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6.1 ABSTRACT

C h ira l se p a ra tio n  o f  en an tio m ers  o f  am lo d ip in e , o n e  o f  the  m o st co m m o n ly  
p re sc r ib e d  an tih y p e rten siv e  d rugs, w as ex am in ed  u sin g  th e  h o llo w  fib er su p p o rted  
liq u id  m em b ran e  (H F S L M ) ex trac tio n  tech n iq u e . T he in flu en ce  o f  tem p era tu re  on  
en a n tio se p a ra tio n  o f  (R,ร,)-am lo d ip in e  v ia  a  H F S L M  c o n ta in in g  th e  ch ira l se lec to r 
0 ,0 '-d ib e n z o y l- (2 5 ',3 S )- ta r ta r ic  acid  ((+ )-D B T A ) w as sy s tem atica lly  investiga ted . 
T h e  p a ra m e te rs  a ffec tin g  th e  m ass tran sfe r su ch  as d is tr ib u tio n  ra tio  and  flux  w ere  
d e te rm in e d  a t d iffe ren t tem p era tu res  ran g in g  fro m  278 .15  K  to 313 .15  K . T he 
th e rm o d y n a m ic  p a ram ete rs , A H  and  A G , w ere  d e te rm in ed , an d  an  in te res tin g  
re la tio n sh ip  w ith  s to ich io m etric  v a lu e  w as found : h ig h e r tem p e ra tu res  lead to  an  
in c rea se  in  d is tr ib u tio n  ra tio  b u t a  d ec rease  in  en an tio se lec tiv ity . T h e  ac tiv a tio n  
e n e rg y  ( £ a) o f  th e  (.ร)-am lo d ip in e  ex trac tio n  re a c tio n  w as 7 1 .10  k j/m o l. T he ch em ica l 
re a c tio n  b e tw een  (.ร,) -am lo d ip in e  and  (+ )-D B T A  is the  m ass  tran sfe r-co n tro llin g  step  
fo r  th e  en an tio se p a ra tio n  o f  (.ร')-am lo d ip in e  by  a  h o llo w  fib e r su p p o rted  liqu id  
m e m b ra n e  system .

