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PREFACE 

The Council for Energy Engineering Research (CEER) reviews, on a continuing 

basis, a broad scope of engineering research efforts that have a potential impact on energy 

production and conservation and makes recommendations for future emphasis and 

direction. As each new area is identified, the CEER usually arranges for a workshop in 

order to receive input from the research community. 

The Council chose "Bioprocessing Research for Energy Applications" as an important 

new initiative early in 1987 and organized a planning committee that included Dr. Charles 

D. Scott of Oak Ridge National Laboratory (chairman), Prof. Elmer L. Gaden, Jr., of the 

University of Virginia, and Prof. Arthur E. Humphrey of Lehigh University. Subsequently, 

the Center for Bioprocess/Product Development of the University of Virginia was 

commissioned to organize and manage the workshop. Dr. Gaden was selected as the 

chairman of the organizing committee, which also included the other members of the 

planning committee as well as Profs. Giorgio Carta and Donald J. Kirwan of the University 

of Virginia. The meeting was held during November 2-4, 1988, in Alexandria, Virginia, 

with approximately 60 participants. This Proceedings summarizes the results of the 

workshop. 

I would like to express my sincere appreciation to all of the participants for their 

constructive input. Special thanks go to my colleagues on the organizing committee, who 

planned the activities, helped manage the meeting, and then assisted in compiling and 

writing the Proceedings of the workshop. I am particularly indebted to Dr. Richard J. 

Goldstein, Chairman of CEER, and to Drs. Oscar P. Manley and James C. Coleman of 

the U.S. Department of Energy for their valuable help and suggestions. 

Charles D. Scott 
Chairman of Planning Committee 
Workshop on Bioprocessing Research for Energy Applications 
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1. EXECUTIVE SUMMARY 

The new biotechnology that is emerging could have a major impact on many of the 

industries important to our country, especially those associated with energy production and 

conservation. Advances in bioprocessing systems will provide important alternatives for 

the future utilization of various energy resources and for the control of environmental 

hazards that can result from energy generation. Although research in the fundamental 

biological sciences has helped set the scene for a "new biotechnology," the major 

impediment to rapid commercialization for energy applications is the lack of a firm 

understanding of the necessary engineering concepts. Engineering research is now the 

essential "bridge" that will allow the development of a wide range of energy-related 

bioprocessing systems. 

A Workshop entitled "Bioprocessing Research for Energy Applications" was held to 

address this technological area, to define the engineering research needs, and to identify 

those opportunities which would encourage rapid implementation of advanced 

bioprocessing concepts. 

1.1 POTENTIAL IMPACT OF ENERGY-RELATED BIOPROCESSING 

Bioprocessing has been, or is currently being, utilized in several energy-related 

applications, and there is an even greater potential for future work in this area. New 

bioprocessing approaches are now being considered for application to fossil fuels. These 

include the beneficiation and biological conversion of coal to liquids and gaseous fuels as 

well as microbial systems for enhanced recovery of petroleum and other sources of 

hydrocarbon fuels. Liquid product upgrading by biological removal of detrimental or 

hazardous components may be possible, and it may even be possible to remove or recycle 

a portion of the generated C02 by biocatalytic systems that are driven by solar energy. 

The majority of these concepts are still in the formative state, and little is known about 

the underlying biological and engineering principles. 

In a sense, the conversion of renewable feed materials (biomass) to fuels and 

chemicals is the most mature area of bioprocessing development since some of these 

processing concepts are now commercially used. Grains with a high starch content are 
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currently used for the production of fuel-grade ethanol and other commodity chemicals, 

and some waste materials are being used to produce methane. However, the production 

of these commodity products and other organic chemicals is expected to expand 

significantly, especially as the price of petroleum increases. There arc potentially hundreds 

of millions of tons of other biomass materials (e.g., woody biomass, agricultural and forest 

product wastes, herbaceous crops, etc.) that can be considered as feedstocks for such 

bioprocesses. The concept of a "biomass refinery" could result in an integrated approach 

to the use of such materials with a large product and by-product slate. Most bioprocessing 

systems currently used in this area are based on technology that was developed many years 

ago. More efficient bioreactors, feed material fractionation, and product purification 

concepts could have important impacts on the expansion of Ihis industry. 

Future bioprocessing options may directly utilize solar energy or take advantage of 

some of the unique properties of biological materials. These could include microbial or 

enzymatic processes such as those being studied for the light-induced hydrolysis of water 

to hydrogen and oxygen, or isolation of dissolved metals by bioadsorbents for the economic 

and energy-savings recovery of strategic materials from low-grade resources or treatment 

of waste streams. 

All energy technologies require control of the release of hazardous materials in waste 

streams and residues. Bioprocessing schemes may be the most efficient approach for the 

treatment of some nuclear and chemically hazardous wastes. Biodegradation processes are 

among the most effective approaches for the treatment of many types of organic pollutan's 

either in aqueous effluents or for the clean-up of contaminated soil and the water supply. 

Off-gas processing utilizing an immobilized biocatalyst represents an entirely new concept 

that can be considered for a variety of energy-related processes. The necessary 

engineering and scientific principles are still not complete for many of these potential 

bioprocessing concepts. 

1.2 EXISTING RESEARCH SUPPORT IN THE U.S. DEPARTMENT OF ENERGY 

The primary research support within the U.S. Department of Energy (DOE) that has 

an impact on bioprocessing includes relatively fundamental investigations of microbiology 

and plant biology being carried out in the Division of Energy Biosciences of the Office 
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of Basic Energy Sciences (BES). Also, various applied programs, including those 
sponsored by the Division of Biofuels and Municipal Waste Technology and the Office of 
Fossil Energy, provide support that is primarily directed toward process development. The 
Energy Conversion and Utilization Technologies Program within the conservation area has 
established a broad program on biocatalysis. This program includes some support for 
engineering research, especially for investigating bioprocessing concepts that could have 
an industrial impact. 

The Division of Engineering and Geosciences within BES is investigating the initiation 
of a program in bioprocessing research. The primary goal would be to provide the 
necessary long-term, generic engineering research that would help provide the underlying 
fundamentals for future, energy-related bioprocesses. 

Other governmental agencies are active in supporting bioprocessing research. 
Foremost among them are the Engineering Directorate of the National Science 
Foundation, which provides support for relatively fundamental research, and the 
Department of Agriculture, which provides support of more applied research, especially 
as it impacts the agricultural sector. Two trade organizations, the Electric Power Research 
Institute and the Gas Research Institute, also support bioprocessing research, most of 
which is directed toward specific applications affecting the Institute members. 

1.3 RESEARCH NEEDS AND OPPORTUNITIES 

Many issues and concerns either favor or impede the future development of 
bioprocessing for energy applications; however, they are also the basis for establishing 
future needs and opportunities within appropriate research areas. Advanced bioprocesses 
will include necessary biological reagents which are contained within advanced bioreactors 
that have effective process control and are well integrated with the other processing steps. 
The resulting product, usually in a dilute aqueous mixture, must be separated and purified 
for final use. Research needs and opportunities are summarized in each of these areas. 

1.3.1 Biological Reagents 
Bioprocessing systems require necessary biological reagents to effect a physical or 

chemical change on a feed material (substrate). Biocatalysts or bioadsorbents will be the 
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two most important chisscs of these reagents. The biocntalyst itself (microorganisms, 

enzymes, or other biological fraction) can be considered to be a scries of small 

microrcactors that arc integral parts of a larger biorcactor system. In some eases, these 

microreactors may simply consist of biocatalysts immobilized into, or onto, a suitable solid 

matrix that will allow the material ready access to the chemical environment while 

preventing it from washing out of the rcactor. 

We must develop techniques that will allow a quantitative exploration of the internal 

behavior of these microreactors, as well as determination of the impact of the external 

reaction environment. Quantitative measurements of cellular and enzymatic rates in both 

the immobilized and free-suspension states are critically needed, and these will surely 

require advanced analytical techniques such as NMR spectroscopy, fluoromctry, FTIR, etc. 

The development of predictive models of cellular and enzymatic processes will be greatly 

beneficial, especially if useful generic techniques based on fundamental mechanisms can 

be developed. 

Immobilization techniques and the effccts of immobilization on intrinsic biokinctics and 

on mass transport must also be established. Again, prcdictivc models of these mcchanisms 

should be established using generic techniques that will have broad utility. 

Bioadsorbent materials from microbial, plant, and animal tissues have just recently 

been recognized as important biological reagents, especially for heavy-metal removal. The 

sorption mechanisms of such materials must be established, and the optimum physical form 

must be determined. Predictive models based on sorption mcchanisms and transport 

properties will be critical for the future use of these materials. 

1.3.2 Advanced Bioreactor Concepts 

There must also be a better understanding of the "macroreactor," especially for the 

nontraditional continuous systems that may also include columnar configurations capable 

of operating essentially at "plug flow." Such bioreactors are multiphase systems that utilize 

a liquid and/or gaseous feed stream normally containing biocatalyst or bioadsorbent 

particulates. New studies are needed to elucidate the hydrodynamics and transport 

processes in these complicated bioreactors so that phase distribution and interactions can 

be understood. A better understanding will allow the bioreactor parameters to be coupled 

with the biocatalyst kinetics to allow the development of predictive mathematical models. 
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Much of the approach should be on a generic basis so that the resulting techniques will 

have general applicability. 

Bioadsorbers or contactors that utilize bioadsorbent particulates will require a similar 

treatment in order to allow the prediction of the overall sorption kinctics and system 

optimization. Experimental and modeling techniques used for the study of advanced 

bioreactor systems will also be appropriate for this area. 

1.3.3 Bioseparations 

Our knowledge base and experience with separation science and technology are 

extensive because this area is also important in many of the chemical process technologies. 

Even so, bioprocessing presents a range of novel problems and situations for which our 

current understanding is not sufficient. Paramount among them is that many of the 

products are available as relatively dilute aqueous solutions. Therefore, both concentration 

and purification are essential steps. 

A fundamental concern is the lack of adequate thermodynamic knowledge in certain 

key areas. For example, the effect of "water structure" on solution biochemistry and phase 

equilibria is not well understood, and prcdictivc models for solution properties and 

multiphase equilibrium are badly needed. 

Although nontraditional separation techniques are beginning to be used in 

bioprocesses, most are not well understood for this application. Extraction processes 

appear very promising as do the uses of adsorption and membrane separations. The study 

of separation dynamics and the development of predictive models that can be used with 

the more complex mixtures usually found in bioprocesses are of highest priority. 

New and more effective separation reagents and materials are also important, 

especially those which are adapted to the specific needs of bioprocessing. These include 

membranes, adsorbents, and solvents that are compatible with biological systems. Of 

particular interest is the use of certain biological material as adsorbents (bioadsorbents) 

for the isolation and concentration of dissolved metals and low-molccular-weight 

bioproducts. 
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1.3.4 Process Control and Integration 

Integration of the various processing steps and consideration of the entire bioprocess 

offer significant advantages but will require a "systems" approach that can accommodate 

the various process interactions. There is an intriguing potential for combining the 

bioconversion step (e.g., fermentation) with the necessary separation steps (product 

concentration and purification). This will probably necessitate the inclusion of another 

(separation) phase in the bioreactor, thus complicating the understanding of the system. 

However, the early removal of some bioconversion products eliminates biocatalytic 

inhibitions and makes the conversion process more efficient while requiring one fewer 

processing vessel. 

Optimization and control of such systems will require effective on-line sensing methods 

that are coupled with control instrumentation and kinetic algorithms. Measurements of 

substrate, product, and biocatalyst concentrations are of particular interest. Devices to 

achieve such measurements must be stable, rugged, and relatively inexpensive. Biocatalysts 

or other biological reagents may ultimately prove very useful as sensing components, but 

various photometric and fluorometric approaches may have even greater application. 

Estimation techniques based on proven models and adequate understanding of process 

biochemistry are an alternative to direct on-line measurements. 

Mathematical models of the bioprocessing systems will contribute to design and 

scale-un, but they can also be the basis for process control and optimization. Perhaps a 

hierarchy of models ~ complex models to improve understanding and permit process 

simulation and somewhat simpler models for process control and optimization - would be 

the most effective approach. In addition, control techniques that are adaptive in nature 

and make use of artificial intelligence (AI) should have extensive applications. 

2. INTRODUCTION 

Biotechnology can be defined as the directed and controlled use of living organisms 

or their products to bring about desired chemical and/or physical changes. In the process 

industries, such technology can be further defined as processes, or processing steps, in 

which biologically derived feed materials are used or in which a biological agent, such as 

a biocatalyst or a bioadsorbent, is an important component. A new biotechnology is 
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emerging that could have a major impact on many of the industries important to our 

country, particularly those associated with energy production and conservation. The 

genesis of this new biotechnology is undoubtedly the very broad research effort in the life 

sciences that has resulted in a better understanding and control of biological systems on 

a molecular level. 

A study by the Office of Technology Assessment1 indicates that the impact of 

biotechnology should be significant and should be felt over the relatively short term, 

especially if the necessary bridging research (i.e., bioprocessing rcscarch) is carried out 

expeditiously. It has been suggested that bioproccssing systems should have important 

roles in several energy-related areas.2 There also appears to be an increasing interest by 

the research community.3 Although some federal support is available for bioprocess 

development in those areas, there is little fundamental engineering rcscarch that would 

provide the necessary basis for broad use of these exciting new approaches. An expanded 

DOE research role in this area has recently been recommended by the Basic Energy 

Sciences Advisory Committee.4 

The Council for Energy Engineering Rcscarch commissioned a workshop entitled 

"Bioprocessing Research for Energy Applications," which was held in Alexandria, Virginia, 

on November 2-4, 1988 (see Appendixes 6.1 and 6.2 for organization of and participation 

in the workshop). The function of this workshop was to distill from the several formal 

presentations and extensive discussions the issues, concerns, and engineering research 

opportunities that will expedite further development of bioprocessing systems for energy 

applications. More specifically, it was desired to outline those areas of engineering 

i research which would (1) improve and advance the fundamental understanding of the 

mechanisms underlying energy-related bioengineering practices; (2) develop advanced 

methods for analysis, control, and diagnostics for bioprocessing concepts; and (3) broaden 

the technological and conceptual bases for future energy-related biotechnologies. 

The Proceedings of this workshop provides a summary of the results of these 

deliberations and identifies research opportunities in this exciting basic engineering area. 
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2.1 STRUCTURE OF RESEARCH 

Although a wide range of research will be important in the ultimate development of 

new biotechnology concepts, the focus of this workshop was "engineering research." In 

order to put engineering research into a proper perspective, terms like "basic," 

"fundamental," and "applied" are commonly used, but they are subject to so many different 

interpretations that misunderstandings are almost certain to arise. To avoid this difficulty 

and to ensure the clearest possible exposition of the discussions and conclusions of the 

workshop, a conceptual framework was proposed and used to generally define research 

activities. This framework encompasses four types, or levels, of research: (1) expanding 

the knowledge base, (2) generating technologically useful knowledge, (3) developing 

generic technologies, and (4) bioprocess development (Table 1). 

2.1.1 Expanding the Knowledge Base 

Activities that have no apparent practical objective, but serve to expand the knowledge 

base, have been referred to as "pure science" or, in some instances, as "basic research." 

Efforts of this type contribute to a more complete understanding of the physical universe 

and are usually not based on technological considerations. An example of this type of 

research would be the study of the metabolic patterns that occur in microorganisms, which 

could be useful for many different applications. 

2.1.2 Generating Technologically Useful Knowledge 

Relatively fundamental research can be carried out, but in a broad, generic sense. In 

this case, the research is expected to be more readily applicable to technological needs 

even though a specific application is not envisioned. For example, the study of the effects 

of microbial immobilization on the intrinsic biochemical kinetics could be useful in many 

technological areas, including several advanced bioreactor concepts. 



Table 1. Structure of research 

Research areas 

Examples of bioproccssing systems 
Bioconvcrsion of Ethanol recovery 
sugar to ethanol by distillation 

Expanding the 
knowledge base 

Developing generic 
technologies 

Elucidation of 
microbial metabolic 
patterns 

Effects of 
immobilization on 
microbial kinetics 

Thermodynamics 
of mixtures 

Separation methods 
for dilute aqueous 
solutions 

Generating technologically 
useful knowledge 

Development of 
advanced concepts 
for bioreactors 

Phase equilibrium 
of oxychemicals in 
aqueous solutions 

Bioprocess development Predictive system 
model of ethanol 
fermentation 

Improved design 
of sieve-tray 
columns 

2.1.3 Developing Generic Technologies 

There is a class of problems affecting ultimate technological development that has 

common features. Generalized solutions can be sought; for example, several advanced 

bioreactor concepts will have important impacts on a number of potential technologies. 

2.1.4 Bioprocess Development 

The results of all the previous levels of research plus experience can be used 

ultimately to address specific process development or design problems. This could involve 

an entirely new processing concept or the utilization of more fundamental approaches to 

"sweep out empiricism" previously used in existing bioprocesses. In the latter case, there 

may be little underlying conceptual foundation for the process, and it would be impossible 

to extrapolate beyond previous experience. Therefore, engineers especially seek to 

improve understanding sufficiently to decrease reliance on prior experience alone. An 

example of this type of research would be the development of a predictive mathematical 

model for ethanol fermentation using conventional stirred-tank bioreactors. 
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2.1.5 Engineering Research 

Although engineers and scientists can contribute to expanding the knowledge base, this 

"pure science" is primarily the domain of the scientist. Generating technologically useful 

knowledge is part of the more applied science in which both engineers and scientists 

participate, while engineers are predominantly involved in developing generic technologies. 

All three of these research levels are the proper domain of engineering research; however, 

during the workshop deliberations, the major emphasis was placed on the second and third 

areas. While specific bioprocessing development activities were acknowledged to be of 

great prime importance, they were not considered to be in the province of engineering 

research. 

2.2 STRUCTURE OF THIS REPORT 

The results of the Workshop on Bioprocessing Research for Energy Applications are 

presented in this report, with an emphasis on the needs, challenges, and opportunities for 

engineering research. Section 3 presents a summary of the potential impacts of 

bioprocessing on energy production and conservation. This is followed in Sect. 4 with 

existing research and development support for biotechnology, especially in the area of 

DOE-funded projects. Perhaps the most important results of the workshop are presented 

in Sect. 5, which is a summary of perceived engineering research needs and opportunities. 

Various backup information, including details of the organization and management of 

the meeting and a complete list of workshop participants, is summarized in Sect. 6. 

Copies of the various position papers are also included, as are visual aids used by several 

DOE staff members to outline current R&D support. 

2.3 REFERENCES 

1. Staff of the OTA, Commercial Biotechnology: An International Assessment. 
OTA-BA-218, Congress of the United States, Office .jf Technology Assessment, 
Washington, D.C., 1984. 

2. Energy Research Advisory Board, The Federal Role of Energy R&D. U.S. 
Department of Energy, Washington, D.C., 1983. 
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3. Charles D. Scott, Ed., "Proceedings of the Ninth Symposium on Biotechnology for 
Fuels and Chemicals," Appl. Biochem. Biotechnol.. 17-18, (1988). 

4. Basic Energy Sciences Advisory Committee, 1988 Review of the Basic Energy Scicnces 
Program of the Department of Energy. U.S. DOE Report DOE/ER-0395, 1988. 

3. POTENTIAL OF ENERGY-RELATED BIOPROCESSING 

Engineering research on bioprocessing concepts is relevant to many problems and 

needs where technological barriers impede progress. This is particularly true in several 

energy-related fields, including fossil energy, renewable energy resources, energy 

conservation, and environmental control technology for nuclear and chemical waste 

management. Processing requirements are identified, and potential opportunities that can 

be created by bioprocessing research in each of these areas are discussed below and 

presented in more detail in the formal papers from this portion of the workshop that are 

included in Sect. 6.3. 

3.1 BIOPROCESSING FOR FOSSIL ENERGY 

Current and potential bioprocessing concepts for application to fossil energy include 

enhancing the extraction and recovery of petroleum and other fluid fuel resources, 

beneficiation of coal, conversion of coal to fluid fuels, upgrading product quality, and 

environmental control technology for effluents and residues (see Sect. 6.3.1 for additional 

details). 

3.1.1 Enhanced Resource Recovery 

Microbial enhanced oil recovery (MEOR) represents an innovative bioprocessing 

approach to the recovery of additional oil from exhausted reservoirs. It is felt that the 

microbial populations can either be used in surface facilities or injected underground to 

produce surfactants, polymers, solvents, and/or carbon dioxide that can interact with 

entrapped oil to enhance release. Similarly, microbial systems may be able to interact with 

the structures that tie up the hydrocarbons in oil shale and tar sands, thus enhancing the 

recovery of the included oil. 
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Only a limited amount of information is available on these concepts at present, 

although MEOR looks particularly attractive. To fully exploit these approaches, our 

understanding of the interactions between cells/enzymes and the interfaces between phases 

must be improved and entirely new approaches to bioreactor configuration and predictive 

process models must be developed. For example, it might be appropriate to consider 

processing oil shale in heaps as is now done in the mineral industry, thereby obviating the 

need for enclosed reactors. 

3.1.2 Coal Beneficiation 

Bioprocesses can also be used to enhance coal quality by the removal of heteroatom 

components such as sulfur and by modifying the coal surface to make it more reactive. 

Most of the research on biological beneficiation has been directed toward microbial 

removal of pyritic sulfur; however, the removal of metals, organic sulfur, oxygen, and 

nitrogen may also be possible. The optimum microbial population for these applications 

is not known, and the most efficient bioreactor configuration has not been studied. 

3.1.3 Conversion of Coal to Liquids and Gases 

It has been shown that some types of microorganisms and various enzyme systems can 

actually interact with coal to form a liquid product. Concepts to convert coal to gaseous 

fuels have also been developed, and demonstrations of the microbial conversion of fuel 

gases such as methane and syngas to liquid fuels have been conducted. These potential 

biological processes can be carried out at essentially ambient conditions, making them very 

attractive alternatives to the existing thermal/chemical processing approaches. 

The use of biocatalysts in organic solvents is one intriguing approach that may 

revolutionize the bioprocessing of coal, although very little is known about the activity of 

biocatalysts in organics. Information is also needed on the bioprocessing chemistry, proper 

form of the biocatalyst, and probable bioreactor concepts for these various possible 

bioprocesses. 

3.1.4 Product Upgrading 

The liquid hydrocarbons that can be, or possibly could be, used for fuel may include 

undesirable heteroatoms and/or hazardous organic constituents. These materials are 
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conventionally removed by severe hydrotrcating at high temperatures and high pressures; 

however, we now know that several types of microorganisms will interact with such 

constituents, possibly removing them from the liquid fuel at mild operating conditions. 

An emulsion-type bioreactor will probably be required for applications of this type; 

however, very little is known about this, including the proper form of the biocata'yst. 

3.1.5 Waste Treatment 

Advanced bioprocessing concepts have already been shown to be important in the 

cleanup of aqueous waste streams from processing facilities for fossil fuels, although 

predictive processing models of these systems arc not yet available. It may even be 

possible to use certain bioadsorbents (microbial, plant, or animal biomass) to accumulatc 

and remove dissolved heavy metals from such waste streams. Some evidence indicates that 

bioprocessing systems could also be used for treating product spills and solid residues, 

perhaps with in situ applications of the biocataiyst. Microbiological processing may prove 

useful in removing nitrogen and sulfur oxides from combustion off-gas systems, an 

approach which would require a bioreactor that can accommodate a biocataiyst in contact 

with a moist gaseous stream. 

3.1.6 CO, Recycle 

Energy production from fossil fuels always results in large quantities of COz in the 

off-gas waste streams that are released to the environment. Since there is increasing 

concern over the continued release of large quantities of C02, it is appropriate to consider 

techniques for recovering this material, especially if rccyclc to a fuel material is possible. 

A potential approach is the photoreduction of C02 in conjunction with other substrates 

to hydrocarbons and oxychemicals by catalytic agents that arc driven by solar energy. 

Biocatalysts, heterogeneous metal catalysts, or combinations of both types should be 

studied for this application. 

3.2 FUELS AND CHEMICALS FROM RENEWABLE FEEDSTOCKS 

The primary focus of bioprocessing development for energy applications in recent 

years has been the direct use of renewable feedstocks as a fuel or conversion of this 
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material to more useful fuels and cncrgy-rich chemicals (see Sects. 6.3.2 and 6.3.3 for 

additional details). Substantial quantities of both liquid and gaseous fuels are already 

being produced from these materials, and even greater quantities arc expected in the 

future. Perhaps the most important trend is the concept of a "biomass refinery" in which 

the renewable feed material is fractionated into several process streams having a variety 

of products and by-products that are optimized for efficiency and economic return.' Wet-

corn milling is an example of this approach and could serve as a model for other types of 

biomass. 

3.2.1 Renewable Feedstocks 

The primary renewable feedstocks of interest include agricultural crops that produce 

sugar (sugar cane or beets), starch (grains), or biologically produced oils, as well as a large 

supply of lignocellulosic materials (wood, etc.) that is not yet fully utilized and potential 

herbaceous crops specifically grown for energy use. Much agricultural waste, forest 

product wastes, and municipal solid waste (MSW) can also be considered as valuable 

feedstocks for this application. 

An important fraction of the 200 million tons of corn per year is used for ethanol 

production, and increasing amounts of MSW are used for methane production. However, 

the potential from all sources represents several million tons of valuable and renewable 

biomass feedstocks that can be used for energy applications. 

3.2.2 Liquid Products 

Sugars derived from biomass can be converted by bioprocessing systems into a wide 

range of liquid products, including various alcohols, organic solvents, organic acids, and 

many other oxychemicals that are useful for fuels or the chemical commodity market. 

Other components of renewable feedstocks (e.g., lignin) can also be used to produce 

phenols, furfural, furans, and various aromatics. The potential market for biologically 

produced ethanol, other fuel enhancers, neutral solvents, and organic acids could be 

greater than 100 million tons per year. In many cases, use of the biomass feed materials 

represents the direct replacement of fossil feedstocks. 

The fermentation industry currently produces ethanol and organic acids (primarily from 

sugar extracted from grain) and would be the basis for a significant expansion into the 
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production of much larger quantities of these and other chcmicals. However, the 

technology used in this industry is evolving very slowly, and advanced concepts are just 

beginning to be considered. The primary fractionation of the biomass feedstock into 

different processing streams will become even more important as other feedstocks are 

considered. Significant advances in the bioconvcrsion step should be possible with better 

forms of the biocatalyst and advanced bioreactor concepts. More efficient methods for 

downstream processing for product concentration and purification will also be critical to 

ensure the economic viability of the bioprocesses. 

3.2.3 Gaseous Products 

The components of biomass are primarily hemicellulose, cellulose, and lignin, while 

available carbonaceous wastes may contain these materials and other fermentable 

constituents. These materials can be biologically converted into a variety of gaseous 

products, including hydrogen, methane, and possibly ethylene (see Sect. 6.3.3 for additional 

details). Methane is produced by anaerobic digestion of the feed material, which is 

typically composed of various types of municipal wastes, including sanitary wastes. 

Alternatively, biomass may be gasified to produce synthesis gas, a low-Btu mixture of H2 

and CO, that may then be reacted biologically to yield additional H2, acetate, or CH4. 

Although some operating facilities utilize microbial processes for the anaerobic 

production of methane from municipal wastes, these bioprocessing conccpts are based on 

very conventional technology and are largely designed by various empiricisms. Forward 

movement of this technology will require a much more extensive understanding of the 

biocatalyst (microbial population or enzymes) and its efficient formulation, as well as 

advanced bioreactor concepts that effectively accommodate the gaseous feed materials 

and products. 

3.3 OTHER ENERGY-RELATED AREAS 

There are many other potential technological areas where bioproccssing systems may 

provide alternatives that would affect energy production or the conservation of energy. 

For example, microbial and enzymatic processing systems can dircctly use solar energy to 

hydrolyze water to H2 and 02. A similar concept would allow biocatalysts to provide 



16 

electrical current from solar energy. As already mentioned in Sect. 3.1, biocatalytic systems 

could also utilize solar energy to reduce COz to various energy-rich chemicals. 

Biocatalysts may allow the more efficient conversion of some intermediate organic 

feedstocks to energy-intensive products. One of the most attractive approaches would be 

to utilize enzymes in organic media, a technique that was unknown a decade ago. 

Another innovative consideration is to use bioadsorbents for the economic and 

energy-saving recovery of strategic materials in waste streams and residues. 

Most of these types of bioprocessing options are in the conceptual stage, and much 

additional research would be required to study the biological reagent itselF and to 

determine the most effective bioreactor systeir. 

3.4 ENVIRONMENTAL CONTROL TECHNOLOGY 

Bioprocessing systems may be especially well-suited for the treatment of nuclear and 

chemically hazardous wastes with high specificity and energy economy (see Sect. 6.3.4 for 

additional details). The ability of such processes to effectively operate with dilute solutions 

of the pollutant is of paramount importance. 

Many of the future processing requirements in this field are driven by federal and 

state statutes that are expected to be especially severe for some of the energy production 

areas. Process-derived effluents and resMup* must be accommodated; however, the 

environmental restoration of severely contaminated sites must also be addressed. 

3.4.1 Treatment of Effluents and Residues 

Biodegradation of organic pollutants in aqueous effluents may be the most effective 

and least expensive treatment technique. Various applications are possible for this type 

of bioprocessing system in the fossil and nuclear energy areas, and it may represent the 

most energy-efficient technique to use for some of the effluent problems in the chemical 

industry. Certain microbial populations have been shown to degrade phenolics, cyanides, 

chlorinated hydrocarbons, and other organic compounds. Such bioprocesses operate at 

relatively mild operating conditions and at high rates, especially if the systems can be 

designed for good mass transfer. It may even be possible to utilize specially formulated 

enzymes as the degradation biocataiyst. Some inorganic pollutants such as nitrates and 



ammonia have also been shown to be biodegradable, notably when advanced bioreactor 

concepts (e.g., continuous fluidized beds with particles containing immobilized 

microorganisms) are used. Preliminary results suggest that bioadsorbenis may be used to 

isolate and remove dissolved heavy metals in aqueous effluent streams. For example, the 

biomass from several microorganisms and some plant and animal tissue has been shown 

to accumulate several different types of dissolved metals with distribution coefficients 

greater than 1000 even when the pollutants are present at less than 1 ppm. In addition, 

radioactive materials such as uranium, plutonium, strontium, and other fission products 

have been isolated by bioadsorbents. 

Anaerobic digestion has been studied as a potentially useful bioprocess for the volume 

reduction of carbonaceous solid wastes even when other hazardous materials are also 

present. Biocatalysts immobilized into a columnar reactor could also be used to remove 

some organic and inorganic pollutants in off-gas streams. 

Although some of these potential bioprocessing concepts have moved through the 

pilot-plant stage, there is inadequate understanding of the design of large-scale systems 

except in a restricted, empirical sense. An additional assessment of the most effective 

form of the bioreagent is needed, and the various types of multiphase bioreactor concepts 

that will be required in this area must be studied further so that an adequate technological 

base will be available for design and scale-up. 

3.4.2 Remediation of Waste Sites 

Bioprocessing systems may play an important part in site remediation programs if 

contaminated waters are pumped to the surface for treatment or if soils are removed and 

treated in slurry bioreactors. Both biodegradation and bioadsorption processes should be 

readily useful in the dilute aqueous solutions recycled in such an area, while 

biodegradation processes should be particularly effective in treating contaminated soil. 

Selected biodegradation schemes may also be useful for in situ applications, especially if 

the biochemistry of such processes are well defined and if injection techniques for the 

microbial population and the necessary nutrients are optimized. 

Bioprocessing approaches appear to be ideally suited for the cleanup of contaminated 

sites with the potential for high specificity and low energy requirements. However, only 

preliminary information is available for the effective use of the bioreagent of choice and 
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the predictive knowledge of the necessary multiphase bioreactor system or the in situ 

injection techniques. 

4. CURRENT SUPPORT FOR BIOTECHNOLOGY RESEARCH 

Fundamental biological research in the "new biotechnology" has significant U.S. 

government support, primarily from the National Institutes of Health (NIH) and the 

National Science Foundation (NSF). However, since our emphasis is on energy 

applications, DOE-funded research is of particular interest. Although DOE has several 

areas dedicated to bioprocessing, the supporting engineering research has only minimal 

DOE backing. An expansion into long-term, generic engineering research for 

bioproccssing applications would be most appropriate. 

A summary of the existing research support, with an emphasis on DOE, is given 

below. It is based on several short presentations at the workshop (see Sect. 6.4 for the 

visual aids that were used) and on input from various other participants during the 

meeting. 

4.1 U.S. DEPARTMENT OF ENERGY 

The majority of DOE research support for biotechnology is for the more fundamental 

biological sciences and for bioprocess development in selected programmatic areas. Some 

backing for engineering research is also available, although that for long-term, gencric, 

engineering research is relatively limited. 

4.1.1 Division of Energy Biosciences 

The Division of Energy Biosciences supports research into the investigation of 

fundamental biological mechanisms in both microbiological and plant sciences (sec Sect. 

6.4.1). This includes the study of microbial genetics and energetics as well as membrane 

phenomena. Investigations also include metabolic pathways and microbial ecology. No 

associated engineering research is supported. 

Bioenergetic systems are emphasized in the plant sciences; a significant interest is 

shown in photosynthesis. The metabolic, genetic, and environmental influcnccs on plant 
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growth and development arc studied, and support is also available for the investigation of 

the cell wall and of plant-microbial interactions. 

It is hoped that this research will provide the fundamental biological basis for future 

bioprocessing concepts. 

4.1.2 Office of Fossil Energy 

Over the past several years, the Fossil Energy Program has developed an increasing 

activity related to utilizing biotechnology to expand the breadth of fossil fuel use (see Sect. 

6.4.2). The goals of this program are to explore and to develop new approaches in 

petroleum resource recovery, coal beneficiation, bioconversion of coal to gases and liquids, 

and bioprocessing of coal processing wastewater. Most of the support is Tor relatively 

applied work that is oriented toward specific process applications. Minimal funding can 

also be obtained for molecular biology that is directed toward the understanding of some 

microbial-coal interactions. 

4.1.3 Biofuels and Municipal Waste Technology Division 

The Biofuels and Municipal Waste Technology Division within DOE is developing a 

technology base that will allow the increased use of renewable organic materials as fuels 

or feedstocks to bioconversion processes producing liquid and gaseous fuels (see Sect. 

6.4.3). The research, which is relatively applied, is directed toward the production of 

biomass feedstocks as well as the technology for thermochemical or biochemical conversion 

of organic feedstocks. Alcohol fuels from biomass and methane from the anaerobic 

digestion of MSW represent the two major processing thrusts. 

4.1.4 ECUT Program 

The Energy Conversion and Utilization Technologies (ECUT) Program carries out 

four main functions (see Sect. 6.4.4): (1) to monitor and evaluate U.S. and international 

basic scientific research as it may affect energy conversion; (2) to expand the technology 

base that is generic to energy conservation; (3) to establish concept feasibility for 

potentially revolutionary conservation technologies; and (4) to effect technology transfer 

to DOE end-use conservation programs and/or to private industry. Some critical issues 

that are currently being addressed include the slow rates usually associated with some 
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bioproccssing conccpts, the lack of scalc-up and design tools, and the necessity of seriously 

considering coproduct production. Some of the research supported by the ECU T "rogram 

is relatively basic in nature, but the research is both guided by and anticipate;. needs 

of the end user. 

A portion of the ECUT program definitely addresses engineering research in support 

of bioproccssing concepts; however, it is sometimes difficult to maintain long-term backing 

of broad-based, generic research. 

4.2 OTHER RESEARCH SUPPORT 

The Engineering Directorate of the NSF has two major programs that support 

engineering research for biotechnology. Much of this effort is oriented toward biomedical 

applications, but some of the research is very generic and could impact broad areas. 

Other governmental agencies such as the U.S. Department of Agriculture and 

organizations such as the Electric Power Research Institute (EPR1) and the Gas Research 

Institute (GRI) provide some research and development (R&D) support, particularly in 

bioprocess development. Both EPRI and GRI have established R&D efforts on the use 

of byconversion processes, primarily with fossil fuels. While industry provides extensive 

R&D support for proprietary biotechnology, it designates very little for engineering 

research that could have broad applicability. 

4.3 EXPANSION OF ENGINEERING RESEARCH SUPPORT 

Clearly there is a need for more extensive support of the "bridging" engineering 

research that will allow the effective coupling of basic biological research with the 

development of specific bioprocessing systems. An expansion of some of the existing 

research programs to include additional engineering research would be appropriate, and 

the establishment of a well-defined bioprocessing research component within the DOE 

Division of Engineering and Geosciences would appear to be highly desirable (see 

Reference 4 in Sect. 2.3). 
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5. RESEARCH NEEDS AND OPPORTUNITIES 

In a previous section, the potential impact of bioprocessing on a number of 

energy-related areas was outlined. However, a significant portion of the meeting was 

oriented toward those issues and research opportunities that would encourage future 

development of bioprocessing for energy applications. Although some engineering 

research is closely tied to a specific application, several important generic research areas 

cut across many different processing concepts. The consensus of the workshop attendees 

was that there are four primary generic engineering research areas where focused efforts 

could lead to greater insight into the fundamental principles underlying successful 

bioprocessing systems. The most effective bioprocessing concepts will include the 

necessary biological reagents (microorganisms, enzymes, etc.) contained in advanced 

bioreactors that are well-integrated and controlled for efficient operation. The product 

will usually be a complex aqueous mixture requiring effective separation and purification. 

These various processing elements could form the basis for a comprehensive program on 

bioprocessing research. 

5.1 BIOLOGICAL REAGENTS 

Within a bioprocessing system, biological reagents (i.e., biocatalysts or bioadsorbents) 

are required to carry out necessary chemical and/or physical changes on a feed material 

(substrate). The biological reagents themselves (microorganisms, enzymes, or other 

biomass fraction) can be considered as a series of small bioreactors, or microbioreactors, 

that are contained within a bioreactor vessel. We must be able to predict how each 

microbioreactor operates in order to understand the dynamics of the larger bioreactor 

system. 

5.1.1 Bioreagent Formulation 

The choice of a specific biocataiyst or bioadsorbent will probably be based on the 

actual bioprocessing needs and selected from various classes of these reagents that have 

been studied by the basic biological scientists. Often, however, the research engineer can 
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use a wide range of possible options, some of which can be studied gcncrically. Specific 

examples of important research in this area arc listed below: 

1. Study the cffects of very high concentrations of microorganisms in aqueous suspension 

since this is the form that many bioproccsses require. 

2. Some advanced biorcactor concepts demand that the biorcagcnt be immobilized into 

or onto support particlcs to prevent washout. Various formulations of the 

immobilization matrix need to be studied and the effects of the matrix on microbial 

physiology and on mass transport need to be evaluated. 

3. The use of mixed cultures of microorganisms, or mixtures of different enzymes, or 

combinations of microorganisms and enzymes may be required to optimize some 

bioprocessing steps. The resulting interactions and synergisms will require prcdictive 

mathematical models. 

4. Apparently a large number of different types of biomass can serve as good adsorbents 

for various dissolved metals. Some of these are rather specific for a single metal or 

a few metals while others adsorb over a broad spectrum. Additional work to 

determine adsorption and desorption isotherms would be very useful. 

5.1.2 Bioreapent Kinetics 

We must develop the tools and techniques that will allow us to explore quantitatively 

the internal behavior of the microreactor (microorganisms, immobilized biocatalyst particle, 

etc.) and its relations to the external environment. Examples of some of these include the 

following: 

1. Use of advanced bioanalytical instrumentation such as NMR, spectroscopy, 

fluoromctry, FTIR, etc., to probe individual biocatalyst or bioadsorbent particulates. 

2. Development of predictive cellular kinetics models with experimental verification. 

3. Study of the structure and function of enzyme-active ccnters, with an emphasis on 

techniques for enhancing activity, reducing inhibition, and developing predictive kinetic 

models. 

4. Study of transport processes between biocatalyst and adjacent fluids and between the 

immobilization matrix and other phases. 

5. Investigation of cell-surface interactions since many energy applications require the 

reaction with a biocatalyst at a solid surface. 
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6. Study of the behavior of cells and enzymes in nonaqueous environments since several 

energy applications require interaction in that environment. 

5.2 ADVANCED BIOREACTOR CONCEPTS 

The macrobioreactor or the interactions occurring in the bioreactor vessel must also 

be fully understood and predictable. Although the conventional stirred-tank bioreactor will 

continue to have an important place in this technology, it will be even more important to 

consider advanced concepts such as nontraditional, continuous bioreactors that have a 

columnar configuration and operate at essentially "plug flow." Other bioreactor 

configurations, such as those using different geometries and operating schemes as well as 

those using membranes, should also be considered. In some cases, photobioreactors will 

have to be used since solar photons represent an important energy source (see Sects. 

6.3.5 and 6.3.6 for additional details). 

5.2.1 Multiphase Operation 

For almost all energy-related applications, these bioreactor systems will operate with 

multiphases that usually contain at least one liquid, one gas, and one particulate phase. 

