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Pusan 

Considerations of partition coefficients, selectivity, biocompatibility, and waste generation 
are important in selection of appropriate solvents to be used for extractive recovery of 
products from fermentation broths. Several selection criteria can be used based upon the 
nature of different species present in the broth. These criteria, along with examples of 
specific case studies, were presented. These serve not only in screening of useful solvents, 
but also in pointing to the specific modes of operation of recovery-coupled bioprocesses. 
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INTRODUCTION 

Biological production of chemicals from non-fos- 
silized resources is very attractive due to the relatively 
moderate conditions utilized in such processes, speci- 
ficity of transformations, and regenerative nature of 
raw materials. Bioprocesses are generally considered 
environmentally friendly also. On the other hand, 
these processes form product streams that are dilute 
and contain a nmnber of contaminating chemicals. 
Hence, recovery of products from these product 
streams is tedious and costly. Efficient, economic, fast, 
and robust methods of product recovery are necessary 
for the successful production of chemicals by bioproc- 
essing. Extraction, driven by preferential partitioning 
of desired compound(s)between two immiscible liquid 
phases, is a commonly used unit operation in chemical 
processing industry and is also extensively used in 
pharmaceutical industry (Table 1). It lends to contin- 
uous operation, and principles of scale-up of extrac- 
tions are well known. As a result, extraction has been 
extensively investigated for recovery of chemicals 
produced by bioprocessing. 

Since end-product inhibition limits the concentration 
of the desired fermentation products in a number of 
bioprocesses [13,14], many attempts have been made 
to integrate the production process with recovery 
operations [15-19]. Extractive fermentation is a techni- 
que where extraction is carried out as the product is 
formed in the bioreactor and the inhibitory product(s) 
are selectively taken out of the aqueous culture 
medium thus relieving inhibition. In-situ extraction 
involves introducing the extractants directly in the 
bioreactor. Extractive fermentation has been used 
successfully for kinetic enhancement as well for con- 
centration of the desired product. Extraction is attrac- 
tive not only for heat-labile and high boiling-point 
metabolites, but also for low boiling point products 
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Table 1. Extractions in pharmaceutical industry 

Antibiotics [ 1. ] 
Vitamin B-12 [ 2 ] 
Prednisolone [ 3 ] 
Macrolides [ 4 ] 
gifamycin [ 4 ] 
Chloramphenicol [ 4 ] 
Polyenes [ 5 ] 
Penicillin [ 6 ] 
Cephalosporin [ 7 ] 
Erythromycin [ 8 ] 
Oxytetracycline [ 9 ] 
Tetracycline [ 10] 
Bacitracin [11] 
Dactinomycin [12] 

that form azeotropes with water at low concentrations. 
Higher reactor productivities are also obtained due to 
higher cell concentrations in the bioreactor [20]. 

Key considerations in extractive fermentations include 
solvent selection and deciding a strategy of operation 
of such recovery-coupled systems. Different aspects of 
these considerations have been discussed in this paper. 
Several examples have been provided and the direc- 
tions of new developments have been identified. 

S O L V E N T  S E L E C T I O N  

Systematic solvent screening is necessary for suc- 
cessful development of an extractive fermentation 
process. The key criteria for solvent screening are the 
distribution coefficient (ratio of product concentrations 
in solvent and in aqueous phases), selectivity (ratio of 
distribution coefficients of the product and of other 
impurities between the two phases), and biocompati- 
bility of the solvent system. The important solvent 
characteristics are density, viscosity, interfacial tension, 
polarity, volatility, and flammability. An ideal solvent 
should posses the following characteristics: a low cost, 
environmental safety, non-toxicity, low viscosity, bio- 
compatibility, complete immiscibility with aqueous 
phase, high distribution coefficient and a high selecti- 
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vity for the desired product, and easy recovery of the 
desired product from the solvent phase. 

Miscibility of solvent and aqueous phases is econo- 
mically important. Cost of solvent required to make- 
up for losses is a major concern in solvent extractions 
[21]. High solvent-solubility in aqueous phase is likely 
to be associated with higher toxicity for the micro- 
organisms (loss of biocompatibility); it increases the 
cost of waste treatment as well. Partitioning of water 
in solvent phase generally increases the cost of 
product recovery from the solvent phase. 

Viscosity of solvent influences the efficiency of ex- 
traction through its effect on mass transfer coefficients. 
As an example, Alamine 336 in oleyl alcohol turned 
out to be an excellent extractant for lactic acid from 
fermentation broth [22]. However, the high viscosity 
of oleyl alcohol resulted in prediction of low mass- 
transfer coefficients in membrane extractions, which 
in turn would cause accumulation of higher concen- 
trations of lactic acid in the fermentation broth and 
low rates of its production [22]. Highly viscous solvents 
require more power for pumping and mixing also. 
Interfacial tension has a direct bearing on phase con- 
tacting during extraction and in the solvent recovery 
operation. Low interfacial tension causes stable emul- 
sions resulting in difficulties during separation of 
phases, while high interfacial tension causes high 
energy requirements to maintain sufficient contact 
area for mass transfer [17]. 

Screening of solvents for their suitability for extrac- 
tion of a product from fermentation broths can be 
conducted systematically from a computer database. 
Programs such as UNIFAC and UNIQUAC can be 
used to calculate liquid-liquid equilibria (LLE) data 
for different solvent-solute-aqueous medium systems. 
From the LLE data, distribution coefficients, selectivity, 
and the solubilities of the products and solvents in 
aqueous phase are calculated. Subsequent screening 
of the selected solvents for biocompatibility to the cells 
is often conducted experimentally to further narrow 
down the choices [18,23,24]. 

D i s t r i b u t i o n  and  P a r t i t i o n  C o e f f i c i e n t s  

Distribution coefficient (kd) of a compound is defined 
as the ratio of its concentration in the solvent phase to 
that in aqueous phase. The greater the value of the 
distribution coefficient, the less the ratio of solvent to 
water will be required for effective extraction. For 
dissociating compounds, the pH of aqueous solution 
displays a strong effect on kd. This observation is a 
result of the fact that only the undissociated form of a 
compound is transferred into the generally nonpolar 
organic solvents. Therefore, another term 'partition 
coefficient' (m) is defined as a ratio of the concen- 
tration of undissociated product in the organic phase 
to that in aqueous phase. For nondissociating products, 
the values of kd and m are same. The partition 
coefficients of organic acids have been shown to be 
independent ofpH of the aqueous broth [25]. It is thus 
important for effective extraction to maintain pH of 
aqueous broths near pK value of the product. 

Distribution and partition coefficients of several 
fermentation products in various solvents are listed in 
Tables 2 and 3. There are some apparent wide varia- 
tions in kd data reported in literature due to variations 
in purity of solvents, pH, temperature, analytical meth- 

ods, etc. [26]. In general, two key parameters of the 
solute and the solvent determine the value of distribu- 
tion coefficients of different solutes between aqueous 
and organic phases: the numbers of electron donor/ 
acceptor (Lewis basicity/acidity) and the Hildebrand 
solubility parameters (polar/nonpolar character). These 
numbers for a number of chemicals are available from 
handbooks and can be used to make a tentative list of 
solvents that may be used for further screening using 
LLE-data. 

