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Equilibrium Study on Reactive Extraction of Nicotinic
Acid from Agueous Solution
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Abstract—Nicotinic acid (3-pyridine carboxylic acid) widely
used in food, pharmaceutical and biochemical industries is an
important chemical. Due to ecological problems and
complicate the synthesis methods, the chemical route for
nicotinic acid production will become unattractive in the
future. The aim of the present work is to study the reactive
extraction of nicotinic acid from aqueous solutions using TOA
dissolved in MIBK to intensify nicotinic acid production via
enzymatic route. The extraction efficiency is determined in
terms of distribution coefficient (Kp), degrees of extraction (E)
and loading ratios (Z). The effects of initial acid concentration
and composition of extractant (TOA) are determined. The
maximum value of Kp is found to be 5.8 with TOA (0.57 mol/L)
at an acid concentration of 0.12 mol/L. The mathematical
model, based on mass action law, is proposed to estimate the
values of equilibrium constants (Kg) and number of reacting
acid molecules per extractant molecules in chemical extraction.
Population based search algorithm, differential evolution (DE)
as an optimization algorithm is used to determine the
equilibrium extraction constants (Kg) and the stoichiometry of
reactive extraction through a proposed equilibrium model.
The model predicted values of Kg are showing good correlation
with R? > 0.98 and maximum value of SD = 0.092.

Index Terms—Differential evolution, equilibrium study,
nicotinic acid, reactive extraction.

. INTRODUCTION

Nicotinic acid (3-pyridine carboxylic acid) widely used in
food, pharmaceutical and biochemical industries is an
important chemical. Due to ecological problems and
complicate the synthesis methods, the chemical route for
nicotinic acid production will become unattractive in the
future. The production of nicotinic acid and nicotinamide
can be intensified by enzymatic conversion of 3-
cyanopyridine or biosynthesis [1]. This fermentation
process, because of various impurities and very low
concentration of product in the fermentation broth, requires
an economic separation method to compete with the
synthetic process. Among various available alternate
processes for recovery of the product, a reactive extraction
method has been proposed to be an effective primary
separation step for the recovery of bio-products from a
dilute fermentation process [2]. Long-chain aliphatic amines

Manuscript received March 28, 2014; revised May 15, 2014.

Sushil Kumar is with the Department of Chemical Engineering, Motilal
Nehru National Institute of Technology (MNNIT), Allahabad — 211 004
(UP), India (e-mail: sushilk@mnnit.ac.in).

Suantak Kamsonlian was with the Department of Chemical Engineering,

Motilal Nehru National Institute of Technology (MNNIT), Allahabad —
211 004 (UP), India.

Neha Chomal is with the Department of Chemical Engineering, Birla
Institute of Technology and Science Pilani — 333 031, India.

DOI: 10.7763/1JCEA.2014.V5.437

are found to effective extractants for the separation of
carboxylic acids from dilute aqueous solution. Generally,
these extractants are dissolved in a diluent such as ketone,
alcohol, hydrocarbon, etc. to provide appropriate physical
properties for use in the extraction process [2], [3]. Since
the presence of carboxylic groups increases the solubility of
acids in the aqueous phase, the strong interactions of solvent
with solutes are necessary to extract carboxylic acids from
dilute aqueous solutions. The diluents are categorized in
two groups based on their activity: (i) inactive (inert)
diluents, and (ii) active (polar) diluents. The presence of
polar functional groups enables them to act as better
solvation medium for the acid-extractant complex by the
formation of hydrogen bond. Also, a polar diluent enhances
the extracting power of non-polar extractant as compared to
an inert diluent in the extraction of organic acids [4], [5].
The present work is aimed to find the equilibrium data with
insight of mechanisms on the reactive extraction of nicotinic
acid from aqueous solutions using TOA dissolved in MIBK.

Il. EXPERIMENTAL

A. Materials

The materials used in this study are nicotinic acid with a
purity of 99.5% (purchased from Himedia, India), tri-n-
octylamine (TOA) as an extractant with a purity of 98%
(delivered by Fluka, USA) and methyl isobutyl ketone
(MIBK) as a diluent with a purity of 99.8% (purchased from
Spectrochem. Pvt. Ltd., India). Sodium hydroxide (CAS
No.: 1310-73-2) used for titration is of analytical grade (98
mass % or 0.98 mass fraction) and was supplied by Merck
Pvt. Ltd., Germany. The aqueous solutions of nicotinic acid
are prepared in the concentration range of 0.02 - 0.12 mol/L
using distilled water. Organic solutions are prepared by
varying the concentration of TOA (0.23 and 1.38 mol/L) in
MIBK.

