
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Equilibria, Kinetics, and Modeling of Extraction of Citric Acid from
Aqueous Solutions with Alamine 336 in 1-Octanol
K. N. Prasanna Rania; T. Prathap Kumarb; J. S. N. Murthyc; T. Sankarshanac; B. Vishwanadhamb

a Lipid Science & Technology Division, Indian Institute of Chemical Technology, Hyderabad, India b

Chemical Engineering Sciences, Indian Institute of Chemical Technology, Hyderabad, India c

University College of Technology, Osmania University, Hyderabad, India

Online publication date: 04 March 2010

To cite this Article Rani, K. N. Prasanna , Kumar, T. Prathap , Murthy, J. S. N. , Sankarshana, T. and Vishwanadham,
B.(2010) 'Equilibria, Kinetics, and Modeling of Extraction of Citric Acid from Aqueous Solutions with Alamine 336 in 1-
Octanol', Separation Science and Technology, 45: 5, 654 — 662
To link to this Article: DOI: 10.1080/01496390903566804
URL: http://dx.doi.org/10.1080/01496390903566804

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496390903566804
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Equilibria, Kinetics, and Modeling of Extraction of Citric
Acid from Aqueous Solutions with Alamine 336 in 1-Octanol
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B. Vishwanadham2
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2Chemical Engineering Sciences, Indian Institute of Chemical Technology, Hyderabad, India
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Experimental equilibrium and kinetic data on the extraction of
citric acid from aqueous solutions using Alamine 336 in 1-octanol
have been determined. The distribution coefficient has increased
from 0.029 to 71.727 with increase of Alamine 336 concentration
from 0 to 30% (v/v). The chemical equilibria was interpreted as a
result of consecutive formation of acid-amine species with 1:1 stoi-
chiometry and the equilibrium complexation constant, KE1, has been
estimated as 20.186m3 kmol�1. The mass-transfer coefficients of
citric acid, Alamine 336, and 1:1 acid-alamine complex in 1-octanol
were calculated from acetic acid mass-transfer coefficient, which
was determined by measuring its fluxes of simple diffusion from
kerosene to water. Based on the Hatta number and the criterion
given by Doraiswamy and Sharma, the reaction regime has been
found to be instantaneous reaction regime occurring at the interface
on the organic phase side. An extraction model comprising 1:1
equilibrium complextion constant, KE1, and complex mass-transfer
coefficient, kBA (3.79� 10�6m s�1), has been developed, and it
explained the present system satisfactorily.

Keywords 1-octanol; alamine 336; citric acid; extraction equilibria;
extraction model; kinetics

INTRODUCTION

Citric acid is the most commonly used acid in the food
and pharmaceutical industry because of its high solubility,
palatability, strong chelating power, and low toxicity, and
the global production of citric acid has reached 1.4 million
tonnes per annum by 2004 (1). The food industry is the lar-
gest consumer of citric acid, using almost 70% of the total
production, followed by about 12% by the pharmaceutical
industry and 18% for other applications. There is an annual
growth of 3.5� 4.0% in demand=consumption rate of citric
acid (2). Although citric acid can be obtained by chemical
synthesis, it is produced commercially almost exclusively

by fermentation with Aspergillus niger because of the much
lower cost. The recovery of organic acids such as citric acid,
lactic acid, levulinic acid etc. from aqueous solutions is an
industrially important separation process, especially because
of their low concentration in the fermentation broths
(< 10%). The industrial method of recovery of the acid
involves the precipitation of citric acid as calcium citrate
by adding hydrated lime, and treatment with sulphuric acid
for citric acid separation. However, this method of recovery
is expensive and unfriendly to the environment as it con-
sumes lime and sulphuric acid and also produces a large
quantity of calcium sulphate sludge as solid waste (3).