They will generally utilize a liquid, solid, and/or gas feed stream, and biocatalyst or 

bioadsorbent particulates will frequently be included. We currently have very little 

predictive capability in this field other than a few, very specific empirical correlations. In 

general, the design of new facilities follows a tenuous path with successive experimental 

verification of increasingly larger systems. 

5.2.2 Columnar Bioreactor Systems 

Perhaps the most important areas of future research for bioreactor systems take 

advantage of continuous columnar reactors that utilize the bioreagent immobilized into or 

onto particulates to ensure high bioreagent concentrations and prevent washout, even at 

high flow rates. This type of bioreactor can operate as a packed-bed or fixed-bed system 

when the particles are relatively large and the biocatalyst activity requires low flow rates. 

On the other hand, if there is high reactivity and small bioreagent particulates are used, 

then the particles are suspended by the fluid upflow and the system operates as a 
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fluidized-bed bioreactor. So-called air-lift reactors have been successfully used where the 

contents of the columnar bioreactor are mixed by use of a central draft tube with high gas 

flow, and trickle-bed reactors can be operated where there is a stationary bed of solids 

through which the liquid phase "trickles" countercurrent to a continuous gas phase. 

Columnar bioreactors, except for the air-lift, operate with the liquid phase in 

essentially plug flow; however, there is considerable uncertainty concerning phase 

distribution, interphase mixing, transport between phases, development of concentration 

gradients, and prediction of the overall productivity. In order to understand fully such 

systems, several important research needs and opportunities exist: 

1. The study of multiphase hydrodynamics will be required for the prediction of phase 

distribution and mixing. 

2. Gas generation, coalescence, and removal must be known in order to help predict 

phase distribution. 

3. Mass transfer between phases will be critically important to allow the overall 

prediction of productivity. 

4. Methods for measuring, controlling, and predicting biofilm thickness will be important 

for biocatalyst stability and for predicting mass transport and overall productivity. 

5. Predictive mathematical models, for design purposes, that take into account all of the 

dynamic and kinetic mechanisms will need to be developed. 

5.2.3 Other Types of Bioreactor Concepts 

Currently, stirred tanks, with and without immobilized bioreagents, continue to be the 

most-used type of bioreactor. Such a system should continue to have important utility for 

energy applications; in addition, several other specialized bioreactor configurations, such 

as membrane reactors and photobioreactors, may be useful in this context. Additional 

research will allow a better understanding of such systems and make it possible to more 

effectively predict scale-up and productivity: 

1. Development of methods for the reduction of fowling of the membrane surface. 

2. Study of mixing in a stirred tank with the presence of particulates of immobilized 

biocatalyst. 

3. Development of a photobioreactor configuration that optimizes the adsorption of solar 

photons. 
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4. Investigation of interphase mass transport in all types of bioreactors. 

5. Development of predictive mathematical models for scale-up that take into account 

all the known dynamic and kinetic mechanisms. 

5.3 BIOSEPARATIONS 

Separation science and technology is surely the most potent unifying element in 

chemical engineering, and the knowledge base and our experience in this area are 

extensive. Even so, bioprocessing presents a range of novel problems and situations for 

which our current armament is not entirely satisfactory. Bioprocesses, in general, deal with 

dilute solutions of materials that may be labile and entirely foreign to the process 

engineer. There is a lack of adequate thermodynamic knowledge of these important 

mixtures, and many of the most effective approaches to solving separation problems have 

not yet been effectively used for bioprocessing products. 

5.3.1 Thermodynamics 

Most separation concepts will require the distribution of the solute of interest into two 

or more different phases. There are very few data, useful correlations, or thermodynamic 

models that allow the prediction of the distribution of the solute over a reasonable range 

of possible operating conditions. Additional research projects such as those listed below 

are needed: 

1. Study of the effects of "water structure" on solution chemistry and phase equilibria for 

small- and intermediate-sized molecules. 

2. Development of a better understanding of the effects of salts on the phase equilibria 

for various types of solutes. 

3. Devising a more rigorous predictive model for solution properties and phase equilibria, 

especially for multiple solutes. 

5.3.2 Important Separation Technologies 

Many of the products from the bioconversion of renewable and fossil feedstocks will 

be oxychemicals such as organic acids, alcohols, glycols, and several types of aromatics. 

In most cases, the oxygenated products tend to be highly hydrophilic and, therefore, are 

difficult to remove from water. It is normal practice to concentrate relatively dilute and 
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nonvolatile solutes from dilute aqueous mixtures by removing the solvent via evaporation, 

freeze concentration, or reverse osmosis, etc. However, these arc usually very 

energy-intensive process steps. It is more appropriate to use thermal processes (i.e., 

distillation) when the minor product constituent is simply more volatile than the bulk 

solvent. However, low-volatility products may be more effectively recovered by solute 

removal using separations reagents such as extractants, sorbents, or membrane processes. 

Direct crystallization is another possibility for the recovery of solutes if they are sufficiently 

insoluble. 

Additional engineering research could allow this largely empirical art to become a 

predictable science and technology: 

1. The need for improved separations reagents (adsorbents, membranes, solvents, etc.) 

is obvious but could allow greater specificity and capacity. 

2. Further study of reversible complexation for biochemical separations could significantly 

enhance specificity. 

3. Multiple aqueous-phase extractions show great promise, especially for macromolecules. 

4. Micellar extraction systems should be more fully explored for concepts in which one 

of the process phases is a liquid organic compound. 

5. The use of bioadsorbents, especially for metal extractions, should be more thoroughly 

examined. 

6. New separation concepts that allow recovery and recycle of biocatalysts such as 

microorganisms or enzymes could economically enhance some types of bioprocesses. 

7. Optimum contactor configurations that enhance mass transfer and increase operability 

need to be developed and studied. 

5.4 PROCESS CONTROL AND INTEGRATION 

In the past, only minimal attempts have been made to integrate the several 

bioprocessing steps and to adequately monitor and control the whole system. Although 

the interest in these research areas is much greater today, additional input could result in 

well-controlled systems operating at near-optimum conditions. 
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5.4.1 Bioprocess Integration 

Since many of the different steps in a total bioprocess are interactive, it is appropriate 

to consider the entire bioprocess as a system that encompasses the various process 

interactions. In fact, two or more of the steps usually carried out in separate vessels in 

sequence could be optimized into a single processing step. Of particular interest is the 

combination of the product separation/purification step in the bioconversion or 

fermentation vessel. This step could be carried out relatively simply by introducing into 

the bioreactor an extractant or adsorbent that would progress continuously countercurrent 

to the feed and effluent streams. Thus, the product would be stripped out of the reactor 

effluent and perhaps even concentrated in the separations reagent that could be collected 

outside the bioreactor. Not only would this integration conserve processing steps but, by 

reducing product buildup, might also reduce product inhibition. However, there must be 

"strategic planning" in deciding which components to separate, the optimum time for 

separation, and which reagent to use. This intriguing idea will require a significant 

additional engineering research effort before it can be adequately considered for specific 

processing systems: 

1. The dynamics of the system must be carefully considered; that is, it will be necessary 

to determine whether a liquid extractant or a solid adsorbent that is more or less 

dense than the fermentation liquid phase should be used and how it will be introduced 

or removed from the bioreactor. 

2. The change in hydrodynamics and mixing that occurs upon the introduction of another 

phase should be investigated. 

3. Concepts that allow the continuous introduction and removal of the separations 

reagent must be developed. 

4. The study of candidate extractants should include not only an assessment of its 

specificity and capacity for the product of interest, but also a measurement of its 

toxicity to microorganisms or enzymes. 

5. Recycle of any candidate separations reagents would also have to be investigated. 

5.4.2 Measuring Bioprocess Parameters 

Our ability to measure critical process characteristics, especially at the micro level, is 

currently insufficient to allow optimum process control. We need process sensors that are 



28 

stable, rugg.id, inexpensive, and capable of on-line measurements which can be made near 

real time. In general, we can adequately measure many bulk parameters such as 

temperature, pH, etc., but it is very difficult to determine concentrations of the biocataiyst, 

substrates, and products. Some additional points are listed below: 

1. In some cases the sensors must be compatible with aseptic operation. 

2. Photometric and fluorometric concepts utilizing fiber optics look attractive. 

3. On-line NMR may allow a more definitive evaluation of the microbial biocatalysts. 

4. Biochemically based measuring devices (e.g., immobilized enzyme electrodes) add the 

specificity needed for individual chemical constituents if they could be designed for 

better stability. 

5. It would be desirable to use control estimation techniques where measurable quantities 

are used, along with process and organism knowledge (models), to estimate or infer 

the unmcasurable but critical process rates and parameters. 

5.4.3 Bioprocess Modeling and Control 

As indicated above, an alternative to direct on-line measurement of some operating 

parameters is the use of estimation techniques based on proven models of the process 

biochemical kinetics and various process dynamics. A hierarchy of such models may be 

desirable, as indicated in the following considerations: 

1. Complex models with many parameters are needed to improve understanding and 

permit simulation. 

2. Systematic methods would be required to reduce complex models to simpler versions 

that would be useful for on-line process control and optimization utilizing currently 

acceptable computer control concepts. 

3. Ultimately, it will be necessary to have optimization methods that can utilize complex 

models via small, but very fast, on-line computers and the necessary, new control 

algorithms. 

4. Adaptive techniques are needed that can detect and compensate for changing process 

characterization brought on by changes in complex industrial media, organism 

instability, or adaptation. 

5. Mathematical modeling, or artificial intelligence techniques, should be investigated to 

extract the real information from complex physical or chemical signals, (e.g., many 
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mixture may fluorescence, but how is the complicated signal interpreted to identify the 

quantity of the rate-controlling or rate-related compounds?). 

6. Control techniques are desired which can handle the nonlinear behavior exhibited by 

most biochemical systems. 

Many of the issues noted above represent research needs that are important not only 

for bioprocesses, but also for a variety of chemical processes and other engineering 

systems. Thus, generic engineering research in this area could have a broad impact. 
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6. APPENDIXES 

6.1 ORGANIZATION AND MANAGEMENT OF THE WORKSHOP 

The Workshop on Bioprocessing Research for Energy Applications was supported by 

the CEER and was organized and managed by the Center for Bioprocess/Product 

Development of the University of Virginia. The workshop was chaired by Elmer L. 

Gaden, Jr., University of Virginia, and Charles D. Scott, Oak Ridge National Laboratory; 

Giorgio Carta, University of Virginia, served as the executive secretary. Other members 

of the organizing committee were Arthur E. Humphrey, Lehigh University, and Donald 

J. Kirwan, University of Virginia. 

The workshop consisted of five sessions. A plenary session examined areas of 

application and current support for research and bioprocess development support. 

Sessions on bioreactors, c-ioseparations, and bioproccss integration and control addressed 

critical needs for fundamental engineering research in these respective areas. Each session 

was comprised of lead-off presentations highlighting key research issues, followed by 

discussion and elaboration of these issues by the participants. Conclusions from each of 

the discussion groups were presented, and other research areas not previously covered 

were discussed in a wrap-up session. The technical program listing all of the session 

moderators and speakers is presented on the following page. 
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"Wednesday. N o v e m b e r 2. 1 9 8 8 

7:45 am Registration (Carlyle Foyer) 

Sess ion I. E n e r g y T e c h n o l o g y Areas of Bio-
process ing. (Moderator - Dr. A.E. Humphrey, 
Lehigh University) - Carlyle I & II 

8:30 am Welcome - Dr. Oscar Manly, U.S. De-
partment of Energy 

8:40 am Introduction - Dr. A.E. Humphrey 
8:50 am Fossil Energy - Dr. C.D. Scott, Oak 

Ridge National Laboratory 
9:25 am Gaseous Products from Renewable Feed-

stocks - Dr. J.L. Gaddy, Univer-
sity of Arkansas 

10:00 am Liquid Products from Renewable Feed-
stocks - Dr. C.E. Wyman, Solar 
Energy Research Institute 

10:35 am Break 
10:55 am Nuclear and Hazardous Wastes - Dr. 

R.K. Genung, Oak Ridge National 
Laboratory 

11:30 am Other DOE Programs Supporting Bio-
technology Research: 

Biological Energy Research - Dr. R. 
Rabson, U.S. Department of En-
ergy 

Energy Conversion and Utilization Tech-
nologies - Dr. J.J. Eberhardt, 
U S. Department of Energy 

Biofuels and Municipal Waste - Dr. 
R.F. Moorer, U.S. Department of 
Energy 

Biotechnology for Fossil Energy - Dr. 
P.C. Scott, U.S. Department of 
Energy 

12:30 am Lunch (Snowden I, II, & III) 

Sess ion II. B ioreac tor Fundamenta l s . (Mod-
erator - Dr. D.J, Kirwan, University of Virginia) 
- Carlyle I & II 

2:00 pm Introduction - Dr. D.J. Kirwan 
2:10 pm Lead-off Papers 

Dr. K. Venkatasubramanian, R.J. Heinz 
Co. 

Dr. H.W. Blanch, University of Cali-
fornia, Berkeley 

3:00 pm General Discussions 
3:45 pm Break 
4:00 pm General Discussions 
6:30 pm Reception (Brent I & II) and Dinner 

(Carlyle I k II) 

Thursday . N o v e m b e r 3 . 1988 

Sess ion III . B ioscpara t ions Fundamenta l s . 
(Moderator - Dr. G.T. Tsao, Purdue University) 
- Carlyle I k II 

8:30 am Introduction - Dr. G.T. Tsao 
8:40 am Lead-off Papers 

Dr. C.J. King, University of Califor-
nia, Berkeley 

Dr. T.A. Hatton, Massachusetts In-
stitute of Technology 

9:30 am General Discussions 
10:15 am Break 
10:30 am General Discussions 
12:00 am Lunch (Snowden I , II, & III) 

Sess ion I V . B i o p r o c e s s In tegra t ion and Con-
trol F u n d a m e n t a l s . (Moderator - Dr. W.A. 
VVeigand, University of Maryland) - Carlyle I & 
II 

1:30 pm Introduction - Dr. W.A. Weigand 
1:40 pm Lead-off Papers 

Dr. D.I.C. Wang, Massachusetts In-
stitute of Technology 

Dr. M.L. Shuler, Cornell University 
2:30 pm General Discussions 
3:15 pm Break 
3:30 pm General Discussions 
5:00 pm Close of Session IV 

Friday. N o v e m b e r 4 . 1988 

Sess ion V . W r a p - u p Discuss ions . (Moderator 
- Dr. E.L. Gaden, Jr., University of Virginia) -
Carlyle I & II 

8:30 am Introduction - Dr. E.L. Gaden, Jr. 
8:40 am Summary Reports from Session Mod-

erators 
10:00 am Break 
10:15 am General Discussions 
12:00 am Close of Workshop 
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6.3 SUMMARY OF FORMAL PRESENTATIONS 

Four formal presentations were made during the initial workshop session, and two 

lead-off papers were presented in the three discussion sessions. Summaries of these 

papers are included in this section. 
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BIOPROCESSING APPLICATIONS FOR FOSSIL ENERGY 

Charles D. Scott 
Oak Ridge National Laboratory* 

INTRODUCTION 

With the advent of modern bioprocessing techniques, an increasing number of 

concepts that are available for consideration in the processing of fossil fuels. The 

bioprocessing systems that have been proposed or can be envisioned for the future 

involve almost all aspects of coal utilization as well as several areas in oil and gas 

extraction and processing. The advantages of highly specific biocatalytic action, mild 

operating conditions, and the potential for efficient bioreactor systems make these new 

processing concepts quite attractive. Unfortunately, very few have been developed to the 

extent that a firm economic process analysis can be made. Additional research and 

development (R&D) will be required in order to bring such innovative concepts to the 

industrial sector. This will require generic bioengineering research on advanced bio-

reactor systems, innovative separation concepts, and bioprocess control and integration as 

well as bioprocess development for specific processing systems. 

ADVANCED BlOPROCESSING CONCEPTS 

The primary bioprocessing concepts for application to fossil energy include enhanc-

ing the extraction and recovery of petroleum and other carbonaceous materials; benefic-

iating coal by removal of sulfur and other components; converting coal to useful liquid or 

gaseous products; upgrading product quality with removal of detrimental and hazardous 

components; and utilizing environmental control technology for gaseous and liquid 

effluents and solid residues. Several of these potential bioprocessing systems will be 

described k> detail toiloyr \ 

Enhanced Oil Recovery 

Secondary recovery of oil is usually accomplished by water or steam flooding to 

force additional oil out of the geologic formation. Oil recovery can be further enhanced 

""Operated by Martin Marietta Energy Systems, Inc. for the U.S. Department of 
Energy under Contract No. DE-AC05-840R21400. 
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by injecting various chemicals such as surfactants, polymers, and solvents that can alter 

the water-oil interfacial properties or viscosities or the bulk f low patterns. Bioprocess-

ing systems are likely to play important roles in several aspects of enhanced oil 

recovery. Most current research is directed toward injection of microorganisms into the 

geologic structure in order to provide for in situ production of the types of materials 

indicated above.1 , 2 Microbial processes can also be considered for the surface production 

of the same types of chemicals for controlled injection into the geologic structure. 

The underground microbial processes are not well defined, and they are almost 

impossible to control. Further, modeling of the system that would allow quantitative 

predictions has not been developed. Surface bioprocessing will require eff ic ient and 

continuous bioreactors integrated with inexpensive separation systems. This type of 

system must be developed to the extent that the fundamentals are sufficiently well 

understood so that predictive models are available for design purposes. 

Coal Beneficiation 

Beneficiation or enhancement of coal quality can serve two purposes: the removal 

of heteroatom components from the coal and the upgrading of the coal itself. Most 

research on biological beneficiation has been directed toward microbial removal of pyritic 

sulfur.3'* Recently, the removal of metals, organic sulfur, oxygen, and nitrogen by 

microbial interactions has also received attention.4,5 

Removal of these heteroatoms from coals can be affected by (1) choice of bio-

reactor configuration, (2) particle size or available surface areas, (3) coal slurry density, 

and (4) the physical and chemical conditions within the reactor. The optimum reactor 

configuration has not been identified, although a continuous stirred tank or fluidized bed 

will probably be the best choice. Although this bioprocessing concept has received more 

attention than any of the others, a predictive capability for process design still does not 

exist and this is especially true for the bioreactor system. 

Conversion of Coal to Liquids and Gases 

It has now been shown that some types of microorganisms can soiubilize low-ranked 

coal into an aqueous solution (see Fig. I).6 ,7 In addition, preliminary tests have 

demonstrated that various enzyme systems ia. vitro can interact with coal in both aqueous 

and organic media.8 

The aqueous product from microbial solubilization of coal can also be used as the 

feed material for a second microbial processing step in which the gaseous product would 

be predominantly methane with C 0 2 . 9 Both processing steps would be carried out at 
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F i g . 1 . L i q u i d d r o p l e t s p r o d u c e d by f u n g i i n t h e p r o c e s s 
s o l u b i l i z i n g l i g n i t e c o a l . 
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essentially ambient conditions, with the first solubilization step being conducted in air 

and the second step requiring anaerobic conditions. 

The biochemistry of these proposed processing systems needs to be further 

addressed; however, an equally significant problem area is the choice of the proper coal 

conversion bioreactor since it will have to deal with coal particulates or other solids and 

will likely require three- or four-phase operation. The most effective type of bioreactor 

will probably be a continuous columnar-type system operating either as a packed bed or a 

fluidized bed (see Fig. 2)7 Such multiphase systems have been studied on a small 

laboratory scale for specific applications, but scale-up is still quite difficult. 

Product Upgrading 

The liquid products from coal conversion processes, petroleum, and oil from shale , 

and tar sands may include undesirable heteroatoms and/or hazardous organic constituents. 

The heteroatoms (primarily oxygen, nitrogen and sulfur) occur in aromatic compounds, 

while the hazardous organics are also aromatic compounds, usually multiring, with various 

substitutions. The materials are removed, in most cases, by severe hydrotreating. We 

now know that several types of microorganisms will interact with such materials by 

breaking the ring structure and releasing unwanted constituents.4 

An emulsion reaction system where the biocatalyst is maintained in the dispersed 

aqueous phase, which is in intimate contact with the hydrophobic oil phase, will probably 

be required. Air or hydrogen will probably also have to be added as an interacting 

substrate. The degraded constituents should be hydrophilic and progress to the aqueous 

phase, thus cleaning up the liquid product. Emulsion bioreactor systems have had only a 

cursory investigation. As a result, the fundamental properties of such a system are not 

known, and there is almost no predictive capability. 

Environmental Control Technology 

The potential environmental impact of fossil fuels includes the mining and recovery 

of the primary fuel, the release of hazardous materials in process gaseous and liquid 

effluents, the ultimate disposal of solid residues, and the effects of large product spills. 

Advanced bioprocessing concepts have already been shown to be important in the cleanup 

of aqueous waste streams10,11 and microbial systems are being considered for stabilizing 

product spills and residues.2,4 Microbiological processing has also been proposed for the 

removal of nitrogen and sulfur oxides from fossil fuel off-gas streams.4 This approach 

would require still another class of bioreactor systems — one that can accommodate a 

xmoist gaseous stream which must contact the biocatalytic system. 
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Although some preliminary laboratory investigations have been carried out on these 

applications, the most challenging problems will be the development and understanding of 

a series of new, innovative bioreactor concepts. This must include a determination of 

the fundamental mechanisms involved as well as the integration of such reactors into an 

overall processing scheme. 

RESEARCH OPPORTUNITIES 

Most of the potential bioprocess applications for fossil energy are concepts that are 

just beginning to be thoroughly studied. Since no significant R&D background exists for 

these or comparable systems, advanced approaches are a necessity and readily acceptable. 

A considerable amount of additional engineering research will be required before bio-

process development can be successful, and much of this effort will appropriately be 

generic in nature. 

Advanced Bioreactor Concents 

One of the most important research areas will be the study of innovative bioreactor 

systems particularly those that can adequately handle particulates and multiphase 

operation. Even when conventional stirred-tank bioreactors are used with particulates, it 

is difficult to predict mixing, hydrodynamics, and mass transfer properties. Even less is 

known about these properties for continuous columnar systems such as packed beds and 

fluidized beds, and there is almost no definitive understanding of emulsion-type con-

tactors and gas-phase bioreactor systems. 

Research into these advanced bioreactor concepts should concentrate on efficient 

biocatalytic systems and the fundamental kinetic and dynamic parameters. Coupling 

hydrodynamics, biokinetics, and mass transfer into a definitive and predictive mathe-

matical model of each of the reactor types could provide the basis for process develop-

ment and scale-up. 

Efficient Bioseparations 

Many of the products of bioconversion processes that will be utilized for fossil 

energy will be a relatively dilute mixture of hydrocarbons either in aqueous solution or 

in organic solvents. These products and by-products must be recovered, concentrated, 

and, in some cases, purified before they can be used. Distillation has commonly been 

used for these types of materials in the past, and it will continue to be an important 
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processing tool. However, solvent extraction, precipitation or crystallization, adsorption, 

and other techniques may be the systems of choice for many bioprocessing applications. 

Biological agents may also be important for useful separations since certain micro-

organisms and plant and animal tissues have shown high affinities for dissolved metals. 

These bioadsorbents could prove to be the most efficient materials for the isolation of 

trace metals from aqueous streams. 

More effective separation systems will require the development of better separations 

reagents and contacting systems. Research into these areas should provide much useful 

and needed information. 

Integration and Control 

Since each of the individual steps can affect the overall efficiency of the bio-

process. it is important to consider the system as a whole. In some cases, it may be 

more efficient to carry out two or more processing steps, for example, bioconversion and 

product recovery, in a single vessel. It will also be necessary to monitor important 

processing parameters and exercise control to achieve optimum operating conditions. 

Thus, research into better sensing devices, more predictive control algorithms, and 

computer interfacing will also be important. 
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GASEOUS PRODUCTS FROM RENEWABLE FEEDSTOCKS 

J. L. Vega, M. D. Ackerson, E. C. Clausen, and J. L. Gaddy 

Department of Chemical Engineering 
University of Arkansas 
Fayetteville, Arkansas 

INTRODUCTION 

Renewable feedstocks, or biomass resources, are plentiful in this county, as well as round 

the world. For example, MSW, agricultural residues and forest residues, available in the U.S.A. 

annually are 100,400 and 1,000 tons, respectively. If converted into methane, these renewable 

resources could supply 6, 24, or 60 percent, respectively, or our current natural gas supply. 

Similarly, energy crops, grown on the 100 million acres of idle, arable forest and rangeland, could 

supply all the nations' current energy needs (Clausen and Gaddy, 1979). 

While biomass resources are sufficient to meet our energy requirements, efficient and 

economical methods of conversion are essential. Biological conversion techniques are particularly 

attractive because of potentially high yields and efficiencies. Biological processes are also 

compatible with the environment and produce specific products, with few by-products for separation 

and disposal. The principal disadvantages of bioconversion processes is slow reaction rates and the 

requirement for large reactors. Consequently, reaction kinetics and bioreactor design are especially 

important. 

The components of biomass include hemicellulose (15-35%), cellulose (35-55%), lignin (10-

30%), and ash (5-10%). Biomass may be biologically converted into a variety of gaseous products, 

including hydrogen, methane, and possibly ethylene (Oremland, 1981; Oremland and DesMardis, 

1983). Methane is produced by anaerobic digestion of carbohydrate by: 

(C6H1206)n - 3 n C H 4 + 3 n C 0 2 (1) 

Alternatively, biomass may be gasified to produce synthesis gas, a low BTU mixture of H2 and CO 

according to: 

(C6H1206)n — 6 n CO + 6nH2 

(2) 

The Co and H2 in synthesis gas may be reacted biologically to yield additional H2, acetate, or CH4. 

The principal gaseous bioproducts from biomass are H2 and CH4. These gases have a very low 

value and economics will not allow large or costly reactors. Commercialization of these processes 
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w i l l r e q u i r e r e s e a r c h t o i m p r o v e r e a c t i o n r a t e s . T h e r e a r e o n l y two w a y s t o 

i m p r o v e r e a c t i o n r a t e s i n b i o l o g i c a l p r o c e s s e s ' , b e t t e r m i c r o o r g a n i s m s t o 

i m p r o v e t h e b i o l o g i c a l p a t h w a y o r b e t t e r b i o r e a c t o r s t o c o n c e n t r a t e m i c r o -

o r g a n i s m s and i m p r o v e m a s s t r a n s f e r . B o t h m e t h o d s w i l l b e c o n s i d e r e d i n 

d e f i n i n g t h e p r o d u c t i o n o f g a s e o u s p r o d u c t s . The p u r p o s e o f t h e f o l l o w i n g i s 

t o e x a m i n e t h e m i c r o b i o l o g y a n d r e a c t i o n k i n e t i c s o f p r o d u c i n g g a s e o u s 

p r o d u c t s f r o m b i o m a s s , w i t h t h e o b j e c t i v e o f a n a l y z i n g r e a c t i o n r a t e 

l i m i t a t i o n s a n d i m p r o v e m e n t s . V a r i o u s b i o r e a c t o r d e s i g n s w i l l b e e x a m i n e d t o 

d e t e r m i n e p a r a m e t e r s t h a t m i n i m i z e r e a c t o r v o l u m e . R e s e a r c h n e e d s w i l l b e 

a s s e s s e d i n e a c h o f t h e s e a r e a s . 

MICROBIOLOGY/KINETICS OF GAS PRODUCTION 

P r o d u c t i o n o f H y d r o g e n o r M e t h a n e f r o m P v r o l v s i s G a s . S y n t h e s i s g a s f r o m 

t h e g a s i f i c a t i o n o f b i o m a s s w i l l c o n t a i n 3 0 - 6 0 p e r c e n t H2, 1 0 - 3 0 p e r c e n t CO, 

1 5 - 3 5 p e r c e n t CO2, 5 - 1 5 p e r c e n t CH4, w i t h t r a c e q u a n t i t i e s o f h i g h e r 

h y d r o c a r b o n s ( M i d g e , et al., 1 9 8 3 ) . U n l e s s t h e w a t e r g a s s h i f t r e a c t i o n i s 

e m p l o y e d , t h e g a s w i l l c o n t a i n a b o u t e q u a l a m o u n t s o f H2 and CO. T h e s e 

s y n t h e s i s g a s e s may b e b i o l o g i c a l l y c o n v e r t e d i n t o H2 o r CH4. The o r g a n i s m s , 

R h o d o p s e u d o m o n a s g e l a t i n o s a a n d R h o d o s n i r i l i u m rubrum u t i l i z e CO t o p r o d u c e 

H2 a n d CO2 p h o t o t r o p h i c a l l y b y t h e r e a c t i o n : 

CO + H2O C 0 2 + H2 ( 3 ) 

I f t h e d e s i r e d g a s e o u s p r o d u c t i s H2, t h i s r e a c t i o n c a n b e u s e d w i t h raw 

s y n t h e s i s g a s t o p r o d u c e a g a s c o n t a i n i n g p r e d o m i n a t e l y H2. R e m o v a l o f CO2 

w o u l d y i e l d n e a r l y p u r e H2. 

O t h e r b a c t e r i a , s u c h a s P e p t o s t r e p t o c o c c u s p r o d u c t u s . A c e t o b a c t e r i u m 

w o o d i i , a n d E u b a c t e r i u m l i m o s u m . p r o d u c e a c e t i c a c i d a s f o l l o w s : 

4 CO + 2H2O CH3COOH + 2C02 ( 4 ) 

o r 

2 CO2 + 4H2 - CH3COOH + 2H20 ( 5 ) 

M e t h a n e may b e p r o d u c e d f r o m a c e t a t e b y M e t h a n o t h r i x s o e h n g e n i i a n d 

M e t h a n o s a r c i n a b a r k e r i a s f o l l o w s : 

CH3COOH CH4 + CO2 ( 6 ) 

A l l m e t h a n e b a c t e r i a u t i l i z e CO2 a n d H2 t o f o r m CH4 b y t h e r e a c t i o n : 

CO2 + 4H2 -* CH4 + 2 H2O ( 7 ) 

T h e r e a r e t w o p o s s i b l e r o u t e s t o CH4 f r o m s y n t h e s i s g a s : t h r o u g h H2 b y 
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E q u a t i o n s ( 3 ) a n d ( 7 ) , o r t h r o u g h a c e t a t e b y E q u a t i o n s ( 4 ) , ( 5 ) a n d ( 6 ) . The 

u s e o f a c e t a t e a s a n i n t e r m e d i a t e h a s s e v e r a l d i s a d v a n t a g e s , i n c l u d i n g 

s u b s t r a t e i n h i b i t i o n t o m e t h a n o g e n s a n d s l o w g r o w t h a n d p r o d u c t i o n r a t e s . 

T h e r e f o r e , t h e r o u t e u t i l i z i n g H2/CO2 a p p e a r s t o b e more p r o m i s i n g , e v e n 

t h o u g h R. rubrum r e q u i r e s e n e r g y i n t h e f o r m o f l i g h t f o r g r o w t h . 

The p r o d u c t i o n o f e i t h e r H2 o r CH4 f r o m s y n t h e s i s g a s r e q u i r e s t h e t r a n s -

p o r t o f t h e g a s e o u s s u b s t r a t e f r o m t h e g a s p h a s e , t h r o u g h t h e l i q u i d p h a s e , 

t o t h e m i c r o o r g a n i s m ( s o l i d p h a s e ) . The g a s e o u s s u b s t r a t e m u s t b e a b s o r b e d 

a t t h e g a s - l i q u i d i n t e r f a c e a n d d i f f u s e t h r o u g h t h e c u l t u r e medium t o t h e 

c e l l s u r f a c e t o b e c o n s u m e d b y t h e m i c r o b e s . F o r s p a r i n g l y s o l u b l e g a s e s , 

s u c h a s c a r b o n m o n o x i d e , o x y g e n , e t c . a n d f o r s u s p e n d e d c e l l s , i t h a s b e e n 

e s t a b l i s h e d t h a t t h e p r i m a r y r e s i s t a n c e t o t h e t r a n s p o r t p r o c e s s l i e s i n t h e 

l i q u i d f i l m ( T s a o a n d L e e , 1 9 7 7 ; B l a n c h , 1 9 7 9 ; Y o s h i d a , 1 9 8 2 ) . The r a t e 
Q 

o f t r a n s p o r t o f g a s , N g , i s g i v e n b y : 

- d V G L - - _ <P° - P£> (8) 
V L d t H 

w h e r e V - t h e v o l u m e o f t h e l i q u i d p h a s e , 
L 

KLa/H - t h e r a t i o o f t h e m a s s t r a n s f e r c o e f f i c i e n t 
a n d t h e H e n r y ' s Law c o n s t a n t , 

Q 

P - t h e s u b s t r a t e p a r t i a l p r e s s u r e i n t h e g a s p h a s e , a n d 

P^1 - t h e s u b s t r a t e p a r t i a l p r e s s u r e i n t h e l i q u i d p h a s e . 
w 

Mass t r a n s f e r i s p r o m o t e d b y m a x i m i z i n g t h e m a s s t r a n s f e r c o e f f i c i e n t o r t h e 
G L 

d r i v i n g f o r c e , P g - P g . The m a s s t r a n s f e r c o e f f i c i e n t may b e m a x i m i z e d b y 

u t i l i z i n g b i o r e a c t o r s t h a t p r o m o t e g a s - l i q u i d m a s s t r a n s f e r . 

E q u a t i o n ( 8 ) a l s o s h o w s t h a t t h e r a t e o f t r a n s p o r t o f g a s e o u s s u b s t r a t e s 

f r o m t h e g a s p h a s e i n t o t h e c u l t u r e medium i s f a s t e r f o r h i g h e r p a r t i a l 

p r e s s u r e s i n t h e g a s p h a s e . I n t h e c a s e w h e r e t h e o v e r a l l r e a c t i o n r a t e i s 

t r a n s p o r t c o n t r o l l e d , t h a t i s , t h e d i s s o l v e d s u b s t r a t e c o n c e n t r a t i o n i n t h e 

l i q u i d i s z e r o , t h e r a t e o f t r a n s p o r t a n d t h u s , t h e r a t e o f r e a c t i o n i s p r o -

p o r t i o n a l t o t h e p a r t i a l p r e s s u r e i n t h e g a s p h a s e . E q u a t i o n ( 8 ) t h e n 

r e d u c e s t o : 
1 ^ S V G 

- L - (p®) ( 9 ) 
V L d t H 
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O b v i o u s l y , o p e r a t i o n a t h i g h e r t h a n a t m o s p h e r i c p r e s s u r e i s a d v a n t a g e o u s 

i n t h e s e s i t u a t i o n s . On t h e o t h e r h a n d , h i g h p r e s s u r e o p e r a t i o n c a u s e s t h e 

c o n c e n t r a t i o n o f d i s s o l v e d s u b s t r a t e i n t h e l i q u i d p h a s e t o i n c r e a s e . Some 

g a s p h a s e s u b s t r a t e s , s u c h a s c a r b o n m o n o x i d e , may b e i n h i b i t o r s o f t h e 

m e t a b o l i s m o f a n a e r o b i c b a c t e r i a , s o t h a t c a r e m u s t b e t a k e n t o a v o i d h i g h 

d i s s o l v e d s u b s t r a t e c o n c e n t r a t i o n s . One way t o a v o i d t h e a c c u m u l a t i o n o f 

h i g h d i s s o l v e d s u b s t r a t e c o n c e n t r a t i o n s i s t o i n c r e a s e t h e c e l l c o n c e n t r a t i o n 

a t t h e same t i m e t h e p r e s s u r e i s i n c r e a s e d , 

A n a e r o b i c D i g e s t i o n . A n a e r o b i c d i g e s t i o n i s g e n e r a l l y r e g a r d e d a s t h e 

i n t e r d e p e n d e n t m e t a b o l i s m o f c o m p l e x s u b s t r a t e s b y a m i x t u r e o f f a c u l t a t i v e 

a n d a n a e r o b i c b a c t e r i a t o y i e l d CH4 a n d CO2. T h r e e s t e p s a r e r e q u i r e d : 

h y d r o l y s i s o f c o m p l e x o r g a n i c s , s u c h a s p o l y s a c c h a r i d e s , b y e x t r a c e l l u l a r 

e n z y m e s t o s o l u b l e s u g a r s ; s e c o n d , t h e s e i n t e r m e d i a t e s a r e m e t a b o l i z e d t o 

a c e t a t e , f o r m a t e o r H2 b y a c e t o g e n i c b a c t e r i a ; a n d f i n a l l y , m e t h a n o g e n i c 

b a c t e r i a p r o d u c e m e t h a n e a n d CO2 f r o m E q u a t i o n s ( 6 ) a n d ( 7 ) . C a r e f u l c o n t r o l 

o f t h e p r o c e s s i s n e c e s s a r y t o m a i n t a i n t h e p r o p e r p h y s i o l o g i c b a l a n c e 

b e t w e e n t h e v a r i o u s p o p u l a t i o n s . M e t h a n o g e n i c b a c t e r i a a r e q u i t e s e n s i t i v e 

t o r e d u c e d pH, a n d a n o v e r p r o d u c t i o n o f a c e t a t e ( o r o t h e r o r g a n i c a c i d s ) 

w i l l i m p a i r o r t e r m i n a t e m e t h a n e p r o d u c t i o n . The p a r a m e t e r s t h a t a f f e c t 

d i g e s t i o n i n c l u d e r e t e n t i o n t i m e , f e e d q u a l i t y a n d c o n c e n t r a t i o n , o r g a n i c 

l o a d i n g r a t e , t e m p e r a t u r e , a n d pH. S i g n i f i c a n t o p p o r t u n i t y e x i s t s t o d e v e l o p 

c u l t u r e s , p e r h a p s a c o - c u l t u r e , t o c a r r y o u t t h i s s e r i e s o f r e a c t i o n s t h a t 

w i l l b e more s t a b l e a n d e x h i b i t s u p e r i o r k i n e t i c s . 

The a n a e r o b i c d i g e s t i o n p r o c e s s i s c h a r a c t e r i z e d b y s l o w r e a c t i o n r a t e s 

a n d l o n g r e t e n t i o n t i m e s ( 2 0 - 4 0 d a y s ) . I n t h e d i g e s t i o n o f l i g n o c e l l u l o s i c 

m a t t e r , h y d r o l y s i s i s c o n s i d e r e d t o b e t h e r a t e l i m i t i n g s t e p . I t h a s b e e n 

f o u n d t h a t t h e k i n e t i c s o f t h e r e a c t i o n s may b e r e p r e s e n t e d b y a f i r s t o r d e r 

e x p r e s s i o n : 

r - d s - kC ( 1 0 ) 
s d i 

r a t e o f s u b s t r a t e d i s a p p e a r a n c e 
s u b s t r a t e 
t i m e 
c o n c e n t r a t i o n o f s u b s t r a t e i n r e a c t o r 
r e a c t i o n r a t e c o n s t a n t 

w h e r e r s -
s -
t -
C o -
k -
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C o m b i n i n g t h i s e x p r e s s i o n w i t h t h e mass b a l a n c e i n a m i x e d r e a c t o r g i v e s : 

C - C 
r s - kCQ - _ ° ( 1 1 ) 

t 

w h e r e Cj[ i s t h e i n l e t s u b s t r a t e c o n c e n t r a t i o n . 

T h i s r e l a t i o n s h i p may b e u s e d t o d e t e r m i n e t h e r e a c t i o n r a t e c o e f f i c i e n t , 

w h i c h c h a r a c t e r i z e s t h i s r e a c t i o n . F o r l i g n o c e l l u l o s i c b i o m a s s , t h e v a l u e o f 

t h e r a t e c o n s t a n t , k , h a s b e e n f o u n d t o b e a b o u t . 0 7 d a y s ' l ( C l a u s e n a n d 

Gaddy, 1 9 8 3 ) . From E q u a t i o n ( 1 1 ) , i t i s n o t e d t h a t w i t h s u c h a l o w r a t e 

c o n s t a n t , r e t e n t i o n t i m e s ( a n d r e a c t o r v o l u m e s ) w i l l n e c e s s a r i l y b e l a r g e t o 

a c h i e v e a h i g h c o n v e r s i o n . T h e r e f o r e , r e s e a r c h e f f o r t s h a v e b e e n a n d m u s t 

c o n t i n u e t o b e d i r e c t e d t o w a r d i n c r e a s i n g r e a c t i o n r a t e s a n d d e v e l o p i n g c h e a p 

r e a c t o r s . M e t h o d s t o i n c r e a s e k b y i m p r o v i n g t h e c u l t u r e , r e a c t i o n 

c o n d i t i o n s , o r t h e r a t e l i m i t i n g s t e p w i l l b e c o n s i d e r e d . 

R e a c t i o n C o n d i t i o n s . M e t h a n o g e n i c b a c t e r i a f u n c t i o n w i t h i n a n a r r o w pH 

r a n g e o f 6 - 8 , a n d o p t i m a l l y a t a pH o f 7 . S l i g h t d e v i a t i o n s w i l l s e v e r e l y 

i m p a i r m e t h a n e p r o d u c t i o n . When t h e m e t h a n o g e n s a r e i n h i b i t e d , a c i d s 

a c c u m u l a t e w i t h a f u r t h e r l o w e r i n g o f pH a n d m e t h a n e p r o d u c t i o n s o o n c e a s e s . 

