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6.1 ABSTRACT

Chiral separation of enantiomers of amlodipine, one of the most commaonly
prescribed antihypertensive drugs, was examined using the hollow fiber supported
liquid memhbrane (HFSLM) extraction technique. The influence of temperature on
enantioseparation of (R, )-amlodipine via a HFSLM containing the chiral selector
0,0-dibenzoyl-(25',3S)-tartaric acid ((+)-DBTA) was systematically investigated.
The parameters affecting the mass transfer such as distribution ratio and flux were
determined at different temperatures ranging from 278.15 K to 313.15 K. The
thermodynamic parameters, AH and AG, were determined, and an interesting
relationship with stoichiometric value was found: higher temperatures lead to an
increase in distribution ratio but a decrease in enantioselectivity. The activation
energy (£a) of the (. )-amlodipine extraction reaction was 71.10 kj/mol. The chemical
reaction between (. )-amlodipine and (+)-DBTA is the mass transfer-controlling step
for the enantioseparation of (. )-amlodipine by a hollow fiber supported liquid
membrane system.

6.2 INTRODUCTION

Amlodipine-3-ethyl-5-methyl-2-[(-2-(aminoethoxymethyl]-4-(2-chloro-
phenyl)-1,4-dihydro-6-methyl-3,5-pyridinedicarboxylate (Figure 6.1) - is a potent
third-generation dihydropyridine derivative calcium channel blocker used in the
treatment of hypertension and angina pectoris [1], Like most other calcium blocker
agents of the dihydropyridine type, amlodipine is therapeutically used as a racemic
mixture. However, the vasodilating effect only resides in (. )-amlodipine [2], (R)-
amlodipine is inactive, and is thought to be responsible for pedal edema observed with
racemic amlodipine [3]. (. )-amlodipine is the more potent calcium channel blocker
showing about 2,000 times the potency in in vitro evaluation in the rat aorta than (R)-
amlodipine [4]. In addition to its longer duration of action, (. )-amlodipine reduces the
chances of reflex tachycardia, and its clearance is subject to much less inter-subject
variation than (i?)-amlodipine [5],
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Several methods dedicated to the separation of enantiomers of amlodipine
have Dbeen reported [6], Separation techniques such as crystallization [7],
chromatography [8] and capillary electrophoresis [9] have been developed. These
techniques have furthered research and development into the separation of ( )-
amlodipine from its racemic mixture; however, there are some deficiencies.
Crystallization requires many time-consuming and cost-inefficient steps [10].
Chromatography and capillary electrophoresis are not suitable for production of
multi-gram-quantities [11], Membrane extraction is one of the separation processes,
which combines liquid-liquid extraction [12-16] with a membrane [17]. The literature
on enantioselective liquid-liquid extraction spans more than half a century of research
[18-21], Enantioseparation through liquid membranes was first reported in the 1970s
[22], Recently, enantioselection by membrane-supported liquid-liquid extraction has
been a technology of interest for chemical engineers in a wide range of fields, such as
fine chemicals, pharmaceuticals and foods [23-25], Hollow fiber supported liquid
memhbrane (HFSLM) extraction is an especially popular technique. Great progress has
been made in such applications, as in metal ion extraction [26, 27], organic extraction
[28], pharmaceutical extraction [29], and enzymatic transformation [30]. In recent
years, racemic separation by HFSLM has proven to be a topic of great interest [31,
32],

HFSLM is renowned as an effective method for simultaneous extraction and
recovery of compounds from very dilute solutions of a component of interest in the
feed by a single unit operation [33]. The advantages of the hollow fiber contactor over
traditional separation techniques include lower capital and operating costs [34], lower
energy consumption [35], less solvent used [36] and high selectivity [37]. An HFSLM
iIs thus considered suitable for treatment of chemical synthesis-based pharmaceutical
wastewater.

The objective of this study was to investigate the effects of temperature on
mass transfer in a single hollow fiber supported liquid membrane extraction. The use
of a hollow fiber module in liquid membrane extraction is now seen as a popular
choice [38, 39] because of its simplicity, low cost, and ability to provide high
enrichment factors. However, very few studies have heen conducted on the influence
of temperature in such a module [40, 41]. Most of these have investigated the effects
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of temperature in bulk liquid membranes [42, 43] or flat-sheet modules [44],
Temperature has a major impact on enantioselective separation [23, 45-47], Van't
Hoff analysis of enantioselectivity values derived from variable temperatures studies
are routinely used to assess thermodynamic functions of enantioselective separation.
This may be interpreted in terms of mechanistic aspects of chiral recognition.