The physical extraction with conventional solvents is not
an efficient method for the recovery of these acids because
of very low distribution coefficients (KD). Therefore,
reactive extraction with specified extractant giving a higher
distribution coefficient has been proposed as a promising
technique for the recovery of carboxylic and hydroxycar-
boxylic acids (4,5). Reactive extraction represents a joint
between the chemical phenomena (the reaction between
the solute and extractant) and physical phenomena
(diffusion and solubilization of the compound resulted
from the chemical reaction). Organic bases such as tertiary
amines offer advantages over other extractants, on the
grounds of lower cost and generally higher equilibrium dis-
tribution coefficients (KD). However, amines of very high
molecular weight are less effective as extractants compared
with intermediate molecular weight amines because of their
greater hydrocarbon-like character (6). Alamine 336 (a
straight chain tertiary amine containing C8-C10 alkyl
groups) diluted with a suitable solvent yields a good com-
bination of high KD, low solubility in water and good
regenerability. Many factors have an important influence
on the extraction characteristics––the nature of the acid
extracted, the concentration of the acid and the extractant,
and the type of the diluent used (7,8).

Juang and Huang (9) studied the rate of extraction of
citric acid from aqueous solutions with tri-n-octylamine
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dissolved in xylene using a stirred membrane-based cell.
They found that under the conditions studied, both extrac-
tion and stripping were mainly controlled by chemical
reaction occurring at the interface on the organic phase
side. The intrinsic rate constants for the formation and
dissociation of the acid complex were determined and a
possible reaction mechanism was proposed. Nikhade et al.
(10) have carried out the equilibrium and kinetic studies for
the extraction of citric acid with Alamine 336 in Methyl
isobutyl ketone, and found that the reaction was kinetic
controlled and first order in both Alamine 336 and citric
acid. Y. S. Jun et al. (11) studied the kinetics for the extrac-
tion of succinic acid from aqueous solution with 1-octanol
solutions of tri-n-octylamine (TOA) using a stirred cell
with a microporous hydrophobic membrane. They found
that the overall extraction process was controlled by the
chemical reaction at or near the interface on the organic
phase side.

Kyuchoukov et al. (12) investigated simultaneously
the influence of active and inert diluents on the extraction
of lactic acid by tri-n-octylamine (TOA) and the tri-iso-
octylamine (TIOA). Uslu (13) has conducted equilibrium
studies and determined physical mass-transfer coefficient
of propionic acid for Alamine 336 in toluene system.
Bayazit et al. (14) have also investigated the reactive extrac-
tion of citric acid by Amberlite LA-2 or Tridodecylamine
(TDA) dissolved in different solvents and determined
1-octanol as the most effective solvent.

The back extraction=re-extraction of citric acid from
Alamine 336-octanol phase is also an important step in
the overall process for separation of acids from fermentation
broths. There are different processes for the re-extraction of
acids from extractant-solvent phase (15–19). Of all these re-
extraction methods, the gas-antisolvent-induced method
proposed by McMorris and Husson (19) appears to be suit-
able for citric acid recovery fromAlamine 336-octanol phase
because this process does not require any toxic material like
TMA and also the energy requirement is low compared to
other processes.

The design of an amine extraction process requires

(1) equilibrium and
(2) kinetic data and mass-transfer parameters for the

acid-amine (solvent) system used.

Considerable information on the equilibrium of several
acid-amine systems is available in the literature. However,
only limited information pertaining to kinetics is available
(10,20). Most of the authors have used empirical rate
equations for finding the kinetics of extraction. The present
work aimed at the experimental determination of equilib-
rium and kinetic data on the extraction of citric acid
from aqueous solutions using Alamine 336 in 1-octanol
diluent.

THEORETICAL

In reactive extraction, the solute reacts with the amine in
the organic phase and the resulting acid-amine complexes
are supposed to be stabilized due to the hydrogen bonding
with the diluent (10,21,22). Because of their hydrophobic
nature, the complex formation enhances the extraction of
solute from aqueous to organic phase.

The extraction involves the partitioning of the solute A
available in the aqueous phase to the organic phase.

Aaq ! Aorg

The solute A present in the organic phase combines with
the organic reactant (amine), B, and forms complex.

Aþ cB, Complex

The extraction of citric acid with amine can be described
by the set of reactions involving the formation of com-
plexes with n acid molecules and one amine molecule.

ðH3AÞaq þ ðB0Þorg !
K11 ðBH3AÞorg ð1Þ

where H3A and B0 represent, respectively, the citric acid
and the amine.

