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1. Introduction

Abstract.

separation technique is considered to extract Lactic Acid (LA) from the aqueous solution

An environment-friendly reactive extraction method as a novel phase

by means of environmentally benign green diluents along with a synergistic mixture of
extractants. Reactive extraction of LA was carried out through a synergistic mixture
of extractants (trioctylamine (TOA), Aliquat336, and tridodecylamine (TDDA)), organic
solvents, and non-toxic and biocompatible green diluents. According to the various
investigated LA reactive extraction processes, the process featuring sunflower oil, synergist
extractant (TOA and Aliquat336), and Butan-2-ol was found to be the most favorable
system. The LA distribution coefficient (Kp = 27.75 £ 0.22) and extraction efficiency
(n =97.17 £ 0.54%) were obtained by a system consisting of LA concentration (0.05 [M]),
TOA (15%, v/v), Aliquat336 (15%, v/v), phase ratio (1:1, v/v), solvent ratio (2.5, v/v),
agitation speed (100 rpm), and stirring time (120 min). The main driving force for this
research work on the LA reactive extraction from the aqueous solution is the development of
a suitable combination of extractants, organic solvents, and natural solvents that possesses
high affinity with LA and, also, has lower toxicity with respect to LA-producing microbes.

(© 2019 Sharif University of Technology. All rights reserved.

much attention in the polymer sector as a monomer
for producing biodegradable and environment-friendly

The demand for Lactic Acid (LA) is increasing day
by day at a very fast rate in several industrial ar-
eas. LA is a sugar-based chemical and is applicable
both to food and various non-food industries, such
as cosmetic (as a moisturizer) and pharmaceutical
(for making parental solutions) industries, so as to
produce chemicals (oxygenated) as plant growth reg-
ulators and special chemical intermediates [1-4]. In
addition, it (as Poly-Lactic Acid (PLA)) has gained
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plastics [5]. Recently, the development of sustainable
recovery/separation techniques for the bio-based LA
has received an ample deal of consideration to decrease
reliance on petroleum-based organic solvents. The
production cost of LA is mainly dominated by its down-
stream processing cost, which involves 30 to 40% of the
total LA production costs [6]. Therefore, the progress
of competitive and economic techniques of product
(LA) separation and purification from the aqueous
waste streams and from the fermentation broth has
become the recent focus of research from both the
environmental and economic points of view [7,8]. The
industrial and traditional technique of LA separation
is precipitation, which uses calcium hydroxide and
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large amounts of sulfuric acid and further produces
solid waste, i.e., calcium sulfate (environmentally un-
friendly) as a by-product [8,9]. In order to reduce
the cost, various extraction methods (such as adsorp-
tion [10], membrane separation [11,12], electrodialy-
sis [13,14], ultrafiltration [15], and extraction [16,17])
have efficaciously been applied to the extraction of
LA. All these methods possess several specific dis-
advantages (such as poor extraction efficiency (%),
being uneconomical, the generation of huge amount of
wastewater, high complexity, high energy consumption,
and large production of by-products) [13]. Among all of
the aforementioned techniques, reactive extraction has
been considered as one of the best options for these
conventional methods due to its various merits such
as ensuring a high-purity product with minimum cost,
being comparatively efficient and cheap while requiring
a relatively short amount of processing time, being easy
to scale up, being environmentally safe, high selectivity,
and increasing the recovery by using a combination
of extractants, organic solvents, and natural non-toxic
solvents [8,18].

To date, on an industrial scale, most of the
LA reactive extraction techniques use only Petroleum-
based Organic Solvents (POSs) (such as alcohols, ethyl
acetate, and aliphatic hydrocarbons), which are found
to be unsuitable for LA recovery from the diluent
aqueous streams (low in concentration) due to very
high affinity of LA with water molecules (i.e., hard
to isolate), giving a low distribution coefficient [7,8].
The high cost of these POSs, toxicity, poor process
safety, non-renewability, non-biodegradability, environ-
mental pollution problems during solvent regeneration,
flammability, depletion of world petroleum reserves,
undesirable influence on the activities of biochemi-
cal substances (such as microbes), and the pertinent
progress of environmentally benign technologies have
been considered in the dynamic research on environ-
mentally benign green solvents for the separation and
purification of LA from the aqueous solution [7,19]. In
these years, a large reduction in the use of organic
diluents from the industrial processes and their sub-
stitution by the environmentally benign green solvents
(vegetable oils) have been intensively investigated [20].
The use of such a type of green solvents during the
formulation of organic phase helps make industrial
processes more environmentally benign and decrease
the amounts of hazardous wastes [21]. The appli-
cation of green solvents (such as sunflower oil, soya
bean oil, cottonseed oil, palm oil, til oil, rice bran
oil, mustard oil, olive oil, etc.) during the organic
phase formulation has been continuously grasping the
attention of researchers and scientists across the world
as a better alternative to these POSs [21]. These green
solvents enjoy several pertinent physiochemical char-
acteristics such as renewability, being economical, eco-