©) (

Figure 6.1 Structures of (a) (. )-amlodipine, (b) (&£j-amlodipine
(c) (1)-amlodipine benzenesulfonate, (d) 0,0'—dibenzoyl-(2S, 3. ')tartaric acid
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6.3 THEORY

The supported chiral liguid membrane consists of an organic solution of a
chiral selector as the extractant, which is held in polymeric micropores by capillary
action [48], The enantioselector 0,0 -dibenzoyl-(25,3 )-tartaric acid ((+)-DBTA)
resides in the liquid membrane, trapped in the hydrophobic microporous hollow-fiber
module. (+)-DBTA forms enantioselective complexes with ( ')-amlodipine hy
hydrogen bonding [49]. The transport mechanism of ( )-amlodipine through the
liquid membrane is shown in Figure 6.2.

2(racemic-amlodipine)  2((i?)-amlodipine)

(+)-DBTA (&Bgrg ITogipine)Z-

A (g

2(( )-amlodipine-  2(benzenesulfonic acid)
benzenesulfonic acid)

Figure 6.2 Transport scheme for chiral extractant

The mechanism and the enantioselective transport kinetics scheme of
amlodipine enantiomers through a hollow fiber supported liquid membrane are
described in Eqgs. (6.1) and (6.2):

2[(S)-amlodipine]f+[(+)-DBTA]m * - [[( )-amlodipine]2-(+)-DBTA]m
! (6.)
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where K\ and k2 are the apparent rate constants of feed-membrane interfacial
transport and membrane-strip interfacial transport of amlodipine enantiomers,
respectively. The indices suffixes, f and m, indicate feed phase and membrane phase,
respectively.

Benzenesulfonic acid reacts with [[( )-amlodipine]2-(+)-DBTA]mto recover
( "-amlodipine into the stripping phase:

[[( )-amlodipine]2-(+)-DBTA]m+2[benzenesulfonic acid]s (6.2)
h

4-1  — 2[(S)-amlodipine-benzenesulfonate]s+[(+)-DBTA]m
h

where kl and «. are the apparent rate constants of feed-membrane interfacial
transport and membrane-strip interfacial transport of amlodipine enantiomers,
respectively. The indices suffixes, m and , indicate membrane phase and stripping
solution phase, respectively.

6.3.1 Extraction equilibrium constant and distribution ratio

The extraction equilibrium constant (K&X()) of ( )-amlodipine extracted by
(+)-DBTA can be mitten as:

[[( )-amlodipine] -(+)-DBTA]n
[( )-amlodipine® [(+)-DBTA]L

The enantioselectivity of a process may be expressed as the operational
selectivity [45]. For the current system, ( )-amlodipine is preferentially extracted.
The distribution ratios of ( )-amlodipine and (/?)-amlodipine, os and o r, respectively,
extracted from the feed phase into the membrane phase were determined as in Eqgs.
(6.1) and (6.2).
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The distribution ratio for ( )-amlodipine (Ds) is given hy:

[[( )-amlodipine|2-(+)-DBTA]n (6.4)
[( ) -amlodipine]f '

The distribution ratio for ( )-amlodipine DRis given by:

_ [ -amlodipine]2- (+) - DBTAA
or= [( ) -amlodipinejf (6.5)

According to Eq. (6.4), the distribution ratio could then be derived as a
function of the extraction equilibrium constant as follows:

D = %ex(S) [(*5) - amlodiping] f[(+) - DBTA], (6.6)

The selectivity is defined as enantioselectivity. The enantioselectivity of the
membrane process is given in terms of the separation factor (a) and the enantiomeric
excess (% e.e.). Enantioselectivity is one of the important parameters for estimating
the extraction performance of the extractant, which can be calculated by the following

formulae:

(6.7)

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

(638)

O%Extraction = X100 (6:9)
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The percentage of recovery was calculated by:

%Stripping = . X100 (6-1°)

