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7.1 A B S T R A C T

P h arm aceu tica l w a s te w a te r  m ay  co n ta in  h ig h -v a lu e  p h a rm aceu tica lly  ac tiv e  
co m p o u n d s  such  as  am lo d ip in e . A  h o llo w -fib e r su p p o rted  liq u id  m em b ra n e  (H F S L M ) 
p ro cess  w as d ev e lo p ed  and  ap p lie d  in  th e  p re trea tm en t o f  p h a rm aceu tica l w as tew a te r  
fo r (ร}-a m lo d ip in e  recovery . T h e  H F S L M  system  co n ta in ed  C ,0 '-d ibenzoy l-(2 .S ',31S}- 
ta rta ric  a c id  ((+ )-D B T A ) in  th e  liq u id  m em b ran e  p h ase  an d  /T c y c lo d e x trin  in  the  
s tr ip p in g  phase . T he e ffec ts  o f  v ario u s  ch em ica l p a ram ete rs , in c lu d in g  the  
co n cen tra tio n  o f  th e  ch ira l se le c to r in  th e  s trip p in g  p h ase , as w e ll as  th e  ty p e  o f  
o rg an ic  d ilu e n t an d  the  ca rrie r  co n cen tra tio n  in  th e  m em b ran e , w ere  a lso  in v estig a ted . 
S ev era l d ilu en ts  -  hex an e , 1 -decano l, ch lo ro b en zen e , b en zen e , d ich lo ro m e th an e , 
e th y len e  d ich lo rid e , and  c h lo ro fo rm  -  w ith  d iffe ren t p o la rity  in d ex es , fro m  0 .1—4.15 
w ere  u sed . T h e  resu lts  fo u n d  th a t th e  p o la rity  o f  th e  d ilu en ts  w as th e  m a in  fac to r 
in flu en c in g  th e  ex trac tio n  p e rfo rm an ce  and  stab ility  o f  th e  liq u id  m em b ran e . 
D ec reas in g  th e  p o la rity  o f  th e  d ilu e n t co u ld  p ro lo n g  m em b ran e  s tab ility , b u t the  
p e rcen tag es  o f  ex trac tio n  an d  s tr ip p in g  d ec reased  as w ell. T h e  lo n g est life tim e  (150  
m in ) w as o b ta in ed  by  u sin g  1 -decano l, w ith  a  p o la rity  in d ex  o f  1.8, as  a  d ilu en t.

7 .2  IN T R O D U C T IO N

T h e  trea tm en t o f  p h a rm aceu tica l w astew a te r p re sen ts  a  rea l c h a llen g e  fo r 
w a s te w a te r  en g in eers . A  so lu tio n  to  the  p h arm aceu tica l w a te r  p o llu tio n  p ro b lem  has 
b eco m e  a  m a tte r  o f  g reat u rg en cy  [1]. R ecen tly , m o st d ru g s  h av e  b een  m an u fac tu red  
th ro u g h  ch em ica l syn thesis  p ro cesses. C h em ica l sy n th esis-b ased  p h a rm aceu tica l 
w a s te w a te r  co n ta in s  a  v arie ty  o f  o rg an ics , in c lu d in g  so lv en ts , ad d itiv e s , re ac tan ts , an d  
h ig h -v a lu e  p h a rm aceu tica lly  ac tiv e  co m p o u n d s [2], A lth o u g h  p h a rm a c e u tica lly  ac tiv e  
c o m p o u n d s  a re  p resen t in  lo w  co n cen tra tio n s  in  th e  en v iro n m en t, su ch  d ru g s  can  hav e  
ad v e rse  e ffec ts  on  aqua tic  o rg an ism s [3]. T h ese  effec ts  a re  ch ro n ic  ra th e r  th a n  acu te ly  
to x ic , an d  d ep en d  on  ex p o su re , su scep tib ility  to  the  c o m p o u n d  in  q u e s tio n , an d  the  
d eg rad ab ility  o f  th e  co m p o u n d  [4, 5]. M o reo v er, h ig h -v a lu e  d ru g  su b s tan ces  c a n  a lso  
b e  recy c led  fo r u se  in  the  p h a rm aceu tica l in d u stry  [6].
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C u rren tly , m u c h  a tten tio n  has b een  d irec ted  to w ard  w as te  re d u c tio n  an d  
recy c lin g  o f  m a te ria ls  and  h ig h -v a lu e  p ro d u c ts  th a t a re  u sed  rep ea ted ly  in  
p h a rm a c e u tica l p ro d u c tio n  p ro cesses . A  p rim ary  ob jec tiv e  in  w a s te w a te r  tre a tm e n t is 
th e  rec o v e ry  o f  p h a rm aceu tica lly  ac tiv e  co m p o u n d s [7]. M an y  su c h  c o m p o u n d s  are  
u sed  as  racem ic  m ix tu res. T he  en an tio m ers  m ay have  d iffe ren t e ffec ts  o n  a  d ru g ’s 
p h a rm a c o lo g ic a l ac tiv ity , m etab o lic  p rocesses, and  to x ic ity  in  th e  h u m a n  b o d y  [8].