6.2 INTRODUCTION

A m lo d ip in e -3 -e th y l-5 -m e th y l-2 -[(-2 -(a m in o e th o x y m e th y l]-4 -(2 -c h lo ro - 
p h e n y l) - l ,4 -d ih y d ro -6 -m e th y l-3 ,5 -p y rid in ed ic a rb o x y la te  (F ig u re  6 .1 ) -  is a  p o ten t 
th ird -g e n e ra tio n  d ih y d ro p y rid in e  d e riv a tiv e  ca lc iu m  ch an n e l b lo ck e r used  in  the  
tre a tm e n t o f  h y p e rten sio n  and  an g in a  p ec to ris  [1], L ike m o st o th e r ca lc ium  b lo ck er 
a g e n ts  o f  th e  d ih y d ro p y rid in e  type, a m lo d ip in e  is th e rap eu tica lly  u sed  as a  racem ic  
m ix tu re . H o w ev er, the  v a so d ila tin g  e ffec t o n ly  res id es  in  (.ร)-am lo d ip in e  [2], (R )- 
a m lo d ip in e  is in ac tiv e , and  is th o u g h t to  be  re sp o n s ib le  for p edal ed em a  observ ed  w ith  
ra c e m ic  a m lo d ip in e  [3]. (.ร)-am lo d ip in e  is th e  m o re  p o ten t c a lc iu m  channel b lo ck er 
sh o w in g  ab o u t 2 ,0 0 0  tim es th e  p o ten cy  in  in vi tro  ev a lu a tio n  in  th e  ra t ao rta  th an  (R)-  
a m lo d ip in e  [4]. In ad d itio n  to  its longer d u ra tio n  o f  ac tio n , (.ร)-am lo d ip in e  reduces th e  
c h a n c e s  o f  re flex  tach y ca rd ia , and  its c le a ran ce  is su b jec t to  m uch  less in te r-su b jec t 
v a r ia tio n  th an  (i? )-am lo d ip in e  [5],
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S ev e ra l m e th o d s d ed ica ted  to  th e  sep a ra tio n  o f  en an tio m ers  o f  am lo d ip in e  
h a v e  b e e n  re p o rte d  [6], S ep ara tio n  tech n iq u es  su ch  as  c ry s ta lliza tio n  [7], 
c h ro m a to g ra p h y  [8] and  cap illa ry  e lec tro p h o res is  [9] h av e  b een  d ev e lo p ed . T h ese  
te c h n iq u e s  h av e  fu rth e red  re sea rch  an d  d ev e lo p m en t in to  the  sep a ra tio n  o f  (ร )- 
a m lo d ip in e  fro m  its racem ic  m ix tu re ; h o w ev er, there  a re  so m e d e fic ien c ies . 
C ry s ta lliz a tio n  req u ire s  m an y  tim e -co n su m in g  an d  co s t- in e ffic ien t s teps [10]. 
C h ro m a to g ra p h y  an d  cap illa ry  e lec tro p h o res is  are  no t su itab le  for p ro d u c tio n  o f  
m u lti-g ra m -q u a n titie s  [11], M em b ran e  ex trac tio n  is o n e  o f  th e  sep ara tio n  p ro cesses, 
w h ic h  c o m b in e s  liq u id -liq u id  ex trac tio n  [12-16] w ith  a  m em b ran e  [17]. T he  lite ra tu re  
o n  e n a n tio se le c tiv e  liq u id -liq u id  ex trac tio n  sp an s  m o re  th a n  h a lf  a cen tu ry  o f  re sea rch  
[1 8 -2 1 ], E n a n tio se p a ra tio n  th ro u g h  liq u id  m em b ran es  w as first rep o rted  in  th e  1970s
[22 ], R ecen tly , en an tio se lec tio n  by  m em b ran e-su p p o rted  liq u id -liq u id  ex trac tio n  h as  
b een  a  te c h n o lo g y  o f  in te res t fo r ch em ica l en g in ee rs  in  a  w id e  range  o f  fie ld s, su ch  as  
f in e  ch e m ic a ls , p h a rm aceu tica ls  an d  fo o d s [23-25], H o llo w  fib er su p p o rted  liq u id  
m e m b ra n e  (H F S L M ) ex trac tio n  is an  e sp ec ia lly  p o p u la r tech n iq u e . G rea t p ro g ress  has 
b e e n  m ad e  in  su ch  ap p lica tio n s , as in  m eta l ion  ex trac tio n  [26, 27 ], o rg an ic  ex trac tio n  
[28 ], p h a rm aceu tica l ex trac tio n  [29], and  enzy m atic  tran sfo rm a tio n  [30]. In recen t 
y ea rs , ra c e m ic  sep a ra tio n  by  H F S L M  has p ro v en  to  be a  to p ic  o f  g rea t in te res t [31, 
32],

H F S L M  is ren o w n ed  as an  e ffec tiv e  m e th o d  fo r s im u ltan eo u s ex trac tio n  an d  
re c o v e ry  o f  c o m p o u n d s  from  very  d ilu te  so lu tio n s  o f  a  co m p o n en t o f  in te res t in  the  
feed  by  a  s in g le  u n it o p e ra tio n  [33]. T he ad v an tag es o f  th e  h o llo w  fib e r co n tac to r o v e r 
tra d itio n a l se p a ra tio n  te ch n iq u es  in c lu d e  lo w er cap ita l and  o p e ra tin g  co sts  [34], lo w er 
e n e rg y  c o n su m p tio n  [35], less so lv en t u sed  [36] and  h ig h  se lec tiv ity  [37]. A n  H F S L M  
is  th u s  co n s id e re d  su itab le  fo r tre a tm en t o f  ch em ica l sy n th esis-b ased  p h arm aceu tica l 
w as te w a te r.