T h e r e f o r e , c l o s e pH c o n t r o l i s e s s e n t i a l . H o w e v e r , t h e c o s t o f b a s e t o 

a d j u s t pH o n a c o n t i n u a l b a s i s w o u l d b e p r o h i b i t i v e . C o n s e q u e n t l y , pH m u s t 

b e c o n t r o l l e d b y b a l a n c i n g t h e m i c r o b i a l p o p u l a t i o n . 

M i c r o o r g a n i s m s i n t h e d i g e s t e r f u n c t i o n o p t i m a l l y a t e i t h e r o f two 

t e m p e r a t u r e r a n g e s : m e s o p h i l i c , 3 5 ° C , o r t h e r m o p h i l i c , 6 5 C C . R e a c t i o n 

k i n e t i c s h a v e b e e n shown t o b e c o n s i d e r a b l y h i g h e r f o r c e r t a i n s u b s t r a t e s a t 

t h e r m o p h i l i c t e m p e r a t u r e s . H o w e v e r , c o n v e r s i o n s h a v e a l s o b e e n i m p a i r e d , f o r 

some l i g n o c e l l u l o s i c r e s i d u e s , p r o b a b l y due t o t h e f a s t e r d e a c t i v a t i o n o f 

c e l l u l a s e e n z y m e s . O p t i m a l t e m p e r a t u r e s f o r a n a e r o b i c d i g e s t i o n h a v e y e t t o 

b e d e t e r m i n e d . 

C u l t u r e E n h a n c e m e n t . E f f o r t s h a v e b e e n made t o i m p r o v e r e a c t i o n r a t e s b y 

b o t h c o l l i e c t i v e l y a n d i n d i v i d u a l l y , e n h a n c i n g t h e m i x e d m i c r o b i a l p o p u l a t i o n . 

S i n c e d i g e s t i o n o f b i o m a s s i s l i m i t e d b y h y d r o l y s i s , t h e a d d i t i o n o f 

c e l l u l o y t i c m i c r o o r g a n i s m s s h o u l d b e b e n e f i c i a l . I t h a s b e e n f o u n d t h a t 

c u l t u r e s d i g e s t i n g c o r n s t o v e r c o u l d b e e n h a n c e d b y a d d i t i o n o f C l o s t r i d i u m 

b u t v r i c u m ( C o r d e r , e t a l . ) . The u l t i m a t e b i o d e g r a d a b i l i t y w a s i n c r e a s e d 

s l i g h t l y t o 82 p e r c e n t o v e r t h e s t a n d a r d c u l t u r e . H o w e v e r , t h e r a t e 
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c o e f f i c i e n t was i n c r e a s e d a b o u t 20 p e r c e n t . Such r e s u l t s i n d i c a t e t h e 

p o t e n t i a l f o r s u b s t a n t i a l i m p r o v e m e n t i n a n a e r o b i c d i g e s t i o n t h r o u g h c u l t u r e 

d e s i g n . 

C h e l a t i o n E n h a n c e m e n t . T r a c e m e t a l s , s u c h a s i r o n , n i c k e l , c o b a l t and 

m o l y b d e n u m , a r e n e c e s s a r y f o r t h e m a i n t e n a n c e o f a h e a l t h y b i o l o g i c a l 

p o p u l a t i o n , i n a n a e r o b i c d i g e s t e r s . T h e s e m e t a l s a r e u s u a l l y p r e s e n t , b u t 

may b e i n s o l u b l e o r c o m p l e x e d w i t h o t h e r e l e m e n t s a n d u n a v a i l a b l e f o r u p t a k e 

b y m i c r o o r g a n i s m s . S m a l l q u a n t i t i e s o f c h e l a t i n g a g e n t s w i l l a l l o w h i g h e r 

c o n c e n t r a t i o n s o f t r a c e m e t a l s i n s o l u b l e f o r m f o r b i o l o g i c a l g r o w t h . A 

r e c e n t s t u d y w i t h d i g e s t i o n o f s l u d g e f o u n d t h a t i n c r e a s e s i n g a s p r o d u c t i o n 

o f up t o 5 0 p e r c e n t c o u l d b e a c h i e v e d w i t h s m a l l d o s a g e s o f EDTA o r CA (Ko 

a n d G a d d y , 1 9 8 8 ) . T h e s e d a t a show t h a t t h e s e i m p r o v e m e n t s a r e i n f l u e n c e d 

s l i g h t l y b y d o s a g e a b o v e 10 /iM and a f f e c t e d s i g n i f i c a n t l y b y r e t e n t i o n t i m e , 

w i t h g r e a t e r i m p r o v e m e n t s a t t h e l o n g e r r e s i d e n c e t i m e s . S u c h e x p e r i m e n t s 

i n d i c a t e t h a t t h e r e i s s u b s t a n t i a l p o t e n t i a l t o i m p r o v e r e a c t i o n r a t e s 

t h r o u g h e n h a n c i n g c o n d i t i o n s f o r m i c r o b i a l g r o w t h . 

A d d i t i o n o f M e t h a n o p e n s . L a b o r a t o r y e x p e r i m e n t s h a v e b e e n c o n d u c t e d t o 

d e t e r m i n e t h e p o t e n t i a l i m p r o v e m e n t i n d i g e s t i o n r a t e s o f s l u d g e b y a d d i t i o n 

o f p u r e m e t h a n o g e n i c b a c t e r i a (Ko a n d Gaddy, 1 9 8 8 ) . S t a n d a r d c u l t u r e s w e r e 

e n h a n c e d w i t h s m a l l a m o u n t s ( 1 g / L a n d 2 g / L ) o f M e t h a n o s a r c i n a b a r k e r i i n 

c o n t i n u o u s c u l t u r e . The g a s p r o d u c t i o n f r o m t h e 1 g / L r e a c t o r s h o w e d a n 

a v e r a g e i m p r o v e m e n t o v e r a c o n t r o l r e a c t o r o f 35 p e r c e n t f o r a p e r i o d o f f i v e 

m o n t h s . A f t e r a d d i t i o n o f a n o t h e r 1 g / L , t h e p e r f o r m a n c e i m p r o v e d t o an 

a v e r a g e o f 59 p e r c e n t f o r t h e n e x t f o u r m o n t h s . F u r t h e r m o r e , t h e o p e r a t i o n 

o f t h e a m e n d e d r e a c t o r was much more s t a b l e . 

The s i g n i f i c a n t i m p r o v e m e n t o f t h e a m e n d e d r e a c t o r i s a t t r i b u t e d t o t h e 

a b i l i t y o f M. b a r k e r i t o a s s i m i l a t e b o t h a c e t a t e a n d H2 and CO2. T h r o u g h t h e 

u s e o f l a b e l e d a c e t i c a c i d , S m i t h a n d Mah ( 1 9 6 6 ) f o u n d t h a t 73 p e r c e n t o f t h e 

m e t h a n e p r o d u c e d i n a s t a n d a r d a n a e r o b i c d i g e s t e r came f r o m a c e t a t e . T h u s , 

t h e u t i l i z a t i o n o f a c e t a t e b y M. b a r k e r i p l a y s a n i m p o r t a n t r o l e i n t h e 

i m p r o v e m e n t . F u r t h e r m o r e , t h e b a c t e r i a a r e a l s o r e s p o n s i b l e f o r m a i n t a i n i n g 

t h e H2 c o n c e n t r a t i o n i n t h e r e a c t o r a t a v e r y l o w l e v e l i n o r d e r f o r t h e 

f e r m e n t a t i o n t o p r o c e e d e f f i c i e n t l y . H y d r o g e n i s i n v o l v e d i n a l l p r i n c i p a l 

b i o l o g i c a l r e a c t i o n s a n d i s r e c o g n i z e d a s b e i n g t h e c o n t r o l l i n g i n f l u e n c e o n 

t h e o v e r a l l s c h e m e o f a n a e r o b i c d i g e s t i o n ( B r y a n t , 1 9 7 9 ) . H y d r o g e n e x e r t s an 
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i m p o r t a n t i n f l u e n c e i n c o n t r o l l i n g t h e p r o p o r t i o n o f p r o d u c t s f r o m t h e f i r s t 

s t a g e o f a n a e r o b i c d i g e s t i o n , a s w e l l a s t h e d e g r a d a t i o n o f t h e s e p r o d u c t s i n 

t h e s e c o n d s t a g e . T h e r e f o r e , M. b a r k e r i . w h i c h u s e s b o t h H2 a n d a c e t a t e , 

e n h a n c e s t h e f e r m e n t a t i o n b y m a i n t a i n i n g l o w e r H2 l e v e l s , a s w e l l a s 

p r o d u c i n g m o r e g a s f r o m a c e t a t e . 

P e r h a p s t h e s u r p r i s i n g r e s u l t i s n o t t h a t m e t h a n o g e n s i m p r o v e t h e r a t e , 

b u t t h a t t h e i m p r o v e m e n t i s s o l a r g e a n d p e r m a n e n t . I t h a s l o n g b e e n 

r e c o g n i z e d t h a t i n s l u d g e d i g e s t i o n , t h e r a t e l i m i t i n g s t e p w a s m e t h a n o g e n s i s 

( G h o s h a n d P o h l a n d , 1 9 7 4 ; K a s p a r a n d Wuhnnann, 1 9 7 8 ) . T h e r e f o r e , t h e 

a d d i t i o n o f m e t h a n o g e n s w o u l d b e e x p e c t e d t o i n c r e a s e g a s p r o d u c t i o n r a t e s . 

The i n c r e a s e d m e t h a n o g e n p o p u l a t i o n f u n c t i o n s t o s p e e d up t h e r a t e l i m i t i n g 

s t e p , a s w e l l a s t h e o t h e r s t e p s . H o w e v e r , t h e i n c r e a s e w a s f o u n d t o b e 

n e a r l y 6 0 p e r c e n t a t l o n g r e t e n t i o n t i m e s a n d l a s t e d f o r n e a r l y o n e y e a r . 

E v e n g r e a t e r i m p r o v e m e n t m i g h t r e s u l t w i t h a n i n c r e a s e d d o s a g e . 

The p e r m a n e n t e f f e c t m i g h t b e e x p l a i n e d b y c o n s i d e r i n g t h a t a n o r m a l 

c u l t u r e c a n o n l y m o v e t o a h i g h e r m e t h a n o g e n p o p u l a t i o n b y a n o v e r - p r o d u c t i o n 

o f a c e t a t e a s s u b s t r a t e f o r m e t h a n o g e n g r o w t h . An e x c e s s a m o u n t o f a c e t a t e 

w o u l d l o w e r t h e pH a n d a d v e r s e l y a f f e c t m e t h a n o g e n p e r f o r m a n c e a n d g r o w t h . 

T h u s , a n o r m a l c u l t u r e m i g h t n e v e r e v o l v e t o a h i g h e r m e t h a n o g e n p o p u l a t i o n , 

g i v e n t h e many o t h e r v a r i a b l e s t h a t a r e c h a n g i n g . H o w e v e r , a d d i t i o n o f 

m e t h a n o g e n s w o u l d a l l o w a n i n c r e a s e i n t h e a c e t a t e p r o d u c t i o n t o s u s t a i n t h e 

h i g h e r c e l l c o n c e n t r a t i o n . 

S e p a r a t e S t a g e s / P r e - T r e a t m e n t . S i n c e a n a e r o b i c d i g e s t i o n i s a m u l t i - s t e p 

p r o c e s s , i t i s l o g i c a l t o e x p e c t t h a t s e p a r a t i o n o f t h e s t a g e s w o u l d r e s u l t 

i n m o r e e f f i c i e n t i n d i v i d u a l s t e p s a n d t h e p o s s i b l e e n h a n c e m e n t o f t h e 

o v e r a l l p r o c e s s . C o n s e q u e n t l y , v a r i o u s d e s i g n s h a v e b e e n s t u d i e d t o c a r r y 

o u t t h e h y d r o l y s i s / a c e t o g e n e s i s i n a n i n i t i a l r e a c t o r , f o l l o w e d b y 

m e t h a n o g e n e s i s i n a s e p a r a t e r e a c t o r ( R i j k e n s , 1 9 8 1 ; L e g r a n d , e t al., 1 9 8 8 ) , 

o r h y d r o l y s i s b y p r e - t r e a t m e n t f o l l o w e d b y a c e t o g e n e s i s / m e t h a n o g e n e s i s 

( M c C a r t y , e t al., 1 9 8 3 ; C l a u s e n a n d G a d d y , 1 9 7 8 ) . 

I n t h e f o r m e r s y s t e m , t h e r e q u i r e m e n t f o r t w o r e a c t o r s i s o f f s e t b y 

s m a l l e r i n d i v i d u a l r e a c t o r s , a s w e l l a s h i g h e r m e t h a n e c o n c e n t r a t i o n s . 

I m m o b i l i z e d c e l l r e a c t o r s f o r m e t h a n o g e n e s i s h a v e b e e n o p e r a t e d a t r e t e n t i o n 

t i m e s o f a f e w h o u r s , h o w e v e r , r e t e n t i o n t i m e s f o r t h e f i r s t s t a g e r e q u i r e 
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several days. These systems do show potential for improved economics ar.d are 
worthy of further research. 

M e t h o d s o f p r e - t r e a t m e n t h a v e i n c l u d e d t h e u s e o f c a u s t i c ( J e r g e r , et 

al., 1 9 8 3 ) , a c i d s ( C l a u s e n and Gaddy, 1 9 7 8 ) , and a u t o h y d r o l y s i s a t e l e v a t e d 

t e m p e r a t u r e s (McCarty , e t a l . , 1 9 8 3 ) . I n a l l c a s e s , t h e c o s t o f c h e m i c a l s o r 

e n e r g y h a v e p r o v e n p r o h i b i t i v e i n t h e c u r r e n t economy f o r p r o d u c t i o n o f a 

g a s e o u s p r o d u c t . A l s o , more s e v e r e i n s t a b i l i t y p r o b l e m s i n o p e r a t i o n o f t h e 

s e c o n d s t a g e s y s t e m a r e l i k e l y . 

BIOREACTOR DESIGN FOR GASEOUS PRODUCTS 

The b i o r e a c t o r i s t h e p r i n c i p a l c a p i t a l and o p e r a t i n g c o s t e l e m e n t i n t h e 

p r o d u c t i o n o f g a s e o u s f u e l s , c o n s e q u e n t l y , b i o r e a c t o r d e s i g n i s a p r i m a r y 

c o n s i d e r a t i o n . T h e r e a r e v a r i o u s t y p e s o f b i o r e a c t o r s , i n c l u d i n g b a t c h , p l u g 

f l o w , CSTR and i m m o b i l i z e d c e l l r e a c t o r s , t h a t h a v e b e e n s t u d i e d f o r t h e s e 

s y s t e m s . Each o f t h e s e w i l l b e c o n s i d e r e d b r i e f l y , f o l l o w i n g a d i s c u s s i o n o f 

t h e i m p o r t a n t v a r i a b l e s c o n t r o l l i n g r e a c t o r v o l u m e . 

U s i n g E q u a t i o n ( 1 1 ) , i t c a n b e shown t h a t t h e r e l a t i o n s h i p d e f i n i n g t h e 

r e a c t o r v o l u m e , V, i s g i v e n b y ( H a g r u d e r , e t al., 1 9 8 7 ) : 

V - M J _ ( 1 2 ) 
6W d k 1 - X 

w h e r e M - v o l u m e o f g a s ( m e t h a n e ) p r o d u c e 
Wg - w e i g h t f r a c t i o n o f b i o m a s s f e d 
d _ d e n s i t y o f b i o m a s s m i x t u r e 
X - c o n v e r s i o n o f b i o m a s s 

For a g i v e n m e t h a n e p r o d u c t i o n l e v e l , f a c t o r s t o r e d u c e r e a c t o r v o l u m e 

i n c l u d e : r e d u c i n g c o n v e r s i o n , w h i c h i s c o u n t e r - p r o d u c t i v e ; i n c r e a s i n g 

d e n s i t y , w h i c h i s n o t p o s s i b l e a b o v e f l u i d i t y ; i n c r e a s i n g t h e r a t e 

c o e f f i c i e n t , a l r e a d y c o n s i d e r e d ; and i n c r e a s i n g t h e b i o m a s s f r a c t i o n . 

C o n s e q u e n t l y , b i o r e a c t o r d e s i g n s t h a t a l l o w h i g h c e l l c o n c e n t r a t i o n s a n d , 

t h e r e b y , h i g h r a t e c o e f f i c i e n t s , a s w e l l a s h i g h b i o m a s s c o n c e n t r a t i o n s , w i l l 

m i n i m i z e r e a c t o r v o l u m e . Of c o u r s e , l o w c o s t r e a c t o r s w i l l a l s o be an 

i m p o r t a n t c o n s i d e r a t i o n . 

B a t c h R e a c t o r s . The b a t c h r e a c t o r , o r s e m i - b a t c h r e a c t o r , h a s b e e n t h e 

p r e d o m i n a n t d e s i g n f o r s m a l l s c a l e a n a e r o b i c d i g e s t e r s a r o u n d t h e w o r l d f o r 

many y e a r s . L a r g e numbers o f t h e s e s y s t e m s a r e u s e d t o p r o d u c e g a s f r o m 
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b i o m a s s f o r c o o k i n g and l i g h t i n g i n r e m o t e r e g i o n s . Due t o v a r i a b l e l o a d i n g 

and l a c k o f a g i t a t i o n or t e m p e r a t u r e c o n t r o l , t h e s e s y s t e m s do n o t p r o d u c e a 

d e p e n d a b l e s u p p l y o f g a s a n d w o u l d n o t be s u i t a b l e f o r l a r g e s c a l e 

a p p l i c a t i o n . 

More d e p e n d a b l e f a r m s y s t e m s h a v e b e e n d e s i g n e d a n d o p e r a t e d t o p r o d u c e 

b o t h h e a t a n d e l e c t r i c i t y ( C l a u s e n a n d Gaddy, 1 9 8 3 ) . T h i s s i m p l e t y p e o f 

d e s i g n , w i t h c o - g e n e r a t i o n , c a n s u p p l y a l l t h e h e a t i n g a n d e l e c t r i c a l neetfjr. 

o f a t y p i c a l f a r m f r o m c r o p r e s i d u e s f r o m a f e w a c r e s . C a p i t a l and e n e r g y 

c o s t s w o u l d b e c o m p e t i t i v e w i t h LPG a t a b o u t §5 p e r MM BTU. B a t c h r e a c t o r s 

h a v e a l s o b e e n c o n s i d e r e d f o r u s e i n s t a g e d o p e r a t i o n a n d i n c o m b i n a t i o n w i t h 

c o n t i n u o u s r e a c t o r s ( L e g r a n d , e t al., 1 9 8 7 ) . S u c h s y s t e m s h a v e a l s o b e e n 

shown t o h a v e e c o n o m i c p o t e n t i a l . 

Dry F e r m e n t a t i o n / L a n d f i l l . I n o r d e r t o m i n i m i z e r e a c t o r c o s t , 

i n e x p e n s i v e b a t c h d e s i g n s , o f t e n u n d e r g r o u n d , h a v e b e e n p r o p o s e d w h i c h 

s i m u l a t e l a n d f i l l o p e r a t i o n . A l t h o u g h r a t e s a r e q u i t e s l o w , a n a e r o b i c 

c o n d i t i o n s e x i s t and m e t h a n e c a n b e c o l l e c t e d f r o m s h a l l o w w e l l s i n l a n d f i l l s 

(Van H e u i t , 1 9 8 3 ) . S t u d i e s o f s i m i l a r b a t c h r e a c t o r s w i t h l o w m o i s t u r e 

c o n t e n t ( d r y f e r m e n t a t i o n ) h a v e b e e n shown f e a s i b l e ( C h e n g , 1 9 7 5 ; W u j c i k a n d 

J e w e l l , 1 9 7 9 ) . R e a c t o r c o s t p e r u n i t v o l u m e c a n b e m i n i m i z e d . H o w e v e r , 

r a t e s a r e q u i t e s l o w u n l e s s m o i s t u r e i s c i r c u l a t e d , w h i c h a d d s t o t h e c o s t . 

A l s o , when f r e e m o i s t u r e i s e l i m i n a t e d ( s o l i d s c o n c e n t r a t i o n s > 15 p e r c e n t ) , 

t h e d e n s i t y i s r e d u c e d a n d r e a c t o r v o l u m e i s i n c r e a s e d , a s shown b y E q u a t i o n 

(12). 
CONTINUOUS REACTORS 

P l u g F l o w S y s t e m s . P l u g f l o w r e a c t o r s t a k e maximum a d v a n t a g e o f 

c o n c e n t r a t i o n p r o f i l e s i n c o n t i n u o u s s y s t e m s t o m i n i m i z e r e a c t o r v o l u m e . F o r 

s o l u b l e s u b s t r a t e s , t h i s d e s i g n a l s o a l l o w s h i g h c e l l d e n s i t i e s i n 

i m m o b i l i z e d c e l l r e a c t o r s ( I C R ) . P l u g f l o w r e a c t o r s h a v e b e e n u s e d 

s u c c e s s f u l l y f o r a n i m a l w a s t e d i g e s t i o n ( M a r t i n a n d L i c h t e n b e r g e r , 1 9 8 1 ) . 

S u c h s y s t e m s , h o w e v e r , r e q u i r e a n i n o c u l a o f m i c r o o r g a n i s m s and a r e n o t 

a p p r o p r i a t e f o r l i g n o c e l l u l o s i c m a t t e r , u n l e s s a r e c y c l e o f e f f l u e n t i s 

p r o v i d e d . A l s o , ICR s y s t e m s c a n n o t b e u s e d u n l e s s s o l u b l e s u b s t r a t e s a r e 

u s e d o r f r e q u e n t s h u t down f o r c l e a n i n g i s p r o v i d e d . 

S t i r r e d R e a c t o r s . The c o n v e n t i o n a l s t i r r e d t a n k r e a c t o r s u f f e r s f r o m t h e 

m a j o r d i s a d v a n t a g e t h a t r e a c t i o n r a t e s a r e i m p a i r e d b y h i g h c o n v e r s i o n i n t h e 
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reactor. However, the conversion can be used to increase the e-ffective 
solids c o n c e n t r a t i o n and p r o p o r t i o n a t e l y reduce reactor volume, according to 
E q u a t i o n ( 1 2 ) ( C l a u s e n and Gaddy, 1 9 8 7 ) . F l u i d i t y must b e m a i n t a i n e d .in the 
r e a c t o r t o p r o m o t e mass t r a n s f e r and m a i n t a i n h i g h r e a c t i o n rates. The 

maximum s o l i d s c o n c e n t r a t i o n f o r f l u i d i t y i n t h e r e a c t o r i s a b o u t 10 p e r c e n t . 

H o w e v e r , b e c a u s e o f t h e c o n v e r s i o n i n t h e r e a c t o r , f e e d c o n c e n t r a t i o n s c a n be 
much h i g h e r and s t i l l m a i n t a i n 10 p e r c e n t o r l e s s i n t h e r e a c t o r . For 

e x a m p l e , a c o n v e r s i o n o f 66 p e r c e n t w o u l d e n a b l e a n i n c r e a s e i n f e e d 

c o n c e n t r a t i o n t o 30 p e r c e n t w h i c h w o u l d r e d u c e t h e r e a c t o r v o l u m e b y t w o -

t h i r d s , w h i l e m a i n t a i n i n g a 10 p e r c e n t r e a c t o r c o n c e n t r a t i o n . 

T h i s s i g n i f i c a n t r e d u c t i o n i n r e a c t o r v o l u m e i s o n l y p o s s i b l e i f t h e 

r e a c t i o n r a t e s a r e n o t i m p a i r e d a t t h e h i g h e r c o n c e n t r a t i o n s . D a t a f o r 

c o n v e r s i o n o f c o r n s t o v e r and MSW a t v a r i o u s s o l i d s c o n c e n t r a t i o n s , up t o 30 

p e r c e n t , a r e g i v e n i n F i g u r e 1 . The s l o p e g i v e s a r a t e c o n s t a n t , k , o f . 0 6 8 

d a y s ' l , i d e n t i c a l t o t h e r e s u l t f o r l o w e r c o n c e n t r a t i o n s . The u l t i m a t e 

c o n v e r s i o n i s s t i l l 80 p e r c e n t , t h e r e f o r e , t h e f u l l b e n e f i t o f h i g h s o l i d s 

d i g e s t i o n i s p o s s i b l e , up t o 30 p e r c e n t s o l i d s . 

C e l l R e c y c l e . E x p e r i m e n t s h a v e a l s o b e e n c o n d u c t e d t o d e t e r m i n e t h e 

e f f e c t o f s e p a r a t i n g l i q u i d and c e l l s f rom t h e r e a c t o r e f f l u e n t f o r r e c y c l e 

( C l a u s e n and Gaddy, 1 9 8 7 ) . R e c y c l e h a s t h e e f f e c t o f i n c r e a s i n g 

m i c r o o r g a n i s m c o n c e n t r a t i o n and r e a c t i o n r a t e c o e f f i c i e n t . T h e s e d a t a show 

t h a t c o n v e r s i o n s a r e e n h a n c e d b y 1 0 - 1 5 p e r c e n t w i t h r e c y c l e o f 2 5 - 5 0 p e r c e n t 

o f t h e a v a i l a b l e l i q u i d e f f l u e n t . 

S e r i e s O p e r a t i o n . For p o s i t i v e o r d e r r e a c t i o n s , s u c h a s a n a e r o b i c 

d i g e s t i o n , t h e r e a c t o r v o l u m e o f s t i r r e d r e a c t o r s c a n b e r e d u c e d b y a r r a n g i n g 

s e v e r a l r e a c t o r s i n s e r i e s . S t u d i e s h a v e shown t h a t t h e o p t i m a l number o f 

r e a c t o r s i n s e r i e s i s two ( C l a u s e n a n d Gaddy, 1 9 8 7 ) . T h e s e l a b o r a t o r y 

e x p e r i m e n t s h a v e shown t h a t s e r i e s a r r a n g e m e n t g i v e s a 15 p e r c e n t i m p r o v e m e n t 

i n c o n v e r s i o n and r e a c t i o n r a t e o v e r a s i n g l e r e a c t o r w i t h t h e same t o t a l 

v o l u m e . 

I m m o b i l i z e d C e l l R e a c t o r s f o r G a s e o u s S u b s t r a t e s . When p r o d u c i n g H2 o r 

CH4 f r o m s y n t h e s i s g a s , t h e g a s s o l u b i l i t i e s a r e v e r y l o w and mass t r a n s f e r 

i s g e n e r a l l y c o n t r o l l i n g . Mass t r a n s f e r may b e i m p r o v e d b y h i g h a g i t a t i o n 

r a t e s and w i t h h i g h c e l l d e n s i t i e s . The ICR, o r b u b b l e c o l u m n , a l l o w s h i g h 

c e l l c o n c e n t r a t i o n s and h i g h m a s s t r a n s f e r c o e f f i c i e n t s , w i t h o u t a g i t a t i o n . 
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F i g . 1 . C o n v e r s i o n - r e t e n t i o n t i m e r e l a t i o n s h i p 
f o r c o r n s t o v e r / M S W d i g e s t i o n . 
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G/V l (hr"1) 

F i g . 2 . Carbon m o n o x i d e c o n v e r s i o n a s a f u n c t i o n o f g a s f l o w 
r a t e i n a b u b b l e c o l u m n . 
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E x p e r i m e n t s a t d i f f e r e n t g a s f l o w r a t e s h a v e b e e n c o n d u c t e d w i t h P... 

p r o d u c t u s i n a b u b b l e c o l u m n t o d e v e l o p s c a l e - u p p a r a m e t e r s ( V e g a , e t a l . , 

1 9 8 8 ) . A m a t h e m a t i c a l m o d e l h a s b e e n d e v e l o p e d t o e v a l u a t e c o n v e r s i o n o f CO 

u n d e r m a s s t r a n s f e r c o n t r o l l e d c o n d i t i o n s . T h e s e r e s u l t s a r e g i v e n i n F i g u r e 

2 f o r v a r i o u s v a l u e s o f KLa/H, w h e r e KLa i s t h e m a s s t r a n s f e r c o e f f i c i e n t and 

H i s H e n r y ' s l a w c o n s t a n t . As n o t e d , h i g h c o n v e r s i o n s c a n b e a c h i e v e d a t 

h i g h d i l u t i o n r a t e s o r l o w r e t e n t i o n t i m e s . For e x a m p l e , 9 0 p e r c e n t 

c o n v e r s i o n c a n b e o b t a i n e d i n t h e b u b b l e c o l u m n w i t h a 30 m i n u t e r e s i d e n c e 

t i m e a t a Ki^a/H o f 1 0 0 . I t h a s a l s o b e e n f o u n d t h a t r e a c t i o n r a t e i s 

p r o p o r t i o n a l t o p r e s s u r e , up t o 15 a tm. T h e r e f o r e , t h e e q u i v a l e n t r e t e n t i o n 

t i m e f o r a g i v e n p r o d u c t i o n r a t e c a n b e r e d u c e d b y i n c r e a s i n g t h e p r e s s u r e . 

C o n s e q u e n t l y , 90 p e r c e n t c o n v e r s i o n o f CO c a n b e a c h i e v e d i n a c o l u m n 

p r o v i d i n g o n l y a two m i n u t e g a s r e s i d e n c e t i m e . C l e a r l y , t h e s e r e a c t o r s h a v e 

g r e a t p o t e n t i a l f o r g a s f e r m e n t a t i o n s and s h o u l d r e c e i v e f u r t h e r s t u d y . 

STJMMARY 

W h i l e t h e v a l u e o f g a s e o u s p r o d u c t s i s l o w a n d r e a c t i o n r a t e s a r e s l o w , 

p o t e n t i a l f o r i m p r o v i n g t e c h n o l o g y f o r b i o m a s s c o n v e r s i o n i s s i g n i f i c a n t a n d 

s h o u l d b e p u r s u e d . The a b i l i t y t o d e s i g n i m p r o v e d a n a e r o b i c d i g e s t i o n 

c u l t u r e s h a s b e e n d e m o n s t r a t e d w i t h c e l l u l o l y t i c o r g a n i s m s and a d d i t i o n o f 

m e t h a n o g e n s . R e s e a r c h w i t h v a r i o u s c o - c u l t u r e s may b e v e r y f r u i t f u l . 

E n h a n c e d m i c r o b i a l g r o w t h a n d c u l t u r e p e r f o r m a n c e h a s b e e n shown f e a s i b l e b y 

a d d i t i o n o f e c o n o m i c a l q u a n t i t i e s o f c h e l a t o r s . P r e - t r e a t m e n t o f 

l i g n o c e l l u l o s i c m a t e r i a l h a s n o t p r o v e n e c o n o m i c a l . H o w e v e r , s e p a r a t i o n o f 

t h e s t a g e s h a s b e e n s h o w n t o s u b s t a n t i a l l y r e d u c e r e t e n t i o n t i m e s and 

i n c r e a s e m e t h a n e c o n c e n t r a t i o n s . 

B i o r e a c t o r d e s i g n w i l l h a v e a n i m p o r t a n t i n f l u e n c e o n t h e c o m m e r c i a l 

a p p l i c a t i o n o f t h i s t e c h n o l o g y . B a t c h r e a c t o r s a r e t h e a p p r o p r i a t e c h o i c e 

f o r f a r m s y s t e m s . S i m p l e a n d e c o n o m i c a l u n d e r g r o u n d b a t c h r e a c t o r s s u f f e r 

f r o m s l o w r a t e s and h i g h l a b o r r e q u i r e m e n t s . P l u g f l o w s y s t e m s a r e 

a p p r o p r i a t e f o r a n i m a l w a s t e , b u t h a v e n o t b e e n a p p l i e d t o c r o p m a t t e r . The 

CSTR a l l o w s o p e r a t i o n w i t h h i g h s o l i d s , w h i c h p r o v i d e s s i g n i f i c a n t r e d u c t i o n s 

i n v o l u m e . C e l l r e c y c l e a n d s e r i e s o p e r a t i o n o f t h e s e s y s t e m s e n a b l e f u r t h e r -

v o l u m e r e d u c t i o n . F o r g a s e o u s s u b s t r a t e s , t h e b u b b l e c o l u m n a p p e a r s t o o f f e r 

m i n i m a l c o s t and v o l u m e . R e t e n t i o n t i m e s o f o n l y a f e w m i n u t e s a r e p o s s i b l e 

a t h i g h c o n v e r s i o n w i t h t h e s e s y s t e m s . 
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LIQUID PRODUCTS FROM RENEWABLE FEEDSTOCKS 

Charles E. Wyman 
Solar Energy Research Institute' 

INTRODUCTION 

Biotechnology is a name often used to describe a revolutionary field that has its origin in 

antiquity. Such products as bread, wine, and cheese have been produced through fermentation 

processes for thousands of years. Although a fermentation industry that included production of 

alcohols, enzymes, organic acids, and yeasts developed early in the twentieth century, many of the 

chemical products based on fermentation technology gave way to those derived from inexpensive 

crude oil and natural gas in the mid twentieth century. Recently, the staid fermentation sciences 

changed dramatically with the development of genetic engineering techniques that allow 

introduction of foreign DNA into microbes, thereby radically altering their ability to produce key 

products. Through genetic engineering of organisms, products or enhanced capabilities can be 

achieved for biological-based processes that were never before thought possible. These rapidly 

moving advances now characteristic of the field of biotechnology have the potential to radically 

lower the cost of biologically derived liquid fuel and chemical products to the extent that 

fermentation processes will likely replace many petroleum based processes for fuels and commodity 

chemicals production, reversing the trends of the mid twentieth century. 

In this paper, a brief review will be presented of the potential of biotechnology for production 

of large volume liquid products such as commodity chemicals and fuels Trom renewable feedstocks. 

Emphasis is placed on large volume markets because they could have significant impact on the 

international competitiveness and security of the United States but the research required to make 

the technology economically viable is considered too long term to attract the interest of the private 

sector. Renewable feedstocks are stressed because they provide a domestic, endless supply of raw 

materials that could be immune to disruption by foreign suppliers and improve international balance 

of payments. Furthermore, as liquid products derived from these feedstocks are burned, carbon 

is recycled perpetually between plant matter, liquid products, and carbon dioxide so that carbon 

dioxide doesn't accumulate in the atmosphere to contribute to the so-called greenhouse effect. 

Finally, attention is focused on issues in bioprocessing since competitive advantage in areas related 

to biotechnology may depend as much on advances in bioprocessing as on innovations in genetic 

'Research supported by the DOE Division of Biofuels and Municipal Waste Technology through 
FWP numbers BF81 and BF82. 
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engineering. In this regard, it is worth noting that many countries such as Japan have made a major 

commitment to bioprocessing since they recognize its importance to international competitive-

ness^ ) . 

RENEWABLE FEEDSTOCKS 

Several feedstocks could be used as substrates for biological production of large volume liquid 

products. These include sugar crops, starch crops, lignocelJulosic materials, and oil crops such as 

microalgae. In the United States, sugar prices are generally too high at about $0.20/ pound for 

sugar crops to be a viable feedstock for production of large volume products that typically have low 

values. However, corn, a starch crop, sells for only $1.50 to $3.00 per bushel ($0.03 to 

$0.06/pound), and the total annual U.S. corn production for all uses runs at about 200 million tons. 

About 800 million gallons/year of fuel ethanol is produced from com in this country, and since the 

wet milling process often used in ethanol production leads to a number of valuable co-products, the 

price of ethanol is moderated from the full price impact of fluctuations in corn prices. Yet, the 

value of these co-products and their smoothing effect on ethanol prices would probably diminish 

greatly at moderately higher rates of production. This, along with the limited availability of 

acceptable land, could hinder substantial growth in ethanol production from corn. 

Lignocellulosic materials are comprised of carbohydrate polymers known as cellulose and 

hemicellulose plus lignin. Agricultural residues, municipal solid waste, and underutLr/ed standing 

forests are examples of this largely untapped source of renewable feedstocks. Since the major use 

of lignocellulosic biomass is limited currently to burning of forestry residues for some process heat, 

significant disagreement exists over the availability and cost of these materials, and the estimates 

of the resource vary widely. For the United States, the amount of collectible underutilized wood, 

a term used to describe traditional, naturally standing forest resources that are in excess of that 

required by the forest products industry, is estimated to range from 90 to 253 million dry metric 

tons per year for wastes and from 182 to 909 million dry metric tons per year of excess production 

at a price of $20 to $36 per dry ton. Collectible amounts of agricultural residues in the U.S. are 

estimated to range from 47 to 364 million dry metric tons per year at a price of $24 to $49 per dry 

ton. The impact of short rotation forestry, in which hardwood plantations are intensively managed 

to provide high yields per acre over short harvest times, is more difficult to quantify because it is 

a unproven technology, but it is estimated that 765 million dry tons could be produced in the United 

States each year at a cost of $34 to $68 per dry ton. Herbaceous energy crops, terrestrial non-

woody plants grown for their energy content, would probably compete with short rotation crops for 

land use, thus restricting the total U.S. availability of the two to 765 million dry tons per year but 

at a cost of $26 to $45 per dry ton. The domestic availability of municipal solid waste (MSW), the 

trash generated by residential, commercial, industrial, and institutional sectors, is estimated to be 
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about 90 million dry tons per year assuming that only large municipalities with more than 500,000 
people are attractive for siting of a capital intensive bioprocessing facility; the estimated cost of 
MSW ranges from $24 to a credit of $12 in tipping fees after paying for processing of the raw 
feedstock. In sum, these materials are estimated to provide from 1174 to 2381 million dry tons per 
year in the United States at prices from $20 to $70 per dry ton, enough feedstock to generate from 
130 to 270 billion gallons of liquid products(2). Even though these values are subject to significant 
uncertainty, they indicate that the resource base of renewable feedstocks is substantial. 

LIQUID PRODUCTS FROM RENEWABLE SUBSTRATES 

A biorefinery could ferment sugars derived from renewable feedstocks into any of a wide range 

of liquid products including ethanol, glycerol, acetone, n-butanol, butanediol, isopropanol, acetic 

acid, butyric acid, citric acid, fumaric acid, itaconic acid, lactic acid, propionic acid, and succinic 

acid. In addition, lipids, single cell protein, and food grade sweeteners such as high fructose syrup 

can be produced by bioprocesses. Some of these products, sugars, or other biomass components 

such as lignin can be chemically converted into such products as furfural, furans, glycols, adipic acid, 

methyl ethyl ketone, phenols, aromatics, dibasic acids, and olefins. 

If we look at existing markets, organic acids, solvents, amino acids, antibiotics, vitamins, 

industrial enzymes, steroids, alkaloids, and other products of smaller sales volume are or could be 

produced through bioprocessing. However, of these, the U.S. dollar market for organic solvents and 

acids is almost an order of magnitude greater than for the world market for the next largest and 

is larger than the combined total world market of the rest. Closer examination of the U.S. organic 

acid and solvents segments shows that the potential market for ethanol as an industrial solvent and 

octane enhancer ( - 8 0 0 million gallons/year) and for production of such products as ethylene 

represents well over half of the total value of the oxychemicals that could be derived through 

bioprocessing(3). Beyond the direct conversion of renewable resources into existing product lines, 

it is possible to substitute new products derived from this resource for many products now based 

on petroleum. However, substantial speculation is involved in assessing the impact of such 

substitutions, and regardless, the point can be made that a very large market exists for liquid 

products from renewable feedstocks. In addition, it is possible, at least in principle, to substitute 

ethanol for gasoline as a neat liquid fuel, a market which could absorb about 140 billion gallons of 

ethanol annually. 
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PROCESSING RENEWABLE FEEDSTOCKS INTO LIQUID PRODUCTS 

The details of the process steps for conversion of renewable feedstocks into liquid products can 

vary significantly with the choice of feedstock and the desired product, but the general process flow 

scheme generally has common features. Since renewable feedstocks are solid materials that have 

developed some degree of natural resistance to breakdown by microbial populations, the feedstock 

must be treated in some fashion to make it susceptible to bioprocessing. Thus, the first major 

processing element is the feedstock preparation step which usually includes size reduction followed 

by a chemical or enzymatic pretreatment designed to open up the feedstock structure. For 

processes based on the enzymatic breakdown of the complex structure of carbohydrates in the 

feedstock, an enzyme production step is needed; part of the pretreated feedstock is typically used 

in enzyme production to support microbial growth and induce enzyme production. The enzymes 

are then added to the remaining pretreated feedstock to catalyze the breakdown of carbohydrate 

polymers into monomeric sugars in a hydrolysis step. In the subsequent fermentation, the sugars 

are converted into liquid products by appropriate microorganisms. Following the completion of the 

biological conversion operations, recovery and purification is required to remove the desired 

product from the fermentation broth and concentrate it to meet market specifications. 

BIOPROCESSING ISSUES 

For large scale markets in fuels and commodity chemicals, a specified product must be 

produced at low price. Today, biotechnology is well suited to production of complex molecules or 

other unique products with high specificity for specialty applications in which price is a secondary 

issue. Production costs for bioprocesses are typically high, and yields, product concentrations, and 

conversion rates can be relatively low. Furthermore, the processes are generally performed in 

batch operations, which are expensive to operate and require high capital costs compared to their 

throughput. 