ðH3AÞaq þ ðBH3AÞorg !
K21

BðH3AÞ2;org ð2Þ

ðH3AÞaq þ BðH3AÞn�1;org !
Kn1

BðH3AÞn;org ð3Þ

Then the equilibrium complexation constant, KEn, is

KEn ¼
½ðBH3AÞn�org
½B0�org½H3A�naq

ð4Þ

For 1:1 complex, the Eq. (4) becomes,

KE1 ¼
½ðBH3AÞ�org
½B0�org½H3A��aq

ð5Þ

The extent to which the organic phase (Alamine
336þ 1-octanol) can be loaded with citric acid is expressed
as the loading ratio. The loading of the extractant, z, is
defined as the total concentration of acid in the organic
phase divided by the total concentration of amine in the
organic phase (10,21,22).

z ¼
½H3A�org
½B0�

ð6Þ

The value of z depends on the extractability of the acid (the
strength of the acid-base interaction) and its aqueous
concentration, and is independent of the amine content in
an inert diluent (23).
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By substituting z from Eq. (6) in Eq. (5), we get,

z

1� z
¼ KE1C

�
Aaq ð7Þ

Determination of Individual Mass-Transfer Coefficients,
kA, KB and kBA in 1-Octanol Phase

The mass-transfer coefficients are required to determine
the reaction regime. The water=acetic acid=kerosene system
can be used as a reference system for determining the
mass-transfer coefficients in 1-octanol phase. Since acetic
acid has a sufficiently small value of distribution coefficient
in a water=kerosene system, the resistance of the aqueous
diffusion film can be neglected. So the organic diffusion
film resistance on the organic side can be determined by
the overall mass-transfer coefficient of acetic acid in
water=kerosene system (24–26).

When acetic acid is transferred from the organic phase
(kerosene) to the aqueous phase (water), the mass-transfer
rate is defined by (24–26),

� Vo

S

� �
dCo

dt

� �
¼ KoðCo �mCwÞ ¼ koðCo � CoiÞ

¼ kwðCwi � CwÞ ð8Þ

where

m ¼ C�o
C�w

ð9Þ

and

1

Ko
¼ m

kw
þ 1

ko
ð10Þ

Because of a low value of m, the terms mCw and m
kw

are
negligible compared to Co and 1

ko
. Hence the simplified

relations are obtained as:

ln
C0

o

Co

� �
¼ S

Vo

� �
Kot ð11Þ

and

1

Ko
¼ 1

ko
) Ko ¼ ko ð12Þ

So the value of Ko or ko can be obtained from the slope of
plot of ln

� C0
o

Co

�
vs.

�
S
Vo

�
t.

And, the mass-transfer coefficient on the organic side,
ko, for various systems can be determined by using the
following relationship as reported by earlier investigators
(9,11,24,27–29):

ko / D
2
3

jc
�1

6 ð13Þ

where Dj and c are diffusivity of the solute and kinematic
viscosity of the solvent respectively.

Thus the mass-transfer coefficients for citric acid,
Alamine 336, and 1:1 acid-amine complex in 1-octanol
can be obtained by using the above relationship.

Extraction Model

When the reaction is occurring at the interface on the
organic phase side, the extraction model can be formulated
on the basis of Whitman’s two-film theory of mass-transfer
at the interface (30). In the present system, Alamine 336
extracts citric acid from the aqueous solution by forming
a complex of citric acid and Alamine 336 with an interfacial
reaction at the interface between the aqueous and organic
phases.

At the quasi-steady state, the reaction rates are equal for
all the components because of equimolar 1:1 complex
formation, and then

RAa ¼ RBa ¼ RBAa ð14Þ

The ratio of the mass-transfer coefficients in organic phase
is given by

b ¼ kB
kBA

ð15Þ

Since the extraction equilibrium prevails at the interface,
the constant KE1 is expressed as,