T h e  o b jec tiv e  o f  th is  s tu d y  w as to  in v estig a te  th e  effec ts  o f  tem p era tu re  o n  
m a ss  tra n s fe r  in  a  s in g le  h o llo w  fib e r su p p o rted  liqu id  m em b ran e  ex trac tio n . T h e  use  
o f  a  h o llo w  fib e r m o d u le  in  liq u id  m em b ran e  ex trac tio n  is n o w  seen  as a  p o p u la r  
c h o ic e  [38 , 39] b ecau se  o f  its s im p lic ity , low  cost, an d  ab ility  to  p ro v id e  h igh  
e n r ic h m e n t fac to rs . H o w ever, very  few  stu d ies  have  b een  co n d u c ted  o n  th e  in flu en ce  
o f  te m p e ra tu re  in  su ch  a  m o d u le  [40, 41 ]. M o st o f  th ese  hav e  in v estig a ted  th e  e ffec ts
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o f  te m p e ra tu re  in  b u lk  liqu id  m em b ran es  [42, 43] o r f la t-sh ee t m o d u le s  [44], 
T em p e ra tu re  has a  m a jo r im p ac t on  en an tio se lec tiv e  se p a ra tio n  [23 , 4 5 -4 7 ], V a n ’t 
H o f f  an a ly s is  o f  en an tio se lec tiv ity  v a lu es  d e riv ed  from  v a riab le  tem p e ra tu res  s tu d ie s  
a re  ro u tin e ly  u sed  to  a ssess  th e rm o d y n am ic  fun c tio n s o f  en an tio se le c tiv e  sep a ra tio n . 
T h is  m ay  be  in te rp re ted  in  te rm s o f  m ech an is tic  aspec ts  o f  ch ira l reco g n itio n .

(c) (d)

Figure 6.1  S tru c tu re s  o f  (a) (.ร)-am lo d ip in e , (b ) (Æ j-am lodip ine
(c) (1ร')-a m lo d ip in e  b en zen esu lfo n a te , (d ) 0 , 0 ' —d ibenzoy l-(2S , 3 .ร')-ta rta ric  ac id
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6.3 THEORY

T h e  su p p o rted  ch ira l liqu id  m em b ran e  co n sis ts  o f  an  o rg an ic  so lu tio n  o f  a 
ch ira l s e le c to r  as  th e  ex trac tan t, w h ich  is h e ld  in  p o ly m eric  m ic ro p o res  by  cap illa ry  
ac tio n  [48], T h e  en a n tio se le c to r 0 , 0 -d ib en zo y l-(2 5 ,3ร )-ta rta ric  ac id  ((+ )-D B T A ) 
re s id e s  in  th e  liq u id  m em b ran e , trap p ed  in  th e  h y d ro p h o b ic  m ic ro p o ro u s  h o llo w -fib e r 
m o d u le . (+ )-D B T A  fo rm s en an tio se lec tiv e  co m p lex es  w ith  (ร')-a m lo d ip in e  by 
h y d ro g en  b o n d in g  [49]. T h e  tran sp o rt m ech an ism  o f  (ร )-a m lo d ip in e  th ro u g h  the  
liq u id  m e m b ra n e  is sh o w n  in  F ig u re  6.2.

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

(+)-DBTA ((ร)-amlodipine)2- 
(T)-DBTA

(+)-DBTA ((‘ร)-am'
^  (+)-DBTA

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

Figure 6 .2  T ra n sp o rt sch em e  fo r ch ira l ex trac tan t

T h e  m ech an ism  an d  th e  e n an tio se lec tiv e  tran sp o rt k in e tic s  sch em e o f  
a m lo d ip in e  e n a n tio m e rs  th ro u g h  a  h o llo w  fib e r su p p o rted  liqu id  m em b ran e  are 
d e sc rib e d  in  E qs. (6 .1 ) an d  (6 .2):

2 [(S )-am lo d ip in e ]f+ [(+ )-D B T A ]m ^  - [[(ร )-am lo d ip in e ]2-(+ )-D B T A ]m
^  (6.1)
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w h ere  k\ an d  k2 a re  th e  ap p a ren t ra te  co n stan ts  o f  feed -m em b ran e  in te rfac ia l 
tra n sp o rt and  m em b ran e-s trip  in te rfac ia l tran sp o rt o f  am lod ip ine  en an tio m ers , 
re sp ec tiv e ly . T h e  in d ices  su ffix es, f  an d  m , in d ica te  feed  phase  and m em b ran e  ph ase , 
re sp ec tiv e ly .

