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Abstract 
The studies on separation of propionic by reactive extraction with tri-n-octylamine dissolved 

in different solvents (dichloromethane, butyl acetate, n-heptane) underlined the major effect of 
organic phase polarity on interfacial mechanism and kinetics. In absence of 1-octanol, the main 
resistance to the overall separation process is diffusional, the limiting step becoming of kinetic type by 
this alcohol addition in solvent phase. The values of the apparent constants for interfacial reactions 
rates have been calculated in relation with the reactive extraction mechanism, varying from 6.06x10-4 
l5/mol5.s to 2.78x10-3 l/mol.s with the increase of solvent dielectric constant. The calculated values of 
interfacial reaction rates are in concordance with the experimental ones, the average deviations being 
±7.26% for solvents without 1-octanol, and ± 9.18% solvents with 1-octanol, respectively. 
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Introduction 
 
 Propionic acid is a monocarboxylic acid with numerous applications in chemical 
industry (reagents, plasticizers, solvents, emulsifying agents, monomers, resins, paints, 
electroplating solutions), agriculture (herbicides, mould preventing), pharmaceutical 
(antiarthritic drugs) and food industries (preservatives - acid or salts, antifungal agent, fruits 
artificial flavors), as well as for perfumes production [1,2].  

Due to the difficulties of the chemical synthesis [2,3] and to the requirements for 
extending the new eco-friendly technologies, the interest in producing propionic acid by low-
cost fermentation has increased in the last years. Among the potential producers of anaerobic 
species of Propionibacterium (P. acidipropionici, P. acnes, P. arabinosum, P. shermanii), 
Clostridium (C. propionicum), Veillonella and Selenomonas types, only the strain P. 
acidipropionici has been considered for applications at larger-scale [1,4,5]. These 
microorganisms possess the ability to convert various carbon sources (glucose, lactose - 
cheese whey, sucrose, xylose, glycerol, lactic acid) under anaerobic conditions into propionic 
acid and secondary acids (especially, succinic and acetic acids) [2,4,5]. The selective 
separation of the acids from these biosynthetic mixtures is achieved by precipitation as 
calcium salts, ionic exchange followed by elution and crystallization, but with high energy 
and materials costs. 

Propionic acid exhibits a significant effect of product inhibition, this leading to the 
diminution of bacterial population activity or cells lysis as the result of these acids 
accumulation in the broth. The phenomenon can be avoided only by direct removal of acid 
during the fermentation process. One of the separation method successfully tested for direct 
removal of biosynthetic products from broths is the liquid-liquid extraction. But, due to this 
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acid dissociation in the aqueous phase and to the low solubility of formed ionic species in the 
hydrophobic organic solvents, the utilization of physical extraction is inefficient, the 
extraction yield being less than 10% [6-8].  

As it was previously reported, the efficiency of solvent extraction of propionic acid 
can be improved by adding aminic or organophosphoric extractants in organic phase [3,9-13]. 
Moreover, our studies on reactive extraction of propionic acid from aqueous solutions with 
tri-n-octylamine (TOA) indicated the strong influence of solvent polarity and phase modifier 
addition on separation efficiency [13]. Thus, the solvent polarity and presence of 1-octanol 
control the structure of the interfacial compounds formed by reaction between propionic acid, 
RCOOH, and extractant, Q, the following extraction mechanisms being possible: 

 
• extraction in dichloromethane or butyl acetate, without 1-octanol 

 RCOOH(aq)   +   2 Q (o)   RCOOH.Q2 (o) 

• extraction in dichloromethane or butyl acetate, with 1-octanol 
 RCOOH(aq)   +   Q (o)        RCOOH.Q (o) 

• extraction in n-heptane without 1-octanol 
 2 RCOOH(aq)   +   4 Q (o)   (RCOOH)2Q4 (o) 

• extraction in n-heptane with 1-octanol 
  RCOOH(aq)   +   2 Q (o)   RCOOH.Q2 (o) 

 
Being directly related to the interfacial mechanism, the kinetics of the reactions 

between propionic acid and extractant is also influenced by the solvent polarity and presence 
of 1-octanol in the organic phase. 

