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Abstract  Carboxylic acids are examples of compounds with wide industrial applications and 
high potential. This article presents the principles of reactive extraction along with the character-
istics of tertiary amine extractants, while is given on considering the effect of the amine class and 
chain length. As such a brief overview the current research on reactive extraction, including the 
recovery of citric acid, selective amine-based extraction, and extractive fermentation is given. When 
discussing extractive fermentation, strategies for reducing solvent toxicity are also suggested based 
on specific examples. Finally, solvent regeneration and stripping of extracted acid are explained. 
 
Keywords: amine, biocompatability, carboxylic acids, extraction, toxicity 

 
 
INTRODUCTION 
 
  Certain carboxylic acids have a variety of applications 
in industries producing food and pharmaceutical prod-
ucts, surfactants, detergents, and green solvent. Cur-
rently, carboxylic acids have become interesting as a 
raw material for biodegradable polymers. Plus the rise in 
petroleum costs, the large-volume production of car-
boxylic acids by fermentation has been the focus of 
new attention [1]. In the production of carboxylic acids 
by fermentation, free acid is required for the manufac-
ture of commodities and specialty chemicals. Moreover, 
contaminating proteins and cell by-products need to be 
removed from the final product. Thus, to be cost effec-
tive, the separation process requires the removal of cells 
and protein-like impurities, concentration of salt, con-
version of acid salts into free acids, and polishing of free 
acid to its required purity [2]. As such, the costs associ-
ated with product recovery, concentration, acidifica-
tion, and purification have been very high in the past 
accounting for 60-70% of the product cost and making 
fermentation-based chemical technology impractical. 
account for 60-70% of the product cost [3]. 
 
Conventional Process for Recovery of Carboxylic  
Acids 
 
  The traditional product recovery method is based on 
precipitation of the insoluble calcium salt of carboxylic 
acids with Ca(OH)2 or CaCO3 followed by reacidifica-
tion with H2SO4. The disadvantage of this process is 
handling large amounts of solid and slurry, and the pro-
duction of equal amounts of calcium sulfate waste. 

 
 
 

Therefore, a separation process is required to eliminate 
the generation of calcium sulfate waste that includes 
solvent extraction and electrodialysis [4]. 
  Another conventional process is liquid-liquid extrac-
tion in which a solute is transferred between an aque-
ous and water-immiscible organic phase based on the 
physical contact of the two phases. The phases are then 
separated, and the solute-rich phase is regenerated to 
recover the product. Extraction with conventional sol-
vents, such as ether, is impractical for the recovery of 
most carboxylic acids because the low activity coeffi-
cient of the acid in the aqueous phase does not allow 
for a substantial transfer of the acid into the solvent. 
  Porous, solid sorbents with large surface areas, such 
as activated carbons and polymeric resins with func-
tional groups, can be used in the recovery of carboxylic 
acids. Although the sorption process is effective, the 
limited capacity for the carboxylic acid on the solid sur-
face is a disadvantage [5-7]. 
  Membrane processes, such as electrodialysis, nanofil-
tration, and reverse osmosis, have been suggested as 
alternatives for the recovery of carboxylic acids, yet 
these methods are still in the early stage of develop-
ment [8,9]. 
 
 
PRINCIPLES OF REACTIVE EXTRACTION 
 
  Reactive extraction is a separation process using the 
reactions between extractants and the materials ex-
tracted. The extractant in the organic phase reacts with 
the material in the aqueous phase and the reaction 
complexes formed are then solubilized in the organic 
phase. Extractants such as hydrocarbon, phosphorous, 
and aliphatic amine extractants are mainly used in the 
reactive extraction of carboxylic acids [10].  
  The following factors favor the use of extraction by 
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reversible chemical complexation over alternative 
methods [11]: 

(1) The presence of functional groups in the solute 
capable of complexation. Acidic functional groups pro-
mote selectivity and increase the uptake capacity. 

(2) Low solute concentration. With low solute con-
centrations there is a high driving force of free associa-
tion sites on the complexing agent which is very favor-
able for extraction. Other separation processes do not 
have these advantages at low solute concentrations. 