The distribution coefficients of polar chemicals tend 
to increase with increasing numbers of polar groups in 
the solvent-structure [26]. An increasing order of 
extractability of ethanol in various solvents is hydrocar- 
bon = halocarbon < ether < ketone < amine < ester < 
alcohol = organic phosphate < carboxylic acids [26,27]. 
In ethanol-solvent-water system, ethanol and water 
have both electron donating and electron accepting 
capabilities, and ethanol has a higher electron donor 
number than water. Therefore, it is not surprising 
that Lewis acids (such as carboxylic acids) form better 
extractants than Lewis bases (such as amines and 
ketones). Amongst carboxylic acids, those with lower 
chain length have higher kd values than those with 
longer chain length. 

As solvents, alcohols, esters, and phenols have higher 
distribution coefficients for ethanol, butanol, and acetone 
from aqueous solutions [17,28-30], while saturated 
and unsaturated hydrocarbons have poor values of kd 
due to their nonpolar characteristics. Branched chain 
alcohols appear to be better for ethanol extraction [26, 
31]. This is a result of changes in basicity caused by 
steric effects due to branched chains. For extractions 
of acetone and butanol, 1~ values decrease as the 
molecular weight of hydrocarbon solvent increases 
[17]. Incorporation of halogen and nitrogen-bearing 
groups in the solvent improves the distribution coef- 
ficients slightly. Accordingly, fluorocarbons such as 
Freon 11 (monofluorotrichloro-methane) and Freon 
21 (monofluorodichloromethane) have been proposed 
as solvents for extraction of C2-C5 alcohols from 
fermentation broths [32]. 

C5 and C6 carboxylic acids have reasonably high 
distribution coefficients for ethanol. The fact that kd 
decreases with increase in chain length of the acid [30] 
is perhaps related to decreasing solvent polarity, as 
measured by Hildebrand solubility parameter [30,33, 
34]. For the same reason, with kerosene as a solvent, 
kd values of long-chain organic acids are larger than 
those of lower chain length. 

Distribution coefficients of chemicals between two 
phases can be affected by reactions in either phase. 
Addition of enzyme ]ipase in a two phase system con- 
sisting of an organic acid (valeric, hexanoic, octanoic, 
or oleic acid) as solvent and aqueous phase, improved 
the partitioning of ethanol [30] in the nonaqueous 
phase. The enzyme catalyzed a reaction between ethanol 
and the organic acids, forming esters which are very 
efficiently partitioned in the solvent phase. For the 
same reason, strong Lewis bases such as high mole- 
cular weight tertiary amines and trioctyl phosphine 
oxide (TOPO) can improve the partitioning of organic 
acids in conventional solvents such as ethyl acetate or 
diethyl ketone [22]. Tertiary amines offer advantage 
over TOPO due to their lower cost, greater volatility, 
and generally higher distribution coefficients [36,37]. 
Alamine 336 and Adogen 364 are among the most 
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T a b l e  2. Dis t r ibut ion coefficients (kd) and par t i t ion coefficients (m) of alcohols and acetone 

Produc t  Solven t  Ira Ref.  

Ethanol Heptane 0.056 [17] 
n-Dodecane 0.045 [17] 
Decane 0.02 [17] 
n-Tridecane 0.04 [17] 
Tetradecane 0.10 [17] 
Hexadecane 0.02 [17] 
Hexane 0.07 [17] 
Hexanes mix 0.05 [17] 
Cyclohexane 0.0066-0.066 [17,26] 
Phenytcyclo-hexane 0.0078 [26] 
Cyclooctane 0.02 [17] 
Isopentane 0.20 [17] 
2,2,4-trimethyl-pentane 0.02 [17] 

Product  So lvent  Ira ReL 

Ethanol Methyl acetate 0.91 [17] 
Ethyl acetate 0.70 [17] 
Vinyl acetate 0.21 [17] 
Butyl acetate 0.26-0.34 [17,26] 
Isobutyl acetate 0.21 [26] 
tert-Butyl acetate 0.24 [26] 
n-Propyl acetate 0.30 [17] 
Ethyl formate 0.23 [17] 
Ethyl butyrate 0.39 [17] 
Ethyl propionate 2.53 [17] 
n-Butyl phthalate 0.10 [ 17] 
Dibutyl phthalate 0.651 [18] 
n-Hexyl ether 0.037 [26] 

.................. 1 -_H_._e_p_te__i}e ............................... 0:04__ ............... _[!_7! ................ Ethanol 
Ethanol Benzene 0.046-0.092 [17,23,31.] 

Ethylbenzene 0.029 [26] 
Diethylbenzene 0.022 [26] 
Cumene 0.028-0.18 [17,26] 
Toluene 0.034-0.085 [29,30,31,35] 
o-Xylene 0.02-0.03 [17,26] 
m-Xylene 0.06 [17] 
p-Xylene 0.06 [17] 
1,2,3,4-Tetra 0.0029-0.05 [17,26] 

. . . . . . . . . . . . . . . . . . . .  _h__y d r _ o  ~ .  _%p. _h__t_h__~__e__n_.e_ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ethanol 1-Pentanol 0.078 [17] 
1-Hexanol 1.0-1.2 [31,35] 
1-Octanol 0.50-0.64 [17,26,31,35] 
2-Octanol 0.60 [28,39] 
1-Heptanol 0.75 [17] 
1-Nonanol 0.71-0.73 [31.] 
1-Decanol 0.39-0.57 [29,31] 
1-Tridecanol 0.22 [26] 
4-Decanol 0.32 [26] 
1-Dodecanol 0.21-0.59 [18,29,31] 
3-Methylcyclo-hexanol 0.93 [31] 
3-Methyl-3-pentanol 1.3 [31] 
4-Methyl-2-pentanol 1.1 [31] 
2,2-Dimethyl-3-octanol 0.31 [26] 
2,4-Dimethyl-3-pentanol 0.59 [26] 
2,4-Dimethyl-3-heptanol 0.38 [26] 
2,6-Dimethyl-4-heptanol 0.53 [31] 
3,7-Dimethyl-3-octanol 0.40 [26] 
2,3,4-trimethyl-3-pentanol 0.82 [31] 
2-Ethyl-l-butanol 0.69-1.03 [26,28,31,35] 
2-Ethyl-l-hexanol 0.47 [17,31] 
2-Ethyl-l-heptanol 0.48 [26] 
3-Ethyl-3-pentanol i.I [31] 
3-Ethyl-3-heptanol 0.44 [26] 
3-Phenyl-l-propanol 0.64-0.77 [26,28] 
Texanol 0.36 [26] 
Fine Oxacol 0.034-0.16 [29,30] 
Oxacol 0.022-0.20 [29,30] 
Oleyl alcohol 0.22-0.24 [29,30] 
C-20 Guerbet alcohol 0.15-0.17 [29,30] 

Ethanol Phenol 2.15 [17] 
o-Isopropylphenol 1.4 [17] 

. . . . . . . . . . . . . . . . . .  o : t ~ : . B _ _ u _ _ t y _ } _ _ h _ ~ _ o _ !  . . . . . . . . . . . . . . . . .  _1_:4 . . . . . . . . . . . . . . . . .  -[.?__9_! . . . . . . . . . . . . . . . .  

