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Abstract

A variety of advanced bioreactors are being developed to improve production of fuels,
solvents, organic acids, and other fermentation products. A major limitation of microbial
fermentations is the dilute aqueous product streams that result, largely due to inhibition of the
microbes by the desired products. If these inhibitory products can be removed during the
ongoing fermentation, the overall rates, yields, and net product formation may be increased.
Simultaneous fermentation and separation have been tested with different separation techniques,
such as adsorption, liquid extraction, pervaporation, membrane separations, distillation, and
others. These separations can occur directly in situ within the fermentor or indirectly using a
sidestream separator with recycle of the unused substrate. These approaches are briefly
reviewed. At Oak Ridge National Laboratory (ORNL), we have investigated two modified
immobilized-cell fluidized-bed bioreactors (FBRs) to remove the inhibitory product directly from
the continuous fermentation. One involves the separation by adsorption of lactic acid, and the
other uses liquid solvent extraction for the production of butanol.

Keywords: extractive fermentation, in situ separation, adsorption, lactic acid, butanol.

Introduction

Bioconversion processes utilize a biocatalyst (microorganism, enzyme, or other active
fraction) to convert a feed material or substrate to a useful product in a controlled environment.
It is particularly desirable for such a system to have high volumetric productivity with maximum
concentration and yield of the product. Continuous operation with good process control is also
desirable. At least two subcomponents need to be considered: the production of the bioreagent
and the bioconversion reactor itself.

Most bioconversion processes utilize a soluble substrate in an aqueous solution and produce
a product that is also soluble in the aqueous phase. Desired characteristics of an advanced
bioreactor are a high concentration of the active biocatalyst, continuous operation, and excellent
mass transfer between the reacting components. The conventional bioreactor system is a large
stirred tank operating in the batch mode, usually with microorganisms in suspension as the
biocatalyst. Operation of such a system can be enhanced by utilizing continuous feed input and,
thus, continuous product withdrawal as long as the feed rate does not completely wash the
biocatalyst out of the system creating a continuous stirred-tank reactor (CSTR) or chemostat.
A further major enhancement is to significantly increase the biocatalyst concentration and, thus,
increase the volumetric productivity of the system by retaining the biocatalyst microorganisms
within the reactor. This can be accomplished by immobilization of the cells within the fermentor
or by cell recycle using centrifugation or membrane filtration.

Many fermentations (especially for the production of chemicals) are limited by inhibitory
product concentrations which deactivate the microbes and result in dilute aqueous streams.



Several proposed processes seek to alleviate these limitations by combining several processing
steps, such as simultaneous fermentation and separation (SFS). There are several proposed
concepts for SFS where the inhibitory product is removed from the ongoing bioconversion
allowing higher conversion_ and rates.

Many commodity chemicals can be produced by fermentation. Research at ORNL has
emphasized reactor systems that operate continuously with high volumetric productivity.
Columnar bioreactors with retained biocatalysts have been particularly attractive, and two of
these immobilized-cell FBRs for SFS are described and compared with other systems. The first
uses the addition and removal of solid adsorbent particles to the FBR. This process was
demonstrated with the production of lactic acid by immobilized Lactobacillus. The second uses
an immiscible liquid organic extractant in the FBR. This method increased total butanol yields
in the anaerobic acetone-butanol fermentation by immobilized Clostridium acetobutylicum.

Organic Acid Production and Removal
Many commercial organic acids, such as acetic, citric, lactic, and succinic, can be produced

by fermentation (1). All are produced in relatively dilute form due to their high level of
inhibition of the microorganism. This inhibition is due to both the chemical itself and the
lowered pH from acid production. Improvements in rate have been observed using various
means of cell retention, including cell recycle, membranes, and immobilization (2,3). These can
lead to additional problems with mass transfer, especially if oxygen is a required cosubstrate.
Even with the increased rates, the final product concentration is comparable to batch reactions
due to the inhibition. Conventional pH control uses base addition and causes the fomlation of
salts which require additional processing to form the desired acid.

Several processes have been proposed to remove the inhibitory product from the ongoing
fermentation (4). Precipitation of the organic acid salt can be performed directly in the
fermentation. However, the mode of retention must be considered to avoid separation problems
with the precipitate and unwanted by-products such as gypsum that result from this method.
Extraction by solvents has been proposed - both direct removal of the acid and a reactive
removal by forming an ester in the organic solvent phase. Configurations for extraction have
included STRs and membrane reactors. Adsorption has been proposed in various forms to
remove the acid from the broth. This has included direct addition into the batch STR (with
problems of attrition and power) (5); passing a broth recycle stream through a side adsorbent
bed (6); and a direct addition and removal of the adsorbent to a fluidized bed of immobilized
biocatalysts (7).