(3) Low activity of the solute in water. Because com-
plexation can substantially lower the solute activity in 
the solvent phase, this produces a relative advantage 
over competing methods. 

(4) Low volatility of solute. Complexation gains a 
relative advantage over distillation for non-volatile sol-
utes. 

(5) Low pH feedstream. Reversible complexation is 
driven by the amount of un-ionized acid in the solution 
and is thus favored at a low pH. The optimal pH for 
separation by complexation is related to the pKA of the 
acid. Feed solutions with a low pH can have the disad-
vantage of promoting the extraction of other competing 
acids in multiple acid systems. At high pH values, 
where the acid is mostly dissociated, ion exchange can 
be more favorable. However, when considering that the 
optimum pH is near 5 in an acid fermentator, this can 
be troublesome for practical separation. Recently, the 
selective extraction of a specific acid from multiple acid 
systems have been carried out using the different de-
grees of dissociation of carboxylic acids based on their 
different pKA’s [12,13]. Table 1 shows the pKA values of 
various carboxylic acids. 

(6) Regeneration of organic phase must be easy. Most 
liquid extractants are more easily regenerated than solid 
sorbents. Regeneration is required for recycling the 
complexing agent and the recovery of the product. The 
cost of the regeneration step is an important and de-
termining factor in the economic viability of the separa-
tion. 
 
Extractants in Reactive Extraction 
 
  There are three categories of extractants used in reac-
tive extraction. These are extraction by solvation with 
carbon-bonded oxygen-bearing extractants, solvation 
with phosphorous-bonded oxygen-bearing extractants, 
and proton transfer or ion-pairing formation with high 
molecular weight aliphatic amines and their salts [14]. 
Since phosphorous and amine extractants have been 
mainly used in the recovery of carboxylic acids, only 
these extractants are discussed in the current article. 
 
Phosphorous-bonded Oxygen Donor Extractants 
  These extractants contain a phosphoryl group that is 
a stronger Lewis base than carbon-bonded oxygen do-
nor extractants. The extractants belonging to this 
group is more water-immiscible and extractable than 
carbon-bonded oxygen donor extractants. For example, 
Fahim et al. [15] reported that for dilute acids, the dis- 

Table 1. pKA values of various carboxylic acids [5] 

Carboxylic acids pKA1 pKA2 pKA3 

Acetic acid 
Propionic acid 
Lactic acid 
Oxalic acid 
Malonic acid 
Succinic acid 
Phthalic acid 
Citric acid 

4.76 
4.87 
3.86 
1.27 
2.83 
4.21 
2.95 
3.14 

- 
- 
- 

4.27 
5.70 
5.64 
5.41 
4.77 

- 
- 
- 
- 
- 
- 
- 

6.39 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 1. Distribution coefficients of propionic acid extracted 
from water at 25oC to TOPO in hexane [15]. 
 
 
tribution coefficients for acetic and propionic acids are 
high in the reactive extraction by trioctyl phosphine 
oxide (TOPO) and tributylphosphate (TBP) dissolved in 
various diluents. In Fig. 1, the distribution coefficients 
of propionic acid extracted from water to TOPO in 
hexane are illustrated. If the alkoxy groups in TBP are 
substituted by alkyl groups, then the Lewis basicity is 
increased through inductive effects. This is also the case 
with TOPO. Due to its higher basicity, it produces 
higher distribution coefficients [15]. In general, the ba-
sicity of phosphoryl oxygen increases in the order: trial-
kyl phosphate ((RO)3P=O), dialkyl phosphonate 
((RO)2P=O), alkyl dialkyl phosphinate ((RO)R2P=O), 
and trialkyl phosphine oxide (R3P=O) [16]. However, 
the extractabilities of these extractants for carboxylic 
acids have influenced not only their basicities but also 
other factors such as the properties of the diluent, acid, 
and pH. 
  Although the extractabilities of these extractants are 
lower than those of aliphatic amine extractants, they 
are adaptive for extractive-fermentation because of 
their low toxicity as regards on the viability of the fer-
mentation microbe. For example, Hano et al. reported 
that TOPO in hexane is the optimum extractant for in-
situ extractive fermentation with Rhizopus Oryzae [17]. 
Solichien et al. found that TOPO/kerosene is the opti-
mum extractant in membrane-based extractive fermen-
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tation for the production of propionic acid by Propioni-
bacterium acidipropionici [18]. 
 