Ethanol 2-Butanone 0.93 [17] 
4-Methyl-2-pentanone 0.34 [17] 
3-Pentanone 0.34 [17] 
3-Heptanone 0.23 [17] 
2,6-Dimethyl-4-heptanone 0.088 [26] 
Methylisobutylketone 0.5 [31] 
Diisobutylketone 0.18-0.20 [31] 
Isobutylheptyl ketone 0.12-0.14 [31] 
Isophorone 0.79 [31] 

Ethanol Valeric acid 1.13 [19,27] 
Hexanoic acid 0.944-1.1 [19,27,31] 
Octanoic acid 0.525-0.65 [19,27,31] 
Oleic acid 0.047-0.171 [17,19,29,30] 
Isostearic acid 0.06 [29] 
Ricinoleic acid 0.17 [29] 
Nonaoic acid 0.464 [27] 
Neodecanoic acid 0.23 [31] 
2-Ethyl hexanoic acid 0.51-0.55 [31,35] 
2-Ethyl-4-Methyl-n- 0.49 [31] 

pentanoic acid 

Methylene chloride 0.10 [31] 
Carbon tetra-chloride 0.021 [31] 
Diehloromethane 0.28 [17] 
Tettrachloro-methane 0.038 [17] 
1,2-Dichloro-ethane 0.074-0.12 [17,31] 
1,1,1-Trichloro-ethane 0.09-0.12 [17,31] 
Freon 11 0.011-0.21 [17,26] 
Freon E 0.21 [30] 
Freon 113 0.094 [26] 
Freon 214 0.0087 [26] 
n-Decylbromide 0.0099 [26] 
Chloroform 0.12 [26] 

Ethanol Castor oil 0.08-0.22 [29,30] 
Olive oil 0.04 [29] 
Tung oil 0.01 [29] 

. . . . . . . . . . . . . . . . .  T_~__m__p__u__r_~_?_!! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _O_:_O_.2_ . . . . . . . . . . . . . .  .t2_?)_ . . . . . . . . . . .  

Ethanol PPG P-1200 0.58 [28] 
PPG t000 0.51 [18] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ethanol 1,2,4-Trichloro benzene 0.06 [17] 
Nitrobenzene 0.091-0.092 [17,31] 
Octadecafluoro-decalin 0.74 [30] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ethanol Tributylphosphate 0.54-0.886 [18,26,28] 
Triisobutyl phosphate 0.65 [26] 
Tris(2-methylbutyl) phosphate 0.44 [26] 
Tri-2-ethylhexyl-phosphate 0.23 [26] 
Diamyl amyl phosphate 0.56 [26] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ethanol Amberlite XLA3 0.0044 [26] 
Adogen 364 0.017 [26] 
Adogen 368 0.04 [26] 

. . . . . . . . . . . . . . . . .  ~_d__o_~_e__n__.4_~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _ 0 _ i S  - . . . . . . . . . . . . . .  ;_?_9_ . . . . . . . . . . .  

Ethanol 52% Toluene (w/w) + 48% 0.39 [35] 
ethylhexanoic acid 

85% Hexan-l-ol + 15% 0.87 [35] 
toluene (w/w) 

75% Hexan-l-ol + 25% 0.72 [35] 
toluene (w/w) 

85% 2-Ethyl-lbutanol (w/w) 0.88 [35] 
+ 15% 2-ethylhexanoic acid 
50% Hexan-l-ol + 50% 1.03 [35] 
2-ethyl- l-butanol(w/w) 

85% Hexan-l-ol + 15% 0.83 [35] 
2-ethylhexanoic acid (w/w) 

85% 2-Ethyl-l-butanol 0.89 [35] 
+ 15% toluene (w/w) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ethanol 62% (w/w) 2-Ethyl-hexanoic 0.81 [31] 
acid in methylisobutyl ketone 

42.9% (w/w) 2-Ethyl-hexanoic 
acid in methylisobutyt ketone 

48% (w/w) 2-Ethyl-hexanoic 
acid in toluene 

50% (w/w) 2-Ethyl-hexanoic 
acid in diidiobutyl ketone 

50% (w/w) Neo-decanoic acid 
in isobutyl heptyl ketone 

50% (w/w) Neo-decanoic acid 
in toluene 

50% (w.w) Adogen 368 
in diisobutyl ketone 

50% (w.w) Adogen 368 
in tetrachloroethane 

25% (w.w) Adogen 368 
in diisobutyl ketone 

0.76 [31] 

0.27 [31] 

0.41 [31] 

0.30 [31] 

0.16 [31] 

0.13 [31] 

O.30 [31] 

0.21 [31] 

(Continued on the next page) 
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T a b l e  2. 

Product  So lvent  kd Ref. 

tsopro- Oleyt alcohol 0.90 [30] 
panol C-20 Guerbe alcohol 0.88 [30] 

Castor oil 0.61 [30] 

Butanol Heptane 0.21 [17] 
n-Dodecane 0.13 [17] 
Decane 0.16 [17] 
n-Tridecane 0.14 [17] 
Tetradecane 0.12 [17] 
Hexadecane 0.11-0.148 [15,17] 
Hexane 0.02 [17] 
Hexanes mix 0.14 [17] 
Cyclohexane 0.27 [17] 
Cyclooctane 0.56 [17] 
Isopentane 0.13 [17] 
2-Methylpentane 0.30 [17] 
2,2,4-Trimethyl-pentane 0.20 [17] 
l-Heptane 0.40 [17] 

Butanol Benzene 0.70 [17] 
Cumene 1.70 [17] 
Toluene 0.93 [17] 
o-Xylene 0.54 [17] 
m-Xylene 0.57 [17] 
p-Xylene 0.74 [17] 
1,2,3,4-Tetra- 0.51 [17] 
hydronaphthalene 

Butanol 

P r o d u c t  So lven t  kd Ref.  

Butanol Octadecafiuoro-decalin 0.65 [30] 
Kerosene 0.127 [15] 

Butanol Phenol 24.0 [17] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Butanol 2-Butanone 3.50 [17] 
4-methyl-2-pentanone 4.02 [17] 
3-Pentanone 4.50 [17] 

................... ~:_H~p_t_a_~_o_~ .......................... _3.72_ ................ !!7.]. ............... 

