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KINETICS OF ION-PAIR ABSORPTION 
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According t o  t h e  'pH-par t i t ion '  theory ,  d rugs  i n  t h e i r  ion-  
i zed  form cannot  r e a d i l y  d i f f u s e  through b i o l o g i c a l  membrane. How- 
ever ,  i t  i s  w e l l  known t h a t  t h e  permeat ion of many ion ized  drugs  
can b e  enhanced by t h e  presence of an ion ic  o r  c a t i o n i c  agen t s .  
One of t h e  exp lana t ions  f o r  t h i s  obse rva t ion  i s  t h a t  t h e  charged 
molecules of drug i n t e r a c t  wi th  t h e  agen t s  and form l i p o p h i l l i c  
ion-pair  s p e c i e s ,  and as a r e s u l t ,  t h e  abso rp t ion  of i on ized  mol- 
ecu le s  inc reases .  I n  t h e  p re sen t  paper ,  t h e  k i n e t i c  r e l a t i o n s h i p s  
of t h e  formation of t h e  ion-pa i r  a s  a func t ion  of ion-pa i r  agent  
and t h e  type  of t h e  b i o l o g i c a l  membrane have been d iscussed  and 
analyzed.  Criteria have been developed f o r  t h e  d i s t i n g u i s h i n g  t h e  
fol lowing two cases :  1) when t h e  abso rp t ion  i s  t h e  rate l i m i t i n g  
s t e p  i n  t h e  process  of permeation of t h e  ion-pa i r ,  and 2)  when 
t h e  ion-pa i r  c r o s s e s  t h e  membrane as though i t  were a f i n e  s i e v e .  

INTRODUCTION 

It can occur  t h a t  a drug i s  completely ion ized  a t  t h e  s i te  

of abso rp t ion  y e t  i s  p a r t i a l l y  a v a i l a b l e  t o  t h e  sys temic  c i r c u l a -  

t i o n ;  t h i s  phenomenon cannot be explained by t h e  widely accepted 
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182 BORO U J ERDI 

‘pH-par t i t ion’  hypothes is .  However, i t  h a s  been pos tu l a t ed  t h a t  

such abso rp t ion  can b e  a consequence of t h e  ion-pa i r  formation (1) .  

The assumption i s  t h a t  t h e  i n t e r a c t i o n  of drugs  i n  t h e  charged form 

wi th  i o n s  causes  poor ly  permeable drugs t o  form a n e u t r a l  and absor-  

a b l e  complex. A s  a r e s u l t  t h e  abso rp t ion  of h i g h l y  ion ized  drug in-  

c r eases .  This  assumption h a s  l e d  t o  s t u d i e s  of p a r t i t i o n i n g  of such 

ion p a i r s  i n t o  l i q u i d  phases  and t h e  abso rp t ion  a c r o s s  s y n t h e t i c  

and/or  b i o l o g i c a l  semipermeable membranes. For example, isopropa- 

mide - t r i ch lo roace ta t e  ion-pa i r  p a r t i t i o n s  g r e a t l y  i n  oc t ano l  demon- 

s t r a t i n g  t h e  l i p i d  s o l u b i l i t y  of t h e  ion-pa i r  ( 2 ) .  T r i c h l o r o a c e t a t e  

and s a l i c y l a t e  showed s i g n i f i c a n t  i n c r e a s e  i n  t h e  apparent  bu tanol  

water p a r t i t i o n  c o e f f i c i e n t  of an an t i a r ry thmic  qua ternary  ammonium 

compound ( 3 ) .  The apparent  p a r t i t i o n  c o e f f i c i e n t  of t e t r a c y c l i n e  

analogues increased  s i g n i f i c a n t l y  i n  t h e  presence of t r i c h l o r o -  

a c e t a t e  i on  a t  a c i d i c  pH ( 4 ) .  I n  a similar s tudy ,  dextromethorphan 

abso rp t ion  from t h e  rats stomach w a s  shown t o  be  dependent on a n i o n i c  

spec ie s  bu t  n o t  on t h e  t r i c h l o r o a c e t a t e  added t o  t h e  s o l u t i o n  ( 5 ) .  

