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41 ABSTRACT

A synergistic effect of selective separation of ( )-amlodipine using the
di(2-ethylhexyl)phosphoric acid (D2EHPA) with the tartaric acid derivatives,
0,0 -dibenzoyl-(25',35)-tartaric ~ acid  ((+)-DBTA) was developed for the
enantioseparation of racemic amlodipine. The extractants were diluted in 1-decanol
with various proportions. The influences of the extractant compositions, the
concentrations of amlodipine enantiomers and the extractive equilibrium temperatures
were studied. The extraction and recovery of ( )-amlodipine from the feed phase in a
single-module operation were 84.50% and 80.50%, respectively. The maximum
percentage of enantiomeric excess of ( )-amlodipine was 70.21%. The aqueous-phase
mass-transfer coefficient («{ and organic-phase mass-transfer coefficient kmy were
reported to 4.87x102 and 2.89x1 02cm/s, respectively. Therefore, the mass transfer-
controlling step is the diffusion of ( )-amlodipine complex through liquid membrane.
The potential application of the synergistic system to separate ( )-amlodipine from
pharmaceutical wastewaters has also been discussed. The results showed that
synergistic extraction technique can be applied for large-scale production of the pure
enantiomeric compound.

42 INTRODUCTION

Amlodipine is a third-generation dihydropyridine calcium channel blocker
prescribed for the management of angina and hypertension [1], A sa racemic mixture,
amlodipine contains ( )-amlodipine (Figure 4.1(a)) and (i?)-amlodipine (Figure
4.1(b)), but only ( )-amlodipine as the active moiety possesses therapeutic activity
[2], Based on pharmacologic research [3], it remains uncertain if ( )-amlodipine alone
has similar efficacy and fewer associated adverse events compared with the racemic
mixtures [4], ( )-amlodipine exhibits vasodilating properties [5], Its (&£)-amlodipine is
inactive and thought to be responsible for pedal edema observed with racemic
amlodipine [6], In addition to longer duration of action of ( )-amlodipine, it reduces
the chances of reflex tachycardia and its clearance is subjected to much less inter-
subject variation than (£)-amlodipine [7].
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Many researchers were studied about the separation of ( )-amlodipine. The
conventional method e.g. crystallization [s], kinetic resolution [9], chromatography
[10] and capillary electrophoresis [11] etc. accelerate researches about chiral
compounds, but there still exist some defects for most racemic compounds.
Diastereomeric crystallization is the most used method for resolution of racemic
mixtures [12]. However, this technique usually requires many steps, increasing the
complexity of the process and leading to a considerable loss of product. The
application of kinetic resolution is limited due to lengthy development time and
availability of enantiomerically ~differentiating materials [13]. Preparative
chromatography and capillary electrophoresis are not suitable for production of large
quantities of chiral substances since it employs a substantial amount of solvent and
requires significant capital investment [14],

Hollow fiber supported liquid membrane (HFSLM) is renowned as an
effective simultaneous process to extract and recover compound from a very dilute
solution of interested component in the feed by a single-unit operation [15]. HFSLM
follows certain rules for the choice of separation system and has a large application
range [16-19]. As a potential large-scale production technique, HFSLM has attracted
a lot of researchers to make great efforts in recent years [20-23].

Over recent years, attention has increased in the use of HFSLM as selective
separation barriers [24]. In the pores of a microporous support, the solution of
optically pure organic compound is immobilized, which selectively transfers
preferentially one of the enantiomers of the solute between the two compartment
solutions of the membrane [25], HFSLM draws considerable interest due to its
Industrial applications [26], Some other advantages of the hollow fiber contactor over
traditional separation techniques include lower capital and operating costs [27], lower
energy consumption [28], less solvent used and high selectivity [29]. Moreover, the
membrane reactor process is an interested technology in wastewater treatment. The
membrane technology has attracted the attention of many researchers for industrial
water and wastewater treatments. Yeung’s team was one team of the potential group
researchers [30-32], Their work successfully demonstrated the use of inorganic
membranes for water and wastewater treatments [30]. The membrane was tested for
water pervaporation and ozone water treatment [31]. Their work shows that the
membrane contactor is possible to achieve enhanced ozone water treatment from a
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compact membrane reactor unit that uses the combined function of membrane as
distributor, contactor and separator [31]. Yeung’s team is currently investigating a
new ozone membrane reactor for treatment of recalcitrant organic pollutants in water
[31-33]. Membrane and membrane processes represent important environmental
technology for pollution remediation, clean fuel production, green chemical synthesis
and wastewater treatment process [33], The novel membrane reactor is a potential
process in industry for the water and wastewater treatments. As mentioned above,
HFSLM process is one of very challenging membrane processes for the
pharmaceutical wastewater treatment.

In this work, the novel synergistic enantioseparation of (1)-amlodipine from
racemic amlodipine has been investigated. A chiral selective extractant, 0,0'—
dibenzoyl-(25,3.S)-tartaric acid ((-t-)-DBTA) (Figure 4.1(c)) and achiral extractant,
di(2-ethylhexyl)phosphoric acid (D2EHPA) (Figure 4.1(d)), were mixed together for
their synergistic effect.