Qin

where Cfinand CfQuare the inlet and outlet feed concentrations of
component i (mmol/L), and Csill is the outlet stripping concentration of component i

(mmol/L).
6.3.2 The effect of temperature on extraction equilibrium

The effect of temperature on the extraction equilibrium (K¢X )) of ( )-
amlodipine extracted with (+)-DBTA s directly related to the Van’t Hoff equation.
This equation has a connection with the standard Gibbs free-energy and
Gibbs-Helmholtz equations [50, 51],

Gibbs free-energy change (AG®) for the extraction can be calculated from:

AGKS) =-RT\nK"9 (6.11)
AGn 1 -RTIND, (6.12)
AGk=- -RT\nDD (6.13)
AG® = -RT\na (6.14)

ag. (6.15)
\nKex(S) RT

However, since activity coefficients have not been incorporated, shifted free
energy, AGE(S), can be calculated. Gibh’s free-energy change (AG&(S)) is related to

the standard enthalpy and extraction entropy changes (A//°XVjand AV°XS() through the



Gibbs-Helmholtz equation. The relationship between Gibbs free energy and the
enthalpy and entropy Is s follows in Eq. (6.16).

AG°=AH°-TAS?
(6.16)

Substituting Eq. (6.16) into Eq. (6.15) results in the Van't Hoff equation in
lingar form, and is shown as Eq. (6.17):

(6.17)

A plot of In Kex(§) versus \/T should give a straight line, with the standard
enthalpy change calculated from the slope. The equilibrium constant is proportional to
Keq ). Thus, slopes of In Keq ) vs \/T plots would yield standard enthalpy change [52,

53]. Previous works discussed the conditions for the constancy of AH'X9 and AS°XS),
and these apply here as well [54-56].

6.3.3 Permeability coefficient

The permeation of ( )-amlodipine can be expressed in terms of the
permeability coefficient (P), as proposed by Danesi [57] in Eq. (18):

(6.18)

where p is the permeability coefficient (), Vfis the volume of the feed
(cm3), Cfois the ( )-amlodipine concentration (mol/L) in initial time (¢ =0), Cf is the
()-amlodipine concentration at time t (mol/L), A is the effective area of the hollow
fiber module (cm?2), t is the time (min).
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f ~PLsnNr, (619

AP(P/(P + 1)) is the slope of the plot between -V In (CF/CHfl) versus t in

Eq. (6.18), and p can be obtained by Eq. (6.19), where Ofis the volumetric flow rate
of feed solution (cm3s), L is the length of the hollow fiber (cm), e is the porosity of
the hollow fiber (%), N is number of hollow fibers in the module and r, is the internal
radius of the hollow-fiber module (cm).

To determine mass-transfer coefficients for ( -amlodipine enantio-
separation by HFSLM, the mass-transfer model and permeability coefficient (P) are
employed. The permeability coefficient depends on mass transfer resistance, which is
the reciprocal of the mass-transfer coefficients as follow

'pr:—+—%r'n+— - (620)
k ( 6m ro

where /imis the log-mean radius of the hollow fiber, rais the external radius
of the hollow fiber module (cm), kfis the aqueous mass-transfer coefficient in the tube
side, ks is the stripping mass-transfer coefficient in the shell side, and pm is the
membrane permeability coefficient.

The relationship between pmand the distribution ratio (2), ) is as follows:

Pm=Dkm (6.21)
Combining Eq. (6.6) and Eq. (6.21), thus:
pm= Kex kn{(S) - amlodipingjf[(+) - DBTAn (6.22)

where kmis the mass-transfer coefficient of the membrane, and the value of
the liquid-membrane permeability coefficient (pn) from Eq. (6.22) is substituted into
Eq. (6.20).