Butanol Oleic acid 1.61- 3.0 [17,30] 

Acetone Heptane 0.16 [17] 
n-Dodecane 0.10 [17] 
Decane 0.11 [17] 
n-Tridecane 0.31 [17] 
Tetradecane 0.07 [17] 
Hexadecane 0.08 [17] 
Hexane 0.17 [17] 
Hexane mix 0.15 [17] 
Cyclohexane 0.18 [17] 
Cyclooctane 0.15 [17] 
Isopentane 0.14 [17] 
2-Methylpentane 0.21 [17] 

Acetone 2,2,4-Trimethyl-Pentane 0.15 [17] 
l-Heptene 0.21 [17] 

Acetone Benzene 0.97 [17] 
Cumene 1.40 [17] 
Toluene 0.63 [17] 
o-Xylene 0.41 [17] 
m-Xylene 0.53 [17] 
p-Xylene 0.54 [17] 

1-Octanol 5.6-7.33 [15,17] ................. 1:2"_3__'_4_ -_~e_t__r_a_ _h_ _Y__d_ _r.~ _n_.a_ _P__h_ _t. _h_~ ene ____0_:.3__4__ .......... _[__1__7_! ........... 

1-Heptanol 6.62 [17] Acetone 1-Octanol 0.52 [17] 
1-Pentanol 7.48 [17] 1-Heptanol 0.65 [17] 
2-Ethyl-l-hexanol 6.09 [17,40] 1-Pentanol 0.88 [17] 
Hexano] 9.91 [15] 2-Ethyl-l-hexanol 0.58 [17] 
Decanol 6.20 [15] Fine oxocol 0.14 [30] 
Undecanol 5.55 [15] 
Dodecanol 5.14 [15] Oxocol 0.089 [30] 
Fine oxocol 3.0 [41] Oleyl alcohol 0.52 [30] 
Oxocol 4.7 [30] C-16 Guerbet alcohol 0.44 [30] 
Oleyl alcohol 3.21-4.3 [15,30] C-20 Guerbet alcohol 0.34 [30] 
C-16 Guerbet alcohol 4.5 [30] ............................................................................................................... 
C-20 Guerbet alcohol 3.5 [30] Acetone Phenol 8.45 [17] 

Acetone 2-Butanone 1.37 [17] 
4-methyl-2-pentanone 1.08 [17] 
3-pentanone 1.32 [17] 
3-Heptanone 0.84 [17] 

Acetone Oleicacid 0.27-0.29 [17,30] 
Isostearic acid 0.15 [30] 

Isostearic acid 2.2 [30] Acetone Methyl acetate 1.35 [17] 
Butanol Methyl acetate 3.37 [17] Ethyl acetate 1.44 [17] 

Ethyl acetate 4.62 [18] Vinyl acetate 1.36 [17] 
Vinyl acetate 2.40 [17] Butyl acetate 0.97 [17] 
Butyl acetate 3.58 [17] n-Propyl acetate 1.16 [17] 
n-Propyl acetate 4.34 [17] Ethyl formate 1.37 [17] 
Ethyl formate 1.75 [17] Ethyl butyrate 0.83 [17] 
Ethyl butyrate 2.86 [17] Ethyl propionate 1.12 [17] 
Ethyl propionate 3.48 [17] ............................................................................................................... 
n-Butylphthalate 1.36 [17] Acetone n-Butyl phthalate 0.57 [17] 

Butanol Castor oil 2.6 [30] Acetone Dichloromethane 4.91 [17] 
Corn oil 0.653 [15] Tetrachloromethane 0.45 [17] 

Butanol 1,2,4-Trichlorobenzene 0.46 [17] 1,2-Dichloroethane 2.05 [17] 
Nitrobenzene 0.93 [17] 1,1,1-Trichloroethane 1.04 [17] 

.................................................................................................................. Monofluoroteichloro-methane 0.38 [17] 
Butanol Dichloromethane 2.14 [ 17] Freon E 0.74 [30] 

Tetrachloromethane 0.40 [17] Castor oil 0.44 [30] 
1,2-Dichloroethane 1.07 [17] ............................................................................................................... 
l,l,l-Trichloro- methane 0.61 [17] Acetone 1,2,4-Trichloro-benzene 0.54 [17] 
Monofluorotri-chloromethane 0.23 [17] Nitobenzene 1.05 [17] 
Freon E 0.31 [17] Octadecafluoro-decalin 0.12 [30] 
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T a b l e  3. Distr ibution coefficients (kd) and part i t ion coefficients (m) of organic acids 

Concentration Concentration 
Product Solvent aq. phase(g/L) kd Ref. Product Solvent aq. phase(g/L) kd Ref. 

Lactic n-Heptadecane 0.01 [40] Acetic 8.0 wt% triosooctyl amine in 0.5 2.3 [42] 
acid Oleyl alcohol 60.5 0.001 [22] acid n-heptane/n-hexanol (1:1 vol) 

Hexanoic acid 72.5 0.076 [22] 8.13 wt% triosooctyl amine in 0.5 3.4 [42] 
Hexanoic acid 73.2 0.067 [ 2 2 ]  n-heptane/n-hexanol (1:2 vol) 
Tributyl phosphate 56,5 0.186 [22] 7.57 wt% triosooctyl amine in n-hexanot 0.5 5.3 [42] 
Tributyl phosphate 0.9 [40] 3.84 wt% triosooctyl amine in n-hexanol 0,5 0,34 [42] 
Cumene 67.5 0.001 [22] 4.2 wt% triosooctyl amine in chloroform 0.5 2.4 [42] 
Cumene 76.2 0.001 [22] 2.15 wt% triosooctyl amine in chloroform 0.5 0.38 [42] 
Kerosene 52,3 0.0004 [22] 18.6 wt% triosooctyl amine in chloroform 0.5 9.9 [42] 
Methyl crotonate 71.1 0.063 [22] 44,7 ~r triosooctyl amine in chloroform 0.5 9.0 [42] 
Methyl crotonate 66.3 0.066 [22] 82,4 wt% triosooctyl amine in chloroform 0.5 2.0 [42] 
Aliquot 336 1.0 [40] Tri-n-octyl amine 0.5 0.94 [42] 
30%TOPe (w/w) incumene 1,0-1.4 [40] Chloroform 0.5 0,028 [42] 
Kerosene saturated with T o P e  0.6-0.8 [40] n-Hexanol 0.5 0.88 [42] 
25% (w/w) Aliquot 336 in cyclooctane pH=5.5 4.5 [ 4 0 ]  Nitrobenzene 0.5 0.06 [42] 
21% T o P e  (w/w) in kerosene 91.0 0,t10 [ 2 2 ]  n-Heptane/Chloroform (2:1) 0.5 0.02 [42] 
21% T o P e  (w/w) inkerosene 76.7 0.113 [22] Chevron25 0.5 0.009 [42] 
21% TOPO (w/w) in kerosene 56.5 0.150 [22] 15.2 wt% TBP in Chevron25 0.5 0.28 [42] 
21% T o P e  (w/w) in kerosene 31.9 0.166 [22] 44.1 wt% TBP in Chevron25 0.5 0.93 [42] 
10% T o P e  (w/w) in kerosene 91.0 0.081 [22] 71.2 wt% TBP in Chevron25 0.5 1,6 [42] 
10% T o P e  (w/w) in kerosene 82.6 0.064 [22] Tributyl phosphate 0.5 2.2-2.7 [42] 
5% TOPO (w/w) in kerosene 99.1 0.042 [22] 12,5 wt% Tributyl phosphine oxide 0.5 2.1 [42] 
5% T o P e  (w/w) in kerosene 84,6 0.039 [22] in Chevron25 
Alamine 336 0.759 [49] 22.2 wt% Tributyl phosphine oxide 0.5 3.4 [42] 
15% Alamine (w/w) in kerosene 96.2 0.023 [22] in Chevron 25 
15% Alamine (w/w) in kerosene 80.7 0.021 [22] 13 wt% Dibutyl Phosphate in Chevron25 0.5 0.45 [42] 
15% Alamine (w/w) in oleyl alcohol 74.8 0,168 [22] 37.3 wt % Tributyl phosphine oxide 0.5 4.5 [42] 
15% Alamine (w/w) in oleyl alcohol 86.5 0.147 [22] in Chevron 25 
50% Alamine (v/v) in oleyl alcohol 2.62 [49] 6.4 wt% Triphenyl phosphine oxide 0.5 0.16 [42] 
50% di-n-Octyl amine in oleyl alcohol 11.1 [49] in chevron 25 
tri-n-Hexyl amine 1.27 [40] 50 wt% T o P e  in 2-ethyl-l-hexanol 1.55 1.12 [38] 
50% tri-n-Hcxyl amine in oleyl alcohol 1.27 [40] 50 wt% T o P e  in 2-heptanone 1.55 2.83 [42] 