B en zen esu lfo n ic  ac id  reac ts  w ith  [[(ร )-am lo d ip in e ]2-(+ )-D B T A ]m to  reco v er 
(ร')-a m lo d ip in e  in to  the  s trip p in g  phase:

[[(ร')-am lo d ip in e ]2 -(+ )-D B T A ]m+ 2 [b en zen esu lfo n ic  acid]s (6 .2 )

h
4 -  ■ —  2 [(S )-am lo d ip in e -b en zen esu lfo n a te ]s+ [(+ )-D B T A ]m

h
w h ere  kl and  & 4 are  the  ap p aren t ra te  co n stan ts  o f  feed -m em b ran e  in te rfac ia l 

tra n sp o rt an d  m em b ran e-s trip  in te rfac ia l tran sp o rt o f  am lo d ip in e  en an tio m ers , 
re sp ec tiv e ly . T h e  in d ices su ffix es, m  and  ร, in d ica te  m em b ran e  phase  an d  s tr ip p in g  
so lu tio n  p h ase , respective ly .

6.3.1 Extraction equilibrium constant and distribution ratio

T h e  ex trac tio n  eq u ilib riu m  co n stan t (Ktx(ร)) o f  (ร )-am lod ip ine  ex trac ted  by 
(+ )-D B T A  can  be m i t t e n  as:

[ [ ( ร ) - am lod ip ine] - (+ ) - D B T A ] n 
[(ร ) - am lo d ip in e^  [(+) - D B T A ]11

T h e  en an tio se lec tiv ity  o f  a  p ro cess  m ay  be exp ressed  as th e  o p e ra tio n a l 
s e le c tiv ity  [45]. F o r th e  cu rren t sy stem , (ร )-am lo d ip in e  is p re fe ren tia lly  ex trac ted . 
T h e  d is tr ib u tio n  ra tio s  o f  (ร )-a m lo d ip in e  and  (/?)-am lod ip ine , D s  and  D r , re sp ec tiv e ly , 
e x tra c te d  fro m  th e  feed  phase  in to  th e  m em b ran e  p h ase  w ere  d e te rm in ed  as in  E qs. 
(6 .1 )  an d  (6 .2 ).
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T h e  d is trib u tio n  ra tio  fo r (ร,)-am lo d ip in e  (D s ) is g iven  by:

[[(ร )  - am lo d ip in e |2 - (+ ) - D B T A ]n (6 .4 )
[(ร ) - am lod ip ine]f

T h e  d istrib u tio n  ra tio  fo r (ร ) - am lo d ip in e  D R is g iven  by:

Dr = [ [ (ร )  - am lod ip ine]2 - (+ ) - D B T A ^ (6 .5 )
[ (ร )  - am lodip inejf

A cco rd in g  to  E q . (6 .4 ), th e  d is trib u tio n  ra tio  could  th en  be  d e r iv e d  as  a  
fu n c tio n  o f  th e  ex trac tio n  eq u ilib riu m  co n stan t as  fo llow s:

T h e  se lec tiv ity  is d e fin ed  as en an tio se lec tiv ity . T he en an tio se le c tiv ity  o f  th e  
m em b ra n e  p ro cess is g iv en  in  te rm s o f  the  sep a ra tio n  fac to r (a )  and  th e  e n a n tio m e ric  
e x cess  (%  e.e.).  E n an tio se lec tiv ity  is one  o f  th e  im portan t p a ram ete rs  fo r e s tim a tin g  
th e  ex trac tio n  p erfo rm an ce  o f  th e  ex trac tan t, w h ich  can  be  ca lcu la ted  by  th e  fo llo w in g  
fo rm u lae :

In th is  w ork , th e  ex trac tab ility  o f  (ร )-am lo d ip in e  w as d e te rm in e d  by  the  
p e rc e n ta g e  o f  ex trac tion :

D ร =  ^ex(S) [(*5) - am lodip ine] f [(+ ) - D B T A ]„ (6.6)