Assuming that the stripping reaction is instantaneous and the contribution of
the stripping phase is neglected, Eq. (6.20) becomes:



| = L+l

p k{ rimAANS)-amiodi p_]T[F)‘DB'I‘/-Y]‘m (623)
where k{ is the mass transfer coefficient of the feed solution.
6.34 Activation energy values (Eq

The activation energy values were obtained from the Arrhenius equation, as
shown in Eq. (6.24). Activation energy (£ values have a strong effect on the
temperature of actual rate constants. Eavalues are usually below 20 kJ/mol. These
values are generally accepted as indicative of pure diffusion-limited transport. When
the activation energies are higher than 40 kJ/mol, the chemical reactions play a role in
the transport [58, 59]. The activation energy of the transport of (1)-amlodipine in the
HFSLM system was obtained by plotting the flux () values vs. (1/7) [60-62], using
Eq. (6.25).
= (6.24)

“\nA.o— — 0.25
nJ =\nA-— - (6.25)

where J is the flux, R denotes the universal gas constant (8.3145 J/mol K),

A is the frequency factor, Ea is the activation energy and T Is the absolute
temperature.

According to the definition of flux given by Lin and Juang [63], the flux of
(. Jamlodipine can be presented as Eq. (6.26):

y o d[(S)- amlodipine]f V (6.26)
dt A

where Vis the volume of the feed solution (cm3) and A is the membrane area
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6.4 EXPERIMENT

6.4.1 Chemicals and reagents

Pharmaceutical-grade  (i?)-amlodipine, ( )-amlodipine and  racemic
amlodipine were provided by the Government Pharmaceutical Organization (GPO) of
Thailand. 0,0"-dibenzoyl-(2S',3S)-tartaric acid ((+)-DBTA) was obtained from Acros
Organics (Geel, Belgium). The solvents N,A-dimethylformamide, cyclohexane, 1:
decanol and L-propanol, all of analytical reagent grade, were purchased from Merck,
Germany. All reagents used in this experiment were GR grade (Merck). Aqueous
solutions were prepared using Milli-Q® deionized water (Millipore, Billerica MA,
USA). Doubly deionized water was used throughout the experiments.

6.4.2 Apparatus

The hollow fiber supported liquid membrane (HFSLM) system (Liqui-Cel®
Extra-Flow 25 x 8 inch membrane contactor) was manufactured by Celgard
(formerly Floechst Celanese), Charlotte NC, 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 provide more
uniform fiber spacing, which in turn leads to higher mass-transfer coefficients than
those obtained with individual fibers [64], The properties of the hollow-fiber module
are specified in Table 6.1 The fibers were put into a solvent-resistant polyethylene
tube sheet with polypropylene shell casing.
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Table 6.1 Physical characteristics 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 14X loacm2
Area per unit volume 29.3 cm2cm3
Module diameter 6.3 cm
Module length 20.3 cm
Contact area 30%
Tortuosity factor 2.6
Operating temperature 213.15-333.15 K

6.4.3 Procedures

The single-module operation is shown in Figure 6.3. The selected organic
carrier (+)-DBTA was dissolved in 1-decanol (500 mL) and then pumped
simultaneously into the tube and shell sides of the hollow-fiber module for 40 min to
ensure that the extractant was entirely embedded in the micro pores of the hollow
fibers. Subsequently, 5 L (each) of feed solution and stripping solution were fed
counter-currently into the tube and shell sides of the module.

The concentration of feed solution was deliberately varied to find the
optimum value for (iS)-amlodipine extraction. The concentration of chiral selector
((+)-DBTA)) in the liquid membrane, 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 operation was 50 min for one cycle.
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The experiments were run at temperatures of 278.15, 283.15, 288.15, 293.15, 298.15,
303.15, 308.15 and 313.15 K. The experimental samples were investigated in two
measuring regimes. First, the experimental data in the regime before reaching
equilibrium determined the mass transfer parameters. Secondly, the measured data in
the regime after equilibrium state determined the thermodynamic parameters. The
concentrations of ( )-amlodipine and (/E)-amlodiping in samples from the feed and
stripping solutions were determined by high-performance liquid chromatography
(HPLC), in accordance with . . Patent No. 6646131 B2 [65], to estimate the
percentages of 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.

Figure 6.3 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 box
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6.4.4 Analytical instruments and chromatographic conditions

The chromatographic system consisted of an Agilent 1100 series compact LC
system (Agilent Technologies, Palo Alto, CA, USA), equipped with a built-in solvent
degasser, quaternary pump, column compartment, photodiode array detector with
variable injector, and autosampler. Data analysis was carried out using ChemStation
Version B.04.01 software (Agilent).