©) )
Figure 4.1 Structures of (a) ( )-amlodipine, (b) (iti)-amlodipine
(c) 0,0'—dibenzoyl-(25', 3S)-tartaric acid, (d) di(2-ethylhexyl)phosphoric acid
(D2EHPA)
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43 THEORY

4.3.1 Transport mechanism and enantioseparation of (4)-amlodipine

A liquid membrane consists of an organic solution of chiral selector as the
extractant, which is held in polymeric micropores by capillary action [34], The
supported liquid membrane lies between the aqueous solution that initially contains
the racemic feed solution and the aqueous stripping solution. Transportation of ( )-
amlodipine occurs as a consequence of the concentration driving force between the
two opposite sides of aqueous phase.

The ( )-amlodipine can be separated after derivatization [35]
(diastereoisomeric esters or a diastereoisomeric salt) or, in one step, by complex
formation [36], The good complex-forming abilities of enantiomeric compound and
(+)-DBTA arise from a number of facts [37-39]. The carboxylic acid groups of
amlodipine and (+)-DBTA can donate protons for hydrogen bonding while they can
also behave as a proton acceptor due to the eight oxygen atoms they contain [40-42],
The benzoyl groups can take part in hydrophobic interactions while the other parts of
the molecule contain polar hydrophilic groups [43-44],

Although (+)-DBTA is the most frequently used, widely available and cheap
acidic resolving agents, it has a low distribution ratio when extracting racemic
amlodipine from an aqueous phase to an organic phase [45], Recently, combination of
extractants of D2EHPA and (+)-DBTA can form new complexes, which can be used
as chiral selectors for the resolution of enantiomeric compound and both showed good
enantioselectivity and a high distribution ratio [46, 47].

In this work, the mixture of synergistic enantioselector achiral extractant
D2EHPA and a chiral extractant (+)-DBTA resided in the liquid membrane, trapped
In the hydrophobic microporous hollow fiber module. The synergistic enantioselector
compound forms enantioselective complexes with ( )-amlodipine by hydrogen
bonding. Previous partitioning experiments [21] indicate that (R)-amlodipine prefers
to remain in the feed phase whereas the ( )-amlodipine-extractant complex dissolves
in the membrane phase. However, the equilibrium constant (Kex) of complex is far
bigger than the distribution coefficient, so the influence on mass transfer is small and
can generally be neglected. The transport mechanism of ( )-amlodipine through the
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liquid membrane by using (+)-DBTA as a chiral selective extractant is schematically
shown in Figure 4.2(a), while the mechanism of the achiral extractant using D2EHPA
is shown in Figure 4.2(b). Consequently, the novel synergistic enantioseparation of
()-amlodipine by using chiral selective extractant, o 0 -dibenzoyl-(2S,35)-tartaric
acid ((+)-DBTA) and an achiral extractant, di(2-ethylhexyl)phosphoric acid
(D2EHPA) is illustrated in Figure 4.2(c).
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Figure 4.2 (a) The counter transport mechanism of (1 )-amlodipine using (+)-DBTA
as the chiral selective extractant

(b) The counter transport mechanism of ( )-amlodipine using D2EHPA as
extractant

(c) The counter transport mechanism of (iS)-amlodiping using (+)-DBTA-
D2EHPA Complex as the synergistic extractant

The extraction reaction of ( )-amlodipine with an only chiral discrimination
((+)-DBTA), forming ( )-amlodipine-(+)-DBTA complex is shown in Eq. (4.1).

2[(S)-amlodipine]f+[(+)-DBTAJm < * [[( )-amlodipine]z-(+)-DBTA]m
kl (4.)
where K\ and kI are the apparent reaction rate constants of the feed membrane
interfacial and membrane strip interfacial transport of ( )-amlodipine, respectively.
Define the suffixes, f and m, as feed phase and membrane phase, respectively.
The extraction of ( )-amlodipine with an achiral carrier (D2EHPA) was
reacted by the cation-exchange reaction and proton-transfer reaction as shown in Eq,
(4.2)
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2[(S)-amlodipine]f+[D2EHPA]m . [[( )-amlodiping]2- D2EHPA]m

h (4.2)

where &3 and 4 are the apparent reaction rate constants of the feed membrane

interfacial and the membrane strip interfacial transport of ( )-amlodiping,

respectively. Define the suffixes, f and m, as feed phase and membrane phase,
respectively.

4.3.2 Synergistic extraction theory'

Synergistic separation is the phenomenon in which two extractants taken
together extracted a target compound. Synergistic separation is an important method
to enhance the extraction efficiency [48] and has been applied for extraction and
separation of many compounds [49]. It has much higher efficiency as compared to the
normal additive effect of these extractants separately [50]. By using a mixture of the
selected extractants with favor on specific forms, synergistic extraction is the great
interest used on the separation of enantiomer such as (. )-amlodipine. The extraction
reaction of (+)-DBTA mixed with D2EHPA is shown in Figure 4.2(c). Figure 4.2(c)
shows the descriptive schematic mechanisms of ( )-amlodipine with the synergistic
extractant and stripping solution. The complex species react with the stripping
solution.