KE1 ¼
CBAi

CAiCBi
ð16Þ

From the Eqs. (14–16), we get

R2
A þ pRA þ q ¼ 0 ð17Þ

where

p ¼ kAaqCAaq þ kBCB þ
kAaqb
KE1

ð18Þ

q ¼ � kAaqCAaqkBCB �
kBACB

KE1
ðkAaqbÞ

� �
ð19Þ

So the solution for Eq. (17) is

RA ¼ � p

2

� �
þ p2

4
� q

� �1=2
" #

ð20Þ

Then the rate of disappearance of citric acid in the aqueous
phase is given by

� dCA

dt
¼ RAa ¼ a � p

2

� �
þ p2

4
� q

� �1=2
" #

ð21Þ
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MATERIALS AND METHODS

Materials

Citric acid monohydrate (99.5%) and 1-Octanol (99%)
were supplied by S. D. Fine-Chem Ltd. (Mumbai, India)
and Loba Chemie (Mumbai, India) respectively. Alamine
336 (Henkel Co., USA), a C8–C10 saturated straight-chain
tertiary amine mixture, is a pale yellow liquid practically
insoluble in water (<5 ppm), with an average molecular
weight, M¼ 392 g mol�1, and a density of 810 kg m�3 at
20�C. Acetic acid (99.9%) and kerosene were supplied by
Merck India Ltd. (Mumbai, India) and S. D. Fine-Chem
Ltd. (Mumbai, India) respectively. Sodium hydroxide used
was of reagent grade. All the chemicals were used without
further purification. Double-distilled water was used for all
the experiments.

Equilibrium Data

The physical and chemical equilibrium experiments were
carried out at room temperature (30�C). For the physical
equilibrium, the aqueous solution of citric acid (25mL)
and an equal volume of 1-octanol (organic phase) were
contacted on a temperature-controlled shaker bath for
12 h, and the two phases were allowed to settle for 2 h.
The aqueous phase was titrated with NaOH using phenol-
phthalein as indicator to determine the concentration of
citric acid. The corresponding acid concentration in the
organic phase was calculated by mass balance. The initial
concentration of citric acid was varied from 0.05 to
0.50 kmol m�3. This comparatively low concentration
range was used because the acid concentrations are not
expected to be high in the practical case of acid recovery
from fermentation broths (4). The same procedure was
used for determining chemical equilibrium isotherms for
10% (0.2066 kmolm�3), 20% (0.4132 kmolm�3) and 30%
(0.6198 kmolm�3) Alamine 336 (v=v) in 1-octanol.

Kinetic Data

A stirred cell with constant interfacial area was used for
kinetics measurement. The cell is a cylindrical glass vessel
of 0.064m diameter and 0.1m height, with a flat bottom
and a stirrer with two paddle impellers of four blades each
(21). The speed of agitation of the stirrer was maintained
through a controlled variable speed drive. This was
equipped with digital display and was supplied by Remi
Motors Ltd. (Mumbai, India). The stirred cell apparatus
was provided with an arrangement at the bottom for the
removal of the aqueous samples with the help of a syringe
without interrupting the stirring. First, 100mL of aqueous
solution of citric acid was taken in the cell. The position of
the four-blade paddle impellers was adjusted to 5mm
below and 5mm above the interface. Then 100mL of the
organic phase was added without disturbing the interface,
and the stirring of the mixture was started immediately at

a specific speed of agitation. The aqueous layer samples
were taken at different intervals of time. Using acid-base
titration with NaOH and phenolphthalein as indicator,
citric acid concentration in the aqueous phase was determ-
ined. The concentration of acid in the organic phase was
determined by mass balance. Some experiments (approxi-
mately 40%) were repeated to check the reproducibility
and the results were found to be reproducible within
�3%. The reaction between citric acid and Alamine 336
is reversible particularly under conditions of high loading
in the organic phase and initial rates measurement was
considered for evaluation of the kinetics to avoid problems
due to reversibility (31). The initial rate (kmol m�3 s�1) was
obtained from the slope of the citric acid concentration in
aqueous phase (CAaq) vs. time plot at time, t¼ 0. This value
was then divided by interfacial area, i.e., the cross-sectional
area of the stirred cell, 0.003242m2, and multiplied by
volume of aqueous phase to yield the specific rate of extrac-
tion, RA (kmolm�2 s�1).