At ORNL, the in situ use of adsorbents has been tested for SFS of lactic acid. The
bioreactor is a fluidized bed of immobilized L. delbreuckii. Another solid phase of denser
sorbent particles (a polyvinyl pyridine resin) was added to this fluidized bed. These sorbent
particles fell through the bed, absorbed the product, and were removed. In test fermentations,
the addition of ti,e sorbent enhanced the fermentation and moderated the fall of the pH. This
biparticle FBR, which utilizes immobilized microorganisms and adsorbent particles, has been
shown to enhance the production of lactic acid fourfold in this nonoptimized system.

The choice of adsorbent becomes a critical factor in the successful operation of these
adsorptive systems. The adsorbent must have a good capacity and regenerability as if it were
to be used for the subsequent purification step. Fortunately, most adsorbents are nontoxic to
microbes. However, it must also be selective for the product of interest, and, in particular, it
should have minimal capacity for the substrate of the reaction or the substrate will be removed



before being consumed. This eliminates many nonspecific adsorbents, such as activated carbon
from consideration due to their high capacity for sugars. These issues are discussed in more
detail elsewhere (8).

Extractive Bioconversion of Butanol

Butanol is a commodity chemical feedstock and solvent that, early in this century, was
primarily produced by industrial fermentation (9). Butanol is the primary product of the
fermentation of sugars by various bacteria, in particular, C. acetobutylicum. This is a complex
fermentation, with first an acidogenic phase producing butyric and acetic acids and then a
solventogenic phase producing butanol, acetone, and ethanol. Both the products and the lowered
pH can be inhibitory to the continued fermentation. This has limited final butanol concentrations
to a maximum of 15 g/L in batch culture. The removal of the inhibitory product from the
ongoing fermentation has been suggested by many researchers as a method to alleviate the
product inhibition and improve the process (10,11). Table 1 summarizes productivity and yield
data for several extractive fermentation concepts. It is clear that extractive fermentation can
provide enhancements of both rate and yield.

Other advantages suggested for extractive bioconversion are reduced product recovery costs
compared to those of distillation and the ability to use higher feed concentrations, which leads
to less process wastes. Proposed schemes for in situ product removal include pervaporation
(12), the use of hollow-fiber reactors (13), and the use of solid adsorbents (14), as well as the
use of an immiscible extractive solvent. Many issues, such as capacity, in the selection of an
extractant are the same as for a subsequent extractive purification with the important additional
issue of extractant toxicity (15). The solvent toxicity is apparently due to both the solubility of
the solvent in water and the deleterious effects of the solvent-water interface on the cells. Many
solvents have been tested for the acetone-butanol fermentation, and estimates of their toxicity
have been made by measuring their hydrophobicity (13,16,17). Trace levels of toxic chemicals
in industrial solvents may cause significant effects. Oleyl alcohol has been commonly used due
to its low toxicity, reasonable distribution coefficient, and selectivity for butanol.

Most studies of extractive acetone-butanol fermentation have been performed in a batch
reactor (16) with free cells. Wayman and Parekh (17) performed a sequential batch extractive
fermentation with cell recycle. Roffler et al. (18) tested a fed-batch fermentation with a
concentrated glucose feed that continuously extracted the butanol from a recycled sidestream and
achieved a high butanol productivity of 1 g/L/h. Eckert and Schugerl (19) used a CSTR that
recycled the cells with a membrane filter and provided a cell-free broth to an extraction cascade;
the lack of direct contact of the cells with the organic allowed the use of a more toxic extractant.
At ORNL (20), an immobilized-cell FBR with a cocurrent immiscible liquid

Table 1. REACTOR CONFIGURATIONS FOR PRODUCTION OF BUTANOL

Reactor Productivity(g/L/h) Yield (Iz/gsubstrate)
Batch 0.1-0.5 0.22
ExtractiveFed-Batch 1.5 0.25-0.3
ExtractiveContinuous 1.8 0.2
ExtractiveFluidized-Bed 1.8 0.3
Pervaporation 1.8 0.22
Gas Stripping 1.9 0.2
Productivitybasedon working reactor volume(10,11,20).



extractant demonstrated a significant 50 to 90% increase in butanol production rate and yield in
a nonoptimized extractive FBR system compared to that acheived in the nonextractive FBR. The
extractant oleyl alcohol removed most of the butanol from the aqueous phase during an active
fermentation in a fluidized bed with immobilized C. acetobutylicum for the acetone-butanol
fermentation. Under continuous, steady-state operation, the butanol yield increased to 0.3 g/g
with a productivity of 1.8 g L_ h-_when butanol was removed in this manner.

Conclusions

Microbial fermentations are limited by product inhibition and the resulting reduced yield and
conversion. These products can be removed from the ongoing fermentation by a number of
demonstrated process concepts. Additional issues must be considered in the design and operation
of these schemes. In particular, concerns of the toxicity and selectivity of the adsorbents and
solvents may limit the ease of use of these systems. However, with a proper integrated
separation method for in situ removal of the desired products, these methods can enhance both
the productivity and the yields of the overall fermentation. Further configurations can be
envisioned, and further effort is still needed to scale and commercialize these attractive designs.
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