The synergistic extraction of ( )-amlodipine by a mixture of the chiral agent
(+)-DBTA and the achiral carrier (D2EHPA) occurred because there are two
extraction reactions in the system. The primary reaction is the reaction between a
chiral discrimination ((+)-DBTA) and achiral carrier (D2EHPA) which forms the
extractant complex ((+)-DBTA-D2EHPA) as shown in Eq. (4.3) [51]. The secondary
reaction is the reaction between the extractant complex ((+)-DBTA-D2EFTPA) and
()-amlodipine. This reaction takes place at the presence of proton transfer-chiral
interactions, i.e. (+)-DBTA-D2EHPA as shown in Eq. (4.3) and Eq. (4.4). It produces
the derivative complex, namely ( )-amlodipine-(+)-DBTA-D2EHPA.
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[(}OBTAIIDIEPAIN < 51 [[¥}DBTA-DIEHPAI (43

2[(S)-amlodiping]ri-[(+)-DBTA-D2EHPA]m (44)
A li —» [[( )-amlodipine]2-[(+)-DBTA-D2EHPA]]m
h

where ks and Klare the apparent reaction rate constants of formed extractant
and unformed extractant, respectively, h and es are the apparent reaction rate
constants of the feed membrane interfacial and the membrane strip interfacial
transport of ( )-amlodipine, respectively. Define the subscript, f and m, mean feed
phase and membrane phase, respectively.

In the presence of benzenesulfonic acid in the stripping phase,
benzenesulfonic acid reacts with [[( )-amlodipine]o-(+)-DBTA]m to recover
()-amlodipine into the stripping phase:

[[( )-amlodipine]-[(+)-DBTA-D2 EHPA]]mt2 [benzenesulfonic acid]s  (4.5)

+ 0" A 2[(5)-amlodipine-henzenesulfonate]s+[-(+)-DBTA-D2EHPA]m
kio

where kg and K() are the apparent reaction rate constants of the membrane-
strip interfacial and strip-membrane interfacial transport of amlodipine enantiomer,
respectively. Define the suffixes, m and , as membrane phase and stripping phase,
respectively.

The aspect of synergistic effects is captured. The highest extraction of
(')-amlodipine occurs at extractant concentrations of 4 mmol/L (+)-DBTA and 4
mmol/L D2EHPA. The effect of synergistic extraction (expressed as synergistic
coefficient, s.c.) as a function of the distribution ratio is shown [52):

>0 ORTORY) (4
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where D.R.12 is a distribution ratio from the synergistic extractant. D.R1 or
D.R.2 are distribution ratios obtained from a single extraction.

It is calculated that s.c for ( )-amlodipine was 150 under 4 mmol/L (+)-
DBTA mixed with 4 mmol/L D2EHPA.

4.3.3 Extraction equilibrium constant and the distribution ratio

N\

The extraction equilibrium constant (AA) of ( )-amlodipine extracted by
[(+)-DBTA in Eq. (4.7) was derived from the experimental data and calculated as
follow.

From the extraction reaction described in Eq. (4.3) and (4.4), the extraction
equilibrium constant (Kex) can be expressed as

[[( ) -amlodipiney2 - (+) - DBTA - D2EHPAy1f

[( ) -amlodipinej1[(+) -DBTA?, [D2EHPA] f (4.7

The distribution ratio (D) for ( )-amlodipine by definition of distribution
ratio from IUPAC compendium of chemical terminology [53], was given by

[[( ) -amlodiping)2 - (+) - DBTA - D2EHPAf (49)
[( ) -amlodipineT '

According to Eq. (4.8), the distribution ratio could then be derived as a
function of the extraction equilibrium constant as follows:

D = Kex[(S) - amlodipine] fm](+) - DBTA]mf[D2EHPA]nt (4.9

From the stripping reaction described in Eq. (4.5), the stripping equilibrium
constant (K<) can be expressed as

[()-amlodipine - benzenesul fonate] s [(+)-DBTA -D2EHPA] 15 (4.10)
A§ [[( )-amlodiping)2 - (+) - DBTA - D2EHPA| i [benzenesulfonate) s
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where the value of Kex for ( )-amlodipine extracted with (+)-DBTA-
D2EHPA complex and K¢t for ( )-amlodipine stripped with benzenesulfonic acid were
found to be 0.7642 Ls/mmolsand 14839, respectively. The results of experiment were
showed in section 4.5.11.

In this work, the extractability of ( )-amlodipine was determined by the
percentage of extraction:

O9EXtraction = X100 (4.11)

The percentage of recovery was calculated by

%Stripping = gi;--xmo (4.12)

where Cfmand Cfatare the concentrations of component / (mmol/L) in the
inlet feed and outlet, respectively, and Csat is the concentrations of component |
(mmol/L) in the outlet stripping.

