
Research Article

Intensification of Nicotinic Acid Separation
using Organophosphorous Solvating
Extractants by Reactive Extraction

Nicotinic acid (3-pyridine carboxylic acid) is widely used in food, pharmaceuti-
cal, and biochemical industries. Compared to chemical methods, enzymatic con-
version of 3-cyanopyridine is an advantageous alternative for the production of
nicotinic acid. This study is aimed to intensify the recovery of nicotinic acid using
reactive extraction with organophosphorus solvating extractants such as tri-n-
octyl phosphine oxide (TOPO) and tri-n-butyl phosphate (TBP). The distribu-
tion of nicotinic acid between water and phosphorus-based solvents dissolved in
various diluents and the comparison of extraction efficiency with pure diluents
are studied at isothermal conditions. Pure diluents are not found to be good ex-
tracting agents and the maximum distribution coefficient (KD) obtained with
1-octanol is 0.31. Experimental studies are carried out to investigate the effect of
diluent, initial acid concentration, extractant type, and extractant composition
on the degree of extraction. The maximum recovery of nicotinic acid is obtained
by dissolving TOPO in MIBK at an initial nicotinic acid concentration of
0.10 kmol/m3. Solvation numbers and extraction equilibrium are also estimated
with both TBP and TOPO.
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1 Introduction

There has been a resurgence of interest in large-scale produc-
tion of fermentation chemicals due to the sharp increase in
petroleum cost in the recent past. So the potential role of a
new energy efficient fermentation technology is becoming in-
creasingly important. The current economic impact of fermen-
tation chemicals, however, is still limited, because of difficul-
ties in product recovery. Thus, substantial improvements in
the existing recovery technology for fermentation products are
required for the organic chemicals industries.

Organic acids, widely used in food, pharmaceutical, and
chemical industries, are important chemicals. Fermentation
technology for the production of organic acids in particular
has been known for more than a century and acids have been
produced in the form of aqueous solutions. Several separation
methods such as liquid extraction [1–3], ultra filtration [4], re-
verse osmosis [5], electrodialysis [4, 6–8], direct distillation

[9], liquid surfactant membrane extraction [10], anion ex-
change [11, 12], precipitation, and adsorption [13, 14], etc.,
have been employed to remove carboxylic acids. In general,
most carboxylic acids, except for acetic acid, are non-volatile;
therefore, distillation is not a useful recovery process. The clas-
sical recovery method includes the precipitation of calcium salt
after the addition of calcium hydroxide to the aqueous fermen-
tation broth. This precipitation method has disadvantages
such as the substantial cost of chemicals, a low yield in crystal-
lization, and product loss [15]. Many bioconversions, includ-
ing fermentation, are highly inhibited by the product. A means
to overcome this inhibition is In-Situ Product Recovery (ISPR)
[16, 17]. Among various alternate processes for the simulta-
neous removal of the product, extraction is often the most
suitable option [17–19]. The combination of reaction with this
extraction step may also be useful. So, a reactive extraction
method has been proposed to be an effective primary separa-
tion step for the recovery of carboxylic acid from a dilute fer-
mentation process [20, 21]. Some of the advantages are in-
creased reactor productivity and easy control in reactor pH
without requiring base addition. The use of a high-concentra-
tion substrate as the process feed reduces process wastes and
production costs. This method may also allow the process to
produce and recover the fermentation products in one contin-
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uous step, and reduce the downstream processing load and the
recovery costs [22]. Three major factors have been found to in-
fluence the equilibrium characteristics of the extraction of car-
boxylic acids from aqueous solutions, i.e., the nature of the
acid, concentrations of acid and extractant, and the type of di-
luent [23–27].

Nicotinic acid (also called Niacin) is an important car-
boxylic acid and a water-soluble vitamin (vitamin B3), which
is used in animal feed supplementation and also in medicine
[28, 29]. Lack of niacin causes the deficiency disease, pellagra.
Pellagra prevention and treatment have been supplied by in-
cluding niacin in the dietary intake. Since the human body
does not have the ability to produce niacin, its intake by food
and/or nutritional supplements represents the main way of
avoiding niacin deficiency [29, 30]. Niacin supplements are
available as nicotinamide or nicotinic acid, shown in Fig. 1.

