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Basic characteristics of on-line extractive fermentation of organic acids were examined using a general model for 
the integrated process in order to illustrate the effects of various process parameters and operational modes on system 
performance. The strong pH dependence of both the fermentation kinetics and the extraction efficiency has been out- 
lined and taken into account by inclusion of a model equation which predicts the pH profile. Simulation results using 
data from butyric acid fermentations show that our complete model system is adequate to evaluate different operational 
modes of the process, including simple batch fermentation, batch or fed-batch fermentation with extractive recycle, 
and continuous fermentation with extractive recycle. In the case where a second undesired acidic byproduct is also 
produced, our model predictions suggest that on-line extractive fermentation using a suitable solvent results in an effec- 
tive gross separation of the two acids. 

On a examine les caractCristiques de base de la fermentation extractive continue d‘acides organiques a l’aide d’un 
modkle gCnCral pour le proctdC intCgrC afin de dCcrire les effets de divers paramtttres de procCdCs et modes opera- 
tionnels sur la performance du systbme. La forte dCpendance au pH de la cinCtique de fermentation et du rendement 
de I’extraction est dCcrite puis prise en considkration par I’inclusion d’une Cquation de modkle qui prtdit le profil de 
pH. Les rCsultats de la simulation qui utilisent des donnCes de fermentation de I’acide butyrique montrent que notre 
systkme de modtle complet convient pour tvaluer les diffkrents modes opCrationnels du procCdC, dont la fermentation 
discontinue simple, la fermentation discontinue ou B alimentation discontinue avec recyclage extractif et la fermentation 
continue avec recyclage extractif. Dans le cas oh un deuxikme produit acidique non dCsirC est Cgalement produit, nos 
prCdictions de modble suggerent que la fermentation extractive continue utilisant un solvant adCquat permet une sipara- 
tion brute efficace des deux acides. 
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r p n i c  acids are large volume industrial and food grade 0 chemicals with an annual US market alone exceeding 
5 billion pounds. They can be produced through chemical syn- 
thesis or from direct fermentation using carbohydrates as sub- 
strates. The structure and properties of these acids may vary 
significantly with the type of microorganisms and the 
biochemical pathway through which they are produced 
(Atkinson and Mavituna, 1983; Stanier et al. 1976). However, 
all of them are characterized as organic acids withpK, values 
lying between 1 .O and 8.0. One can classify these fermenta- 
tion products distinguishing four general categories based on 
the major biochemical pathway followed in their production. 
The first type of organic acids (Type I) are those produced 
in aerobic conditions through the citric acid cycle (tricarbox- 
ylic acid pathway). The second type of fermentation organic 
acids (Type 11) consists of those produced under anaerobic 
conditions, mainly through the metabolic pathway of butyric 
acid bacteria. These Clostridiu can ferment many sugars to 
produce a variety of solvents and low molar mass organic 
acids, such as acetic, butyric, lactic and formic acids. Type 
I11 organic acids consists of pharmaceutically important com- 
pounds such as antibiotics, vitamins and amino acids. These 
compounds are produced through more complicated biochem- 
ical pathways by specific types of microorganisms. The fourth 
category includes fatty acids produced through hydrolysis. 
Some organic acids can also be produced through oxidative 
cleavage of synthetic organic compounds, such as toluene or 
benzene, using oxygenase enzymes. Various representative 
organic acids of Types I and 111 are given in Table 1 along 
with their p K ,  values. 

During the last two decades there has been a resurgence 
of interest in large-volume production of chemicals by fer- 
mentation. The current economic impact of these products 
is still limited, ~~ ~. in part due to the difficulties of product 

+ +  Current address: Biosystems Technology Laboratory, Department of 
Chemical Engineering, Division IV National Technical University of Athens, 
Zo5rafou Campus, 15700 Zografou, Athens, Greece. 

To whom correspondence should be addressed. 

TABLE 1 
Fermentation Organic Acids and Their pK,, Values 

Acid Type pK, (25°C) 

Pyruvic acid 
Citric acid 
Isocitric acid 
Succinic acid 
Fumaric acid 
Malic acid 
Oxalic acid 
Maleic acid 
Itaconic acid 
Tartaric acid 
Propanoic acid 
Lactic acid 
Acetic acid 
Butyric acid 
Formic acid 
Lincomycin 
Flurbiprofen 

I 
I 
I 
I 
I 
1 
1 
I 
I 
I 
1 
I 
I1 
I1 
I1 
111 
111 

2.49 
3.13, 4.76, 6.40 
3.29, 4.71, 6.40 
4.20, 5.64 
3.02. 4.38 
3.22, 4.70 
1.23. 4.19 
1.93. 6.14 
3.65, 5.13 
3.01. 4.38 
4.85 
3.86 
4.15 
4.81 
3.75 (20°C) 
7.65 
6.30 

Type I: from tricarboxylic acid pathway; aerobic 
Type 11: products of anaerobic metabolism (mainly butyric acid 
bacteria) 
Type 111: pharmaceutically important compounds 

recovery. Consequently, for fermentation based acids to pene- 
trate the organic chemical market, substantial improvements 
in recovery technology are needed (Lockwood, 1979; Kertes 
and King, 1986). This is especially true for Types I and I1 
organic acids, where more economically competitive synthetic 
sources are available. 