(6 .7 )

(6.8)

%Extraction ะ= X100 (6 .9 )
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T h e  p e rcen tag e  o f  reco v ery  w as ca lcu la ted  by:

% S trip p in g  = X 100 (6 -1 ° )
Q.in

w h ere  C fin an d  Cf 0ut a re  th e  in le t and o u tle t feed  co n cen tra tio n s  o f  

co m p o n e n t i (m m o l/L ), and  C s i11 is the  o u tle t s tripp ing  co n cen tra tio n  o f  c o m p o n en t i 

(m m o l/L ).

6.3.2 The effect of temperature on extraction equilibrium

T h e  e ffec t o f  tem p e ra tu re  o n  th e  ex trac tio n  eq u ilib riu m  (KçX(ร)) o f  (ร’)- 
a m lo d ip in e  ex trac ted  w ith  (+ )-D B T A  is d irec tly  re la ted  to  th e  V a n ’t H o ff  eq u a tio n . 
T h is  e q u a tio n  h as  a  co n n ec tio n  w ith  th e  stan d ard  G ib b s  free -en e rg y  and  
G ib b s -H e lm h o ltz  e q u a tio n s  [50, 51],

G ib b s  free -en e rg y  ch an g e  (A G °) fo r the  ex trac tio n  can  be  ca lcu la ted  from :

A G eux(S) = - R T \ n K ^ S)

AGn =■ - R T l n D ,

AGk = - - R T \ n D D

A G ° =  - R T \ n a

\nK ex(S)
ag: (5)

R T

(6.11)

(6.12)

(6 .1 3 )

(6 .1 4 )

(6 .1 5 )

H o w ev er, s in ce  ac tiv ity  co e ffic ien ts  have  no t been  in co rp o ra ted , sh ifted  free 
en erg y , AGe°x(S), can  be  ca lcu la ted . G ib b ’s free-energy  ch an g e  (A G e°x(S)) is re la ted  to

th e  s tan d a rd  en th a lp y  an d  ex tra c tio n  en tro p y  changes ( A //°X( V) an d  AV°x(S.( ) th ro u g h  th e



Gibbs-Helmholtz equation. The relationship between Gibbs free energy and the 
enthalpy and entropy is as 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 
linear form, and is shown as Eq. (6.17):

(6.17)

A plot of In Kex(S) versus \/T  should give a straight line, with the standard 
enthalpy change calculated from the slope. The equilibrium constant is proportional to 
Kex(ร). Thus, slopes of In Kex(ร) vs \/T  plots would yield standard enthalpy change [52, 
53]. Previous works discussed the conditions for the constancy of AH 'X(S) and AS°X.S), 
and these apply here as well [54-56].

6.3.3 Permeability coefficient

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

where p  is the permeability coefficient (ฟ ร ), Vf is the volume of the feed 
(cm3), Cf o is the (ร)-amlodipine concentration (mol/L) in initial time (e = 0), Cf is the 
(ร)-amlodipine concentration at time t (mol/L), A is the effective area of the hollow 
fiber module (cm2), t is the time (min).

(6.18)



142

fi = — (6.19) PLsnNr,
AP(P /(P  + 1)) is the slope of the plot between -V f In (Cf/Cffl) versus t in 

Eq. (6.18), and p  can be obtained by Eq. (6.19), where Of is the volumetric flow rate 
of feed solution (cm3/s), 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 (ร')-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

-r = — + — ^ -  + —T- (6.20)p  k (  6 m  pm r o  K

where /'im is the log-mean radius of the hollow fiber, ra is 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 p m and the distribution ratio (Z),ร-) is as follows:

Pm=Dkm (6.21)

Combining Eq. (6.6) and Eq. (6.21), thus:

p m = Kcx km[(S) - amlodipinëjf [(+) - DBTA}n (6.22)

where km is the mass-transfer coefficient of the membrane, and the value of 
the liquid-membrane permeability coefficient (pm) 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:



(6.23)I  = _L+Ii________________ !_______________
p  k{ rlm ATex ÂTm[(1S')-amlodipine]f [(+)-DBTA]m

