APPENDIX B;  DETAILED RELATED CURRENT AND PREVIOUS WORK

(A)
Feedstock and Biofuels
Energy consumption has increased steadily over the last century as the world population has grown and more countries have become industrialized.  Crude oil has been the major resource to meet the increased energy demand.  The limited crude oil supply will be exhausted in the near future if oil consumption continues to increase at its current rate.  Because the economy in the United States and many other nations depends on oil, the consequences of inadequate oil availability could be severe.  Therefore, there is a great interest in exploring alternative energy sources.  Extensive research has been done and reported on bioconversion processes. There are good work reported on handling forest residue. A number of published work is available on economic analysis of biomass feedstock from agricultural crops and residues. Unfortunately reported experimental work on collection and transportation of crop residue is scarce.  Lindley and Backer (1994), Kaminski (1989), Jenkins and Sumner (1986) have published comprehensive literature reviews on residue harvesting operations mostly in North America. Ferrero and Grassi (1987) and Novem (1996) have reviewed the progress in biomass supply systems in Europe. These reports pointed a number of technological, economical, and social complexities involved in biomass processing and called for further research and development in this area.  

Jenkins (1996) compiled a comprehensive list of physical properties of biomass. Properties for feedstock from forests have been well researched. These properties  for grasses and agricultural  crop residues yet to be determined. A recent paper by Jenkins et al. (2000) on rice harvesting exemplifies the breath and depth of work needed for commercial harvesting of biomass feedstock for industrial applications.  

Sokhansanj (2000) reviewed the existing equipment and infrastructure for harvesting and postharvest processing of forage and straw. The review identified a number of critical supply issues. Sokhansanj (2000) presented these issues under three headings. 

(
Biomass feedstock quality at the gate of conversion facility:  uniform species, uniform (and low) in moisture content, free from impurities (dirt), not spoiled or  badly weathered, can be easily handled, and  low cost (price paid for feedstock). 

(

The producer's expectations: a fair price for the crop residue, resources (soil) conserved, existing infrastructure utilized, does not interfere with the primary crop (e.g. grain), secure marketing channel. 

(

Meet the regulatory and safety concerns: weight and dimension restrictions, fire and codes, safety and health of workers, environmental regulations. 

Sokhansanj (2000) concluded that developments in feedstock supply should proceed simultaneously along research, development, and demonstration fronts.  

In contrast with fossil fuels, biomass is a renewable energy source that can be used to produce bio-based fuels.  Biomass is often converted to sugars or gaseous components prior to conversion to bio-based fuels.  Ethanol as a biofuel is widely used as a partial gasoline replacement in the US.  Fuel ethanol that is produced from corn has been used as an additive to gasoline (usually 10% by volume) since the 1980s.  The additive acts as an octane booster, increases the total fuel capacity for distribution, and promotes cleaner burning of the fuel.  As a result, the US transportation sector now consumes about 1.2 billion gallons of ethanol annually, about 1% of the total consumption of gasoline.  Recently, domestic automobile manufacturers have announced plans to produce significant numbers of flexible-fueled vehicles that can use an ethanol blend – E85 (85% ethanol and 15% gasoline by volume) – alone or in combination with gasoline.  However, the cost of ethanol as an energy source is relatively high compared to fossil fuels.  The focus of this research is to expand the scientific knowledge and application of ethanol-producing processes that will lead to significant economic improvements in the process.  Although ethanol is the focus of this study, the underlying principles of the research can be applied towards the production of other bio-fuels.  Three areas of focus will be studied:  biomass pretreatment processes, fermentation of sugars, and fermentation of synthesis gas.

Biomass pretreatment processes
The average composition of lignocellulosic biomass is approximately 40 - 60% cellulose, 20 - 30% hemicellulose and 10 - 25% lignin.  A potential biomass source for low-cost ethanol production includes crop residues, grasses, sawdust, wood chips, and solid animal waste.  As is evident, the biomass must be pretreated to obtain useable species that can be fermented.  A good pretreatment process should be effective, efficient, economically feasible, and environmentally friendly. 

