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1. EXECUTIVE SUMMARY 

Chemical conversion processes are pervasive in the U.S. industry. 
Whether they are used to make intermediate or final products or to remove 
hazardous materials from process waste streams, they are critical elements in 
the processing industries. Because of the mild reaction conditions, unique 
specif city, and selectivity, advanced processing concepts utilizing biocatalytic 
conversions are now being considered for many industrial uses, including those 
directly related to energy production and efficiency. 

biocatalysts (microorganisms or extracted enzymes) in a "naturai" aqueous 
environment. This has resulted in many important Jarge-scale applications, 
particularly in #e fermentation and pharmaceutical industries. An exciting new 
area of bioprocessing research is now evolving - the use of biocatalysts in 
contact with nonaqueous media such as organic liquids or gases, or supercritical 
fluids. Such approaches could result in additional bioprocessing concepts that 
would result in a mueh broader range of utility, especially in energy production 
and energy-eficient conversion processes in the chemical industry. In fact, a 
whole new industry may be evolving. 

Almost all bioprocessing systems currently used by industry utilize the 

1.1 THE POTENTiAL IMPACT OF NONAQUEOUS BlOPROCESSlNG 
Nonaqueous bioprocessing could provide important alternatives for the 

processing of fossil fuels (e.g., coal liquefaction, sulfur removal from petroleum, 
etc.); synthesis of energy-rich organic chemicals (e.g., organic synthesis in 
solvents or supercritical fluids); and the conversion of alternative feedstocks to 
fuels and chemicals (e.g., biomass processing in contact with organic solvents or 
supercritical fluids). Such potential bioprocessing alternatives could ultimately 
represent well over $1008 in annual sales. It is also expected that such 



advanced systems will find important applications in environmental control 

technology, especially that required for energy production (e.g., the removal of 

organic vapors from effluent streams). The potential applications for this new 
nonaqueous approach to bioprocessing is much greater than that of the existing 
bioprocessing systems in use throughout industry. 

1.2 RESEARCH STATUS 
Although nonaqueous bioprocessing has been postulated for some time, 

there is now a growing interest for a variety of applications. This has resulted in 
intriguing laboratory investigations, particularly during the last decade, that 
indicated some very important areas of potential utility. Most of these studies 
have been quite preliminary and limited in scope; therefore, the fundamental 
scientific and engineering principles for nonaqueous bioprocessing have not yet 
been established. It is proposed that the necessary bridging research and 
development (R&D) be carried out that will provide the basis for subsequent 
nonaqueous bioprocess development for a variety of applications, especially 
those that will enhance energy production and process efficiency, and encourage 
the use of renewable sources of energy. The results of this effort could be the 
basis for the establishment of a broad range of new processing options. 

1.3 CRITICAL RESEARCH NEEDS AND OPPORTUNITIES 
Although thers is increasing industrial interest in nonaqueous 

bioprocessing, this wloc.wtng R&D area is still not well understood and the 
necessary biological andi engineering principles have not been sufficiently well 
established to allow cwdrgtrtened process development, process design, and 
scale-up. The most effedive nonaqueous bioprocessing concepts will utilize 
enhanced biocatalv_SfS, in advanced bioreactors, operating under oDtimum 
conditions, that are well-integrated into the total biomocessing svstem. There 
are critical research and development needs in each of these areas. 



1.3.1 Enhanced Biocatalysts 

studied for nonaqueous bioprocesses. Literally thousands more are candidates, 
and many of these can be isolated from environments in contact with 

nonaqueous solvents. Screening tests should be carried out to identify potential 
new biocatalysts. Entirely different types of biocatalysts that are more 
compatible with nonaqueous media should also be developed and studied using 
such techniques as protein engineering, mutagenesis, and chemical modification. 

Only a very limited number of microorganisms and enzymes have been 

1.3.2 Effects of Operating Environment on the Biocatalyst 
Optimum conditions for the nonaqueous biocatalytic process must be 

established, including the usual chemical and physical factors as well as the 
impact of the nonaqueous media itself. Many of these parameters can be 
studied as generic factors, but some will be very process specific. Of particular 
interest will be their effects on enzyme structure and biocatalytic mechanisms. 

1.3.3 Advanced Bioreactor Concepts 
Efficient bioreactors must be available to economically exploit a proposed 

nonaqueous biopmcsss. 8ioreactor concepts developed for aqueous 
processing, especially those for continuous operation, can be used to a degree, 
but the nonaqueous phase must also be accommodated. Some concepts will 
require biocatalyst immobilization, and other approaches will necessitate the use 
of multiple phases (e.& dispersion and coalescence in liquid-liquid systems) with 
enhanced mass tmwffst. Not only will new bioreactor configurations and 
operating procedures be required, but predictive models that can be used for 
design and scaleup will be necessary. 
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1.3.4 Bioprocessing System 
Both upstream and downstream processing will require different 

techniques for nonaqueous bioprocessing than are used for conventional 
biotechnology. This will necessitate new procedures for introducing the 
substrates and biocatalysts, as well as recovering products, and other processing 
components from systems with multiple phases. New approaches to efficient 

process monitoring and control will also be required, especially when utilizing 
supercritical fluids and liquid-liquid emulsions. 