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

6.3.4 Activation energy values (Ea)

The activation energy values were obtained from the Arrhenius equation, as 
shown in Eq. (6.24). Activation energy (£'3) values have a strong effect on the 
temperature of actual rate constants. Ea values 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 (1ร)-amlodipine in the 
HFSLM system was obtained by plotting the flux (.7) values vs. (1/7) [60-62], using 
Eq. (6.25):

11 ^ II (6.24)

\nJ = \n A - — — (6.25)
R T

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 
(.ร)-amlodipine can be presented as Eq. (6.26):

J  ^  d[(S) -  amlodipine]f V (6.26)
dt A

where V is 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, (ร)-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 1 -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 2.5 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 cm
Number of hollow fibers 35,000
Average pore size 0.03 pm
Porosity 30%
Effective surface area 1.4 X 1 o 4 cm2
Area per unit volume 29.3 cm2/cm3
Module diameter 6.3 cm
Module length 20.3 cm
Contact area 30%
Tortuosity factor 2 .6
Operating temperature 273.15-333.15 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 (ร)-amlodipine and (Æ)-amlodipine in samples from the feed and 
stripping solutions were determined by high-performance liquid chromatography 
(HPLC), in accordance with บ.ร. 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, 4.6 *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 %v/v). 
The flow rate of the mobile phase was 0.3 mL/min. The injection volume was 20 pL. 
The detector spectrophotometer was set at u v  237 nm. The relative retention times of 
(Æ)-amlodipine and (ร)-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 (.ร)-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.

T a b le  6.2 Optimized operation using HFSLM in enantioseparation

Phase Chemical reagent Concentration Flow rate

Feed (i?,S)-amlodipine 
pKa = 8.6 at 298.15 K 4 mmol/L 100 mL/min

Membrane O ,0’-dibenzoyI-(2.S',3.S) 
-tartaric acid 4 mmol/L -

Stripping benzenesulfonic acid 4 mmol/L 100 mL/min
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2ช0 1

Figure 6.4 The concentration profile of (ร)-amlodipine and (Æ)-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 (.ร')-amlodipine 
increased as the temperature decreased. The resulting data at a temperature of 273.15 
K show the highest percentage of enantiomeric excess of (.ร')-amlodipine (about 
59.50%). The highest percentages of (.ร')-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 (ร)- 
amlodipine and the enantiomeric excess (% e.e)

6.5.3. Van’t Hoff plots of distribution ratios (Z>s, Dr)

The influences of temperature on the distribution behavior of (R,ร)- 
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 £>s and In Dr versus 1 IT, 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 (/?,ร,)-amlodipine.

Temperature (K) Ds Dr a
278.15 1.74 1.01 1.72
283.15 2.08 1.28 1.63
288.15 2.42 1.59 1.52
293.15 3.01 2.24 1.34
298.15 3.61 2.91 1.24
303.15 4.21 3.55 1.19
308.15 5.32 4.90 1.09
313.15 6.09 6.05 1.01

0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345 0.0035 0.00355 0.0036 0.00365

1IT (1/K)

Figure 6.6 Van’t H offs plots of distribution ratios (Ds) of (ร)-amlodipine and (Dr) of 
(7?)-amlodipine

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

The influence of temperature on the enantioselectivities (a) of (R,ร)- 
amlodipine was investigated in the range between 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].

I/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 (Kex(ร’)) for (1ร')-amlodipine extraction was 
calculated by the slope of the graph in Figure 6.8, and was found to be 1.3160 
(L/mmol)2 at 303.15 K. The extraction equilibrium constant (Kex(ร)) for (ร)- 
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.
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Figure 6.8 (ร)-amlodipine extraction with (+)-DBTA as a function of equilibrium 
[(ร)-amlodipine]2[(+)-DBTA]

Table 6.4 Influence of temperature on extraction equilibrium (ATex(ร)), aqueous mass 
transfer coefficient (k{) and membrane mass transfer coefficient (Am)