B. Procedure

The extraction equilibrium experiments are carried out at
constant temperature (298 K) with equal volumes (20 mL of
each phase) of the aqueous and organic solutions shaken at
100 rpm for 8 hours in conical flasks of 100 mL on a
temperature controlled reciprocal shaker bath (HS 250 basic
REMI labs). After attaining equilibrium, both the phases get
settled for 2 hrs in separating funnels of 125 mL at constant
temperature (298 K) and atmospheric pressure. After
settling, organic and aqueous phases are separated. The
concentration of acid in the aqueous phase is determined
using an UV spectrophotometer (Systronics, 119 model,
262 nm). The acid concentration in the organic phase is
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calculated by mass balance. The equilibrium pH values of
aqueous solutions are measured using a digital pH-meter of
Arm-Field Instruments (PCT 40, Basic Process Module).
The reproducibility is checked by carrying out the
experiments twice in some selected cases. The results are
found to be reproducible within 35 %.

C. Analysis

The experimental data are analyzed by calculating

distribution coefficient ( Ky = Cnc/Cc ), degrees of
extraction [E = Kp / (1 + Kp)] and loading ratio
(Z =Cwc/[NRs], ). Where, Crc and Cyc are the total
nicotinic acid concentration in the organic phase and in the
aqueous phase, respectively, at equilibrium; and [ﬁs]0 is
the initial TOA concentration in the organic phase.

D. Theory

The extraction mechanism of nicotinic acid (HNc) using
tri-n-octylamine (TOA) as an extractant with various
diluents is described by Eg. (1), showing interfacial
equilibrium in the formation of complexes between acid and
extractant::

mHC+nNR, < (NR,), (HC),, 1)

The equilibrium constant (Kg) is calculated using Eq. (2)

_[(NRy),(HO),1 _ [(NR,), (HO), 1A+ K, /HD"

E m n n m (2)
[HCI"[NR,] [NR;]"Ciic
The distribution coefficient (Kp) is defined as:
KD :CHC :m[(NR3)n(HC)m] (3)

CHC CHC

Substituting the values of [(NR;),(HC),,] from Eq. (3)
in Eq. (2) results Eq. (4).

+7\m
K, = Ky @+ Ka:[Hmj) @)
MINR;]"Clc
The free extractant concentration, [NR,] in the organic
phase, represented as:

[NR,]=[NR;J;, ~n[(NR5), (HC),] )
=[NR,]=[NR;],,~KonCyc /m (6)
Using the Egs. 4 and 6, Eq. 7 results in
K, =mK ([ﬁ]. ~K ncijnL 7
D E 3din D m (1+ Ka /[H+])m

The values of equilibrium extraction constant (Kg) and
the number of reacting acid & extractant molecules (m & n
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respectively) are estimated using Eq. (7).

The stoichiometry of the overall extraction equilibrium is
dependent on the loading ratio in the organic phase, Z. If the
organic phase is not highly concentrated by acid, i.e., at
very low loading ratios (Z < 0.5), 1:1 complex of acid and
extractant (TOA) is formed [6] [7]. A plot of Z/(1-Z) versus
[HNc] yields a straight line with a slope of complexation
constant (Kg;) as given by Eq. (8):

Z_

T = KalHN]

®)

The different model based on the assumption of
simultaneously formation of various types of complexes (m,
n) between acid and amine is presented. Based on the
estimated values of m per TOA molecule, the formation of
different types of complexes, i.e., (1, 1) and (2, 1) are
considered [8]. The stoichiometric equations describing the
extraction are given by Egs. (9 and 10):

HC + NR, < HCNR, 9)

HC+HCNR, < (HC),NR, (10)

The corresponding extraction constants are calculated
using Egs. (11) — (12):

[HCNRa]  Cu(l+K, /[H])
CHCCRgN

(11)

el WR. |

[HOMNR,| _Cagek,/HD  (12)

2 [HC][HCNRs] C..Cu

Cu1 and Cz are the concentrations of the complexes of
(1, 1) and (2, 1), respectively. The acid concentration and
free amine concentration in the organic phase are given by
Eq. (13) and Eq. (14), respectively.