friendliness, non-volatility, biodegradability, being non-
polluting, being easy to recoverable, and viscous nature
(kinematic viscosity = 30-40 ¢St at 38°C [20]) [22,23].

The amine-based extractants (trioctylamine
(TOA), tridodecylamine (TDDA), and Aliquat336)
during the reactive extraction of carboxylic acids from
aqueous solution and the dilute waste solution provide
very high values of distribution coefficient [8,24]. The
application of a single extractant during the solute
extraction has suffered from such limitations as poor
loading capacity of solute molecules into the organic
phase. Therefore, a combination of various extractants
is applied to the reactive extraction systems for
obtaining enhanced extraction efficiency (%) owing
to the synergistic effect of extractants [18,24].
Essentially, synergism is a collaboration of two
extractants/carriers that further facilitates the
transportation of solute from the aqueous to organic
phase.  Recently, the applications of a synergistic
mixture of extractants during the various extraction
studies have been observed [19,23,25-29]. Organic
solvents have good influence on the extraction power
of these extractants, reaction stoichiometry, and good
solvation for the acid-amine complex. Therefore, these
organic solvents should be used along with the green
solvents and extractants for obtaining the highest
achievable extraction efficiency (%). In this present
investigation, reactive extraction was recommended
for separating LA from the aqueous solution by means
of environmentally benign green solvents, a synergistic
mixture of extractants, and organic solvents. Firstly,
the effects of various organic and green diluents on
the LA distribution coefficient were investigated.
Secondly, the individual and synergistic effects of
various extractants (TOA, TDDA, and Aliquat336)
on LA distribution coefficient were investigated.

2. Extraction methodology

2.1. Materials and methods

All the reagents were of analytical grade and used
without any further treatment. TOA and TDDA
were procured from the MERCK, Pvt Ltd, India.
Aliquat336 was used as an extractant and purchased
from S.D. Fine-Chem. Ltd, India. Lactic acid and
organic solvents (butan-2-ol, 1-decanol, ethyl acetate,
hexane, heptane, and 1-octanol) were supplied by S.D.
Fine-Chem. Ltd, India. All the vegetable oils (refined)
were used as environmentally benign green solvents and
procured from the local market. Phenolphthalein was
used as an indicator and procured from LOBA Chemie,
Pvt Ltd, India.

2.2. Experimental procedure
All the extraction experiments were conducted in a
temperature-controlled incubator (new Brunswick TM
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Table 1. Experimental conditions and holding values of the LA reactive extraction.

Experimental conditions for LA reactive extraction

S. no. Variables Range Units
low (—) high (+)
1 LA concentration 0.05 0.2 [M]
2 Phase ratio (EP: OP)® 0.5 4 v/v
3 Solvent ratio (BU: SU)P 0.11 10 v/v
4 Solvent ratio (BU: SU) with extractants 0.16 7 v/v
Holding values
5 Stirring speed 100 rpm
6 Stirring time 120 min
7 Phase separation time 30 min
8 Temperature 25 °C

*EP: External Phase; OP: Organic Phase;
b BU: Butan-2-ol; SU: Sunflower oil.

Innova® 40) at a constant temperature of 298.15
K. The aqueous solutions of LA with various de-
sired concentrations were made by dissolving liquid
LA in Millipore Milli-Q deionized water (MERCK
Millipore filtration). All the aqueous solutions were
homogenized and uniformly mixed. The organic phase
of volume 10 mL was made of various extractants
(TOA, TDDA, and Aliquat336), organic solvents, and
environmentally benign green solvents. Both of the
phases at different phase ratios were intermixed in an
Erlenmeyer or conical flask and shaken at a stirring
speed of 100 rpm for two hours to gain the extraction
equilibrium. Then, the solution was placed in the
test tubes for settling and exact phase separation of
both phases. After the settling of solution, two phases
(organic phase (top phase) and aqueous phase (bottom
phase)) were formed, and the concentration of LA in
the aqueous phase was determined through acid-base
titration and reconfirmed by a colorimetric method
by using UV/VIS- spectrophotometer (model DR 5000
HACH, USA) [30]. The organic phase concentration
was calculated by the materials balance. The various
experimental conditions and holding values for LA
reactive extraction are shown in Table 1.