The selectivity is defined as enantioselectivity. The enantioselectivity of the
membrane process is given in terms of enantiomeric excess. The enantiomeric excess
is defined by the ratio of the difference between the concentrations of both
enantiomers in the feed or stripping phase to the total amount of both enantiomers
present at any time, and was calculated according to Eq. (4.13):

(13)
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4.3.4 Permeability coefficient

The permeation of ( -amlodipine can be expressed in terms of the
permeability coefficient (?) as proposed by Danesi [54] in Eq. (4.14):

- fInf-A-1 = AP —t 414
lqJ £+1 a

(4.15)

where p is the permeability coefficient (), Vfis the volume of the feed
(cm3), Cfo is the ( )-amlodipine concentration (mmol/L) in initial time (J=0), Cfis
the ( )-amlodipine concentration at time t (mmol/L), A is the effective area of the
hollow fiber module (cm?2), « is the time (min), o is the volumetric flow rate of feed
solution (cmafs), L is the length of the hollow fiber (cm), is the porosity of the
hollow fiber (%), N is the numbers of hollow fibers in the module and 1\ is the internal
radius of the hollow fiber (cm).

AP{fil(fl+\)) is the slope of the plot between -V f In (CF/Cfo) versus time (t) in
Eq. (4.14), and p can_be obtained by Eq. (4.15). To determine mass transfer
coefficients for ( )-amlodipine enantioseparation by HFSLM, the mass-transfer model
and permeability coefficient (?) are employed. The permeability coefficient depends
on mass-transfer resistance which is the reciprocal of the mass-transfer coefficients as
follows:

(4.16)

where nmis the log-mean radius of the hollow fiber, rQ s the external radius
of the hollow fiber (cm), kfis the agueous mass-transfer coefficient in tube side, ksis
the stripping mass-transfer coefficient in shell side and pm is the membrane
permeability coefficient,
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The relation between pmand the distribution ratio (D) are as follows:
Pm=Dkm (4.17)

Combining Eg. (4.9) and Eq. (4.17), thus

pri=1Cxkn(5) -amlodipine] f[(+) - DBTA]m{D2EHPA]m (4-19)
where km is the mass-transfer coefficient of membrane, a value of liquid-
membrane permeability coefficient (Pn) from Eq. (4.18) is substituted into Eq. (4.16).
Assuming that the stripping reaction is instantaneous and the contribution of the

stripping phase is neglected. Eq. (4.16) becomes:

J ) 1
p =k(%m Kexkm[(S) -amlodipine] f[(+) - DBTAn[D2EHPAIn

where k{ is the mass-transfer coefficient of the feed solution.

44 EXPERIMENT
44.1 Chemicals and reagents

The agueous phase was pharmaceutical wastewater containing racemic
amlodipine (Government Pharmaceutical Organization (GPO), Bangkok, Thailand).
(77)-amlodipine, ( ')-amlodipine and racemic amlodipine, all of pharmaceutical grade,
were provided from the Government Pharmaceutical Organization (GPO) of Thailand.
The organic phase was a solution of the synergistic extractant ((+)-DBTA+D2EHPA)
in 1-octanol an analytical reagent grade obtained from Merck, Germany. (+)-DBTA
was obtained from Acros, USA as chiral selectors, D2EHPA (Acros Organics, USA)
as a cationic carrier. The stripping solution benzenesulfonic acid (Sigma-Aldrich, St
Touis, USA) was dissolved in deionized water (Millipore®, USA). The solvents, 1.,
A(jV-dimethylformamide, cyclohexane, 1-decanol and I-propanol, were all of
analytical reagent grade and were obtained from Merck, Germany. All reagents used
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in this experiment were of GR grade and also were purchased from Merck, Germany.
Aqueous solutions were prepared using Milli-Q® deionized water (Millipore®, USA).
Doubly deionized water was used throughout the experiments.

4.4.2 Apparatus

The hollow fiber supported liguid membrane (HFSLM) system (Ligui-Cel®
Extra-flow 25 in. x 8 in. membrane contactor) was manufactured by Hoechst
Celanese, USA. The module uses Celgard® microporous polypropylene fibers that are
woven into fabric and wrapped around a central tube feeder that supplies the shell-
side fluid. The woven fabrics provided more uniform fiber spacing, which in turn
leads to higher mass-transfer coefficients than those obtained with individual fibers
[55]. The properties of the hollow-fiber module are specified in Table 4.1. The fibers
were put into a solvent-resistant polyethylene tube sheet and shell casing in

polypropylene.

4.4.3 Procedures

The single-module operation is shown in Figure 4.3. The selected organic
carrier (+)-DBTA, D2EHPA and synergistic extractant ((+)-DBTA+D2EHPA) were
dissolved in 1-decanol (500 mL) individually. The extractant was simultaneously
pumped into the tube and shell sides of the hollow-fiber module for 40 min to ensure
the extractant was entirely embedded in micropores of the hollow fibers.
Subsequently, 5 L of feed solution and stripping solution were fed counter-currently
into the tube side and the shell side of the single-module operation, respectively.