Nicotinic acid is mainly obtained by chemical synthesis, using
3-picoline or 2-methyl-5-ethyl-pyridine as starting materials at
high temperature and pressure [31]. Besides the technical
aspects, desired quality, physical and chemical properties of the
final product, and ecological problems complicate the chemical
synthesis methods. Due to these reasons, the actual technologies
for nicotinic acid production will become unattractive in the
future. In recent years, the application of enzymes to organic
chemical processing has attracted the attention of researchers.
Nitrilases enzymes are gaining popularity as biocatalysts for the
mild and selective hydrolysis of nitriles [32].

The production of nicotinic acid and nicotinamide can be
intensified by enzymatic conversion of 3-cyanopyridine or bio-
synthesis. Mathew et al. [33] made attempts for the microbial
conversion of 3-cyanopyridine to nicotinic acid by using rest-
ing Rhodococcus rhodochrous Jl cells containing high benzoni-
trilase activity. This process is promising for industrial produc-
tion of nicotinic acid with attractive features such as total
conversion (100 %) of 3-cyanopyridine under mild conditions
and easy cultivation of the R. rhodochrous Jl cells. Very recently,
amidase-catalyzed production of nicotinic acid in batch and
continuous stirred membrane reactors has been studied by
Maria et al. [34]. Amidase enzyme, operated under mild con-
ditions, is suitable for the synthesis of labile organic molecules
and it is stable up to 50 °C.

Organophosphoric derivatives and long-chain, aliphatic
amines are effective extractants for separation of carboxylic
acids from dilute aqueous solution [21, 35]. Generally, these
extractants are dissolved in a diluent (an organic solvent that
dilutes the extractant). It controls the viscosity and density of
the solvent phase. The basic donor properties of the phos-
phorus-bonded oxygen extractants make the solvation process
to be specific. Several studies using these extractants have been

made for extraction equilibria of a number of organic acids,
such as acetic acid, glycolic acid, lactic acid, propionic acid,
butyric acid, succinic acid, itaconic acid, tartaric acid, citric
acid, etc [36–44].

Due to the insolubility of nicotinic acid in simple organic
solvents, its separation by physical extraction is impossible.
But, its extraction could become possible by adding a phos-
phoric or aminic extractant into the simple solvent which
could react with nicotinic acid, leading to the formation of a
hydrophobic compound. The distribution of nicotinic acid be-
tween water and Alamine 300 (tri-n-octylamine) dissolved in
various polar and nonpolar diluents, was studied at 298 K
using a phase ratio of 1:1 (v/v) by Senol [45, 46]. Kumar et al.
[47] conducted the equilibrium study for the recovery of nico-
tinic acid using reactive extraction. The conventional extrac-
tants, such as simple hydrocarbon, ketone, kerosene oil, and
alcohol have been used with and without tri-n-butyl phos-
phate (TBP). The comparative study of the reactive extraction
of nicotinic acid with Amberlite LA-2 (lauryl-trialkyl-methyla-
mine) and di-(2-ethylhexyl)-phosphoric acid (D2EHPA) were
presented by Cascaval et al. [48]. Compared to D2EHPA, the
use of Amberlite LA-2 allows the possibility to reach higher ex-
traction efficiency, the extraction degree being supplementarily
increased by increasing the solvent polarity [48].