RA ¼ �
Vaq

S

dCAaq

dt

				
t¼0

ð22Þ

RESULTS AND DISCUSSION

Extraction Equilibria

The physical equilibrium and the chemical equilibrium
isotherms, with 10%, 20%, and 30% Alamine 336 (v=v) in
1-octanol, for the distribution of citric acid between water
and organic phase (in 1:1 volume ratio) within the range of
0.05–0.5 kmolm�3 initial citric acid concentrations were
determined at 30�C and are shown in Fig. 1. It can be
inferred from Fig. 1 that the distribution of citric acid

FIG. 1. Equilibrium isotherms for reactive extraction of citric acid with

various concentrations of Alamine 336 in 1-Octanol at 30�C.
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increased with the increase of concentration of Alamine
336 in 1-octanol.

Distribution Coefficient, KD

From Fig. 1, the effect of Alamine 336 in 1-octanol on
the extraction is evident. The amount of acid extracted
from aqueous solutions at any initial acid concentration
increased with increasing amine concentration. The values
of the distribution coefficient, KD, at 0.2 kmolm�3 initial
acid concentration, for 0%, 10%, 20% and 30% Alamine
336 (v=v) in 1-octanol are given in Table 1 and it increased
significantly from 0.029 to 71.727.

This data can be used for in situ recovery of the product
using Alamine 336 in 1-octanol from the fermentation
broth without adding units for pH adjustment. It has been
observed that the distribution coefficients are high when
aqueous citric acid concentrations are below 0.1 kmolm�3,
i.e., 2% by weight, and this acid concentrations are also
much less than the acid concentrations observed by earlier
investigators, i.e., <5%, for good microbial activity in
fermentation broths (5,32).

Loading and Equilibrium Complexation Constant, KE1

The stoichiometry of the overall extraction reaction
depends on the loading ratio in the organic phase, z. The
equilibrium concentration of citric acid in aqueous phase
for 10%, 20% and 30% (v=v) Alamine 336 in 1-octanol
was plotted against loading of amine, z, in Fig. 2, and it
is observed that the loading ratio is more or less same for
all concentrations of Alamine 336. It happens only when
the same type of complex forms at different concentrations
of Alamine 336. Since there is a decrease in loading with
increasing Alamine 336 concentration, it is clear that
complexes involving only one amine are formed (33).

The 1:1 complex is formed if the organic phase is not
highly concentrated, i.e., at very low loading ratios, and
the Eq. (7) has to be satisfied. So to confirm the formation
of 1:1 complex, the values of z

1�z were plotted against C�Aaq
for 10% (v=v) Alamine 336 in Fig. 3, and it has given a
straight line with a slope of 20.186. Hence it is concluded
that citric acid is forming a 1:1 complex with Alamine
336 for low concentrations of citric acid in the organic
phase while extracting citric acid from aqueous solutions
with a complexation constant, KE1, of 20.186m3 kmol�1.
The same type of complex has been observed by earlier
workers also (10). This is the case when the organic phase
is not overloaded and moles of acid per mole of Alamine
336 in the organic phase are less than unity (8).

Extraction Kinetics for Determination of
Reaction Regime

Individual Mass-Transfer Coefficients, kA, kB, kBA in
1-Octanol Phase

The plot of ln
� C0

o

Co

�
vs.

�
S
Vo

�
t for acetic acid in water=

kerosene system is shown in Fig. 4, and the acetic acid

FIG. 2. Loading of Alamine 336 with citric acid.

TABLE 1
Distribution coefficient, KD, for reactive extraction of
citric acid from aqueous solutions with different
concentrations of Alamine 336 in 1-Octanol at
0.2 kmolm�3 initial citric acid concentration

% alamine (v=v) KD

0 0.029
10 1.992
20 39.650
30 71.727 FIG. 3. Estimation of 1:1 citric acid-Alamine complex Equilibrium

complexation constant for 10% (0.2066kmolm�3) Alamine 336.
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mass-transfer coefficient in kerosene, ko, is found to be
1.2� 10�5m s�1. The diffusivities of acetic acid in kero-
sene, and citric acid, Alamine 336, and 1:1 citric acid-
alamine complex in 1-octanol are estimated by the
Minhas-Hayduk method (24, 34). The kinematic viscosities
of kerosene and 1-octanol at 303K are 1.52� 10�6 and
7.36� 10�6m2 s�1, respectively. The molar volumes of
kerosene, 1-octanol, citric acid, Alamine 336, and 1:1 citric
acid-alamine complex are 259.9, 190.82, 202.4, 622.5, and
792.7 cm3mol�1 respectively, calculated by structural
contributions (34). The parachors for kerosene, 1-octanol,
Alamine 336 and 1:1 citric acid-alamine complex are
146.3, 365.5, 1679.6 and 2177.2 cm3 g1=4 s�1=2, respectively,
calculated by the Tyn and Calus method (34). The calcu-
lated diffusion coefficients and individual mass-transfer
coefficients are given in Table 2.