Extractive fermentation 

Extractive fermentation, the combination of the bioreac- 
tion with liquid-liquid extraction in a unified process, is very 
promising for improved production of a wide variety of com- 
pounds, ranging from specialty chemicals such as antibiotics 
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and vitamins to commodity chemicals such as alcohols, 
organic acids, and solvents. This process is particularly 
attractive for bioreactions where cell growth and/or product 
formation are regulated by the product or by other 
undesirable cellular metabolites (Minier and Goma, 1982; 
Wang, 1983; Roffler et al., 1984; Fournier, 1986; Bar and 
Gainer, 1987). Since solvent extraction is applicable to the 
separation of many organic acids, on-line extractive fermen- 
tation can potentially be used in the production of these acids. 
Cell growth (and consequently the rate of product forma- 
tion) is usually inhibited by the extreme pH in the fermenta- 
tion broth resulting from the release of the acidic products 
(Pacaud et al., 1986; Wang and Wang, 1984). Using an 
appropriate biocompatible extractant, on-line extractive fer- 
mentation for these bioreactions can be expected to improve 
system performance by reducing product inhibition and tox- 
icity and by isolating the various acidic products. 

An appropriate solvent for on-line extractive fermentation 
should satisfy an additional constraint: it must be non-toxic 
to the microorganisms. Unfortunately, solvents that effi- 
ciently extract the desired product are usually highly toxic 
to microorganisms (Evans and Wang, 1987). Often an extrac- 
tant with a high distribution coefficient for the product is 
chemically similar to the product. However, chemically 
similar compounds may have similar mechanisms of 
microbial toxicity, so the extractant as well as the product 
may be toxic to the cells. 

Only a few suitable organic liquid extractants exist at 
present. We have been investigating the possible use of mixed 
extractants (a combination of toxic and non-toxic extractants 
with corresponding high and low distribution coefficients for 
the product) for on-line extraction (Evans and Wang, 1987). 
Initial success was achieved for butanol and butyric acid fer- 
mentations (Evans and Wang, 1988, 1990). 

On-line extraction of organic acids 

The model bioreaction chosen for this study was the butyric 
acid fermentation in which acetate and butyrate are the major 
acidic products. Both products are produced in comparable 
concentrations, and thus effective separation of the more 
valuable one (butyrate) is very important in reducing the total 
cost of the process. Also, since both butyrate and acetate 
inhibit cell growth, product removal during the fermenta- 
tion will definitely improve productivity. We consider only 
the on-line extraction of the non-ionized forms of butyrate 
and acetate by an immiscible, biocompatible organic solvent. 
Extractive fermentation has been applied with satisfactory 
results to several other fermentations, including organic acid 
fermentations, by reducing product inhibition and increasing 
process productivity (Datta 1981; Roffler et al., 1984; Bar 
and Gainer, 1987; Evans and Wang, 1990). 

A general scheme for an idealized continuous on-line 
extraction process is given in Figure 1. Whole broth or 
filtered supernatant and solvent can be contacted either in 
the fermenter or in an external extraction vessel. Contact of 
broth and solvent in the fermentation vessel results in a 
limited interfacial area between the two phases and low rates 
of mass transfer. Thus, product can accumulate in the 
aqueous phase since its formation rate may be much higher 
than its transfer rate to the organic phase (Diaz, 1988; 
Roffler, 1986). Therefore, we assume contact of broth and 
solvent to take place in a separate extraction vessel. Since 
the type of extraction equipment is a separate design problem, 
we chose a single ideal stage contactor-phase separator for 

Feed Str 

Figure 1 - A schematic diagram of the continuous on-line extrac- 
tive fermentation. 

initial evaluation here. The recycle stream leaving the fer- 
menter contacts the free solvent in the extraction vessel. The 
aqueous phase leaving the extractor returns to the fermenter, 
while the organic extract is processed further for product 
recovery and free solvent regeneration. Finally, the fermenter 
is equipped with a feed line for additional supply of substrate 
and nutrients and a bleed line for the disposal of used cells 
and medium. 