T rans fe r  of war fa r in  a c r o s s  oc t ano l  impregnated membrane a t  pH 11 

was increased  by t h e  presence of sodium ion  ( 6 ) .  Ion  p a i r i n g  in- 

c reased  t h e  p a r t i t i o n i n g  of an ion ic  chloramphenical s u c c i n a t e  i n t o  

t h e  l i p i d  phase i n  presence of c a t i o n i c  phosphonium i o n s  ( 7 ) .  

Addi t ion  of t r i c h l o r o a c e t i c  a c i d  t o  s o l u t i o n s  conta in ing  methan- 

t h e l i n e  bromide increased  t h e  l e t h a l  dose of t h e  drug (8) .  

l e v e l s  of mixidine i n  ra ts  increased  when t h e  drug was adminis te red  

in t raduodenal ly  wi th  naphthalene s u l f o n i c  ac id  ( 9 ) .  

P lasma 

Not a l l  s t u d i e s  have supported t h e  hypothes is .  For  i n s t a n c e ,  

t h e  e f f e c t  of b i l e  salts  on t h e  t r a n s p o r t  of mequi tazine d i d  no t  
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KINETICS OF I O N - P A I R  ABSORPTION 183 

support  t h e  hypothes is  t h a t  i on  p a i r i n g  i n c r e a s e s  t h e  t r a n s p o r t  

of ion ized  drugs (10) .  I n  a r ecen t  a r t i c l e  t h e  hypo thes i s  w a s  

r e j e c t e d  on t h e  b a s i s  of t h e  l a c k  of experimental  d a t a  and t h e  

conceptual  eva lua t ion  of t h e  p rocess  involved (11). 

The p resen t  s tudy i s  an  a t tempt  t o  ana lyze ,  t h e o r e t i c a l l y ,  

changes i n  concen t r a t ion  of t h e  ion-pa i r  as a func t ion  of t h e  

ion-pair  agent  and t h e  t i m e  requi red  t o  e s t a b l i s h  t h e  maximum 

concen t r a t ion  of t h e  ion-pa i r  a t  t h e  s i t e  of abso rp t ion  f o r  t h e  

fol lowing two cases: 1) When t h e  abso rp t ion  i s  t h e  rate l i m i t i n g  

b a r r i e r  i n  t h e  process  of permeation, wherein t h e  ion-pa i r  would 

be i n  equ i l ib r ium wi th  t h e  ion ized  molecules:  2) When t h e  ion-pa i r  

c r o s s e s  t h e  membrane a s  though i t  were a f i v e  s i eve ,  wherein t h e  

ion-pair  format ion  would be  an in t e rmed ia t e  s t e p  i n  t h e  consecut ive  

processes  of t h e  ion-pa i r  formation and abso rp t ion .  

THEORETICAL 

The format ion  and subsequent abso rp t ion  of t h e  ion-pa i r  may 

be  cha rac t e r i zed  by t h e  fo l lowing  schematic  diagram. 

SITE OF ABSORPTION 

(Model I )  

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

2/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



184 BOROUJERDI  

+ 
Where A and B- are drug ion  and counter  ion ( ion -pa i r  a g e n t ) ,  

(A-B) i s  t h e  ion-pa i r ,  Ab and Bb r ep resen t  t h e  drug r e spec t ive ly .  

and t h e  ion-pair  agent  i n  t h e  i n s i d e  compartment, kl and k2 a r e  

chemical rate c o n s t a n t s  and k i s  t h e  abso rp t ion  rate cons t an t .  

I n  q u a n t i t a t i v e  a n a l y s i s ,  i t  i s  important  t o  e s t a b l i s h  which of 

t h e  processes  ( i . e . ,  r e v e r s i b l e  ion-pa i r ing  o r  i r r e v e r s i b l e  ab- 

so rp t ion )  determines t h e  concen t r a t ions  of t h e  ion-pair  a t  e a r l y  

t i m e s .  

i t  can be assumed t h a t  t h e  drug ion ,  counter  i on  and t h e  ion-pa i r  

are a t  a s teady  s t a t e  of chemical equi l ibr ium t h a t  is: 

a 

I f  t h e  abso rp t ion  i s  t h e  ra te  l i m i t i n g  s t e p ,  k2>>ka and 

S I T E  OF ABSORPTION !M!ZMBRANE I INSIDE COMPARTMENT 

(Model 11) 

where Keq i s  t h e  equ i l ib r ium cons tan t .  A t  t h e  equ i l ib r ium t h e  

concen t r a t ions  of t h e  r e a c t a n t s  and t h e  product  i s  determined by 

t h e  mass-action equat ions  f o r  t h e  two opposing r e a c t i o n s .  