3. Theory of reactive extraction of LA

The reaction mechanism of LA reactive extraction con-
tains two phases (aqueous phase and organic phase).
The main step during the LA reactive extraction is the
formation of complexes (R3N : HLA and R;NHT X~ :
HLA), composed of the LA molecule and a complexing
reactant. These complexes are soluble in the organic
phase. The synergist extractant (TOA and Aliquat336)
makes complexes with the solute molecule (lactic acid
having the lactic acid formula as HLA) during the
transportation of LA from aqueous solution to the

organic solution [25,26]. The schematic representations
of the physical and reactive/chemical extraction of
LA from the external feed phase using complexing
reactants along with the major reactions are shown
in Figure 1. The complex formation reactions are
reversible in nature, as shown in Figure 1. The
physical interaction with the diluents (organic solvents
and natural solvents) can be represented by the un-
dissociated (HLA) molecule of LA:

[HLA]aq- — [HLA]OTg-v (1)

where [HLA],., and [HLA],,. represent the concen-
tration of LA, which is transferred to the organic
phase by the physical interaction of diluents, and the
concentration of un-dissociated LA in the aqueous
solution [24]. The pH of LA aqueous solution was kept
constant near its acid dissociation constant (pK, =
3.86) due to pH greater than pK, and more dissociation
of acid molecules occurring, which further reduced dis-
tribution coefficient and, thus, decreased the extraction
efficiency (%) [31,32]. The LA distribution coefficient
(Kp) and extraction efficiency (1, %) can be obtained
through Eqs. (2), (3), and (4) [33]:

HLA],,

Distribution coefficient (Kp) = [[HLA]]aqg," (2)
K 100

Extraction efficiency (n, %) = % (3)

Extraction efficiency(n, %) =

VO X [HLA]aq. - Veq. X [HLA]0T9~ (4)
VO X [HLA]aq_ ’

where V is the volume of the aqueous phase, subscript
0 is the initial condition, while eq. is the condition in
equilibrium.
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(water)

e
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Reactive Extraction
Aqueous Phase Organic Phase
Lactic Acid (synergist extractant,
green and organic
diluents)
[H0]aq. <= [H30]ors.

[HLA]2q €———F——> [HLA] or.

I (LA undissociated
form)
[H* 4+ LA Jaq.

RsN:HLA -

R;N + HLA<}—>
= e TOA-LA complex

TOA LA

R,NH*X~ + HLA <> R4NH'X:HLAx
Aliquat336—LA complex

L RANH*X™ + RyN: HLA »

Extractants—LA complex

Figure 1. Schematic illustration of the physical and reactive extraction process of LA transportation from aqueous
solution. [Experimental conditions: LA concentration: 0.05 [M], phase ratio: 1:1 (v/v), agitation time: 120 min, stirring
speed: 100 rpm, temperature: 25°C, phase separation time: 30 min, feed phase volume: 10 mL, and organic phase volume:
10 mL (70% (butan-2-ol (50% (v/v)) + sunflower oil (20% (v/v))) 4+ 30% (v/v) synergist extractant (TOA (15% (v/v)) +

Aliquat336 (15%(v/v)))]. “Reactions take place at interface between aqueous and organic phases.

4. Results and discussion

4.1. Physical extraction of LA

The mechanism of LA physical extraction (as shown
in Figure 1) consists of two phases: aqueous phase
and organic phase. The separation during the physical
extraction of LA is mainly based on the relative
solubility of the solute molecules between the two dif-
ferent phases. During this process, the transportation
of LA molecules from the aqueous to organic phase
takes place until the thermodynamic equilibrium in the
multiphase system is reached [8,26]. The main purpose
of performing the physical extraction of LA is to deter
mine the influence of various organic diluents and green
diluents on the LA distribution coefficient (K p). In the
case of physical extraction, LA distribution coefficient
(Kp) is defined as the ratio of the concentration of the
extracted solute molecule to the aqueous phase acid
concentration.