The chromatographic procedure was carried out using an Agilent Ultron ES-
OVM ovomucoid chiral column (5 pm, 46 *150 mm) [65]. The column was
thermostated at 298.15 K by using a column heater. The mobile phase was a mixture
of disodium hydrogen phosphate buffer (20 mmol/L) and acetonitrile (80:20 %viv).
The flow rate of the mobile phase was 0.3 mL/min. The injection volume was 20 pL.
The detector spectrophotometer was set at uv 237 nm. The relative retention times of
(%)-amlodipine and ( )-amlodipine were about 1.0 and 1.2, respectively. 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 SevenMulti™ modular pH
meter with expansion unit (Mettler-Toledo, Greifensee, Switzerland).

6.5 RESULTS AND DISCUSSION

6.5.1 Optimization of HFSLM extraction for thermodynamic
parameters and mass-transfer parameters studies

The extraction efficiency gives the overall mass transfer of the analytes
diffusing across HFSLM extraction technique. This is controlled by several
parameters, such as; the pH, the concentration and the flow rate of the feed phase; the
chiral selector concentration, the phase concentration and the flow rate of the
stripping solution, and the number of separation cycles through the hollow-fiber
module. The optimal operation is shown in Table 6.2 [49]. Some of these parameters
can be determined by examining the physical properties of the compounds. The
optimized pH of feed phase was operated at pH 5.0. The concentration of feed phase
was 4 mmol/L. The membrane phase ((+)-DBTA) and stripping phase
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(benzenesulfonic acid) concentrations were also 4 mmol/L. The feed and stripping
solution flow rates were 100 mL/min [49]. The experiments were run for 50 min by
recycling the feed flow into the feed storage container and the stripping solution flow
into the stripping storage container. In our previous work [49], we found that after 50
min the equilibrium was achieved between the feed phase, the membrane, and the
strip phase. The concentration profiles of (. )-amlodipine and (7?)-amlodipine in the
retentate and strip phases as a function of time are shown Figure 6.4. In this work, the
experiments were investigated in two measuring regimes. First, the experimental data
in the regime before reaching equilibrium determined the mass transfer parameters, as
explained in sections 6.5.7-6.5.8. Secondly, the measured data in the regime after
equilibrium state determined the thermodynamic parameters described in sections
6.5.2-6.5.6.

Table 6.2 Optimized operation using HFSLM in enantioseparation

Phase Chemical reagent Concentration ~ Flow rate
17,5)-amlodipine -
Feed pK(a ; gﬁ DB TE K 4mmol/L 100 mL/min
Membrane 0 10 ’-dibenzpyl'(2.8|,3.8) 4 mmol/L

-tartaric acid

Stripping benzenesulfonic acid 4mmol/L 100 mL/min
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Figure 6.4 The concentration profile of ( )-amlodipine and (/&)-amlodipine in the
retentate and strip phases in function of time

6.5.2 Influence of temperature on percentages of extraction, stripping
and enantiomeric excess

The feed and stripping solutions were studied at temperatures of 278.15,
283.15, 288.15, 293.15, 298.15, 303.15, 308.15 and 313.15 K to investigate the
effects of temperature on the percentages of extraction, stripping, and enantiomeric
excess, as shown in Figure 4.5. The optimal conditions were pH 5.0, 4 mmol/L feed
solution, 4 mmol/L (+)-DBTA, and 4 mmol/L benzenesulfonic acid. The feed solution
flow rate was 100 mL/min and the stripping solution flow rate was 100 mL/min. In
Figure 6.5, it can be observed that the enantiomeric excess of (. ‘)-amlodipine
increased as the temperature decreased. The resulting data at a temperature of 273.15
K show the highest percentage of enantiomeric excess of (. ‘-amlodipine (about
59.50%). The highest percentages of (. ‘-amlodipine extraction and stripping were
81.50% and 74.80%, respectively.
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Figure 6.5 Influence of temperature on percentages of extraction and recovery of ( )-

amlodipine and the enantiomeric excess (% e.e)

6.5.3. Van't Hoff plots of distribution ratios (25, Dr)

The influences of temperature on the distribution behavior of (R, )-
amlodipine was investigated in the range between 278.15 K and 313.15 K. Table 6.3
shows that a higher temperature leads to an increase in distribution ratios.