High Molecular Weight Aliphatic Amines and Their Salts 
  The extraction of proton-bearing organic and inor-
ganic compounds from aqueous media by long chain 
aliphatic amines and their salts dissolved in a water-
immiscible organic solvent is one of the newest devel-
opments in separation technology. The fundamental 
difference between oxygen- and nitrogen-bearing basic 
extractants in the extraction of carboxylic acids is the 
behavior of the acid proton during the transfer from an 
aqueous to an organic solution. In the systems with 
oxygen-bearing extractants, whether carbon, phospho-
rous, or sulfur bound, the acid strength in the aqueous 
solution and that of the hydrogen bond in the organic 
solution are the measures of extractability. In contrast, 
the acid extracted into an amine-containing organic 
phase is no longer regarded as an acid but as ammo-
nium salt. It is thus the extent of the ion pair associa-
tion between the alkylammonium cation and the acid 
radical that is the measure of extractability, or more 
precisely, the stability of the organic phase species [14]. 
The following reactions occur in the reactive extraction 
of carboxylic acids with tertiary amine extractants. 
 
  Dissociation of carboxylic acid :  

                 (1) 
  Proton transfer to amine : 

  (2) 
  Recombination of ammonium salt :  

               (3) 
  Thus, the overall reaction can be given as follows: 

(4) 
 
  In an acid-amine reaction, the stoichiometry of the 
acid and amine in the acid-amine complex varies with 
several factors, such as the property and concentration 
of amine, acid, and diluent. 
  In general, in an amine class there are primary, sec-
ondary, and tertiary amines. Ricker [19] studied the 
extraction of acetic acid by Amberlite LA-2 (secondary 
amine) in methyl isobutyl ketone (MIBK) and Alamine 
336 (tertiary amine) in diisobutyl ketone. He reported 
that the extractability of the secondary amine was 
higher than that of the tertiary amine. However, secon-
dary amines are subject to amine formation during re-
generation by distillation. Therefore, tertiary amines 
have been used in the reactive extraction of carboxylic 
acids even though the extractabilities of tertiary amines 
are lower than those of secondary amines. In the case of 
primary amines, they are not applicable to the recovery 
of carboxylic acids because of their high water miscibil-
ity. 
  Generally, the basicities of tertiary amines are pro-
portional to their chain length. However, the trend of 
extraction power is not always dictated by the basicity 
of a tertiary amine. For example, as seen in Fig. 2, the 
extraction power increases with the chain length of 
tertiary amines in an active diluent, such as 1-octanol, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Variation of extraction efficiency relative to the chain 
length of tertiary amines in reactive extraction of succinic acid 
[22]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Effect of tripropylamine composition in mixed tertiary 
amine composed of tripropylamine and trioctylamine on ex-
traction efficiency [24,25] (1.0 mol/kg mixed tertiary amine 
dissolved in 3:7 (w/w) 1-octanol and n-heptane). 
 
 
however, decreases with the chain length in an inactive 
diluent, such as n-heptane, in the reactive extraction of 
succinic acid [20-22]. This is because the more inert the 
diluent, the more favorable it is for polar complexes to 
form an aggregate, thereby shielding themselves from 
the nonpolar environment [23]. Based on these results, 
a mixed tertiary amine was developed. In general, a di-
luent mixed with an active and inactive diluent is used 
in reactive extraction to increase the efficiency of strip-
ping. In most studies, only one kind of tertiary amine, 
such as TOA, has been used for reactive extraction in 
mixed diluents. However, when a mixed diluent such as 
1-octanol/n-heptane is used in reactive extraction, a 
mixed tertiary amine composed of a relatively short 
chain tertiary amine and long chain tertiary amine pro-
vides a higher extraction efficiency than that with only 
one kind of tertiary amine [24,25]. Fig. 3 illustrates the 
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effect of the composition of tripropylamine on extrac-
tion efficiency. In addition, the selective extraction of 
succinic acid from a succinic and acetic acid aqueous 
mixture using a different basicity relative to the chain 
length of the tertiary amine has also been reported [26]. 
 
