
ADSORPTION ISOTHERM AND KINETIC MODEL

A f te r  in v e s t ig a t in g  th e  a d s o rp tio n  p e r f o r m a n c e  o f  a l l  a d s o r b e n ts  ( s e e  C h a p te r  4 ). 

10  a d s o r b e n ts  b e a d s  w i th  h ig h  e f f ic ie n c y  in  a d s o r p t io n  c u t t in g  f lu id s  w e r e  s e le c te d  to  

s tu d y  a d s o r p t io n  i s o th e r m  a n d  k in e t ic .  T h e y  in c lu d e  c h i to s a n  (C H , b le n d e d  

c h i to s a n /P V A  1:1 ( C H /P V A ) ,  b e n z o y l  c h i to s a n ,  q u a te r a m in a te d  c h i to s a n ,  c h i to s a n -  

s o d iu m  la u ry l  s u l f a te  ( C H - S D S ) ,  c h i to s a n - h e x a d e c y l t r im e th y  a m m o n iu m  b ro m id e  

(C H - C - T a b ) ,  c h i to s a n -  p o ly o x y e th y le n e  s o r b i ta n m o n o o le a te  ( C H - T w e e n  8 0 ) , b le n d e d  

c h i to s a n /P V A - s o d iu m  la u ry l  s u lfa te  ( B C H - S D S ) ,  b le n d e d  c h i to s a n /P V A -  

h e x a d e c y l t r im e th y  a m m o n iu m  b ro m id e  ( B C H - C - T a b )  a n d  b le n d e d  c h i to s a n /P V A -  

p o ly o x y e th y le n e  s o r b i ta n m o n o o le a te  ( B C H - T w e e n  8 0 ) . T h e  a d s o r p t io n  is o th e rm  a n d  

k in e t ic  o f  a ll  a d s o r b e n ts  a re  p re s e n te d  in  th e  f o l lo w in g  s e c t io n s .

5.1. Adsorption isotherm
T h e  a d s o r p t io n  i s o th e rm  m o d e l  d e s c r ib e s  h o w  a d s o r b a te  in te r a c ts  w i th  a d s o rb e n ts  

a n d  p r o v id e s  c o m p r e h e n s iv e  u n d e r s ta n d in g  o f  th e  n a tu r e  o f  in te r a c t io n  th is  is  e s s e n tia l  

fo r  th e  m o s t  e f f e c t iv e  u s e  o f  th e  a d s o rb e n t .  T h is  is  th u s  e s s e n t ia l  to  c o r r e la te  th e  

e q u i l ib r iu m  d a ta  b y  e i th e r  th e o r e t ic a l  o r  e m p ir ic a l  m o d e ls  fo r  d e s ig n in g  a  p e r fe c t  

o p e ra t in g  a d s o r p t io n  s y s te m  fo r  in d u s tr ia l  e f f lu e n ts .  In  th e  p r e s e n t  in v e s t ig a t io n ,  th e  

e q u i l ib r iu m  d a ta  w a s  a n a ly z e d  a c c o rd in g  to  th e  l in e a r  f o r m  o f  L a n g m u ir ,  F r e u n d l ic h  

a n d  B E T  m o d e l  o f  a d s o r p t io n  iso th e rm . T h e  c h a r a c te r i s t ic s  o f  e a c h  m o d e l  a re

d e s c r ib e d  a s  f o l lo w
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T h e  L a n g m u i r  i s o th e r m  a s s u m e s  th a t  in te r m o le c u la r  f o rc e s  d e c r e a s e  r a p id ly  w ith  

d is ta n c e  a n d  th i s  l e a d s  to  th e  p r e d ic t io n  th a t  c o v e r a g e  o f  a d s o r b e n t  b y  a d s o rb a te  is  o f  a  

m o n o la y e r  ty p e . In  o th e r  w o rd , th is  is o th e rm  a s s u m e s  th a t  a  s in g le  a d s o r b a te  b in d s  to  a  