L ike  o th e r  ch ira l d rugs, am lo d ip in e  -  (3 -e thy l 5 -m eth y l 2 -[(2 -a m in o e th o x y ) 
m e th y l]-4 -(2 -ch lo ro p h en y l)- l,4 -d ih y d ro -6 -m e th y l-3 ,5 -p y rid in ed ica rb o x y la te )  -  is a 
ra cem ic  d ru g  th a t b e lo n g s  to  th e  ca lc iu m  channel b lo ck er g ro u p ; th e se  are  u sed  for 
tre a tin g  h y p e rten s io n  and  an g in a  p ec to ris  [9]. A s a  racem ic  m ix tu re , a m lo d ip in e  
co n ta in s  (ร')-am lo d ip in e  (F igure  1(a)) and  (R )-am lod ip ine  (F ig u re  1(b)); b u t o n ly  (ร )- 
am lo d ip in e , as  th e  ac tiv e  m o ie ty , p o ssesses th e rap eu tic  a c tiv ity  [10]. B ased  on  
p h a rm a c o lo g ic a l research , it rem ain s u n certa in  i f  (ร )-a m lo d ip in e  a lo n e  h as  s im ila r  
e ff ic acy  an d  fe w e r asso c ia ted  ad v erse  ev en ts  co m p ared  w ith  th e  racem ic  m ix tu re s
[11]. (ร )-am lo d ip in e  ex h ib its  v aso d ila tin g  p ro p erties  [12]. (R )-am lo d ip in e  is in ac tiv e , 
an d  is th o u g h t to  be  re sp o n sib le  fo r p edal ed em a  o b serv ed  w ith  racem ic  a m lo d ip in e
[1 3 ] . (ร )-am lo d ip in e  is the  m o re  p o ten t ca lc ium  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 vitro  ev a lu a tio n  in  the  ra t ao rta  co m p ared  to  (/? )-am lo d ip in e
[1 4 ] . In a d d itio n  to  its  longer d u ra tio n  o f  ac tion , (ร )-a m lo d ip in e  red u ces  th e  ch an ces  
o f  re flex  ta ch y ca rd ia , and  its c lea ran ce  is su b jec t to  m u ch  less in te r-su b jec t v a ria tio n  
th an  (R )-am lo d ip in e  [15].

E n an tio m eric  sep ara tio n  is a  very  im p o rtan t m e th o d  fo r p rep a ra tiv e  
sep a ra tio n  o f  en an tio m ers  [1 6 -1 8 ] , V ario u s sou rces in  th e  lite ra tu re  an d  p a ten ts  hav e  
re p o rte d  on  th e  sep a ra tio n  o f  (ร )-am lo d ip in e  from  its ra cem ic  m ix tu re . C o n v en tio n a l 
m e th o d s , e .g . c ry s ta lliza tio n  [19], ch ro m ato g rap h y  [20] and  cap illa ry  e le c tro p h o re s is
[2 1 ]  , h av e  a c ce le ra ted  re search  o n  ch ira l co m p o u n d s; h o w ev er, so m e  d e fec ts  s till e x is t 
in  th e  se p a ra tio n  p ro cess  fo r m o st racem ic  co m p o u n d s. T h e  m o st o ften  em p lo y ed  
m e th o d  o f  iso la tin g  (ร )-am lo d ip in e  in v o lv es se lec tiv e  d ia s te reo m eric  sa lt 
c ry s ta lliz a tio n ; b u t th is  tech n iq u e  requ ires  m an y  tim e -co n su m in g  an d  ex p en s iv e  s teps, 
in c reas in g  th e  c o m p lex ity  o f  the  p ro cess an d  lead in g  to  a  c o n s id e ra b le  lo ss  o f  p ro d u c t
[2 2 ]  , R ecen tly , th e  u se  o f  a  h o llo w -fib e r su p p o rted  liq u id  m em b ran e  (H F S L M ) has 
c o m e  to  be reg a rd ed  as  an  e ffec tiv e  m e th o d  fo r the  s im u lta n e o u s  ex tra c tio n  and
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reco v e ry  o f  co m p o n en ts  o f  in te rest from  a  very  d ilu te  so lu tio n  in  th e  feed , by  m ean s 
o f  a  s in g le -u n it o p e ra tio n  [2 3 -2 5 ] , T he ad v an tag es  o f  H F S L M  o v e r  trad itio n a l 
se p a ra tio n  te ch n iq u es  inc lude  lo w er cap ita l an d  o p e ra tin g  co sts , lo w e r  en erg y  
c o n su m p tio n , lo w  d ilu en t usage, and  h igh  se lec tiv ity  [2 6 -2 8 ] , T h ese  a d v a n ta g e s  m ake 
H F S L M  p a rticu la rly  su itab le  fo r app lica tio n  in th e  en an tio sep a ra tio n  o f  c o m p o u n d s  in  
p h a rm a c e u tica l in d u stria l w astew ater.