Temperature (K) ร-ex(ร) Slope Interception km k{
278.15 1.0240 24.56 35.20 0.0356 0.0284
283.15 1.0840 25.04 35.45 0.0330 0.0282
288.15 1.1440 25.52 35.70 0.0307 0.0280
293.15 1.2040 26.01 35.95 0.0286 0.0278
298.15 1.2640 26.49 36.20 0.0267 0.0276
303.15 1.3160 26.97 36.45 0.0252 0.0274
308.15 1.3680 27.45 36.75 0.0238 0.0272
313.15 1.4200 27.93 36.95 0.0226 0.0271

6.5.6 The influence of temperature on extraction equilibrium

According to Eq. (6.15) and Eq. (6.17), the Van’t Hoff equation was plotted 
in terms of In (Kcx(ร')) or In (KeX(R)) versus 1 IT 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 (ร)-amlodipine extraction is shown in 
Figure 6.9. The values of A7/e°x(V) and A5e°x(S) for (ร)-amlodipine extraction were
6.7697 kJ/mol and 24.6026 J/(mol-K), respectively.



154

The positive value of A //e°x(S) indicates that the extraction process is an 
endothermic system. The positive value of AS°x(S) and the negative value of AG°X(S)
indicated that the reaction process is a forward reaction. Their values from analytical 
calculations are shown in Table 6.5.
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Figure 6.9 Van’t H offs plots of the equilibrium constant: (a) (ร')-amlodipine; 
(b) (R)-amlodipine
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Table 6.5 Thermodynamic data for (.ร')-amlodipine extraction across a hollow fiber 
supported liquid membrane

Temperature ( K ) K qx(S)
AGex(S)
(J/mol)

A //e x (S )
(kJ/mol) (J/(mol-K))

2 7 8 . 1 5 1 . 0 2 4 0 - 6 9 . 8 2 2 8
2 8 3 . 1 5 1 . 0 8 4 0 - 1 9 2 . 8 3 5 8
2 8 8 . 1 5 1 . 1 4 4 0 - 3 1 5 . 8 4 8 8
2 9 3 . 1 5 1 . 2 0 4 0 - 4 3 8 . 8 6 1 8 6 . 7 6 9 7 2 4 . 6 0 2 62 9 8 . 1 5 1 . 2 6 4 0 - 5 6 1 . 8 7 4 8
3 0 3 . 1 5 1 . 3 1 6 0 - 6 8 4 . 8 8 7 8
3 0 8 . 1 5 1 . 3 6 8 0 - 8 0 7 . 9 0 0 8
3 1 3 . 1 5 1 . 4 2 0 0 - 9 3 0 . 9 1 3 8

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 (.ร,)-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 1 IP as a function of l/[(S)-amlodipine]f [(+)- 
DBTAJm for different carrier concentrations of (+)-DBTA, a straight line with the 
slope of rJ{r\m-Ktx-km) and the ordinate of \/k{ for the calculation is obtained (Figure
6.10 a-b). Thus, the values of k{ and km were 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 (Æf) was less than the membrane mass- 
transfer coefficient (km)..
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Figure 6.10 (a) Plot of MP as a function of l/[(S)-amlodipine]f [(+)-DBTA]m at 
temperature 278-293 K; (b) Plot of MP as a function of l/[(5)-amlodipine]f [(+)- 
DBTA]m at temperature 298-313 K.
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6.5.8 Arrhenius plot of (ร)-amlodipine transport

The effect of temperature on the transport of (ร)-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 (ร)-amlodipine increases with an increase in 
temperature. An Arrhenius-type plot is followed perfectly in Figure 6.11. The 
activation energy (£3) of (ร)-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 (ร)-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 (ร)-amlodipine transport
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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 (ร')-amlodipine. The 
activation energy of the (ร)-amlodipine extraction reaction was calculated as 71.10 
kJ/mol. These results show that the chemical reaction controlled process is the rate- 
limiting step in the transport of (ร)-amlodipine.

This work demonstrates that temperature has an important impact on the 
mass transfer of (ร)-amlodipine across a hollow fiber supported liquid membrane. The 
temperature strongly affects Ds, Dr, and a, as well as /fex(.V) and Kex(R) 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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