................................................................................................................... 50 wt% T o P e  in Chevron25 1.55 2.01 [38] 
Formic 23% (w %) T o P e  in n-heptane/ 0.394 12.7 [42] 22 wt% T o P e  in Chevron25 0.189 3.12 [38] 
acid n-hexanol (2:1 vol) 22 wt% T o P e  in Chevron25 1,27 1.33 [38] 

Tributy] phosphate (TBP) 0.394 2.9-3.0 [42] 22 wt% T o P e  in Chevron25 3.2 0.766 [38] 
44.1 wt% TBP in Chevron 25 0.394 1,0 [42] 22 wt% T o P e  in Chevron25 7.45 0,45 [38] 
8.57% Triisooctyl aminein 0.394 5.6 [42] 3 wl% T o P e  in kerosene 0.713 0.324 [43] 

n-heptane/n-hexanol (2:1 vol) 3 wt% T o P e  in kerosene 1.33 0.223 [43] 
................................................................................................................... 3 wt% TOPO in kerosene 2.69 0.148 [43] 
Acetic 1.16 1.27 [38] 3 wt%TOPO in kerosene 2,772 0.149 [43] 
acid 3.78 2.26 [38] 3 wt%TOPOin kerosene 4.918 0,098 [43] 

0.0469 4.48 [38] 3 wl%TOPOin kerosene 5,167 0.10t [43] 
2.52 4.22 [38] 3 wt% TOPO in kerosene 5.268 0.095 [43] 
0.53 3.82 [38] 3 wt% T o P e  in kerosene 7.766 0.07 [43] 
2.19 4.48 [38] 3 wt%TOPOin kerosene 7.822 0.078 [43] 
0.0218 9.86 [38] 3 wt% TOPO in kerosene 7.828 0.072 [43] 
1.83 6.49 [38] 3 wt% T o P e  in kerosene 10,11 0,062 [43] 
0.983 9.85 [38] 3 wt%TOPOin kerosene 10.171 0.062 [43] 
2.63 4.55 [38] 3 wl% TOPOin kerosene 12.338 0.055 [43] 
3.85 3.46 [ 3 8 ]  5wt%TOPOinkerosene 0.351 0,689 [43] 
0.0133 32.11 [38] 5 wt% TOPOin kerosene 1.196 0,4 [43] 
0.383 33.4 [38] 5 wt%TOPOin kerosene 2.556 0,241 [43] 
3.23 1.72 [38] 5 wt%TOPOinkerosene 2.556 0.241 [43] 
0.0448 7.79 [38] 5 wlGTOPOinkerosene 4,991 0.149 [43] 
2.9 1.98 [38] 5 wt% TOPO in kerosene 9.647 0.1 [43] 
0.0381 9.69 [38] 5 wt%TOPOinkerosene 14.24 0.077 [43] 
3.11 1.83 [ 3 8 ]  18wt%TOPOin kerosene 1.126 1,165 [43] 
0.0447 8.28 [38] 18 wt%TOPOinkerosene 2,41 0,814 [43] 
3.44 1.58 [38] 18 wt%TOPOinkerosene 5.385 1.494 [43] 
0.0623 7.82 [ 3 8 ]  18wt%TOPOin kerosene 8.799 0,343 [43] 
2,99 2.24 [38] 10.5 wt% TOPO in n-heptane/ 0.5 1.3 [42] 
0.0465 9.68 [ 3 8 ]  n-hexanol(2:lvol) 
2.91 3.54 [38] 18.1 wt% TOPO in n-heptane/ 0.5 3.1 [42] 

n-hexanol (2:1 vol) 
0.44 [42] 25.9 wt% T o P e  in n-heptane/ 0.5 4.7 [42] 
2.1 [42] n-hexanol (2:1 vol) 
5.1 [42] 44.2 wt% TOPO in n-heptane/ 0.5 4,4 [42] 
0.16 [42] n-hexanol (2:1 vel) 
0.55 [42] 58.6 wt% TOPe in n-heptane/ 0.5 3.5 [42] 

n-hexanol (2:1 vol) 
1.5 [42] 21.8 wt% T o P e  in Chevron25 0.5 3.8-4.8 [42] 

5,5 wt% T o P e  in Chevron25 0.5 0.8 [42] 
1.2 [ 4 2 ]  n-Heptane/n-Hexanol(2:l vol) 0.5 0.30 [42] 

Kerosene 0.01 [32] 

50 vol% Amberlite LA-1 in Chevron 25 
50 vol% Amberlite LA-t in Chew'on25 
30 vol% Amberlite LA-1 in chloroform 
Amberlite LA-1 
50 vol% Amberlite LA-2 in Chevron25 
50 vol% Amberlite LA-2 in Chevron25 
30 vol% Amberlite LA-2 in chloroform 
Amberlite LA-2 
50 vol% Adogen 283-D in Chevron25 
50 val% Adogen 283-D in Chevron25 
50 vol% Adogen 283-D in Chev'ron25 
30 vol% Adogen 283-D in chloroform 
Adogen 283-D 
20 vol% Adogen 381 in 2-Heptanone 
30 vol% Adogen 381 in chloroform 
20 vet% Adogen 364 in 2-Heptanone 
30 vol% Adogen 364 in chloroform 
20 vol% Adogen 368 in 2-Heptanone 
30 vol% Adogen 368 in chloroform 
20 vol% Adogen 363 in 2-Heptanone 
30 vol% Adogen 363 in chloroform 
20 vol% Alamine 336 in 2-Heptanone 
30 vol% Alamine in chloroform 
50 vol% Methyl ditridecyl in 
Methyl isoamyl ketone 

1.0 wt% triosooctyl amine in chloroform 0.5 
4.2 wt% triosooetyl amine in chloroform 0.5 
8.7 wt% triosooctyl amine in chloroform 0.5 
7.03 wt% triosooctyl amine in Chevron 0.5 
6.47 wt% triosooctyl amine in 0.5 
n-heptane/chloroform (2:1 vol) 

8.57 wt% triosooctyl amine in 0.5 
n-heptane/chloroform (2:1 vol) 

5.14 wt% triosooctyl amine in 0.5 
nitrobenzene 

(Continued on the next page) 
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Table 3. 