T h e  a im  o f  the p resen t study  w as to  in v estig a te  the  ra c e m ic  re so lu tio n  o f  
am lo d ip in e . A  se lec tiv e  sep ara tio n  m ethod  for (ร )-am lo d ip in e  u sed  a  H F S L M  system  
b a se d  o n  0 ,0 '-d ib en zo y l-(2 S ',3 5 )-ta rta ric  acid  ((+ )-D B T A ) (F ig . 1(c)) a s  a  ch ira l 
ex trac tan t. /T cy c lo d ex trin  w as u tilized  as a  s trip p in g  p h ase  se lec to r (F ig . 1(d)). T h is  
w o rk  n o t o n ly  in v estig a ted  the  sep ara tio n  o f  (ร,)-am lo d ip in e  by  u s in g  H F S L M , b u t 
a lso  th e  p ro lo n g a tio n  o f  liqu id  m em brane  stab ility . S evera l d ilu e n ts  -  h e x a n e , 1- 
d ecan o l, ch lo ro b en zen e , b en zen e , d ich lo ro m eth an e , e th y len e  d ic h lo r id e , and  
c h lo ro fo rm  -  w ith  d iffe ren t p o la rity  indexes, fro m  0 .1—4.1, w ere  ch o sen . T h e  e ffe c t o f  
p o la rity  in d ex  w as analyzed , fo cu sin g  on  the  s tab ility  and  ex trac tab ility  o f  th e  h o llo w - 
f ib e r su p p o rted  liqu id  m em brane  system .

(a) (b)

(c) (d)
Figure 7.1 S tru c tu res  o f  (a) (ร')-am lo d ip in e , (b ) (7?)-am lodipine 
(c) o ,  o '-d ib en zo y l-(2ร, 3,ร')-ta rta ric  acid , (d ) fi- cy c lodex trin .
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7.3 T H E O R Y

7.3.1 H o llo w  f ib e r  s u p p o r te d  l iq u id  m e m b r a n e

T h e  liqu id  m em b ran e  sy stem  co n s is ts  o f  an  aq u eo u s  feed  c o n ta in in g  
en an tio m eric  co m p o u n d  and  a  s tr ip p in g  so lu tio n . T h e  liqu id  m em b ran e  is b e tw e e n  th e  
feed  an d  s trip p in g  p h ases , an d  co n ta in s  an  o rg an ic  ca rrie r w h ic h  reac ts  w ith  th e  
en an tio m eric  co m p o u n d  as sh o w n  in  F ig u re  7 .2 . T h e  h o llo w  fib e r m o d u le  co n ta in s  
m an y  h o llo w  fibers a lig n ed  h o rizo n ta lly , w ith  th e  liq u id  m em b ran e  e m b e d d e d  in sid e  
th em . T h e  o rgan ic  p h ase  f ills  th e  p o re s  o f  th e  fib e rs  by  cap illa ry  fo rce  [29],

F ig u r e  7.2 T ran sp o rt sch em e  fo r ch ira l e x trac tan t

7 .3 .2  T r a n s p o r t  m e c h a n is m s  o f  s e p a r a t io n  o f  (ร ')-a m lo d ip in e

T h e  su p p o rted  ch ira l liq u id  m e m b ra n e  co n s is ts  o f  an  o rg an ic  so lu tio n  o f  a  
ch ira l se lec to r as  th e  ex trac tan t, w h ic h  is h e ld  in  p o ly m eric  m ic ro p o re s  by  cap illa ry  
ac tio n  [30], T h e  en a n tio se le c to r 0 ,0 -d ib e n z o y l- (2 5 ,3 5 ) - ta r ta r ic  a c id  ((+ )-D B T A ) 
re s id e s  in  th e  liq u id  m em b ran e , tra p p e d  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 le c tiv e  co m p lex es  w ith  (ร')-a m lo d ip in e  by
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h y d ro g en  b o n d in g  [31]. T h e  tran sp o rt m ech an ism  o f  (ร )-am lo d ip in e  th ro u g h  th e  
liq u id  m em b ran e  is sh o w n  in  F ig u re  7.2.

T h e  m ech an ism  an d  th e  en 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  en an tio m ers  th ro u g h  a  h o llo w  fib e r sup p o rted  liqu id  m em b ran e  are  
d e sc rib e d  in  E qs. (7 .1 ) an d  (7 .2 ):

2 [(S )-am lo d ip in e ]f+ [(+ )-D B T A ]m 4 t  [[(ร )-a rn lo d ip in e]2 -(+ )-D B T A ]m
k l (7 .1 )

w h ere  kl an d  kl a re  th e  ap p aren t ra te  co n stan ts  o f  fe e d -m e m b ra n e  in te rfac ia l 
tra n sp o rt and  m e m b ra n e -s tr ip  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 ex  su ffix e s , f  and  m , in d ica te  feed phase  and  m em b ran e  p h ase , 
resp ec tiv e ly .