Therefore, developing our previous studies on the influencing factors on reactive 
extraction of propionic acid, the aim of this paper is to analyze the kinetics of interfacial 
reactions between this acid and TOA. In this purpose, the values of interfacial reactions rates 
have been calculated and analyzed in direct relation with the extraction mechanism and, 
implicitly, with the solvent polarity and 1-octanol addition.  

 
Materials and Methods 
 
 The experiments have been carried out in two separated stages. In the first one, the 
limiting steps of the overall extraction process of propionic acid have been established. Then, 
the values of the rates of interfacial chemical reactions and their constants have been 
calculated for the kinetic regime. 

The experimental equipment consists on a extraction cell of Lewis type, being 
presented in Figure 1 and described in previous papers [14,15]. In the first stage, the 
experiments have been carried out in continuous regime, each phases being separately fed 
with a volumetric flow of 2.25 l/h. For sampling, it was considered that the steady-state 
regime is reached after 20 min. The two phases have been independently mixed by means of 
double perforated blade impellers, their rotation speed varying between 0 and 1200 rpm. The 
interface between the aqueous and organic phases remained flat, its area being of 2.83x10-3 
m2. In the second stage, the studies were performed in batch system, at a rotation speed value 
of 1200 rpm for both compartments of Lewis cell. For both stages of the experiment, the 
temperature was 25oC.  

The initial concentration of propionic acid in aqueous phase was 5 g/l (0.047 M). The 
reactive extraction was carried out using TOA dissolved in three solvents with different 
dielectric constants (Table 1). 1-Octanol (dielectric constant of 10.3 at 25oC [16]) has been 
dissolved into the mentioned solvents, its volumetric fraction being 0.20. The extractant 
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concentration in organic phase (solvent or solvent and 1-octanol) was 60 g/l (0.17 M). The 
volumetric ratio of aqueous solution and organic phase was 1 (20 ml of each phase). 
Depending on the values of density, in Figure 1 the organic phase could be Phase A, while the 
aqueous solution Phase B, or inversely. 
  

 
Figure 1. Extraction cell. 

 
The pH-value of initial aqueous solution was maintained at 2. The pH adjustment was 

made with a solution of 3% sulfuric acid, function on the prescribed pH-value. The pH-values 
were determined using a digital pH-meter of Consort C836 type and have been recorded 
throughout each experiment. Any pH change was recorded during the extraction experiments. 
 
Table 1. Dielectric constants of the studied solvents at 25oC [16] 

Solvent Dichloromethane n-Butyl acetate n-Heptane 
Dielectric constant 9.08 5.01 1.90 

 
The extraction process was analyzed by means of the propionic acid mass flow from 

aqueous phase to solvent and concentration. For calculating these parameters, the propionic 
acid concentrations in the initial aqueous solution and in the raffinate have been measured. 
For determining the acid concentration into the solvent phase the mass balance has been used. 
The acid concentration has been determined by high performance liquid chromatography 
technique (HPLC, Star Varian Chromatography Workstation) with a PL Hi-Plex H column 
(7.7 mm diameter, 300 mm length, 8 μm porous particle), provided with UV Prostar 330 PDA 
detector [17]. The mobile phase was a solution of 0.1% trifluoroacetic acid with a flow rate of 
0.6 ml/min. The analysis has been carried out at 60oC. 

Each experiment has been repeated for two or three times for identical conditions, the 
average value of the considered parameters being used. The maximum experimental error was 
of ±6.22 %. 
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Results and Discussion 
  
 Due to the low insolubility of propionic acid in solvents and insolubility of extractant 
in aqueous solution, the reactive extraction of this acid with TOA occurs by means of an 
interfacial reaction with the formation of a strong hydrophobic compound. As it was 
previously concluded and according to the above interfacial reactions mechanism, the 
structure of the hydrophobic compound depends on the solvent polarity and presence of 1-
octanol [13]. Obviously, the rate of the interfacial reaction is in direct relation with the 
discussed mechanism. 
 For establishing the limiting steps of the extraction process, the influence of mixing 
intensity on solute mass flows from aqueous to organic phase has been analyzed. The 
variations of solute mass flows with rotation speed are plotted in Figure 2 for each considered 
solvent without 1-octanol. 
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Figure 2. Influence of rotation speed on propionic acid mass flow to organic phase without 1-octanol. 