Although variations in process design are to be expected with changes in type of feedstock and 

particularly with changes in target products, significant differences are also found between process 

designs prepared by different engineering firms for the same application. Much of this variability 

is caused by the fact that little experience is available on which to base the designs and predictive 

tools to allow a priori design of bioprocesses are lacking(4). Considerable judgement is involved 

in selecting a process configuration that is judged ready for application while also being 

economically viable. Clearly substantial advances are needed in the underlying process technology. 

In this section, some suggestions will be offered of advances needed in bioprocessing for 

economic conversion of renewable feedstocks into large volume liquid products. Although many 
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of the technology needs discussed have received some attention in the past, progress has not been 

sufficient for the concepts to be accepted for commercial applications. Thus, further work is 

required on these technologies or new approaches must be devised. 

Feedstock Preparation 

The first major process step is feedstock preparation. The key is that the pretreatment must 

facilitate high yields of product in the downstream biological conversion steps while minimizing the 

operating and capital costs of the step itself(5); obviously, these goals may be somewhat mutually 

exclusive. Information is needed on the relationship between pretreatment conditions and substrate 

structure and their impact on substrate susceptibility to downstream bioconversion. Beyond 

producing a feedstock that can be converted to product in high yields, it is also desirable that the 

feedstock preparation step separate major components of the feedstock to generate an economic 

product slate. Such separations are important in the wet milling of corn since a range of co-

products such as oil, protein, and fiber can be recovered for sale in addition to ethanol. If the 

cellulose, hemicellulose, and lignin fractions of lignocellulosic biomass could be separated in the 

feedstock preparation step, the process can be configured to take advantage of the unique attributes 

of each component while avoiding complications arising from carrying along the others. For 

example, if lignin accompanies the cellulose feed to the enzymatic hydrolysis and fermentation steps, 

substantial purge streams will probably be withdrawn with attendant loss of cellulose to maintain 

the lignin concentrations within limits that can be processed effectively. Alternatively, retention of 

cellulose in a lignin stream intended for processing of lignin to products would likely result in 

cellulose degradation in that operation. 

Biocatalysis and Fermentation 

Virtually all commodity chemicals and fuels are produced in continuous processes. Continuous 

processing lends itself to cost-effective use of equipment since there is little down time and the 

utilization efficiency approaches 100%. Continuous processes also facilitate application of 

automatic process control, resulting in improved consistency with lower labor costs. Heat and water 

balance integration is improved by continuous operation, increasing the efficiency of the operation. 

Yet, with the exception of aerobic and anaerobic waste treatment facilities and some large plants 

for ethanol production from corn or sugars, most biological conversion processes are operated in 

the batch mode. For continuous processes to be economically viable, they must be capable of 

handling a complex mixture of enzymes, microorganisms, solid substrates, products, and solid and 

liquid inerts. Continuous processes must also maintain stable operation for extended periods to 

be economically attractive. The area would benefit from fundamental studies that would allow 

understanding of tfje interaction between fluid flow and kinetics in such complex mixtures and how 

to effectively process thwe s t r e a m 
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High yields of product are necessary to maximize revenues while minimizing waste treatment 

costs(5). In addition, economics are improved with high rates and high product concentrations. 

Although batch operations realize high rates initially, they are penalized by long downtimes for 

fermenter turnaround. Continuous stirred tank reactors (CSTR's) are frequently used in continuous 

operations, but operation at high product concentrations results in low rates while some substrate 

is swept from the fermenter before it reacts appreciably resulting in loss in yield. Plug flow 

operation can in principle achieve the high initial rates of batch fermentations without frequent 

fermenter downtime, but little experience is available on which to base the design of a system 

handling the complex mixtures of microbes, enzymes, solid substrates, solid and liquid inerts, 

products, and possible gases typical of conversion of many renewable substrates to liquid products. 

Lignocellulosic feedstocks break down into large amounts of glucose and xylose plus significant 

quantities of galactose, mannose, and arabinose as well as organic acids, extractives, proteins, and 

lignin, a phenolic polymer. All of these components must be utilized to maximize revenues while 

minimizing waste treatment costs. Even if a microbial population can convert all of the 

carbohydrates to product, the tendency of the microbes to sequentially convert sugars due to the 

diauxic effect must be dealt with if continuous processes are to be viable. A second challenge is 

to convert the non-carbohydrate components into saleable products. 

Aseptic operation is essential to maintain the desired microorganisms and enzymes in the 

fermenter. A variety of techniques are employed to prevent invasion by undesirable microor-

ganisms such as minimizing the number of vessel penetrations, use of specialized equipment and 

fittings, sterilization of the reaction media, and establishment of other design criteria. However, 

this protection can be costly and may be insufficient for the long periods required in continuous 

processing. Alternate approaches such as immobilization of desired microbes and/or enzymes, 

operation at high product concentrations that are toxic to most organisms other than those desired, 

flocculating microbial populations, or selective separation schemes are possibilities, but little 

information is available with which to assess the effectiveness of these approaches. 

Control of microbial populations becomes even more acute when dealing with recombinant 

microorganisms that have been tailored to process a particular feedstock component, produce a 

desired product, or achieve enhanced capabilities. Such microorganisms are often at a competitive 

disadvantage to both invading microbes and to those of the same species which have lost their 

genetic modification. Although selective pressures such as incorporation of antibiotic resistance in 

the plasmid are frequently employed to maintain the genetically modified microbe, the quantity of 

antibiotics required for large volume products is usually too great to be cost effective. It is 

desirable to develop and understand engineering approaches such as immobilization of the 

recombinant microorganisms to improve the economic use of genetically modified microbes for 

large volume markets. 
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Production of enzymes and, to some degree, growth of microorganisms are expensive, and 

engineering strategies would be valuable to extend the life of biocatalysts. An improved 

understanding of the effects of environmental parameters on microbial and enzymatic activity would 

facilitate design of effective catalyst regeneration systems. It would also be useful to explore 

methods to overcome inhibition or deactivation of biocataiyst activity. 

Mixing is an important problem in large scale fermentations. It has frequently been assumed 

that agitation must be adequate to suspend solid substrates for use of renewable feedstocks. 

However, recent evidence suggests that only enough fluid circulation is required to prevent 

stagnation of product and the resulting inhibition of kinetic rates(6). More information is needed 

to understand the relationship between kinetic rates and fluid and solid movement for particulate 

substrates. High solid loadings are frequently desirable to achieve adequate product concentrations 

to minimize downstream processing costs, but the viscosity of the fermentation broth becomes so 

high above about 10% solids concentrations that conventional agitators aren't effective. Thus, novel 

agitator designs are needed. In addition, an improved understanding of the shear rate distribution 

in agitated vessels and the impact of shear rates on performance for high viscosity, complex broths 

would be valuable. Devices are needed as well to impose known shear rate profiles on non-

Newtonian fluids for such investigations. 

For aerobic conversions, an improved understanding is needed of oxygen transfer in complex 

viscous mixtures. The low solubility of oxygen in water presents a significant problem to efficient 

bioprocessing. Since oxygen is continuously depleted as the fermentation proceeds, the medium 

must be constantly aerated, and the more viscous the medium, the more difficult it becomes to 

supply adequate oxygen to maintain high rates. Some approaches which could be studied to 

improve oxygen supply are operation under pressure to increase solubility, use of oxygen rich gas, 

and changes in fermenter design or operation. 

A number of advanced designs could achieve some or all of the objectives mentioned. These 

include co-immobilized biocatalysts, fluidized beds of immobilized biocataiyst, inclined settlers, and 

packed beds of immobilized biocatalysts. However, such systems have generally not received 

attention for processing the complex mixtures frequently encountered in bioprocessing lignocel-

lulosic biomass to liquid products, and an improved understanding is needed for operation with 

such mixtures. 

Recovery and Purification 

The accumulation of product in the fermenter generally inhibits conversion rates. Yet, although 

rates and yields will increase if the product can be maintained at low concentrations, downstream 

processing costs rise sharply as more water must be processed for each unit of product(5). Thus, 

alternate approaches such as extraction or vacuum distillation of product from the fermenter appear 

desirable to maintain low product concentrations in the fermenter while still providing high product 
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concentrations for downstream processing. Since limited success has been achieved to date with 

integrated product recovery/fermentation systems, more information is required to improve existing 

options(7). New approaches merit attention if they show promise for minimizing end-product 

inhibition of fermentations while overcoming shortcomings experienced to date. Better data is also 

needed on the impact of product concentration and recovery approaches on kinetic rates. 

For continuous fermentations, recovery of unused substrate from spent material and inerts will 

probably be important to achieve high yields. Furthermore, it is also desirable to recover active 

enzyme and microorganisms from the fermentation milieu for recycle back to the process. 

Fundamental knowledge is needed of the important property differences that will facilitate these 

separations. New separation schemes such as reversed micelles might be applied to this problem. 

In an alternate approach, it may be possible to design the process so that active biocatalysts and/or 

unused substrate are retained while spent materials and inerts are swept from the fermenter; 

information is required on the fluid dynamics of complex mixtures to intelligently design and assess 

such concepts. Immobilized biocatalysts could serve the function of retaining microbes or enzymes, 

but immobilization isn't typically applied in conjunction with solid substrates characteristic of many 

renewable feedstocks. 

Although distillation is frequently employed for product recovery and purification, the unit 

operation chosen for this step must suit the product volatility, concentration, contaminants, and 

purity requirements. For products with high volatility such as ethanol, modern distillation processes 

are reasonably cost effective, and radical improvements in alternate separation schemes are needed 

to supplant it as the preferred choice. However, since water is usually the primary media for 

fermentations, product recovery by distillation requires that water be evaporated for products such 

as glycerol that are non volatile or less volatile than water. In such cases, distillation is a costly 

option given the high heat of vaporization of water and its large amounts for the dilute product 

streams(3). Recovery operations such as ion exchange, extraction, ultrafiltration, pervaporation, 

chromatography, affinity separations, and other approaches are possible alternatives to distillation, 

but improvements are generally needed in these technologies before they will be cost effective for 

large volume products. A better fundamental understanding of these approaches can lead to 

improvements in the technologies or new developments that overcome their shortcomings. The use 

of organic solvent based fermentations presents another approach to reduce the energy 

requirements for product recovery since low boiling solvents typically have a lower heat of 

vaporization than water. 

Scale-Up 

In the petrochemical industry, plants are generally constructed as large as possible to take 

advantage of economies of scale since equipment costs typically increase with the 0.6 power of size. 

For conversion of renewable feedstocks to liquid products, the economies of scale must be traded 
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off against increased costs for feedstock transportation. Nonetheless, Archer Daniels Midland 

operates a 255 million gallon per year grain to ethanol plant in Decatur, Illinois, and over 75% of 

the fuel ethanol produced in the United States is by plants with capacities in excess of 40 million 

gallons per year(8). 

If we look at the design for a seemingly small by comparison 25 million gallon per year plant 

for ethanol production from lignocellulosic biomass, the fermenters for enzyme production and 

cellulose hydrolysis would be on the order of 2.5 million gallons capacity each while the ethanol 

fermenter would hold approximately another 1.3 million gallons based on today's technology. 

Obviously, this is a significant scale-up from laboratory scale fermenters of a few liters or even from 

pilot units of 1500 liters. Yet, to assess the potential of conversion of renewable feedstocks into 

liquid products requires that engineers estimate the vessel capacities, associated process equipment 

sizes, and utility requirements at such scales, and the designs should be reliable to allow accurate 

assessment of the technology's potential. If the decision is made to build a plant, the accuracy must 

be even better or substantial losses of capital, delays in construction, and other severe financial 

problems can result. 

Reliable tools are needed to allow engineers to predict the performance of large scale 

bioprocesses for conversion of renewable resources into liquid products. Empirically derived models 

are often not satisfactory, particularly for scaling over large changes in capacity, since production 

scale processes behave differently than those at the pilot scale due to changes in factors that control 

performance. Thus, a solid understanding must be developed based on fundamental principles 

controlling process performance. Such accurate models are needed for the entire bioprocessing 

sequence from feedstock preparation through fermentation and on to recovery and purification. 

Bioprocess Monitoring and Control 

Accurate monitoring and control are valuable for bioprocesses to minimize labor costs while 

maximizing productivity. Both batch and continuous processing can benefit from advances in these 

areas since steady state operation generally improves the performance of continuous processes while 

better approaches to monitoring and control could improve the productivity of batch processes. 

Sensors and instruments for on-line measurement of solid substrate and product concentrations, 

inerts, enzyme activity, and microbial populations are very limited. In addition, the monitoring of 

bioprocesses for conversion of renewable resources into liquid products is complicated by the 

presence of the numerous components in the fermentation broth. Bioprocessing for production of 

large volume liquid products would greatly benefit from automatic control. Development of 

artificial intelligence systems could allow consistent operation of facilities to insure reliable process 

performance, reproducible product quality, and reduced operating costs. 
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CONCLUSIONS 

Renewable materials provide inexpensive feedstocks that are available in large quantity 

compared to the current markets for liquid organic chemicals and can make a significant impact 

on even the huge liquid fuels market. These substrates free us from reliance on politically unstable 

sources of fuels and chemicals, reduce the international balance of payments deficits for the United 

States, and don't contribute to the accumulation of carbon dioxide in the atmosphere and the 

associated greenhouse effect. Bioprocessing technology can convert this resource into a diverse 

range of liquid products with high selectivity and therefore, efficiency. However, traditional 

bioprocessing approaches are costly, and improvements are required to keep pace with the advances 

now possible through modern biotechnology. Otherwise, the applications of the rapidly moving field 

of biotechnology could be restricted to high value products in such areas as health care, and we 

would not see the benefits of biotechnology for production of a diverse slate of high volume 

products. On the other hand, since considerable foreign emphasis is now being placed on advancing 

bioprocessing, the international competitiveness of the United States in the critical area of 

biotechnology could be lost without development of improved bioprocesses for its application. 
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BIOPROCESSING APPLICATIONS IN THE 
MANAGEMENT OF NUCLEAR AND CHEMICAL WASTES 

R i c h a r d K. Genung 
Oak R i d g e N a t i o n a l L a b o r a t o r y * 

INTRODUCTION 

The p r o j e c t e d r e q u i r e m e n t s f o r w a s t e management and 

e n v i r o n m e n t a l r e s t o r a t i o n a c t i v i t i e s w i t h i n t h e U n i t e d S t a t e s w i l l 

p r o b a b l y c o s t t e n s o f b i l l i o n s o f d o l l a r s a n n u a l l y d u r i n g t h e n e x t two 

d e c a d e s . E x p e n d i t u r e s o f t h i s m a g n i t u d e c l e a r l y h a v e t h e p o t e n t i a l 

t o a f f e c t t h e i n t e r n a t i o n a l c o m p e t i t i v e n e s s o f m a n y - \ 5 . S . i n d u s t r i e s and 

t h e c o n t i n u e d o p e r a t i o n o f many f e d e r a l f a c i l i t i e s . jHka SsS.£, t h e U . S . ! 

D e p a r t m e n t o f E n e r g y (DOE), t h e U . S . D e p a r t m e n t o f D e f e n s e (DOD), and 

o t h e r f e d e r a l a g e n c i e s a l r e a d y f a c e p r o f o u n d c h a l l e n g e s i n f i n d i n g 

s t r a t e g i e s t h a t manage b u d g e t s and p r i o r i t i e s w h i l e b r i n g i n g t h e i r 

s i t e s a n d f a c i l i t i e s i n t o c o m p l i a n c e w i t h c u r r e n t s t a t u t e s and 

r e g u l a t i o n s a n d w i t h a g e n c y p o l i c i e s a n d o r d e r s . W h i l e i t i s o f t e n 

a g r e e d t h a t c u r r e n t t e c h n o l o g y c a n b e u s e d t o a d d r e s s m o s t w a s t e 

management a n d e n v i r o n m e n t a l r e s t o r a t i o n n e e d s , i t i s a l s o a r g u e d b y 

many t h a t t h e c o s t s o f i m p l e m e n t i n g c u r r e n t t e c h n o l o g y w i l l b e t o o h i g h 

u n l e s s t h e s t a n d a r d s and s c h e d u l e s f o r c o m p l i a n c e a r e r e l a x e d . S i n c e 

t h i s i s s o c i a l l y u n a c c e p t a b l e , e f f o r t s t o i m p r o v e t h e e f f i c i e n c y o f 

e x i s t i n g t e c h n o l o g i e s a n d t o d e v e l o p new t e c h n o l o g i e s s h o u l d b e 

p u r s u e d . A s i z a b l e r e s e a r c h , d e v e l o p m e n t , and d e m o n s t r a t i o n e f f o r t c a n 

b e e a s i l y j u s t i f i e d i f t h e p o t e n t i a l f o r r e d u c i n g c o s t s c a n b e s h o w n . 

B i o p r o c e s s i n g s y s t e m s f o r t h e t r e a t m e n t o f n u c l e a r and c h e m i c a l l y 

h a z a r d o u s w a s t e s o f f e r s u c h p r o m i s & J 

* O p e r a t e d b y M a r t i n M a r i e t t a E n e r g y S y s t e m s , I n c . , f o r t h e U . S . D e p a r t -

ment o f E n e r g y u n d e r C o n t r a c t No. D E - A C 0 5 - 8 4 0 R 2 1 4 0 0 . 
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BACKGROUND 

H a z a r d o u s W a s t e Laws 

Many f e d e r a l a n d s t a t e s t a t u t e s e s t a b l i s h t h e b a s i c c o m p l i a n c e 

r e q u i r e m e n t s f o r w a s t e management a c t i v i t i e s . The T o x i c S u b s t a n c e s 

C o n t r o l A c t (TSCA), t h e R e s o u r c e C o n s e r v a t i o n a n d R e c o v e r y A c t (RCRA), 

a n d t h e C o m p r e h e n s i v e E n v i r o n m e n t a l R e s p o n s e , C o m p e n s a t i o n a n d 

L i a b i l i t y ACT (CERCLA), o t h e r w i s e known a s S u p e r f u n d , a n d t h e i r v a r i o u s 

amendments h a v e t h e m o s t f a r - r e a c h i n g i m p a c t s . The m a n a g e m e n t o f 

m i x e d w a s t e s ( i . e . , w a s t e c o - c o n t a m i n a t e d w i t h h a z a r d o u s c h e m i c a l s a n d 

r a d i o a c t i v e m a t e r i a l s ) i s e s p e c i a l l y c o m p l i c a t e d f o r f a c i l i t i e s s u c h a s 

t h o s e managed b y t h e DOE b e c a u s e t h e E n v i r o n m e n t a l P r o t e c t i o n A g e n c y 

(EPA) and s t a t e g o v e r n m e n t s h a v e j u r i s d i c t i o n o v e r h a z a r d o u s m a t e r i a l s 

w h i l e t h e N u c l e a r R e g u l a t o r y C o m m i s s i o n (NRC) a n d t h e DOE a r e 

r e s p o n s i b l e f o r r a d i o a c t i v e m a t e r i a l s . F i n a l s t r a t e g i e s f o r t h e 

management o f m i x e d w a s t e s w i l l d e p e n d o n t h e r e s u l t s o f o n g o i n g 

n e g o t i a t i o n s among DOE, EPA, a n d s t a t e g o v e r n m e n t s . H o w e v e r , i t i s 

r e a s o n a b l e t o a s s u m e t h a t t h e management o f b o t h r a d i o a c t i v e and 

c h e m i c a l l y h a z a r d o u s w a s t e s w i l l e v e n t u a l l y b e i n t e g r a t e d u n d e r a RCRA-

l i k e p h i l o s o p h y t h a t r e q u i r e s c r a d l e - t o - g r a v e r e s p o n s i b i l i t y f o r 

h a z a r d o u s m a t e r i a l s . U n d e r t h i s p h i l o s o p h y , r a d i o a c t i v i t y w o u l d b e 

a d d e d t o t h e c r i t e r i a c u r r e n t l y u s e d t o i d e n t i f y h a z a r d o u s m a t e r i a l s . 

TSCA w i l l h a v e a n i m p a c t o n b i o p r o c e s s i n g a p p l i c a t i o n s t h r o u g h 

r e g u l a t o r y a u t h o r i t y o v e r t h e d e v e l o p m e n t a n d u s e o f i n t e r g e n e r i c 

m i c r o o r g a n i s m s , e s p e c i a l l y t h e i r r e l e a s e t o t h e e n v i r o n m e n t . RCRA 

and t h e H a z a r d o u s a n d S o l i d W a s t e Amendments o f 1 9 8 4 r e q u i r e EPA t o 

p r o h i b i t t h e l a n d d i s p o s a l o f many u n t r e a t e d w a s t e s a n d t o s e t 

s t a n d a r d s f o r t h e t r e a t m e n t , s t o r a g e , a n d d i s p o s a l o f h a z a r d o u s w a s t e s . 

CERCLA r e q u i r e s EPA t o e s t a b l i s h a p r o g r a m f o r e n v i r o n m e n t a l r e s t o r a -

t i o n o f c o n t a m i n a t e d s i t e s . W h i l e CERCLA d o e s n o t r e g u l a t e t r e a t m e n t , 
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i t r e q u i r e s EPA t o d e v e l o p a n d p r o m o t e i n n o v a t i v e t e c h n o l o g i e s f o r 

a p p l i c a t i o n a t S u p e r f u n d s i t e s . The 1 9 8 7 S u p e r f u n d Amendment and 

R e a u t h o r i z a t i o n A c t (SARA) r e q u i r e d EPA t o e s t a b l i s h v a r i o u s r e s e a r c h , 

d e v e l o p m e n t , a n d d e m o n s t r a t i o n p r o g r a m s . The b e s t known o f t h e s e i s 

t h e S u p e r f u n d I n n o v a t i v e T e c h n o l o g y E v a l u a t i o n ( S I T E ) P r o g r a m . The 

g o a l o f t h e SITE P r o g r a m i s t o h a v e t e n a n n u a l f i e l d d e m o n s t r a t i o n s o f 

i n n o v a t i v e t e c h n o l o g i e s t h r o u g h 1 9 9 1 . 

A p o t e n t i a l i n c o m p a t i b i l i t y s e e m s t o e x i s t b e t w e e n t h e g o a l s o f 

t h e RCRA a n d CERCLA p r o g r a m s . RCRA r e g u l a t e s r a t h e r t h a n p r o m o t e s 

t e c h n o l o g i e s a n d d o e s n o t p u r s u e i n n o v a t i o n . I n f a c t , RCRA s e t s s t a n -

d a r d s b a s e d o n B e s t D e m o n s t r a t e d A v a i l a b l e T r e a t m e n t T e c h n o l o g y 

(BDAT). I n many c a s e s , s t a n d a r d s a r e b a s e d o n o p t i m a l i n c i n e r a t o r 

p e r f o r m a n c e . RCRA c u r r e n t l y h a s n o t r e c o g n i z e d b i o d e g r a d a t i o n a s BDAT. 

The n e e d f o r S u p e r f u n d d e m o n s t r a t i o n s t o c o m p l y w i t h RCRA i n e v i t a b l y 

l i m i t s t h e a p p l i c a t i o n o f b i o d e g r a d a t i o n s y s t e m s . 

M a g n i t u d e o f C o m p l i a n c e C o s t s 

The g e n e r a t i o n o f h a z a r d o u s w a s t e w i t h i n t h e U n i t e d S t a t e s 

e x c e e d s 3 0 0 m i l l i o n t o n s a n n u a l l y u n d e r c u r r e n t RCRA c r i t e r i a . More 

t h a n 90% o f t h i s w a s t e i s g e n e r a t e d b y t h e m a n u f a c t u r i n g i n d u s t r y , a n d 

70% o f t h e m a n u f a c t u r i n g t o t a l i s d e r i v e d f r o m t h e c h e m i c a l s e c t o r . ^ 

The C o n g r e s s i o n a l B u d g e t O f f i c e h a s e s t i m a t e d t h a t t h e 1 9 8 4 a m e n d m e n t s 

t o RCRA c o u l d r e s u l t i n a n n u a l e x p e n d i t u r e s o f $ 1 1 b i l l i o n b y p r i v a t e 

i n d u s t r y b y 1 9 9 0 . ^ E n v i r o n m e n t a l r e s t o r a t i o n a c t i v i t i e s o n c u r r e n t o r 

a b a n d o n e d i n d u s t r i a l s i t e s c o n t a m i n a t e d w i t h h a z a r d o u s c h e m i c a l s may 

c o s t $ 1 0 0 b i l l i o n a n d r e q u i r e 50 y e a r s t o c o m p l e t e w i t h c u r r e n t 

t e c h n o l o g y . By 1 9 9 0 , S u p e r f u n d (CERCLA) a n d o t h e r w a s t e - r e l a t e d 

r e g u l a t i o n s c o u l d c o s t U . S . i n d u s t r y $ 2 0 b i l l i o n annually.^ C o s t s 

f o r b r i n g i n g f e d e r a l f a c i l i t i e s i n t o c o m p l i a n c e h a v e n o t b e e n e s t a b -

l i s h e d , b u t t h e y w i l l u n d o u b t e d l y b e s i g n i f i c a n t ( i . e . , b i l l i o n s o f 

d o l l a r s ) a n d w i l l r e p r e s e n t a s i g n i f i c a n t d r a i n o n f e d e r a l a g e n c y 

b u d g e t s . 
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The P o t e n t i a l o f B i o p r o c e s s i n g A p p l i c a t i o n s 

S e v e r a l p r e s t i g i o u s s t u d i e s h a v e i d e n t i f i e d s i g n i f i c a n t 

o p p o r t u n i t i e s f o r r e d u c t i o n s i n w a s t e management c o s t s t h r o u g h t h e 

d e v e l o p m e n t o f b i o p r c c e t i s i n g o p t i o n s . The a r e a o f h a z a r d o u s w a s t e 

m a n a g e m e n t h a s recent - l y b e e n r e v i e w e d b y a c o m m i t t e e o f t h e N a t i o n a l 

R e s e a r c h C o u n c i l a s o f a s t u d y o f r e s e a r c h n e e d s a n d o p p o r t u n i t i e s 

i n c h e m i c a l e n g i n e e r i n g . ^ I n t h i s r e v i e w and o t h e r s , ^ t h e d e v e l o p m e n t 

o f b i o d e g r a d a t i o n p r o c e s s e s f o r t h e d e t o x i f i c a t i o n o f c u r r e n t l y 

g e n e r a t e d c h e m i c a l l y h - .zardous w a s t e was c i t e d a s a p r o m i s i n g a r e a f o r 

r e s e a r c h a n d d e v e l o p ; e n c b a s e d o n e n g i n e e r i n g c o n s i d e r a t i o n s . The 

N a t i o n a l S c i e n c e F o u n d a t i o n h a s a l s o s p o n s o r e d a r e c e n t w o r k s h o p o n 

b i o t e c h n o l o g y f o r t h e management o f h a z a r d o u s w a s t e . ^ T h i s w o r k s h o p 

d o c u m e n t e d t h e n e e d f o r and p o t e n t i a l o f i n t e r d i s c i p l i n a r y b i o -

p r o c e s s i n g R&D i n t e n d e d t o p r o d u c e new t e c h n o l o g i e s f o r w a s t e 

m a n a g e m e n t . N e e d e d i n t e r f a c e s among t h e f i e l d s o f m i c r o b i a l b i o -

c h e m i s t r y , g e n e t i c s , e c o l o g y , e n v i r o n m e n t a l m i c r o b i o l o g y , a n d c h e m i c a l 

and e n v i r o n m e n t a l b i o p r o c e s s e n g i n e e r i n g w e r e r e v i e w e d , a n d a com-

p r e h e n s i v e R&D a g e n d a e n c o m p a s s i n g b i o r e a c t o r s y s t e m s d e v e l o p m e n t was 

p r o p o s e d . 

Our u n d e r s t a n d i n g o f b i o d e g r a d a t i o n p r o c e s s e s a t t h e m o l e c u l a r 

l e v e l h a s b e e n r a p i d l y e x p a n d i n g o v e r t h e p a s t d e c a d e . F o r e x a m p l e , 

t h e u s e o f g e n e t i c a l l y e n g i n e e r e d m i c r o o r g a n i s m s a s w e l l a s t h e u s e o f 

i n d i g e n o u s o r g a n i s m s i s o l a t e d f r o m v a r i o u s e n v i r o n m e n t s c a n o f f e r 

d r a m a t i c i n c r e a s e s i n t h e s p e c i f i c i t y and e f f i c i e n c y o f m i n e r a l i z a t i o n 

o f many o r g a n i c c o m p o u n d s . C o u p l e d w i t h t h e p o s s i b i l i t y o f p u r s u i n g 

l o w - t e m p e r a t u r e , l o w - p r e s s u r e p r o c e s s e s , t h e s e a d v a n c e s s u g g e s t t h e 

p o t e n t i a l f o r c o s t - e f f e c t i v e t e c h n o l o g i e s . The p o t e n t i a l f o r 

e x p l o i t a t i o n o f s u c h m i c r o o r g a n i s m s w i t h i n e n g i n e e r e d b i o r e a c t o r 

s y s t e m s h a s b e e n w i d e l y r e c o g n i z e d , ' 1 " ® b u t t h e d e v e l o p m e n t o f b i o -

p r o c e s s e s f o r w a s t e management i s s t i l l l i m i t e d b y s e v e r a l f a c t o r s . 

T h e s e i n c l u d e t h e l i m i t e d c h a r a c t e r i z a t i o n o f m i c r o o r g a n i s m s f o r 
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s p e c i f i c a p p l i c a t i o n s and a p a u c i t y o f d a t a and e x p e r i e n c e s u p p o r t i n g 

p r o c e s s d e s i g n , s c a l e - u p , a n d o p e r a t i o n . S i n c e w a s t e management 

p r a c t i t i o n e r s h a v e h i g h l e g a l a n d f i n a n c i a l l i a b i l i t i e s , t h e a c c e p t -

a b i l i t y a n d e v e n t u a l d e p l o y m e n t o f n e w l y d e v e l o p e d t e c h n o l o g i e s may 

d e p e n d o n s u c c e s s f u l f i e l d d e m o n s t r a t i o n s t h a t d e f i n e c o s t s a n d 

e l i m i n a t e p e r f o r m a n c e u n c e r t a i n t i e s . 

The p r o b l e m s o f h a z a r d o u s w a s t e management t h a t may b e 

a d d r e s s e d b y b i o t e c h n o l o g y a r e g e n e r a l l y o f two t y p e s - e i t h e r t h e 

t r e a t m e n t o f c u r r e n t l y g e n e r a t e d w a s t e s o r t h e r e m e d i a t i o n o f t o x i c 

w a s t e s i t e s . I n s i t u b i o r e m e d i a t i o n t e c h n o l o g i e s a r e n o t c o n s i d e r e d 

b i o p r o c e s s i n g a p p l i c a t i o n s f o r t h e p u r p o s e s o f t h i s d i s c u s s i o n . The 

u s e o f b i o p r o c e s s i n g a p p l i c a t i o n s i n t h e t r e a t m e n t o f c u r r e n t l y g e n -

e r a t e d w a s t e s may b e a c c o m p l i s h e d t h r o u g h d e s t r u c t i o n o r d e t o x i -

f i c a t i o n p r o c e s s e s ( e . g . , b y b i o d e g r a d a t i o n ) o r t h r o u g h s e g r e g a t i o n o f 

h a z a r d o u s m a t e r i a l s f r o m t h e b u l k o f t h e w a s t e ( i . e . , b y b i o s o r p t i o n 

p r o c e s s e s ) . I n t h e s p e c i a l c a s e o f m i x e d w a s t e , w h i c h i s p r e v a l e n t o n 

DOE s i t e s , d e t o x i f i c a t i o n may r e f e r t o t h e r e m o v a l o f c h e m i c a l l y 

h a z a r d o u s c h a r a c t e r i s t i c s f r o m a g i v e n w a s t e t o y i e l d a l o w - l e v e l 

r a d i o a c t i v e p r o d u c t s u i t a b l e f o r s u b s e q u e n t d i s p o s a l u n d e r a g e n c y 

o r d e r s . 

B i o p r o c e s s i n g a p p l i c a t i o n s c a n a l s o b e a p a r t o f s i t e 

r e m e d i a t i o n p r o g r a m s i f c o n t a m i n a t e d w a t e r s a r e pumped t o t h e s u r f a c e 

f o r t r e a t m e n t ( e . g . , b y e i t h e r b i o d e g r a d a t i o n o r b i o s o r p t i o n 

p r o c e s s e s ) , o r i f s o i l s a r e e x c a v a t e d a n d t r e a t e d ( e . g . , i n s l u r r y 

b i o r e a c t o r s w h e r e b i o d e g r a d a t i o n p r o c e s s e s a r e i n v o l v e d ) . 

B i o d e g r a d a t i o n and b i o s o r p t i o n p r o c e s s e s a r e r e a d i l y f u n c t i o n a l 

i n d i l u t e a q u e o u s s o l u t i o n s a n d , t h e r e f o r e , a r e o f g r e a t i n t e r e s t s i n c e 

a l a r g e f r a c t i o n o f t h e h a z a r d o u s w a s t e g e n e r a t e d i n i n d u s t r y a n d f r o m 

s i t e r e m e d i a t i o n p r o g r a m s i s i n t h a t f o r m . The d e v e l o p m e n t o f b i o -

r e a c t o r s e x p l o i t i n g b i o d e g r a d a t i o n a n d b i o s o r p t i o n p r o c e s s e s m u s t o b -

v i o u s l y a c c o m m o d a t e some o r a l l o f t h e f o l l o w i n g f u n d a m e n t a l p h e n o m e n a : 
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* r e m o v a l o f w a s t e s f r o m t h e aqt. . . tem b y b i o m a s s ; 

* a c t i o n o f e x t r a c e l l u l a r e n z y m e s i s t e s o u t s i d e o f 

m i c r o o r g a n i s m s ; 

* t r a n s f e r o f d e g r a d e d o r t r a n s f o r m e d c h e m i c a l s p e c i e s 

t h r o u g h t h e c e l l w a l l ; 

* a c t i o n o f i n t r a c e l l u l a r e n z y m e s o n w a s t e s ( p r o d u c t s ) 

i n s i d e o f m i c r o o r g a n i s m s ; 

* c o n v e r s i o n o f p r o d u c t s i n t o c e l l u l a r c o m p o n e n t s , u s e o f 

p r o d u c t s f o r e n e r g y , o r s t o r a g e o f p r o d u c t s f o r p o t e n t i a l 

f u t u r e u s e ; a n d 

* e l i m i n a t i o n o f m e t a b o l i c w a s t e s o r u n n e c e s s a r y p r o d u c t s f r o m 

c e l l s . 

I f t h e s e phenomena a r e i n d e e d t o b e a c c o m m o d a t e d d u r i n g t h e 

t r e a t m e n t o f d i l u t e w a s t e s , h i g h l y i f f t c i e n t p o l l u t a n t / b i o m a s s 

c o n t a c t i n g s y s t e m s m u s t b e d e v i s e d . M e t h o d s f o r d e v e l o p i n g a n d 

m a i n t a i n i n g h i g h c o n c e n t r a t i o n s o f a c t i v e m i c r o o r g a n i s m s and f o r 

m o n i t o r i n g t h e i r v i a b i l i t y and a c t i v i t y m u s t b e d e m o n s t r a t e d . 

The a b i l i t y t o m a i n t a i n a s m a l l e c o s y s t e m w i t h i n t h e b i o r e a c t o r 

may b e r e q u i r e d w h e r e m i x e d s u b s t r a t e s , b i o t r a n s f o r m a t i o n s i n v o l v i n g 

i n t e r m e d i a t e s , a n d c h a n g i n g i n f l u e n t c o n d i t i o n s a r e p r e s e n t . Mass 

t r a n s f e r r a t e s a n d b i o t r a n s f o r m a t i o n k i n e t i c s , a s w e l l a s t h e v a r i a b l e s 

t h a t c o n t r o l t h e m , m u s t b e c a r e f u l l y s t u d i e d f o r p a r t i c u l a r a p p l i c a -

t i o n ? i f e f f i c i e n t d e s i g n and o p e r a t i o n o f b i o r e a c t o r s f o r w a s t e 

management a r e t o b e a c h i e v e d . U n d e r s t a n d i n g a n d c o n t r o l l i n g c o m p l e x 

b i o p r o c e s s i n g a p p l i c a t i o n s w i l l r e q u i r e a d v a n c e s i n m e t h o d o l o g i e s f o r 

m o n i t o r i n g b i o t r a n s f o r m a t i o n s . 

O t h e r o b v i o u s c o n s i d e r a t i o n s f o r b i o r e a c t o r d e v e l o p m e n t i n c l u d e 

t h e n e e d f o r s e p a r a t i o n o f b i o m a s s f rom t r e a t e d w a s t e s t r e a m s a n d t h e 

management o f e x c e s s b i o m a s s o r a n y g a s e o u s w a s t e s r e l e a s e d f r o m t h e 

s y s t e m a s p o t e n t i a l w a s t e s . T h i s w i l l b e e s p e c i a l l y r e l e v a n t i n c a s e s 

w h e r e r e m o v a l w i t h o u t d e s t r u c t i o n h a s o c c u r r e d , a s i n t h e c a s e s o f 

i n o r g a n i c , n o n b i o d e g r a d a b l e , and r a d i o a c t i v e p o l l u t a n t s . 
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I f b i o p r o c e s s i n g a p p l i c a t i o n s a r e d e v e l o p e d f o r t h e d e t o x i f i c a -

a t i o n o f s o i l s , t h e b i o m a s s / p o l l u t a n t c o n t a c t i n g p r o b l e m i s c o n s i d e r -

a b l y d i f f e r e n t f r o m t h a t i n t h e g e n e r a l c a s e d i s c u s s e d a b o v e . C o n t a c t 

b e t w e e n m i c r o o r g a n i s m s a n d a p o l l u t a n t i n i t i a l l y s e q u e s t e r e d w i t h i n a 

p o r o u s , s u r f a c e - a c t i v e medium ( i . e . , s o i l ) i s r e q u i r e d . E x p e r t i s e i n 

h y d r o l o g y , g e o c h e m i s t r y , a n d i n t e r f a c i a l / s u r f a c e s c i e n c e s s h o u l d b e 

p a r t o f a l l i n t e g r a t e d a p p r o a c h e s t o t h i s p r o b l e m . 

I t i s w o r t h n o t i n g t h a t t h e d e v e l o p m e n t o f b i o p r o c e s s i n g a p p l i -

c a t i o n s may a d d r e s s c e r t a i n TSCA a n d RCRA c o n c e r n s . W i t h r e s p e c t t o 

TSCA, e n v i r o n m e n t a l r e l e a s e s o f e n g i n e e r e d m i c r o o r g a n i s m s c a n b e 

a v o i d e d i f t r e a t m e n t s a r e c o n d u c t e d i n c l o s e d s y s t e m s r a t h e r t h a n i n 

t h e e n v i r o n m e n t . W i t h r e s p e c t t o RCRA, t h e p l a c e m e n t o f h a z a r d o u s 

w a s t e s i n o r o n t h e g r o u n d c a n b e a v o i d e d . ^ B i o p r o c e s s i n g i n c l o s e d 

s y s t e m s may p r o v i d e e f f i c i e n t a n d a c c e p t a b l e n e a r - t e r m t r e a t m e n t w h i l e 

g e n e r a t i n g t h e d a t a a n d e x p e r i e n c e ne£t|&d bo u s e s e l e c t e d b i o d e g r a -

d a t i o n p r o c e s s e s i n e v e n t u a l i n s i t u a p p l i c a t i o n s . 

RESEARCH, DEVELOPMENT AND DEMONSTRATION OPPORTUNITIES 

T h e r e a r e s e v e r a l g e n e r a l c h a r a c t e r i s t i c s t h a t s h o u l d a p p l y t o 

RD&D p r o g r a m s i n t h i s a r e a . F i r s t , a v i e w t o w a r d t i m e l y t r a n s f e r o f 

new b i o t e c h n o l o g y t o t h e p r i v a t e s e c t ^ " s h o u l d b e m a i n t a i n e d . U n d e r 

t h e s c h e d u l e p r e s s u r e s d r i v e n b y h a z a r d o u s w a s t e l a w s , s o l u t i o n s t o 

w a s t e m a n a g e m e n t p r o b l e m s a r e b e i n g s e l e c t e d a s e a r l y a s p o s s i b l e . I f 

s a v i n g s f r o m i n n o v a t i v e a p p r o a c h e s a r e t o b e r e a l i z e d , t h e d e v e l o p m e n t 

a n d d e p l o y m e n t o f new t e c h n o l o g i e s m u s t b e g i n a s s o o n a s p o s s i b l e . 