A cco rd in g  to  th e  lite ra tu re  rep o rtin g  the  advan tages o f  ta rta ric  ac id  
d e riv a tiv e s  as ch ira l se le c to rs  [32-34], th ey  are  ac id ic  co m p o u n d  co n ta in in g  tw o  
ca rb o x y lic  acid  g roups. (ร )-am lo d ip in e  can  fo rm  a  co m p lex  w ith  (+ )-D B T A . T h e  
g o o d  co m p lex -fo rm in g  a b ilitie s  o f  en an tio m eric  co m p o u n d s and  (+ )-D B T A  h av e  been  
d e m o n stra ted  in  sev era l p re v io u s  repo rts  [35-37], T he ca rb o x y lic  ac id  g ro u p s o f  
a m lo d ip in e  and  (+ )-D B T A  c a n  d o n a te  p ro to n s  fo r hydrogen  b o n d in g , w h ile  th ey  can  
a lso  b eh av e  as a  p ro to n  a c c e p to r  due to  th e  e ig h t oxy g en  a tom s th ey  co n ta in  [38 -40 ], 
T h e  b enzoy l g ro u p s  c a n  tak e  p a rt in  h y d ro p h o b ic  in te rac tio n s, w h ile  th e  o th e r p a rts  o f  
th e  m o lecu le  co n ta in  p o la r  h y d ro p h ilic  g ro u p s  [41, 42], T he co n cen tra tio n  o f  (ร )- 
a m lo d ip in e 2 -(+ )-D B T A  c o m p lex  in  m em b ran e  p h ase  w as o b ta in ed  fro m  th e  m ate ria l 
b a la n c e  o f  (ร )-am lo d ip in e .

The stripping phase (/Tcyclodextrin) reacts with [[(ร)-amlodipine]2-(+)- 
DBTA]m to recover (ร)-amlodipine into the stripping phase:

[[(ร )-am lo d ip in e ]2 -(+ )-D B T A ]m+2[/?-cyclodextrin]s (7 .2 )

h
4 •" * 2 [(ร)-am lod ip ine-/?-cyclod ex trin ]s+ [(+ )-D B T A ] 111

w h ere  & 3 and  kn a re  th e  ap p aren t ra te  co n stan ts  o f  fe e d -m e m b ra n e  in te rfac ia l 
tra n sp o r t an d  m e m b ra n e -s tr ip  in terfac ia l tran sp o rt o f  am lo d ip in e  en an tio m ers ,
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re sp ec tiv e ly . T h e  index  su ffix es , m  and  ร, ind icate  m em b ran e  p h a se  a n d  s tr ip p in g  
so lu tio n  p h ase , respective ly .

7 .3 .3  E x t r a c t io n  e q u i l ib r iu m  c o n s ta n t  a n d  d is t r ib u t io n  r a t io

T h e  ex trac tio n  eq u ilib riu m  co n stan t (Kex(s)) o f  (1ร')-a m lo d ip in e  e x tra c te d  by  
(+ )-D B T A  can  be  w ritten  as:

7fex(s) [ [(5 )  - am lodip ine]2 - (+ ) - D B T A l (7 .3 )
[(ร )  - am lodip ine]; [(+) - D B T A ]m 

T h e  en an tio se lec tiv ity  o f  a  p rocess m ay be e x p re sse d  a s  th e  o p e ra tio n a l 
s e le c tiv ity  [43]. F o r th e  cu rren t system , (ร )-am lod ip ine  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  (1ร)-am lo d ip in e  and (i?)-am Iodipine, Ds an d  Dr, re sp ec tiv e ly , 
w e re  d e te rm in ed  as in  E qs. (7 .1 ) an d  (7.2).

T h e  d is tr ib u tio n  ra tio  fo r (ร')-am lo d ip in e  (Ds) is g iv en  by:

D . =■ [[(.ร) - amlodipine], - (+) - DBTAL 
[(ร') - amlodipine]f

(7 .4 )

T h e  d is tr ib u tio n  ra tio  fo r (R)-am lo d ip in e  Dr is g iv en  by:

D r =
[[(Æ) - am lod ip ine], - (+ ) - D B T A L  

[(R) - am lodipine]f
(7 .5 )

A cco rd in g  to  E q . (7 .4 ), th e  d is trib u tio n  ra tio  co u ld  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:

Dร = êx(S) [(5) - amlodipine] f [(+) - DBTAL (7 .6 )

T he se lec tiv ity  is d e fin ed  as enan tio se lec tiv ity . T h e  en a n tio se le c tiv ity  o f  th e  
m em b ra n e  p ro cess  is g iven  in  te rm s o f  th e  separa tion  fac to r (a )  an d  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  the  im portan t p a ra m e te rs  fo r e s tim a tin g
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th e  sep a ra tio n  p erfo rm an ce  o f  the  p ro cess, w h ich  can  b e  c a lc u la te d  by  th e  fo llo w in g  
fo rm u lae :

In th is  w ork , the  ex trac tab ility  o f  (ร )-a m lo d ip in e  w a s  d e te rm in e d  by  th e  
p e rcen tag e  o f  ex trac tion :

w h ere  Cfm an d  Cf0ut are th e  in le t and  o u tle t feed  co n c e n tra tio n s  o f  

c o m p o n en t i (m m o l/L ), and  Cs 111 is the  o u tle t s trip p in g  c o n c e n tra tio n  o f  c o m p o n e n t i 

(m m o l/L ).

7 .3 .4  P e rm e a b il i ty  c o e ff ic ien t

T h e  p e rm ea tio n  o f  (1ร')-am lo d ip in e  can  b e  e x p re s se d  in  te rm s o f  the  
p e rm eab ility  co e ffic ien t (p ), as p ro p o sed  by D anesi [44] in  E q . (7 .1 8 ):

w h ere  p  is th e  p erm eab ility  co e ffic ien t ( ฟ ร ) ,  Vf is th e  v o lu m e  o f  th e  feed  
(c m 3), Cfo is th e  in itia l (ร )-am lo d ip in e  co n cen tra tio n  (m o l/L ) a t tim e  t =  0 , Cf is the  
(ร )-a m lo d ip in e  co n cen tra tio n  at tim e t (m o l/L ), A is th e  e ffe c tiv e  a rea  o f  th e  h o llo w - 
f ib e r  m o d u le  (c m 2), an d  t is the  tim e  (m in).