s in g le  s i te  o n  th e  a d s o r b e n t  a n d  th a t  a ll  s u r f a c e  s i te s  o n  th e  a d s o r b e n t  h a v e  th e  s a m e  

a f f in i ty  f o r  th e  a d s o rb a te .  F u r th e r ,  i t  is  a s s u m e d  th a t  o n c e  a  p a r t ic u la r  s i te  o f  th e  

a d s o r b e n t  is  o c c u p ie d  b y  a n  a d s o r b a te  m o le c u le ,  n o  fu r th e r  a d s o r p t io n  ta k e s  p la c e  a t  

th a t  s i te . T h e o r e t ic a l ly ,  a d s o r b e n t  h a s  a  f in ite  n u m b e r  o f  s i te s  a n d  o n c e  a l l  th e s e  s ite s  

a re  o c c u p ie d  b y  a d s o r b a te  f u r th e r  a d s o r p t io n  c a n n o t  t a k e  p la c e .  T h e  L a n g m u ir  

e q u a t io n  w a s  o r ig in a l ly  d e v e lo p e d  to  d e s c r ib e  in d iv id u a l  c h e m ic a l  a d s o r p t io n  a n d  is  

a p p l ic a b le  to  p h y s ic a l  a d s o r p t io n  (m o n o la y e r )  w i th in  a  lo w  c o n c e n t r a t io n  ra n g e  o f  

a d s o r b a te  [4 3 ] , T h e  L a n g m u ir  i s o th e rm  is e x p r e s s e d  as

^  = ^  +  ( 5 -1)Qe 9o K Lq0 c,

w h e re  q e is  th e  a m o u n t  o f  c u t t in g  f lu id s  a d s o r b e d  p e r  u n it  w e ig h t  o f  a d s o rb e n ts  a t  

e q u i l ib r iu m  c o n c e n t r a t io n  (m g /g ) ,  ce is th e  f in a l  c o n c e n t r a t io n  in  th e  s o lu t io n  (m g /1), 

qo is  th e  m a x im u m  a d s o r p t io n  a t  m o n o la y e r  c o v e r a g e  (m g /g )  a n d  Kl is  th e  a d s o rp tio n  

e q u i l ib r iu m  c o n s ta n t  ( 1/m g ) .

In  th e  c a s e  o f  F r e u n d l ic h  i s o th e rm  it d e s c r ib e s  th e  h e te r o g e n e o u s  s y s te m  a n d  

r e v e r s ib le  a d s o r p t io n .  T h is  is n o t  r e s t r ic te d  to  th e  m o n o la y e r  f o rm a tio n .  T h is  m o d e l  

p r e d ic ts  th a t  a d s o r b a te  c o n c e n t r a t io n  in  th e  a d s o r b e n t  w ill  i n c r e a s e  w i th  in c re a s e  in  

a d s o rb a te  c o n c e n t r a t io n  in  th e  s o lu t io n .  F r e u n d l ic h  e q u a t io n  is  g e n e ra l ly  s u i ta b le  fo r  

h ig h  c o n c e n t r a t io n  a n d  m id d le  c o n c e n t r a t io n  e n v ir o n m e n ta l  a n d  is  n o t  s u i ta b le  fo r  lo w  

c o n c e n t r a t io n  e n v i r o n m e n ta l  b e c a u s e  it d o e s  n o t  m e e t  th e  r e q u i r e m e n ts  o f  H e r n y ’s la w  

[4 3 ] . T h e  F r e u n d l ic h  i s o th e rm  is  e x p r e s s e d  a s

q .  = K r-Cc n (5 .2 )
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w h e re  qe is  th e  a m o u n t  o f  c u t t in g  f lu id  a d s o r b e d  p e r  u n i t  w e ig h t  o f  a d s o r b e n ts  a t  

e q u i l ib r iu m  c o n c e n t r a t io n  ( m g /g ) ,  Ce is  th e  f in a l  c o n c e n t r a t io n  in  th e  s o lu t io n  (m g/1 ), 

Kf is  a  F r e u n d l ic h  c o n s ta n t  r e p r e s e n t in g  th e  a d s o r p t io n  c a p a c i ty  ( m g /g ) ( l /m g ) n a n d  ท is  

a  c o n s ta n t  d e p ic t in g  th e  a d s o r p t io n  in te n s i ty  ( d im e n s io n le s s ) .