The concentration of selected organic carrier (+)-DBTA, D2EHPA and
synergistic extractant ((+)-DBTA+D2EHPA) in the liquid membrane was deliberately
varied to find the optimum value for ()-amlodipine separation. The volumetric flow
rates of feed and stripping solutions, the number of separation cycles, and stability of
HFSLM were each investigated in turn. The operating time for each run was 50 min.
The concentrations of ( )-amlodipine in samples from the feed and stripping solutions
were determined by high-performance liquid chromatography (HPLC) in accordance
with United States Patent No US 6646131 B2 [56] to estimate the percentages of
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extraction and stripping. To achieve higher enantioseparation and to study membrane
stability, the number of separation cycles was varied. The feed of the second cycle
was obtained from the first outlet feed solution and so on, whereas the inlet stripping
solution was fresh,

Table 4.1 The properties of the hollow-fiber module

Properties Descriptions
Material Polypropylene
Inside diameter of hollow fiber 240 pm
Outside diameter of hollow fiber 300 pm
Effective length of hollow fiber 15¢m
Number of hollow fibers 35,000
Average pore size 0.03 pm
Porosity 30%
Effective surface area 14 x 104cm2
Area per unit volume 29.3 cm2em3
Module diameter 6.3 cm
Module length 203 cm
Contact area 30%
Tortuosity factor 256

Operating temperature 213.15-333.15 K
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Figure 4.3 Schematic representation of the counter-current flow diagram for batch-
mode operation in HFSLM: 1) feed reservoir, 2) gear pumps, 3) inlet pressure gauges,
4) outlet pressure gauges, 5) the hollow-fiber module, 6) flow meters, 7) stripping
reservoir, 8) stirrer with temperature controller, and 9) temperature control hox

4.4.4 Analytical instruments and chromatographic conditions

Chiral chromatography was performed on Agilent® 1100 Compact LC
system series (Agilent Technologies, Palo Alto, CA, USA). The chromatographic
system was equipped with Agilent® 1100 Compact LC system series (Agilent
Technologies, Palo Alto, CA, USA). The chromatographic system used was equipped
with an in-built solvent degasser, a quaternary pump, a column compartment, a
photodiode array detector with variable injector and an auto sampler. Data analysis
was carried out using Chemstation® Version B.04.01 software.

The chromatographic procedure was carried out by using chiral column
ultron ES-OVM, Ovomucoid column (5 pm, 4.6 x 150 mm) [56], The column
temperature was controlled at 298.15 K by using a column heater. The mobile phase
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was prepared by mixing of disodium hydrogen phosphate buffer (20 mmol/L) and
acetonitrile (80:20 %viv). The flow rate of the mobile phase was 0.3 mi/min. Injection
volume was 20 pL. The sample was detected with uv 237 nm while the relative
retention time of (4£)-amlodipine was about 1.0 and ( }-amlodipine was about 1.2. The
analysis time was set at 20 min per sample to eliminate potential interference from
late eluting peaks. The pH of the aqueous phase was measured with a pH meter
model: SevenMulti™ Modular Expansion (Mettler-Toledo, Greifensee, Switzerland).

45 RESULTS AND DISCUSSION

According to the suggested mechanism in the synergistic extraction of
enantiomeric compound, the pH value in the aqueous phase, the extractant
composition, the concentration of stripping solution, the flow rates of feed and
stripping solution, the number of separation cycles and the temperature could
influence the separation efficiency. To make the experiment data comparable, the pH
in aqueous phase was fixed. The influences of the other factors were studied.

45.1 The effect of the pH of the feed phase

By varying the pH of the feed solution in Figure 4.4, the results were clearly
seen that the percentage of ( )-amlodipine extraction, the enantiomeric excess (%be.e )
increased with increasing of pH until 5.0. Then, it gradually decreases. This influence
of pH of the feed solution was similar to our previous work [21]. The reasons can be
explained by the fact that the ratio between protonated and unprotonated amlodipine
decreases with the rise of pH value. lonic amlodipine only exists in agueous phase. At
pH 5.0, the enantiomers of amlodipine are expected to be unprotonated because the
pKa of amlodipine is about 8.6 at 298.15 K [21, 57]. When pH values are higher than
5.0, amlodipine exists in the form of neutral molecule, ( )-amlodipine and (/?)-
amlodipine were increased and able to enter the membrane phase. The enantiomeric
excess (% ... decreased because the membrane phase did not perfectly extract only
()-amlodipine into the membrane phase and eliminated (4)-amlodipine into the feed
solution. So, pH 5.0 was an appropriate choice in view of the bigger enantioselectivity
of the enantioselective extraction. The highest selective extraction of ( )-amlodipine
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by the synergistic extractant in a single-module operation of 80.04% was obtained at
the pH of 5.0.

pH value

Figure 4.4 The effect of pH on the percentages of enantiomeric excess (%oe . .)