C o l l a b o r a t i v e r e s e a r c h among u n i v e r s i t i e s , n a t i o n a l l a b o r a t o r i e s , a n d 

t h e p r i v a t e s e c t o r s h o u l d b e e n c o u r a g e d . S e c o n d , t e c h n o l o g i e s s h o u l d 

b e d e m o n s t r a t e d o n a s c a l e a d e q u a t e t o a n s w e r q u e s t i o n s a b o u t d e s i g n 

a n d s c a l e - u p ' 3 s u e s a n d a b o u t e c o n o m i c v i a b i l i t y . E c o n o m i c q u e s t i o n s 

s h o u l d b e a n s w e r e d w i t h i n a t o t a l s y s t e m s c o n t e x t t h a t a d d r e s s e s 

c r a d l e - t o - g r a v e r e s p o n s i b i l i t i e s . C o m p a r i s o n s t o c o n v e n t i o n a l p h y s i c a l 

a n d c h e m i c a l s y s t e m s , w i t h a n e m p h a s i s o n i n c i n e r a t i o n , s h o u l d b e 
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d e v e l o p e d t o f a c i l i t a t e t h e t e c h n o l o g y s e l e c t i o n and a p p r o v a l 

p r o c e s s e s . F i n a l l y , t h e d e v e l o p m e n t o f m o b i l e p i l o t u n i t s f o r f i e l d 

work s h o u l d b e s o u g h t . F i e l d s t u d i e s o n r e a l w a s t e s o f t e n i d e n t i f y 

d i f f e r e n t p r o b l e m s a n d p r o d u c e d i f f e r e n t r e s u l t s t h a n d o l a b o r a t o r y 

s t u d i e s . L a c k i n g r e l e v a n t d a t a a n d o p e r a t i o n a l h i s t o r i e s , b o t h t h e 

w a s t e m a n a g e m e n t i n d u s t r y a n d g o v e r n m e n t a g e n c i e s h a v e b e e n r e l u c t a n t 

t o recommend i n n o v a t i v e t r e a t m e n t t e c h n o l o g i e s . C o n c e r n f o r 

l i a b i l i t i e s f o r d a m a g e s r e s u l t i n g f r o m f a i l u r e s o f t e c h n o l o g i e s i s 

w i d e l y e x p r e s s e d . ® 

The o p p o r t u n i t i e s f o r RD&D a c t i v i t i e s d e a l i n g w i t h b i o p r o c e s s i n g 

a p p l i c a t i o n s f o r w a s t e management a r e i n n u m e r a b l e . H o w e v e r , a n y w o r k 

i n t h e f o l l o w i n g a r e a s w h i c h h a s t h e a b o v e c h a r a c t e r i s t i c s a n d i s s u c -

c e s s f u l l y c o m p l e t e d w o u l d h a v e i m p o r t a n t n a t i o n a l s i g n i f i c a n c e . 

G r o u n d w a t e r T r e a t m e n t 

M o s t a q u e o u s w a s t e t r e a t m e n t o p e r a t i o n s ( a p p r o x i m a t e l y 70%) o n 

S u p e r f u n d s i t e s d e a l w i t h c o n t a m i n a t e d g r o u n d w a t e r s a n d l e a c h a t e s . 

O r g a n i c c h e m i c a l s a r e t h e m a j o r p r o b l e m . S o l v e n t s a r e t h e 

p r e d o m i n a n t c o n t a m i n a n t , w i t h t r i c h l o r o e t h y l e n e b e i n g o f m a j o r 

c o n c e r n . ® " ^ The p r e s e n c e o f h e a v y m e t a l s h a s a l s o b e e n w i d e l y n o t e d . 

The d e v e l o p m e n t o f b i o p r o c e s s i n g a p p r o a c h e s s h o u l d i n c l u d e c o n s i d e r a -

t i o n o f b o t h b i o d e g r a d a t i o n a n d b i o s o r p t i o n o p e r a t i o n s a n d t h e i r 

i n t e g r a t i o n i n t o t o t a l t r e a t m e n t s y s t e m s . 

C o n t a m i n a t e d S o i l T r e a t m e n t 

M o s t s o l i d w a s t e t r e a t m e n t o p e r a t i o n s o n S u p e r f u n d s i t e s d e a l 

w i t h c o n t a m i n a t e d s o i l s ( a p p r o x i m a t e l y 54%) a n d s l u d g e s f r o m p i t s a n d 

l a g o o n s ( a p p r o x i m a t e l y 18%). C o n t a m i n a n t s i n c l u d e o r g a n i c s , s o l v e n t s , 

h e a v y m e t a l s , o t h e r i n o r g a n i c s , a n d p e s t i c i d e s . ^ - ® The d e v e l o p m e n t o f 

s l u r r y b i o r e a c t o r s s h o u l d b e p u r s u e d w i t h a n e m p h a s i s o n t r e a t m e n t o f 

c o n t a m i n a n t / s o i l / w a t e r s y s t e m s t h a t a r e n o t a m e n a b l e t o i n s i t u 

b i o r e m e d i a t i o n . B o t h PCBs and PAHs a r e o r g a n i c s o f m a j o r c o n c e r n . 
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T r e a t m e n t o£ A q u e o u s W a s t e s C o n t a i n i n g H i g h C o n c e n t r a t i o n s o f H e a v y 

M e t a l s a n d N i t r a t e Compounds 

P r o c e s s e s i n t h e n u c l e a r f u e l c y c l e p r o d u c e l i q u i d l o w - l e v e l 

r a d i o a c t i v e w a s t e (LLLW) s t r e a m s c o n t a i n i n g h i g h c o n c e n t r a t i o n s o f 

n i t r a t e s . ^ Management o f t h e s e s t r e a m s i s c o m p l i c a t e d b y t h e 

p r e s e n c e o f n i t r a t e s w h i c h may b e l e a c h e d f r o m t h e s o l i d i f i e d LLLW 

t h a t i s b e i n g p r e p a r e d f o r d i s p o s a l . B i o d e n i t r i f i c a t i o n o f LLLW 

s t r e a m s t h a t a r e c h a r a c t e r i s t i c e f f l u e n t s o f t h e n u c l e a r f u e l c y c l e 

o f n a t i o n a l d e f e n s e a c t i v i t i e s s h o u l d b e p u r s u e d . 

Vo lume R e d u c t i o n o f S o l i d L o w - L e v e l R a d i o a c t i v e W a s t e s 

V a r i o u s DOE f a c i l i t i e s , and p r o b a b l y n u m e r o u s o t h e r c o n c e r n s , 

p r o d u c e l a r g e v o l u m e s o f s o l i d l o w - l e v e l r a d i o a c t i v e w a s t e s . ^ The 

d i s p o s a l o f t h i s m a t e r i a l i s p r o b l e m a t i c and e x p e n s i v e , a n d any means 

o f e f f i c i e n t l y r e d u c i n g i t s v o l u m e w o u l d b e i m p o r t a n t . E v e n i f w a s t e 

s e g r e g a t i o n m e t h o d s a r e e m p l o y e d t o r e m o v e w a s t e s s u i t a b l e f o r d i s -

p o s a l i n s a n i t a r y l a n d f i l l s , a s i g n i f i c a n t f r a c t i o n o f t h e r e s i d u a l 

w a s t e w i l l b e c e l l u l o s i c m a t e r i a l a m e n a b l e t o a n a e r o b i c d i g e s t i o n . 

The f e a s i b i l i t y o f u s i n g t h i s p r o c e s s w i t h i n i n t e g r a t e d w a s t e t r e a t m e n t 

s y s t e m s s h o u l d b e a n a l y z e d , a n d n e e d e d RD&D a c t i v i t i e s s h o u l d b e 

p u r s u e d . O b v i o u s l y , t h e g a s , l i q u i d , a n d s o l i d d i s c h a r g e s w o u l d 

r e q u i r e s p e c i a l a t t e n t i o n t o d e t e r m i n e t h e u l t i m a t e f a t e o f r a d i o a c t i v e 

m a t e r i a l s • 
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University of California at Berkeley 
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INTRODUCTION 
Over the last ten years a number of both novel bioreactors and biologically-catalyzed reactions have 

appeared, some of which have the potential to open new avenues in the use of enzyme and microbial processing 
for energy and chemicals production. Thus we shall consider the bioreactor to encompass both the reactor itself 
and the enzymatic or cellular process occurring in it. Bioreactor fundamentals can be examined from the per-
spective of the types of products formed or reactions catalyzed, noting that in the case of environmental control, 
the "reaction" considered may be adsorption. This product focus is important, as the economic and technical 
feasibility of many processes depends on a variety of factors, only one of which is the suitability of a particular 
bioreactor. Prior to the advent of genetic engineering, novel bioreactors were often developed to overcome 
limitations imposed by the organism (eg. extractive fermentation to reduce product inhibition), whereas today 
biological approaches may be available. Appropriate alteration of the microorganism or enzyme may result in 
conventional bioreactors being entirely suitable for the product under consideration. 

There is a considerable body of literature concerning conventional bioreactors, including stirred tank and 
pneumatically agitated reactors. Weshall focus attention on novel bioreactors,.as^ummarizedin-TabIel(a<Japted 
from [1]). 0 

There continue to be a number of fundamental problems that need to be addressed in the area of multiphase 
bioreactors and these will be examined in terms of the application of conventional bioreactors for some of the 
products of interest in the following sections.-

BIOREACTORS IN THE PRODUCTION OF GASEOUS FUELS 
Methane formation by anaerobic digestion of organic wastes is a well established practice in wastewater 

treatment. It is typically used to reduce the volume of activated sludge solids and to handle waste particulates 
arising from primary treatment processes. A mixed population of organisms act on solid materials to produce 
organics (eg. celluloses, lipases other hydrolases). Short chain fatty and volatile acids are then produced by acid 
formers. About 70% of the methane produced arises from acctic acid produced in this step. Obligate anaerobes 
(the methanogens) produce methane from these volatile acids; this is thought to be the rate limiting step in 
anaerobic digestion. These organisms have an optimum pH of around 7.0 to 7.8, and thus good liquid phase 

L Research supported by the US DOE Energy Conservation and Utilities Program, contract No. 957220 and 
the US EPA, under cooperative Agreement #CR811948-01-0. 
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Table 1. Examples of Novel Bioreactor Systems. 

Bioreactor Design 

Air-lift 

Fluidized bed 

Membrane bioreactors (hollow 
fiber, flat sheet) 
Modified stirred tank 

Modified packed bed 

Tower and loop biorcactors 

Vacuum bioreactors 

Photochemical biorcactors 

Cell System Used 

Bacteria, yeast & fungi 

Immobilized bacteria, yeast, fungi 
& activated sludge 

Bacteria, yeast, plant cells 

Immobilized bacteria, yeast & 
fungi 
Immobilized bactcria, yeast & 
fungi 
Bactcria & yeast 
Bacteria & yeast 
Photosynthctic bacteria & algae 

Typical Products 

St irimary & secondary metabo-
lites, biosurfactaats 
Ethanol, secondary metabolites, 
wastewater treatment, bioadsorp-
tion 
Primary metabolites eg. ethanol, 
lactic acid, enzymes and proteins 
Primary metabolites 

Ethanol, acetic acid, other organic 
acids 
SCP, ethanol 
Volatile primary metabolites 

Glycerol, |J-carotenc 

mixing is required to reduce local concentrations of acids. Limitations in the design and operation of anaerobic 
digesters are primarily a result of the complexities of the biological processes occurring in the digester. Mcth-
anogens are not well understood and the dynamics of their interactions with other bacteria in the mixed culture 
needs to be defined. The concurrent production of H2S by sulfate-reducing bacteria presents a problem in 
utilization of the resulting digester off-gas. 

The situation is simplified if we consider methane production from a well-defined substrate (eg. agri-
cultural residue) using defined cultures. Opportunities exist for improvement of the anaerobic bacteria involved, 
although cloning in such organisms presents difficulties. Some engineering efforts along these lines with obligate 
anaerobes are underway [2]. 

BIOREACTORS IN THE PRODUCTION OF LIQUID FUELS 
Ethanol production from renewable feedstocks has received considerable attention o\cr the past fifteen 

years. Oneof the limitations of the alcohol fermentation has been product inhibition by cthanol. Various reactor 
configurations which alleviate inhibition by in-sim removal of ethanol have been examined. Coupled with bio-
reactors which provide high cell concentrations by use of cell retention or recycle, high volumetric productivities 
may be obtained. Vacuum and flash fermcntcrs show high productivities ( > 30 gm/l.hr), but at the expense of 
increased capital costs. Other approaches to product removal, eg. pervaporation, have not been sufficiently 
examined from economic and operational standpoints to assess their applicability. Although various ethanol 
recovery schemes (eg. liquid-liquid extraction, adsorption) have been proposed, distillation appears to be the 
method of choice. In general, the economics of ethanol production is dominated by feedstock costs and 
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improvements in bioreactor design and cthanol rccovcry show only marginal improvements [3J. As distillation 
costs are relatively insensitive to inlet ethanol concentration in the fermentation range (1 to 8% w/v), 
improvements in the ethanol tolerance of the producing microorganism beyond 10% are not likely to provide 
significant economic advantage. 

The production of methanol from natural gas or other methane sources may provide an alternative to 
high temperature, high pressure catalytic processes. The high energy associated with disruption of the C-H bond 
(104 Kcal/mole) has made design of heterogeneous metal catalysis functioning at ambient conditions difficult, 
although progress has been reported j4). Catalytic conversion of methanol to higher alkanes provides a means 
of providing a transportation fuel. 

The methanotrophs are able to use methane as a sole carbon source, the first step being oxidation of 
methane to methanol by methane monooxygenase. The three component enzyme has been isolated from 
Methanococcus capsulatus and characterized (5). The use of an immobilized methane monooxygenase presents 
several bioreactor challenges. The enzyme is comprised of 3 components; component C is an NADH acceptor 
reductase, which transfers electrons to component A, the oxygenase which interacts with the hydrocarbon sub-
strate. Component B is involved in the coupling of substrate oxidation to electron transfer. Thus all three 
components must be present and active for reaction. Methane is sparingly soluble in aqueous solutions, and thus 
aconventional immobilized enzyme agitated or packed bed biorcactorcmployingan aqueous phase would require 
exceedingly large volumes. Solubility can be improved by use of non-aqueous solvents. Several bioreactor con-
figurations can be envisioned toenablctheenzymecomponentstoretainfullactivityinacontinuousnon-aqucous 
phase. These are described below. 

Reverse Micelle, Microcapsule and Liquid Membrane Containing Bioreactors 
There are several approaches for use of enzymes with non-aqueous solvents. The enzyme may be 

sequestered in a reverse micelle, formed by the addition of a surfactant to a small volume of water and a bulk 
organic phase. The enzyme thus functions in an aqueous mini-phase, with substrate present at high concentration 
in the organic phase. This has advantages in that the structure of the water surrounding the enzyme may exhibit 
different properties. Rate enhancements as a function of the micelle size have been observed. Separation of the 
micelle from thecontinuousorganicphasemaybedifficult, due to thesmallsizeofthe micelles (of order hundreds 
of Angstroms). 

An alternative approach is to encapsulate the enzyme within a microcapsule, formed by interfacial 
polymerization or similar techniques. Rcactants can be transported through the capsulc membrane, while 
enzyme(s) and hydrophiliccofactors are be retained within the capsule. This approach offers promise for cofactor 
recycle and overcomes the limitations of substrate and product inhibition. The relative fragility of microcapsules 
need to be addressed; approaches using varying polymeric encapsulants arc being examined. 

Liquid membranes also provide a means of maintaining an enzyme in an aqueous phase while providing 
substrate and product transport to that phase from a surrounding organic layer. Transport of charged spccics 
may be facilitated by use of liquid ion-exchange materials (eg. quaternary alkyl amines). 
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BIOREACTORS IN TIIE PRODUCTION OF CHEMICALS 
Aerobic Fermentation Systems 

The number of chemicals produced by biological catalysis is rather limited. A number arc produced by 
aerobic fermentation (eg. organic acids, amino acids and various polysaccharides), where the transport of oxygen 
from the gas to the liquid phase often limits reactor productivity. Although considerable attention has been 
focussed on reactor configurations which provide improved oxygen transfer capabilities [6], the major difficulty 
in design and analysis of large scale bioreactors is the lack of understanding of the basic physicochemical processes 
which govern the operation of the two-phase process. A large number of empirical correlations for the liquid 
film mass transfer coefficient (kjji) exist. 

Bioreactors may be grouped according to the method of energy input for dispersion of the gas phase and 
for agitation of the liquid phase. Mechanical agitation in the form of impellers is perhaps the most common; 
stirred tanks, with and without baffles to direct internal flows, provide high shear and good gas dispersion 

..iractcristics. External pumps can also be employed to provide energy input, usually by recirculation of broth. 
The third class of aerobic bioreactors are those where energy is provided by gas expansion, as is the ease with 
bubble columns, air-lifts and tower fermenters. In all cases, the generation of a large intcrfacial area is critical. 
Bubble breakup and coalcsccnce govern this proccss, but to date little is understood of the factors which govern 
these individual processes in fermentation broths. Studies are required to delineate the effects of liquid viscosity 
and interfacial tension on bubble breakup and coalescence in laminar and turbulent flows. The results of such 
studies can then be coupled with a knowledge of flow profiles in a bioreactor of a particular geometry to determine 
the rate of oxygen transfer. In the case of immobilized cells or enzymes, the three phase nature of the reactor 
introduces further complexities and mass transfer must be considered in such systems. 

Anaerobic Fermentation Systems 
A number of chemicals can or have been produced by anaerobes. These include acetic acid, lactic acid, 

acetone, acetoin, butanol, butancdiol and isopropanol. These economic feasibility of these processes is governed 
by (a) conversion of sugar substrates, (b) product yield and selectivity, (c) reactor productivity and (d) product 
separation and purification [7]. In general, the first two factors are the most important. 

Various bioreactorconfigura tions have been examined to overcome product inhibition, generally observed 
in these fermentations. The most common approach is extractive fermentation, where a second liquid phase is 
contacted with the broth, either in situ or external to the bioreactor. Transferor the product to the second organic 
phase relieves inhibition and permits a greater amount of substrate to be converted. This can also improve 
selectivity, as is the case in the acetone-butanol fermentation. In the case of lactic or acetic acid production, a 
complexing extractant can be employed, containing a phase transfer catalyst (eg. phosphenc oxides, tertiary or 
quaternary alkyl amines). The solvents employed are generally non-toxic but have relatively poor distribution 
coefficients for the products of interest. Solvents with better K p values tend to be toxic at aqueous saturation 
levels. Thus a large inventory of non-toxic solvent or a high recycle rate of solvent must be employed. Other 
approaches include the use of membrane biorcactors, where cell retention permits dilute feeds to be fermented 
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at high rates and conversions. However, these processes are governed by the cost of the feedstock and only 
relatively modest economic improvements can be expected with improved fermentation productivity or product 
recovery schemes. 

Aerobic Bioconversions 
Regio- and stcrcospecific biological oxygen insertion reactions offer significant opportunities for pro-

duction of chiral alcohols and epoxides, in addition to methanol formation described earlier. Monooxygenases 
have relatively low specificity as a result of the conformation of the binding site, but some interesting specific 
transformations have been reported [8]. Alkane monooxygenases are generally cytochrome P450 or non-heme 
iron type and produce non-discriminatory active oxygen. Some of the substrate of interest are water soluble, but 
others, eg. alkyl cyclohexanes, are only sparingly soluble. Thus bioreactors containing enzyme in micelles or 
microcapsules with substrate present in a water-immiscible organic phase (as described earlier) may have 
advantages. In the case of reactions conducted by whole cells, eg. the epoxidation of propene by immobilized 
Mycobacterium [9J, the oxidation of isoprenoid hydrocarbons (pristane and related hydrocarbons contained in 
shale oil) by Rhodococcus[10], various non-aqueous solvents can be employed in a packed bed bioreactor using 
immobilized cells. In the first example, oxygen and propene solubilities are higher in organic media, and thus 
high volumetric productivities can be achieved. These aspects of biorcactor design need to be further explored. 

Anaerobic Bioconversions 
Immobilized cells and enzymes can conduct a variety of important single and multiple reactions involved 

in the production of chemicals. Packed-bed and fluidized bed bioreactors are commonly employed for these 
purposes. In general, the identification of the microbial route or enzyme yielding the desired product is the 
limiting step in the development of such processes. Once this has been accomplished, several factors relative to 
bioreactor design are involved. These relate to the often inhibitory nature of the reactants (eg. degradation of 
refractory materials), the limited solubility of reactants and products, and the need to regenerate cofactors. 
Bioreactor designs which permit facile cofactor recycle are needed. Several approaches have been examined at 
the laboratory scale, including cofactor retention by attachment of the cofactor to a water miscible polymer and 
retention of the cofactor by a low molccular weight cut-off membrane. However, when organic solvents are to 
be employed as the continuous phase, other approaches must be examined. Microencapsulation may be a 
promising alternative. 

HIOREACTORS IN ENVIRONMENTAL CONTROL 
The removal of hazardous waste materials arising from energy related processes represents a significant 

biotechnological challenge. Many of these materials are present in small concentrations and arc often toxic to 
microorganisms. There arc several examples of successful employment of microorganisms to remove radionu-
clides from waste streams, remove phenolics, chlorinated biphenyls etc. In general, packed or fluidized bed 
reactors have been employed, with the microorganism attached to support particles. The uptake mechanism may 
beactiveor passive. Typically, the main problem involves selection ofa microorganism with the desired properties. 
Conventional immobilization strategies appear to suffice. 
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In the ease of recovery of toxic metal ions from waste streams, conventional ion exchange resins fail to 
exhibit selectivity when used as secondary steps, following chcmical treatment. The design of highly selective 
adsorbents is thus desirable and much can be learned from biological peptides and carbohydrates (11] that can 
be translated into the design of biomimetic adsorbents. 
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6.3.6 BIOREACTOR FUNDAMENTALS 

K. Venkatatasubramanian 
The H. J. Heinz Company 

(A summary of the paper prepared by C. D. Scott) 

INTRODUCTION 

The industrial application of bioreactor systems is slowly evolving from the 

classical batch stirred tanks to continuous operation utilizing several different 

approaches. Many of these advanced concepts are just beginning to be introduced. For 

example, we are now seeing improved aeration and agitation techniques and process 

monitoring and control systems are becoming meaningful. New and improved 

bioreactor configurations are also being considered. These include continuous columnar 

systems such as airlift and tower bioreactors as well as membrane systems. It has been 

demonstrated that for some of these new concepts, the use of immobilized biocatalysts 

allow high productivities, at high flowrates without catalyst washout. 

Some bioreactor concepts must accommodatc much different biocatalysts than the 

microorganisms or enzymes that have been usually considered. For example, 

mammalian and hybridoma cells are now extensively used and plant cells and even 

insect cells are being investigated. These different types of cells are, in general, more 

fragile and require a reactor design that has reduced shear force while maintaining 

good process control and mass transport. 

Research needs in this area certainly include advanced bioreactor designs that 

operate on a continuous basis with improved proccss control. The latter will require 

stable and sensitive on-line monitoring of various proccss parameters with advanced 

conputer interfacing. Scale-up criteria must be predictable and the system should be 

amenable to aseptic operation with good operational characteristics such as low 

pressure drop and imporved CO2 removal. 
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SEPARATIONS FOR RECOVERY OF BIOLOGICALLY PRODUCED CHEMICALS 

C. Judson King 
University of California, Berkeley 

and * 
Lawrence Berkeley Laboratory 

INTRODUCTION 
Since biomass is highly oxygenaated, chemicals and chemical 

intermediates made from biomass by fermentation, pyrolysis or other means 
are also oxygenated. Thus the most readily achievable products are 

i » 
carboxylic acids, alcohols, glycols and related substances . Recovery of 
these chemicals poses a challenging separation problem, for several 
reasons: 

1. These oxygenated products tend to be highly hydrophilic, have 
low activity coefficients in aqueous solution, and are therefore 
difficult to remove from water. 

2. The products appear in dilute aqueous solution, posing the 
problems of recovering from a low-activity medium and handling and 
processing a large amount of water per unit quantity of product. 

3. The solution containing the product is usually complex, 
containing substantial quantities of similar products and substrates, as 
well as cellullar matter. 

4. Except for the simplest carboxylic acids and alcohols, the 
products are less volatile than water. 

5. Residual solvents or other separating agents may have toxic 
effects upon organisms, if the separation is carried out in the presence 
of organisms or if the aqueous medium is to be recycled to the reactor. 

6. Most organisms of interest are sensitive to elevated 
temperatures. 

* 

Research supported by the Energy Conversion and Utilization 
Technology (ECUT) Division of the U. S. Department of Energy under Contract 
No. DE-AC03-76SF00098. 
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7. Fermentations to form carboxylic acids typically perform best at 
a pH somewhat above the pK, of the acid, with the result that the 

CK 
product is largely ionized. 

2 

As has often been noted , for lower-value chemicals such as ethanol the 
cost of recovery can be a large fraction of the market value of the 
product. CANDIDATE SEPARATION PROCESSES 
Solvent Removal vs. Solute Removal 

The most common approach for concentrating solutes present in dilute 
solutions is removal of solvent (the bulk component, i.e., water for a 
dilute aqueous solution) by processes such as evaporation, freeze 
concentration, reverse osmosis or ultrafiltration. These methods do not 
fractionate among the various other substances in solution. Also, 
evaporation and freezing are energy-intensive. Energetically, it is 
preferable to remove the desired solute(s), e.g., the product, from 

2 
solution . 
Avoiding Consumption of Chemicals and Production of Waste Streams 

The classical approach for recovering citric acid and similar carboxylic 
acids from fermentation solutions involves adding calcium hydroxide to 
precipitate the calcium carboxylate, and then reverting to the free 3 
carboxylic acid through addition of sulfuric acid . This technique 
requires consumption of lime and sulfuric acid and creation of a waste 
calcium sulfate solution. Solute-removal methods which avoid consumption 
of chemicals and production of such a waste stream are desirable. 
Vaporization Processes 

Distillation or stripping is attractive as a means of recovering the 
desired product when it is more volatile than water. Vaporization 
processes are the approach of choice for recovering products from the 
butanol-acetone-ethanol fermentation^. Relative volatilities can be 
enhanced by use of azeotropic and extractive distillation, as has been done 
for years for recovering ethanol made by fermentation and for recovering 
acetic acid®. Unfortunately, only the simpler aliphatic, monofunctional 
carboxylic acids and alcohols have sufficient volatility be recovered by 
preferential vaporization of the product. For substances of lower 
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volatility it would be necessary to distill the water overhead, which is 
energy-intensive and does not provide the wherewithal of fractionating 
among the remaining solutes. 
Extraction. Sorption, and Membrane Processes 

For low-volatility products, recovery by solute removal implies 
extraction, adsorption, preferential transport through membranes, or 
various elaborations upon these processes. Problems with these processes 
include limited capacities and selectivities, as well as the need for 
regeneration. One approach toward overcoming these limitations is the use 
of reversible chemical chemical complexation, described below. 

Solvents used for extraction can also be contaminating, if dissolved 
solvent comes into contact with organisms. Toxicity effects from dissolved 
solvents in the aqueous phase can be alleviated if extraction is carried 
out in the absence of the organism and if the residual solvent is somehow 
removed before the aqueous medium is recycled to the bioreactor. Processes 
for removing residual dissolved solvent before recycle include atmospheric 
or vacuum steam stripping, inert-gas stripping, and extraction with a non-
polar solvent^. 
Crystallization 
Direct crystallization is another possibility for recovery of sufficiently 
insoluble substances, e.g., fumaric acid. 
Solute Ionization 

For adsorbents and extractants which take up a carboxylic acid solute in 
the un-ionized form, the capacity is reduced to the extent that the solute 
is ionized in solution, i.e., if the pH is close to or above the pK, for a 
the solute. This increases the incentive for high-capacity separating 
agents. Similarly, driving forces for vaporization or crystallization of 
the free acid are reduced by solute ionization. 

Charge-mosaic ion-exchange processes can remove salts from aqueous 
solution preferentially, but consumption of chemicals and discharge of a 
salt-bearing waste stream are required if the salt is to be reconverted to 
the free acid. 

Recently, "water-splitting" bilayer membranes have been developed, 
having the potential for creating the corresponding acid and base by o electrodialysis of a salt in aqueous solution . 
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ADSORPTION PROCESSES 
Adsorbents have the virtue of being relatively non-contaminating and 

free of toxic effects. Although adsorbents are often thought of as being 
best limited to the removal of trace materials, regenerated adsorption 
processes can also be economically attractive for bulk-recovery processes. 

Activated carbon provides high capacities for recovery of moderately 
polar organics. Thus, for example, a typical activated carbon will take up 
about 25 % w/w acetic acid (dry basis) from a 3% w/w solution of acetic 

g 
acid in water . Bulk solution is taken up to fill the pore volume, 
resulting in a total sorbate containing about 25% w/w acetic acid in 
water*0. 

For most organic solutes, activated carbon provides a relatively inert 
surface, so that solute uptakes are determined primarily by activity 
coefficients in the aqueous solution, i.e., "hydrophobicity"*1. Solutes 
effectively adsorbed are therefore those which serve to suppress the 
surface tensions of aqueous solutions. By this criterion carbon adsorption 
is effective for solutes such as acetic and lactic acids, but not for 
glycerol or sucrose. Selectivity among solutes is limited, also reflecting 
relative activity coefficients in aqueous solution. Phenols are 
exceptions, being taken up at higher capacities by virtue of a chemical 
interaction with the carbon surface. 

Polymeric sorbents are another possibility and those with low degrees of 
chemical functionality are usually more readily regenerable than carbons. 
However, the non-functional polymeric adsorbents (e.g., macroreticular 
styrene-divinylbenzene copolymers) have substantially lower capacities and 9 10 greater water uptakes than activated carbons Although such adsorbents 
have usually been pre-wetted before use, interesting and potentially useful 

12 
properties can be gained if they are used in the non-wet state . Much 
less water is taken up since the pores remain air-filled, and it is 
possible to fractionate among solutes on the basis of volatility since 
diffusion within the pores is rate-limiting. Solutes of surprising low 
volatility (e.g., butanediols) will adsorb at substantial rates, since the 
transport path is short. 
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REVERSIBLE CHEMICAL C0MPLEXATI0N 
Ordinary solvents provide low equilibrium distribution ratios 

(capacities) for the more polar organic solutes. Similarly, ordinary 
polymeric membranes with sufficiently high capacity provide poor 
selectivities between low-molecular-weight polar organics and water in 
reverse osmosis processes. Extraction, membrane and sorption processes can 
be enhanced through the use of reversible chemical complexation with 

13 
appropriate agents . In the case of extraction, reactive liquid 
extractants are used. For membrane processes a reactive agent can be 
impregnated into the membrane ("facilitated transport", or solid-supported 
liquid membranes). Complexing sorbents can be made by incorporating 
functional groups onto the surface or into the bulk structure. 
Complexation can also be implemented through adductive crystallization, 
azeotropic or extractive distillation, or foam or bubble fractionation. 

Chemical complexation can provide higher capacities for dilute solutes, 
as well as greater selectivity among solutes, due to differing 
reactivities. The type of interaction (typically hydrogen bond, or acid-
base) is selected so as to be strong enough to give the desired effect, but 
not so strong as to preclude economical regeneration. It is important to 
identify complexation interactions which are reversible and involve no 
side products. 

Tertiary amines, phosphine oxides and phosphates serve as effective 13 14 
complexing agents for carboxylic acids ' . Amine extractants give 
substantially higher equilibrium distribution ratios than phosphates and 
are less costly than phosphine oxides. The optimum molecular weight for a 
tertiary amine extractant is determined by offsetting factors of high 
capacity and low water solubility of the amine and the complex. Tertiary 
amines with alkyl side groups in the range trioctyl to tridodecyl appear to 
be suitable for most carboxylic acids. Amine and pyridyl sorbents also 15 
give substantial capacities for uptake of carboxylic acids . 

For alcohols and glycols, it has been found that phenols give 
substantially higher equilibrium distribution ratios than other solvents, 
and it has been shown that this extra capacity results from a 
stoichiometric complex, at least at high dilution16. Simple phenols have 
significant aqueous solubilities and are toxic to many organisms. For 
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situations where a solvent is to be in direct contact with an organism, 
e . g . , extractive fermentation, aliphatic alcohols and carboxylic acias of 
low enough solubility to avoid toxicity appear to give the highest 
equilibrium distribution ratios for ethanol, although these are still low -
- e.g., 0.25 for 1-tridecanol^. 

For extraction of carboxylic acids with amine extractants, it has been 
shown that the chemical nature of the diluent accompanying Mie extractant 
in the organic phase has a major effect upon the extraction equilibrium. 
For extraction of carboxylic acids with tertiary amines, diluent effects 
have been interpreted quantitatively in terms of complex stabilities and 
tendencies for overloading -- i.e., complexes with multiple acids per 
a m i n e * ® ' T h e r e is also a similar, but weaker, diluent effect on 

16 
equilibria for extraction of ethanol with m-cresol as extractant . 

Use of chemically active diluents implies some residual solubility of 
the diluent in the aqueous phase, with possible resulting toxicity. There 
may also be residual solubility of the extractant or complex, although this 
is more readily avoided. This problem can be overcome by precluding direct 
contact of the extractant with the organism and recovering dissolved 
extractant in one of the ways noted above, by using a sorbent or membrane 
containing phenolic functionalities, or even by encasing the organism 20 

within a protective coating . 
REGENERATION 

With adsorbents, extractants and related agents, it is necessary to have 
a means of regeneration, so as to recover the desired product and produce 
fresh separating agent for recycle. Regeneration sets the energy 
consumption and is often the most challenging aspect of a process. 

For sufficiently volatile products (e.g., acetic acid), regeneration can 21 be accomplished by distillation of an extract or heating and vaporization 
15 22 from a sorbent having sufficient thermal stability ' .. It is possible 

to accomplish additional separation between the product and co-adsorbed 
23 

water through azeotropic distillation directly upon an adsorbent bed . 
Solvent leaching provides another avenue for regeneration of activated 

carbons and non-functionalized adsorbents. The adsorbed solute can be 
removed into relatively few bed volumes of an appropriate solvent (e.g., 24 
methanol or acetone) . Leaching with such solvents is much less effective 
for amine-based polymeric sorbents, which are otherwise effective for 
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15 recovery of carboixylic acids . Pyridyl sorbents are much more 
15 r e g e n e r a b l e and have satisfactory capacities, but swell excessively . 

Relatively non-leachable or non-volatile carboxylic acids can be m a d e 
m o r e Teachable or volatile through esterification, which can be carried out 
by passing an alcohol vapor through a bed of an appropriately treated 

23 
carbon . 

One general approach for regeneration o f extractants or sorbents 
containing low-volatility solutes is to alter an environmental variable so 
as to change the distribution ratio or partition coefficient substantially. 
R e g e n e r a t i o n through thermal swing has become commercial for extraction of 25 citric acid with tertiary amine extractants . A n o t h e r possibility is to 
swing the distribution ratio by changing the c o m p o s i t i o n of the diluent, 

18 19 26 
e.g., through distillation ' ' . This approach can be used in 
c o m b i n a t i o n with temperature swing. pH can also be a swing variable; 
however, a pH swing implies consumption of chemicals and creation of a 
w a s t e salt stream. 

We are currently exploring two additional approaches for regeneration of 
amine extractants laden with low-volatility c a r b o x y l i c acids: 

1. For acids with low solubilities, it is possible to evaporate a 
volatile diluent from an amine extract, thereby causing the acid to 
precipitate. Preliminary experiments with fumaric acid show that it is 
possible to recover overloaded acid in this w a y . 

2. Consumption of chemicals with a pH swing can be avoided if the 
pH is changed through addition of a volatile base, such that the 
resulting c a r b o x y l a t e salt can be decomposed thermally, yielding the 
product and the base for recycle. Carboxylic acids can be back-
extracted from tertiary amines into aqueous ammonia effectively, but the 
resulting a m m o n i u m carboxylate forms the amide upon heating. 27 

Following a related concept put forward by Urbas , a carboxylic 
acid can be back-extracted into an aqueous solution o f a volatile 
trialkylamine (e.g., trimethyl), yielding the t r i a l k y l a m m o n i u m 
carboxylate, which cannot form the amide. The aqueous solution o f the 
trial kyl ammonium carboxylate is then heated and concentrated. The 
carboxylate d e c o m p o s e s , giving the product acid and the t r i a l k y l a m i n e 
for recycle. 
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BIOSEPARATIONS: SOME RESEARCH DIRECTIONS 

T . A l a n H a t t o n 
D e p a r t m e n t o f C h e m i c a l E n g i n e e r i n g 

M a s s a c h u s e t t s I n s t i t u t e o f T e c h n o l o g y 
C a m b r i d g e , MA 0 2 1 3 9 * 

INTRODUCTION 

T h e g o a l o f t h i s p a p e r i s t o o u t l i n e a r e a s t h a t a p p e a r 

f r u i t f u l f o r f u t u r e r e s e a r c h i n t o b i o s e p a r a t i o n s , w i t h a n 

e m p h a s i s o n g e n e r i c p r o c e s s e s t h a t c a n h a v e a n i m p a c t o n e n e r g y - ' 

r e l a t e d a p p l i c a t i o n s . T h e s e a p p l i c a t i o n s i n c l u d e t h e p r o d u c t i o n 

o f o x y c h e m i c a l s f o r f u e l s a n d f e e d s t o c k s , a n d p o l y m e r s s u c h a s 

x a n t h a n gum f o r u s e i n t e r t i a r y o i l r e c o v e r y o p e r a t i o n s . I n many 

c a s e s , a s i n t h e b i o c o n v e r s i o n o f s t a r c h t o e t h a n o l , c r u d e 

' p r e p a r a t i o n s o f e n z y m e s a r e r e q u i r e d , a n d e f f i c i e n t m e t h o d s a r e 

n e e d e d f o r t h e i r i s o l a t i o n a n d p u r i f i c a t i o n f r o m f e r m e n t a t i o n 

m e d i a . 

T h e t r a d i t i o n a l s e p a r a t i o n s e q u e n c e o f s o l i d s r e m o v a l 

f o l l o w e d b y p r o d u c t i s o l a t i o n , p u r i f i c a t i o n a n d p o l i s h i n g i s 

u n i v e r s a l . T h e d e g r e e t o w h i c h e a c h s t e p i s u n d e r t a k e n , h o w e v e r , 

d e p e n d s o n t h e p r o d u c t t o b e i s o l a t e d a n d o n t h e f i n a l p r o d u c t 

s p e c i f i c a t i o n s . T h e b u l k o f t h e v o l u m e r e d u c t i o n i s o b t a i n e d i n 

t h e p r o d u c t i s o l a t i o n s t e p u s i n g f i l t r a t i o n , m e m b r a n e s e p a r a t i o n s 

a n d p r e c i p i t a t i o n , a l t h o u g h s o l v e n t e x t r a c t i o n i s a l s o b e g i n n i n g 

t o p l a y a s i g n i f i c a n t r o l e i n t h i s a r e a . A d s o r p t i o n o r 

c h r o m a t o g r a p h i c p r o c e s s e s a n d , p o s s i b l y , e l e c t r o p h o r e s i s a r e 

f o u n d i n t h e p u r i f i c a t i o n a n d p o l i s h i n g s t e p s o f many p r o c e s s e s , 

b u t i t i s o n l y a d s o r p t i o n t h a t w i l l b e u s e d i n t h e r e c o v e r y o f 

b u l k c o m m o d i t y c h e m i c a l s . 

J u d K i n g h a s c o v e r e d i n s o m e d e p t h a d s o r p t i o n a n d r e v e r s i b l e 

c h e m i c a l c o m p l e x a t i o n p r o c e s s e s f o r t h e r e c o v e r y o f c a r b o x y l i c 

a c i d s a n d a l c o h o l s , w i t h a n e y e t o i d e n t i f y i n g t h e c o n s t r a i n t s 

R e s e a r c h s u p p o r t e d b y t h e N a t i o n a l S c i e n c e F o u n d a t i o n u n d e r 

t h e E n g i n e e r i n g R e s e a r c h C e n t r e I n i t i a t i v e , C o o p e r a t i v e A g r e e m e n t 

C D R - 8 8 - 0 3 0 1 4 



1 1 6 

a n d d i f f i c u l t i e s t h a t d o m i n a t e the e c o n o m i c s of t h e s e 
separations. In this discussion, we point out that for the most 
part equipment used in these processes is generic, and that the 
q u e s t i o n is one of o p t i m i z a t i o n , a l t h o u g h there are still 
o p p o r t u n i t i e s for the innovative development of new processes. 
P r i m a r y areas for r e s e a r c h are in m a t e r i a l s s c i e n c e , w h e r e 
solute/solvent/surface interactions are of paramount importance, 
and in s o l u t i o n t h e r m o d y n a m i c s for the p r e d i c t i o n of solute 
s t r u c t u r e / p r o p e r t y r e l a t i o n s h i p s . It is u n l i k e l y that the 
s t r i n g e n t p r o d u c t p u r i t y r e q u i r e m e n t s p l a c e d on h i g h - v a l u e d 
pharmaceutical and diagnostic protein preparations will be needed 
in the e n e r g y - r e 1 a t e d f i e l d s , and thus a f f i n i t y s e p a r a t i o n 
processes should not be a point of focus in our discussions. 