1.4 SUPPORT FOR NONAQUEOUS BIOPROCESSING R&D 
Although there is increasing interest in nonaqueous bioprocessing, 

support for research and development is evolving very slowly. Limited 
government support has been the primary driving force in this innovative field. A 
small amount of fundamental research is supported by the National Science 
Foundation, and some applied research and even less fundamental research is 
supported by the U. S. Department of Energy (DOE) and the U. S. Department 
of Defense. As nonaqueous bioprocessing becomes more viable, bridging 
research and development (perhaps via the DOE Office of Industrial 
Technologies) becomes increasingly more important to establish the necessary 
technology base that will allow the expanded application of this new approach to 

bioprocessing. Such an effort could productively se an initial $SM/year level 
that should be expanded to at least $10M/year over a 3-year period. As a result 
of such an initiative, industrial exploitation would be accelerated, renewable 
energy and enhanced energy efficiency would be encouraged, and a new 
industry would be born. 

4 



2. INTRODUCTiON 

Biological processes are simply one type of chemical conversion, a class 
of processing technique that is pervasive in the U.S. industry. Innovative 
bioprocessing concepts are now being considered for many industrial uses, 
including those relevant to energy production and efficiency.’s* For application to 
energy processes, there will probably be two broad classes of feed materials or 
substrates for biological processing: fossil fuels, mainly coal, petroleum, and 

natural gas, and products derived from these  material^;'^ and renewable 
feedstocks, such as grain, woody biomass, and combustible waste materials.’o-ll 
in addition, biological processes for the cleanup of energy-related process 
effluents and the remediation of contaminated sites are perhaps the only way to 
handle the current need for environmentally benign energy production.35*‘2i l3 

One of the greatest potentials for advanced bioprocessing is in the chemical 
industry, especially the organic chemical industry. This could result in important 
process alternatives that would provide energy-efficient approaches with minimal 
environmental impact. 

The ability to use biocatalysts in nonnatural environments, such as 
nonaqueous media, would facilitate the application of bioprocesses in a wide 

range of operations. Must biocatalysts are amazingly specific, and it is this ability 
to cany out a reaction MI a single substrate or, conversely, to utilize multiple 
substrates to produce 8 single product or product family, that gives them wide 
applicability. In the context of this report, the nonaqueous media that are 
considered are organic tiquid~’~‘’ and gases,‘8i19 and supercritical fluids.2Dz‘ 
Such systems could be particularly useful for energy transformations and 
efficiency, especially in the processing of fossil fuels, synthesis of energy-rich 
organic chemicals, and the conversion of alternative feedstocks to fuels and 
chemicals, as well as the processing of some effluent streams. In these cases, 
the ability of biocatalysts to modify complex organic mixtures and transform these 
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feed materials into useful products will be exploited. Applications in some 
biomedical areas are also expected to be imp~rtant,'~,'~ and there will probably 
be many common elements among all of the application areas. 

An important limitation to the use of conventional biological processes in 
the aforementioned applications arises from the observation that many of the 
feedstocks and/or resulting products have only limited or negligible water 
solubility. Similarly, many of the hazardous materials contained within waste 
streams generated during these activities - such as tars or polyaromatic 
hydrocarbons - are marginally water Soluble at best. Biocatalysts, such as 
microorganisms (which may be considered as complex, multifunctional, enzyme 
systems) or isolated enzymes, are designed by nature to be effective in an 
aqueous medium, which would suggest that they are poorly suited for use in any 
application that requires function within a nonaqueous matrix. However, 
intriguing results from a growing body of literature show that it is possible to use 
certain biocatalysts in csntact with many nonaqueous media. '-*I 

The precise bioreaction mechanisms within these nQnnaturai 
environments have not been well defined, effects on biocatalyst activity are 
frequently indeterminate, and contacting concepts have not been thoroughly 
studied or optimized. It is proposed that an R&D effort be organized and 
supported to provide for a better understanding of the underlying biological and 
engineering principles of nonaqueous bioprocessing with a particular emphasis 
on energy-related and environmental-related applications. This should provide a 
solid basis for the furthep development and ultimate commercialization of such 
innovative bioprocessing concepts. 



3. THE POTENTIAL IMPACT OF ENERGY-RELATED NONAQUEOUS 
HOPROCESSING 

Bioprocessing has been, or is currently being, considered for use in 
several energy-related applications, and there is an ever greater potential for 
future work in this area. As indicated above, nonaqueous bioprocessing is 
expected to have many energy-related applications. These areas will include: 
(1) processing of fossil fuels; (2) conversion of renewable feedstock to fuels 
and chemicals; (3) organic synthesis for high-energy-content chemicals; and 
(4) environmental control technology. A significant amount of spin-off 

technology will also be expected to impact the biomedical and food industries. 

3.1 FOSSIL FUELS 
Many new bioprocessing approaches are being considered for application 

to fossil fuels, and several of these will require nonaqueous systern~.~ The 
conversion of coal to iiquids, especially in a reducing atmosphere, is best carried 
out in organic solvents in the absence of an aqueous phase.*EPP It may also be 
possible to use supercritical fluids as the reaction medium for coal bioconversion 
processes. Subsequent bioprocessing to upgrade the liquid product and remove 

Bioprocessing of organic-bearing process waste streams, both liquid and 
vaporous, is also an important con~ideration.‘~~ By its very nature, 
bioprocessing of petroleum or petroleum products must deal with nonaqueous 
media. Serious consideration is being given to the biological removal of sulfur, 
nitrogen, and heavy metals, as well as to enhancing the physical properties of 
petroleum.2425 Subsequent bioprocessing of liquid and vaporous process waste 
streams from petroleurn processing has also been considered.‘3*’8”6 

Biological concepts can be considered for natural gas processing, 
particularly in conducting the various required scrubbing operations. There is 
also the possibility of bioprocessing of liquefied natural gas and other liquefied 

heteroatoms and metals will also require nonaqueous processing. 2425 
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hydrocarbon gases, especially for the removal of heteroatoms and other 
hazardous components. 