In addition to butyrate, the organic solvent will also extract 
a significant amount of acetate. Isolation of butyrate from 
the fermentation broth depends on the extract-to-raffinate 
ratio, on the nature of the organic solvent and on the distri- 
bution coefficients of the two acids. The ratio of the distri- 
bution coefficients for butyrate and acetate determines the 
effectiveness of the separation. Under certain conditions, the 
ratio of the distribution coefficients may change dramatically 
with the pH of the extractor's aqueous phase, and the sepa- 
ration of these two similar compounds may be greatly 
enhanced or reduced (Robinson and Cha, 1985). Thus, a 
valid model for pH prediction in organic acid fermentation 
broths, such as the one previously developed (Hatzinikolaou 
and Wang, 1991; Pons et al., 1990), is of great importance 
in designing the entire extractive fermentation process. 

Oleyl alcohol with varying amounts of decanol (Evans and 
Wang, 1987) was used as the model extracant in this work. 
This organic mixture is chosen because it is non-toxic to Clos- 
tridiu spp., and because it has a high capacity for butyrate. 
Furthermore, there are available experimental data on the 
distribution coefficients of butyrate and acetate from aqueous 
solutions (Lemon and Wang, 1988). The actual distribution 
coefficient of butyrate (KD-bur) is defined as: 

where [ ButH] and [ ButH] are the concentrations of the 
non-ionized form of the acid in the organic and aqueous 
phase, respectively, and [ B u t - ]  is the concentration of the 
ionized form in the aqueous phase. In the definition of Equa- 
tion (l), it is implied that But - is not soluble in the organic 
solvent. Substituting [ B u t - ]  from the definition of the dis- 
sociation constant, Kbuf, gives: 
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PH 

Figure 2 - Distribution coefficients of acetate and butyrate versus 
pH (Solvent: oleyl alcohol). 

The ratio [ ButH] o /  [ ButH] ,,, is defined as the intrinsic 
distribution coefficient (Robinson and Cha, 1985), KD-but,  
which applies at very low pH values, where all the acid is 
present in the non-ionized form. Assuming that this ratio is 
not affected by the presence of But-, Equation (2) may be 
written as: 

or 

Similarly, for acetate we may write 

= KL-ac/ [ 1 + 10pH-pKac] . . . . . . . . . . . . . . . . (4) 

With the values of the intrinsic distribution coefficients 
known, we can determine the actual distribution coefficient 
for each acid, at every p,H value of the extractor’s aqueous 
phase. The values of KD-but and KL-ac for oleyl alcohol at 
pH 1 .O have been previously determined and are 4.95 and 
0.24, respectively (Lemon and Wang, 1988). Inserting these 
values in Equations (3) and (4) we plotted KD-bur and K D ~ ~  
as a function of the pH in the extractor’s aqueous phase 
(Figure 2). In this figure, experimental values of the distri- 
bution coefficients of the two acids in oleyl alcohol at specific 
pH values are also plotted (Lemon and Wang, 1988). It seems 
that both equations can be used to predict the KD’s of the 
two acids as long as the pH of the aqueous phase is known. 
From Figure 2 is also clear that extraction efficiency is 
favoured at low pH values where the distribution coefficients 
are high. Both KD’s  tend to zero at high pH values, since 
at this pH range all the acids are in the non-extractable ionized 

1 24 

19 4 
0 2 4 6 

PH 

Figure 3 - Ratio of the distribution coefficients of butyrate and 
acetate in oleyl alcohol. 
form. Their ratio however, / KDaC, increases with the 
pH (Figure 3). Since this ratio determines the effectiveness 
of the separation among the two acids, we may conclude that 
the latter is improving by increasing the pH. 

The biochemical kinetic model 

There are many bacteria capable of utilizing water-soluble 
sugars (e.g. glucose) to produce organic acids. In modeling 
the pH profile during fermentation and on-line extraction, 
it is essential to know the kinetics of cell growth, substrate 
utilization, and product formation. The parameters of any 
fermentation model must be determined from batch or con- 
tinuous fermentation data for each microorganism and set 
of growth conditions. The process is strongly pH dependent 
and there is evidence that the products exhibit various inhi- 
bition effects on the cell growth (Roffler, 1986; Pacaud et 
al., 1986; Wang and Wang, 1984). In this work the focus 
is on the butyric acid fermentation as a model system. Butyric 
acid bacteria such as Clostridia spp. can anaerobically fer- 
ment a variety of sugars to produce a number of organic sol- 
vents (butanol, acetone, ethanol, etc.) and/or carboxylic acids 
(acetate, butyrate, lactate and formic acids). In modeling the 
fermentation kinetics we shall use the following assumptions: 

only two basic metabolites (acetate and butyrate) are 
produced. 
other toxic metabolites are absent (only the main products 
inhibit cell growth). 
Several researchers have suggested that the fermentation 

products substantially inhibit cell growth. Thus, the tradi- 
tional Monod growth model should be modified to take this 
into account: 

R, = [PmarS / (K ,  + S)l [ 4 ? , / ( 4 c  + [acl)l 

The values of p-, K,, and kd vary with the medium 
composition, the temperature, the strain of organism, etc. 
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I,, and fh, , ,  are inhibition constants for acetate and butyrate, 
respectively. 