4.1.1. Effect of different organic solvents on the LA
distribution coefficient (Kp)

The effect of different organic solvents (butan-2-ol, 1-
decanol, ethyl acetate, heptane, hexane, and 1-octanol)
on Kp for various feed phase concentrations (as given
in Table 1) in the aqueous solution is elucidated in
Figure 2. These organic solvents (in the pure form)
exhibit a very low value of distribution coefficient
since the LA has high affinity with water, making it
hard to isolate. Therefore, physical extraction with
conventional solvents is not suitable for the recovery
of LA since it gives a poor LA distribution coefficient
as compared to reactive extraction [16]. The loading

1.4
=0.2 [M]
1.2 I =0.1 [M]
0.05 [M]
1.0
0.8

0.6

0.4

0.2

T

I}
[

LA distribution coeflicient, Kp

0.0
Butan-2-ol 1-decanol Ethyl
acetate

Heptane Hexane 1-octanol

Organic solvents

Figure 2. Effect of various organic solvents on the LA
distribution coefficient (Kp). [Experimental conditions:
LA concentration: 0.2, 0.1, and 0.05 [M], phase ratio: 1:1
(v/v), agitation time: 120 min, stirring speed: 100 rpm,
temperature: 25°C, phase separation time: 30 min, feed
phase volume: 10 mL, and organic phase volume: 10 mL
organic diluent].

rate of these organic solvents mainly depends on the
equilibrium solubility and donor bonds [34]. Among
all the organic solvents, Butan-2-ol gives the highest
value of distribution coefficient (Kp = 1.175 £ 0.05)
for the LA concentration of 0.05 [M].

Hexane (Kp = 0.13£0.002) and heptane (Kp =
0.0875 £ 0.0005) both give a very low value of LA
distribution coefficient (K p) for the LA concentration
of 0.05 [M] since they are non-polar in nature, leading
further to the very poor solvation of the formed
complex. The LA distribution coefficients (Kp) in
the case of pure diluents were found to be in order of
alcohols (butan-2-ol, 1-decanol, and 1-octanol) > ester
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(ethyl acetate) > alkane (hexane and heptane) [33].
Polar diluent (butan-2-ol) gives a high value of dis-
tribution coefficient or a high extraction rate since it
can stabilize the ion-pair formed by hydrogen bonds or
by solvation [16]. Butan-2-ol is a polar protic solvent
characterized by a high value of dielectric constant
(16.54 represents the solvent-solute local interaction
and solute solvation by solvent or extractant) and
low solubility (290 g/l) in water. In the case of
polar solvents, Kp enhances with a rise in polarity of
the solvent since they are capable to form hydrogen
bonds [35]. The reactive extraction of LA from aqueous
solution was also carried out by using n-butanol as an
organic solvent by Chawong and Rattanaphanee [36].

4.1.2. Effect of different natural solvents on the LA
distribution coefficient (Kp)
The value of Kp for various natural solvents (such
as mustard oil, cottonseed oil, rice bran oil, til oil,
soya bean oil, sunflower oil, and olive oil) for different
aqueous-phase LA concentrations is shown in Figure 3.
Among all, cottonseed oil (Kp = 0.298 £ 0.003)
and sunflower oil (Kp = 0.191 £+ 0.004) give the
highest value of distribution coeflicient for the 0.05 [M]
aqueous-phase concentration of LA. The environmen-
tally benign green solvents (or vegetable oils) are cheap
and non-toxic and have a less environmental impact,
but give a very low value of distribution coefficients
due to their poor solvation power [37]. However, these
natural solvents can be helpful in reducing toxicity of
the extractants and organic solvents by dissolving the
water-soluble toxic part of the extractants since these
in-situ extractants (on site or in position) are very
toxic toward LA-producing microorganisms because

they break the cell membrane of the microorganisms,
causing metabolite (intermediate product of metabolic
reaction) to come out [38].

4.2. Reactive extraction of LA
4.2.1. Effect of various extractants on the LA
distribution coefficient (Kp)
From Figures 1 and 2, it is very well explained that
the LA physical extraction along with the organic
solvents and natural solvents gives a very poor LA
distribution coefficient. To increase the LA distribution
coefficient, it is suggested that the application of differ-
ent extractants ((TOA) (tertiary amine and non-polar
in nature), (TDDA), and trioctyl methylammonium
chloride (Aliquat336)) plays a very vital role in LA
recovery. During this investigation, the organic phase
is composed of green solvents, organic solvents, and
extractants. The effect of various extractants on Kp
is depicted in Figure 4. TOA along with mustard
oil shows a maximum value of Kp (Kp = 0277 £
0.004); Aliquat336 along with cottonseed oil gives the
maximum value of LA distribution coefficient (Kp =
0.27 + 0.0034); TDDA along with rice bran oil gives
the maximum value Kp (Kp = 0.129 &+ 0.003). Both
sunflower oil and soya bean oil have shown the maxi-
mum value of Kp (Kp = 0.128 £ 0.0012 for sunflower
oil and K'p = 0.218 + 0.0014 for soya bean oil) along
with Aliquat336 [26]. TOA is a solvating extractant
(meaning the competition for water in interaction with
the solute molecules) that forms a water-insoluble
complex with solute molecules. Aliquat336 works as
an ion-exchanger, in which chloride ion is exchanged
with the anion of the acid (lactate anion, A7) [38].
These extractants should be used in a low con-