A nonaqueous bioprocessing application that is currently being studied is 

the use of microorganisms to enhance the recovery of crude oil from exhausted 
reservoirs.27 Similarly, microbial systems may be able to interact with the 
structures that tie up the hydrocarbons in oil shale and tar sands, thus assisting 
in the recovery of the included oil. 

3.2 CONVERSION OF RENEWABLE FEEDSTOCKS 
A primary thrust in bioprocessing development for energy applications in 

recent years has been the conversion of renewable feedstocks to fuels or 
chemicals.14 Substantial quantities of these materials are already being 
produced by bioprocessing systems, and there appears to be a growing industrial 
interest in further expansion. The potential market for biologically produced 
ethanol, other fuel enhancers, neutral solvents, and organic acids could require 
greater than 100 million tons of additional biomass per year.2829 

Although most bioprocess development to date has not utilized 
nonaqueous processing for these applications, several otential areas exist 
where nonaqueous systems could be helpful. These potential applications 
include bioconversion processes in which there is a simultaneous separation step 
utilizing a liquid organic extractant;m biomass pretreatment or combined 

pretreatment and bioconversion in which organic liquids or supercritical C02 is 
used; or subsequent bioprocessing for upgrading some of the concentrated 
products of the conversion of renewable feedstacks. 

3.3 ORGANIC SYNTHESIS 
Until relatively recent times, it was thought that biocatalysts would have 

little utility for large-scale organic syntheses, since a liquid organic reaction 
medium is usually required for such processes and biocatalysts were thought to 
be inactive in contact with organics. We now know that many biocatalysts, 
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especially enzymes, can be effectively used in some types of organic liquids and, 
in some cases, with the total absence of water. 31 This is important, since the 
thermodynamic equilibrium of many synthesis processes, such as the production 
of esters from carboxylic acids and alcohols or of peptides from amino acids, is 
unfavorable in water. 

In organic synthesis, there is a great advantage in using catalysts that 
have significant specificity for the product of interest rather than for by-product 
formation so that costly separation, purification, and waste treatment is 
reduced.3192 In general, biocatalysts do have such specificity, which may even 
be enhanced in organic media. Such biocatalysts can also be used under mild 
operating conditions. 

It has been estimated that over 95% of the products of the organic 
chemical industry could be produced with bioprocesses.28fs This would 
represent a production of more than $1 OOBlyear of commodity products. 

3.4 ENVIRONMENTAL CONTROL TECHNOLOGY 
Bioprocessing systems may be especially well suited for the treatment of 

hazardous wastes with high specificity and energy ecOnomy.24*33” Many of the 
future processing requirements in this field are driven by federal and state 
regulations that can be especially severe for some energy production areas. 
Process-derived effluents and residues must be accommodated, and the 
environmental restoration of severely contaminated sites must also be 
addres~ed.~ 

Biodegradation of organic chemical pollutants in both liquid and gaseous 
effluents is becoming a preferred treatment technology for the removal of 
hazardous chemicals. Nonaqueous bioprocesses could include treatment of the 
organic components of a liquid effluent in a second dispersed phase and 
treatment of hydrocarbon gases or vapors present in an effluent gas stream. 
Various bioprocessing approaches are being considered for treatment of both 
types of  effluent^.'*.'^*^ 
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Biological treatment of contaminated sites is receiving an increasing 
amount of 
is the microbial degradation of hydrocarbon liquids that are frequently foun 

contaminated soils and of the hydrocarbon vapors and gases that result from 
venting and bioventing techniques that are being investigated for cleanup. 

Of particular relevance to nonaqueous bioprocessing 

36-38 
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4. NONAQUEOUS BIOPROCESSING: AN OVERVIEW AND STATUS 

Although nonaqueous bioprocessing has been postulated for some time, 
there is a recent increase in both interest and preliminary research activity in 
bioprocessing systems associated with the biocatalysis of essentially 
hydrophobic compounds that are present in a nonaqueous medium. The 
substrate can be liquid, gaseous, or solid, and the reaction medium can be either 

liquid or gaseous. To date, organic liquids have been the most common 
nonaqueous media investigated for bioprocessing, although supercritical fluids 
and some gases have also been examined. Both microorganisms and isolated 
enzymes can be considered as the biocatalyst in these types of bioconversion 
processes, but catalytic antibodies and other functional proteins may ultimately 
be useful as well. 

4.1 THE BIOPROCESSING SYSTEM 
Although the bioconversion step will be the focal point of nonaqueous 

bioprocessing, the impact on the rest of the processing system must also be 
considered. In some cases, there will also have to be special considerations for 
feed preparation, biocatalyst formulation, and downstream processing for an 
integrated nonaqueous bioprocessing system (Fig. 1 ). Monitoring and controls 
could also have special requirements. There has been some consideration of all 
of these processing components for various types of nonaqueous biocatalytic 
systems, with most attention focused on organic liquid media and gaseous 
sy~terns.'~*'~*'~ But, even for these types of bioprocesses, little attention has 
been given to integrated systems in which all aspects of the bioprocess are 
addressed. 