Product 

Propionic 
acid 

Solvent m Ref. Product 

n-Hexane 0.005 [25] 
Cyclohexane 0.006 [25] 
Benzene 0.043 [25] 
Toluene 0.034 [25] 
Xylene 0.030 [25] 
n-Butanol 3.2 [25] 
n-Pentanol 2.95 [25] 
Carbon tetrachtoride 0.015 [25] 
Chloroform 0.11 [25] 
Nitrobenzene 0.16 [25] 
Diethyl ether 1.75 [25] 
Diisopropyl ether 0.80 [25] 
Methyl isobutyl ketone 2.15 [25] 
Cyclohexane 3.30 [2511 

Solvent m Ref. 

Pyruvic Diethyl ether 0.16 [25] acid 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Succinic Diethyl ether 0.15 [25] 
acid Methyl isobutyl ketone 0.19 [25] 

n-Butanol 1.20 [25] 
Isobutanol 0.96 [25] 
n-Pentanol 0.66 [25] 
n-Octanol 0.26 [25] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fumaric Diethyl ether 1.50 [25] 
acid Methyl isobutyl ketone 1.40 [25] 

n-Butanol 3.30 [25] 
Isobutanol 4.60 [25] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Maleic Diethyl ether 0.15 [25] Kerosene 0.03 [32] acid 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Lactic Diethyl ether 0.10 [25] 
ac id  Diidopropyl ether 0.04 [25] 

Methyl isobutyl ketone 0.14 [25] 
mButanol 0.73 [25] 
Isobutanol 0.66 [25] 
n-Pentanol 0.40 [25] 
n-Hexanol 0.37 [25] 
n-Octanol 0.32 [25] 

Methyl isobutyl ketone 0.21 [25] 
Isobutanol 0.92 [25] 
Diethyl ether 0.02 [25] 
Methyl isobutyl ketone 0.04 [25] 
Isobutanol 0.36 [25] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Itaeonic Diethyl ether 0.35 [25] 
acid Methyl isebutyl ketone 0.55 [25] 

Isobutanol 1.8 [25] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

................................................................................................................ Taltaric Diethyl ethel- 0.003 [25] 
Butyric Kerosene 0.19 [32] acid Methyl isobutyl ketone 0.02 [25] acid ............................................................................................................... Isobutanol 0.16 [25] 
Valerie Kerosene 0.73 [32] C-it;']c ....... -])iei-hy-l-ether ........................................ 0;()()-9 ............. i25i ........ acid ............................................................................................................... acid Methyl isobutyt ketone 0.09 [25] 
Caproic Kerosene 3.10 [32] n-Butanol 0.29 [25] 
acid Isobutanot 0.30 [25] 

effective ext rac tants  for acetic acid, where  there  is a 
s t rong effect of amine molecular  weight due to thei r  
hydrocarbon-l ike character  [38]. Another  method  to 
improve the  distr ibution coefficients is to use a 
mix tu re  of solvents [31,35]. A mixture  of diisobutyl 
ke tone  and Cs-C10 amines provides a good compro- 
mise between low react ivi ty and high distr ibution 
coefficient for extract ion of acetic acid. 

Diluents  are commonly used in the solvent  phase to 
in t roduce  desirable modifications in the physical pro- 
per t ies  of the solvents and/or to improve distr ibution 
coefficients, Amines used in a diluents mus t  be polar 
in na tu re  in order  to have high ka [36]. Ketones as 
di luents  for tr i  Cs-Clo amine extractants  offer the best 
compromise  between low reactivity and high kd for 
organic acids [36]. A C9 ketone such as diisobutyl 
ke tone  gave the most  at t ract ive combinat ion of high kd 
and  adequate  relative volatility for regenera t ion  by 
distil lation for extract ion of  acetic acid. 

For  carboxylic acids, the part i t ion coefficients are 
general ly  ve~3~ low ( -0 .003)  in aliphatic hydrocarbons,  
2 -  3 in aliphatic acids and ketones, and about  10 or 
more  in organophosphates  (such as T o P e  and di-2- 
e thylhexylphosphoric  acid) [25]. With kerosene as 
ext rac tant ,  long chain organic acids are preferably 
ex t rac ted  [33]; par t i t ion  coefficients are 3.10 for 
caproic acid and 0 .01-0 .03  for short chain organic acids. 

Select iv i ty  

The  ability of a solvent to remove a product  selec- 
t ively from water  is described by separat ion factor, 
def ined as the  ratio of  distr ibution coefficient of the 
p roduc t  to tha t  of water.  I f  the separat ion factor is 
g rea te r  t ha n  unity,  the  solvent preferent ia l ly  extracts  
p roduc t  r a the r  than  water.  Another  impor tan t  para- 
me te r  is selectivity with respect to specific contami- 

nants ,  as defined earlier. Bajpai et al. [22] investigated 
the  selectivity of lactic acid with respect  to glucose 
presen t  in the fe rmenta t ion  broth.  Since the  partition 
coefficient of sugar in TOPe/kerosene solutions was 
-0 .002 ,  it was possible to get very high selectivities of 
lactic acid in such system. 

For  ethanol,  the  separat ion factor is dependen t  upon 
the value of Lewis acidity/basicity (electron donor/accep- 
t e r  capacity), isomeric configuration, and molecular 
weight  of the solvent [31]. Lewis acids have higher 
separation factors than  Lewis bases. Similarly, branched 
chain solvents of  high molecular  weight are  preferred 
for extract ion of alcohols and carboxylic acids. The 
separat ion factor in mixed solvent systems is depen- 
dent  upon the functional  groups in solvent molecules. 
Since the interact ions between solvent and  product  
molecules are complex, the separat ion factors for 
mixed solvents can not  be predicted simply on the 
basis of pure  solvent data. 

High separat ion factors (>50) for e thanol  are found 
mainly among alcohols and esters [28]. Branched-chain 
chemicals have higher  values of separa t ion  factors 
than  their  linear-chain counterparts .  2-Ethyl- l -butanol  
has a separation factor of 103.8 for ethanol.  For  extrac- 
t ion of  butanol,  alcohols have only a modera te  separa- 
t ion factor  even though the  distr ibution coefficients 
are high. 2-Ethyl- l -butanol  is an exception (separation 
factor  of 280 for butanol) .  Organic acids and esters 
show a high selectivity for butanol; for the  same distri- 
bution factors, acids provide higher selectivity [26,30,31]. 