45.2 The effect of chiral selector concentration in liquid membrane

The transport of ( "-amlodipine from the feed solution through liquid
membrane that contains (+)-DBTA as the chiral selective extractant is a counter-
transport process [58]. The dependence of the percentage of extraction of ( )-
amlodipine with (+)-DBTA concentration is shown in Figure 4.5(a). The highest
percentage of ( )-amlodipine extraction about 84.50% was obtained at the
concentration around 4 mmol/L and it was recorded as the optimized concentration to
use in a further run. However, in this work, when (+)-DBTA concentration is higher
than 4 mmol/L, the percentage of extraction decreases due to an excessive increase in
extractant concentration which produces an increase in the ahsolute viscosity of the
membrane [59]. According to the molecular Kinetic interpretation of Nemst, the
diffusion coefficient (o ¢) can be defined as [60]:

i
. - (4.20)
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where is Boltzman’s constant, s the viscosity of the liquid membrane, r and
are the radius and temperature, respectively. All of these results also occur in the
stripping phase as shown in Figure 4.5(a). High selectivity of ( ‘)}-amlodipine was
obtained.
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Figure 4.5 (a) The effect of the chiral selective extractant ((+)-DBTA) on percentages

of extraction and recovery of ( )-amlodipine and %e ..
(b) The effect of D2EHPA on percentages of extraction and recovery of
()-amlodipine and %.e.
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45.3 The effect of achiral extractant concentration in liquid membrane

The achiral carrier (D2EHPA) is a cationic extractant. The mechanisms of
D2EHPA to extract ( )-amlodipine by using the cation-exchange reaction and proton-
transfer reaction are shown in Figure 4.5(b). Figure 4.2(b) represents the extraction
reaction of (. "Famlodipine via D2EHPA extractant.

From Figure 4.5(b), D2EHPA concentrations of 2-10 mmol/L slightly
extracted and stripped ( )-amlodipine. D2EHPA results in poor extraction of ( )-
amlodipine and the mass-transfer rate. However, in this case, the percentage of the
extraction was low because D2EHPA is an achiral extractant. Without the chiral
selective group, the eantiomeric substances could not react with D2EHPA. Thus, the
extraction and stripping in the presence of achiral extractant by D2EHPA alone was
poor.

454 The synergistic effects of the combination of chiral selective
extractant and achiral extractant

The influences of the synergistic extractant compositions were summarized
in Figure 4.6. When D2EHPA was not added to the extractant, (+)-DBTA showed
enantioselectivity on racemic amlodipine, but with very small value. With the
increase of the D2EHPA content, the percentage of enantiomeric excess of ( )-
amlodipine was greatly enhanced. Meanwhile, the enantioselectivities all increased
before the concentration of D2EHPA was up to 4 mmol/L. The concentration of
D2EHPA further increased, the percentage of enantiomeric excess continuously
increased, while the enantioselectivities followed an opposite tendency. This is
because D2EHPA does not have chiral separation ability, but it has a high extraction
capacity. So when there is more D2EHPA, the selectivity will be less. Figure 4.5 (a)
shows the influence of the concentration of (--)-DBTA on the separation efficiency.
When no chiral selector was added to the extractant, the percentage of enantiomeric
excess of ( )-amlodipine was 70.21%, although no enantioselectivity was found. With
an increase of the concentration of (+)-DBTA, the percentage of enantiomeric excess
of ( )-amlodipine was kept to a moderate extent and showed no obvious trend.
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However, the enantioselectivities increased steadily. The optimized condition is the
concentration ratio between (+)-DBTA: D2EHPA of 1.1,
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Figure 4.6 The effect of the synergistic extractant ((+)-DBTA-D2EHPA complex) on
percentages of extraction and recovery of ( )-amlodipine and %e.e.

455 The effect of stripping-phase concentration

The effects of benzenesulfonic acid concentration in the stripping solution on
the efficiency of ( )-amlodipine recovery were also investigated and results were
shown in Figure 4.7. The concentrations of benzenesulfonic acid, a stripping solution,
were studied at 2, 4, 6, 8 and 10 mmol/L on the percentage of extraction, stripping and
enantiomeric excess in the stripping process of ( )-amlodipine. The chiral selector
used 4 mmol/L (+)-DBTA and 4 mmol/L D2EHPA. Figure 4.4 is evident for very
strong influence of pH of the feed phase on the percentage of enantiomeric excess.
The maximum % .. at the pH of 5.0 is explained by the formation of unprotonated
enantiomers of amlodipine. However, the pH of stripping phase can be influenced by
the concentration of benzenesulfonic acid in the stripping solution. From Figure 4.7,
benzenesulfonic acid accelerates the stripping process, but similarly as in Figure 4.4,
at higher concentrations in the stripping solution, stripping process of ( )-amlodipine
decreases. This reason is the same as that in section 4.5.1. From Figure 4.7, for single-
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module operation, the highest stripping of ( )-amlodipine about 80.50% was achieved
at the benzenesulfonic acid concentration of 4 mmol/L. This concentration (4
mmol/L) will be referred for the next study run in an attempt to establish the highest
possible ( ')-amlodipine recovery.
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Figure 4.7 The effect of stripping solution concentration on percentages of recovery
of ()-amlodipine and %e ...