0.35
=0.2 [M]
=0.1 [M]
0.30 I 0.05 [M]
Q
4
£ 025
=1
[
3
£ 0.20 I
3
£ 0.15
E
% 0.10 I
el
<§ .
= 0.05 =
0.00

Cotton seed Mustard oil Rice bran
oil oil

Soya bean  Sun flower Til oil

Olive oil
oil oil

Vegetable oils

Figure 3. Effect of natural solvents (or vegetable oils) on the LA distribution coefficient (Kp). [Experimental conditions:
LA concentration: 0.2, 0.1, and 0.05 [M], phase ratio: 1:1 (v/v), agitation time: 120 min, stirring speed: 100 rpm,

temperature: 25°C, phase separation time: 30 min, feed phase volume: 10 mL, and organic phase volume: 10 mL green

diluent].
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Cotton seed oil

Rice bran oil

= TOA
=TDDA
Aliquat336

Soya bran oil Sun flower oil

Vegetable oils

Figure 4. Effect of various extractants on the LA distribution coefficient (Kp). [Experimental conditions: LA
concentration: 0.05 [M], phase ratio: 1:1 (v/v), agitation time: 120 min, stirring speed: 100 rpm, temperature: 25°C,
phase separation time: 30 min, feed phase volume: 10 mL, and Organic phase volume: 10 mL (70% (v/v) green diluent +

30% (v/v) extractant)].

centration range (nearly up to 30 vol%) since a higher
concentration of these extractants is responsible for
greater toxicity of microorganisms, raises the cost
of the unit (to recover these extractants back), and
also causes the formation of the third phase with the
diluents [39]. Moreover, most of these extractants work
well in acidic conditions only and with a rise in pH of
the aqueous phase; further, Kp reduces rapidly owing
to the large availability of these extractants, which
would not be present during the extraction process [35].

4.2.2. The synergistic effect of extractants on the LA
distribution coefficient (Kp)

Figure 5 depicts the combined effect of the extrac-

tants on the LA distribution coefficient. By us-

ing three extractants (TOA, TDDA, and Aliquat336)

along with natural solvents, the combined effect of

these extractants on Kp was examined. The organic

phase was articulated by combining these extrac-
tants (such as TOA4+TDDA, TOA+Aliquat336, and
TDDA+Aliquat336) and green solvents. An abrupt
increment in the value of Kp was observed due to
the synergetic effect of the extractants. The combined
effect of tertiary (TOA) and quaternary (Aliquat336)
amines showed the highest value of LA distribution
coefficient (Kp = 2.6 £+ 0.15) along with natural
solvents.  Among all green solvents, sunflower oil
(Kp =1.96+£0.08 (with extractant) and Kp = 0.191+
0.009 (without extractant)) and soya bean oil (Kp =
2.53 £0.05) (with extractant) and Kp = 0.129 + 0.006
(without extractant)) showed the highest value of LA
distribution coefficient. Therefore, on the basis of LA
distribution coefficient, the two natural solvents (sun-
flower oil and soya bean oil) and synergistic extractant
(TOA and Aliquat366) were chosen for further exam-
ining the consequences of other process variables on

3.0

= TOA+TDDA

= Aliquat336+TDDA
2.5 I TOA+Aliquat336
2.0

1.5

1.0

0.5

LA distribution coefficient, Kp

0.0

Mustard oil

Cotton seed oil

Rice bran oil

Soya bran oil Sun flower oil

Vegetable oils

Figure 5. Effect of extractants on the LA distribution coefficient (Kp). [Experimental conditions: LA concentration:
0.05 [M], phase ratio: 1:1 (v/v), agitation time: 120 min, stirring speed: 100 rpm, temperature: 25°C, phase separation
time: 30 min, feed phase volume: 10 mL, and organic phase volume: 10 mL (70% (v/v) green diluent + 30% (v/v)

synergist extractant)].
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the LA reactive extraction from the aqueous solution.
Tertiary (TOA) and quaternary amines (Aliquat336)
are considered as the most commonly used extractants
due to their poor solubility in water without any decay
in the extractant and, also, thermal stability [40].
Aliquat336 provides a high value of Kp when the pH
(meaning the maximum amount of the un-dissociated
LA form available in the feed phase) of the external
phase is below acid dissociation constant (pK, = 3.86)
since it extracts both the dissociated and undissociated
forms of LA [16].