The pH drop during fermentation without pH control will 
affect the growth of the microorganisms. This effect is gener- 
ally described through the well-known bell shaped curve of 
prrrac vs pH. There has been no attempt in the literature to 
model this effect. In addition, the question of whether growth 
inhibition is mainly due to the release of the acid(s) or to 
the pH value itself is still unsettled. Thus, in Equation (5) 
we are assuming that during the fermentation the pH changes 
by 1 to 2 units, but that there is no significant effect of pH 
on pmrLx. Also we may assert, that since the pH drop in the 
broth is caused by the release of organic acids, the acid inhi- 
bition pattern introduced in Equation (5) indirectly accounts 
for the pH inhibition on cell growth. 

For product formation, a mixed growth kinetic model of 
the Luedeking-Piret type was used (Bailey and Ollis, 1986): 

. . . . . . . . . . . . . . . . . . . . . . . . . .  R,,,. = a,, R,. + b , X  (6) 

and 

......................... Rbur = UhR,. f b h X  (7) 

where u,,,~, = mmol acidslg cells and ba,b = mmol acidlg 
cells . h .  

Finally, the rate of substrate utilization may be written as: 

where the Ys  are the substrate yield coefficients for biomass, 
acetate and butyrate, respectively. Using the above rate 
expressions in Equation (5) to (8), we can develop the 
differential equations for batch fermentation of butyric acid 
bacteria: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  d X l d t  = R,. (9) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - dS1dt = R, (10) 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  d [ a c ]  ld t  = RUc (1 1) 

. . . . . . . . . . . . . . . . . . . . . . . . . .  d [ b u t ]  ld t  = Rhur (12) 

Equations (9)-( 12) can be used in order to determine the 
values of the kinetic constants through batch fermentation 
experimental data. In this work the values of these constants 
[except for YorIs and Ybegl,,, which can be determined from 
the biochemical pathway (Papoutsakis, 1984)] were deter- 
mined numerically using simultaneous integration and non- 
linear optimization techniques. The Simusolve software 
package (MTS, The University of Michigan) was used. 

Modeling of the continuous on-line extraction 

For the on-line extraction model we used the following 
assumptions. 
- The fermenter is a well mixed reactor. 
- The phases are immiscible. 
- The two phases are always in equilbrium. 
- Only acetate and butyrate are distributed among the two 

phases. 

- The KD's for the two products are independent. 
- The KDs are dependent on the pH of the aqueous phase 

- No volume change occurs on mixing. 
- The extract and raffinate flowrates are constant. 

Under these assumptions, and applying the appropriate 
mass balances for the general on-line extractive fernienta- 
tion system of Figure I ,  we obtain the differential equations 
that describe the variation of species in the fermenter and 
extractor with time (Table 2) .  

Equations (13) to (21) in Table 2 have to be integrated 
simultaneously using a fourth-order Runge Kutta method to 
give the concentrations of the various species in the fermenter 
and the extractor aqueous phase. From the definition of the 
distribution coefficient, KD,  the concentrations of the acids 
in the organic extract at each time step are given by: 

(Equations 3 and 4). 

. . . . . . . . . . . . . . . . . . . . . . .  [ a c ]  E" = KD-uc [ a c ]  2 (24) 

. . . . . . . . . . . . . . . . . . . . .  [but ]  E" = KD.bu, [ but] $ ( 2 5 )  

It is noted that the distribution coefficients of acetate and 
butyrate in the solvent are functions of the concentrations 
of acids in the extractor aqueous phase (since they are a func- 
tion of pH), and thus their values are time dependent. There- 
fore, an iterative algorithm (that involves integration step 
adjusting) for the calculation of the distribution coefficients 
using a pH predicting model for the particular fermentation 
medium and conditions (Hatzinikolaou and Wang, 1991) had 
to be employed at each integration time step. 