11 
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4.2 BIOCATALYSIS IN ORGANIC LIQUIDS 
it has now been shown that biocataiytic processing may have a wide 

range of applicability for liquid organic media, especially water-immiscible 
so lvent~. '~ '~  At least four types of reaction systems contain a water-immiscible 
organic liquid (Fig. 2). Three of these utilize a dispersion of either the organic or 
aqueous phase in an aqueous or organic phase, respectively, with the biocatalyst 
being in the aqueous phase but with interfacial contact with the organic phase. 
In such systems, the biocatalyst may be present in the aqueous phase as 
particulates (suspended microorganisms or immobilized into or onto solid 
particles) or as dissolved enzymes. For such bioprocesses to be effective, the 
biocatalysts must be stable and active in contact with the organic phase. Also, 
the bioreactor concept used should effectively furnish contact between the two 
phases and provide for phase disengagement while providing continuous 
operation. A fourth processing approach occurs when the biocatalyst (typically 
an isolated enzyme) is present in the organic liquid as a particulate in the 
absence of water or perhaps as a dissolved biocataiytic molecule after chemical 
modification. 

Biocatatysts such as microorganisms or isolated enzymes can be 
effective in various aqueous environments, and they will be the catalytic agent in 
any system in which there is interaction at an aqueous-organic interface. Some 
microorganisms, such as microbial contaminants of fuel tanks and those found at 
the sites of marine or terrestrial oil spills,38 are known to inhabit largely 
nonaqueous and/or biphasic environments. These biocatalysts have been 
shown to conduct potentially useful metaboiic activities in situ. Also, it is known 
that some enzymes are immobilized in vivo within cell membranes, which are 
themselves relatively hydrophobic environments. In many cases, the enzymes 
are actually within the iipid bilayer of the cell membrane. Enzymes of this type 
may be isolated from a wide variety of organisms, suggesting that enzymatic 
catalysis in largely nonaqueous intracellular environments is a widespread 
phenomenon. Preliminary investigations have been carried out on several 
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Fig. 2. some possible biocatalytic Systems involving an organic liquid. 
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different biocatalysts with a variety of organic phases. Some of these reactions 
are characterized in Table 1. tn almost all cases, a complete understanding of 
the actual biological process is missing, and little progress has been made 

toward advanced bioreactor systems and other processing techniques. 

4.2.1 Effects of Organic Solvents 
Enzyme or microbial deactivation may occur in some two-phase systems, 

presumably by either the action of a toxic organic substance, especially when the 
organic has high solubility in the aqueous phase, or by the potential deleterious 
effects of liquid-liquid interfaces on the structure of the biocatalyst.=' Research 
with extractive fermentation has shown that the toxicity of various solvents may 
depend on both the solvent and on the cell type.59im*0.62 

Biocatalysts have also been used in water-miscible organic solvents or in 
aqueous-organic mixtures of such solvents. in general, these more hydrophilic 
organics have a much greater detrimental effect on biocatafysts, although some 
recent researcb suggests that proper species selection or mutation can alleviate 
some of this 

Cells inhibited in the presence of an organic phase may be at least 
partially protected by immobilization or by the use of membranes.65 The actual 
cause of inhibition by organic liquids is not well understood, although with 
microorganisms it could be associated with destabilization of the microbial 
membrane. On the other hand, enzymes may be denatured as a consequence 
of conformational changes that result in a loss of activity. This phenomenon 
appears to be related to the protein-solvent interaction andlor to the removal of 
water and dehydration of enzyme protein. 

Considerable disagreement remains on the effects of the organic medium 
on enzyme act i~ i ty . '~* '~*~  Some of this is due, in part, to the broad range of 
enzymes that are being screened for use in this type of environment as well as to 
conflicting experimental results. The nature of the solvent, particularly its 
hydrophobicity, and the water content of the solvent seem to be i rnp~rtant.~"~ It 



Table 1. Examples of some biocatalytic reactions 
observed in aqueous/organic systems 

Reaction Catalyst Solvent Reference 

Reactions in One-Phase Mixtures of Water and Oraanic Solvents 

protein hydrolysis 
H,O, production 
transesterification 
hydrogenation 
triglyceride esterification 
anisidine oidation 
cellulose hydrolysis 

sucrose polyester synthesis 

w n  
alcohol oxidase 
lipase 
hydrogenase 
lipase 
peroxidase 
cellulase 

protease 

Two-Phase Liauid-Liauid Svstems with Water and Oraanic Solvent 

benzene 
kerosene mixtures 
various 
various 
cyclohexane 
toluene 
toluene, 
dimethylformarnide, 
acetone, etc. 
pyridine 

cholesterol oxidation 

phenol polymerization 

amino acid esterification 
reduction of organic 

compounds 
peptide synthesis 
lignin depolymerization 

quinone oxidation 
amino acid esterification 

aldehyde synthesis 

naphthalene hydroxylation 
hydrocarbon degradation 
arene oxidation 
steroid oxidations 

cholesterol oxidase 

peroxidase 

chymotrypsin 

alcohol dehydrogenase 
papain 
peroxidase 

perolddase 
chymotrypsin 

alcohol dehydrogenase 
immobilized NAD 
microbes 
Ardbrobacter sp. 
alcohol oxidase 
cholesterol oxidase 

toluene, 
cyclohexane, 
carbon tetrachloride, 
benzene 
dimethylformamide, 
dioxane 
ethanol 

heptane 
trichloroethylene 
dioxane, 
dirneth~formarnide 
chloroform 
benzene, 
butanol, 
butylacetate 
hexane 

various 
heptamethylnonane 
hexane 
hexanekopropanol 

40 
41 
14 
42 
43 
44 
45 

46 

44 

47 

48 

49 
50 
51 

52 
53 

54 

55 
56 
57 
58 



may be possible to partially protect some biocatalysts from denaturation by 
maintaining them within an aqueous microenvironment by use of reversed 

a porous solid matrix that also contains water. 
or aqueous comple~ation~~," or by immobilizing the biocatalyst into 