The use of such phosphorus-based solvating extractants
opened new avenues in process development and reduced ener-
gy and reagent consumption. Therefore, the aim of the present
study is to intensify the recovery of nicotinic acid (3-pyridine
carboxylic acid) using reactive extraction with phosphorus-
based solvating extractants such as tri-n-octyl phosphine oxide
(TOPO) and tri-n-butyl phosphate (TBP). The distribution of
nicotinic acid between water and extractants (TBP and TOPO)
dissolved in various diluents, and a comparison with the extrac-
tion capacity of pure diluent alone is studied at isothermal con-
ditions. Studies are also conducted to investigate the effects of
the type of diluent (active and inactive) and composition of ex-
tractants (TBP and TOPO) in the organic phase. In this equilib-
rium extraction study, solvation numbers and equilibrium con-
stants are determined with TBP and TOPO.

2 Experimental

2.1 Reagents and Solutions

Tri-n-octylphosphine oxide (TOPO) and tri-n-butyl phos-
phate (TBP) were used as the extractants, delivered by Sigma-
Aldrich Co. USA with purity of 99 %. Various solvents such as
1-octanol, methyl isobutyl ketone, kerosene, 1-decanol, n-hep-
tane, diethylether, decane, and benzene supplied by Spectro-
Chem Co. India were used. Nicotinic acid, a white powdered
material was delivered by Sigma-Aldrich Co. USA as analytical
grade reagents (99.5 % v/v). The organic phase was prepared
by diluting the phosphorus solvating extractants (TOPO and
TBP) in several diluents mentioned above. Pure diluents were
also used as organic phase to study physical equilibrium. The
aqueous solutions were prepared by dissolving the nicotinic
acid in de-ionized water. All chemicals were used without any
pretreatment.
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Figure 1. Nicotinic acid and nicotinamide.
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2.2 Experimental Procedure

The extraction equilibrium experiments were conducted at
room temperature (298 K) with equal volumes (10 mL and
25 mL of each phase) of the aqueous and organic solutions
shaken at 100 rpm for 12 h in glass flasks of 100 mL on a tem-
perature-controlled reciprocal shaking machine (HS 250 basic
REMI labs). Our preliminary studies had shown that 12 h of
mixing time is sufficient to reach equilibrium. After attaining
equilibrium, the phases were brought into contact with each
other for separation. The initial concentration of nicotinic acid
in aqueous solutions was varied between 0.0075–0.13 kmol/m3.
The effect of extractant composition in the organic phase was
studied at a fixed acid concentration of 0.1 kmol/m3. Tri-n-butyl
phosphate (TBP) was diluted in the range of 20–80 % (v/v) with
various diluents. Tri-n-octylphosphine oxide (TOPO) concen-
tration in the organic phase was kept in the range of 0.17–
0.71 kmol/m3. The initial pH values of nicotinic acid solution
were determined using a digital pH-meter of ArmField Instru-
ments (PCT 40, Basic Process Module) and varied in the range
of 3 to 3.6. After settling, organic and aqueous phases were sepa-
rated. The concentration of acid in the aqueous phase was deter-
mined by taking a sample of 2 mL and using potentiometric
titration with sodium hydroxide solutions of 0.01 and 0.02 N
with phenolphthalein as an indicator. The acid concentrations
in the organic phase were calculated by mass balance. The repro-
ducibility was checked by carrying out the experiments twice in
some selected cases. The results were found to be reproducible
within ± 5 %.

The extraction process was analyzed by means of the degree
of extraction and distribution coefficient. The degree of extrac-
tion is defined as the ratio of nicotinic acid concentration in
the extract phase to the initial nicotinic acid concentration in
the aqueous solution by assuming no change in volume at
equilibrium. The distribution coefficient, KD

1), is calculated
with following relation (Eq. (1)):

KD � Corg

Caq
(1)

where Corg is the concentration of nicotinic acid in the organic
phase and Caq is the concentration of nicotinic acid in the
aqueous phase after equilibrium is reached.

3 Results and Discussion

The results obtained from the equilibrium experiments con-
ducted to separate the nicotinic acid from aqueous solution
using various diluents with and without tri-n-butyl phosphate
(TBP) and tri-n-octylphosphine oxide (TOPO) at room tem-
perature are discussed below.