 
Owing to the superior dielectric constant and, consequently, capacity to solve the 

interfacial compound, the higher values of mass flow are reached for dichloromethane, 
decreasing for butyl acetate and n-heptane, respectively. The variations given in Figure 1 have 
to be analyzed in correlation with the interfacial mechanism of extracted compound 
formation. Therefore, in absence of 1-octanol, for dichloromethane and butyl acetate, the 
previous results indicated that the chemical structure of the interfacial compound is 
RCOOH.Q2 (RCOOH symbolizes the propionic acid, and Q the extractant, respectively) [13]. 
Although the extraction mechanism is the same for these two solvents, from Figure 1 it can be 
observed that the rotation speed domain corresponding to the diffusional regime is more 
extended for the solvent with lower polarity, namely butyl acetate (for dichloromethane, the 
diffusion controls the extraction process for rotation speed below 700 rpm, while for butyl 
acetate for rotation speed below 1000 rpm). This difference is due to the lower ability of butyl 
acetate to solve the interfacial compound and, implicitly, to the higher resistance to interfacial 
diffusion compared to dichloromethane. 

According to the above discussion, the diffusional resistance and the corresponding 
limit of rotation speed should to be increased in the case of extraction in n-heptane, because of 
its lowest polarity. But, as it can be seen from Figure 1, the rotation speed domain related to 
the diffusional regime is restrained between 0 and 600 rpm. This apparent non-concordance is 
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the consequence of the different mechanism of reactive extraction in systems with n-heptane. 
Thus, as it was previously stated, the reactive extraction of propionic acid with TOA dissolved 
in n-heptane occurs by means of the aminic adducts formation at the separation interface 
between the two phases, the general structure of these compounds being of (RCOOH)2Q4 type 
[13]. In this case, the extraction mechanism becomes more complex and the formation of the 
interfacial hydrophobic compound requires more reactants molecules than for the former two 
solvents. Hence, the relative importance of the kinetic resistance is amplified. 
 For calculating the interfacial reaction rate, the experiments have been carried out for all 
solvents in the kinetic regime, at 1200 rpm. For organic phase without 1-octanol, the interfacial 
equilibrium suggests a chemical reaction of third order for dichloromethane and butyl acetate, 
and of sixth order for n-heptane, respectively, their kinetic equations being as follows: 

• dichloromethane and butyl acetate without 1-octanol 
( ) ( )2P0QP0A3

P C2CCCk
d

dC
⋅−⋅−⋅=

τ
        (1) 

• n-heptane without 1-octanol 

( ) ( )4P0Q
2

P0A6
P C4CC2Ck

d
dC

⋅−⋅⋅−⋅=
τ

       (2) 

 Because CQ0 >> CA0, and, consequently, CQ0 >> CP, the previous expressions can be 
written as: 

• dichloromethane and butyl acetate without 1-octanol 

( )P0A3
P CCk

d
dC

−⋅′=
τ

          (3) 

• n-heptane without 1-octanol 

( )2P0A6
P C2Ck

d
dC

⋅−⋅′=
τ

         (4) 

where the apparent rate constants are defined by the relations:  
2

0Q33 Ckk ⋅=′             (5)
  

4
0Q66 Ckk ⋅=′            (6) 

 The experimental values of interfacial reaction rates for all solvents have been 
calculated by means of the curves describing the evolution in time of the interfacial product 
concentration, these variations being given in Figure 3. 
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Figure 3. Variation of interfacial product concentration with the extraction time for solvents without 1-octanol. 
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 For the solvents with higher polarity, namely dichloromethane and butyl acetate, the 
apparent rate constants could be calculated from the slopes of the straight lines obtained by 

plotting 
P0A

0A
CC

C
ln

−
 vs. time, while for low-polar solvent, n-heptane, from the slope of linear 

dependence 
P0A C2C

1
⋅−

 vs. time (Figure 4). 