I f  kn<<k no equ i l ib r ium can be  e s t a b l i s h e d  and t h e  ion- 

pa i r ing  would be  an in t e rmed ia t e  s t e p  i n  t h e  process  of abso rp t ion  

I n  t h i s  case ,  t h e  fol lowing scheme would be more appropr i a t e .  

a '  

SITE OF ABSORPTION lEMBRANE 1 I N S I D E  COMPARTMENT 

(Model 111) 
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KINETICS OF ION-PAIR ABSORPTION 185 

METHOD 

For t h e  g e n e r a l  Model I , t h e  fo l lowing  d i f f e r e n t i a l  e q u a t i o n s  

hold :  

(1) d[A-B] -- - ki[B-lo[A+lf - (k2 + ka> [A-BI 
d t  

+ 
d[A d t  I f  = - ~ ~ [ B - ] o [ A + ] ~  + k2[A-B] 

where [B-]o i s  t h e  amount of t h e  i o n - p a i r  a g e n t  a t  t i m e  z e r o ,  

[A 1,  i s  t h e  amount of t h e  f r e e  i o n i z e d  drug a t  t i m e  t ,  and 

[A-B] i s  t h e  amount of t h e  a b s o r b a b l e  i o n - p a i r .  I n  terms of 

+ m a t e r i a l  ba lance ,  [A I f  may b e  d e f i n e d  as: 

+ 

+ + 
[A I f  = [A I 0  - [A-BI - [AbIt 

where [A 1 0  i s  t h e  t o t a l  amount of drug i n t r o d u c e d  a t  t h e  s i t e  

of a b s o r p t i o n  a t  t i m e  z e r o ,  and [AbIt amount of drug i n  t h e  body 

a t  t ime t .  When t h e  amount of t h e  i o n - p a i r  a g e n t  i s  p r e s e n t  i n  

l a r g e  excess re la t ive  t o  t h e  i o n i z e d  drug ,  as  i s  t h e  c a s e  f o r  

-- i n  s i t u  i n v e s t i g a t i o n s  ( 3 ) ,  t h e  i o n - p a i r i n g  may b e  regarded  as a 

p s e u d o - f i r s t  o r d e r  p r o c e s s .  The g e n e r a l  s o l u t i o n s  of t h e  system 

of d i f f e r e n t i a l  e q u a t i o n s  w i t h  t h e  i n i t i a l  c o n d i t i o n s  of [A-BIt=,=O 

and [A = [A 1 0  are as f o l l o w s  

+ 

+ + 

+ 
[A+10 [ in1  + k2 + k )exp(mlt)-(m;! + k2 + k )exp(m2t) l  

where [A-B] i s  t h e  amount of t h e  ion-pa i r  a t  t i m e  t ;  [A I f  i s  

( 4 )  I f  = (mI-m2) a a 
+ 

t h e  amount of f r e e  i o n i z e d  drug a t  t i m e  t ;  m l  and m2 are t h e  r o o t s  
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186 BOROUJERDI 

of a q u a d r a t i c  equat ion  set up from t h e  determinant  of t h e  system 

of d i f f e r e n t i a l  equat ions  (Appendix). 

DISCUSSION 

(a )  When t h e  abso rp t ion  of t h e  ion-pair  proceeds f a r  more 

slowly than t h e  r e v e r s i b l e  s t e p  i n t o  t h e  drug i o n  and counter  i on ,  

t h i s  means t h a t  t h e  chemical ra te  cons t an t ,  kp, i s  g r e a t e r  than  

t h e  abso rp t ion  ra te  cons t an t ,  ka ,  and Model I1 would b e  a p p r o p r i a t e  

model. The equat ions  are repor ted  i n  Appendix, Eqs. (A6)-(A10). 