(7 .7 )

% e.e. =  เ ^ "  1 0 0

( D s + D r )
(7 .8 )

% E x trac tio n  =  -------^ -  X 100
Cf,. (7 .9 )

T h e  p e rcen tag e  o f  recovery  w as ca lcu la ted  by:

% S trip p in g  =  ■ s- - - X 100
Q . i n

(7 .1 0 )

(7 .1 8 )
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p =  (7.19)PLi:îlN i\
AP( p  /( p  + 1 )) is the slope of the plot between -V f  In (Cf /Cffi) versus t in 

Eq. (7.18), and p  can be obtained by Eq. (7.19), where Of is the volumetric flow rate 
of feed solution (cm3/s), L is the length of the hollow fiber (cm), £ is the porosity of 
the hollow fiber (%), N  is number of hollow fibers in the module and 7'j 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

- i  = A- + J L - L  + ILA . (7.20)
P K  rim ro K

where 7-|m is the log-mean radius of the hollow fiber, r0 is the external radius 
of the hollow fiber module (cm), ÀTf is the aqueous mass-transfer coefficient in the tube 
side, ks is the stripping mass-transfer coefficient in the shell side, and p m is the 
membrane permeability coefficient.

The relationship between p m and the distribution ratio (Ds) is as follows:
p m= Dรkm (7.21)

Combining Eq. (7.6) and Eq. (7.21), thus:

p m = Kex ^ [(S )  - amlodipin^r [(+)- DBTA}b (7.22)
where km is the mass-transfer coefficient of the membrane, and the value of 

the liquid-membrane permeability coefficient (Pm) from Eq. (7.22) is substituted into 
Eq. (7.20).

Assuming that the stripping reaction is instantaneous and the contribution of 
the stripping phase is neglected, Eq. (7.20) becomes:

I  = _L + _________________ !________________  (7.23)
p  kf rlm /fex ^[(S 1) - amlodipine]f [(+)-DBTA]m

where kf is the mass transfer coefficient of the feed solution.
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7.4 EXPERIMENT

7.4.1 Pharmaceutical wastewater containing amlodipine

The wastewater used in this study was taken from a chemical synthesis-based 
amlodipine pharmaceutical plant of the Government Pharmaceutical Organization, 
Bangkok, Thailand. The wastewater was generated from the synthesis and chiral 
separation processes of amlodipine manufacturing, and contained a variety of 
diluents, additives, reactants, and high-value finished amlodipine products. The 
generation rate of the wastewater was 20 L per batch. The properties of the 
wastewater are shown in Table 7.1.

Table 7.1 Characteristics of the raw pharmaceutical wastewater
Parameter Value

Color Brownish
(Æ,ร)-amlodipine (mmol/L) ~4.0
Temperature (K) 298.5
pH 6.5
TSS (mg/L) 720
BOD (mg/L) 1,700
COD (mg/L) 3,100
Conductivity (ps/cm) 2,800

7.4.2 Chemicals and reagents

All reagents (pharmaceutical grade) used in this work -  (i?)-amlodipine, (ร)- 
amlodipine, and (i?, ร)-amlodipine -  were provided by the Government 
Pharmaceutical Organization (Thailand). 0,0'-Dibenzoyl-(2S',3S)-tartaric acid ((+)- 
DBTA) and /j-cyclodextrin were obtained from Acros, USA. The diluents N,AP- 
dimethylformamide, cyclohexane, 1-decanol, chlorobenzene, benzene, dichloro 
methane, ethylene dichloride and chloroform and 1-propanol were all of analytical 
reagent grade and obtained from Merck, Germany. All reagents used in this 
experiment were GR grade and also purchased from Merck, Germany. Aqueous
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solutions were prepared using Milli-Q® deionized water (Millipore®, USA). Doubly 
deionized water was used throughout the experiments.

7.4.3 Apparatus

The hollow-fiber supported liquid membrane (HFSLM) system (Liqui-Cel® 
Extra-Flow 2.5 in X 8 in membrane contactor) was manufactured by 
Membrana/Celgard (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 provided more uniform 
fiber spacing, which in turn leads to higher mass transfer coefficients than those 
obtained with individual fibers [45]. The properties of the hollow fiber module are 
specified in Table 7.2.

Table 7.2 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 104 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
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7.4.4 Liquid membrane preparation

The chiral selector, 0,0'-Dibenzoyl-(25',3S)-tartaric acid ((+)-DBTA), was 
dissolved in organic solvent as the diluent. In this work, the diluent was investigated 
in several diluents: hexane, 1-decanol, chlorobenzene, benzene, dichloromethane, 
ethylene dichloride and chloroform. All chemicals were analytical grade and 
purchased from Merck Ltd, Germany.