For the extraction systems without 1-octanol, the following values for rate constants of 
the three interfacial reactions between propionic acid and TOA have been obtained: 

• dichloromethane without 1-octanol 
3

3 1088.1k −⋅=  l2/mol2.s 
• butyl acetate without 1-octanol 

3
3 1035.1k −⋅=  l2/mol2.s 

• n-heptane without 1-octanol 
4

6 1006.6k −⋅=  l5/mol5.s 
These values indicated that in the case of the participation of one propionic acid 

molecule and two extractant molecules to the interfacial compound formation, for extraction 
in dichloromethane and butyl acetate, the value of reaction rate is higher than in the case of 
more reactants molecules participating to this reaction, namely for extraction in n-heptane. 
Although the interfacial mechanism is the same for the solvents with higher dielectric 
constant, the lower diffusion rate reached in butyl acetate leads to lower extractant 
concentration at the interface and, consequently, to inferior reaction rate compared to that 
recorded for dichloromethane. 
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Figure 4. Graphical calculation of the apparent constants of interfacial reactions rates. 

 
According to the previous results, the efficiency of reactive extraction of carboxylic 

acida can be improved by adding of a higher-polar solvent in the organic phase [18,19]. This 
solvent increases the organic phase polarity and, consequently, exhibits a favorable effect on 
the solubilization of polar molecules. In this purpose, 1-octanol has been used in the 
experiments. 

The dependence between the solute mass flow and the rotation speed, plotted in 
Figure 5, indicated that the addition of 1-octanol into the organic solvent increases the 
solute mass flow and modifies the domain of rotation speed correlated with the diffusional 
or kinetic limiting step.  
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Figure 5. Influence of rotation speed on propionic acid mass flow to organic phase with 1-octanol. 

 
The magnitude of the effect of increasing the solute mass flow is amplified for 

solvents with lower dielectric constant, namely butyl acetate and n-heptane, owing to the 
partial solubilization of dissociated molecules of propionic acid by increasing these solvents 
polarity in presence of alcohol.  

As the result of the improvement of solvent ability to solubilize the interfacial 
compound, the value of critical rotation speed is reduced to 600 rpm for dichloromethane, 
respectively to 800 for butyl acetate. Contrary, for n-heptane the addition of alcohol leads to 
the increase of critical rotation speed to 1000 rpm. This variation suggests the diminution of 
the relative importance of kinetic resistance compared to that induced by diffusional process. 
The lower polarity of n-heptane and, therefore, the lower capacity to solve the solute explain 
the larger domain of rotation speed corresponding to the limiting step of diffusional nature. In 
the same time, the interfacial mechanism is changed in presence of 1-octanol, the structures of 
the interfacial compounds becoming RCOOH.Q for dichloromethane and butyl acetate, 
respectively RCOOH.Q2 for n-heptane [13]. By reducing considerably the number of the 
propionic acid and TOA participating to the formation of the aminic adduct in extraction 
system with n-heptane the rate of the interfacial chemical reaction is enhanced and, 
consequently, the kinetic resistance is diminished. 
 On the basis of the interfacial mechanisms proposed for extraction systems containing 
1-octanol and using the similar algorithm as presented above, the interfacial reaction rates can 
be mathematically described by the following expressions: 
 

• dichloromethane and butyl acetate with 1-octanol 

( ) ( )P0QP0A
*

2
P CCCCk

d
dC

−⋅−⋅=
τ

 

• n-heptane with 1-octanol 

( ) ( )2P0QP0A
*

3
P C2CCCk

d
dC

⋅−⋅−⋅=
τ

 

 Using the assumption concerning the higher concentration of extractant compared to 
the acid one, the kinetic equations become: 
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• dichloromethane and butyl acetate with 1-octanol 

( )P0A
*

2
P CCk

d
dC

−⋅
′

=
τ

 

• n-heptane with 1-octanol 

( )P0A
*

3
P CCk

d
dC

−⋅
′

=
τ

 

the apparent rate constants being calculated with the relationships:  

0Q2
*

2 Ckk ⋅=
′      

2
0Q3

*
3 Ckk ⋅=
′  

 
 The variation of interfacial product concentration during the extraction is given in 
Figure 6. 
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Figure 6. Variation of interfacial product concentration with the extraction time for solvents with 1-octanol. 
 