3.1 Extraction Equilibria with Pure Solvents

The distribution of the acid between water and diluents alone
is relatively free of complexities and can be regarded as physi-
cal distribution. The equilibrium isotherms are shown in
Figs. 2 and 3 with inert and active diluents. For a low range of
nicotinic acid concentration, there is a linear relationship be-
tween acid concentration in the two phases, and a nonlinear
relationship for higher concentrations with both inert and ac-
tive diluents. It may be noted that for low concentrations of
nicotinic acid, Henry’s law type isotherms are valid, whereas at
higher concentrations, non-ideal behavior prevails.

The physical solubility of nicotinic acid in pure diluents
alone is remarkably small with a maximum distribution coeffi-
cient of about 0.31 for 1-octanol, 0.18 for methyl isobutyl ke-
tone (MIBK), and ranging from 0.01 to 0.025 for other inert
diluents such as heptane, kerosene, and benzene (Tab. 1). But
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Figure 2. Extraction equilibria of nicotinic acid with inert dilu-
ents.
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Figure 3. Extraction equilibria of nicotinic acid with active dilu-
ents.
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1) List of symbols at the end of the paper.
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these are not suitable as separation agents. Ketone, diethyl
ether and protic 1-octanol, containing an oxygenated func-
tional group yield different KD values in the range from 0.06 to
0.31, depending upon the solvent polarity and the hydrogen
bonding ability.

The initial concentration of nicotinic acid affects the extrac-
tion efficiency as shown in Fig. 4. Extraction yields increase
with the concentration of this acid in the case of inert diluents
but remain almost independent of acid concentration when
alcohols and ketones are used as solvents. In inert solvents, the
solvation sheath around the functional group(s) in a high acid
concentration situation may consist of a mixture of water and
solvent molecules, thus making the solute species more organic
solvent-like.

3.2 Extraction Equilibria with Phosphoric Solvating
Extractants

Due to the insolubility of nicotinic acid in organic solvents, its
separation by physical extraction with simple diluents is im-
possible. It is extracted by phosphorous-bonded, oxygen-bear-
ing extractants with a significantly higher distribution ratio
than carbon-bonded oxygen-bearing extractants under com-
parable conditions. Tri-n-butyl phosphate (TBP) and tri-n-oc-
tyl phosphine oxide (TOPO) are used to study the extraction
equilibria of nicotinic acid as shown in Figs. 5–7. The experi-
mental data are in line with the known extractive capacity of
various organophosphorus extractants for other acids [35–40].
The degree of extraction increases markedly as the number of
direct C-P linkages increase as in TOPO. Thus, the extraction
efficiency with TOPO is more than that with TBP for recovery
of nicotinic acid.

It can be seen from Fig. 5 that the extraction degree slightly
increases with increasing initial acid concentration in aqueous
solution using pure TBP as an extractant. This may be due to
the lower range of nicotinic acid concentration in the initial
aqueous solution. For high initial acid concentration, distribu-
tion coefficient, KD, may decrease with increasing acid concen-
tration in aqueous solution at high TBP concentration. The
experimental results given in Figs. 6 and 7 indicate that the ex-
traction efficiency increases with solvent polarity. The effect of
diluent on the extraction efficiency of TBP is much less
marked than that assumed on the basis of the solvent effect
only, as shown in Fig. 6. When nicotinic acid is extracted from
a 0.10-gmol/L aqueous solution by an organic phase contain-
ing 60 % v/v TBP, the values of distribution coefficient, KD, are
0.47, 0.45, and 0.66 with 1-decanol, decane, and methyl-
isobutyl ketone (MIBK), respectively. A stronger effect of dilu-
ent is observed as shown in Fig. 7, when TOPO is used as the
extractant rather than TBP. The value of KD is 0.27 with kero-
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Table 1. Distribution coefficients (KD) of nicotinic acid
(cin = 0.1 mol/L) between water and extractant/solvent system
at 25 °C.