Effect of Speed of Agitation on RA

This is required to confirm the reaction regime. The
speed of agitation was varied in the range of 0.8 to 1.4

rev s�1 so that the liquid–liquid interface was flat and the
interfacial area for extraction was equal to the geometric
cross-sectional area of the interface in the stirred cell.
The concentration profiles of the aqueous phase citric acid
at 0.2 kmolm�3 initial citric acid concentration and
0.21 kmolm�3 (10% v=v) Alamine 336 in 1-octanol at dif-
ferent speeds of agitation are plotted in Fig. 5. From
Fig. 5, the specific rates of extraction, RA, as given in Eq.
(22), were determined. The plot of the specific rates of
extraction, RA vs. speed of agitation is depicted in Fig. 6,
which shows that there is no increase in the specific rate
of extraction, RA, with increase in the speed of agitation.
This shows that the specific rate of extraction is inde-
pendent of mixing.

Order of Reaction w.r.t Citric Acid Concentration

In order to find the order of reaction w.r.t citric acid, the
RAs have been determined by varying initial citric acid con-
centration from 0.1 to 0.25 kmolm�3 at 0.21 kmolm�3

(10% v=v) Alamine 336 in 1-octanol and 1 rev s�1 speed
of agitation. The rates of extraction, RAa, are plotted in
Fig. 7, and the order of rate of extraction w.r.t citric acid,
m, is found to be 1 by regression analysis.

Order of Reaction w.r.t Alamine 336 Concentration

In order to find the order of reaction w.r.t Alamine 336,
the RAs have been determined for varied Alamine 336
concentrations from 5 to 20% (v=v) in 1-octanol at 0.2
kmol m�3 initial citric acid concentration and 1 rev s�1

speed of agitation. The rates of extraction, RAa, are plotted
in Fig. 8, and the order of reaction w.r.t Alamine 336, n, is
found to be 1 by regression analysis.

Rate Constant, K2

The second order rate constant, K2, was obtained
from Fig. 9 by regression analysis, and is found to be
3.8� 10�3m3 kmol�1 sec�1.

Criteria for the Reaction Regime

The Hatta number, MH,
2

mþ1DAKmn½A��m�1½Bo�nð Þ1=2
kL

, which
becomes ðDAK2½Bo�Þ1=2

kL
for m¼ 1 and n¼ 1, is found to be

FIG. 4. Determination of overall mass-transfer coefficient for acetic acid

in kerosene=water. ½C0
o � ¼ 0.133 kmolm�3, Speed of agitation¼ 1 rev s�1.

TABLE 2
Diffusion and mass-transfer coefficients at 303K

System (solute=medium) Diffusion coefficient (m2 s�1) Mass-transfer coefficient (m s�1)�

Acetic acid=kerosene 3.899� 10�10 1.2� 10�5

Citric acid=1-octanol 2.239� 10�10 6.373� 10�6

Alamine 336=1-octanol 1.145� 10�10 4.075� 10�6

1:1 Acid-alamine complex=1-octanol 1.027� 10�10 3.79� 10�6

�At 1 rev s�1.
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varying from 4.65 to 9.3 for the studied range of Alamine
336 concentrations at 1 rev s�1 speed of agitation, and this
shows that the reaction is fast or instantaneous that is
taking place in the organic film (35). To differentiate
between the instantaneous reaction and the fast reaction

occurring in the organic film, the value of ½Bo�
Z½A��

ffiffiffiffiffi
DB

DA

q
, as

given by Doraiswamy and Sharma (36), was calculated
and is found to be varying from 0.66 to 2.61 for the studied
concentration ranges of citric acid and Alamine 336, and
this value is less than the Hatta number. This confirms that
the reaction is instantaneous reaction occurring at a reac-

tion plane in the organic film. Since the specific rate of
extraction is independent of speed of agitation and also
the available Alamine 336 concentration for reaction is
high, it can be deduced that the reaction plane is formed
at the interface itself and the reaction is taking place at
the interface in the organic phase (35).