C_:HC =611 + 2621 =

KiCro Crc /+ K, /[H']) (13)
+2K,Cu Cpe [+ K, /[H'])

CRaN = CRSNW - (611 + 621) =

CRgNm - (KllcRaN CHC/(]-Jr Ka /[H+]) (14)

+Ky,CuCpe /+ K, /[H])

The values of the equilibrium constants Ky; and Ky, are
estimated based on the total acid concentration in the
aqueous phase at equilibrium, and by applying the mass
action law (experimental results).

I1l. RESULTS AND DISCUSSION

MIBK is active polar solvent with higher dipole moment,
w1 (2.79) and Et (39.4) values. E parameter is an empirical



International Journal of Chemical Engineering and Applications, Vol. 5, No. 6, December 2014

parameter that should give assessment of solvation energy
of the solute and is based on the absorption spectrum of
pyridinium-N-phenolbetaine [9]. It provides anion solvation
by ion-dipole and ion-induced dipole forces. A polar diluent
increases the extracting ability of relatively low polar
amines (TOA). This provides additional solvating power
that allows higher levels of polar-amine complexes to stay
in the organic phase. On the other hand, a non-polar diluent
does not affect the extraction process with low polar amines
(TOA). Due to this reason, MIBK is used as a diluent with
TOA.
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Fig. 1. Equilibrium isotherms of nicotinic acid for different concentrations
of TOA dissolved in MIBK.

Equilibrium data are presented for the extraction of
nicotinic acid using TOA in MIBK (Table I). The isotherms

for nicotinic acid are determined from four aqueous solution
concentrations and four concentrations of TOA as presented
in Fig. 1. Almost linear relationship is found between acid
concentration in both the phases (aqueous and organic
phases) at equilibrium. This is due to Henry’s law type
isotherm valid for low acid concentration range. The highest
strength of the complex solvation is found for MIBK with a
maximum loading ratio (Z 0.42) at highest acid
concentration (0.12 mol/L) and lowest amine concentration
(0.23 mol/L). MIBK (oxygen bonded carbon based
compound with electron acceptor capability and polarity)
with non polar TOA is found to be good solvating agent for
nicotinic acid-amine complexation. The distribution
coefficients (Kp) and degree of extraction (E) are found to
initially increase, and then decrease with an increase in
TOA concentration (0.23 — 1.38 mol/L) at different
concentrations of nicotinic acid (0.02 — 0.12 mol/L). The
concentration of acid may be the limiting factor for this
trend of degree of extraction. Higher concentrations of TOA
in diluents may have some interactions with diluents, which
leads to decrease in the extraction efficiency. These trends
of degree of extraction are also observed for the reactive
extraction of acids by [10], [11]. Initial concentration of
acid also affects the extraction efficiency as shown in Fig. 1.
Since, low concentrations of nicotinic acid (0.02 to 0.12
mol/L) are used as compared to the concentrations of TOA
(0.23 — 1.38 mol/L), degree of extraction is found to be
increase with an increase in acid concentration at different
TOA concentrations (Fig. 1 and Table I).

TABLE |: EQUILIBRIUM RESULTS FOR THE EXTRACTION OF NICOTINIC ACID USING TOA DISSOLVED IN MIBK AT 298 K

Cin [Sorg]in CHNc C HNc Ko Kgred E z PHeq

mol/L mol/L mol/L mol/L

0.12 0.229 0.0235 0.0965 411 4.52 80.42 0.421 3.49
0.573 0.0177 0.1023 5.78 6.1 85.25 0.179 3.55
0.917 0.02 0.1 5 4.85 83.33 0.109 3.52
1.376 0.0227 0.0973 4.29 4.20 81.08 0.071 35

0.08 0.229 0.0162 0.0638 3.94 3.98 79.75 0.279 3.57
0.573 0.0131 0.0669 511 5.29 83.63 0.117 3.62
0.917 0.0131 0.0669 511 5.18 83.63 0.073 3.62
1.376 0.0173 0.0627 3.62 3.89 78.38 0.046 3.56

0.05 0.229 0.0108 0.0392 3.63 3.48 78.4 0.171 3.66
0.573 0.0085 0.0415 4.88 5.12 83 0.072 3.71
0.917 0.0092 0.0408 4.43 4.52 81.6 0.044 3.69
1.376 0.0119 0.0381 3.2 2.98 76.2 0.028 3.64