4.2.8. Effect of organic solvent and extractant on the
LA distribution coefficient (Kp)

Figure 6 shows the combined effect of both the organic
solvent (butan-2-ol) and the synergistic effect of the
extractants (TOA and Aligaut336) on the LA distribu-
tion coefficient. Some pertinent physiochemical prop-
erties (viscous and corrosive in nature) of these extrac-
tants directly influence the LA distribution coefficient.
For example, Aliquat336 is highly viscous in nature
and reduces the rate of complex formation between the
molecules of extractant and acid (solute), leading to a
further reduction in the rate of transportation of solute
(LA) molecules between phases [16]. Aliquat336 also
tends to form the third phase when it is used alone. To
reduce the properties of extractants and provide good
solvation for the complex, these extractants have been
used along with the organic solvent (butan-2-ol) during
this study. These extractants (used individually) give
a low value (as shown in Figure 4) of LA distribution
coefficient (K p) owing to their non-polar nature [26].
It is appropriate to mention here that these extractants
have low solubility in the aqueous phase due to their
non-polar nature, hence leading to a reduction in
water co-extraction [29]. Based on the observation in
Figure 2, the selection of an organic solvent (butan-
2-ol) has been made, considering the value of LA

;S 8 = Butan-2-0l4+TOA
I = Butan-2-ol-Aliquat336
= I Butan-2-0ol+TOA+Aliquat336
S g ]
(3}
£ I
Q
o
o 4 I
2
s 3
el
‘22
ey
2 =
< 1
4 4 =E _
5 1.0 0 3.0 4.0

Phase ratio

Figure 6. Effect of combination of diluent (butan-2-ol)
and extractants on the LA distribution coefficient

(Kp). [Experimental conditions: LA concentration:

0.05 [M], agitation time: 120 min, stirring speed: 100 rpm,
temperature: 25°C, phase separation time: 30 min, and
organic phase volume: 10 mL (30% (v/v) extractant and
70% (v/v) organic diluent (butan-2-ol))].

distribution coefficient (Kp = 1.175 &+ 0.07) and its
pertinent properties (such as polarity, solubility (290
g/1), and dielectric constant (16.54)). The synergist
extractant (as shown in Figure 5) exhibits better results
for the distribution coefficient in the comparison with
the individual extractant (as shown in Figure 4). The
combined effect of butan-2-0l+TOA gives a value of
LA distribution coefficient (Kp = 2.33 + 0.05) larger
than that of butan-2-ol4+Aliquat336 (Kp = 0.94 £
0.009) for a phase ratio of 1 (v/v), because Aliquat336
is more viscous (1500 mpa.s at 30°C) than TOA,
increasing the interfacial mass transfer resistance for
the transportation of LA from the aqueous solution to
the organic solution [39]. The organic diluent (butan-
2-ol) by itself gives a poor value of Kp (Kp =1.175+
0.065); however, along with a synergistic mixture of
extractants (TOA+Aliquat336), the LA distribution
coeflicient rises up to 5.36 & 0.06 for an equal phase
ratio (1, v/v).

Another implication of the obtained conclusion,
which can also be made from Figure 6 about the
consequence of the phase ratio on Kp, is that, with
a rise in the phase ratio, distribution coeflicient (Kp)
attains the maximum value (Kp = 6.77£0.05) for the
value of the phase ratio of 2 (v/v). However, the further
enhancement of the values of the phase ratio beyond
its value of 2 leads to a decrement in distribution
coeflicient (Kp), which may be due to the improper
and deficient mixing of both phases, further lessening
the tendency of complex formation; therefore, there is
a decrease in the interfacial rate of mass transfer and,
hence, distribution coefficient [26,41]. Sunflower and
soya bean oils as green solvents (from Figure 5), butan-
2-ol as an organic diluent, and TOA and Aliquat336 as
synergist extractants (from Figure 6) were chosen based
on the values of the LA distribution coefficient.