7.4.5 Procedures

The single-module operation is shown in Figure 7.3. The selected organic 
carrier (+)-DBTA was dissolved in diluent (500 mL) and then simultaneously pumped 
into the tube and shell sides of the hollow-fiber module for 50 min to ensure that the 
extractant was entirely embedded in the micropores of the hollow fibers. 
Subsequently, 5 L (each) 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 feed solution was deliberately varied in order to 
determine the optimum value for (ร)-amlodipine extraction. The concentration of the 
chiral selector (+)-DBTA in the liquid membrane, the volumetric flow rates of feed 
and stripping solutions, the number of separation cycles, and the stability of the 
HFSLM were each investigated in turn. The operating time for each run was 50 min. 
The concentrations of (ร)-amlodipine in samples from feed and stripping solutions 
were determined by high-performance liquid chromatography (HPLC) in accordance 
with u .s. Patent No. 6646131 B2 [46] 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.
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Figure 7.3 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

7.4.6 Analytical instruments and chromatographic conditions

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

The analysis was performed following บ.ร. Patent No 6646131 B2 [46]. The 
chromatographic procedure was carried out using an Ultron ES-OVM ovomucoid 
chiral column (5 pm, 4.6 *150 mm) (Agilent®). The column was thermostated at
298.15 K using a column heater. The mobile phase was a mixture of disodium 
hydrogen phosphate buffer (20 mmol/L) and acetonitrile (80:20). Flow rate of the 
mobile phase was 0.3 mL/min; injection volume was 20 pL. The relative retention 
time of (/?)-amlodipine was about 1.0, and for (ร,)-amlodipine about 1.2, as detected 
by a UV-spectrophotometer set at 237 nm. The analysis time was set at 20 min per 
sample to eliminate potential interference from late eluting peaks. The pH of the
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aqueous phase was measured with a SevenMulti™ pH meter with modular expansion 
(Mettler-Toledo, Greifensee, Switzerland).

7.5 RESULTS AND DISCUSSION

7.5.1 Optimization of initial parameters for (.ร,)-amlodipine separation 
via HFSLM

The separation efficiency gives the overall mass transfer of the analytes 
diffusing across the HFSLM. This is controlled by several initial parameters, 
including: pH, concentration of the feed phase, flow rates of feed and stripping 
solutions, and temperature of enantioseparation of (R,ร)-amlodipine via HFSLM. The 
optimal conditions are shown in Table 7.3 [31,36-38], Some of these parameters can 
be determined by examining the physical properties of the compounds. The feed 
phase was operated at an optimized pH of 5.0 by using Na^PCL/TLPCL buffer to 
adjust the pH values [31]. The influence of the pH of the feed phase is also an 
important parameter on the enantiomeric excess (% e.e.) [21, 31]. The concentration 
of the feed phase was 4 mmol/L. The flow rates of feed and stripping solutions were 
100 mL/min [31,47-49],

Table 7.3 Optimized operation using HFSLM in enantioseparation

Phase Chemical reagent Concentration Flow rate

Feed (R, 1ร)-amlodipine 
pKa = 8.6 at 298.15 K ~4 mmol/L 100 mL/min

Membrane (+)-DBTA 4 mmol/L -

Strip /Lcyclodextrin - 100 mL/min
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7.5.2 Influences of organic diluents

Organic diluents influence the performance of many liquid membrane 
systems. The role of the diluent is not only to improve the physical properties of the 
liquid membrane system, but also to improve the (ร)-amlodipine2-(+)-DBTA 
complex. This needs be taken into account in the choice of diluents [50]. As is known 
from liquid membrane theory, the main factor affecting liquid membrane stability is 
the type of diluent [51, 52]. In this study, several diluents with different polarity 
indexes were chosen: hexane (polarity index 0.1); 1-decanol (1.8); chlorobenzene 
(2.5); benzene (2.7); dichloromethane (3.1); ethylene dichloride (3.5); and chloroform 
(4.1) [53], From Table 7.4, we can see the extraction performance of the different 
kinds of organic solvents, alcohol > alkyl halide > hexane; their performance might be 
related to the polarity and interaction of different organic diluents with the solute. The 
relationship between the polarity of diluents and the percentage of extraction is shown 
in Figure 7.4, indicating that 1-decanol is a suitable organic diluent for the extraction 
of (ร)-amlodipine.

Table 7.4 Lifetime and performance of HFSLM with diluents different polarities

Diluents Polarity (-) Lifetime(min) %Extraction %Stripping % e.e.
Hexane 0.10 150 69.00 62.00 44.76
1-decanol 1.80 150 77.50 74.50 57.58
Chlorobenzene 2.50 120 76.80 72.33 54.00
Benzene 2.70 120 75.50 70.00 50.54
Dichloromethane 3.10 90 72.80 68.60 50.00
Ethylenedichloride 3.50 90 71.00 65.00 48.45
Chloroform 4.10 90 70.00 63.00 46.53
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Figure 7.4 The relationship between the polarity of diluents on percentages of 
extraction and recovery of (ร)-amlodipine and the enantiomeric excess (% e.e.)