MEMBRANE SEPARATIONS 
Membranes have played an important role in recent years in 

bioproduct recovery operations. Microfiltration can be used for 
c e l l h a r v e s t i n g and p y r o g e n removal, while ultrafiltration is 
geared towards macromolecular solutes such as proteins and other 
biopolymers in the 10 to 500 kilodalton range. The recovery of 
o x y c h e m i c a l s u s i n g m e m b r a n e s h a s b e e n d e m o n s t r a t e d u s i n g 
p e r v a p o r a t i o n , electrodialysis and supported liquid membranes. 
In p r i n c i p l e , these processes are we 11-understood, although in 
some cases, such as in retention of the integrity of supported 
liquid membranes, there are still technical problems that need to 
be r e s o l v e d . T h e p r i m a r y i n r o a d s to be m a d e in i m p r o v i n g 
membrane operations lie in the materials science arena, with the 
d e v e l o p m e n t of n e w m e m b r a n e m a t e r i a l s able to withstand high 
t e m p e r a t u r e s (to f a c i l i t a t e s t e r i l i z a t i o n ) , strong acids and 
bases, and organic solvents. A better understanding of solute-
s u r f a c e i n t e r a c t i o n s is n e e d e d if t h e n e a r - i r r e v e r s i b 1 e 
adsorption of proteins on the membrane surfaces, and the plugging 
o f m e m b r a n e p o r e s by c e l l s are to be m i n i m i z e d . F u r t h e r 
i m p r o v e m e n t s in m e m b r a n e d e s i g n and a p p l i c a t i o n s w i l l be 
f o r t h c o m i n g o n c e t h e i r p e r f o r m a n c e c h a r a c t e r i s t i c s can be 
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p r e d i c t e d a p r i o r i , and solute and solvent fluxes can be 
e s t i m a t e d s o l e l y on the b a s i s of the m e m b r a n e s t r u c t u r a l 
features. The design of membranes from first principles for 
specific applications is a goal worth striving for. 

T h e t r a d i t i o n a l u s e o f m e m b r a n e s in u l t r a - a n d 
microftitration processes has, from an engineering perspective, 
been well-optimized and is not in need of fundamental research. 
P r o m i s i n g , n o n - t r a d i t i o n a 1 u s e s of m e m b r a n e s h a v e b e e n 
identified, however, and are described below as examples of novel 
engineering approaches for the recovery of bioproducts. 

Hollow Fibre Membrane Extractors 
C o n v e n t i o n a l solvent e x t r a c t i o n techniques call for the 

d i s p e r s i o n of one phase as droplets in the second, continuous 
phase to ensure high interfacial surface areas for mass transfer. 
The m e c h a n i c a l energy r e q u i r e d to achieve this dispersion is 
imparted by a g i t a t i o n of the two phases. In many instances, 
s u b s e q u e n t d i s e n g a g e m e n t and separation of the phases can be 
h a m p e r e d because of the formation of emulsions, or because of 
poor drop settling characteristics owing to high continuous phase 
v i s c o s i t i e s , or to low density differentials between the two 
phases. These problems can be avoided to a large extent through 
the use of hollow fibre membrane extractors, where one phase is 
introduced to the lumens of the membrane bundle, while the second 
phase is fed to the shell-side of the module. The interface 
b e t w e e n the two phases is immobilized within the pores of the 
membranes, and since very high membrane areas can be accommodated 
in hollow fibre modules, it follows that high mass transfer rates 
should be a t t a i n a b l e . In these devices the membranes do not 
serve their traditional functions as semi - permeable barriers to 
solute transfer, but rather a c as "momentum barriers" preventing 
the transport of momentum from one phase to the other, thereby 
m i n i m i z i n g t h e r i s k of e m u l s i o n f o r m a t i o n . A l s o , phase 
disengagement is no longer a problem, and countercurrent solvent 
extraction processes can be carried out readily if the two phases 
have close, or even identical, densities. 
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This concept has been shown to be feasible in the extraction 
of both low molecular weight oxychemicals and proteins. The 
general engineering principles are well-established, and there is 
not much incentive to conduct further, basic research in this 
area. As with liquid membrane systems, however, there is much 
that can be done in the materials science area. This ranges from 
the d e v e l o p m e n t of more solvent - compatible membranes and 
membrane - potting compounds, to the synthesis of membranes having 
the required physical properties such as wetting characteristics 
and uniform pore sizes to ensure retention of the interface 
within the membrane pores. 

Rotating Membranes as an Alternative to Cross-Flow Filtration 
In the recovery of bioproducts from fermentation media, 

micro- and ultrafiltration processes are frequently used. Owing 
to c o n c e n t r a t i o n p o l a r i z a t i o n effects, a build-up of the 
macromolecular solutes and colloidal particulate matter occurs on 
the membrane surface. The presence of this "gel layer" (a 
misnomer!) can have severe detrimental effects on the performance 
of the filtration device, leading both to loss of capacity and to 
deterioration in selectivity. The need for reducing the extent 
of gel layer formation has led to the development of cross-flow 
filtration modules, where the flow tangential to the membrane 
s u r f a c e r e d u c e s the c o n c e n t r a t i o n b o u n d a r y layer and 
redistributes the solute retained at or near the membrane 
surface. However, to ensure sufficiently high shear rates, 
significant pressure drops must be tolerated over the unit. 
These cause higher transmembrane fluxes, with higher fluxes at 
the feed end leading to increased concentration polarization 
effects. The net result is that at a certain, critical pressure 
drop the gel layer is established to such an extent that there 
are no further increases in transmembrane flux with increasing 
pressure gradients along the device. The recently developed 
rotating membrane systems offer a means for circumventing these 
problems, and indicates the important role that engineering can 
play when based on a strong grounding in fluid mechanics and 
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t r a n s p o r t p h e n o m e n a . T h e u n i t c o n s i s t s o f a n o u - e r c y l i n d r i c a l 

s h e l l a n d a n i n n e r , c o n c e n t r i c c y l i n d r i c a l m e m b r a n e . E i t h e r o n e 

o r b o t h o f t h e s e c y l i n d e r s c a n b e r o t a t e d a t s p e e d s o f 2 0 0 0 t o 

3 0 0 0 r p m s u c h t h a t f l o w i n s t a b i l i t i e s d e v e l o p i n w h i c h r o l l 

c e l l s , c a l l e d T a y l o r v o r t i c e s , a r e f o r m e d . T h e s e v o r t i c e s c a n 

p r o v i d e t h e s u r f a c e s h e a r r a t e s a n d c r o s s - c h a n n e l m i x i n g r e q u i r e d 

t o m i n i m i z e c o n c e n t r a t i o n p o l a r i z a t i o n e f f e c t s w i t h o u t t h e n e e d 

f o r h i g h t a n g e n t i a l f l o w r a t e s , a n d l o w p r e s s u r e g r a d i e n t s c a n b e 

t o l e r a t e d a l o n g t h e d e v i c e . M o r e o v e r , t h e c e n t r i f u g a l f o r c e s 

a c t i n g o n t h e m a c r o m o l e c u l a r s o l u t e s a t t h e m e m b r a n e s u r f a c e m a y 

a l s o a s s i s t i n t h e i n h i b i t i o n o f t h e c o n c e n t r a t i o n p o l a r i z a t i o n . 

M u c h f u n d a m e n t a l w o r k i s n e e d e d i n t h e f u l l c h a r a c t e r i z a t i o n 

o f t h e s e d e v i c e s . T h e e l e g a n t a n a l y s i s o f T a y l o r i n 1 9 2 6 d i d n o t 

a l l o w f o r t h e d i s t o r t i o n o f t h e v o r t i c e s a s a r e s u l t o f e i t h e r 

t h e a x i a l f l u i d f l o w o r t h e l a t e r a l c o n v e c t i o n t h r o u g h t h e 

c y l i n d e r s u r f a c e s . T h i s i s a n a r e a w h e r e t r a d i t i o n a l c h e m i c a l 

e n g i n e e r i n g a n d t r a n s p o r t f u n d a m e n t a l s c a n b e p u t t o g o o d u s e , i n 

c o n t r a s t t o t h e h o l l o w f i b r e m e m b r a n e e x t r a c t o r s w h e r e t h e 

p e r t i n e n t t r a n s p o r t p r o c e s s e s a r e w e 1 1 - u n d e r s t o o d . 

T h e r o t a t i n g m e m b r a n e c o n c e p t h a s i l l u s t r a t e d t h e p o t e n t i a l 

f o r e n g i n e e r i n g s o l u t i o n s t o s o m e o f t h e d o w n s t r e a m p r o c e s s i n g 

p r o b l e m s a s s o c i a t e d w i t h c o n c e n t r a t i o n p o l a r i z a t i o n e f f e c t s . 

W h a t i t d o e s n o t d o i s a d d r e s s t h e i m p o r t a n c e o f s u r f a c e 

c h e m i s t r y i n e s t a b l i s h i n g a n a d s o r b e d p r o t e i n l a y e r o n t h e 

m e m b r a n e s u r f a c e s , o r i n t h e p l u g g i n g o f t h e m e m b r a n e p o r e s b y 

c e l l s a n d c e l l u l a r m a t t e r . A g a i n t h e i m p o r t a n c e o f u n d e r s t a n d i n g 

s o l u t e / s u r f a c e i n t e r a c t i o n s i s e m p h a s i z e d , a n d e x p l o i t a t i o n o f 

t h i s u n d e r s t a n d i n g i n t h e d e s i g n a n d d e v e l o p m e n t o f n e w m a t e r i a l s 

f o r s u c h a p p l i c a t i o n s s h o u l d b e a m a j o r r e s e a r c h t h r u s t . 

M i c e l i a r - E n h a n c e d U l t r a f i l t r a t i o n 

T h e u s e o f u l t r a f i l t r a t i o n i n t h e r e c o v e r y o f l o w m o l e c u l a r 

w e i g h t s o l u t e s i s p o s s i b l e o n l y i f s o m e m e a n s i s d e v i s e d t o 

e n s u r e r e j e c t i o n o f t h e s o l u t e b y t h e m e m b r a n e . O n e p o s s i b l e 

r o u t e i s t o t a k e u p t h e s o l u t e i n a l a r g e r m o l e c u l a r a s s e m b l y o f 

c o l l o i d a l d i m e n s i o n s t h a t i s i t s e l f r e j e c t e d b y t h e m e m b r a n e . I t 
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h a s b e e n d e m o n s t r a t e d t h a t i f s u r f a c t a n t s a r e a d d e d t o a n a q u e o u s 

s t r e a m a t c o n c e n t r a t i o n s a b o v e t h e i r c r i t i c a l m i c e l l e 

c o n c e n t r a t i o n s o t h a t t h e y f o r m s u p r a m o l e c u l a r a g g r e g a t e s , t h e n 

h y d r o c a r b o n s o l u t e s c a n b e s o l u b i l i z e d w i t h i n t h e i r i j p o l a r c o r e s , 

a n d r e m o v e d f r o m t h e f r e e s o l u t i o n . W h e n t h e s o l u t i o n i s 

s u b j e c t e d t o u l t r a f i l t r a t i o n , t h e m i c e l l e s a r e r e j e c t e d b y t h e 

m e m b r a n e a n d t h e r e f o r e s o a r e t h e s o l u b i l i z e d s o l u t e s . T h e 

s o l u t e , n o w e n r i c h e d i n t h e r e t e n t a t e , c a n b e r e c o v e r e d f r o m t h e 

s u r f a c t a n t s b y i n d u c i n g a p h a s e c h a n g e , o r p r e c i p i t a t i o n o f t h e 

s u r f a c t a n t s . 

A n u m b e r o f v a r i a n t s o f t h i s a p p r o a c h c a n b e c o n c e i v e d , 

i n c l u d i n g t h e u s e o f s u i t a b l y d e r i v a t i z e d s t a r p o l y m e r s , o r e v e n 

l a r g e a d s o r b e n t p a r t i c l e s , f o r p r o t e i n r e c o v e r y . W h i l e t h e 

g e n e r a l p r i n c i p l e s h a v e b e e n e s t a b l i s h e d , a n d n o n e w e n g i n e e r i n g 

c o n s i d e r a t i o n s h a v e b e e n i n t r o d a c e d , t h i s p r o c e s s s t i l l o f f e r s 

t h e c h a l l e n g e s o f c o n c e n t r a t i o n p o l a r i z a t i o n o b s e r v e d i n 

c o n v e n t i o n a l u l t r a f i l t r a t i o n o p e r a t i o n s . W i t h t h e s u r f a c t a n t 

s y s t e m s i n p a r t i c u l a r , t h e h i g h s u r f a c t a n t c o n c e n t r a t i o n s a t t h e 

m e m b r a n e s u r f a c e m a y f a l l i n a r e g i o n o f t h e p h a s e d i a g r a m w h e r e 

t h e s p h e r i c a l m i c e l l e s a r e n o t f a v o u r e d , b u t r a t h e r s o m e o t h e r 

a g g r e g a t i v e s t r u c t u r e , p o s s i b l y e v e n l i q u i d c r y s t a l l i n e , i s 

f o r m e d . 

R e s e a r c h c h a l l e n g e s i n t h i s a r e a a r e a g a i n r e l a t e d t o 

s o l u t i o n t h e r m o d y n a m i c s . W h a t a r e t h e d r i v i n g f o r c e s f o r t h e 

s o l u b i l i z a t i o n o f t h e s o l u t e s , a n d p a r t i c u l a r l y f o r t h e 

s e l e c t i v i t y i n t h e s o l u b i l i z a t i o n p r o c e s s ? W h a t c h e m i c a l 

m o d i f i c a t i o n s c a n b e i n t r o d u c e d i n t h e d e t e r g e n t s o r p o l y m e r s t o 

e n h a n c e t h e s e l e c t i v i t y a n d p e r f o r m a n c e o f t h e s e s y s t e m s ? 

A D S O R P T I O N AND CHROMATOGRAPHIC O P E R A T I O N S 

T h e s e p r o c e s s e s a r e w i d e l y u s e d i n t h e r e c o v e r y o f b o t h h i g h 

v a l u e - a d d e d p r o d u c t s a n d b u l k c o m m o d i t y c h e m i c a l s . L i t t l e 

d i s t i n c t i o n i n t e r m i n o l o g y i s m a d e b e t w e e n t h e a d s o r p t i v e 

p r o c e s s e s , i n w h i c h t h e s o l u t e / a d s o r b e n t i n t e r a c t i o n s a r e 
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s u f f i c i e n t l y s t r o n g t h a t t h e e n t i r e b e d i s l o a d e d w i t h t h e 

p r o d u c t b e f o r e b e i n g r e g e n e r a t e d , a n d c h r o m a t o g r a p h i c o p e r a t i o n s , 

w h e r e t h e s o l u t e / p a r t i c l e i n t e r a c t i o n s a r e c o n s i d e r a b l y w e a k e r , 

a n d s e p a r a t i o n i s a t t a i n e d b e c a u s e o f t h e l a r g e n u m b e r o f 

" p l a t e s " i n c o n v e n t i o n a l c o l u m n s . I n t h e f o r m e r c a s e , c h e m i s t r y 

d o m i n a t e s t h e e f f e c t i v e n e s s o f t h e s e p a r a t i o n , w h i l e h y d r o d y n a m i c 

e f f e c t s d o m i n a t e t h e e f f i c i e n c y o f c h r o m a t o g r a p h i c o p e r a t i o n s . 

I n b o t h c a s e s , c o n v e n t i o n a l p a c k e d c o l u m n s a r e u s u a l l y e m p l o y e d , 

b u t t h e h i g h p r e s s u r e d r o p s a c r o s s t h e b e d s t e n d t o l e a d t o 

c r u s h i n g o f t h e p a r t i c l e s i f t h e y h a v e i n s u f f i c i e n t m e c h a n i c a l 

s t r e n g t h . T h e p r o d u c t i o n o f c r u s h - r e s i s t a n t p a c k i n g s i s a n 

i m p o r t a n t g e n e r i c r e s e a r c h a r e a f a l l i n g u n d e r t h e m a t e r i a l 

s c i e n c e h e a d i n g . 

M a n y o f t h e p r o b l e m s a s s o c i a t e d w i t h p a c k e d b e d s c a n b e 

r e d u c e d s i g n i f i c a n t l y i f r a d i a l f l o w b e d s a r e u s e d i n s t e a d o f t h e 

t r a d i t i o n a l a x i a l f l o w b e d s . H e r e , t h e f e e d i s i n t r o d u c e d 

r a d i a l l y i n t o a n a n n u l a r p a c k e d b e d r e g i o n o f l o w e r f l o w p a t h 

l e n g t h , t h u s l e a d i n g t o r e d u c e d p r e s s u r e d r o p s f o r t h e s a m e f e e d 

l o a d i n g p e r p a c k e d v o l u m e . A l t e r n a t i v e l y , t h e u s e o f c y l i n d r i c a l 

c h a n n e l s r a t h e r t h a n s p h e r i c a l p a r t i c l e s c a n r e d u c e f o r m d r a g 

s i g n i f i c a n t l y w i t h o u t a d v e r s e l y a f f e c t i n g t h e p e r f o r m a n c e o f t h e 

d e v i c e . T h i s i s a n a r e a w h e r e e n g i n e e r i n g s c i e n c e h a s 

c o n t r i b u t e d t o s o l v i n g c e r t a i n p r o b l e m s , a l t h o u g h t h e e n g i n e e r i n g 

p r i n c i p l e s a r e w e l l - e s t a b l i s h e d a n d t h e r e i s n o n e e d f o r d e t a i l e d 

r e s e a r c h o n t h e s e a s p e c t s . 

O n e o t h e r a r e a w h e r e e f f i c i e n t a d s o r p t i o n p r o c e s s e s c a n b e 

i m p r o v e d o n i s t h e u s e o f a f f i n i t y m e m b r a n e s , w h e r e t h e f l u i d i s 

p a s s e d t h r o u g h t h e m e m b r a n e p o r e s , w h i c h a r e s u i t a b l y d e r i v a t i z e d 

t o i n t e r a c t s e l e c t i v e l y w i t h t h e s o l u t e o f i n t e r e s t . V e r y h i g h 

v o l u m e t r i c c a p a c i t i e s c a n b e o b t a i n e d u s i n g h o l l o w f i b r e m o d u l e s . 

SOLVENT EXTRACTION 

T h e i m p o r t a n c e o f c h e m i c a l c o m p l e x a t i o n i n t h e r e c o v e r y o f 

c a r b o x y l i c a c i d s a n d a l c o h o l s u s i n g s o l v e n t e x t r a c t i o n h a s b e e n 

c o v e r e d w e l l i n J u d K i n g ' s p r e s e n t a t i o n . O u r e m p h a s i s h e r e w i l l 
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b e o n t h e u s e o f o t h e r s o l v e n t e x t r a c t i o n p r o c e s s e s p r i m a r i l y f o r 

t h e r e c o v e r y o f p r o t e i n s a n d w h o l e c e l l s . 

T w o - P h a s e A q u e o u s P o l y m e r S y s t e m s 

M o s t h y d r o p h i l i c p o l y m e r s a r e i n c o m p a t i b l e w i t h e a c h o t h e r 

i n a q u e o u s s o l u t i o n s , a n d t e n d t o p h a s e - s e p a r a t e w h e n m i x e d 

t o g e t h e r , e v e n i n f a i r l y l o w q u a n t i t i e s . E a c h o f t h e r e s u l t i n g 

i m m i s c i b l e p h a s e s i s p r e d o m i n a n t l y w a t e r ( 8 0 t o 90% b y w e i g h t ) , 

t h e r e m a i n d e r c o n s i s t i n g p r i m a r i l y o f o n l y o n e o f t h e t w o p h a s e -

f o r m i n g p o l y m e r s . T h e b e n i g n e n v i r o n m e n t o f f e r e d b y t h e s e 

a q u e o u s p o l y m e r p h a s e s t o l a b i l e p r o t e i n s a n d s e n s i t i v e c e l l s , 

w h i c h c a n d i s t r i b u t e u n e v e n l y b e t w e e n t h e p h a s e s , m a k e s t h e s e 

p o l y m e r s o l u t i o n s i d e a l s o l v e n t p a i r s f o r t h e r e c o v e r y o f 

p r o t e i n s f r o m f e r m e n t a t i o n m e d i a . H o w e v e r , t w o - p h a s e a q u e o u s 

p o l y m e r s y s t e m s g e n e r a l l y d o n o t h a v e f a v o u r a b l e d i s t r i b u t i o n 

c h a r a c t e r i s t i c s f o r u n c h a r g e d , l o w m o l e c u l a r w e i g h t p r o d u c t s , a n d 

a r e n o t u s e f u l f o r d i r e c t c o n c e n t r a t i o n a n d p u r i f i c a t i o n o f t h e s e 

p r o d u c t s . E v e n c h a r g e d s p e c i e s a r e e x p e c t e d t o p a r t i t i o n f a i r l y 

e v e n l y b e t w e e n t h e p h a s e s u n l e s s t h e p o l y m e r s a r e s u i t a b l y 

m o d i f i e d t o e n c o u r a g e s t r o n g , s p e c i f i c i n t e r a c t i o n s b e t w e e n t h e 

p r o d u c t s a n d t h e p o l y m e r s . N o n e t h e l e s s , t h e s e s y s t e m s c a n o f f e r 

s i g n i f i c a n t a d v a n t a g e s w h e n i t c o m e s t o i n t e g r a t i o n o f 

f e r m e n t a t i o n p r o c e s s e s w i t h p r o d u c t r e c o v e r y , p a r t i c u l a r l y i f t h e 

p r o d u c t s a r e i n h i b i t o r y ( a s t h e y o f t e n a r e ! ) . S i n c e t h e 

b i o c a t a l y s t s w i l l u s u a l l y b e c o n f i n e d t o o n e p h a s e ( t h e l o w e r , 

d e x t r a n p h a s e i n P E G / d e x t r a n s y s t e m s ) a n d t h e s o l v e n t p r o d u c t i s 

d i s t r i b u t e d e v e n l y b e t w e e n t h e t w o p h a s e s , i t i s c l e a r t h a t 

p r o d u c t c a n b e r e m o v e d c o n t i n u a l l y b y r e m o v i n g t h e t o p p h a s e , a n d 

r e p l e n i s h i n g i t w i t h f r e s h p o l y m e r s o l u t i o n . T h e p r o d u c t c a n 

t h e n b e r e c o v e r e d u s i n g , e . g . , d i s t i l l a t i o n o r e x t r a c t i o n w i t h a n 

o r g a n i c s o l v e n t , a n d t h e t o p p h a s e r e g e n e r a t e d f o r r e c y c l e t o t h e 

b i o r e a c t o r . I n s o m e c a s e s , a s i n t h e b i o c o n v e r s i c n o f 

m a c r o m o l e c u l a r s u b s t r a t e s s u c h a s s t a r c h a n d c e l l u l o s e , t h e 

s u b s t r a t e s t h e m s e l v e s c a n s e r v e a s o n e o f t h e t w o p h a s e - f o r m i n g 

p o l y m e r s . 

T w o - p h a s e p o l y m e r s y s t e m s s h o w e x c e l l e n t p o t e n t i a l f o r u s e 
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i n t h e i n - s i t u r e c o v e r y o f b i o c a t a l y t l c a l l y p r o d u c e d o x y c h e m i c a l s 

s u c h a s a l c o h o l s , k e t o n e s a n d c a r b o x y l i c a c i d s . H o w e v e r , t h e r e 

a r e m a n y f a c e t s o f t h e p r o c e s s t h a t a r e s t i l l p o o r l y u n d e r s t o o d , 

p a r t i c u l a r l y r e l a t i n g t o t h e s o l u t i o n t h e r m o d y n a m i c s r e s p o n s i b l e 

f o r t h e p a r t i t i o n i n g o f s o l u t e s a n d b i o c a t a l y s t s b e t w e e n t h e t w o 

p h a s e s , a n d t h e a c t u a l p h a s e s e p a r a t i o n p r o c e s s i t s e l f . W h i l e 

s i g n i f i c a n t p r o g r e s s h a s b e e n m a d e i n d e v e l o p i n g c o r r e l a t i o n a l 

a p p r o a c h e s f o r p r e d i c t i n g p r o t e i n d i s t r i b u t i o n c o e f f i c i e n t s i n 

t h e s e s y s t e m s , a n d i n t h e f u n d a m e n t a l s o f b i o p a r t i c l e 

p a r t i t i o n i n g , t h e r e i s s t i l l m u c h t o b e g a i n e d f r o m a c o n c e r t e d 

r e s e a r c h e f f o r t i n t h i s a r e a , w h i c h i s o n e t h a t o f f e r s 

s i g n i f i c a n t p r o m i s e f o r m e a n i n g f u l r e s e a r c h p r o g r e s s . I n 

a d d i t i o n , t h e d e v e l o p m e n t o f n e w , l o w - c o s t p o l y m e r s y s t e m s w i t h 

f a v o u r a b l e r h e o l o g i c a l a n d p h y s i o c h e m i c a 1 p r o p e r t i e s w i l l 

c o n t i n u e t o b e a n i m p o r t a n t p r a c t i c a l g o a l . 

O t h e r a r e a s f o r r e s e a r c h w o u l d e n t a i l t h e d e v e l o p m e n t o f n e w 

p o l y m e r s y s t e m s w i t h t o p p h a s e s h a v i n g a n e n h a n c e d c a p a c i t y a n d 

a f f i n i t y f o r t h e b i o p r o d u c t . I t h a s b e e n s h o w n w i t h p r o t e i n s 

t h a t a d s o r b e n t b e a d s w h i c h d i s t r i b u t e p r e f e r e n t i a l l y t o t h e t o p 

p h a s e , a n d f o r w h i c h t h e p r o t e i n s h a v e a h i g h a f f i n i t y , c a n l e a d 

t o e n h a n c e d s e p a r a t i o n c a p a b i l i t i e s . F o r l o w m o l e c u l a r w e i g h t 

p r o d u c t s s i m i l a r a d v a i g e s m a y b e f o r t h c o m i n g u s i n g t r a d i t i o n a l 

a d s o r b e n t s a d d e d t o t h e t w o - p h a s e p o l y m e r s y s t e m . I t m i g h t a l s o 

b e f e a s i b l e t o r e l y o n t h e s o l u b i l i z i n g p o w e r o f s u r f a c t a n t 

a g g r e g a t e s s u c h a s m i c e l l e s , w h i c h c a n b e i n d u c e d t o s t a y i n t h e 

t o p p h a s e , t o m o d i f y t h e p a r t i t i o n i n g b e h a v i o u r o f t h e 

o x y c h e m i c a l s s u f f i c i e n t l y t o w a r r e n t t h e i r u s e i n l a r g e - s c a l e 

o p e r a t i o n s . A g a i n , a m a j o r r e s e a r c h o b j e c t i v e w o u l d b e t o 

u n d e r s t a n d t h e s o l u t i o n t h e r m o d y n a m i c s o f t h e p r o c e s s , a n d t o 

e l a b o r a t e o n t h e n a t u r e o f t h e m i c e l l e / p o l y m e r i n t e r a c t i o n s . 

R e v e r s e d M i c e l l a r S o l u t i o n s 

R e v e r s e d m i c e l l e s a r e n a n o m e t e r - s c a l e s u r f a c t a n t - s t a b i l i z e d 

w a t e r p o o l s t h a t , u n d e r t h e r i g h t c o n d i t i o n s , c a n f o r m 

s p o n t a n e o u s l y i n o r g a n i c s o l v e n t s . O u r i n t e r e s t i n r e v e r s e d 

m i c e l l e s a s e f f e c t i v e s o l v e n t s f o r m a n y b i o p r o d u c t s i s b a s e d o n 
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t h e o b s e r v a t i o n t h a t t h e y a r e a b l e t o h o s t a l a r g e a r r a y o f 

h y d r o p h i l i c s p e c i e s , i n c l u d i n g p r o t e i n s , a m i n o a c i d s a n d o t h e r 

i o n i z e d s o l u t e s , w i t h i n t h e i r p o l a r c o r e s , f r e q u e n t l y w i t h a h i g h 

d e g r e e o f s e l e c t i v i t y . T h e y s h o w p a r t i c u l a r p r o m i s e a s 

e x t r a c t a n t s f o r t h e r e c o v e r y , c o n c e n t r a t i o n a n d p u r i f i c a t i o n o f 

b i o c a t a l y s t s s u c h a s a 1 p h a - a m y 1 a s e , u s e d w i d e l y i n t h e 

b i o c o n v e r s i o n o f s t a r c h e s . T h e y a l s o s h o w p r o m i s e f o r t h e 

s e l e c t i v e e x t r a c t i o n o f a r a n g e o f a m i n o a c i d s a n d o t h e r c h a r g e d 

s o l u t e s , w h i c h , t o a g r e a t e r o r l e s s e r e x t e n t , d e p e n d i n g o n t h e 

n a t u r e o f t h e s i d e c h a i n r e s i d u e , a s s o c i a t e w i t h t h e s u r f a c t a n t 

l a y e r s t a b i l i z i n g t h e m i c e l l a r w a t e r p o o l s . 

T h e r e i s a t p r e s e n t s t r o n g i n c e n t i v e t o e x p l o r e t h e s e 

p r o c e s s e s f u r t h e r , b o t h i n t h e d e v e l o p m e n t o f n e w 

s o l v e n t / s u r f a c t a n t p a i r s , a n d i n t h e c h a r a c t e r i z a t i o n o f t h e 

f u n d m e n t a l i n t e r a c t i o n s r e s p o n s i b l e f o r t h e s e l e c t i v i t y o f t h e 

s o l u b i l i z a t i o n p r o c e s s e s . 

C o a c e r v a t e s 

I n a n u m b e r o f p o l y m e r a n d d e t e r g e n t s y s t e m s i t i s p o s s i b l e 

t o i n d u c e p h a s e c h a n g e b y m o d e r a t e s w i n g s i n t e m p e r a t u r e , a n d t o 

u s e t h i s i n t h e s e l e c t i v e r e c o v e r y o f b i o p r o d u c t s . F o r i n s t a n c e , 

s u r f a c t a n t s c a n b e a d d e d t o a s i n g l e - p h a s e s y s t e m a t a g i v e n 

t e m p e r a t u r e , a n d t h e n t h e s y s t e m t e m p e r a t u r e c a n b e r a i s e d t o 

i n d u c e t h e p h a s e t r a n s i t i o n , w i t h a s i m u l t a n e o u s d i s t r i b u t i o n o f 

t h e s o l u t e s b e t w e e n t h e t w o p h a s e s 

SUMMARY OF P R O M I S I N G RESEARCH AREAS 

M u c h o f t h e e q u i p m e n t t h a t i s u s e d i n t r a d i t i o n a l c h e m i c a l 

e n g i n e e r i n g s e t t i n g s a n d i n b i o t e c h n o l o g y i s f a i r l y w e l l 

c h a r a c t e r i z e d , a n d w h i l e t h e r e i s c e r t a i n l y r o o m f o r i m p r o v e d 

m a t h e m a t i c a l d e s c r i p t i o n s o f t h e s e u n i t s , a s w e l l a s m o r e 

r e l i a b l e s c a l e - u p i n f o r m a t i o n , i t i s d o u b t f u l t h a t s i g n i f i c a n t 

n e w a d v a n c e s w i l l b e f o r t h c o m i n g f r o m t h i s a v e n u e o f r e s e a r c h . 

O c c a s i o n a l l y n e w c o n c e p t s s u c h a s t h e r o t a t i n g m e m b r a n e a p p e a r , 

a n d t h e s e a r e c e r t a i n l y w o r t h y o f t h e t r a d i t i o n a l e n g i n e e r i n g a n d 
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t r a n s p o r t a n a l y s i s t y p e o f s t u d y . H o w e v e r , i t w o u l d s e i ; m t h a t 

m o r e a t t e n t i o n m u s t b e p a i d t o t h e m a t e r i a l s s c i e n c e a s p e c t s o f 

t h e s e s y s t e m s , a s i t i s p r i m a r i l y t h e n a t u r e o f t h e 

s o l u t e / s u r f a c e i n t e r a c t i o n s t h a t i s i m p o r t a n t i n t h e s e p r o c e s s e s . 

A c a s e i n p o i n t i s t h e m i n i m i z a t i o n o f p r o t e i n o r c e l l a d h e r e n c e 

t o m e m b r a n e s u r f a c e s , w h i c h c a n r e d u c e b o t h s e l e c t i v i t y a n d 

c a p a c i t y s i g n i f i c a n t l y . 

S o l u t i o n t h e r m o d y n a m i c s i s a n a r e a t h a t d e s e r v e s s t r o n g 

a t t e n t i o n . F o r b u l k c h e m i c a l s p r o d u c t i o n , s o l v e n t e x t r a c t i o n 

s t i l l o f f e r s s i g n i f i c a n t p o t e n t i a l f o r e f f i c i e n t p r o d u c t 

r e c o v e r i e s , p a r t i c u l a r l y w h e n i n t e g r a t e d w i t h t h e f e r m e n t a t i o n 

p r o c e s s e s . T h e d i s t r i b u t i o n o f t h e s o l u t e s b e t w e e n t h e t w o 

p h a s e s , o r b e t w e e n a l i q u i d a n d s o l i d a d s o r b e n t , w i l l d e p e n d o n a 

r a n g e o f m o l e c u l a r i n t e r a c t i o n s , i n c l u d i n g e l e c t r o s t a t i c a n d 

h y d r o p h o b i c i n t e r a c t i o n s , h y d r o g e n - b o n d i n g a n d s t e r i c i n f l u e n c e s . 

T h e s p e c i f i c d e s i g n o f m o r e s e l e c t i v e c o m p l e x i n g a g e n t s , 

s o l v e n t s a n d s o r b e n t s c a n n o w b e a p p r o a c h e d f r o m a m o r e 

f u n d a m e n t a l p o i n t o f v i e w b y d r a w i n g o n t h e s i g n i f i c a n t a d v a n c e s 

m a d e i n t h e a r e a s o f m o l e c u l a r m o d e l l i n g . T h e p h a r m a c e u t i c a l 

i n d u s t r i e s r e l y r o u t i n e l y o n c o m p u t e r m o d e l l i n g i n t h e d e s i g n o f 

n e w d r u g s , a n d i t i s n o w p o s s i b l e t o e x p l o r e t h e e f f e c t s o n 

t e r t i a r y s t r u c t u r e s o f p r o t e i n s i n t r o d u c e d b y g e n e t i c a l l y 

m o d i f y i n g t h e p r i m a r y p e p t i d e s e q u e n c e s . T h e s e a p p r o a c h e s c a n 

c e r t a i n l y b e a d o p t e d t o t h e d e s i g n o f a f f i n i t y a g e n t s , a n d c a n 

a l s o b e e x t e n d e d t o i n v e s t i g a t e e n v i r o n m e n t a l e f f e c t s o n p r o t e i n 

i n t e r a c t i o n s w i t h t h e s o l v e n t s a n d s u r f a c e s . T h i s w i l l b e a n 

i m p o r t a n t a r e a f o r f u t u r e r e s e a r c h . 

T r a n s p o r t p r o p e r t i e s o f s o l u t e s i n s e p a r a t i o n p r o c e s s e s w i l l 

s t i l l r e m a i n a n i m p o r t a n t r e s e a r c h o b j e c t i v e , p a r t i c u l a r l y i n 

r e l a t i o n t o s o l v e n t , m e m b r a n e o r a d s o r b e n t s t r u c t u r e . 
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BIOPROCESS INTEGRATION AND CONTROL FUNDAMENTALS 

D a n i e l I . C . Wang 
B i o t e c h n o l o g y P r o c e s s E n g i n e e r i n g C e n t e r * 
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INTRODUCTION 

The c o n t r o l o f b i o p r o c e s s e s i s i m p o r t a n t t o e n s u r e a c h i e v i n g t h e n e c e s s a r y 

p r o d u c t c o n c e n t r a t i o n , p r o d u c t i v i t y and c o n v e r s i o n e f f i c i e n c y . H o w e v e r , o n e o f 

t h e m a j o r p r o b l e m s f a c i n g b i o p r o c e s s c o n t r o l i s t h e l a c k o f s e n s o r s t o m o n i t o r 

t h e p e r t i n e n t v a r i a b l e s . T h i s c r i t i c a l n e e d h a s b e e n a d d r e s s e d t h r o u g h o u t t h e 

y e a r s b u t u n f o r t u n a t e l y a d v a n c e s h a v e b e e n r a t h e r m i n i m a l . I n v i e w o f t h e 

i m p o r t a n c e o f b i o s e n s o r s a n d m o n i t o r i n g t e c h n i q u e s , t h i s t o p i c w i l l a g a i n b e 

r e p e a t e d i n t h i s w o r k s h o p . 

B i o s e n s o r s a n d m o n i t o r i n g i n e n e r g y r e l a t e d r e s e a r c h a r e q u i t e g e n e r i c 

s i n c e f u n d a m e n t a l d i s c o v e r i e s a n d a p p l i c a t i o n s a r e t r a n s l a t a b l e t o o t h e r b i o -

t e c h n o l o g y s y s t e m s . T h e r e f o r e , a d v a n c e m e n t s c a n b e c o n s i d e r e d t o b e u s e f u l t o 

a l l s e c t o r s o f t h e b i o p r o c e s s i n d u s t r y . I t i s t h e i n t e n t o f t h i s p a p e r t o 

a d d r e s s some o f t h e p r e s e n t a n d f u t u r e n e e d s i n b i o p r o c e s s s e n s o r a n d m o n i t o r -

i n g w h i c h w i l l u l t i m a t e l y l e a d t o o p t i m a l p r o c e s s c o n t r o l . -This l a t t e r s u b j e c t < 

w i l l b e a d d r e s s e d i n t h e c o m p a n i o n p a p e r i n t h i s w o r k s h o p t o b e p r e s e n t e d b y ' 

P r o f e s s o r M i c h a e l L. S h u l e r . 

The s e c o n d a r e a t o b e a d d r e s s e d i n — t h i s - p a p e r d e a l s w i t h t h e i n t e g r a t i o n 

o f b i o p r o c e s s e s . I n r e c e n t y e a r s , r e a s o n a b l e e f f o r t s h a v e b e e n made b y t h e 

B i o c h e m i c a l E n g i n e e r i n g c o m m u n i t y t o e x a m i n e t h i s c o n c e p t . The c o n c e p t t o 

i n t e g r a t e b i o p r o c e s s e s i s q u i t e n a t u r a l s i n c e s o l u t i o n s c o u l d a l l e v i a t e some o f 

t h e b o t t l e n e c k s i n t h e u s e o f b i o l o g i c a l s y s t e m s f o r t h e p r o d u c t i o n o f f u e l s 

jand c h e m i c a l s . ] I t i s i m p e r a t i v e , h o w e v e r , t o r e a l i z e t h a t e n e r g y r e l a t e d 

r e s e a r c h i s o f t e n a d d r e s s i n g l a r g e - v o l u m e a n d l o w c o s t p r o c e s s e s . T h e r e f o r e 

t h e e c o n o m i c a l c o n s t r a i n t s t o i n t e g r a t e b i o p r o c e s s e s m u s t b e a t t h e f o r e f r o n t 

i n a d d r e s s i n g t h i s a p p r o a c h . . I t i s t h e i n t e n t o f t h i s p a p e r t o b r i e f l y r e v i e w 

t h e p a s t a n d p r e s e n t s t a t u s o f b i o p r o c e s s i n t e g r a t i o n a s w e l l a s t o i d e n t i f y 

some o f t h e r e s e a r c h o p p o r t u n i t i e s . 

* T h e B i o t e c h n o l o g y P r o c e s s E n g i n e e r i n g C e n t e r a c k n o w l e d g e s t h e s u p p o r t f r o m 
t h e N a t i o n a l S c i e n c e F o u n d a t i o n u n d e r t h e E n g i n e e r i n g R e s e a r c h C e n t e r (ERC) 
C o o p e r a t i v e A g r e e m e n t C D R - 8 8 - 0 3 0 1 4 . 
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BIOPROCESS SENSORS AND MONITORING 
Needs and Opportunities in Mutation and Selection 

I n any b i o p r o c e s s f o r e n e r g y or c h e m i c a l p r o d u c t i o n , t h e h e a r t o f t h e 

t e c h n o l o g y w i l l b e t h e m i c r o o r g a n i s m w h i c h i s a b l e t o a c h i e v e t h e n e c e s s a r y 

p r o d u c t c o n c e n t r a t i o n a t a h i g h r a t e o f p r o d u c t i o n and a c c o m p a n i e d by t h e 

h i g h e s t c o n v e r s i o n e f f i c i e n c y . The i n i t i a l r e s e a r c h t a s k t o f i n d t h e d e s i r a b l e 

o r g a n i s m w i l l b e a c h i e v e d t h r o u g h m u t a t i o n and s e l e c t i o n . S p e c i f i c a l l y , t h e 

f u n d a m e n t a l n e e d s i n t h i s a r e a a r e : 

• S e l e c t i n g h y p e r - p r o d u c e r s c a p a b l e o f a c h i e v i n g h i g h p r o d u c t c o n c e n -

t r a t i o n , h i g h r a t e o f p r o d u c t f o r m a t i o n and e f f i c i e n t c o n v e r s i o n 

e f f i c i e n c y . 