Acid or enzymatic pretreatment processes are often used to convert the cellulosic component of the biomass into fermentable sugars.  Other components of the pretreatment process include mechanical methods (size reduction through milling, extrusion), physical methods (steaming, radiation, freeze/thaw), chemical methods (alkaline, acid), biological methods (bacteria, enzymes), or a combination of these methods.  The lignin is not useable for the fermentation process.  Low lignin content is critically important for some ethanol processes because lignin hinders hydrolysis of celluloses and reduces fermentation efficiency.  

For the enzymatic process, the accessibility of cellulosics to cellulase is the key to effective and efficient enzymatic hydrolysis. Previous studies have shown that pretreatment of lignocellulosic materials improves the subsequent hydrolysis of cellulose (Bjerre et al., 1996; Holtzapple et al., 1994).  Holtzapple et al. (1994) reported that AFEX pretreatment of coastal Bermudagrass significantly increased the yields of reducing sugars and ethanol.  However, the AFEX process involves ammonia, which would increase the cost of downstream waste treatment process.  Steam explosion was successfully used for pretreatment of wood chips and dramatically increased the efficiency of cellulose hydrolysis (Grous et al., 1986).  For enzymatic processes, further research is required to improve the economics of enzyme production, optimize the enzymatic process conditions, and assess the enzymatic efficiency of various biomass feedstocks.  

In addition to hydrolytic pretreatment, pretreatment of the biomass to form synthesis gas (syngas) via gasification is another option.  Syngas is primarily a mixture of CO, CO2 and H2.  The gasification process is conceptually considered two separate reactions; pyrolysis and combustion.  Pyrolysis is the breaking down of the cellular polymers, and combustion is the reaction of the cellular polymers with oxygen.  It is these critical reactions that determine both the production and composition of the resulting synthesis gas.  While there are a number of possible types of gasification systems, a fluidized bed reactor is currently chosen based on several advantages.  A fluidized bed boasts excellent mixing characteristics, high mass transfer reaction rates between gas and solid mixtures, and it is the most reliable method used with small particle feedstocks which are prone to agglomerate in other types of gasifiers.  In addition, fluidized bed reactors can be scaled up with considerable confidence (Natarajan et al, 1998).


Fermentation of sugars
Once fermentable sugars are obtained from the pretreatment process, bacteria such as E.coli and some yeast that are genetically engineered, ferment the reduced sugars to ethanol.  Genetically engineered E.coli (Ingram et al, 1997) and Saccharomyces yeast (Krishnan et al, 1997) are a few of the strains tested successfully for ethanol-production. 

Both separate processes of pretreatment and fermentation and combined processes of pretreatment/fermentation processes are being studied.  Both pretreatment and fermentation processes have often occurred at separate temperatures although organisms that can withstand pretreatment processes are being utilized for the combined pretreatment/fermentation process.  Several aspects of the fermentation process must be addressed including process conditions, simultaneous versus separate saccharification/fermentation, and the economics and feasibility of enzymatic processes. 

Fermentation of synthesis gas


Synthesis gas (syngas), a mixture of CO, CO2 and H2, is derived from gasification of carbon containing feedstocks such as natural gas, coal and biomass.  Biological catalysts for utilizing syngas are selective and operational pressures are often under atmospheric conditions with reaction temperatures generally applicable to mesophilic organisms.  Organisms able to mediate syngas fermentation reactions are primarily acetogenic.  Under anaerobic conditions, these organisms utilize electrons from CO or H2 to produce reduced carbon compounds such as ethanol.


Many aerobic, facultative and strict aerobic organisms are known to produce ethanol from glucose.  However, prior to 1986 no microorganism was reported to form ethanol from syngas. Considerable research efforts have been focused on developing bioconversion processes to produce ethanol utilizing acetogenic organisms.  In 1987, a strict mesophilic anaerobe was reported by Barik et al. (1987) to convert CO, CO2 and H2 into an ethanol/acetate mixture.  Subsequent studies by Tanner (1988) identified the organism as a new Clostridium species.  The main pathway for producing ethanol and acetate proceed via the formation of acetyl-CoA as the major intermediate.