7.5.3 Influence of chiral selector concentration on the membrane phase

The chiral selector, 0,0'-Dibenzoyl-(25',35)-tartaric acid ((+)-DBTA), 
concentration in the liquid membrane plays a vital role in the overall extraction 
behavior. The concentration of (+)-DBTA in 1-decanol was studied in the ranges of 2- 
10 mmol/L, while the other operating conditions were constant. The results were 
shown in Figure 7.5. When (+)-DBTA concentration was increased from 2-10 
mmol/L, the percentage of the extraction and stripping of (ร)-amlodipine rose 
abruptly. Nevertheless, when the (+)-DBTA concentration exceeded 6 mmol/L, both 
percentages of extraction and stripping decreased; this is because an excessive 
increase in extractant concentration leads to an increase in the absolute viscosity of 
the membrane, which generates a lower diffusion speed of the species and affects the 
mass transfer process [50], Based on these results, a concentration of 4 mmol/L was 
selected as the optimum carrier concentration. The highest percentage of (ร)- 
amlodipine extraction was 78.50%, and the percentage of enantiomeric excess was 
57.58%. Percentages of extraction and enantiomeric excess of (ร)-amlodipine of about 
77.50% and 54.67%, respectively, were obtained in a previous work [31]; the present 
result was better because of the effects of diluent and specific stripping solution, as 
explained below.
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Figure 7.5 Influence of chiral selector ((+)-DBTA) concentration in the membrane 
phase on percentages of extraction and recovery of (ร)-amlodipine and the 
enantiomeric excess (% e.e.)

7.5.4 Influence of stripping phase concentration

Another parameter that affects the transport of (ร)-amlodipine is the stripping 
agent and its concentration. Since the extraction and stripping reactions in HFSLM 
are performed simultaneously, it is important to explore the effect of reagent 
concentration in the stripping solution in order to enhance effective (ร,)-amlodipine 
transport and ensure an efficient stripping reaction at the interface of the membrane 
and the stripping solution [31]. The concentrations of /Tcyclodextrin were studied in a 
range of 2-10 mmol/L. The results indicates that /Tcyclodextrin recognizes (ร)- 
amlodipine, which means that /Tcyclodextrin forms complexes with (ร)-amlodipine 
before being transferred to the stripping phase. From previous work it is evident that 
the pH of the feed phase has a very strong influence on the enantiomeric excess 
('%e.e.) [21, 31, 55, 56]. The maximum % e.e. at pH 5.0 is explained by the formation 
of unionized enantiomers of amlodipine. However, the pH of the stripping phase can 
be influenced by the concentration of /1-cyclodextrin in the stripping solution. A
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previous work [31] investigated the use of benzenesulfonic acid as a stripping 
solution. Since benzenesulfonic acid is an achiral molecule, it does not specifically 
form a complex with (ร)-amlodipine. Hence, the percentage of stripping of (ร)- 
amlodipine was about 72.50%, while the enantiomeric excess was only 54.67% [31].

The aim of the present study was to improve a HFSLM system for use in the 
pharmaceutical industry. Based on the chiral selector theory, /Tcyclodextrin was 
selected as the stripping solution. /Tcyclodextrin exhibited higher stripping results by 
creating a complex with the (ร)-enantiomer by various electrostatic forces and 
hydrogen bonding. Complex formation depends largely on the size, shape and polarity 
of the (ร)-enantiomer [21, 55, 56]. This means that the configuration of (ร)- 
amlodipine should be compatible with the cavity of /Tcyclodextrin, and that the 
stability of the generated complex is subject to the shape, polarity and side groups of 
(ร)-amlodipine. The highest stripping of (ร)-amlodipine, about 74.50%, was achieved 
at a /Tcyclodextrin concentration of 4 mmol/L. The maximum enantiomeric excess of 
(ร)-amlodipine was 57.58%. The results were shown in Figure 7.6.

— ฒ— Stripping of(ร)- mm lod ip ine
—A— E nantiomeric excess (e.e.)

/?-cyclodextrin concentration (mmol/L)

Figure 7.6 Influence of stripping phase concentration on percentages of extraction 
and recovery of (ร)-amlodipine and the enantiomeric excess (% e.e.)
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7.5.5 Extraction equilibrium constant

Considering the ideal behavior in the membrane phase, the extraction 
equilibrium constant (Kex) of (ร)-amlodipine with (+)-DBTA can be described by Eq.
7.3 and was calculated from the slope shown in Figure 7.7. It was found to be 1.3160 
(L/mmol)2.

Figure 7.7 (ร)-amlodipine extraction with (+)-DBTA as a function of equilibrium 
[(ร)-amlodipine]2 [(+)-DBT A].

7.5.6 Permeability and mass transfer coefficients

The permeability coefficient (P) of (ร)-amlodipine as function of 
concentration of (+)-DBTA from 2 to 8 mmol/L, were calculated by the slope 
obtained in Figure 7.8. The permeability coefficients (p ) were obtained from Eqs. 
7.18, 7.19 and by a plot between- V i ln(Cf/Cf;o) versus t, as expressed by (AP/3/(J3+1)). 
The permeability coefficients of (ร)-amlodipine increases with increasing carrier 
concentration. Eq. 7.22 was attained by substituting the membrane permeability 
coefficient (Pm) and assuming that the stripping reaction of (ร)-amlodipine was 
instantaneous and with no contribution of the stripping phase. Eq. 7.23 was used to 
calculate the aqueous mass transfer coefficient (kf) and the membrane mass transfer
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coefficient (km). By plotting VP as a function of l/[(5)-amlodipine]f [(+)-DBTA]m for 
different carrier concentrations of (+)-DBTA, a straight line with slope r 1/(ทm-Kex-km) 
and ordinate \/k{ for calculation is obtained (Figure 7.9). Thus, the values of Æyand km 
were found to be 2.74x1 O'2 and 2.52x1 O’2 cm/s, respectively.