Diluents in Reactive Extraction 
 
  Although a tertiary amine has good extractability for 
carboxylic acids, it must always be used in the form of a 
solution in organic diluents due to its high viscous and 
corrosive properties. It has been found that diluents, 
especially those with fuctional groups, can significantly 
affect the extraction behavior of an amine. The proper-
ties of the diluents have an influence on the stoichio-
metry of the acid-amine complexes, the loading of the 
amine, as well as the third phase formation [27]. Dilu-
ents can be classified into active and inactive diluents. 
 
Active Diluent 
  Active diluents have functional groups that enable a 
greater solvation of the acid-amine complex. This hea-
ding includes chlorinated hydrocarbon, ketone, alcohol 
and halogenated aromatic solvents. These diluents are a 
good solvating medium for an ion-pair, such as an acid-
amine complex, because of their polar properties [23]. 
 
Inactive Diluent 
  This heading includes alkanes, benzene, and alkyl-
substituted aromatics. Inactive diluents provide a very 
low distribution of the acid in the solvent phase, plus 
alkane, being nonpolar, provides for very little solvation 
of the polar complexes. Although inert diluents limit 
the solvating capacity of the third phase formation at 
higher acid concentrations in the organic phase, they 
are useful for the stripping step. In the stripping step, 
the equilibrium curve is shifted to the aqueous phase by 
increasing the concentration of the inert diluent in the 
mixed diluent, thereby re-extracting the extracted acid 
into the aqueous phase [28]. 
 
Criteria for Selection of Extractant 
 
  In general, the selection of the extractant is impor-
tant for a reactive extraction process. The two most 
important characteristics are a high capacity for the 
product and a high selectivity for the product compared 
with water. These two requirements are represented by 
the distribution coefficient and separation factor [29]. 
The complexation between the extractant and the sol-
ute should also be strong enough to overcome the low 
activity of the solute in the aqueous phase, yet not so 
strong as to render regeneration difficult or impossible 
[11]. 

Among the various extractants for reactive extrac-
tion, tertiary aliphatic amines are widely used in the 
reactive extraction of carboxylic acids. Long chain ali-
phatic amines have a very low solubility for water 
without any loss of the extractant. They are also ther- 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Schematic diagram of reactive extraction process for 
citric acid [30]. 
 
 
mally stable, thereby, enabling regeneration by distilla-
tion. Tertiary amines are generally favored over secon-
dary or primary amines. Primary amines are too soluble 
in water to be of practical use. Secondary amines poten-
tially undergo amide formation with carboxylic acid, 
which causes a loss of both product and extractant. 
Longer chains reduce the molar concentration of the 
extractant available for complexation and increase the 
alkyl character of the solvent, thus reducing extraction 
[29]. 
  In addition, other aspects such as biocompatability 
and economics are also important in the selection of a 
solvent. Biocompatability will be discussed later 
through several examples. 
 