Selectivities can be significantly improved by introdu- 
cing halogen groups in hydrocarbons.  Fluor inated 
hydrocarbons  (such as Freon  11) show a separat ion 
factor of 200 for e thanol  [19]. Chlorinated hydrocar-  
bons (1,1,1-Triehloroethane) and aromat ics  (1,2,4- 
Trichlorobenzene)  also have high separat ion factors 
for acetone (200 and 110, respectively) and butanol  
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(120 and 92, respectively) [17]. Unfortunately, these 
solvents do not possess high enough distribution coef- 
ficients for these compounds. There is a natural trade- 
off between selectivity and distribution coefficient. 
Mixed solvent systems offer a potential for achieving 
reasonably high values of both and should be explored. 
As an example, mixing 2-ethylhexanoic acid and 
methyl isobutylketone provides a large improvement 
in distribution coefficient of ethanol with only a slight 
decrease in selectivity [24]. 

Biocompatibility 

In extractive fermentations, microorganisms are ex- 
posed to solvent systems in one form or the other. 
Hence, the biocompatibility of the solvents is very 
important. Generally, the solvents with high distribu- 
tion coefficients are also toxic to the cells. The toxicity 
manifests itself particularly in abnormal functions of 
the cell membrane in the microbial cells resulting in 
the hindrance of the nutrient-transport system or in 
the leakage of metabolites [37,44]. Various measure- 
ments of solvent toxicity have been used in literature 
[29,33,34,37,40,41,44-50]. These include changes in 
cell density [37,45], maximum specific growth rate [40, 
49], sugar consumption [44], conversion [46], product 
concentration [29], gas production [41,47], and cellular 
activity [34,50]. Another set of commonly available 
toxicity data deals with LDs0 solubility (ratio of the 
dose to kill 50% of population of rats to the solubility of 
solvent in water) of chemicals. These data are readily 
available [48] and can be used to identify a set of 
solvents for further screening ofbiocompatibility. For 
photosynthetic microorganisms, the rate of increase of 
oxygen concentration in culture broth in presence of 
light is a measure of photosynthetic activity and can be 
used to quantify the biocompatibility of solvents [33]. 

The exposure of cells to a separate solvent phase 
(water immiscible portion of the solvent) tends to 
increase solvent toxicity compared to when the sol- 
vents are present only in soluble form [47,48]; reduc- 
tion of concentrations to 10% of the saturation value 
reduced solvent toxicity substantially. Hence, solvent 
toxicity is divided into two types: molecular toxicity 
when the solvent concentration in the aqueous phase 
is less than or equal to saturation value, and interra- 
cial toxicity caused by exposure of cells to dispersed 
solvent phase. Molecular toxicity is a result of modula- 
tion of enzymatic activity and membrane permeability 
mediated by solvent molecules, and is essentially 
unavoidable if the cells are exposed to the extracted 
liquid phase. Interfacial toxicity, on the other hand, is 
a result of coating of cells by the solvent, disruption of 
cell wall, and/or extraction of key nutrients/nucleotides 
into the separate solvent phase [44,45]. Interracial 
toxicity can be avoided by preventing the cells from 
being exposed to a separate solvent phase. 

Toxicity is strain and solvent specific. For example, 
2-ethyl-l-hexanol is less toxic than 1-octanol to CIo- 
stridiurn acetobutyticum even though the two solvents 
have the same molecular weight [45]. Freon E (fluori- 
nated ether) and octadecafluorodecalin are nontoxic to 
C. acetobutylicum cells; however the partition coeffici- 
ents of butanol in these solvents are low [30]. Mixtures 
of toxic solvents with high distribution coefficient for a 
solute with non-toxic solvents having low distribution 
coefficients have been used to mitigate the effects of 
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Table 4. Maximum specific growth and product formation 
rates by Lactobacillus delbrueckii [51] 

Solvent /-~,,~ (h 1) ,m~ (h -1) 

Control 
Kerosene (Chevron) Saturated 
Kerosene (Chevron) Excess 
Kerosene (Chevron) + 
TOPO (5-20%, w/v) 

Kerosene (Fisher) Saturated 
Hexadecane Saturated 
Hexadecane Saturated + 
TOPO (2.5, 5, 10%, w/v) 

Isooctane Saturated 
Isooctane Excess 
Dodecane Saturated 
Dodecane Excess 
Tributyl phosphate Saturated 
Tributyl phosphate Excess 

0.45 1.8 
0.35 1.7 
0.22 1.3 
0.35 1.7 

0.13 1.8 
0.45 1.8 
0.39 1.8 

0.45 1.8 
0.12 1.8 
0.20 1.8 
0.20 1.8 
0.04 0.7 
0.01 0.9 

solvent toxicity [15]. 
For Lactobacillus delbrueckii, an increasing solvent 

toxicity is seen for alkane = cumene < ketone < tertiary 
amine < secondary amine < quaternary amine [40]. 
This is almost the order of increasing partition coeffi- 
cients of lactic acid, which suggests a strong correla- 
tion between solvent toxicity and distribution coei~cient. 
Clearly, a compromise between these two important 
factors must be achieved in practice. In general, 
solvents with low polarity and high molecular weight 
are desirable as solvents because these have low 
toxicities for microbial cells. 

In fermentations where cell growth and product 
formation both occur, it is necessary to distinguish 
between the effect of solvent on growth and product 
formation processes. Bajpai et al. [51] conducted lactic 
acid fermentations in presence of different solvents 
and then elucidated the effect of solvents on growth 
and product formation with the help of a mathema- 
tical model. The results are presented in Table 4. 
Many of the solvents showed an effect on growth only. 
This information points to a necessity to investigate 
immobilized-cell extractive-fermentations for lactic 
acid production and recovery. This study clearly under- 
scores a need to differentiate between the effects on 
the two processes (growth and production formation). 
Unfortunately, such information is rarely available. 

Solvent Regeneration 

Successful regeneration of the solvent and recovery 
of product from the solvent phase are important for 
any viable extractive fermentation. Distillation under 
reduced pressure is a common method of solvent 
regeneration. However, care must be taken to avoid 
any undesirable reactions during this operation. As an 
example, alcohols are excellent solvents for extraction 
of acetic acid from fermentation broths. However, 
there is a potential for irreversible formation ofacetals 
during distillation [36]. Similarly, with the use of 
secondary amines for extraction of acetic acid, forma- 
tion of amides may result in losses of the solvent [52]. 
If distillation is to be used as a method of regeneration, 
the solvent should have sufficient relative volatility 
with respect to the extracted product [53]. 