Extractants Solvents Extractant Conc. in
solvents [mol/L]

KD [–]

– n-Heptane – 0.016

Kerosene – 0.017

MIBK – 0.18

1-Octanol – 0.31

Diethylether – 0.07

TBP MIBK 0.73 0.31

1.46 0.48

2.19 0.67

2.92 0.86

Decane 0.73 0.12

1.46 0.29

2.19 0.45

2.92 0.73

Kerosene 0.73 0.16

1.46 0.34

2.19 0.46

2.92 0.68

TOPO MIBK 0.56 1.75

0.48 1.58

0.39 1.35

0.28 0.99

Kerosene + 1-octanol

(2:1 v/v)

0.56 0.41

0.48 0.33

0.39 0.27

0.28 0.20
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Figure 4. Variation in extraction degree with initial acid concen-
tration.
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sene + 1-decanol (2:1 v/v) as the diluent and 1.35 with methy-
lisobutyl ketone (MIBK) at 0.39 gmol/L concentration of
TOPO. The alkyl substitutions in TOPO rather than alkoxy
substitutions in TBP increase the Lewis basicity that results in
an increase of KD for nicotinic acid. Distribution coefficients
with various extractant systems are given in Tab. 1.

3.3 Reactive Extraction Mechanism

The extraction of nicotinic acid occurs by means of a
successful competition of the solvating phosphoryl group
against water molecules at the interface between the aqueous

and organic phase. The extraction mechanism of nicotinic acid
(HNc) with these extractants is described by Eq. (2), showing
interfacial equilibrium in the formation of solvates between
nicotinic acid and extractant:

HNcaq � nPorg � HNcPn�org� (2)

The extraction equilibrium constant, KE, can be calculated
using Eq. (3):

KE � �HNcPn�org��
�HNcaq��Porg�n

(3)

Nicotinic acid also dissociates under equilibrium in the
aqueous phase as given by Eq. (4):

HNc � Nc� � H� (4)

The corresponding dissociation constant, KH, is determined
with the relationship as given by Eq. (5):

KH � �Nc�aq��H��
�HNcaq�

(5)

The experimentally accessible distribution coefficient, KD, is
calculated with Eq. (6):

KD � Corg

Caq
� �HNcPn�org��

�HNcaq� � �Ncaq��
(6)

where �HNcPn�org�� refers to the concentrations of nicotinic
acid in the organic phase; �HNcaq� and �Ncaq�� symbolize un-
dissociated and dissociated concentrations of nicotinic acid in
the aqueous phase, respectively, at equilibrium state.

Putting the values of �HNcPn�org��and [Ncaq]– from Eqs. (3)
and (5), respectively, into Eq. (6) results in Eq. (7):
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Figure 5. Variation in extraction degree with initial acid concen-
tration using TBP.

0 20 40 60 80 100
0

10

20

30

40

50

Ex
tr

ac
tio

n 
de

gr
ee

, %

% TBP in diluents

 MIBK
 1-decanol
 kerosene
 decane

Figure 6. Variation in extraction degree with tri-n-butyl phos-
phate (TBP) in various diluents.
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KD � KE�Porg�n

1 � KH

�H��

� � (7)

Linearizing Eq. (7) by taking the logarithm on both sides of
the equation, we get Eq. (8):

lnKD � ln 1 � KH

�H��
� �

� lnKE � n ln�Porg� (8)

A plot of the above equation by taking ln KD � ln
�
1 � KH

�H��
�

on the y-axis and ln[Porg] on the x-axis yields a straight line
with a slope of n and an intercept of lnKE as shown in Figs. 8
and 9.