45.6 The effect of the flow rate of feed solution

The flow rate during extraction is an important factor. The effects of flow
rate on the extraction of ( )-amlodipine were shown in Figure 4.8. Figure 4.8 showed
the relationship between the percentage of extraction and stripping of ( )-amlodipine,
and the enantiomeric excess at the equal flow rates of feed and stripping solutions at
50, 100, 150 and 200 mL/min with the counter-flow pattern were studied. The
extractant used was 4 mmol/L of (+)-DBTA and 4 mmol/L of D2EHPA and the
concentration of stripping solution was 4 mmol/L. The results indicate that by using
the flow rates of feed solutions of 100 ml/min, the highest percentage of the extraction
of ( )-amlodipine about 84.50% was obtained. The flow rates of feed solutions
tremendously play an important role on the percentages of extraction and stripping of
(' )-amlodipine. Too high flow rates result in less resident time of the solutions or less
contact time of the relevant molecules in the reaction in the HFSLM process. In other



words, too high flow rates, especially at 200 niL/min, may cause the deterioration of
the membrane system which can be seen from poor liquid-membrane stability and
lower percentage of extraction [61, 62],
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Figure 4.8 The effects of the flow rates of feed and stripping solution on percentages
of extraction and recovery of ( )-amlodipine and % ...

45.7 The effect of the flow rates of stripping solution

The effects of flow rate of the stripping solution through the hollow-fiber
module were investigated. It is an important parameter that influences the
performance of ( )-amlodipine recovery. Figure 4.8 shows the plot of percentages of
()-amlodipine stripping versus flow rates of stripping solution. The flow rates of the
stripping solution were varied between 50 - 200 mL/min with the operating time of 50
min. The results indicated that at the flow rate of stripping solution of 100 mL/min,
the highest percentages of ( )-amlodipine stripping of 80.50% was obtained.
However, the percentage of ( )-amlodipine extraction and stripping decreased with an
increase of the flow rates of the feed and stripping solutions due to the resident time
of solution in the hollow-fiber module.
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458 The effect of number of separation cycle through the hollow-fiber
module

The numbers of separation cycles were studied using the optimum conditions
in a single-module operation to expect the possible highest separation. Besides, this
study indicated the least possible (1)-atnlodipine concentration in the feed as well as
the membrane stability. Figure 4.9 shows that the percentages of ( )-amlodipine
cumulative extraction and cumulative stripping were obtained at 6-cycle operation for
300 min. The cumulative extraction and stripping reached 84.90% and 80.80%,
respectively.
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Figure 4.9 The effect of number of separation cycle through the hollow-fiber module
on percentages of extraction and recovery of ( )-amlodipine and %e ..

459 The effect of temperature on percentages of extraction, stripping
and enantiomeric excess

The effects of temperature on stripping solution were studied at 278.15,
283.15, 288.15, 293.15, 298.15, 303.15, 308.15 and 313.15 K to investigate the effect
of temperature on the percentages of extraction, stripping and enantiomeric excess as
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shown in Figure 4.10. The optimum conditions were the pH of 5.0 in feed solution, 4
mmol/L of (+)-DBTA and 4 mmol/L of D2EHPA, 4 mmol/L henzenesulfonic acid,
the feed flow rate of 100 mi/min and the stripping flow rate of 100 ml/min. From
Figure 4.10, it is observed that enantiomeric excess of (iS)-amlodipine was increased
by decreasing the temperatures. It is found that the highest percentage of enantiomeric
excess of (iS)-amlodipine was 70.21% at the temperature of 278.15 K. The highest
percentages of (. "-amlodipine extraction and stripping were 84.50% and 80.50%,

respectively.
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Figure 4.10 The effect of temperature on percentages of %e ..

45.10 Van't Hoffs plots of enantioselectivities (2

The effect of temperature on the enantioselectivities (a) of racemic
amlodipine were investigated in the range between 278.15 Kand 313.15 K. Table 4.2
shows that a higher temperature leads to a decrease in enantioselectivities ().

The variations of Ina versus Lt are shown in Figure 4.11. The results can be
described as matching very well to the Van't Hoffs model, indicating that the
complexes do not change in conformation [63] and that enantioselective interactions
also do not change in the temperature range studied [64],



Table 4.2 The effect of temperature on the enantioselectivities (=) of

racemic amlodipine
Temperature (K)
278.15
283.15
288.15
293.15
298.15
303.15
308.15
313.15
2.0
180
16
140
120
i 1.00
080
060
040
020

0'%?(11315 00032 000825 00033 000835 00084 000345 00085 000365 00036 000365

Figure 4.11 The Van’t Hoffs plots of enantioselectivities (z)

Ut

a

5.71
5.08
4.40
3.58
3.02
2.10
231
2.00

%e.e.