The absorbable  f r a c t i o n  of dose,  F = ([A-B]/[A l o ) ,  may then  be  + 

approximated by t h e  fol lowing two equa t ions  f o r  d i f f e r e n t  i n t e r v a l e s  

of t i m e .  We may t r ea t  t h e  e a r l y  t i m e s ,  be fo re  any s u b s t a n t i a l  absorp- 

t i o n  has  occurred as  though an equ i l ib r ium were being e s t a b l i s h e d ,  

(e .g . ,  a t  t = 0 o r  -, where K = [B-] + k2 + ka, o r  when t << -. 
Hence 

1 1 

ka S 
KS 

F = F ( l - ~ ~ p [ - k l [ B - ] o  + k 2 ) t I )  (5) 
eq 

where 

The equ i l ib r ium concen t r a t ions  are determined by t h e  i n i t i a l  con- 

c e n t r a t i o n s  of t h e  drug ion  and t h e  ion-pa i r  agent  and a r e  maximum 

f o r  Model 11. The t i m e  requi red  t o  e s t a b l i s h  equ i l ib r ium is de- 

termined by t h e  sum of t h e  rate c o n s t a n t s  of t h e  forward and re- 
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KINETICS OF I O N - P A I R  ABSORPTION 1 8 7  

v e r s e  r e a c t i o n s ,  and can be  as small as  d e s i r e d  i f  t h e s e  c o n s t a n t s  

are s u f f i c i e n t l y  l a r g e :  

A t  times s u b s t a n t i a l l y  g r e a t e r  than  t h e  t i m e  t o  e s t a b l i s h  equ i l ib -  

rium (e .g . ,  when t = l / k a  >> T ) ,  t h e  equat ion  f o r  F can be repre-  
eq 

a t e  consta  

sen ted  i n  t h e  fo l lowing  form 

F = F e ~ p  (-ket)  
eq 

and F = exp (-k t )  ( a s  y 1  -+ 0 F -+ 1) 

where k 

a eq 

= k / ( 1  + y l )  i s  t h e  e f f e c t i v e  abso rp t ion  e a 

( 9 )  

(10) 

t 

f o r  t h e  ion-pa i r .  The c h a r a c t e r i s t i c  t i m e  cons t an t  of t h e  ion-pa i r  

i n  t h e  process  of i t s  i r r e v e r s i b l e  abso rp i ton  i s  

Tc l / k e  -+ l / k a  ( a s  y1 + 0) (11) 

From t h i s  a n a l y s i s  i t  i s  evident  t h a t  t h e  c h a r a c t e r i s t i c  i n d i c a t o r  

of Model I1 is  a s u b s t a n t i a l l y  s h o r t e r  t i m e  t o  e s t a b l i s h  equ i l ib r ium 

i n  comparison wi th  t h e  c h a r a c t e r i s t i c  t i m e  cons t an t  of ion-pa i r  ab- 

so rbp t ion ,  i . e . ,  T << Tc. 
eq 

(b )  The i r r e v e r s i b l e  abso rp t ion  of t h e  ion-pa i r  proceeds f a r  

more r a p i d l y  than t h e  r e v e r s i b l e  breakdown i n t o  t h e  drug i o n  and 

t h e  counter  i o n  and hence Model I11 wi th  t h e  equa t ions  l i s t e d  i n  

Appendix, (All)-(A14) would be appropr i a t e .  I n  t h e  case  of a 

sequence of processes ,  such as Model 111, t h e  concen t r a t ion  of 

t h e  in t e rmed ia t e  product  pas ses  through a maximum (F ) a t  t ime 

Tmax : 

max 
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188 BOROUJERDI  

where l/yz = kl[B-]o/ka,  and 

With a s u f f i c i e n t l y  l a r g e  excess of t h e  ion-pa i r ,  t h e  i r r e v e r s i b l e  

absorp t ion  of t h e  ion-pair  i s  descr ibed  by t h e  equat ion F = exp(-ka t ) ,  

as  y2 + 0, when F -+ 1. The cond i t ion  f o r  f u l f i l l m e n t  of Model I11 

i s  t h a t  t h e  t i m e  T and T are s i m i l a r  i n  va lue ,  s i n c e  each of 

them i s  determined by t h e  magnitude of t h e  ra te  cons tan t  f o r  t h e  

i r r e v e r s i b l e  abso rp t ion  of t h e  ion-pa i r .  