5354 

4.2.2 Effects of Interfaces 
Many enzymes, and probably all microorganisms used as catalysts with 

organic liquids, will display higher performance if contained in an aqueous phase. 
Thus, for many bioprocesses using these solvents, a two-phase system with both 
aqueous and organic phases will be required. Both enzymatic and microbial 
catalysts may be affected by exposure to interfaces between the two phases. 
Enzyme denaturation at interfaces is presumably due to (I) dehydration of parts 
of the adsorbing protein, (2) doubte-layer overlap leading to a redistribution of 
charged groups, or (3) structural rearrangements in the adsorbing protein. Actual 
effects of interfaces on the stability of microbial catalysts are not well known, but 
enzymes, like virtually all proteins, are surfactant molecules, and when aqueous 
solutions of proteins are contacted with another liquid phase, they tend to 
accumulate at the intefface.n*m 

There are conflicting reports on whether an interface is directly inhibitory 
to microbesFn It may be that the changes in component concentrations near the 
interface are responsible for observed changes in activity; but, to date, no 
conclusive evidence has been found that interfaces cause a structural change in 
microbial ~ataiysts.'~ The question of protein adsorption and desorption at gas- 
liquid interfaces has received some attention,% but there has been tittle 
experimental investigation of the effects of liquid-liquid interfaces, Interfacial 
adsorption wouid be expected to depend on the nature of the particular 
anzymelsoivent system. For example, small enzymes and those that deviate 
significantly from a spherical shape have large surface-to-volume ratios, and thus 
a large fraction of their hydrophobic residhes could be exposed to the surface. 
Hence, there is a relatively uniform distribution of polar and apolar species over 
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the enzyme surface, and hydrophobic patches on the surface are generally 
absent. These may be considered as ''hard" enzymes in the sense that little 
change in structure would be expected to occur upon contact with the liquid 
interface because there are no large hydrophobic regions on the protein surface. 
In contrast, large globular enzymes with a significant degree of surface 
hydrophobic patches are "soft," because they may undergo a rearrangement in 
protein structure upon adsorption. Therefore; activity may be retained upon 
adsorption at a liquid-liquid interface by small enzymes that are "hard,li whereas 
larger ones may undergo conformational changes that may reduce or eliminate 
catalytic activity. Additional work will be required to properly understand these 
phenomena. 

4.2.3 Chemical Modification of Biocatalysts 
Enzymes have limited solubility in organic liquids, especially in those that 

are relatively hydrophobic. However, it has been shown that some enzymes can 
be chemically modified so that they may be solubilized in organic solvents. The 
approach taken by some researchers is to increase the hydrophobicity of these 
proteinaceous materials by chemical modification. For example, poly(ethy1ene 
glycol) derivatives of enzymes have increased organic s ~ l u b i l i t y . ~ ~ ~ ~ ~ ~ '  Other 
lipophilic chemical moieties, such as dinitrophenyl groups, have also been added 
to enzyme molecules to increase solubility in organic liquids.22 In almost all 
cases, such chemical modifications also reduce the enzyme activity. So, there 
has to be a balance between increasing solubility in organic liquids and the 
potential loss of catalytic activity. 

Microbial cell hydrophobicity is affected by physiological state and/or 
growth conditions and can be enhanced by treatment of the cell with polycations 
such as chitosan, polylysine, or lysozyme.82 In the latter case, enhanced 
hydrophobicity is probably caused by a combination of surfactant effects related 
to coating of the cell with a hydrophobic layer and neutralization of the cell's 
inherent negative surface charge. In general, without such modifications, and 
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usually even with these modifications, biocatalyst activity in the organic phase 
appears to be lower than in the aqueous phase. Overafl, research on the 
chemical modification of biocatalysts to enhance interaction in organic liquids has 
been very preiiminary in nature, and the effects on biocatalytic mechanisms have 
not been well established. 

4.2.4 Biocatalyst Engineering 

organic liquids) expands their potential applications, particularly in the area of 

chemical conversion processes. However, nature does not necessarily optimize 
proteins for such in vifm applications especially where the conditions differ 
substantially from the enzyme’s natural surroundings. Alternatively, the basic 
structure of enzymes could be modified by sitedirected mutagenesis (protein 
engineering)m*w or even random mutagenesis coupled with screening or 
selection.63*64 These approaches are beginning to be investigated for producing 
enzymes that will be rn compatible with the organic environment. The most 
encouraging resutts appear to be with microorganisms or enzymes from 
microorganisms that hlm appreciable catalytic activity even when exposed to 
high concentrations of miativety hydrophilic organic 

The ability to use enzymes in vifm in nonnatural environments (i.e., in 

It has also been 
shown that sometimes meins can be further stabilized by the addition of metal 
chelation sites into their stwctures This approach may also have applications in 
the use of enrymblr in coldlbd with organic media. 