y = 178A6x ip = 0.9999 
y = 173.82x jp = 0-9996 y = I68.I81 jp= 031996
y = 129.641 ip =031997

60

Figure 7.8 Plot of -V f ln(Cf/Cfo) of (.ร)-amlodipine in feed solution against time with 
different (+)-DBTA concentrations
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Figure 7.9 Plot of 1 IP as a function of l/[(S)-amlodipine]f [(+)-DBTA]m
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7.5.7 Investigation of liquid membrane stability

The effect of diluent polarity on the lifetime of the liquid membrane, as well 
as the percentages of extraction and stripping of (ร)-amlodipine, were investigated. At 
the optimum conditions, (1ร)-amlodipine was extracted preferentially (in comparison 
with (Æ)-amlodipine) with 0,0'-dibenzoyl-(2.S,,3.S)-tartaric acid ((+)-DBTA). Because 
(Æ)-amlodipine was rejected in the feed solution, it can be used as a tracer to 
determine membrane stability. When (i?)-amlodipine is detected in the stripping side, 
it means that the liquid membrane has been damaged and has leaked out from the 
hollow fiber pores, allowing (Æ)-amlodipine to pass through the pores from the feed 
side to the stripping side.

The effect of diluents on membrane stability was investigated. As shown in 
Figure 7.10, the diluents were ranked in the following order: 1-decanol > 
chlorobenzene > benzene > dichloromethane > ethylene dichloride > chloroform > 
hexane. Figure 7.10 shows the relationship between diluent polarity and the 
percentage of extraction after 60 min for different diluents under optimal conditions. 
The percentages of extraction and stripping of (.ร)-amlodipine were increased when 
the polarity of the diluent increased. The polarity index of water is 9.0 [44], It is 
known that the extraction reaction occurs at the interface feed/liquid membrane layer. 
When the polarity of the diluent is increased, the diluent is more soluble in the feed 
phase, as shown in Figure 7.11. Thus, the number of extraction and stripping reactions 
increased, leading to higher percentages of extraction and stripping. Unfortunately, 
the large increase in polarity made the interface layers (à') grow too thick, so the liquid 
membrane peeled and leaked out from the pores of the hollow fibers by aqueous 
phase in the feed and the stripping solutions. As a result, higher polarity of the diluent 
brought about higher extraction performance but lower stability. In particular, when 
the polarity of the diluent exceeded 3.5, the stability was too low to be trapped in the 
hollow fiber pores. In light of this, the percentages of extraction and stripping from 
using chloroform are meaningless. Therefore, in this study, benzene (which has a 
polarity of 2.7) was found to offer the best compromise between extraction 
performance and membrane stability.
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The correlations between membrane lifetime and percentages of extraction 
and stripping with different polarity diluents are summarized in Table 7.4. The use of
1-decanol resulted in the longest lifetime, of 150 min. As the results indicate, polarity 
is a single-parameter correlation. When the polarity of the diluent is decreased, the 
lifetime or stability of the liquid membrane is significantly increased.

Lifetime (min)

Figure 7.10 (a) Plot of 1 IP as a function of l/[(S)-amlodipine]f [(+)-DBTA]m at 
temperature 278-293 K;

(b) Plot of \/P as a function of l/[(5)-amlodipine]f [(+)-DBTA]m at 
temperature 298-313 K.

Figure 7.11 Arrhenius plot of (ร)-amlodipine transport
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7.6 CONCLUSIONS

(ร')-amlodipine was highly selectively separated from pharmaceutical 
industry wastewater by specific stripping phase recovery via HFSLM. The optimal 
parameters for operation of the HFSLM system were: an initial feed solution 
concentration of 4 mmol/L; 4 mmol/L (+)-DBTA; 4 mmol/L /Tcyclodextrin; and 100 
ml/min of feed and stripping solutions. The percentages of extraction and stripping of 
(ร)-amlodipine were 77.50% and 74.50%, respectively. The maximum enantiomeric 
excess of (ร)-amlodipine was 57.58%. As the polarity of the diluent decreased, the 
stability increased. On the contrary, when the polarity index increased, the 
percentages of extraction and stripping were higher. The diluent 1-decanol provided 
the longest lifetime, of 150 min. Unfortunately, when the polarity index exceeded 3.5, 
both the percentages of extraction and stripping abruptly decreased; this resulted from 
the liquid membrane leaking out because the solubility was too high to be trapped in 
the hollow fiber pores. The mass transfer coefficients of the aqueous phase (Af) and 
organic phase (km) were 2.74 X 10"2 and 2.52 X 10’2 ฟ ร, respectively. The membrane 
mass transfer coefficient (km) was less than the aqueous feed mass transfer coefficient 
(k{); mass transfer across the membrane phase is the rate-controlling step. The results 
demonstrate the energy-saving benefits offered by HFLSM separation and the 
technique’s potential to improve other industrially relevant chiral separations.
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