, any pretreatment causing a disruption of the lignin linkage will increase the 

accessibility of cellulose and eventually its hydrolysis rate.  The sites for enzymatic 

attack are limited due to the fact that the average size of the capillaries in biomass are too 

small to allow entry to the large enzyme molecules; thus, the activity is confined to any 

external surface (Adney 1991).  Heat treatment did not improve the enzyme’s ability to 

degrade the sawdust, water hyacinth or duckweed. 

 Although cellulosic wastes constitute a relatively small portion of the total waste 

stream at Los Alamos National Laboratory, it could potentially replace some of the 

synthetic wastes if a disposal technology was apparent.  Presently, due to the reaction of 

nitrates with cellulose, synthetic materials are used to clean the gloveboxes at LANL.  

These synthetic wipes, although relatively non-reactive, are disposal problems due to 

their resistance to any form of biodegradation.  Cotton cheesecloth and Kimwipes® 

would be a preferred substrate with an established degradation procedure.  Bench-scale 

experiments have proven commercial enzymes offer an attractive method for degrading 

the cellulose even in the presence of radionuclides. 
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CHAPTER V 

CONCLUSIONS 

Enzymatic digestion of cellulose may be a useful mechanism for reducing certain parts of 

problematic waste streams.  The most promising area is in the degradation of 

contaminated cellulose wastes.  This ranges from oil-contaminated sorbents to lab wastes. 

The major points are summarized below. 

• In the digestion of cellulose, a cell-free system offers a more effective 

remediation strategy than microorganisms alone. 

• Cellulase can be used to degrade the voluminous waste streams generated by the 

cotton textiles industry; however, the temperature and pH limits the scope. 

• Under regulated conditions, cellulase is not significantly affected by the presence 

of hydrocarbons, low concentrations of heavy metals, lanthanides and actinides, 

thereby offering an alternative to land-filling or long-term storage of 

contaminated cellulosic wastes. 

• Cellulase digestion does not seem to be an effective method for degrading plant 

material or sawdust. 

Several issues must be addressed before this novel waste treatment scheme can be 

realized.  Beyond simple scale-up issues, one must consider the following: 

• A method for oil reclamation or degradation after the sorbent has been 

digested must be implemented. 

• Likewise, in lab waste stream treatment, reclamation of the radioactive or 

other lab contaminant must be considered. 

• Further studies must be conducted to engineer the most effective cost and time 

method for the enzymatic application in terms of batch or a continuous feed 

reactor. 
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