 In this case, for all considered solvents, the apparent rate constants could be calculated 

from the slopes of the straight lines obtained by plotting 
P0A

0A
CC

C
ln

−
 in function of extraction 

time 
(Figure 7). 
 For the extraction systems containing 1-octanol, the calculated values for rate 
constants of the interfacial reactions are as follows: 

• dichloromethane with 1-octanol 
3*

2 1078.2k −⋅=  l/mol.s 
• butyl acetate with 1-octanol 

3*
2 1029.2k −⋅=  l/mol.s 

• n-heptane with 1-octanol 
3*

3 1001.2k −⋅=  l2/mol2.s 
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Figure 7. Graphical calculation of the apparent constants of interfacial reactions rates. 

 
The obtained values underline the positive influence of alcohol addition, due to the 

reducing of the number of molecules participating to the interfacial compound formation and 
to the increase of interfacial concentrations of propionic acid and TOA, both effects leading to 
the increase of interfacial reaction rate. 

The accuracy of the experiments and calculations for rate constants has been verified 
by comparing the experimental and calculated values of interfacial reaction rates, for solvents 
without and with 1-octanol. As it can be observed from Figure 8, there is a good concordance 
between the experimental and calculated data, the average deviations being ±7.26% for 
solvents without 1-octanol, and ± 9.18% solvents with 1-octanol, respectively. 

 
Conclusions 
 
 The mechanisms of the interfacial reaction involved in the reactive extraction process 
of propionic acid with TOA are controlled by the solvent polarity and addition of phase 
modifier. Thus, for extraction systems without or with 1-octanol, the increase of solvent 
polarity induces a positive effect on interfacial reaction rate, due both to the increase of the 
amount of the reactants at the interface, and to the diminution of the number of reactants 
molecules participating to this chemical reaction.  
 For these reasons, the reaction rate constants decrease from dichloromethane n-
heptane, their calculated values at 25oC being as follows: 

• solvents without 1-octanol 
dichloromethane 3

3 1088.1k −⋅=  l2/mol2.s > butyl acetate 3
3 1035.1k −⋅=  l2/mol2.s > n-heptane 

4
6 1006.6k −⋅=  l5/mol5.s 

 
• solvents with 1-octanol 

dichloromethane 3*
2 1078.2k −⋅=  l/mol.s > butyl acetate 3*

2 1029.2k −⋅=  l/mol.s  > n-heptane 
3*

3 1001.2k −⋅=  l2/mol2.s 
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Figure 8. Comparison between the experimental and calculated values of interfacial reaction rate. 

 
By comparing the experimental and calculated values of interfacial reaction rates, for 

solvents without and with 1-octanol, the good concordance between the experimental results 
and those obtained by means of the proposed kinetic equations was confirmed. The average 
deviations were ±7.26% for organic phase without 1-octanol, and ± 9.18% organic phase 
containing 1-octanol, respectively. 
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Notations 
CP          - interfacial product concentration, mol/l 
CA0        - initial concentration of propionic acid in aqueous solution, mol/l 

CQ0        - initial concentration of TOA in organic phase, mol/l 
k3, k6     - rate constants for reaction rate of third and sixth order for solvents without 1-octanol, 
                 ln/moln.s 
k2

*, k3
*
    - rate constants for reaction rate of second and third order for solvents with 1-octanol, 

                 ln/moln.s 
n            - mass flow of propionic acid, mol/m2.h 
 
Subscript 
aq - aqueous phase 
o   - organic phase 
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