4.2.4. Effect of the phase ratio on the LA distribution
coefficient (Kp)
The effect of the phase ratio (External Phase (EP):
Organic Phase (OP)) on Kp is shown in Figure 7.
The organic phase is composed of various constituents
such as Butan-2-ol (organic diluent), sunflower oil and
soya bean oil (natural solvents), TOA, and Aliquat336
(synergistic extractant); further to this, its volume was
kept constant. The phase ratio varied from 0.5 to
4 (v/v) with a change in the aqueous phase volume.
The effect of natural solvent on the LA distribution
coefficient (Kp = 5.36 +0.06 (without natural solvent,
Figure 6), and Kp = 14 £ 0.05 (with natural solvent
(sunflower oil), Figure 7), for equal phase ratio (1,
v/v)) is very important and significant. According to
Figure 7, with the enhancement of the phase ratio, the
value of Kp decreased due to the saturation of the
organic phase with the LA concentration in the aqueous
solution [39]. The optimum value (1, v/v) of the phase
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Figure 7. Effect of the phase ratio on the LA distribution
coefficient (Kp). [Experimental conditions: LA
concentration: 0.05 [M], agitation time: 120 min, stirring
speed: 100 rpm, temperature: 25°C, phase separation
time: 30 min, and organic phase volume: 10 mL (30%
(v/v) synergist extractant (TOA + Aliquat336) and 70%
(v/v) diluents (35% (v/v) butan-2-ol + 35% (v/v) green
diluent].

ratio has been chosen on the basis of the economy of the
process and the appropriate/adequate mixing ability
of both phases for obtaining a higher LA distribution
coefficient. An abrupt increase in the LA distribution
coefficient (for soya bean oil, Kp = 2.534+0.05 (without
an organic solvent), Kp = 13.33 £ 0.07 (with an
organic solvent) and for sunflower oil Kp = 1.96 +
0.08 (without an organic solvent), Kp = 14 + 0.068
(with an organic solvent)) was observed (Figure 7).
This may result from the combined effect of both the
extractants (synergistic effect of extractants) and the
diluents (additional solvation of these natural solvents
along with butan-2-ol) [39]. On the basis of results of
Figure 7, sunflower oil as a green solvent was selected
for further investigation of other process parameters.

4.2.5. Effect of the solvent ratio on the LA
distribution coefficient (Kp)

The effect of the solvent ratio (butan-2-ol: Sunflower

oil) on Kp is shown in Figure 8. The amount of

organic phase was kept constant; however, the ratio

of both diluents in the organic phase for obtaining the

maximum value of Kp varied.

The organic phase is composed only of the dilu-
ents (butan-2-ol (organic solvent) and sunflower oil
(natural solvents)). There was no synergist extractant
(TOA+Aliquat336) present in the organic phase. The
LA distribution coefficient was observed to be enhanced
with a rise in the solvent ratio up to 4 (v/v); however,
after that, the increment of LA distribution coefficient
was not so significant due to the presence of a large
amount of sunflower oil in the organic phase as it
increased the viscosity of the organic phase, which fur-
ther enhanced the interfacial mass transfer resistance
between the phases [26,42]. With an increase in the
amount of the organic solvent in the natural solvent,
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Figure 8. Effect of the solvent ratio (butan-2-ol:

sunflower oil) on the LA distribution coefficient

(Kp). [Experimental conditions: LA concentration:

0.05 [M], phase ratio: 1:1 (v/v), agitation time: 120 min,

stirring speed: 100 rpm, temperature: 25°C, phase

separation time: 30 min, feed phase volume: 10 mL, and

organic phase volume- 10 mL (butan-2-ol + sunflower oil)].
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the value of LA distribution coefficient increased as
it raised the loading rate (depends on the solubility)
of the organic phase by increasing the rate of mass
transfer, which may be due to a reduction in the
viscosity of the organic phase [34]. The small values
of the LA distribution coefficient mainly result from
the inability of the synergist extractant, which usually
plays a significant role in the chemical extraction
processes.