CO conversion to ethanol and other byproducts is favored in the presence of CO2 and is currently being researched at the University of Oklahoma and Oklahoma State University (OSU). The impact of the CO2 requirement is unknown and is also under investigation at OSU. Research using Clostridium ljungdahlii has been shown to produce a mixture of ethanol and acetate from syngas (Gaddy and Clausen, 1992).  Using a purified syngas, Phillips et al. (1993) showed C. ljungdahlii produces between 6 to 48 g/L of ethanol and 3 to 5 g/L acetate.  


Minimizing the amount of acetate and maximizing the amount of ethanol has been a major goal of researchers.  Elmore et al. (1990) examined parameters such as nutrient concentration, pH, and the presence of reducing agents to minimize the amount of acetate produced.  Fermentation media optimization studies have shown the ethanol to acetate ratio depends on the pH and media nutrient composition.  However, CO inhibition of hydrogenases (essential enzymes of the ethanol pathway) is a critical factor and must be given consideration.  Hydrogenases are characterized by catalyzing the reversible oxidation of molecular hydrogen to protons.  Research so far indicates that several bacterial fermentation processes proceed using syngas as a substrate.  However, further research is required to elucidate environmental and biochemical factors affecting ethanol production.  Additionally, engineering issues related to reactor design remains. 

(B)
Biomaterials
Hanna et al (2001) developed a two-stage reactive extrusion process for producing micro-crystalline cellulose from corn cobs and other plant residues.  Miladinov and Hanna (1999, 2000, 2001) developed starch modification and extrusion processes to produce a water resistant foam.  A process/product patent is pending.  Chinnaswamy and Hanna (1996) patented technology to co-extrude corn starch and polystyrene (and other polymers) to produce water resistance foam products.  Beby et al (2001) patented technology to co-extrude starches with commercially available biodegradable polymers to produce foam products.

Many synthetic items, such as plastics, synthetic fibers, rubber and so on, that are conventionally derived from petrochemicals, can also be produced from renewable resources such as woody biomass and its components. Additionally, resources such as kelp, seashells and crustacean exoskeletons also hold promise for developing unique materials. Tremendous efforts have been made in this field. Many technically feasible approaches are available to convert lignocellulosic and related materials to biopolymers. However, no commercial facility is running to date. This situation can be attributed to a combination of three factors, technical inadequacy, economical noncompetitiveness, and lack of understanding of the industrial need.

 (C)
Biochemicals

Subramanian and Hanna (1996) synthesized glycol glucosides from starch using reactive extrusion.  Ghorpade and Hanna (1999) patented a process for producing levulivic acid from cornstarch via reactive extrusion.  Fang and Hanna (2002) developed a road de-icer from whole kernel sorghum.  

The heterogeneity of plant components usually dictate different separation strategies than from common industrial processes. New separation technologies are necessary to handle separation of valuable components present in low quantity in plant materials or bio-converted products. In addition, the large amounts of biomass produced must be dealt with in a profitable manner, not as a waste. 

Common separation steps, which could be applied to product recovery and purification from variety of plants or reactor products need to be identified.  Moreover, among the downstream processes, the initial recovery steps define the subsequent purification and polishing steps and hence the overall processing cost.  Regardless of where the product is located in the plant, intra-cellularly or extra-cellularly, seeds or leaves, the target molecules must be extracted before further purification. It is crucial to develop advanced, generalized extraction systems for product recovery. A successful extraction system will allow selective components to be extracted in minimum volume to simplify and facilitate the subsequent purification. The scalability of new systems will need to be evaluated for feasibility in large-scale operations.  

At the industrial scale, specialty chemicals are usually extracted by leaching. During the extraction process, the raw biomass can be swelled with water or aqueous solutions and/or de-fatted with non-polar type solvents. As an alternative to organic solvent leaching, specialty chemicals can be extracted by supercritical fluid extraction.