Computer simulations of the on-line extraction of organic 
acids 

The model microorganism we used for our simulations is 
Butyribacterium methylotrophicum. The working pH range 
for this bacterium is 7.5 to 4.8, and its two major metabolic 
products are acetate and butyrate using glucose as the sole 
carbon-energy source. Using batch fermentation data for this 
microorganism (Shen et a]., 1988), we determined the kinetic 
constants for growth, through nonlinear optimization rou- 
tines using the Simusolve program and Equations (9)-( 12). 
A summary of these values is shown in Table 3 .  The non- 
linear fitting of the cell growth kinetic model is given in 
Figure 4. 

The working fermenter volume was taken to be 10 L and 
the volume of the extractor was taken as 1 L. The objective 
function for the evaluation of the system's performance is 
the fermenter productivity of butyrate, defined as: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  V = B,,,/tf (26) 

But since there are two major products in this process, the 
purity of the extract is also important and has to be taken as 
an additional objective function. This parameter is defined as: 

. . . . . . . . . . . . . . . . . . . . . .  P = Bex,I(Aexl + (27) 

The first process parameter effects evaluated are those of 
the recycle flowrate FR and the solvent flowrate Fs. As 
shown in Figure 5 ,  the predicted butyrate productivity 
strongly depends on FR; it  increases rapidly at recycle 
flowrates of between 0.0 and 0.3 fermenter volumeslh while 
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TABLE 2 
Differential Equations Developed for Computer Simulation of Organic Acid Fermentations 

The mass balances on the cells, substrate and products in the fermenter are: 

Cells: 

. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  d x ~ l d t  = [1lvR1 [Fdr,  f FR(XE - XR) - FBXR 3- R,VR - XR(Fo - Fs)] (13) 

Substrate: 

d s ~ l d t  = [ I f  v R 1  [Foso + F R P E  - SR) - FBsR - R, VR - s ~ ( F o  - F B ) ]  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (14) 

Acetate: 

d[ucl~/dr = [ I / V R I  [Fo[ac]o + F ~ ( [ a c ] i .  - [ ~ C I R )  - F B [ ~ ~ ] R  -t - [ U c l ~ ( F o  - F B ) ]  . . . . . . . . . . . . . . . . . . . . . .  ( 1 5 )  

Butyrate: 

d[buflR/df  = [ I / v R l  [Fo[bufIo + FR([bUrli - [bUtlR) - FB[butlR f Rhu, v~ - [ h t l R ( F o  - FB)] . . . . . . . . . . . . . . . . .  (16) 

Fermenter volume: 

dVR/dt = Fo - FB . . . .  . . . . .  . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (17) 

The mass balances on the cells and substrate in the extractor, which involve only the aqueous phase, are: 

Cells: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  dXb/dt  = [ 1 / V $ ]  [FR(XR - XE) + R,V$] 

dS,/dt = [ 1 / V g ]  [FR(SR - S,) - R,V$] . . . . . . . . . . . . . . . . . . . . . . . . .  

(18) 

Substrate: 
. . . .  . . . . . . . . . . . . . . . . . . . . . . .  (19) 

The material balance on acetate in the extractor is: 

d(r i [UL‘]Z) /d f  + d(Vg  [ U c ] z ) / d t  = FR[ac]R + v $ / A G C  - F R [ a c ] $  - Fy[ac]g 

Substituting the equilibrium relationship [ac]  = KD-Oc [ac] into the above equation, the acetate concentration in the extractor aqueous 
phase is given by the following differential equation: 

Acetate: 

d [ a c ] $ / d t  = [1/(VA, + KD.,c V g ) ]  [FR[ac]R + VA,R,, - (FR + KD.,,FS)[UC]$] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (20) 

Similarly, the butyrate concentration in the extractor aqueous phase is given by the following equation: 

Extractor volume: 

v; = [FR/(FR + F,)] VE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (22)  

Iff = [F,/(FR + F,)] V, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (23) 

it remains practically constant at rates greater than 0.6 fer- 
menter volumes/h. This result indicates the importance of 
butyrate removal from the broth, since the inhibition effect 
of the acid on cell growth (and consequently on the rate of 
product formation) is significantly reduced. The nearly cons- 
tant productivity at high recycle flowrates can be attributed 
to the fact that solvent capacity is approaching to its max- 
imum value and no more butyrate is removed in the extractor. 
Figure 5 also shows that the value of the final butyrate 
productivity increases asymptotically with solvent flowrate 
in the extractor, Fs. This result is expected since the amount 
of butyrate removed per unit time can be assumed propor- 
tional to the value of Fs for low values of the latter. 
Increasing Fs over a certain value is unproductive, since 

above this value there would be not much more butyrate 
available in the extractor’s aqueous phase. 