0.02 0.229 0.0058 0.0142 2.45 28 71 0.062 3.79
0.573 0.005 0.015 3 32 75 0.026 3.83
0.917 0.0046 0.0154 3.35 3.53 77 0.017 3.84
1.376 0.0058 0.0142 245 2.58 71 0.01 3.79

The graphical method for determining of the number of
extractant or acid molecules taking part in the formation of
complexes is applicable, when only one type of complexes
are formed. The model equation 7 is solved with
experimental data to determine the values of equilibrium
extraction constants (Kg), the number of acid molecule (m)
and reacting extractant molecules (n) in the formation of
acid:extractant complexes using optimization procedure.
Most of the traditional optimization algorithms based on
gradient methods have the possibility of getting trapped at
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local optimum depending upon the degree of non-linearity
and initial guess [12]. A population based search algorithm
called differential evolution (DE), which is simple and
robust and has a proven successful record for various
engineering applications in both single- and multi-objective
optimization is employed [13], [14]. The key parameters of
control in DE are: NP- the population size, CR-the cross
over constant, and F the weight applied to random
differential (scaling factor). Based on these heuristics, the
values of DE key parameters for the present problem are set
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as NP = 20; CR = 0.9; F = 0.5. An objective function based
on least square error between experimental data and
predicted value of Kp has been minimized for the
determination of overall equilibrium constants (Kg) and
stoichiometry (m & n) of the reactions. For the estimation of
simultaneous equilibrium extraction constants (Ky; and Ky,),
an objective function based on least square error between

experimental data and predicted value of Chc has been
minimized.

The estimated values of stoichiometries of reactive
extraction, overall equilibrium constants (Kg) and individual
equilibrium constants (Ky; and Kj;) by this computational
procedure are given in Table Il. From the values of
individual equilibrium constants (Ky; and Ks,), it is reflected
that mostly 1:1 complexes between acid-TOA are formed.
Equilibrium constants (Kg;) with the assumption of 1:1 acid

— TOA complexes are also estimated from Eq. 8 and Fig. 2
and the values are comparable with K;; as given in Table I.
The predicted values of Ky and Z for each concentration of
TOA in MIBK using this equilibrium model (DE approach)
are comparable with the experimental values of Ky as
shown in Table | and Fig. 3. The predicted of Ky are
showing little deviation from experimental values Kp at
very lower acid concentration. When equilibrium extraction
is carried out with very low concentration of acids, minor
errors in the experimental concentration of aqueous phase
may lead to high error in the experimental values of Kp

(EHC/CHC ). It can be seen that the model values

correctly represents the acid extraction using DE approach
for predicting equilibrium parameters.

TABLE Il: VALUES OF EQUILIBRIUM CONSTANTS AND STOICHIOMETRY OF REACTIONS

Acid conc. TOA conc. Ke m n K Kot Ker
mol/L mol/L
0.02-0.12 0.23 143.84 155 1 27.81 0.99 27.15
0.57 65.73 1.50 1 11.61 1.00 11.30
0.91 24.93 1.39 1 6.23 0.99 5.88
1.38 8.54 1.33 1 311 0.99 3.05
0 e ——— studied considering MIBK as a diluent with an amine based
W 020molL || e n extractant, TOA at isothermal condition (298 +1 K). The
O oommer Ik MIBK (aprotic or proton acceptor, x = 2.79, Ey = 39.4) is an
089 A 138 moallL ||} active (polar) diluent, which enhances the extractability of
: relatively non-polar extractant (TOA). The degree of
_ extraction increases with an increase in acid concentration
,’f; 044 and TOA concentration. The maximum value of the Kp in
N the chemical extraction are found to be 5.80 with TOA
(0.57 mol/L) in MIBK for an acid concentration of 0.12
021 mol/L. The predicted values of Ky for each concentration of
/ TOA in MIBK using this equilibrium model and DE
M approach are comparable with the experimental values of
U-% 000 I 0 DIOS I O.OI‘H) I 0 615 I 0.[;20 I 0.025 KD'

HNc, mol/L
Fig. 2. Estimation of equilibrium constants for 1:1 complex of acid and
TOA for different concentrations of TOA dissolved in MIBK.
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Fig. 3. Comparison of experimental and predicted values of Kp,

IV. CONCLUSIONS
The equilibrium reactive extraction of nicotinic acid is
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