PRACTICAL APPLICATIONS  
 
Amine-Based Recovery of Carboxylic Acids 
 

One of the successful applications of amine-based ex-
traction is the recovery of citric acid. Citric acid is the 
most versatile and widely used carboxylic acid in food, 
beverages, and pharmaceuticals [30]. It is produced by  
fermentation at a pH near the pKA1 of the acid (pKA1 =  
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3.14), where a substantial fraction of the acid exists in 
an undissociated form. Because the driving force for 
separation by reversible complexation is the undissoci-
ated form of the acid, reversible complexation is a prac-
tical method for recovering citric acid from fermenta-
tion media [31]. Commercially, amine-based extraction 
is used for the recovery of citric acid from a fermenta-
tion broth. The reactive extraction recovery process for 
citric acid is shown in Fig. 4. In this process, a mixture 
of trilaurylamine, n-octanol, and C10 or C11 hydrocarbon 
is followed by the re-extraction of the citric acid from 
the solvent phase into water. Efficient citric acid extrac-
tion is achieved through a series of countercurrent steps 
that ensure the intimate contact of the aqueous and 
nonaqueous phases. When the transfer of the citric acid 
to the solvent phase is complete, the citric acid is re-
extracted into water, also using a multistage counter-
current system. The two steps differ mainly in the 
temperature at which they are performed. Moreover, 
amine-based extraction has the advantage of minimal 
solid by products [30]. Bizek et al.[32] found that an 
undissociated as well as a dissociated from of citric acid 
is extracted in the recovery of citric acid when using 
trialkylamine dissolved in MIBK. This is a favorable 
result for the practical operation of the recovery of citric 
acid by amine-based extraction. 
  Recently, the amine-based extraction of lactic acid in 
a packed column was performed [33]. The application 
of columns for amine-based extraction provides for easy 
operation and a short operation time. In addition, the 
differential contacts in columns produce an easy phase 
separation and large interfacial area for mass transfer. 
  However, there are some limitations to the amine-
based extraction of carboxylic acids. One of the limita-
tions with amine extractants is the need for a low pH 
to convert the acid to its undissociated form for transfer 
to the solvent [4]. Generally, it has been reported that, 
except for the fermentation of citric acid, the operating 
pH in fermentation for carboxylic acids is at pH=5-6 
(operating pH>pKA). Accordingly, with an appropriate 
technique to overcome this pH limitation for acids 
other than citric acid, amine-based extraction has the 
potential to become an industrial-level recovery process 
for carboxylic acids from fermentation broth. 
 
Selective Extraction of Specific Acid from  
Multiple Acid Systems 
 
  In the fermentation of a specific carboxylic acid, fer-
mentation broths typically contain other carboxylic 
acids besides the main product. Yet, since most carbox-
ylic acids are non-volatile, the fractionation of these 
acids is impossible by distillation.  
  For example, in a fermentation process with Anaero-
biospirillum succiniciproducens, the maximum yield was 
determined as 0.99 succinic acid/g glucose consumed 
and the molar ratio of succinic acid and acetic acid was 
1.9 [34]. It is well known that the presence of a by-
product, such as acetic acid, can negatively affect the 
purification process and decrease the yield of the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Multiple extraction for removal of acetic acid from 
succinic and acetic acid aqueous solution [12] (0.25 mol/kg 
trioctylamine dissolved in 1-octanol). 
 
 
fermentor. Therefore, a process for the removal of acetic 
acid from a fermentation broth should be developed for 
the economical purification of succinic acid as well as 
for a better fermentation performance. Jagirdar and 
Sharma recovered a variety of organic acids from aque-
ous acid mixtures with tri-n-octylamine in various wa-
ter-immiscible solvents [35]. Siebold et al. [36] studied 
on the separation of lactic acid from citric acid and ace-
tic acids by various extractants. When using Hostarex 
A337 dissolved in Cyanex 923/kerosene, they were able 
to separate citric acid from lactic and acetic acids, yet 
concluded that an optimized multistage extractor was 
required for the complete separation of these acids. 
Kirsh and Maurer studied the extraction characteristics 
of binary mixtures of citric, acetic, and oxalic acids in 
amine-based extraction. Husson and King investigated 
multiple-acid equilibria in ion-exchange adsorption and 
an equilibrium model [7]. Hong et al. selectively purified 
succinic acid from a binary mixture of succinic acid and 
acetic acid in the aqueous phase using different basici-
ties relative to a variation in the chain length of tertiary 
amines [26]. Recently, the different extraction charac-
teristics of carboxylic acids relative to pH enabled the 
selective extraction of acetic acid from a succinic/acetic 
acid aqueous mixture (Fig. 5). It was found that the 
mole ratio of succinic acid to acetic acid decreased to 6 
[12]. 
 