Recent studies have focused on the development of SCFE protocols for the extraction of specific beneficial molecule(s) from their plant matrix. SCFE has many advantages over traditional solvent extraction, leaving no chemical solvent residues in foods, allowing for extractions at low to moderate temperatures, being relatively nontoxic and is becoming readily available. Supercritical CO2 is a leading choice of the U.S. chemical industry, food and pharmaceutical industry and government to replace the toxic organic solvents, which are currently used in most food and agricultural separations. 

Increases in the use of renewable resources will come from both the identification of new products in plants/crops and in the waste streams after primary processing and specific modifications of common plant components to more valuable chemicals. Many compounds present in current crops, that are now discarded during processing, can have value added through appropriate bio-modification using enzymes or microbial cells. 

Some examples of specialty chemicals that may become commercial with appropriate development in separation and /or biomodification technologies follow. Oils containing long-chain polyunsaturated fatty acids may be produced by fungal bioconversion of food-processing waste streams or enzymatic inter-esterifications of lower grade oils in aqueous surroundings. Conversion of organic substances (e.g. food processing waste and oils) to useful and needed products such as enzymes and oils high in omega-3 fatty acids is especially alluring. Extraction of these high-value oils and increasing the enzymatic reaction rates in their production are important applications that supercritical CO2 could benefit. Supercritical CO2 extraction could benefit the recovery of these high-value oils while potentially increasing the enzymatic reaction rates. This system would also simulate many other agricultural solids containing valuable organic components and therefore could provide important information for the extraction of these compounds. 

Botanicals have become increasingly important, with an estimated 70 million Americans using botanical preparations. With more people using them, there is growing concern about their safety and efficacy. At present, botanicals are regulated as dietary supplements, and in this regulatory framework, potency and dose response are not an issue. Phytomedicines can be prepared using a solid-liquid extraction process, in which the raw botanical material is exposed to the appropriate solvent. This extraction step, as a whole, is pivotal to the herbal industry and its upcoming regulation and must be well documented. The herbal industry could benefit from investigations on leaching and on other extraction techniques such as supercritical fluid extraction. However, small and mid-sized operations make up the herbal industry and often lack the biological and chemical engineering research capabilities to undertake these extraction methods.  

Usable carbon and/or nutrients contained in the byproducts of traditional agricultural processing, such as sugarcane bagasse, rice hulls, sweet potato skins, and even animal wastes, can be used by microorganisms and converted to high value products and/or cell mass. Xylitol is an important sugar alcohol that has found wide application for dietetic foods. Food-grade xylitol has an economic value of approximately $12 per pound, which significantly adds value to the original substrate, bagasse and trash leaves, which is a typical liability to the sugarcane industry. Xylitol is converted to glucose by human metabolism, but at relatively slower rates that do not significantly increase human insulin production. Therefore, this high-energy substance may replace sugar in dietetic foods for hypoglycemic or diabetic patients. Also, because xylitol cannot be utilized by the natural flora that cause dental carries, it has found wide application in dental hygiene products. 

Ethanol is a significant compound in the shift from petroleum to bio-resource based fuels. But a potential offshoot of ethanol production is the large numbers of useful chemicals that are by-products of the yeast metabolism during fermentation. At the top of this list is glycerine, a chemical that will be in short supply due to the shinkage in animal fat supplies as a result of the current Foot and Mouth disease outbreak. Organic acids  (i.e. succinate) and sugar alcohols (i.e. inositol) could also be produced from alcohol stillage. 

Beneficial health effects from consumption of certain fish oils have been attributed to the presence of the essential polyunsaturated fatty acids (PUFA), EPA and DHA. These w-3 fatty acids have been linked to a reduced risk for coronary heart disease, arthritis, inflammation, hypertension, psoriasis, other autoimmune disorders and cancer. The w-6 fatty acids have also gained increasing interest such as arachidonic acid (ARA) and g-linolenic acid (ALA), which is recommended for relief of eczema and is also an important precursor of ARA by means of an important rate-limiting D6-desaturase reaction. Polyunsaturated fatty acids (PUFA) are currently marketed as dietary supplements at health food stores in the form of concentrated fish oils. Supplementation into baby foods have lately received greater interest. They are also prescribed medications for humans and pets. The U.S. market alone in 1987 was estimated to be $100 million per year, with current value of about $50/lb. The European market is even greater. Declining marine resources and an increasing demand have prompted the search for alternative sources of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Possible alternative sources of PUFA's include algae and filamentous fungi. 