• M u t a t i o n and s e l e c t i o n t o e n s u r e t h a t t h e s t r a i n i s a b l e t o t o l e r a t e 

h i g h c o n c e n t r a t i o n s o f t h e p r o d u c t . T h i s i s i m p o r t a n t s i n c e i n m o s t 

b i o p r o c e s s e s t h e c o s t o f r e c o v e r y i s o f t e n t h e m a j o r e c o n o m i c a l 

b a r r i e r . 

• Making c e r t a i n t h a t t h e g e n e t i c t r a i t s o f t h e s e l e c t e d s t r a i n i s 

s t a b l e o v e r l o n g p e r i o d s o f c o n t i n u o u s o r s e m i - c o n t i n u o u s o p e r a t i o n . 

A t a f i r s t g l a n c e , o n e r e a l i z e s t h a t t h e n e e d s s t a t e d a b o v e a r e w i t h i n t h e 

r e a l m o f g e n e t i c i s t s and m i c r o b i o l o g i s t s . H o w e v e r , t h e s y s t e m a t i c s o l u t i o n s t o 

a c h i e v e t h e s e o b j e c t i v e s w i l l r e q u i r e e f f o r t s i n c r o s s - d i s c i p l i n a r y 

c o l l a b o r a t i o n s . Some o f t h e o p p o r t u n i t i e s t o a c h i e v e t h e s e o b j e c t i v e s i n 

s e n s o r r e s e a r c h i n c l u d e : 

• The a b i l i t y t o a s s e s s i n a s i n g l e c e l l t h e i n t r a c e l l u l a r enzyme 

l e v e l s t h a t a r e c r i t i c a l f o r p r o d u c t f o r m a t i o n . 

• A s y s t e m a t i c m e t h o d t o d i f f e r e n t i a t e c e l l m o r p h o l o g y a s a p o s s i b l e 

s e l e c t i o n m e t h o d t o i s o l a t e h y p e r - p r o d u c i n g s t r a i n s . T h i s a p p r o a c h 

h a s b e e n u s e d s u c c e s s f u l l y i n t h e p a s t i n t h e a n t i b i o t i c i n d u s t r y a s 

w e l l a s t h e p r o d u c t i o n o f b i o p o l y m e r s . 

• An a u t o m a t i c m e t h o d t o s c r e e n a l a r g e p o p u l a t i o n o f m i c r o b i a l s t r a i n s 

b a s e d o n d i f f e r e n c e s i n p h y s i c a l and c h e m i c a l p r o p e r t i e s . For 

e x a m p l e , o n e m i g h t h y p o t h e s i z e a p o s i t i v e c o r r e l a t i o n b e t w e e n s i z e o f 

a c e l l t o i t s p r o d u c t t o l e r a n c e . T h u s , t h e a b i l i t y t o s c r e e n a v e r y 

l a r g e p o p u l a t i o n and s e l e c t t h o s e p h y s i c a l l y d i f f e r e n t s t r a i n s f o r 

i t s p r o d u c t t o l e r a n t c h a r a c t e r i s t i c s m i g h t b e q u i t e u s e f u l . 
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• D e v e l o p m e n t o f f u n d a m e n t a l s t r a t e g y w h e r e o n e i s a b l e t o 

d i f f e r e n t i a t e p h y s i o l o g i c a l d i f f e r e n c e s b e t w e e n l o w - p r o d u c e r s and 

h y p e r - t o l e r a n t s t r a i n s b a s e d o n g e n e t i c b a s i s . 

I t c a n b e s e e n t h a t t h e o p p o r t u n i t i e s s t a t e d a b o v e w i l l a l l r e q u i r e t h e 

a b i l i t y t o s y s t e m a t i c a l l y e x a m i n e l a r g e m i c r o b i a l p o p u l a t i o n s . T h e r e f o r e , t h e 

f u n d a m e n t a l u n d e r l y i n g p r i n c i p l e t o a c h i e v e t h i s o b j e c t i v e w i l l b e a u t o m a t i o n . 

T h u s , r e s e a r c h d e v o t e d t o w a r d s t h e u s e o f e x i s t i n g i n s t r u m e n t s s u c h a s t h e c e l l 

s o r t e r a n d c y t o f l u o r o m e t e r a r e i m p l i c i t i n t h e f u t u r e r e s e a r c h p r o g r a m s . 

I n t r a c e l l u l a r A c t i v i t y M o n i t o r i n g 

The i n t r a c e l l u l a r b i o l o g i c a l a c t i v i t i e s o f t h e c e l l u l t i m a t e l y d i c t a t e i t s 

a b i l i t y t o p r o d u c e t h e d e s i r e d p r o d u c t a t t h e a p p r o p r i a t e r a t e and 

c o n c e n t r a t i o n . The f u n d a m e n t a l n e e d s i n t h i s a r e a o f r e s e a r c h a r e s u m m a r i z e d 

b e l o w . 

• A c t i v i t y - F u n c t i o n a l R e l a t i o n s h i p s : T h e r e i s a f u n d a m e n t a l n e e d t o 

a d d r e s s t h e i n t r a c e l l u l a r e n z y m a t i c o r o t h e r a c t i v i t i e s a s t o t h e i r 

f u n c t i o n a l r e l a t i o n s h i p t o p r o d u c t f o r m a t i o n . F o r e x a m p l e , o n e m i g h t 

h y p o t h e s i z e t h a t t h e d e c r e a s e i n t h e s p e c i f i c enzyme a c t i v i t y m i g h t 

b e c a u s a t i v e l y r e l a t e d t o p r o d u c t t o l e r a n c e . The a c t i v i t y c o u l d i n 

t u r n b e c o r r e c t e d t h r o u g h o t h e r m e t h o d o l o g i e s . 

• Q u a n t i t a t i v e B i o c h e m i c a l P a t h w a y A n a l y s i s a n d U n d e r s t a n d i n g : The 

a b i l i t y t o a n a l y z e t h e b i o c h e m i c a l p a t h w a y s w i t h i n t h e c e l l a n d t h e 

p o s s i b l e i n f l u e n c e o f t h e e x t r a c e l l u l a r e n v i r o n m e n t o n t h e p a t h w a y 

c o u l d a i d i n t h e o p t i m a l o p e r a t i o n o f a b i o p r o c e s s . A l t h o u g h t h i s 

t y p e o f a n a l y s i s i s b e i n g p e r f o r m e d b y many l a b o r a t o r i e s , t h e a c t u a l 

e x p e r i m e n t a l m o n i t o r i n g o f t h e h y p o t h e s i z e d p a t h w a y s a n d a c t i v i t i e s 

h a s y e t b e e n p e r f o r m e d . T h i s q u a n t i t a t i v e u n d e r s t a n d i n g c o u l d l e a d 

t o t h e b e t t e r d e s i g n t h r o u g h g e n e t i c m a n i p u l a t i o n s o r t h r o u g h o n - l i n e 

p r o c e s s c o n t r o l w h i c h u l t i m a t e l y l e a d s t o o p t i m a l p r o d u c t f o r m a t i o n . 

• R a p i d , O n - L i n e a n d S i m p l e S e n s o r s : A l l o f t h e s e n e e d s r e q u i r e t h a t a 

r a p i d p r e f e r a b l y o n - l i n e a n d l a s t b u t l e a s t a s i m p l e t o o p e r a t e 

s e n s i n g o r m o n i t o r i n g d e v i s e b e d e v e l o p e d . I t c a n b e s t a t e d t h a t we 

a r e a l o n g way f r o m a c h i e v i n g t h i s n e e d . H o w e v e r , e v e n r e a l i z i n g t h e 

c o m p l e x i t y o f t h i s p r o b l e m , i t i s i m p e r a t i v e t h a t r e s e a r c h i n t h i s 

a r e a b e i n i t i a t e d . 
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T h e r e a r e a number o f p o s s i b l e a p p r o a c h e s t h a t r e p r e s e n t r e s e a r c h 

o p p o r t u n i t i e s t o a c h i e v e t h e a b o v e o b j e c t i v e . B r i e f s u m m a r i e s o n t h i s p o s s i b l e 

a p p r o a c h e s a r e o u t l i n e d b e l o w . 

• I n S i t u NMR: I n r e c e n t y e a r s , t h e u s e o f o n - l i n e n u c l e a r m a g n e t i c 

r e s o n a n c e h a s b e g u n t o show i t s u s e f u l n e s s i n d e t e c t i n g i n v i v o 

b i o l o g i c a l a c t i v i t i e s . T h e r e i s n o d o u b t t h i s a p p r o a c h w i l l b e 

e f f e c t i v e t h r o u g h f u r t h e r r e s e a r c h a n d d e v e l o p m e n t o n t h e 

q u a n t i f i c a t i o n o f i n t r a c e l l u l a r e v e n t s . T h i s t y p e o f a r e s e a r c h 

p r o g r a m w i l l , h o w e v e r , i n v o l v e m u l t i - d i s c i p l i n a r y t a l e n t s . 

• S e l e c t i v e F l u o r e s c e n c e i n C o m b i n a t i o n w i t h C y t o f l u o r o m e t r y : The u s e 

o f f l u o r e s c e n c e s p e c i f i c f o r i n t r a c e l l u l a r p r o t e i n s and o t h e r 

m a c r o m o l e c u l e s i n c o m b i n a t i o n w i t h c e l l s o r t i n g and c y t o f l u o r o m e t r y 

h a s s i m i l a r l y b e e n s h o w n t o b e e f f e c t i v e i n a s s e s s i n g i n t r a c e l l u l a r 

b i o l o g i c a l a c t i v i t i e s . T h i s a p p r o a c h s h o u l d b e e n c o u r a g e d w i t h 

v i g o r i n f u t u r e r e s e a r c h p r o g r a m s . 

• " I n t e l l i g e n t S e n s o r s " : The c o n c e p t o f a n i n t e l l i g e n t s e n s o r i s o n e 

w h e r e t h e b i o c h e m i c a l p a t h w a y i s f i r s t a n a l y z e d t h r o u g h c o m p u t e r 

s i m u l a t i o n s . T h e s e a l g o r i t h m s a r e i n t u r n r e l a t e d t o o t h e r e n v i r o n -

m e n t a l v a r i a b l e s a s t o t h e i r i n f l u e n c e s o n t h e i n t r a c e l l u l a r e v e n t s . 

T h u s , t h e m a t h e m a t i c a l s i m u l a t i o n s a n d c o m p u t a t i o n s a c t a s 

" i n t e l l i g e n t s e n s o r s " t o e f f e c t a l t e r a t i o n o f t h e p a t h w a y e i t h e r 

t h r o u g h g e n e t i c m a n i p u l a t i o n s o r t h r o u g h e n v i r o n m e n t a l p r o c e s s 

c o n t r o l . 

S e n s o r s f o r R e a c t a n t s a n d P r o d u c t s M o n i t o r i n g 

T h e r e h a s a l w a y s b e e n t h e n e e d t o i n c r e a s e o u r b i o p r o c e s s m o n i t o r i n g 

a d d r e s s i n g t h e m i c r o s c o p i c a n d e x t r a c e l l u l a r e n v i r o n m e n t . I n r e c e n t y e a r s , a 

number o f r e s e a r c h g r o u p s h a v e b e e n a d d r e s s i n g t h e s e n e e d s . Some o f t h e 

s p e c i f i c n e e d s w h i c h a r e g e n e r i c t o many b i o p r o c e s s e s a r e i d e n t i f i e d b e l o w . 

• Q u a n t i t a t i v e M o n i t o r o f S u s p e n d e d S o l i d s : S u s p e n d e d r e a c t a n t s o l i d s 

i n e n e r g y r e s e a r c h i n c l u d e m a t e r i a l s s u c h a s c e l l u l o s i c b i o m a s s , 

c o a l , h y d r o c a r b o n s , l i g n i n e t c . I n t h i s same c a t e g o r y , s u s p e n d e d 

c e l l m a s s s h o u l d a l s o b e - i n c l u d e d . To q u a n t i t a t i v e l y a s s e s s t h e 

d e g r a d a t i o n o f s o l i d r e a c t a n t s a n d t h e m o n i t o r o f c e l l m a s s o n - l i n e 

a r e two n e e d s t h a t h a v e b e e n c o n s t a n t l y s t a t e d i n many p r e v i o u s 

w o r k s h o p s . Some a d v a n c e s i n r e c e n t y e a r s h a v e b e e n made b u t a more 

v i g o r o u s r e s e a r c h e f f o r t i s a l s o n e e d e d . 
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• L i q u i d P h a s e S o l u t e s : V e r s a t i l e l i q u i d p h a s e s o l u t e m o n i t o r i n g w i l l 

b e n e e d e d f o r a l l b i o p r o c e s s e s . r e l a t e d t o e n e r g y r e s e a r c h . I d e a l l y , 

t h e s e m o n i t o r s s h o u l d b e a b l e t o p e r f o r m r a p i d o n - l i n e a n a l y s i s i n a 

c o m p l e x m i l i e u s u c h a s a f e r m e n t a t i o n medium. 

R e c e n t a d v a n c e m e n t s i n a n a l y t i c c h e m i s t r y o f f e r s some e x c e l l e n t r e s e a r c h 

o p p o r t u n i t i e s i n t h e a r e a o f new c o n c e p t s f o r s e n s o r s a n d m o n i t o r i n g . Some o f 

t h e s e a r e s t i l l a t t h e e x p l o r a t o r y l e v e l w h i l e o t h e r s a r e b e g i n n i n g t o b e 

d e v e l o p e d a s p r o t o t y p e s . Some p o s s i b l e e x a m p l e s f o r r e s e a r c h o p p o r t u n i t i e s i n 

t h i s f i e l d a r e b r i e f l y p r e s e n t e d b e l o w . 

• L i g h t S c a t t e r S p e c t r a A n a l y s i s f o r S o l i d s a n d C e l l M a s s : R e s e a r c h i n 

ray l a b o r a t o r y h a s r e c e n t l y b e e n f o c u s e d o n t h e s p e c t r a a n a l y s i s r a n g e 

f r o m 3 0 0 nm t o 7 0 0 nm t o q u a n t i t a t i v e l y m e a s u r e b o t h c e l l m a s s a n d 

o t h e r s u s p e n d e d s o l i d s . We h a v e p r e v i o u s l y d e m o n s t r a t e d t h a t l i g h t 

s c a t t e r s p e c t r a i n t h e a b s e n c e o f o t h e r s u s p e n d e d s o l i d s c a n b e 

m e a s u r e d u s i n g a n o n - l i n e f i b e r o p t i c p r o b e d u r i n g f e r m e n t a t i o n . Our 

m o s t r e c e n t e f f o r t s h a v e b e e n u s i n g t h e t e c h n i q u e t o m e a s u r e c e l l 

m a s s c o n c e n t r a t i o n i n t h e p r e s e n c e o f s u s p e n d e d s o l i d s . T h r o u g h a 

u n i q u e s p e c t r a a n a l y s i s a l g o r i t h m , we h a v e s h o w n b o t h c e l l m a s s 

s o l i d s a n d s u s p e n d e d s o l i d s c a n b e m e a s u r e d o n - l i n e d u r i n g 

f e r m e n t a t i o n . T h i s m e t h o d a p p e a r s t o b e q u i t e g e n e r i c b u t r e q u i r e s 

f u r t h e r r e s e a r c h i n r e f i n e m e n t s . 

• S o l u t e D e t e c t i o n a n d Q u a n t i t a t i o n : Two a n a l y t i c a l m e t h o d s b o t h s h o w 

e x t r e m e p r o m i s e t o a f f e c t o n - l i n e m e a s u r e m e n t o f d i s s o l v e d s o l u t e s 

h a v e r e c e n t l y b e e n r e p o r t e d . The F o u r i e r T r a n s f o r m I n f r a r e d (FTIR) 

s p e c t r a a n a l y s i s b e i n g d e v e l o p e d a t L e h i g h U n i v e r s i t y a n d t h e 

N a t i o n a l B u r e a u o f S t a n d a r d s r e p r e s e n t a n e x c i t i n g a n a l y t i c a l m e t h o d 

f o r o n - l i n e s o l u t e d e t e r m i n a t i o n . The s e c o n d a p p r o a c h i s t h e 

r e s e a r c h u s i n g i n s i t u n u c l e a r m a g n e t i c r e s o n a n c e (NMR) b e i n g p u r s u e d 

a t t h e U n i v e r s i t y o f C a l i f o r n i a , B e r k e l e y a n d C o l o r a d o S t a t e 

U n i v e r s i t y (now T e x a s A&M). Here a g a i n , t h e u s e o f NMR a s a m o n i t o r 

o f f e r s a n e x c e l l e n t o p p o r t u n i t y t o a d v a n c e o u r n e e d s i n p r o c e s s 

s e n s o r s . 

• On - L i n e H i g h S p e e d HPLC: T h i s m e t h o d i s b e i n g d e v e l o p e d b y many 

i n s t r u m e n t m a n u f a c t u r e r s a n d i s a l r e a d y b e i n g u s e d f o r o n - l i n e 

p r o c e s s m o n i t o r . H o w e v e r , t h e p r e s e n t s y s t e m s s t i l l r e q u i r e s a m p l e 

p r e p a r a t i o n b u t n e v e r t h e l e s s h a v e s h o w n i t s v e r s a t i l i t y a n d r a p i d i t y . 
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• C u l t u r e F l u o r e s c e n c e : The u s e o f f l u o r e s c e n c e t o d e t e c t s o l u t e s a n d 

c e l l u l a r a c t i v i t i e s h a s b e e n s t u d i e d f o r many y e a r s . The u s e o f 

a d d e d f l u o r o p h o r e s t o p r o v i d e a d d i t i o n a l d e t e c t i o n c a p a b i l i t i e s 

r e p r e s e n t s a n i n t r i g u i n g e x t e n s i o n o f f l u o r o m e t r i c m e t h o d o l o g i e s . 

M o n i t o r i n g i n I m m o b i l i z e d B i o l o g i c a l S y s t e m s 

T h e r e i s no d o u b t t h a t t h e u s e o f i m m o b i l i z e d c e l l s a n d o t h e r b i o l o g i c a l 

e n t i t i e s w i l l b e i m p o r t a n t i n e n e r g y r e l a t e d b i o p r o c e s s r e s e a r c h . H o w e v e r , t h e 

a d v a n t a g e s p r o v i d e d t h r o u g h c e l l i m m o b i l i z a t i o n a r e a c c o m p a n i e d b y o t h e r 

c o m p l i c a t i o n s . T h e s e c o m p l i c a t i o n s a r e w e l l known b y r e s e a r c h e r s i n t h i s f i e l d 

and t h e r e f o r e w i l l b e s u m m a r i z e d q u i t e b r i e f l y . S p e c i f i c a l l y f o r i m m o b i l i z e d 

s y s t e m s s u c h a s e n c a p s u l a t i o n , g e l e n t r a p m e n t , h o l l o w - f i b e r a n d membrane 

d e v i c e s , a d s o r p t i o n i n p o r o u s m a t r i c e s e t c . , a l l e n c o u n t e r t h e f o l l o w i n g 

p r o b l e m s . 

• I n a b i l i t y t o q u a n t i f y i m m o b i l i z e d c e l l c o n c e n t r a t i o n a n d i t s 

b i o l o g i c a l a c t i v i t y . 

• O n - l i n e d e t e r m i n a t i o n o f r e a c t a n t s , p r o d u c t a n d b i o l o g i c a l a c t i v i t y 

p r o f i l e s i n t h e i m m o b i l i z e d s t a t e . 

The p r e s e n t s t a t u s t o a s s e s s i m m o b i l i z e d c e l l s y s t e m s i n c l u d e o f f - l i n e 

m e t h o d s s u c h a s s e c t i o n i n g o f t h e m a t r i x f o l l o w e d b y s p e c i f i c s t a i n i n g t o 

q u a n t i f y t h e n e c e s s a r y c o n c e n t r a t i o n g r a d i e n t s . T h i s a p p r o a c h , a l t h o u g h q u i t e 

e l o q u e n t , i s t e d i o u s a s w e l l a s d i f f i c u l t . I t d o e s n o t l e n d t h e a b i l i t y t o 

p e r f o r m r a p i d i n s i t u a n a l y s i s a n d t h u s w o u l d b e d i f f i c u l t t o i m p l e m e n t o n - l i n e 

p r o c e s s c o n t r o l . O t h e r s t r a t e g i e s i n c l u d e i n f e r e n c e o f t h e b i o l o g i c a l 

a c t i v i t i e s a n d c o n c e n t r a t i o n p r o f i l e s t h r o u g h t h e u s e o f o t h e r m e a s u r a b l e 

p a r a m e t e r s i n c o m b i n a t i o n w i t h c o m p u t e r m o d e l i n g a n d s i m u l a t i o n s . T h i s 

a p p r o a c h i s o n l y p a r t i a l l y u s e f u l b u t i s l i m i t e d i n i t s g e n e r a l i t i e s . 

T h e r e a r e a number o f r e s e a r c h o p p o r t u n i t i e s t o a s s e s s t h e a c t u a l s t a t e s 

o f i m m o b i l i z e d c e l l s y s t e m s . A b r i e f p r e s e n t a t i o n o n t h e p r e s e n t a n d f u t u r e 

o p p o r t u n i t i e s a r e p r e s e n t e d b e l o w . 

• O n - L i n e NMR: S i m i l a r t o t h e u s e o f o n - l i n e NMR f o r s o l u t e a n d 

i n t r a c e l l u l a r a c t i v i t i e s , t h e p o t e n t i a l o f o n - l i n e NMR m e a s u r e m e n t s 

a p p e a r s t o b e q u i t e v a s t f o r i m m o b i l i z e d c e l l s y s t e m s . T h i s c o n c e p t 

i s b e i n g p u r s u e d b y a number o f r e s e a r c h e r s i n c l u d i n g t h e U n i v e r s i t y 

o f C a l i f o r n i a , B e r k e l e y , RPI a n d C o l o r a d o S t a t e (now a t T e x a s A&M). 

E f f o r t s i n t h e a p p l i c a t i o n o f o n - l i n e NMR s h o u l d b e a c c e l e r a t e d . 
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• M i c r o - S e n s o r s : The d e v e l o p m e n t o f m i c r o - e l e c t r o d e s f o r d i s s o l v e d 

o x y g e n m o n i t o r i n g i s w e l l known. W i t h t h e d e v e l o p m e n t s f r o m t h e 

e l e c t r o n i c i n d u s t r y , t h e a b i l i t y t o f a b r i c a t e p r e c i s i o n m i c r o -

e l e c t r o n i c d e v i c e s a p p e a r s t o b e an i d e a l e x t e n s i o n f o r b i o s e n s o r 

r e s e a r c h . One c a n e n v i s i o n t h e a c t u a l p l a c e m e n t o f m i c r o - e l e c t r o n i c 

d e v i c e s t o m o n i t o r pH, o x y g e n a n d p o s s i b l y o t h e r s o l u t e s w i t h i n 

i m m o b i l i z e d m a t r i c e s . P r i n t e d c i r c u i t s a s s o c i a t e d w i t h t h e s e m i c r o -

e l e c t r o n i c d e v i c e s a r e a l s o e a s y t o e n v i s i o n . T h i s a r e a o f r e s e a r c h , 

h o w e v e r , w i l l r e q u i r e c r o s s - d i s c i p l i n a r y c o l l a b o r a t i o n s t o 

e f f e c t i v e l y u s e t h e t a l e n t s o f a l l p a r t i e s . 

• R e c o m b i n a n t DNA T e c h n o l o g y i n M o n i t o r i n g : The d e v e l o p m e n t s i n 

r e c o m b i n a n t DNA a n d o t h e r m o l e c u l a r b i o l o g i c a l s c i e n c e s o f f e r some 

i n t e r e s t i n g p o s s i b i l i t i e s t o a d v a n c e t h e f u n d a m e n t a l s i n b i o p r o c e s s 

m o n i t o r i n g . F o r e x a m p l e , DNA p r o b e s a r e p r e s e n t l y u s e d t o f i n g e r -

p r i n t DNA s e q u e n c e s w i t h h i g h a c c u r a c y a n d s p e c i f i c i t y . E f f o r t s i n 

t h i s d i r e c t i o n t o e x a m i n e i t s f e a s i b i l i t y a s a b i o s e n s o r s h o u l d b e 

i m p l e m e n t e d . 

The s e c o n d e x a m p l e t o u s e r e c o m b i n a n t DNA t e c h n o l o g y i s p r e s e n t l y 

b e i n g p u r s u e d i n my l a b o r a t o r y a s w e l l a s o t h e r u n i v e r s i t i e s ( e . g . 

T e c h n i o n U n i v e r s i t y , I s r a e l ) . T h i s i s t h e u s e o f R-DNA t o c l o n e a n d 

e x p r e s s t h e l u c i f e r a s e g e n e s i n t o o t h e r o r g a n i s m s . The l u m i n e s c e n c e 

f r o m r e p l i c a t i n g c e l l s o f f e r s a d i r e c t m e a s u r e o f v i a b l e a s w e l l a s 

t h e a b i l i t y t o q u a n t i f y t h e t o t a l number o f c e l l s . One c a n e n v i s i o n 

t h i s m e t h o d i n c o m b i n a t i o n w i t h m i c r o - s e n s o r s c o u l d make a m a j o r 

b r e a k t h r o u g h t o m o n i t o r b o t h f r e e c e l l s a s w e l l a t h o s e i n t h e 

i m m o b i l i z e d s t a t e . 

INTEGRATION OF BIOPROCESSES 

P r e s e n t S t a t u s o f B i o p r o c e s s I n t e g r a t i o n 

The m a j o r i t y o f t h e p a s t a n d p r e s e n t r e s e a r c h t o i n t e g r a t e b i o p r o c e s s e s 

h a s b e e n i n t h e p r o d u c t i o n o f f u e l s , s o l v e n t s a n d c h e m i c a l s . G e n e r a l l y , t h e 

o b j e c t i v e s h a v e b e e n t o i n c r e a s e t h e r a t e o f p r o d u c t i o n a n d t h e r e d u c t i o n o f 

p r o d u c t t o x i c i t y . I n m o s t i n s t a n c e s , i n s i t u p r o d u c t r e m o v a l h a s b e e n t h e m a i n 

f o c u s . T h e s e s t u d i e s h a v e i n c l u d e d p h y s i c a l r e m o v a l f o r v o l a t i l e p r o d u c t s 

u s i n g v a c u u m d u r i n g f e r m e n t a t i o n o r g a s s t r i p p i n g o f t h e v o l a t i l e m a t e r i a l s . 

A l t e r n a t i v e l y , i n - s i t u l i q u i d - l i q u i d e x t r a c t i o n h a s a l s o b e e n d e m o n s t r a t e d , w h e n 
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t h e p r o d u c t d o e s n o t p o s s e s s s u f f i c i e n t v a p o r p r e s s u r e t o f l a s k o f f t h e s o l u t e . 

V a r i o u s t y p e s o f m e m b r a n e - c o u p l e d f e r m e n t a t i o n s h a v e b e e n r e p o r t e d i n c l u d i n g 

t h e u s e o f r e v e r s e o s m o s i s , u l t r a f i l t r a t i o n and e l e c t r o d i a l y s i s membranes . I n 

a d d i t i o n , m e m b r a n e - c o u p l e d s o l v e n t e x t r a c t i o n i n t e g r a t e d w i t h t h e f e r m e n t a t i o n 

r e a c t o r h a s a l s o b e e n r e p o r t e d t o e l i m i n a t e t h e p h y s i c a l c o n t a c t o f t h e 

b i o l o g i c a l s y s t e m w i t h t h e t o x i c s o l v e n t . L a s t l y , v a r i o u s a d s o r b e n t s s u c h a s 

c h a r c o a l a n d i o n e x c h a n g e r e s i n s h a v e b e e n i n t e g r a t e d w i t h t h e b i o r e a c t o r t o 

r e m o v e p r o d u c t s f o r m e d d u r i n g f e r m e n t a t i o n . 

I t i s t h i s w r i t e r ' s o p i n i o n t h a t t h e p r i n c i p l e o f i n s i t u p r o d u c t r e m o v a l 

d u r i n g f e r m e n t a t i o n h a s b e e n amply d e m o n s t r a t e d . F u r t h e r m o r e , a s l i g h t 

m o d i f i c a t i o n s u c h a s a new f e r m e n t a t i o n s y s t e m u s i n g t h e p a s t d e m o n s t r a t e d 

m e t h o d o l o g y i s n o t w h a t i s n e e d e d f o r t h e f u t u r e . What w i l l b e n e e d e d a n d 

c o u l d r e p r e s e n t r e s e a r c h o p p o r t u n i t i e s w i l l b e p r e s e n t e d l a t e r i n t h i s s e c t i o n . 

I n t e g r a t e d b i o l o g i c a l p r o c e s s e s , e s p e c i a l l y f o r e t h a n o l p r o d u c t i o n h a s 

a l s o b e e n r e p o r t e d . T h e s e i n c l u d e t h e s i m u l t a n e o u s s a c c h a r i f i c a t i o n o f f e e d 

s t o c k s s u c h a s c e l l u l o s e a n d s t a r c h i n c o m b i n a t i o n w i t h f e r m e n t a t i o n t o p r o d u c e 

e t h a n o l . The i n c o r p o r a t i o n o f r e c o m b i n a n t DNA t e c h n o l o g y t o e n h a n c e p r o d u c t 

f o r m a t i o n i s a l s o b e i n g e x a m i n e d . The l a t t e r i n c l u d e s t h e e x p r e s s i o n o f t h e 

c e l l u l a s e g e n e s i n y e a s t t o a f f e c t t h e d i r e c t c o n v e r s i o n o f c e l l u l o s i c b i o m a s s 

t o e t h a n o l . O t h e r a t t e m p t s t o e x p r e s s x y l o s e i s o m e r a s e g e n e s i n t o y e a s t s o 

t h a t t h e s i m u l t a n e o u s c a t a b o l i s m o f x y l o s e c a n b e a f f e c t e d t o g e t h e r w i t h t h e 

s i x c a r b o n s u g a r s . A l l o f t h e s e s y s t e m s a r e n a t u r a l e x t e n s i o n s o f w h a t o n e i s 

u n a b l e t o a c h i e v e w i t h o u t t h e s e m o d i f i c a t i o n s . H o w e v e r , i t s h o u l d b e s t a t e d 

t h a t n o n e o f t h e s e b i o l o g i c a l l y i n t e g r a t e d c o n c e p t s h a v e b e e n d e v e l o p e d i n 

a c t u a l i n d u s t r i a l s y s t e m s . 

O p p o r t u n i t i e s i n I n t e g r a t i o n o f B i o p r o c e s s e s 

One m i g h t a s k why n o n e o f t h e d e m o n s t r a t e d f e a s i b l e i n t e g r a t e d p r o c e s s e s 

h a s a t t r a c t e d c o m m e r c i a l p r a c t i c e . T h i s q u e s t i o n l e a d s t o t h e p o s s i b l e 

r e s e a r c h a n d d e v e l o p m e n t o p p o r t u n i t i e s f o r t h e f u t u r e . Some o f t h e p r e s s i n g 

q u e s t i o n s w h i c h s h o u l d b e a d d r e s s e d a r e s u m m a r i z e d b e l o w . 

• What i s t h e c r i t i c a l b o t t l e n e c k ? I n many i n s t a n c e s , t h e u s e o f 

i n t e g r a t e d b i o p r o c e s s e s h a s n o t a d d r e s s e d t h e c r i t i c a l b o t t l e n e c k . 

F o r e x a m p l e , t o i n c r e a s e t h e e t h a n o l v o l u m e t r i c p r o d u c t i v i t y t h r o u g h 

i n s i t u p r o d u c t r e m o v a l d o e s n o t c o n t r i b u t e s i g n i f i c a n t l y t o t h e 

r e d u c t i o n o f t h e o v e r a l l e c o n o m i c s . T h e r e f o r e , i n f u t u r e r e s e a r c h 
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f o r b i o p r o c e s s i n t e g r a t i o n , t h e c r i t i c a l b o t t l e n e c k s h o u l d f i r s t be 

d e f i n e d b e f o r e e m b a r k i n g on s e e k i n g "a new m o u s e t r a p " . 

• S i m p l i c i t y , S c a l e a b i l i t y and C o s t : I n a d d r e s s i n g means t o i n t e g r a t e 

b i o p r o c e s s e s , o n e m u s t c o n s i d e r t h e q u e s t i o n o f t e c h n i c a l 

f e a s i b i l i t y . T h i s i s f u r t h e r r e d u c e d t o t h e s i m p l i c i t y o r c o m p l e x i t y 

o f s u c h a p r o c e s s . Many i n t e g r a t e d p r o c e s s e s a r e q u i t e e l o q u e n t o n 

p a p e r b u t o f t e n a r e u n s c a l e a b l e o r a r e t o o c o s t l y . Thus a t t h e o n s e t 

o f a n y new r e s e a r c h i n t h i s a r e a , a p r e l i m i n a r y e n g i n e e r i n g 

f e a s i b i l i t y a n a l y s i s s h o u l d b e p e r f o r m e d t o a d d r e s s t h e c o m m e r c i a l 

r e a l i t i e s . 

• E n g i n e e r i n g V e r s u s B i o l o g i c a l S o l u t i o n s : One s h o u l d a l s o r e a l i z e t h a t 

b i o p r o c e s s b o t t l e n e c k s a l l o w two m e t h o d s f o r p o s s i b l e s o l u t i o n : 

e n g i n e e r i n g v e r s u s b i o l o g i c a l . T h i s i s c e r t a i n l y t h e c a s e f o r 

s i m u l t a n e o u s s a c c h a r i f i c a t i o n and f e r m e n t a t i o n . A l t h o u g h t h e 

m o l e c u l a r b a s i s o f p r o d u c t t o x i c i t y h a s n o t b e e n s t u d i e d i n d e t a i l . 

The b i o l o g i c a l a p p r o a c h c o u l d v e r y w e l l b e more f e a s i b l e t h a n b r u t e 

f o r c e e n g i n e e r i n g m e t h o d s . T h e r e f o r e a r e a l r e s e a r c h o p p o r t u n i t y 

e x i s t s t o a d d r e s s g e n e r i c a l l y t h e m e c h a n i s m o f p r o d u c t t o x i c i t y a t 

t h e m o l e c u l a r a n d p h y s i o l o g i c a l l e v e l . The o u t c o m e f r o m t h e s e 

s t u d i e s i n c o m b i n a t i o n w i t h e n g i n e e r i n g i n t e g r a t i o n m e t h o d o l o g i e s 

c o u l d v e r y w e l l b e t h e l o n g r a n g e s o l u t i o n . 

• R e s e a r c h , D e v e l o p m e n t a n d P r o t o t y p e I n t e g r a t i o n : One o f o u r r e a l 

w e a k n e s s e s i n b i o p r o c e s s r e s e a r c h i s t h e l a c k o f f o l l o w i n g - u p f r o m 

t h e l a b o r a t o r y s e t t i n g t o t h e p r o t o t y p e d e v e l o p m e n t . A new c o n c e p t 

i s o f t e n r e p o r t e d a n d p u b l i s h e d b u t p r o c e s s r e f i n e m e n t i s s e l d o m 

c o n t i n u e d . T h i s l a c k m u s t b e c o r r e c t e d e s p e c i a l l y i n i n t e g r a t e d 

p r o c e s s e s w h e r e much d e v e l o p m e n t a l and e n g i n e e r i n g a n a l y s e s m u s t b e 

p e r f o r m e d i n a c o l l a b o r a t i v e s e t t i n g . Thus t h e u n i v e r s i t y r e s e a r c h e r 

m u s t i n v o l v e i n d u s t r i a l c o u n t e r p a r t s t h r o u g h o u t t h e r e s e a r c h a n d 

d e v e l o p m e n t p r o g r a m . T h i s r e l a t i o n s h i p i s e x c e l l e n t l y p r a c t i c e d b y 

o u r c o u n t e r p a r t s i n Germany a n d J a p a n . P e r h a p s a t t h e o n s e t o f a n y 

r e s e a r c h o n b i o p r o c e s s i n t e g r a t i o n a t a u n i v e r s i t y , a n i n d u s t r i a l 

p a r t n e r m u s t b e e s t a b l i s h e d p r i o r t o any r e s e a r c h f u n d i n g . 
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INTEGRATION OF DOWNSTREAM PROCESSING 

The l a s t a r e a w h i c h I w o u l d l i k e t o a d d r e s s i s o n t h e i n t e g r a t i o n o f 

d o w n s t r e a m p r o c e s s i n g . U n f o r t u n a t e l y r e s e a r c h and d e v e l o p m e n t t o i n t e g r a t e 

r e c o v e r y p r o c e s s e s i n b i o l o g i c a l s y s t e m s a r e n o t t h a t a c t i v e . T h e r e a r e 

s e v e r a l f a c t o r s c o n t r i b u t i n g t o t h i s l a c k o f a c t i v i t y . One o b v i o u s a n s w e r i s 

t h a t t h e i n t e g r a t i o n o f l a r g e v o l u m e p r o d u c t r e c o v e r y d o e s n o t i n r e a l i t y 

i n v o l v e b i o c h e m i c a l e n g i n e e r s . T h e s e o f t e n a r e w i t h i n t h e r e a l m o f c l a s s i c a l 

c h e m i c a l e n g i n e e r i n g p r i n c i p l e s . The s e c o n d r e a s o n f o r t h e l a c k o f a c t i v i t y i s 

t h e n a t u r e o f e n e r g y r e l a t e d p r o d u c t s : l o w v a l u e c o m m o d i t i e s . The i n c e n t i v e t o 

i n t e g r a t e d o w n s t r e a m p r o c e s s e s i s t h u s more r e l e v a n t t o h i g h - v a l u e p r o d u c t s : 

e . g . r e c o m b i n a n t DNA t h e r a p e u t i c s . 

I n p r e p a r i n g t h i s p a p e r , I s p e n t c o n s i d e r a b l e t i m e i n a n a l y z i n g w h e t h e r 

i n t e g r a t e d d o w n s t r e a m p r o c e s s i n g c o u l d i n d e e d e n h a n c e b i o p r o c e s s e s i n f u e l a n d 

c h e m i c a l p r o d u c t i o n . The o n l y e x a m p l e s o f p o s s i b l e o p p o r t u n i t i e s f o r r e s e a r c h 

a r e n o t t e r r i b l y e x c i t i n g b u t w i l l b e p r e s e n t e d f o r c o m p l e t e n e s s . I t i s my 

h o p e t h a t I am i n c o r r e c t i n my a s s e s s m e n t , a n d o t h e r more n o v e l a n d c l e v e r 

c o n c e p t s m i g h t b e p r e s e n t e d a t t h i s Workshop a s f u t u r e r e s e a r c h o p p o r t u n i t i e s . 

R e s e a r c h O p p o r t u n i t i e s i n D o w n s t r e a m I n t e g r a t i o n 

I t i s my o p i n i o n t h a t i n t e g r a t i v e d o w n s t r e a m p r o c e s s i n g w i l l i n v o l v e 

i n t e r m e d i a t e - v a l u e p r o d u c t s r e l a t e d t o t h e e n e r g y a n d c h e m i c a l i n d u s t r i e s . For 

e x a m p l e , t h e u s e o f b i o p o l y m e r s s u c h a s X a n t h a n gum f o r e n h a n c e d o i l r e c o v e r y 

c o u l d b e s u c h a p r o d u c t c a n d i d a t e . I n t h i s e x a m p l e , i n n o v a t i v e r e s e a r c h f o r 

b i o p o l y m e r r e c o v e r y w h e r e i n t e g r a t i o n m i g h t c o n t r i b u t e t o w a r d s c o s t r e d u c t i o n 

c o u l d b e q u i t e s i g n i f i c a n t . More s p e c i f i c a l l y , w h o l e - b r o t h p r o c e s s i n g 

i n t e g r a t e d t o a f f e c t i n c r e a s e d b i o p o l y m e r c o n c e n t r a t i o n a n d t o r e d u c e p u r i f i -

c a t i o n c o s t s m i g h t b e c o n s i d e r e d . S i n c e o n e o f t h e m a j o r c o s t s i n b i o p o l y m e r 

r e c o v e r y i s t h e r e c o v e r y o f t h e s o l v e n t , o n e m i g h t c o n s i d e r i n c r e a s e d s o l v e n t 

r e c o v e r y e f f i c i e n c y t h r o u g h s i m u l t a n e o u s e x t r a c t i o n a n d d i s t i l l a t i o n . T h i s 

l a t t e r a p p r o a c h d o e s n o t f i t w i t h i n t h e f o c u s o f b i o p r o c e s s r e s e a r c h p e r s e . 

From my own l i m i t e d k n o w l e d g e and p e r s p e c t i v e , i t i s n o t e a s y t o i d e n t i f y w h e r e 

r e a l r e s e a r c h o p p o r t u n i t i e s l i e i n t h e i n t e g r a t i o n o f d o w n s t r e a m p r o c e s s i n g i n 

t h e e n e r g y a n d c h e m i c a l a r e n a . 
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ISSUES ON BIOPROCESS 
INTEGRATION, MODELING, AND CONTROL 

Michael L. Shulet ff 
School of Chemical Engineering 

Cornell University 
Ithaca, NY 14853 

INTRODUCTION 
All fields accumulate "truisms". These concepts, 

approaches, rules-of-thumb, can become unquestionably accepted 
with time. In a field, such as bioprocessing, where art and 
tradition play as an important role as science such "truisms" 
can become very firmly established. Often these "truisms" are 
effective in constructing workable bioprocesses. 