4.25 Advanced l3&#actar Concepts 

reactions in ccntftlct with 811 otganic phase, there has been only limited work on 
the investigation of the potential reactor systems and operating parameters. 
Thus, information on the mare fundamental kinetic and transport mechanisms in 
such reactor environments is sparse. What is needed is an  understanding of 

interphase contact and transport and the effects of system parameters on the 

Although thsrr, mars to be many potentialiy beneficial biocataiyzed 
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intrinsic biocatalytic kinetics so that an optimum configuration for such reactor 
systems can be developed.6'*86 

bed bioreactors or even in a stirred tank with a continuous organic phase. 
Limited interfacial area will be available in such systems, and it may be difficult to 
replenish the necessary aqueous component needed for activating or 
regenerating the bioreagent. Such columnar bioreactor concepts do provide for 
excellent phase disengagement and, for some applications, they should be 
amenable to continuous operation. However, a better understanding of 

interphase mass transport and biocatalyst replenishment is needed. 
An alternative, and perhaps more generally useful approach, would 

require the development of reaction systems that would provide effective contact 
between the biocatalyst, contained within an aqueous phase, 2nd the organic 
phase. Similar requirements are also needed for efficient liquid-liquid extraction 
systems, so techniques developed for those applications may also be useful for 
advanced bioreactor concepts. High interfacial areas between the two phases 
are required for maximizing mass transport; therefore, one of the phases must be 
efficiently dispersed in the other phase in order to enhance reactivity. There 
must also be an effective technique for phase disengagement. 

presents another variable that can be utilized in interphase dispersion. For 
example, depending on surfactant concentration, this allows the use of micelles, 
reverse micelles, or liquid crystal  system^.^*,^^^^ In those approaches, an extra 
processing step is required in which there must be the addition of a reagent to 
break the dispersian. When low surfactant concentration (or no surfactant) and 
high water concentration are used, mechanical or electrical dispersion of one 
phase in the other and subsequent coalescence can be carried out without the 
introduction of additional reagents. If the dispersed droplets are small enough, 
the resulting emulsion-phase bioreactor system should be very effective, 

immobilized biocatalysts can potentially be used in fixed-bed or fluidized- 
53.50,86,87 

The addition of a surfactant to such systems can affect interfacial area and 
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In a liquid-liquid contacting system, the overall rate of substrate 
conversion will depend on process conditions such as amount of surface area, 
substrate concentration, hydrodynamics, and reaction kineticsa Several mass 
transfer studies have been performed for molecules of interest to bioreactions 
including the use of surfactants.a !n general, it has been found that high- 
surface-area concepts (emulsions) are most effective in reducing mass transfer 
effects. 

The primary issue then becomes control of the hydrodynamic state of the 
multiphase liquid system. This control involves not only creation of significant 
amounts of interfacial surface area but also phase coalescence/disengagement 
and regulation of the two-phase liquid flow. As indicated above, use of 
surfactants allows the use of microemuisions. But liquid-liquid emulsions can 
also be produced by mechanical means and by the recently developed use of 
external electrical fields.m3' In the latter case, the electric field also contributes 
to coalescence, thus allowing a single contacting device that operates 
continuously with the possibility of multistage operation by use of a columnar- 
type system. This preliminary information on a variety of approaches is very 
interesting, but a definitive data base has to be developed before reasonable 
choices can be made. 

4.3 BIOCATALYSIS IN ORGANIC GASES 
It is well known that many biocatalysts, both microorganisms and 

enzymes, can interact with various organic gases and  vapor^.'^*'^^^^^ In 
some cases, these biocatalysts can maintain significant activity in the gas phase 
where there is very little water present. Although research in this area has not 
been extensive, some bioprocessing systems are under development, especially 
in the area of environmental control techn~logy.'~~'~ Unfortunately, definitive 
research on other possible biocatalytic systems and on advanced bioreactor 
concepts is very scarce. As a result, process development must be empirical in 
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nature. A scientific and engineering understanding that would allow a more 
rational approach would be most useful. 

4.3.1 Biocatalytic Systems 

systemswa have been investigated for gas-phase processing, at least with 
preliminary experimentation. However, more comprehensive testing and a wider 
range of bioconversion concepts will be critical in expanding the use of this type 
of technology. This will include those bioconversion processes that require an 
anaerobic environment and that can operate at high temperatures. The effects of 
gaseous hydrocarbons and other gaseous constituents on the biocatalytic activity 
must be established, and the effects of humidification, or lack thereof, must also 
be determined. 

Mixed-culture microbial and a few specific oxidative enzyme 

4.3.2 Advanced Bioreactor Concepts 
To date, most bioreactor concepts for gas-phase systems have included 

some means of immobilizing the biocatalysts into or onto solid support materials 
that are then enclosed in a bi~reactor.'~*'' In situ biaremediation where 
microarganisms in the soil are used to degrade organic vapors or the use of so- 
called biofilters would represent a subset of this type of s y ~ t e r n . ~ ~ ~ ' '  

Some means of maintaining biocatalytic activity must be coupled with the 
immobilized biocatalyst, such as by using a discontinuous aqueous phase in a 
trickle-bed." Columnar systems in which there is a continuous aqueous phase 
and either fixed-bed or fluidized-bed operation and a dispersed gas phase should 
also be considered. Continuous, columnar systems will probably be the 
bioreactor concept of choice, but the kinetics and hydrodynamics of such three- 
phase systems must be understood and predictable. 