Algae are the dietary source of the fatty acids for the marine fish and are consumed directly by some Asian populations. In fact, Martek Corp. has proposed the production of EPA and DHA in the absence of other PUFA's using two types of algae, one producing EPA and the other DHA, thus allowing for greater purification of each PUFA. However, fungal bioconversion are better suited for treatment of processing waste from U.S. food and agricultural industries. 

Fungi are particularly useful in treating "difficult to treat waste" such as low pH wastewaters from wineries or cheese processors, waste liquors from the pulp and paper industry containing ligninsulfonate, or waste streams containing heavy metals.  Filamentous fungi have the potential to produce large amounts of EPA within the mycelia walls when grown at optimal conditions. Target fungal oils may contain specific fatty acids by altering the production of important desaturase enzymes that participate in the conversion of fatty acids. Commercialization of fungal oils has already taken place in the EEC and Japan for production of GLA from Mucor circinelloides and Mortierella isabellina, respectively.

D)
The Educational Infrastructure for a Bio-based Economy
Our land grant institutions attracts some of the best young minds in this country and from the broader world community.  We need to tap this resource and begin to develop its potential for creating new and innovative systems for producing bio-based products.  We need to provide these students with fundamental training in the natural sciences, economics, and engineering.  They must be taught to think critically about structure and function of bio-based industries and how to make these industries sustainable.  Lynch and Hutchinson1 identified the following traits that need to be developed to support the educational goal for sustainable development:

(
competent environmental analyses using scientific and quantitative tools;

(
creativity – i.e., capable of marshalling the creative force of technology toward the design of sustainable industrial activities;

(
an understanding of the roles of science, technology, regulation, and economics in structuring industrial as well as individual behavior relative to the environment; and

(
ability to “get things done” within the complex of corporate and government activity.

Instilling these traits in students most remain an important element of our land grant mission.  As noted by Clark,2  the coupling of formal instruction with research activities is a  major strength of U.S. graduate education, and this premise is an important part of our multi-disciplinary approach to developing sustainable agriculturally-based bioindustries.


Many recent federal, industrial, and academic studies have concluded that the U.S. economy of the 21st century will be biobased (Armstrong, 1999; National Research Council, 2000).  During the transition from a petroleum-based economy to a biobased economy, products and processes based on biological raw materials will replace those based on fossil fuels.  Biorefineries will use many types of biomass sources and produce a broad range of carbon-based products, including energy fuels, chemicals, oils, biomaterials and many types of materials.


Many technological challenges must be overcome for this vision of a biobased economy to be realized.  Key “barrier topics,” identified in the Technology Roadmap for Plant/Crop-Based Renewable Resources 2020 document, fall into four categories:  (1) plant science, (2) plant/crop production, (3) processing, and (4) utilization.  In many instances, these barrier topics represent complex problems that cut across multiple science and engineering disciplines.  To address these problems, skilled scientists and engineers will be required to work in cross-functional teams.  A recent National Research Council study concluded that process engineers need to be better trained in the biological sciences, and that biologists need to be trained in process engineering, so that the biologists and engineers could work together effectively to establish the technical infrastructure for developing, manufacturing, and using biobased products (National Research Council, 1999).

The University of Nebraska is developing curriculum and educational programs to strengthen existing bioprocess engineering graduate program. Specific enhancements will occur in bioprocess unit operations, chemistry of biomaterials, advanced bioprocess separations, and process control for bioprocess operations.

The educational infrastructure needed to provide such training is currently available in conventional academic programs, which provide a narrow focus and do not encourage interactions between students from different departments.  Innovative, new training programs are needed that minimize barriers and provide a more integrated approach.  These programs must train students to communicate effectively, to solve problems, and to design processes in a multidisciplinary setting.