1021
67.10
62.98
56.29
50.30
46.01
39.58
33.30
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4511 Extraction equilibrium constant, the stripping equilibrium
constant and the distribution ratio

The extraction equilibrium constant (xe) was calculated by the slope of
graph in Figure 4.12(a) and found to be 0.7642 (L/mmol)3. The stripping equilibrium
constant (k 5,) was calculated by the slope of graph in Figure 4.12(b) and found to be
1.4839. The distribution ratio (v ) at the (+)-DBTA concentration of 4 mmol/L were
calculated by Eq. (4.7) and Eq. (4.10) as shown in Table 4.3. It is noted that the
distribution ratio increased with the extractant concentration and agreed with the
earlier report by Wannachod e: a1 [65].
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Figure 4.12 (a) ( )-amlodipine extraction with (+)-DBTA-D2EHPA complex as a
function of equilibrium [( )-amlodipine]2[(+)-DBTA][D2EHPA],

(b) ( )-amlodipine-(+)-DBTA-D2EHPA stripping with benzenesulfonic
acid as a function of equilibrium [[( )-amlodipine]%(+)-DBTA-D2EHPA]
[benzenesulfonic acid]2

Table 4.3 The distribution ratio (o) at the (+)-DBTA concentrations of 2, 4, 6, 8
and 10 mmol/L

[(+)-DBTA] (mmol/L) 2 4 6 8 10
The distribution ration 0.75 2.28 4.34 6.64 9.50

4.5.12 Permeability coefficient

Regarding the permeability coefficient, it could be determined from the
expression as proposed by Danesi [54] in Eq. (4.14). The permeability coefficients of
()-amlodipine as a function of concentration of (+)-DBTA from 2 to 8 mmol/L can

be obtained from plotting the relationship between  Ffin and time (v,
£

ap o — s the slope is presented in Figure 4.13. And then the permeability

coefficients determined from Eq. (4.19) is obtained as shown in Table 4.4,
The results showed that the permeability coefficient increased with the
extractant concentration and agreed with the earlier report by Pancharoen et a1, s6).



117

100 y = 196-551

) R* = 0.9995

t 2 mmoVL y = 190.181

9000 - 7 4mmoVL R2= 0.9997

R *6 mmol/L y = 184 91X

m i

£ 0- R2= 09998
zs 6000 -
5000 -
9 40m-
> m .

Z(m = JB
1000 -
01
10 iy )

Figure 4.13 The plot of -v i (Cf/Cfo) of (1)-amlodipine in feed solution against time
with different (+)-DBTA concentrations

Table 4.4 The permeability coefficient (, ) at (+)-DBTA concentrations of 2, 4,
6 and 8 mmol/L

[(+)-DBTA] (mmol/L) Permeability coefficients (xioo cm/s)
2 175
4 2.34
6 2.46
8 2.62

4.5.13 Mass-transfer coefficients

In Eq. (4.19), mass-transfer coefficient (xm) of membrane phase and mass-
transfer coefficients («r) of feed phase were determined by varying the (+)-DBTA
concentration. Eq. (4.19) was attained by substituting the membrane-permeability
coefficient (, m in Eq. (4.18) into Eq. (4.16); assuming that the stripping reaction of
(")}-amlodipine was instantaneous and there was no contribution of the stripping
phase. Eq. (4.19) was used to calculate the aqueous mass-transfer coefficient (£f) and
the membrane mass-transfer coefficient (A&). By plotting v ¢ as a function of 1/[(S)-
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amlodipine]f [(+)-DBTAJm for different carrier concentrations of (+)-DBTA, a
straight line with slope 1 m-kexkm) and ordinate 1+ for calculation is obtained
(Figure 4.14). Thus, the values of «r and km were found to be 4.87x10'2and 2.89x10"
2, respectively. Since the membrane mass-transfer coefficient (1 is less than
the aqueous feed mass-transfer coefficient (£f), it can be concluded that the mass
transfer across the membrane phase is the mass transfer-controlling step.
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Figure 4.14 The plot of w e as a function of I/[(5)-amlodipine]i [(+)-DBTA]m

46 CONCLUSIONS

This work highlighted that the combination of the extractants cooperated to
extract and strip (1)-amlodipine from the pharmaceutical industry wastewater by
hollow fiber supported liquid membrane. The synergistic effects between (+)-DBTA
and D2EHPA could be observed. The high percentages of extraction and stripping
were obtained. It is indicated that ( )-amlodipine was separated selectively from the
racemic mixture of amlodipine by the synergistic extraction of (+)-DBTA with
D2EHPA. The ( )-amlodipine percentages of extraction and stripping were 84.50%
and 80.50%, respectively, from the concentration of synergistic extractant (4 mmol/L
(+)-DBTA: 4 mmol/L (+)-D2EHPA), 4 mmol/L benzenesulfonic acid, and
100mI/min of feed and stripping solutions. The mass-transfer coefficients of the
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agueous phase (k() and organic phase (km were 4.87x102 and 2.89x1020
respectively.

This work demonstrates that the synergistic enantioseparation could be
selectively extracted ( )-amlodipine from racemic amlodipine by using HFSLM. The
results demonstrate that the HFSLM with the Synergistic-extractant technique was
suitable for large-scale production of the pure enantiomeric compound.
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