4.4 BIOCATALYSIS IN SUPERCRITICAL FLUID SYSTEMS 
Supercriticai fluids (materials above their critical temperature and 

pressure) also represent a class of nonaqueous media with many features which 
make their use as solvents or dispersents for biocatalysis particufarly desirable. 
That is, they have densities comparable to liquids with resulting enhanced 
solvation, but with transport properties comparable to those of gases. Although 
there is much less information on the use of supercritical fluids for biocatalysis 
compared to that on the use of organic solvents, there is increasing interest in 
this type of bioprocessing. 

To date, most work has been carried out with supercritical C02 that can 
effectiveiy operate at moderate temperatures (critical temperature is 31.1 "C), 
where biocataiysts should maintain activity. However, other inorganic and 
organic materials have also been investigated as supercritical fluids for 
biocatalysis.96 Additional advantages of supercritical C02 are that it is relatively 
nontoxic, and, as in all supercritical fluids, transport properties are enhanced over 
those in the liquid phase. It has even been reported that some biocatalyzed 
reactions are faster in supercritical fluids than they are in organic liquids.* Also, 
many potential substrates for enzyme conversion have reasonable solubilities in 
supercritical fluids. Finally, products, substrates, and the biocatalysts can usually 
be recovered by depressurization and temperature change. 

2021 P2.95.96 

4.4.1 Biocataiytic Systems 
Most of the research to date has used enzymes in supercritical C02, 

sometimes with small quantities of water and other cosoIvents.202'm- There 
has also been limited work with other supercritical fluids such as fluoroform, 
ethylene, propane, sulfur hexafluoride, and ethane.-@ At least with COz and the 
limited number of other supercritical fluids and biocatalysts tested, enzymes in 
such systems are apparently present as particulates with no measurable 
solubility.gs Supercritical fluids offer the flexibility of changing the physical 
properties of the system without changing the solvent and without causing 
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apparent changes in the enzyme structure and activity. This can be achieved in 
a predictable, continuous, and controllable fashion simply by varying the 
pressure or temperature of the system.98 Enzyme activity can be lost durin 
depressurization, presumably owing to the rapid release of the fluid from the 
bound water around the protein. Also, there is some indication that pressures 
much greater than the supercritical pressure for CO, can adversely affect 
activity.a7m Various cosolvents, such as some alcohols, can increase the 
solubility of organic substances in supercritical COz. However, such systems 
have not been carefully evaluated for their effects on various enzymes. 

The number of different enzymes that have been investigated with 
supercritical fluids is much less than those which have been studied with organic 
solvents. Thus, generalities have been more difficult to established. Also, 
microbial biocatalysts, even nonliving systems, have not been seriously studied 
in supercritical fluids, nor has there been extensive experimentation on systems 
other than CO,. 

4.4.2 Advanced Bioreactor Concepts 
used commercially, so 

the bioreactor systems used so far have been based on those concepts. There 
has been little development of new approaches that are more directed toward 
biocatalytic systems, especially for multiphase systems such as supercritical 
fluids in contact with immobilized biocatalysts. Much work remains to be done in 
this area, especidty with concepts that are compatible with continuo 

Supercritical fluid extraction systems have 
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5. RESEARCH AND DEVELOPMENT NEEDS AND OPPORTUNITIES 

Bioprocessing in nonaqueous environments represents an innovative 
approach that could have an important impact on energy-related applications. 
Although there is increasing academic and industrial interest, this evolving 
bioprocessing area is still not well understood, and the necessary biochemical 
and engineering principles have not been sufficientfy well established to allow 
enlightened process development, design, and scaleup. This alternative 
approach to bioprocessing coufd result in a whole new class of processing 
options that are more economic, require less energy, and are environmentally 
benign, provided that adequate research and development is carried out to 
establish the necessary understanding and data base. A whole new industry 
could welt be in the making. 

The most effective nonaqueous bioprocessing concepts will utilize 
enhanced biocatalva, In advanced bioratorq, operating under &mum 
Wnditions, that are well integrated into the total bioDrocessina svstem including 
upstream and downstream processing. Research needs and opportunities in 
these areas will be hrNtar discussed in the context of a relatively general or 
generic approach, but with the understanding that each of the different types of 
nonaqueous medire will impose its own restrictions on the investigations. 

5.1 ENHANCED WXXTALYSTS 
Up to this b m ,  most of the research in nonaqueous bioprocessing has 

been carried aut with 8 few enzymes and microorganisms that are readily 
available and retabuty well characterized by previous use in aqueous media. 
However, there are titerally thousands more such biocatalysts that are potentially 
avaitable from natural sources. Also, there is the potential for isolating or 
restructuring biocatalysts by nonnatural means that might result in bioreagents 
that are even more compatible with nonaqueous systems. This area of 
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bioprocessing research will be one of the most critical for future bioprscess 
development. 

have been characterized for other aqueous biaprocesses as well as search for 
additional naturally derived materials. In the latter case, scouting tests should 

include nonaqueous media in the screening process. To date, reducing systems 
have received minimal attention, but they also should be evaluated since there 
are many potential industrial uses for such biocatalysts. 

Entirely different types of biocatalysts that are more compatible with 
nonaqueous media should also be developed and studied. This should certainly 
include the use of protein engineering (both site-directed and random 
mutagenesis) of enzymes; the chemical modification of such biocatalysts; and 
entirely new approaches, such as the formulation of catalytic antibodies and 
other functional proteins. In addition, the reasons for reduced biocatalytic activity 
in organic solvents, compared to that in water, need to be elucidated and 
incorporated into rational stabilization strategies. 