Extractive Fermentation and Biocompatability of  
Organic Phase 
 
  A variety of carboxylic acids can be produced by fer-
mentation using various species of microbe, yet product 
inhibition limits the productivity of these fermenta-
tions. Thus extractive fermentation is a technique used 
to reduce end-product inhibition by removing the fer-
mentation product in situ (Fig. 6). For extractive fer- 
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Fig. 6. Schematic diagram of extractive fermentation system 
[38]. 
 
 
mentation conditions, the fermentation broth is 
pumped continuously into a cell separator where the 
cells are separated and recycled into the fermentor. The 
filtrate is then transferred to an extraction unit in 
which the carboxylic acid is extracted. The aqueous 
phase containing a low concentration of carboxylic acid 
is recycled into the fermentor. The solvent phase rich in 
carboxylic acid is continuously transferred to a regen-
eration and stripping unit [38]. However, the limita-
tions related to the development of extractive fermen-
tation are solvent toxicity and poor extraction. 
  Most organic solvents are to a certain extent toxic to 
microorganisms. The presence of an organic solvent can 
damage the cell membrane, causing membrane rupture 
and metabolite leakage [39]. Osborne et al. found for 
various solvent-microorganism combinations that a 
critical solvent concentration in the cell membrane was 
reached, above which the cell membrane fluidity in-
creased and cellular activity declined [40]. The solvent 
interacts with the cell by two routes: dissolution in the 
aqueous broth and direct contact of the cell with the 
water-immiscible solvent phase. The former is described 
by some as “molecular” toxicity,while the latter as 
“phase” toxicity [41]. Molecular toxicity usually causes 
less damage to the cell than does phase toxicity because 
the former is limited by the solvent solubility in the 
aqueous phase. Solvent-cell compatability can be pre-
dicted by empirical methods such as the correlation be-
tween the solvent toxicity and the log P value of the 
solvent [42]. 
  There are two ways to reduce solvent toxicity in an 
extractive fermentation process. One is replacement of 
the toxic solvent component with a nontoxic one. In 
this method, the identification of a nontoxic solvent is 
difficult and the extraction may be poor. For example, 
Tong et al. [43] investigated solvent screening for the 
extractive fermentation of lactic acid by Lactobacillus 
rhamnosus. They reported that TOMAC (Tri-n-octyl-
methylammonium chloride) was highly toxic, and both 
butyl acetate and hexane exhibited some detrimental 
effects. However, they found that oleyl alcohol exhib-
ited no toxicity, and selected TOMAC dissolved in oleyl 
alcohol (as low as 0.1 kmol/m3) as the optimal solvent.  
  The second method is the addition of an immiscible, 
biocompatible component to the medium to entrap any 
toxic solvent that dissolves during the aqueous medium 
phase. Yabannavar and Wang were successful in per- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Schematic diagram of CLAs [46]. 
 
 
forming extractive fermentation with Lactobacillus del-
brueckii. They found that the immobilzation of a sol-
vent by κ-carrageenan significantly protected the cells 
from the immiscible solvent phase. Plus they reported 
that the toxic effect from the water soluble portion of 
the solvent was reduced by adding soybean oil. The 
supplementation soy oil to the encapsuled culture has 
been further tested in an attempt to reduce the diffu-
sion of the extracting solvent into the κ-carrageenan 
beads used to immobilize the cells [44]. Tik et al. [45] 
immobilized the Alamine 336 in oleyl alcohol using 
sunflower oil in extractive lactic acid fermentation by 
Lactobacillus delbrueckii. A maximum total lactic acid 
concentration of 25.59 g/L was obtained with an oleyl 
alcohol solution containing 15% (v/v) Alamine 336 to-
gether with immobilized cells with 15% (v/v) sun-
flower oil. Hong et al. [46] immobilized the solvent us-
ing colloidal liquid aphrons (CLAs) in lactic acid pro-
duction by Lactobacillus rhamnosus. As seen in Fig. 7, 
CLAs are micron-sized solvent droplets encapsulated by 
a thin aqueous film stabilized by surfactants. The use of 
CLAs facilitated both a reduction of toxicity and a fast 
rate of extraction. In addition to the above examples, a 
membrane contacor and liquid membrane can also be 
used as the method of toxicity reduction in fermen-
tation microbe [47,48]. 
 