From Figs. 8 and 9, the values of the slope, n, and intercepts,
lnKE, depend on extractant type and solvent polarity (Tab. 2).
The measured equilibrium pH values were found in the range
of 3.4 to 3.56 which are slightly higher than that of the ones
calculated on concentration basis due to the contact with the
organic phase. For the reactive extraction with TBP and
TOPO, the slopes of the straight lines suggest, in all cases, the
formation of solvates between one molecule of each of the re-
actants. As discussed above, the solvent polarity is an impor-
tant parameter that controls the extraction degree of ionizable
solutes. The values of the slope, 1.38 and 1.26, for TBP in de-
cane and TOPO in heptane + octanol (2:1 v/v), respectively,
deviate from the quasi-ideal behavior apparently more so than
other systems; probably because of the significant mutual solu-
bility of the two phases. Polar diluents, having higher dielectric
constant values, also contribute in the extraction of nicotinic
acid and results in stoichiometry coefficients, n, less than 1
with both TBP and TOPO. The dielectric constant may be con-
sidered a characteristic of solvent-solute local interactions, in-
ducing the limitation of solute solvation by solvent or extrac-
tant, due to the presence of ionizable groups in the solute
chemical structure. Therefore, the solvent polarity controls the
extraction constant through its influence on separation effi-
ciency and mechanism. The values of R2 near about 0.99 shows
a good fit of the experimental data with the theoretical model
equation (Eq. (8)).

4 Conclusions

The studies on reactive extraction of nicotinic acid
with TBP and TOPO in various inert and active di-
luents such as n-heptane, n-decane, kerosene,
MIBK, and 1-decanol, at various extractant con-
centrations indicated that the reactive extraction
occurs by means of the interfacial formation of sol-
vates between nicotinic acid and extractants. The
mechanism of the reaction is controlled by the ex-
tractant type and solvent polarity. Pure solvents
without any extractants were also analyzed to study
extraction equilibrium. The nicotinic acid separa-
tion by physical extraction in pure diluents alone is
remarkably small with a maximum distribution
coefficient of about 0.31 for 1-octanol. Hence, pure
solvents are not suitable as separation agents.
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Table 2. Stoichiometry coefficients and extraction equilibrium constants for the
formation of solvates between nicotinic acid and organophosphorus extractants.

Extractant Diluents n [–] lnKE [–] R2 [–]

TBP MIBK 0.74 ± 0.035 –0.92 ± 0.025 0.998

1-Decanol 0.83 ± 0.09 –1.26 ± 0.065 0.988

Kerosene 1.01 ± 0.05 –1.45 ± 0.035 0.997

Decane 1.26 ± 0.065 –1.67 ± 0.045 0.997

TOPO MIBK 0.76 ± 0.036 1.04 ± 0.04 0.997

Kerosene + 1-octanol
(2:1 v/v)

1.08 ± 0.03 –0.24 ± 0.034 0.999

Heptane + 1-octanol
(2:1 v/v)

1.38 ± 0.06 –0.42 ± 0.046 0.998
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Figure 9. Distribution coefficient of nicotinic acid as a function
of the TOPO concentration in various diluents.
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The extraction efficiency increases with solvent polarity. The
effect of diluent on the extractive efficiency of the TBP is much
less marked than that assumed on the basis of the solvent effect
only. A stronger diluent effect was found with TOPO in com-
parison with TBP as the extractants. The mechanism of reac-
tive extraction with TBP and TOPO involves, in all cases, the
formation of interfacial solvates between one molecule of each
of both the reactants. The highest value of the extraction
constant was obtained for reactive extraction with TOPO dis-
solved in MIBK. The solvent polarity found to be an important
parameter that controls the extraction degree of ionizable
solutes.

Symbols used

Caq [g mol/L] concentration of nicotinic acid
in the aqueous phase

Corg [g mol/L] concentration of nicotinic acid
in the organic phase

[H+] [g mol/L] hydrogen ion concentration
HNc [–] nicotinic acid
[HNcaq] [g mol/L] undissociated concentrations of

nicotinic acid
KD [–] distribution coefficient
KE [L/g mol] extraction equilibrium constants
KH [g mol/L] dissociation constant
n [–] stoichiometry coefficients/

solvation number
[Ncaq]– [g mol/L] dissociated concentrations of

nicotinic acid
Porg [g mol/L] concentration of extractant in

the organic phase
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