Applying Extraction Model

Since citric acid is highly soluble in aqueous phase and
Alamine 336 is also highly soluble in 1-octanol phase, it
is assumed that the resistances for citric acid transfer in
the aqueous film and Alamine 336 transfer in organic film
are negligible. For the initial part of the extraction, i.e., at
t¼ 0, CBA¼ 0 and Eqs. (20) and (21) become,

FIG. 5. Concentration profiles of CAaq at different speeds of agitation.

Initial citric acid concentration¼ 0.2 kmolm�3, Alamine concentration¼
10% (0.2066 kmolm�3).

FIG. 6. Effect of speed of agitation on specific rate of extraction. Initial

citric acid concentration¼ 0.2 kmolm�3, Alamine concentration¼ 10%

(0.2066kmolm�3).

FIG. 7. Determination of order of reaction w.r.t citric acid concen-

tration, m.

FIG. 8. Determination of order of reaction w.r.t Alamine 336 concen-

tration, n.
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RA ¼ KE1kBAC
0
AaqC

0
B ð23Þ

and

� dCA

dt
¼ RAa ¼ a KE1kBAC

0
AaqC

0
B

h i
ð24Þ

The theoretical values of RA were calculated using the
Eq. (23), and are plotted against experimental values in
Fig. 10. It can be concluded from Fig. 10 that the
developed model explains the present system of extraction
of citric acid from aqueous solutions using Alamine 336 in
1-octanol satisfactorily with a deviation of �5%.

CONCLUSIONS

The physical and chemical equilibria for the extraction of
citric acid by Alamine 336 in 1-octanol have been determ-
ined, and the extraction equilibrium isotherms showed that
the distribution coefficient, KD, at 0.2 kmol m�3 initial citric
acid concentration, increased from 0.029 to 71.727 with the
increase of Alamine 336 concentration in 1-octanol from 0
to 30% (v=v). The loading of Alamine 336 with citric acid, z,
was proportional to Alamine 336 concentration in 1-octa-
nol. The chemical equilibria was interpreted as a result of
consecutive formation of acid-amine species with 1:1 stoi-
chiometry and the equilibrium complexation constant,
KE1, has been estimated as 20.186m3 kmol�1.

The mass-transfer coefficients of citric acid, Alamine 336
and 1:1 acid-alamine complex in 1-octanol were calculated
from the mass-transfer coefficient of acetic acid, which was
first determined by measuring its fluxes of simple diffusion
from kerosene to water. The kinetic analysis was done
based on the initial rates, and the specific rate of extraction,
RA, was constant for different speeds of agitation in the
range of 0.8 to 1.4 rev s�1. Based on the Hatta number,
the criterion given by Doraiswamy and Sharma, the effect
of speed of agitation and high Alamine 336 concentration,
the reaction regime was found to be instantaneous occur-
ring at the interface on the organic phase side. An extrac-
tion model comprising KE1 and kBA parameters has been
developed for the initial part of the extraction and it
explained the present mass-transfer with chemical reaction
system satisfactorily within �5% error. This extraction
model could be effectively utilized for designing an extrac-
tion process to recover citric acid using Alamine 336 in
1-octanol from fermentation broths.
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NOMENCLATURE

S Cross-sectional area of the stirred cell (m2)
a Interfacial area per unit volume (m�1)
C Acid concentration (kmolm�3)
KD, m Distribution coefficient (�)
K2 Second-order reaction rate constant

(m3 kmol�1 s�1)
KE1 (1:1) Citric acid-alamine equilibrium

complexation constant (m3 kmol�1)
K Overall mass-transfer coefficient (m s�1)
k Individual mass-transfer coefficient (m s�1)
Z Stoichiometric coefficient

Superscripts
� EquilibriumFIG. 10. Comparison of experimental RA and calculated RA by Eq. (23).

FIG. 9. Determination of second order reaction rate constant, K2.
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0 Initial

Subscripts

A Citric acid
B Alamine 336 in organic phase
BA Acid-amine complex in organic phase
aq, w Aqueous phase
org, o Organic phase
i Interface
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