Back extraction is another method for solvent rege- 
neration [22,33,40]. This is particularly convenient for 
lactic acid where back extraction with alkali-solution 
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results in very efficient solvent regeneration. Undisso- 
ciated acids partition preferentially in the alkali phase, 
where these dissociate and can not partition back 
[22,33,41] into the solvent phase. This feature has 
been used by Bajpai et al. [22] in an innovative fashion 
to counter the low distribution coefficient of lactic acid 
in solvent phase, while producing a concentrated stream 
of almost pure sodium lactate. Solvents have been 
regenerated by flash vaporization [54] as well as by 
washing with hot water [55]. 

I N - S I T U  E X T R A C T I O N  

A number of researchers have investigated in-situ 
extractions to remove inhibitory products from fermen- 
ration broths [18,41,47,56]. Solvent is continuously 
introduced in a chemostat and overflow containing the 
dispersed solvent in the broth is separated into solvent 
and aqueous phases. The solvent is regenerated to 
recover the product and recirculated. Part  of the 
aqueous stream may also be recirculated through the 
chemostat. Dougalis et al. [54] used such a system to 
recover ethanol from fermentation broth where > 96% 
conversion of a 300 g/L glucose feed with a producti- 
vity o f -  11 g/(L/h), based upon the aqueous fermenter 
volume, was obtained. Ishii et al. [41] also used an 
in-situ system to increase the amount of butanol pro- 
duced by C. acetobutylicurn 2.6 fold. In such systems, 
the suspended cells form closely packed layers at the 
solvent interface and interfere with the process of 
mass transfer [57]. Also, since the cells are present in 
the vicinity of the solvent interface, they are affected 
by the interfacial toxicity too. This fact reduces the 
choice of solvents that can be used in direct in-situ 
extraction. 

Use of immobilized cells circumvents these undesir- 
able phenomena. Immobilized cells have been shown 
to be more viable than free cells in the presence of 
solvents [20,27,33,44]. The immobilized cells also 
possess a higher metabolic activity than the free cells 
at high glucose concentrations [27]. Minier and Goma 
[55] used such system (without solvent recovery and 
recirculation) successfully to ferment 409 g/L glucose 
with yeast. Less than 200 g/L glucose had been fer- 
mented under non-immobilized conditions. However, 
as the extractant (dodecanol) got saturated, the extrac- 
tion stopped in immobilized condition, too. Clearly, 
the limited capacity of extraction is a measure limita- 
tion and continuous regeneration of solvents is neces- 
sary. Our own experience with lactic acid too points in 
the same direction [16]. On the other hand, instability 
of the system, leakage of cells from the immobilization 
matrix, and decrease in the viability of the entrapped 
cells cause some serious problems [58]. Cell viability in 
the gel-matrix has been enhanced by entrapment of a 
small amount of sterol and unsaturated fatty acids 
[20] and of soybean oil [59] along with the immobilized 
cells. Entrapment of cells in alginate beads with double 
gel-layers has been reported to prolong productivity of 
the immobilized systems without cell leakage [60]. 

Use of reverse-micelles containing organic phase has 
been suggested for in-situ extractions [61-65]. However, 
it has mainly been applied to the recovery of proteins 
from fermentation broths and very little work has been 
done involving its use for the removal of industrial 
chemicals. 

E X T R A C T I O N S  O U T S I D E  T HE  B I O R E A C T O R  

A decision to conduct the extraction outside the fer- 
menter opens up many possibilities, such as removing 
the cells from broth before it enters the extractor, 
coupling the fermentation/recovery system to back 
extraction for removal of product and regeneration of 
the solvent. In a system used by Roffler et al. [53], the 
whole broth including the cells was recycled through a 
Karr reciprocating-plate extraction column where 
acetone and butanol were extracted using oleyl alcohol 
flowing countercurrently. A reduction in energy require- 
ments and 70% increase in productivity were reported, 
compared to batch fermentation followed by recovery 
of products, while utilizing a sugar stream of 300 g/L 
concentration [66]. The solvent-cell contact caused inter- 
facial toxicity for the cells, as expected. This problem 
can be avoided by using membranes to remove the 
cells before extracting. Cho and Shuler [67] used a 
multimembrane bioreactor containing hydrophobic 
and hydrophilic membranes for ethanol fermentation 
and recovery using tributyl phosphate as an extractant. 
The specific membrane configuration allowed an easy 
removal of carbon dioxide evolved during this fermen- 
tation. 

In a system designed by Bajpai et al. [22], the problem 
of interfacial toxicity of solvent was solved by an inno- 
vative use of microporous-membranes where the back 
extraction of lactic acid is also carried out simuttane- 
ously. A hollow-fiber membrane module was used as a 
countercurrent extractor where aqueous broth was 
pumped on the shell side of the membrane unit and 
the solvent system was pumped through the tube side. 
Since the two phases were physically separated by the 
membrane, with membrane pores creating the surface 
area for mass transfer, it was also possible to use an 
emulsion of concentrated alkali in the solvent phase 
(kerosene saturated with trioctyl phosphine oxide). 
The alkali droplets in the solvent phase back-extracted 
the lactic acid from organic phase and thus created a 
sink for the extracted lactic acid. This feature over- 
came the problem of low partition coefficient of lactic 
acid in the solvent phase and at the same time resulted 
in a high selectivity. It was possible to operate this 
system and achieve a concentrated stream of sodium 
lactate without any ionic and nonionic impurities. On 
the other hand, severe fouling of the membrane was 
observed and upwards of 10% reduction in solute flux 
was observed within 24 hours. Upon scanning electron 
microscopic examination of the membrane, fouling 
appeared to be mainly due to deposition of TOPO 
crystals on the membrane. It was not clear, however, if 
there was any fouling on the broth side and whether 
the deposition of TOPO crystals occurred during the 
extraction or during the post processing of the mem- 
brane for scanning electron microscope (SEM) observa- 
tion. This feature needs to be investigated further. 

AQUEOUS TWO-PHASE EXTRACTION 

Aqueous two phase system is an attempt to overcome 
organic solvent toxicity while, at the same time, ensuring 
reasonable distribution coefficients for the product in 
the extracting phase. The underlying principle for this 
extraction procedure is that  addition of polymers such 
as dextran and polypropylene glycol (PPG) in the 
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aqueous solution results in formation of two phases in 
which cells, proteins, and several products preferen- 
tially partition. This techniques has been used for 
recovery of toxins [68], ethanol [69,70], proteins 
[71,72], 6-amino penicitlinic acid [73], acetic acid [74], 
prednisolone [75], and lactic acid [76,77]. It is also 
adaptable for continuous operation and lends itself to 
scale-up [78]. However, the high costs of polymers, 
recovery of product from polymer solutions, and low 
selectivities are some of the key problems that need to 
be addressed [40]. 

CONCLUSION 

Effective and biocompatible extractants have been 
identified for several fermentation systems. A systemic 
approach to solvent screening is essential for selection 
of the most appropriate solvent-system in different 
fermentations. Dispersion-free (membrane) extractive 
fermentations offer several distinct advantages over 
conventional dispersion-based processes and should 
be explored further. However, the problems related to 
membrane fouling and cost of membranes must be 
addressed in order to make systems involving mere- 
branes more attractive. 
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