 
REGENERATION-SWING PROCESS 
 
  The most general approach for regeneration is the 
swing process, in which certain factors are altered so as 
to promote the back-extraction of a carboxylic acid 
from the extract into water. These swing variables in-
volve the temperature and diluent composition.  
 
Temperature Swing Regeneration 
 
  The complexation reactions between carboxylic acid 
and amine involve proton transfer or hydrogen-bonding 
formation and are normally exothermic. The formation 
of a complex makes the system more ordered and thus 
decreases the entropy. Therefore, as the temperature is 
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Fig. 8. Transport of acid solute from one phase to an other 
via flat unidimentional SLM by mass and heat exchange [51]. 
 
 
increased, the amount of carboxylic acid extracted de-
creases [49]. Baniel et al. [50] developed a process for 
citric acid recovery based on the shift of equilibrium 
relative to temperature. The acid is extracted at a low 
temperature, where the equilibrium favors the solvent 
phase, and than regenerated at a higher temperature, 
where the equilibrium favors the transfer of the acid to 
the aqueous phase. This is called TSR (Temperature-
Swing-Regeneration) and is used commercially for the 
recovery of citric acid. Recently, Rockman et al. [51] 
developed a process incorporating temperature-swing 
regeneration for the recovery of carboxylic acids from 
an aqueous solution with a SLM (supported liquid 
membrane). They reported that the transport of car-
boxylic acid across a liquid membrane is facilitated by 
applying a temperature gradient between the feed and 
stripping phase. As shown in Fig. 8, the acid solute A in 
the left aqueous phase reacts quickly and reversibly 
with the complexing agent B in the membrane to form 
a complex AB at the SLM left boundary (x=0). AB now 
diffuses across the SLM to its right boundary (x=l). The 
reaction that previously occurred at the inlet is then 
reversed causing AB to decompose, stripping A into the 
right aqueous phase, and leaving the free B to diffuse 
back from right to left, thereby completing a full cycle.  
 
Diluent Swing Regeneration 
 
  DSR (Diluent swing regenertion) is based on a shift 
in the equilibrium distribution of the acid from the 
aqueous phase to the organic phase between forward 
and back extraction caused by a change in the composi-
tion of the diluent with which the extractant is mixed 
[49,50,52]. This diluent composition swing facilitates 
the back extraction of the acid into an aqueous product 
phase. Some of the methods applied to accomplish this 
change in diluent composition have already been sum-

marized by Baniel et al. [50].  
  A diluent composition change can be combined with 
a temperature change to achieve a greater swing than 
its attainable with either approach alone, thereby pro-
ducing a still greater overall concentrating effect [1]. 
Han and Hong [28] recommended the combination of 
the two processes is for the economic stripping of lactic 
acid. In their study, tri-n-octylamine dissolved in meth-
ylene chloride/n-hexane was used for the separation of 
lactic acid from an aqueous solution. The lactic acid in 
the organic phase was stripped by a simple distillation 
process at 50oC. In the stripping by simple distillation, 
TSR and DSR were both used because a change in the 
composition of the active diluent is related to an in-
crease in temperature. The lactic acid was stripped in 
the reboiler, then methylene chloride was condensed 
and recovered from the condenser for reuse. In this 
stripping process, the stripped lactic acid was nearly 
pure [28,53]. 
 
 
CONCLUSION 
 
  There is still a considerable challenge related to low-
ering the costs of carboxylic acid recovery technology. 
Among the various recovery technologies of carboxylic 
acids, reactive extraction is perhaps most useful for im-
proving the overall process economics. In particular, 
fermentation coupled with reactive extraction offers 
several advantages, such as a high product yield and the 
removal of by-products. However, the development of a 
solvent immobilization method and nontoxic solvent 
are still required for successful extractive fermentation. 
Recently, the use of solid sorbents bearing tertiary 
amine functional groups appears promising. Plus, the 
pH limitation must be overcome for a high separation 
efficiency.  
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