max 

max C 

The func t ion  of F and Fmax have exac t ly  t h e  same l i m i t :  
eq 

F -f 1 as y1 -+ 0, and F -+ 1 a s  y2 -* 0. Th i s  means t h a t  

t h e o r e t i c a l l y ,  with any r a t i o  of t h e  ra te  cons t an t s  k2 and k 

under cond i t ions  of a s u f f i c i e n t l y  l a r g e  excess  of one of t h e  

components, a l i m i t i n g  concent ra t ion  of t h e  ion-pa i r  w i l l  be  

reached t h a t  w i l l  be equal  t o  t h e  concent ra t ion  of t h e  ion ized  

drug a t  t i m e  zero ,  i . e . ,  [A-B], = [ A  1 0 .  Obviously,  t h i s  can be 

t r u e  only when a l l  drug i o n s  cover t  t o  ion-pa i r .  The func t ion  

of F can be p l o t t e d  on coord ina te s  of 1/F vs  y1; i n  t h i s  case, 

t h e  s lope  of t h e  l i n e  can be used t o  determine t h e  equi l ibr ium con- 

s t a n t .  An analogous l i n e a r  r e l a t i o n s h i p  can a l s o  be found f o r  

Frnax max 

be determined by t h e  r a t i o  of t h e  ra te  cons t an t s  f o r  t h e  format ion  

and i r r e v e r s i b l e  absorp t ion  of t h e  ion-pa i r .  The two cases can be  

d i s t ingu i shed  by a n a l y s i s  of t he  c h a r a c t e r i s t i c  t i m e s  f o r  passage of 

t h e  concent ra t ion  through t h e  maximum T and T a s  def ined  i n  

equat ions  (8) and (13) .  From t h e  k i n e t i c  curve  of log[A-B] v s  t i m e  

t h e  h a l f - l i f e  of absorp t ion  can be es t imated .  We can then estimate 

eq max 

a’ 

t 

eq eq 

on coord ina tes  of 1/F v s  y2. I n  t h i s  case, t h e  s l o p e  can 

eq max 
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t h e  e f f e c t i v e  rate c o n s t a n t  f o r  i r r e v e r s i b l e  a b s o r p t i o n  of t h e  

i o n - p a i r .  I f  T << T * i . e . ,  e q u i l i b r i u m  i s  e s t a b l i s h e d  r a p i d l y ,  

and t h e  a b s o r p t i o n  of t h e  i o n - p a i r  is t h e  r a t e  l i m i t i n g  s t e p .  I f  

no e q u i l i b r i u m  were e s t a b l i s h e d ,  t h e  t i m e  r e q u i r e d  t o  r e a c h  t h e  

maximum c o n c e n t r a t i o n  of t h e  i o n - p a i r  may b e  e s t i m a t e d  by e q u a t i o n  

13. 

eq C’  
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Appendix A 

1. The roots of the quadratic equation set up from the deter- 

minant of the system of differential equations 

m1,2 =-K (1 2 
where 

1-4y2/(1 + yi + y2)2)/2 
S 

Ks = kl[U-] + k2 + ka is the sum of the constants; (A2) 

Ke = kl/k2 is the equilibrium constant; (A3) 

l/yl = Ke[B-]o and (A4) 

l/y2 = kl[ B-] 0 /k (A5) are dimensionless ion-pair agent a 

and the general solution assumes the form 

[ A - B ]  = ( l  + yl)(exp(-kat/(l + yl))-exp(-kllB-]o + k2)t) (A9) [A+] 

3. When ka > k2 

Ks = (kl[B-1o + ka) 
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ml = -ka 

m2 = -kl[B-lo 

and general solution assumes t h e  form 

1 9 1  
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