Figure 6.6 show the variations of In £5 and In Dr versus 1IT, respectively.
The results can be described as matching very well with the Van't Hoff model. The
higher temperature leads to an increase in distribution ratio because the non-selective
physical partitioning is increasing with temperature [13, 15, 25], However, the
selectivity is reversed with increasing temperatures and it can be conclude that the
selectivity of the enantiomeric complexation depend on the temperature.
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Table 6.3 Influence of temperature on the enantioseparation parameters (Ds, Dr, a)
of (/7, )-amlodipine.
Temperature (K)  Ds Dr a

278.15 174 101 1.2

283.15 2.08 128 163

288.15 242 159 152

293.15 300 224 1.34

298.15 360 201 1.24

303.15 421 355 1.19

308.15 532 490 109
313.15 609 605 101

0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345 0.0035 0.00355 0.0036 0.00365

1T k)

Figure 6.6 Van't Hoffs plots of distribution ratios (Ds) of ( )-amlodipine and (Dr) of
(77)-amlodipine

6.5.4. Van't Hoff plots of enantioselectivities (a)

The influence of temperature on the enantioselectivities (a) of (R, )-
amlodipine was investigated in the range hetween 278.15 K and 313.15 K. Table 6.3
shows that a higher temperature leads to a decrease in enantioselectivities (a).

The variations of In a versus 1/T are shown in Figure 6.7. The results can be
described as matching very well with the Van't Hoff model, indicating that the
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complexes do not change in conformation [66, 67] and that enantioselective
interactions also do not change in the temperature range studied [66].

7T1/K)

Figure 6,7 Van't Hoff plot of enantioselectivities (a)

6.5.5 Extraction equilibrium constant, the stripping equilibrium
constant and the distribution ratio

The extraction equilibrium constant (Keq)) for (1'-amlodipine extraction was
calculated by the slope of the graph in Figure 6.8, and was found to he 1.3160
(L/mmol)2 at 303.15 K. The extraction equilibrium constant (Kex()) for ( )-
amlodipine extraction values at temperature ranging from 278.15 K to 313.15 K were
calculated by Eq. (6.3), as shown in Table 6.4.



Figure 6.8 ( )-amlodipine extraction with (+)-DBTA as a function of equilibrium

[( )-amlodiping]2[(+)-DBTA]
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Table 6.4 Influence of temperature on extraction equilibrium (AR )), aqueous mass
transfer coefficient (k{) and membrane mass transfer coefficient (Am

Temperature (K)

218.15
283.15
288.15
293.15
298.15
303.15
308.15
313.15

6.5.6 The influence of temperature on extraction equilibrium

1
1.0840
1.1440
1.2040
1.2640
1.3160
1.3680
1.4200

Sloge
24.56
25.04
25,52
26.01
26.49
26.97
2145
2193

Interception

35.20
35.45
35.70
35.95
36.20
36.45
36.75
36.95

km
0.0356
0.0330
0.0307
0.0286
0.0267
0.0252
0.0238
0.0226

’

0.0284
0.0282
0.0280
0.0278
0.0276
0.0274
0.0272
0.0271

According to Eq. (6.15) and Eq. (6.17), the Van’t Hoff equation was plotted

in terms of In (Kex() or In (KeXR) versus UT and considered as a function of

temperature increasing from 278.15 K to 313.15 K. The HFSLM system used the
condition of (+)-DBTA concentration at 4 mmol/L. The feed flow rate and stripping
flow rate equaled 100 mL/min. The result for ( )-amlodipine extraction is shown in

Figure 6.9. The values of A7/8(\) and AS&9for ( )-amlodipine extraction were
6.7697 kd/mol and 24.6026 J/(mol-K), respectively.
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The positive value of A//& indicates that the extraction process is an

endothermic system. The positive value of AS°xSand the negative value of AG°XY

indicated that the reaction process is a forward reaction. Their values from analytical
calculations are shown in Table 6.5,

0400
0
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000
6 07000
¥ om0
011D
0500

008 mts 00m2 0005 03 5 4505 016505 05
r

00200
00150
R = -8.5603IT + 0.
< O(Tl(D / / ?5336093989 0.0461

0000

0008315 00082 00025 0003 000835 034 00345 10085 000855 00136 O

VT (I/K)