However, these "truisms" can be dangerous - dangerous to 
devising truly more effective and more nearly optimal biopro-
cesses. Often these "truisms" lead to automatic constraints as 
new processes are examined. These constraints can form the 
walls of a box; the real solution may lie outside the box. 
Significant improvements in bioprocesses can probably be 

* 

achieved only if we continuously reexamine the constraints we 
place on ourselves. The most important constraints are those 
that remain unconscious; we as a profession must actively seek 
to question ourselves and each other to uncover such constraints 
on our thinking. 

The rapid evolution in our understanding of molecular 
biology and chemistry of macromolecules as well as tremendous 
increases in computational and analytical capabilities means 
that many of the "truisms" of 15 or 20 years ago are no longer - 6 

•J ' app licable . 
I The purpose of this paper is to discuss how bioprocess 
integration of recovery and fermentation can lead to novel reac-
tor configurations with potentially enhanced productivity and 
how computer-based models of cellular systems may lead to 
Tf 
Research work described in this paper has been supported by 
various grants from NSF, the DOE ECUT Program, and ONR. 
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Improvements In bioreactor operating and control strategies. 
Further models may aid the process Integration task by providing 
a complete overview of a process and integration of components. 
Bioprocess Integration 

Recognition is growing of a simple fact: separate optimiza-
tion of fermentation and recovery does not necessarily yield the 
optimal process. Traditionally the strain development, fermen-
tation, and recovery experts worked essentially in isolation. A 
lack of formal training of engineers in basic biological con-
cepts and of biologists in engineering &nd process concepts has 
made an integrated view of the bioprocesses difficult to obtain. 
Systems have been optimized sequentially with only modest feed-
back from downstream to upstream. Vlth Improved training of 
both engineers and biologists it has become possible to begin to 
build better processes. 

One foTtn of this integration is to try to couple some 
aspects of recovery and purification with the bioreactor. 
Motivation for such approaches has come initially from a desire 
to relieve product inhibition and thereby increase reaction 
rates and/or allow the use of a more concentrated feed. 
However, other advantages may accrue such as improved selec-
tivity for the product of interest, conversion of a primarily 
intracellular to extracellular product, and protection of a 
product from degradation. 

Isolated examples of attempts at bioprocess integration 
stretch back towards the beginnings of modern biochemical 
engineering. The energy crisis and interest in ethanol produc-
tion spawned in the 1970's many suggested approaches to bio-
process integration. Some early approaches to such process 
integration include vacuum fermentation (1,2), membrane 
processes (3), addition of solid adsorbents (4), and liquid 
extractants (5). Recent reviews are available from Wang (6) 
and Diaz (7) and a section of Biochemical Engineering V (8) is 
devoted to Integration of reaction and recovery. 

Process integration has become an important component of 
the efforts of my laboratory. I will use these to illustrate 
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some aspects of bioprocess integration. 
We have developed (9,10) a reactor system that allows the 

use of tributylphosphate (TBP) as an extractant of ethanol from 
fermentation broths. Although TBP had been recognized as an 
attractive solvent for this purpose (11), its direct use for 
In situ extraction was thought to be impos&ible due to toxicity 
(e.g. 12). The question we asked was "why was TBP toxic?". 
The answer involved recognizing that a solvent could be toxic 
due to two features: (l) a chemical or molecular level toxicity 
due to solvent dissolved in aqueous broth, and (2) a physical or 
phase toxicity due to direct interaction of yeast with droplets 
of emulsified solvent. It turned out that TBP's toxicity was 
solely due to phase toxicity (9). Thus constructing a membrane-
based reactor (Fig. 1) allowed us to circumvent this phase 
toxici ty. 

FIGURE 1. Schematic diagram of the multlmembrane unit. Glucose and ethanol are represented by S and P 
respectively. 

Sweep Gas 

Cell Layer 

Extractant 

Hydrophobic 
Membrane 
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Hydrophobic 
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For example, with a hydrophobic membrane the solvent will 
readily fill the pores of the membrane. If the aqueous solution 
is at a pressure higher than the solvent, but less than the cri-
tical entry pressure of the aqueous solution into the membrane 
pores, then the solvent is effectively immobilized in the 
membrane. Such a system allows JLn situ solvent extraction of 
product while preventing emu 1sification of solvent and phase 
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toxicity. The primary advantages for the ethanol fermentation 
are the use of more concentrated feeds, relief of feedback 
inhibition, and reduced distillation costs for ethanol recovery. 

The use of JJJ situ adsorption onto neutral resins can be 
used with other products to alter cellular biochemistry. For 
example, we have worked with the production of ajmalicine from 
suspension and immobilized cultures of the plant, Ca tharan thus 
roseu s (13,14,15). C. roseus makes about 30 different alka-
loids, one of which is ajmalicine. Ajmalicine is used to treat 
circulatory problems. Suspension cultures of roseus can make 
relatively large amounts of ajmalicine, but the product is 
stored in trace 11ular ly. Common extraction procedures Involve 
solvents that are selective for the indole structure, but not 
so selective among the various indole alkaloids. 

If products are released to the extracellular environment, 
the cost of recovery and purification is often dramatically 
reduced while providing Increased flexibility in reactor design 
and "reuse" of biomass (an important consideration with slow 
growing biomass). The neutral resin Amberlite XAD-7 (Rohm and 
Haas) selectively removes ajmalicine from a mixture of indole 
alkaloids based primarily on differences in pKa (13). 
Ajmalicine adsorbs very easily at pH 5.6 which is the pH of the 
medium used to culture roseus. The addition of resin to the 
culture medium leads to significant preferential increases in 
ajmalicine production without any deleterious effects on the 
culture (14). Further the resin by itself, or more effectively 
in combination with calcium-a 1 ginate immobilization, and/or use 
of eliciters to stimulate secondary metabolism, will give rise 
to much increased levels of extracellular ajmalicine (15). 
Some results are shown in Table 1. 
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TABLE 1. Effects of Resin Addition and other Parameters on 
Extracellular Ajmallcine Production. 

Treatment Extracellular Ajmalicine 
mg/L 

1. Growth Medium 1 to 2 
2. Production Medium 4 to 5 
3. Production Medium + Eliciter 

+ Immobilization but n£ resin 15 
4. Production Medium + Resin 33 
5. Production Medium + Resin 

+ Eliciter + Immobilization 91 

Not only is the amount of ajmalicine increased, the process 
leads to greater purity. With 91 mg/L extracellular ajmalicine 
about 89.5 mg/L will be on the resin. The closely related 
alkaloid, serpentine, is present at an extracellular level of 
1.6 mg/L with essentially none of that on the resin. Under 
some growth conditions the intracellular concentration of 
ajmalicine and serpentine are nearly equal. Thus, the use of 
In situ adsorption increases -significantly and preferentially 
ijmalicine production, allows extracellular production, and 
leads to significant concentration and purification of the 
desired product. 

Not only can this integrated view be expressed through the 
addition of extracting agents, it can be expressed at the mole-
cular level. For example, we have found that we can achieve 
protein excretion into the extracellular compartment from 
— • p.?!i using appropriately constructed plasmids. Excretion 
depends on a high level of overproduction from a plasmid-encoded 
gene. We have achieved good excretion of ^-lactamase and human 
epidermal growth factor (16,17). The motivation for this 
approach has been to greatly simplify recovery and purification 
rather than any potential increases in reactor productivity. 

In all of these three examples it was necessary to 
challenge the common wisdom (i.e. TBP is toxic and cannot be 
used Jji attu, ajmalicine is intracellular and cannot be 
excreted without damage to the cell, and Ê . co 1 i cannot 
preferentially excrete proteins extrace 1lularly). In all tne«< 
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cases we have shown that the common wisdom or "truism" was a 
false constraint. There may be me <ortunlties for bio-
process integration that we as a fi w e ignored because of 
self-imposed, but unnecessary cons a. 
Models and Integration 

Process integration Involves not only tht physical integra-
tion of recovery and purification, but ultimately the conceptual 
integration of the process. The earlier such integration takes 
place, the mo*:e efficiently a nearly optimal process can be 
generated. Process mathematical models may play a useful 
role in this regard. 

The process begins with selection of a strain and strain 
improvement. Programs utilizing the techniques of artificial 
intelligence have been constructed at MIT ("BioPath") and 
Cal Tech ("MPS") for examining the effects of molecular level 
manipulations on the production of metabolites. These models 
have been used as techniques to identify potentially rate-
limiting steps in a pathway or to identify alternate metabolic 
routes to a given product. These models suffer from all of the 
difficulties normally associated with the techniques of artifi-
cial intelligence (e.g. the difficulty in abstracting the true 
rules by which a knowledge base is manipulated). Further, such 
models are incomplete with respect to cellular regulatory 
mechanisms and mechanisms for transducing extracellular infor-
mation into intracellular responses. Also, the prediction of 
intrinsic rate constants is very difficult from first prin-
ciples. I believe that this latter factor is an important 
constraint and completely new approaches to such modeling will 
be necessary before such models will be generally useful. 
However, the prediction of yield and optimal choices of sub-
strates is a worthy goal and greatly impacts rest of the 
process. 

Once the characteristics of the organism (or organisms) 
are known models of reactor performance become important. Bio-
reactor mode Is will be discussed ir. more detail in the next 
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section. Models capable of predicting dynamic behavior are 
essential to process control and also for developing models 
where the mode of operation is essentially transient. Such 
dynamic models really require a high level of complexity. For 
the purposes of process integration less complex models may 
be satisfactory; such models predict primarily material balance 
information and reactor scheduling. Commercial packages (e.g. 
Aspen Technology) are being developed to fulfill such needs. 

Further, reactor models can be coupled to models of reco-
very and separation. An example of such a program is "Bio Sep 
Designer" developed at MIT (G. Stephanopoulos). Such a model is 
not concerned so much with dynamic responses but in exploring 
possible alternatives in process configuration and choice of 
techniques. Vhen such models are coupled to reactor models, 
the implications of changes of upstream parameters on the whole 
process can be examined. Further economic models can be over-
laid on the combined process models to determine economically 
attractive combinations. 

Thus models can greatly assist the task of process integra-
tion. However with current models the emphasis is on con-
figuration and not dynamic performance. Further, these models 
do not readily admit the inclusion of novel reactot designs or 
unusual reactor operating strategies. More robust and intrin-
sically realistic bioreactor models are needed. 
Bioreactor Models and Control 

Models of cultures have been classified as structured or 
unstructured and segregated or non-segregated (18). Structured 
models break the culture into sub-components, Segregated models 
recognize that Individual cells will vary from one and another 
while non-segregated models assume that only the population-
averaged value of a parameter is important and not its distribu-
tion among individuals in a population. 

Unstructured and non-segregated models have totally domi-
nated the field because they are computationally fairly simple 
and do not demand extensive experimental data for •f«rH<cattoo, 
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However, their range of usefulness is greatly restricted. Un-
structured non-segregated models cannot, based on first prin-
ciples, make accurate predictions of dynamic behavior in bio-
reactors (19). Thus structure is critical. The most realistic 
of models will include both structure and segregation. When 
approached from the population point of view such models lead to 
1ntegro-d1fferentla 1 equations that are essentially 
intractable. 

We have circumvented that problem by writing highly 
structured models of single cells and then using those models 
in a f1n11e-representa11 on scheme to model a population (20). 
These models are capable of making accurate a priori predictions 
of dynamic performance of bioreactors. When our group began 
developing such models we faced the prevailing view that: (1) 
cells were too complex to justify construction of such a model, 
and (2) even such single-cell models would be too com-
putationally Involved to be tractable on available computers. 
This view had a fair degree of validity twenty years ago. 
However, advances in computer technology have outpaced our 
ability to correctly Incorporate Increasing detail into our 
model. More Importantly advances In molecular biology have 
provided both the necessary Insights Into cellular mechanisms 
and the data required for parameter estimation to make the 
construction of complex models relatively easy. The prime limi-
tation on the use, development and extension of such models is 
a human one - our ability to convert existing insights and 
information In the biological literature Into appropriate mathe-
matical statements. For models to be realistic and useful the 
engineer or modeler must understand subcellular biology. 

Let's consider the primary dilemma modeling faces. Simple 
models are usually highly empirical, unrealistic and unreliable 
for predicting dynamic behavior. Complex models, as we have 
constructed from E. coll (20), may be viewed as too specific 
(restricted to single strain) and too computationally demanding 
for on-line control. 
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These apparent deficiencies of complex models are 
addressable and present real research opportunities. The first 
concern Is generality. Clearly strain differences are impor-
tant. However, the basic structure of cellular metabolism 
remains similar between strains. The actual number of parame-
ters that may be different from one strain to another may be 
small. Techniques to identify parameters causing such differen-
ces need to be refined, but in most cases presents a straight-
forward problem. The model itself provides a basis for 
assisting in isolating which features of the predicted metabo-
lism differ from preliminary observations. 

Associated with model complexity is the need to evaluate a 
large number of parameters. First the reader should recall that 
it is not the number of parameters that determines a model's 
degree of artificiality, but rather the number of non-intrinsic 
adjustable parameters that differentiates models from curve 
fits. A model with 100 independently determined parameters is 
more meaningful than one with two freely adjustable parameters. 
For many organisms sufficient literature data is already 
available to allow independent evaluation of most parameters. 

Although we have model Ê . coll in the greatest detail we 
have written reasonably detailed models of a lower eukaroyte, 
Sacchatomyces cerevlsiae (21) and a higher eukaroyte, Chinese 
Hames ter Ovary (CHO) cells (22). Further a highly detailed 
model of a gram positive bacterium, Baci1lus subtllis, has been 
written (23) at the University of Pittsburgh. Thus complex 
models have been formulated representing a wide spectrum of cell 
types. The construction and testing of such models by 
experienced personnel can be done in a few months. However, it 
is critical to develop techniques for the general construction 
of structured realistic models. 

The computational requirements for such models can vary 
considerably. Our models of CHO cells and cerevlslae can 
run on personal computers. Our base coll single-cell model 
for glucose-limited growth will go through one cell cycle ( ̂  * 
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min) on an IBM AT (or clone) with a math coprocessor in less 
than three minutes with a suitable streamlining of computer 
code (Gary Stanlake, personal communication). The single-cell 
model can be used as a structured but non-segregated model of a 
population. At the other extreme a population model using 250 
single-cell models of plasmld containing JS. coll is routinely 
run at the Cornell Supercomputing facility. Thus the highest 
level of realism is not now approachable for on-line control. 
However, quite highly structured but non-segregated models can 
be utilized with very modest demands on computer time. 

The most highly complex models can make good j» priori 
predictions of dynamic behavior. Thus, they can serve three 
important functions: (1) testing a variety of operating strate-
gies (e.g. periodic cycling, optimal timing for inducing 
plasmid-encoded protein synthesis, effects of changes in 
nutrient composition, etc.), (2) providing a dynamically correct 
simulator to test different process control strategies, and (3) 
to serve as "parent" models for the rational formation of less 
computationally intensive models. 

One example is the use of the modal technique (24) which 
converts our coll model with 18 components Into a three pool 
model by considering the response time characteristic of 
changes of each component and focusing only on those whose 
time scale corresponds to the time scale of observation (e.g. 
for growth). Such reduced models are potentially superior to 
ad hoc models with the same number of components In that such 
reduced models are derived from a realistic base and Involve 
Inherently fewer assumptions. 

My own belief is that models even more realistic (and hence 
complex) than current models are required. Such realistic 
models provide a high degree of potential accuracy in making 
JL P ̂  !<>r 1 predictions over a wide range of environmental 
conditions because few assumptions must be made. Such complex 
models can serve as a rational base for reduction to less 
complex, computationally faster models. 
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Although the above discussion has focused on pure popula-
tions in homogeneous environments, analogous needs exist for 
mixed culture systems or systems with a heterogeneous environ-
ment. However, both of these cases would increase complexity. 

Computationally fast models can play an important role in 
on-line control. However, even the most realistic model will be 
imperfect. Control strategies to augment and correct model-
based predictions are needed for on-line control of processes. 
High level process control systems are in a state of rapid evo-
lution. This writer does not claim any great expertise in these 
systems, but believes that the potential of process control has 
been barely exploited. Currently computer control (25) of 
fermenters involves primarily data logging and manipulation to 
yield such process parameters as C>2 uptake, CO2 release, 
respiratory quotients, and mass balance information (e.g. 
nutiients, antifoam, acid and base). Closed loop control, 
primarily on temperature, pH, aeration/agitation, and liquid 
level is common. More sophisticated control based on predic-
tions of dynamic response is almost totally lacking. Attempts 
to directly Influence subcellular metabolism are virtually 
absent. A lack of metabo 1ica1ly accurate models of the culture 
is the primary obstacle to implementation of more sophisticated 
control approaches. 

4. related obstacle is the development of appropriate sen-
sors and measurement techniques, but I believe that even with 
sensors (and with on-line HPLC we are approaching the threshold 
of achieving many insights into metabolism) the ma in 1 imitation 
will be on how to use the informa tlon intelligently. The deve-
lopment of models and control strategies is lagging developments 
in measurement techniques. 

Finally, we should briefly discuss the use of "expert 
systems" for control of fermenters. The pharmaceutical 
industry has regulatory constraints that make the exact repeti-
tion of the fermentation process important. Expert systems 
provide an effective tool to duplicate the best of past 
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performance. Such an approach relies on the very inexact 
extraction of knowledge from expert operators. Expert systems 
alone are difficult to implement on new processes or processes 
8 1111 undergoing optimization. Model-based control systems 
augmented by some features of expert control would be much 
more suitable for new processes than a strategy relying 
solely on rules derived from experts. 

Summa ry 
Perhaps the primary constraint on bioprocess integration 

and development of models and control strategies are self-
imposed constraints on what is possible. An Important role 
for academic bioprocess engineering is to continuously re-
examine these constraints for their validity. 

More specific suggestions are: 
1) A need for a better fundamental and predictive under-

standing of the interactions of solvents and solvent 
mixtures on cellular membranes and extractive 
characteristics for a variety of potential 
fermentation products. 

2) Development of integrated bioprocess models that can 
relate changes in cellular metabolism to reactor 
performance and the efficiency and configuration of 
the separation system. 

3) Development of more realistic models of cellular 
metabolism coupled with techniques for rational 
reduction to less complex more computationally 
efficient models. 

4} Development of model structures allowing rapid generali-
zation from one strain to another and from one species 
to another. 

5) Development of model-based control strategies to effec-
tively exploit advances in measurement techniques and 
sensors. 
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6.4 VISUAL AIDS USED BY STAFF OF THE U.S. DEPARTMENT OF ENERGY 

Four staff members of the U.S. Department of Energy presented summaries of 

biotechnology research and development currently being supported by that agcncy. Copies 

of the visual aids used during those presentations are included in this section. 
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6.4.1 Division of Biological Energy Research 

Robert Rabson 

U.S. Department of Energy 



Division of Biological Energy Research 
(Division of Energy Biosciences) 

Scope: To discover and define fundamental 

biological mechanisms that might be employed as the 

basis of future energy-related biotechnologies. 
Ul 
vO 

Areas Covered: Microbial Sciences, Plant Sciences 

Office of Basic Energy Sciences 



Division of Biological Energy Research 
Areas supported in the plant sciences: 

• Bioenergetic systems - Photosynthesis 

• Control of plant growth and development 
(metabolic, genetic, and environmental) 

• Stress response mechanisms 

• Genetic transmission and expression 

• Plant-microbial interactions 

• Plant cell wall structure and function 



Division of Biological Energy Research 
Areas supported in the microbiological sciences: 

- Lignocellulose degradative mechanisms 

• Mechanisms of fermentations 

• Genetics of neglected microorganisms 

• Energetics and membrane phenomena 
• Thermophily and anaerobiosis 

• Microbial ecology and associations 

• One- and two-carbon metabolism 
s Microbial interactions with plants 



ENERGY BIOSCIENCES 
(BIOLOGICAL ENERGY RESEARCH) 

RESEARCH TRENDS 
0 COMPLEX CARBOHYDRATES 

A. STRUCTURAL STUDIES INCLUDING NEW ANALYTICAL PROCEDURES 
B. BIOCHEMICAL AND PHYSIOLOGICAL PROPERTIES: SYNTHESIS, ROLE 

IN CELL RECOGNITION AND METABOLIC REGULATION 

0 OTHER POTENTIAL BIOTECHNOLOGY TARGETS 
A. MOLECULAR BIOLOGY AND MECHANICS OF ENERGY TRANSFORMING 

PROCESSES, E.G., PHOTOSYNTHESIS, ION TRANSPORT 
B. MECHANISMS OF CONVERSIONS OF BIOPOLYMERS (LIGNIN, 

CELLULOSICS) TO SIMPLER USEFUL PRODUCTS 
C. GENETICS, PHYSIOLOGY AND BIOCHEMISTRY OF NEGLECTED BUT 

POTENTIALLY USEFUL MICROORGANISMS (ANAEROBES, THERMOPHILES) 
D. PLANT CHROMOSOME ISOLATION AND ORGANIZATION 

0 INTEGRATION OF BIOLOGICAL INVESTIGATIONS WITH POWERFUL NEW 
ANALYTICAL PROCEDURES OF CHEMISTRY AND PHYSICS 
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6.4.2 Fossil Energy Activities in Biotechnology 

Paul C. Scott 

U.S. Department of Energy 
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U.S. DEPARTMENT OF ENERGY FOSSIL ENERGY ACTIVITIES 
IN BIOTECHNOLOGY 

NOVEMBER 1988 

INTRODUCTION 

Activities in biotechnology are integral to the Fossil Energy mission and thus share the 

objectives of that mission. These objectives are to: 

o Increase the contribution of coal by: 

improving the environmental, technical, and economic performance of coal-based 
systems; and 
increasing the number of areas of application and flexibility of use of coal-based 
systems. 

o Increase the effective resource base for premium gas and liquid fuels through: 

enhanced resource recovery; and/or 

production of liquid and gaseous fuel analogs from coal, shale, and tar sands. 

o Couple process technology research with appropriate environmental research to 
economically manage environmental impacts of processing and using fossil fuels. 

o Couple process technology research to advanced research activities needed to understand 
fundamental scientific and engineering phenomena. 

To support these goals, several Fossil Energy programs have been seeking, over the past several 
years, to explore the use of new approaches in biotechnology to obtain and use fossil energy resources. 

During the period 1984-1988, the Fossil Energy Program has committed approximately S16 
million for biotechnology-related research. The activities in biotechnology are funded through several 
different Fossil Energy subprograms. Relationships between the subprogram activities are shown in 
Exhibit 1. 



1 6 6 

EXHIBIT 1. RELATIONSHIPS BETWEEN FOSSIL ENERGY R&D 

In the coal activities, the most fundamental and crosscutting programs are Bioprocessing of 

Coal, dealing with genetics, mechanisms, etc., and University Coal Research, providing research 

information and results for all of the other programs. The Advanced Research activities in Coal 

Liquefaction, Coal Gasification, and Control Technology/Coal Preparation seek to obtain fundamental 

information and explore novel concepts for a specified end-product (e.g., a coal-derived liquid or gas, or 

a desulfurized coal). The Coal Technology R&D programs (also called Line Programs) are more 

engineering oriented, and conduct applied R&D through the proof-of-concept stage. 

In the oil and gas activities, the Advanced Process Technology Program supports fundamental 

research and explores novel concepts related to oil and gas resources, while the Oil and Gas Technology 

R&D programs are more engineering oriented, similar to the Coal Technology R&D programs. 

Fields of research in biotechnology have included molecular biology, coal desulfurization, coal 

gasification, coal liquefaction, treatment of coal conversion wastewater, and processing of oil and gas 

resources. The funding of these activities is summarized in Exhibit 2. 
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Exhibit 2. 
Fossil Energy Activities in Biotechnology, FY 1984-1988 

Total Funding $ 16,042,000 

Mcioblal DMuHurlzatlon 

Mcroblai Gasmen Ion 

Mcrebtal Liquefaction 

Microbial Processing ol 
Oil and Gat RaeourcM 

I U M J M Hln ln i i i i RffWCUIIr BKMOyy 

Ttchnlcal Coordination 

Wastewater Treatment 

2 3 
Funding ($mllllon) 

• Fundamental Research 
• Applications Research & Engineering 

The following provides a brief summary of the activities in each generic area in terms of (1) 
fundamental research and (2) applications research and engineering. 

Fundamental Research Activities 

The principal aim of the fundamental research activities is to elucidate the underlying principles 
and improve the understanding of microbial processing of fossil fuel resources. An additional objective 
is to explore novel approaches and seek breakthroughs in the use of biotechnology for recovery or 
utilization of such resources. The following is a synopsis of current fundamental research activities in 
each of the bioprocessing technical areas: 

Molecular Biology 

o Investigation of genetic control mechanisms of organisms that have specific interactions 
with coal. 
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o Determination of the feasibility of introducing catalytic activity into biological molecules 

such as antibodies. 

Microbial Desulfurization 

o Study of the n.echanism of thiophene metabolism by mutants of E. co/i. 

o Characterization of metabolic features of microorganisms that degrade materials 

containing organic sulfur. 

Microbial Liquefaction 

o Screening of organisms and investigation of the biochemistry of bond breaking to 

produce liquid products. 

o Development of analytical techniques for product analysis, investigation of fungal 

morphology, and isolation and characterization of enzymes. 

Microbial Gasification 

o Biological conversion of synthesis gas to methane, including optimal culture, mass 

transfer, and reaction kinetics. 

o Sequential conversion of coal to liquid then gaseous products. 

Wastewater Treatment 

o Investigation of reactor operation and mathematical modeling for anaerobic biological 

treatment of wastewaters derived from coal conversion processes. 

Microbial Processing of Oil and Gas Resources 

o Determination of the feasibility of using microorganisms to improve oil mobility within 
a reservoir. 

o Modification of refractory materials, including heavy oils, tars, and kerogens. 
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o Isolation and screening of microorganisms to provide laboratory support for Held 

experiments. 

Technical Coordination 

o Planning and management of conferences and workshops related to bioprocessing of 

fossil fuels. 

o State-of-the-art reviews and assessment of research needs in the field. 

Applications Research and Engineering 

Applications Research and Engineering covers the development of a technical knowledge base to 

a proof-of-concept stage for improved fossil energy technologies. In the biotechnology field the current 

range of activities include: 

Microbial Desutfurization 

o Removal of organic sulfur by mutagenesis of bacterial organisms (microbial process 

optimization). 

o Removal of inorganic sulfur by thermophilic organisms. 

Microbial Liquefaction 

o Development of optimal conditions for the use of microorganisms to produce liquid 

fuels from coal-derived synthesis gas. 

Microbial Gasification 

o Investigation of the potential of anaerobic byconversion of low rank coals to methane. 

Wastewater Treatment 

o Process studies on biooxidation reactors for wastewater treatment. 
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Microbial Processing of Oil and Gas Resources 

o Field experiments to employ microorganisms to increase oil mobility. 

Technical Coordination 

o Assessment of biotechnology applications in: 

Coal preparation, 
Coal utilization, 
Environmental control technology, and 
Petroleum, heavy oil, and oil shale technologies. 

Summary 

Over the past several years, the Fossil Energy Program has developed an increasing activity 
related to utilizing biotechnology to expand the breadth of fossil fuel use. This program is now 
exploring and developing new approaches in petroleum resource recovery and in coal benefication and 
processing, in order to achieve the goal of producing clean fuels. 
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6.4.3 Bioprocessing for Biofuels 

Richard F. Moorer 

U.S. Department of Energy 



BIOPROCESSING FOR BIOFUELS 

WORKSHOP ON BIOPROCESSING RESEARCH 
FOR ENERGY APPLICATIONS 2 

RICHARD MOORER 
BIOFUELS AND MUNICIPAL WASTE TECHNOLOGY DIVISION 

DEPARTMENT OF ENERGY 



MISSION OF THE 
BIOFUELS AND MUNICIPAL WASTE 

TECHNOLOGY DIVISION 

PROVIDE THE TECHNOLOGY BASE FOR THE PRIVATE 
SECTOR TO INCREASE SUPPLIES OF ORGANIC FEEDSTOCKS 
SUITABLE FOR USE DIRECTLY AS FUELS FOR ECONOMIC 
CONVERSION PRODUCTS. 

PROVIDE THE TECHNOLOGY BASE FOR THE 
THERMOCHEMICAL AND BIOCHEMICAL CONVERSION OF 
ORGANIC FEEDSTOCKS TO ENERGY PRODUCTS, FOCUSSING 
ON LIQUID AND GASEOUS FUELS. 

PROVIDE EARLY TRANSFER OF TECHNOLOGY TO PRIVATE 
INDUSTRY BY VERIFYING TECHNICAL FEASIBILITY/ 
READINESS OF INTEGRATED FEEDSTOCK PRODUCTION 
AND CONVERSION TECHNOLOGIES THROUGH 
COST-SHARED PROJECTS. 



PROGRAM ELEMENTS 

FEEDSTOCK PRODUCTION 

• TERRESTRIAL CROPS 

• AQUATIC SPECIES 
ui 

• MUNICIPAL SOLID WASTE 

CONVERSION TECHNOLOGIES 

• BIOCHEMICAL PROCESSES 

• THERMOCHEMICAL PROCESSES 



BIOCHEMICAL CONVERSION 

• ALCOHOL FUELS (LIQUIDS) 

• ANAEROBIC DIGESTION (GASES) 5 
(Ti 



ALCOHOL FUELS RESEARCH 

• PRETREATMENT 

• ENZYME PRODUCTION 

• ENZYMATIC HYDROLYSIS 

• FERMENTATION 

• LIGNIN CONVERSION 



BIOPROCESSING RESEARCH NEEDS 
ALCOHOL FUELS 

• BIOPROCESS MODELLING 

• CONTINUOUS PROCESSING 

• CONSERVATION OF BIOCATALYSTS 
r-1 
oo 

• PRODUCT SEPARATION 

• MICROBIAL MAINTENANCE 

• TRANSPORT PHENOMENA 

• ENVIRONMENTAL CONTROL 

• PROCESS INTEGRATION 

• SCALE-UP 



AQUATIC SPECIES RESEARCH 

• PRODUCTION 

• EXTRACTION AND CONVERSION 

• ALGAL PROCESS ENGINEERING 
VO 



BIOPROCESSING RESEARCH NEEDS 

AQUATIC SPECIES 

• CONTINUOUS VS. BATCH PROCESSING 

• MAXIMAL CELL/LIPID PRODUCTION 

• C02 UTILIZATION 

• CULTURE MAINTENANCE 



ANAEROBIC DIGESTION RESEARCH 

• ENHANCED BIOCONVERSION 

• IMPROVED REACTOR CONCEPTS 

• PROCESS ENGINEERING EXPERIMENTS 

• LANDFILL GAS RECOVERY AND WASTEWATER 
TREATMENT 



BIOPROCESSING RESEARCH NEEDS 

ANAEROBIC DIGESTION 

• NOVEL BIOREACTOR CONCEPTS 

• IMPROVED CELL DENSITY/ENZYME LEVELS 

• PROCESS MONITORING AND CONTROL 

• PRODUCT RECOVERY AND ENRICHMENT 

• SCALE-UP 



BIOFUELS BUDGET HISTORY 
($ IN MILLIONS) 
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FISCAL YEAR 
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6.4.4 The Energy Conversion and Utilization Technologies fECUT) 
Biocatalvsis Program 

Leonard Keay 

U.S. Department of Energy 



THE ENERGY CONVERSION AND 
UTILIZATION TECHNOLOGIES (ECUT) 

BIOCATALYSIS PROGRAM 

DR. JAMES J. EBERHARDT 
DIRECTOR, ECUT PROGRAM 

OFFICE OF ENERGY UTILIZATION RESEARCH 
OFFICE OF CONSERVATION AND RENEWABLE ENERGY 

U.S. DEPARTMENT OF ENERGY 

Presented at the Workshop on Bioprocessing Research 
for Energy Applications Sponsored by The Council 

for Energy Engineering Research 
November 2-4,1988 

Alexandria, VA 



Elements of the Department Organization 



Energy Conservation and Renewable Energy Organization 



Energy Conservation Organization 

Deputy Assistant 
Secretary for 
Conservation 
Alan J. Streb 

Office of 
Energy Utilization 

Research 
John J. Brogan 

[Energy Conversion 
and Utilization 

Technologies Program 
James J. Eberhardt 

Inventions and Innovation 
Programs 

A. Jack Vituiio 



ORGANIZATIONAL AND MANAGEMENT 
STRUCTURE OF ECUT 

Sandia - Idaho National - Oak Ridge - Jet Propulsion - Argonne 
National Laboratory Engineering Laboratory National Laboratory Laboratory National Laboratory 



ECUT MISSION 

o Monitor and evaluate U.S. (especially that of the DOE Office 
of Basic Energy Sciences) and International Basic Scientific 
Research and exploit for energy conservation 

o Expand the technology base (i.e., un^prstanding of 
techniques, processes and materials) generic to energy 
conservation 

o Establish concept feasibility for potentially revolutionary 
conservation technologies 

o Effect technology transfer to DOE End-Use Conservation 
programs and/or to private industry 



ECUT ROLE IN ENERGY 
CONSERVATION R&D 

Spanning the Gap Between Basic Science and 
Energy Conservation Systems Engineering 

V O OJ 

Scientific Research 
Discipline 

iplinary 
earch 

Systems Engineering 



ECUT ROLE 

A Dual Role 

Spanning the Gap Between Basic Science and 
Engineering for End-Use Applications 

Actively Assessing New or Innovative Concepts 
for Energy Conservation Applications 

V O 
•FC-



ECUT BIOCATALYSIS PROGRAM 
vO 
Cn 



ECUT BIOCATALYSIS PROGRAM 

Budget History 

FISCAL YEAR 

1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 

TOTAL PROJECT 

FUNDiG ($000) 

500 
800 
525 
800 

2000 
2550 
3570 
3610 
4000 



ECUT BIOCATALYSIS PROGRAM 

Goals 

o Develop the technology base to enable pirate industry to 
use genetically engineered miGroorganisns or enzymes 
(biocatalysts) for the economically compriHive production 
of chemicals. 

o Provide a general (not product specific) scale-up and 
process design data base. 

o Develop experimentally verifiable, predicfcMiodels for 
biochemical/chemical catalysis. 



ECUT BIOCATALYSIS PROGRW 

POLICY FOUNDATIONS 

o Impacts of Applied Genetics: Microorganisms, Plants and Animals 
(Office of Technology Assessment, April 1981). 

o Commercial Biotechnology: An International Analysis (Office of 
Technology Assessment, January 1984). 

o Report of the Research Briefing Panel on Chemical and Process 
Engineering for Biotechnology (National Academy of Sciences, 
1984). 

o "Science and Technology Policy: The Next Four Year," George A. 
Keyworth II, Technology Review. February/March 1985. 



ECUT BIOCATALYSIS PROGRAM 

POLICY FOUNDATIONS 

• "IN ORDER TO MAKE TECHNOLOGY A CONTINUING COMPETITIVE ADVANTAGE 
FOR THE UNITED STATES, WE NEED TO . . . 

(1) CREATEA SOLID FOUNDATION OF SCIENCE AND TECHNOLOGY THAT IS 
RELEVANT TO COMMERCIAL USES; 

(2) APPLY ADVANCES IN KNOWLEDGE TO COMMERCIAL PRODUCTS AND 
PROCESSES;"! 

• "BIOTECHNOLOGY IS CLEARLY A KEY EMERGING TECHNOLOGY WITH LONG-
TERM INDUSTRIAL AND ECONOMIC COMPETITIVENESS IMPLICATIONS" FOR THE 
PETROCHEMICAL INDUSTRY.2 

• "A KEY GOVERNMENT ROLE IS TO SUPPORT GENERIC APPLIED RESEARCH ON 
BIOPROCESSES THAT ARE CURRENTLY CONSIDERED UNECONOMICAL AND THUS 
DO NOT RECEIVE ADEQUATE RESEARCH DEVELOPMENT INVESTMENT BY 
PRIVATE INDUSTRY."3 

Report of the President's Commission on Industrial Competitiveness, "Global 
Competition: The New Reality" January 1985. 

2 
U.S. Department of Commerce, "A Competitive Assessment ol the U.S. Petrochemical 
Industry," August, 1982. 3 
National Research Council, "Bioprocessing for the Energy-Efficient Production of 
Chemicals," April, 1986. 



ECUT BIOCATALYSIS PROGRAM 

Critical Biocatalysis Technical Issues (*) 

o Slow Rates 

o Lack of Scale-up Technology 
NJ 
O 

o Lack of Design Tools 

o High Water Requirements 

o Co-Product Processes 

(*From: Cooney, C.L., "Chemical and Fuel Production by Fermentation, 
"Basic Biology of New Developments in Biotechnology. 1983) 



ECUT BIOCATALYSIS PROGRAM 

Quantification ^Technical Objectives 

STATE OF 
THE ART 

o BIOREACTOR PRODUCTIVITY (g/l/h) 1 - 1 0 

o CELL DENSITY (number/cc) 108 

0 SEPARATION ENERGETICS (Btu/lb) 10,000 

o YIELDS (Product Output/Feedstock Input) > 95% 

PROJECT 
OBJECTIVE 

100-500 

1 0 1 2 

2000 - 3000 

> 95% 



ECUT BIOCATALYSIS PROGRAM 

SCALES OF ACTION 

CELL 
1 ^ m 

REACTOR 
1 meter 

PROCESS 
1 acre 

BIOCHEMISTRY AND 
MOLECULAR BIOLOGY BIOCHEMICAL ENGINEERING PROCESS ENGINEERING 



ECUT BIOCATALYSIS PROGRAM 

FY 1989 Organization 

MANAGEMENT 

GUIDANCE AND 
EVALUATION PANEL 

MOLECULAR MODELING 
AND APPLIED GENETICS 

BIOPROCESS 
ENGINEERING 

PROCESS DESIGN 
AND ANALYSIS 

BIOCATALYSIS BY DESIGN 
(W. Goddard-Caltech) 

CHROMOSOMAL AMPLIFICATION 
OF FOREIGN DNA (G. Bertani-JPL) 

ENHANCEMENT OF MICROBIAL 
METABOLISM BY GENE CLONING 
AND EXPRESSION (J. Bailey-Caltech) 

PROTEIN ENGINEERING FOR 
NONAQUEOUS SOLVENTS 
(F. Arnold-Caltech) 

OVERPRODUCTION O F POLYPHENOL 
OXIDASE (W. Dashek-Atlanta U) 

BIOLOGICAL SEPARATION 
OF PHOSPHATE FROM ORE 
(R. Rogers-INEL) 

IMMOBILIZED ENZYME REACTIONS 
IN ORGANIC SOLVENTS (A. Klibanov-MIT) 

MULTIPHASE FLUIDIZED 
BED BIOREACTOR 
(B. Allen-Battelle) 

IMMOBILIZATION CELL SYSTEM 
FOR CONTINUOUS EFFICIENT 
BIOCATALYZED BIOPROCESSING 
(C. Scott-ORNL) 

SEPARATION BY REVERSIBLE 
CHEM ASSOCIATION (C. King-LBL) 

MULT1 MEMBRANE BIOREACTOR FOR 
CHEMICAL PRODUCTION 
(M. Shuler-Cornell) 

INTEGRATED BIOPROCESSES FOR 
2 , 3 - BUTANEDIOL (G. Tsao-Purdue) 

TWO-PHASE EXTRACTION OF 
BUTANOL (W. Weigand-U of MD) 

PROCESS SYNTHESIS 
INTEGRATION AND 
ANALYSIS (J. Ingham-JPL) 

ASSESSMENT: 
BIOREACTORS AND 
CHEMICAL PRODUCTION 
(Busche-En-GENE-er) 

to o 



ECUT BIOCATALYSIS PROGRAM 

Selected Technical Accomplishments 

o C.D. Scott - ORNL 

Two of the three goals of the Bioprocess Engineering work element 
(productivity and yields vs. productivity, yields and separation 
energetics) quantitatively achieved (2 patents) 

N3 
O •e-

o J.E. Bailey - CALTECH 

Genetically engineered E. coli to express a functional hemoglobin 
gene (2 patents) for more efficient aerobic fermentation. 

o A.M. Klibanov - MIT 

Developed enzymatic catalysis in organic solvents and for gas 
phase reactions (2 patents/2 licenses). 



ECUT BIOCATALYSIS PROGRAM 

Progress Summary 

FY 1980 -1988 

PUBLICATIONS 

o Refereed Journals 51 ° 
o Proceedings/Conferences 24 
o Reports 16 

91 

PATENTS 6 

LICENSES 4 

SOFTWARE DEVELOPED 6 

SYMPOSIA 2 

Cn 



SUMMARY 

o ECUT is strengthening the link between basic researchers and 
end-users (design engineers of energy conversion and 
utilization systems). 

This is a pioneering effort, a New Role. 

o ECUT is filling a critical gap in the technology transfer process. 

o ECUT develops analytical tools, data and innovative concepts 
for end-users. 

o ECUT is both guided by and anticipates the needs of the end-
user. 
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