The predicted purity of the extract as a function of F R  and 
Fs is plotted in Figure 6. At low F R  values there is not ade- 
quate butyrate removal from the broth and, as a result, the 
pH in the extractor aqueous phase remains relatively low. 
But, since the ratio of the distribution coefficients of butyrate 
to acetate is an increasing function of pH (Figure 3), it is 
to be expected that the purity of the extract will increase with 
FR. Indeed, this is the case as shown in Figure 6 ,  where for 
a given value of Fs the extract purity increases with F R .  In 
the same plot, we also observe that the extract purity will 
decrease rapidly with increased solvent flowrate. This result 
reflects the well accepted “rule of thumb” in conventional 
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TABLE 3 
Kinetic Constants for B. merhyloiruphicum as Determined from 
Batch Fermentation Data*, Through Non-Linear Optimization ‘lo, 

P ’ , , , ~ ~  = 0.187 h - ’  

f,( = 4.84 mmol acetate/L 

Yr,, = 0.2419 [cell OD,, units] / [mmol glucoselL] 

K, = 4.18 mmol glucose/l 

I,,, = 5.85 mmol butyrate/L 

kd = 0.041 h- ‘  

a, = 2.260 [mmol acetatell] 

ah = 0.340 [mmol butyrate/L 

6, = 0.OOO fmmol acetateill 

bh = 0.066 [mmol butyrate/L 

[cell OD,, units] 

[ cell OD,, units] 

[cell OD,, units] / h  

/ [cell OD,, units] / h 
** 

Y,,,, = 2.0 mol acetatehol glucose 

Yhu,,, = 1.0 mol butyrate/mol glucose** 

*The initial substrate and cells concentration are 21.2 mmol glu- 
tpse/L and 0.12 cell OD, units, respectively. 

Determined from the biochemical pathway. 

/ - -  
0.0 - 

20 40 60 
I E 1 5 -  - 

Time (h) 
S. simulated 

[XI. s i m u w  

but], s i m u w  

s. experimental 

--.--- 

n 
v 1 .  

0 10 20 30 40 50 60 

Time (h) 

Figure 4 - Non-linear fitting of the batch fermentation data for 
B. methylofrophicum (Shen et al., 1988). 

extraction processes that “several smaller extracts give 
higher purity than one very large extract”. 

In the rest of our simulation we used a recycle flowrate 
(FR) equal to 0.6 fermenter volumes per hour, and a solvent 
flowrate (Fs) equal to  4.0 L/h. These values may be consi- 
dered a good compromise between productivity and purity 
for the particular conditions of our system. 

The buffer strength of the fermentation broth must also 
play an important role in the performance of the system, since 
the KO values of the products are strong functions of pH 
(Equations (3) and (4)). This parameter is introduced into 
the complete model by altering the buffering salts concen- 
trations of the medium in the pH-predicting equation that we 
used (Hatzinikolaou and Wang, 1991). Figure 7 shows the 

75 

0.0 0.2 0.4 0.6 0.8 1 .o 1.2 

FR / VR (h-1) 

Figure 5 - Butyrate productivity as a function of recycle flowrate 
for different values of solvent flowrate. 

1 0.95 

0.701 . I . , . , . , . , . 
0.0 0.2 0.4 0.6 0.8 1 .o 

F R / V R  (h-1) 

2 

Figure 6 - Extract purity in butyrate as a function of recycle 
flowrate for different values of solvent flowrate. 

relation between the two objective functions of the process 
and the buffer strength of the solution. As with Fs, the 
buffering capacity of the medium has conflicting effects on 
these two parameters. High buffering capacity of the broth 
means that the pH drop during the fermentation is slow. As 
a result, the pH of the medium remains high for longer 
periods of time, keeping the butyrate distribution coefficient 
low (inadequate product removal and, therefore, low 
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0 5 10 15 20 25 

Buffer strength, (x times) 

Figure 7 - Effect of medium buffering capacity on butyrate 
productivity and extract purity. 

productivity) and the ratio of the KD's high (high purity of 
the product). 

The complete model now is applied in order to examine 
the effect of different operational modes on system perfor- 
mance. We compare the following four modes: batch fer- 
mentation, batch fermentation with recycle, fed-batch 
fermentation with recycle, and continuous fermentation with 
reycle. In order to choose the substrate feed concentration 
and the bleed and feed flowrates to use for the comparison 
among the different operational modes, we examined the 
effect of these parameters on the objective functions of the 
system (Equations 26 and 27) for the case of operation in 
a continuous mode. Figures 8 and 9 present the cor- 
responding simulation plots. For a constant substrate con- 
centration in the feed stream (SO) there is an optimum value 
of the bleed and feed flowrates with respect to butyrate 
productivity. As the value of FB = Fo increases, removal 
of acids from the fermentation broth through the bleed stream 
reduces their inhibition effect on cell growth and more acids 
to be removed from the extractor are produced. The pH 
decreases, and the amount of butyrate extracted increases, 
while the purity of the extract decreases. Further increase 
in the value of FB = Fo results in a significant loss of 
butyrate through the bleed, dilution of the fermentation broth 
and increased pH values. Increasing the substrate concen- 
tration of the feed also results in asymptotically higher values 
of butyrate productivity since substrate also induces cell 
growth. 