(b)

Figure 6.9 Van't Hoffs plots of the equilibrium constant: () ( ')-amlodiping;
(b) (R)-amlodipine
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Table 6.5 Thermodynamic data for (. ‘Famlodipine extraction across a hollow fiber
supported liquid membrane

AGex(S A//ex(Si
Temperature (k) ko) (J/mols (kd/mol) (J/(mal-K))
278.15 1.0240 -69.8228
283.15 1.0840 -192.8358
288.15 1.1440 -315.8488
293.15 1.2040 -438.8618
298.15 1.2640 -561.8748 7697 24.6026
303.15 1.3160 -684.8878
308.15 1.3680 -807.9008
313.15 1.4200 -930.9138

6.5.7 Permeability and mass-transfer coefficients

The permeability coefficient depends on the mass-transfer resistance, which
is the reciprocal of the mass-transfer coefficients as calculated by Eq. (6.20). The
value of the liquid-membrane permeability coefficient (Pm) from Eq. (6.22) is
substituted into Eq. (6.20), assuming that the stripping reaction of (. )-amlodipine was
instantaneous and there was no contribution from the stripping phase. Eq. (6.23) was
used to calculate the aqueous mass-transfer coefficient (k{) and the membrane mass-
transfer coefficient (km). By plotting 1IP as a function of I/[(S)-amlodipine]f [(+)-
DBTAJm for different carrier concentrations of (+)-DBTA, a straight line with the
slope of rJ{r\im-Ktx-km) and the ordinate of Vik{ for the calculation is obtained (Figure
6.10 a-h). Thus, the values of k{and kmwere found. The results are shown in table 6.4.

When the temperatures were lower than 293.15 K, the membrane mass-
transfer coefficient (km) was less than the aqueous-feed mass-transfer coefficient (k().
We can thus conclude that the mass-transfer across the membrane phase is the mass
transfer-controlling step. However, when the temperature was higher than 293.15 K,
the aqueous-feed mass-transfer coefficient (A) was less than the membrane mass-
transfer coefficient (km..
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6.5.8 Arrhenius plot of ( )-amlodipine transport

The effect of temperature on the transport of ( )-amlodipine across the
HFSLM were tested at 278.15, 283.15, 288.15, 293.15, 298.15, 303.15, 308.15 and
313.15 K. It is clear that the flux of ( )-amlodipine increases with an increase in
temperature. An Arrhenius-type plot is followed perfectly in Figure 6.11. The
activation energy (£3 of ( )-amlodipine was calculated as 71.10 kJ/mol from the
slope of the curve, as presented Figure 6.10. These results show that the chemical
reaction-controlled process is the rate-limiting step. The £3 values are somewhat
higher with a chemically controlled process. For this reason, activation energy is used
as an indicator of the control step of the chemical reaction during the HFSLM
process. For chemical reaction controlled processes, £3 values are more than 40
kJ/mol. However, according to the literature on chemically controlled processes, £3
values are higher than 40 kJ/mol [59, 68], Thus, the transport of ( )-amlodipine is
considered to be the chemical reaction kinetics transport control regime. However,
little information is available in the literature about the activation energy of the
permeation of a component through a liquid membrane [69],
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Figure 6.11 Arrhenius plot of ( )-amlodipine transport



158

6.6 CONCLUSIONS

This study highlighted that the influence of temperature on mass transfer in a
single hollow-fiber membrane module depends on the factors that limit the transport.
These can be categorized into feed-controlled, membrane-controlled and stripping-
controlled types. As a practical aspect of these factors, temperature is a powerful
variable for controlling and adjusting the enantioselectivity of ( -amlodipine. The
activation energy of the ( )-amlodipine extraction reaction was calculated as 71.10
kJimol. These results show that the chemical reaction controlled process is the rate-
limiting step in the transport of ( )-amlodipine.

This work demonstrates that temperature has an important impact on the
mass transfer of ( )-amlodipine across a hollow fiber supported liquid membrane. The
temperature strongly affects Ds, Dr, and a, as well as fe(V) and Kex® values. The
results demonstrate energy-economic benefits offered by HFLSM extraction and the
technique’s potential to improve other industrially relevant chiral separations.
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