4.2.6. Effect of the solvent ratio along with the
synergist extractant ( TOA+Aliquat336) on the
LA distribution coefficient (Kp)

Figure 9 shows the effect of the solvent ratio in the

presence of synergist extractant on Kp. The organic
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Figure 9. Effect of the solvent ratio (in presence of
synergist extractant) on the LA distribution coefficient
(Kp). [Experimental conditions: LA concentration:

0.05 [M], phase ratio: 1:1 (v/v), agitation time: 120 min,
stirring speed: 100 rpm, phase separation time: 30 min,
feed phase volume: 10 mL, organic phase volume: 10 mL
(70% diluents (butan-2-ol + sunflower oil) + 30% (v/v)
synergist extractant (TOA (15% (v/v)) + Aliquat336
(15%(v/v))), and temperature: 25°C].
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Table 2. LA distribution coefficient (Kp) and extraction efficiency (n, %) of the selected organic phase constituents.

S. no Organic phase constituents

LA distribution
coefficient (Kp)

Extraction efficiency

(777 %)

1. Butan-2-ol (10 mL) (polar diluent), Figure 2 1.175 £ 0.05 55.54 £ 0.44

2. Sunflower oil (10 mL) (green solvent), Figure 3 0.191 £ 0.004 16.03 + 0.32
Sunflower oil (70%, v/v) + Aliquat336 (15%, v/v)

3. 1.96 £0.08 67.21 £0.43
+ TOA (15%, v/v), Figure 5
Butan-2-ol (70%, v/v) + Aliquat336 (15%, v/v)

4. 5.363 £ 0.6 84.92 £0.48
+ TOA (15%, v/v), Figure 6
Sunflower oil (35%, v/v) + TOA (15%, v/v)

5. 14 +0.68 93.83 £0.53
+ Aliquat336 (15%, v/v) + butan-2-ol (35%, v/v), Figure 7
Sunflower oil (20%, v/v) + butan-2-ol (50%, v/v)

6. 27.75£0.22 97.17 £0.54

+ TOA (15%, v/v) + Aliquat336 (15%, v/v), Figure 9

phase was constituted by various constituents (butan-
2-ol (as an organic diluent), sunflower oil (as a natural
diluent), and TOA+Aliquat336 (as a synergist extrac-
tant)). The solvent ratio varied from 0.16 to 7 (v/v);
however, the total volume of the organic phase and the
volume of the synergist extractant in the organic phase
were kept constant.

The presence of the synergist extractant in the
organic phase increases the value of LA distribution
coefficient due to a large increment in the complex
(between acid and amine) formation tendency of the
synergist extractant. With a rise in organic diluent
volume (meaning an increase in solvation power for
complexes) in the organic phase, LA distribution co-
efficient (K p) first increases up to the maximum value
(Kp = 27.75 £ 0.22, for solvent ratio of 2.5); however,
after that, it starts decreasing (from Kp = 27.75+0.22
to 15.246 £ 0.1) due to a reduction in the amount
of natural solvent, which has its own extractability
and solvation power [43]. The presence of the large
amount of natural solvent in the organic phase initially
is responsible for the lower values of Kp. It may be
due to the increased viscosity of the organic phase that
decreases the rate of mass transfer of LA molecules
from the aqueous to organic phase. The other plausible
reason may be the high tendency of the third-phase
formation during the initiation of reactive extraction.
The Kp and extraction efficiency (%) of the selected

organic phase constituents (butan-2-ol, sunflower oil,
TOA, and Aliquat336) during the extraction of LA
from aqueous solution are shown in Table 2.

5. Conclusion

This research work introduced the LA reactive ex-
traction using amine-based extractants along with the
natural solvents as an option for the LA extraction
from the aqueous solution. The combination of organic
solvent (butan-2-ol) and natural solvent (sunflower oil)
showed the increment in Kp values towards maxi-
mization. The presence of the synergist extractant
(TOA and Aliquat336) in the organic phase gives
higher Kp, compared to the individual extractants.
The solvent ratio showed very significant effect on the
LA distribution coefficient and extraction efficiency.
The maximum values of LA distribution coefficient
(Kp = 27.75 £ 0.22) and extraction efficiency (n =
97.17 £ 0.54%) were obtained for the synergist extrac-
tant (TOA, 15% (v/v) and Aliquat336, 15% (v/v)),
organic solvent (2-butanol, 50 % (v/v)), and natural
solvent (sunflower oil, 20 % (v/v)) with an initial LA
concentration of 0.05 [M], phase ratio at 1.0 (v/v) upon
stirring at 100 rpm for 120 min at 25°C. The findings
of this present investigation on LA extraction using
environmentally benign green solvents and synergist
extractant will be very useful in reducing the amount
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of toxic and costly POS, which are frequently used in
the previously existing reactive extraction technique.
This research work will be beneficial for the incoming
future both from economic and environmental points
of view.
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