Based on the numerical results for the particular condi- 
tions of our model system plotted in Figures 8 and 9, in the 
fed-batch mode we selected a feed stream containing 
50 mmol/L glucose and a feed volumetric flowrate Fo = 
0.15 L/h. Additionally, an equal bleed flowrate (FB) was 
used in the continuous mode. Figure 10 shows the predicted 

" I  - I . , . I  . , . I  

0.0 0.1 0.2 0.3 0.4 0.5 
FB = Fo (L/h) 

Figure 8 - Butyrate productivity vs bleed-feed flowrates at 
different inlet substrate concentrations. 

0.751 
0.70 ! I 

0.0 0.1 0.2 0.3 0.4 0.5 

FB = Fo (Llh) 

Figure 9 - Extract purity vs bleed-feed flowrates at different inlet 
substrate concentrations. 

pH of the aqueous phase in the fermenter for different oper- 
ating modes. A qualitative review shows the benefits of on- 
line extraction through contact of the recycle stream with 
the solvent. The pH drop in the fermenter's aqueous phase 
is less steep for the extractive operation modes than for 
regular batch fermentation. This is very important since the 
microorganism can grow only in a limited pH range. As a 
result, operation time can be substantially lengthened, 
resulting in increased specific productivity (mmol butyratelg 
cells). For the batch recycle mode (no feed or bleed stream) 
we observe that the pH profile reaches a minimum which 
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7'0b \ Recycle Batch 

Recycle Fed-Batch 

Simple Batch 

0 20 40 60 80 100 120 

Time (h) 

Figure 10 - pH profile in the fermenter at different operating 
modes. 

/ 

1 Recycle Continuous 

0.- I . I . . I . ' ' ' ' 
0 20 40 80 80 100 120 

Time (h) 

Figure 1 I - Butyrate concentration profile in the fermenter for 
the different operating modes. 

appears when the butyrate removal rate in the extractor 
becomes higher than the rate of its production by the cells. 
Subsequent increase of the pH is a disadvantage of the batch 
recycle operation since at high pH values the distribution 
coefficients of the products are low. The recycle continuous 

TABLE 4 
Butyrate Productivity and Extract Purity for the Different Oprr- 

ating Modes 

Butyrate Productivity Purity of Extract 
Operating Mode p mol/L . h % 

Regular Batch 77.7 
Batch recycle 105.5 
Fed-batch recycle 158.9 
Continuous recycle 166.5 

- 

91.0 
86.4 
79.7 

mode, as shown by Figure 10, could be considered as the 
most appropriate operational mode, since it gives relatively 
low pH values which do not limit cell growth. 

Figure 11 shows the predicted butyrate concentration pro- 
file in the fermenter. As we would expect, butyrate con- 
centration in the fermenter is much lower for the extractive 
modes. For the batch extractive fermentation, after an early 
maximum, the amount of butyrate in the fermenter 
decreases, since its production rate falls below its removal 
rate due to substrate exhaustion and cell death. For the 
fed-batch and continuous recycle modes, butyrate concen- 
tration in the fermenter follows a similar pattern. Figure 
11 clearly depicts an additional advantage of the continuous 
operation mode. The existence of the bleed stream in this 
mode yields a relatively low concentration of acids in the 
fermenter. This result is very beneficial to the overall per- 
formance of the system since acids inhibit cell growth. 
In Figure 12, simulation results for the total butyrate 
produced (extracted + residual) are plotted as a function 
of time for the different operating modes. It is clear that 
the on-line extraction modes greatly increase the amount 
of butyrate produced compared to the regular batch fer- 
mentation. Among them, the continuous recycle and fed- 
batch recycle modes yield the highest butyrate production. 
The corresponding final productivities of butyrate for the 
four modes along with the purity of butyrate in the extract, 
are given in the Table 4. On-line extraction of the organic 
fermentation product is predicted to yield considerably 
higher productivity compared to the regular batch fermen- 
tation. In addition, on-line extraction provides a relatively 
effective gross separation of the two acids, yielding a 
butyrate purity in the extract well above 75 % . The increase 
in productivity can be as high as 115 % for the case of 
a continuous feed/bleed mode, although product purity is 
favored by the batch recycle mode. 