It will be particularly appropriate to study additional biocatalysts that also 

5.2 EFFECTS OF OPERATING ENVIRONMENT ON THE BIOCATALYST 
Biocatalysts in nonaqueous media are susceptible to the same 

environmental factors that are present in aqueous media. Thus, conditions such 
as optimum temperature, pressure,' substrate concentration, and pH, will have tQ 
be determined for each potential bioprocessing concept. Nonaqueous media 
may also affect biocatalytic kinetics, and these effects will have to be understood 
and predictable in order to design and scaleup commercial-size equipment. In 
addition, nonaqueous bioprocessing offers a novel option of controlling 
biocatalytic behavior (activity, selectivity, stability, etc.) by choice of one medium 
over another. 

Some of these effects will be generic in nature and, thus, could be studied 
in a general sense. This is especially true for the effects of different types of 
solvents, substrates, and interfaces an both microorganisms and enzymes. Of 
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particular interest will be the effects on enzyme structure and biocatalytic 
mechanisms for all of the possible nonaqueous media: organic liquids, organic 
gases, and supercritical fluids. 

5.3 ADVANCED BIOREACTOR CONCEPTS 
improved biocatalysts cannot be fully exploited in a bioprocess without an 

efficient bioreactor system that optimizes the operating environment, enhances 
operability, and reduces the effects of mass transport resistance. Some of the 
same advanced bioreactor concepts developed for aqueous media will be useful 
for nonaqueous processing, but the nonaqueous environment imposes additional 
restrictions and requirements on bioreactor configuration and mode of operation. 

It is expected that some approaches will require the biocatalyst to be 
immobilized (e. g., for fixed-bed or fluidized-bed applications in multiphase 
systems). Many of the previously developed immobilization techniques will be 
applicable 
required to evaluate the effects of the nonaqueous media. 

previous work, primarily in the separations area (e.g., liquid-liquid solvent 
extraction and the use of micelles and reversed micelles), will be the beginning 
point for the development of advanced bioreadors. The interaction of the 
biocatalyst in one of the phases gives an added complexity that must be 
thoroughly studied, and the increasing interest in continuous operation will 
require additional complexity. More efficient means will &e required for 
interphase dispersion followed by coalescence in multistage bioreactors. 

bioreactor systems. Advanced concepts will be required for gas-phase 
continuous and liquid-phase-continuous systems with the capability for either 
immobilized or circulating biocatalysts. 

To date most testing of biologically catalyzed reactions in supercritical 
fluids has been done with bioreactor configurations that have been adapted from 

with the understanding that additional research will be 

In concepts where a dispersion of one liquid phase in another is required, 

Applications to gas-phase bioprocessing will also require innovative 
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those techniques used for supercritical extraction systems.- Additional 
research will be required to optimize these approaches and to ensure continuous 
operations. The addition of the biocatalyst, perhaps in an immobilized form, will 
also require innovative new concepts for efficient operation. 

models represent the most effective approach. The development of these 
models should be based on the various biochemical and engineering 

mechanisms in the reactor system rather than on gross empiricisms. 

In order to provide a basis for design and scaleup, predictive mathematical 

5.4 THE BIOPROCESSING SYSTEM 
In some cases, both upstream and downstream processing for 

bioprocesses utilizing nonaqueous media will require techniques different from 
those used in the more conventional aqueous systems. This will require 
investigation of procedures for incorporating the substrate in a nonaqueous 
media as well as the recovery of the products, residual substrates, and even the 
biocatalysts from nonaqueous and as well as aqueous media. Additional 
processing steps may be required for breaking up microemulsions and 
recovering materials, especially relatively volatile products and substrates, from 
supercritical fluids. 

There will also be the need for new approaches to process monitoring and 
control. This will be particularly true for bioprocesses utilizing supercritical fluids 
and liquid-liquid emulsions. 
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6. SUPPORT FOR RESEARCH AND DEVELOPMENT 

There is increasing interest in nonaqueous bioprocessing by various 

universities, government laboratories, and industries. Support for research and 
development in this evolving area is slowly increasing. It is becoming obvious, 
however, that this new R&D area has matured to the extent that a greater 
increase in research and development would result in rapid bioprocess 

development and industrial implementation of many new and exciting concepts. 
There is the potential to initiate a whole new bioprocessing industry for chemicals 
and fuels and for environmental control technology. 

Governmental support has been the primary driving force in this evolving 
field. In the United States, this has primarily been accomplished through the 
National Science Foundation (NSF), the Department of Energy (DOE), and the 
Department of Defense (DOD). The NSF has provided limited support in the 
more fundamental areas, while DOE and DOD have supported a small amount of 
fundamental research (e.g., DOES Office of Basic Energy Sciences) with a 
growing interest in applications. Within DOE, this has been especially true in the 
fossil energy area (Office of Fossil Energy) and in contributions to a more 
efficient chemical industry (Office of Industrial Technologies). 

These efforts need to be expanded, and there should also be additional 
support for "bridging" research and development (perhaps in the DOE Office of 
industrial Technologies) that would establish the necessary technology base 
which would allow for a variety of bioprocess developments. Such an effort could 
effectively start at about a $5M level and expand to -$1OM over a %year period. 
It would be expected that such R&D would be supported at national laboratories 
and in academia with the anticipation that there would be additional cooperative 
industrial R&D as the technology matures. 
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