Conclusions 

In this work we examine the basic characteristics of on- 
line extractive fermentation of organic acids using the 
butyric acid fermentation as a model system. A model for 
predicting pH profiles during fermentation was combined 
with a biochemical kinetic model and the mass balance 
equations for continuous extraction. Using this complete 
on-line extraction model, a number of computer simula- 
tions were conducted in order to evaluate the effects of 
the various process parameters and operation modes on 
system performance. 

Our results showed that on-line extractive fermentation 
of organic acids is very promising for increasing fermen- 
tation yield and productivity compared to regular batch fer- 
mentation. This result is mainly due to the removal of 
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Figure 12 - Total butyrate produced per unit fermenter volume 
vs fermentation time, for the different operating modes. 

acidic products which inhibit cell growth. In addition, when 
more than one acid is produced, extractive fermentation can 
simultaneously provide an effective separation of the more 
desirable product under conditions of favourable distribu- 
tion coefficients. However, high volumetric productivity con- 
flicts with purity of the extract. Thus, in order to run the 
system in the most effective manner, values of the process 
parameters will have to be determined through additional cost 
minimization equations. Complete operational models, like 
the one developed in this work, should play a key role for 
such work. 
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Nomenclature 

f4, 

(l h 

[ U C ]  = acetate concentration, mmol/L 
[ a c ]  2. 
[ uc]  

[ U C . ] , ~  

[ uc]  
A,,, 
b ,  

0, 

B,,, 
BlOf 

= growth associated kinetic constant for acetate 

= growth associated kinetic constant for butyrate 
production, mmol acetatelg cells 

production, mmol butyratelg cells 

= acetate concentration in extractor aqueous phase, 

= acetate concentration in extractor organic phase, 

= acetate concentration in the feed, mmollL 
= acetate concentration in the fermenter, mmol/L 
= total amount of acetate extracted up to t , mmol 
= non-growth associated kinetic constant ffor acetate 

= non-growth associated kinetic constant for butyrate 

= total amount of butyrate extracted up to 9, mmol 
= total butyrate produced per fermenter volume, mmol/L 

mmollL 

mmol/L 

production, mmol acetatelg cells . h 

production, mmol butyratelg cells . h 

[but] A = butyrate concentratm. mmol/L 
[but] = butyrate Concentration in extractor aqueou\ phnw. 

[but] ," = butyrate concentration in extractor organic phase. 

[but],  = butyrate concentration in the feed, mmol/L 
[but] = butyrate concentration in fernienter. inmoliL 

mmol/L 

mmollL 

= bleed h e  volumetric flowrate. Llh 
= feed volumetric flowrate. L/h 
= recycle volumetric flowrate, Lih 
= solvent volumetric flowrate. Lih 
= acetate inhibition constant on growth, niinol 

= butyrate inhibition constant on growth, mmol butyratell 
= partition coefficient of acetate in solvent-water mixture 
= intrinsic partition coefficient of acetate. applied at 

= partition coefficient of butyrate in solvent-water 

= intrinsic partition coefficient of butyrate, applied at 

= acetate dissociation constant, niollL 
= butyrate dissociation constant, m d / L  
= cell death rate constant, h 
= inhibition constant on growth for the substrate. 

= extract purity, defined by Equation (27) 
= -log,o [ionization constant of component ( I  in watcr] 
= rate of cell growth, g cellsiL . h 
= rate of substrate consumption, mniol suhstratelL . h 
= rate of acetate production, mmol acetateiL ' h 
= rate of butyrate production. mmol butyratelL . h 
= substrate concentration, nimoliL 
= substrate concentration in extractor (aqueous phase). 

= substrate concentration in the fermenter. mmal/L 
= substrate concentration in the feed. mmolil. 
= time, h 
= time required to reach the maximum rate of 

= butyrate productivity (Equation 26), mniollL . h 
= fermenter working volume, L 
= total extractor working volume. L 
= extractor aqueous phase volume, I, 
= extractor organic phase volume. L 
= cell concentration, g/L 
= cell concentration in the fermenter. g/L 
= cell concentration in the extractor (aqueous phase). g/L 
= cell concentration in feed, glL 
= substrate yield coefficient for acetate. mmol 

= substrate yield coefficient for butyrate, mnitrl 

= substrate yield coefficient for biomass, g cellsiinniol 

acetatell 

low pH values 

mixture 

low pH values 

' 

mmol substrateiL 

mmollL 

butyrate production, h 

acetatelmmol substrate 

butyratelmmol substrate 

substrate 

Greek 

Pmar = maximum specific growth rate, h - '  
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