T h e  B E T  i s o th e r m  is  a n  e x te n s io n  o f  th e  L a n g m u i r  i s o th e r m  to  a c c o u n t  fo r  

m u l t i l a y e r  a d s o r p t io n  o f  a d s o rb a te .  T h is  is o th e rm  a s s u m e s  th a t  a  n u m b e r  o f  la y e rs  o f  

a d s o r b a te  a c c u m u la te  a t  th e  s u r f a c e  a n d  th a t  th e  L a n g m u i r  i s o th e r m  a p p l ie s  to  e a c h  

la y e r . T h e  B E T  is o th e r m  is  e x p re s s e d  a s

w h e re  X  is  th e  a m o u n t  o f  c u t t in g  f lu id s  a d s o rb e d  (g ) , m  is  th e  w e ig h t  o f  a d s o r b e n ts  (g ), 

xm is  th e  a m o u n t  o f  c u t t in g  f lu id s  a d s o rb e d  in  f o r m  a  c o m p le te  m o n o la y e r  (m g /g ) ,  Cs 
is  th e  s a tu r a t io n  c o n c e n t r a t io n  o f  c u t t in g  f lu id s  ( m g /1), ce is  th e  c o n c e n t r a t io n  o f  

c u t t in g  f lu id s  in  e m u ls io n  e q u i l ib r iu m  (m g/1 ) a n d  Kb is  th e  B E T  c o n s ta n t .

In  o r d e r  to  d e c id e  w h ic h  ty p e  o f  is o th e rm  b e t te r  f i t  th e  e x p e r im e n ta l  r e s u l ts ,  d a ta  

w e re  p lo te d  l / q e v e r s u s  l/ce fo r  th e  L a n g m u ir  is o th e r m , lo g  q e v e r s u s  lo g  Ce fo r  th e  

F r e u n d l ic h  i s o th e r m  a n d  C e/ ( C s - C e) (x /m )  v e r s u s  ce/cs fo r  th e  B E T  is o th e rm . T h e  

s u i ta b le  m o d e l  f o r  e a c h  a d s o rb e n t  c a n  b e  d e te r m in e d  b y  c a lc u la t io n  th e  re la t iv e  

c o e f f ic ie n t  ( R 2) v a lu e s .  T h e  e x a m p le  p lo ts  o f  e x p e r im e n ta l  d a t a  p r e s e n ts  in  i l lu s tr a t io n  

F ig u re  5 .1  to  F ig u r e  5 .3 , r e s p e c t iv e ly .  T a b le  5 .1  s h o w s  th e  r e s u l t  o f  a ll  a d s o rb e n ts .  It 

w a s  f o u n d  th a t  b le n d e d  c h i to s a n /P V A  1:1 , C H -C -T a b ,  C H - T w e e n  8 0 , B C H -C - T a b  a n d  

B C H - T w e e n  8 0  a re  a d s o r b e n ts  th a t  f i t  w e ll  to  th e  L a n g m u i r  i s o th e r m .  T h e  re la t iv e  

c o e f f ic ie n ts  o f  th e  e x p e r im e n ts  a re  0 .9 6 6 , 0 .9 7 8 , 0 .9 8 3 ,  0 .9 7 3  a n d  0 .9 9 8 ,  r e s p e c t iv e ly . 

T h e  n u m e r ic a l  v a lu e s  o f  th e  L a n g m u ir  is o th e rm  c o n s ta n t s  w e r e  d e te r m in e d  a s  qo e q u a l

1 Kb-\ (  c ' (5 .3 )0cs- c e)x/m K„Xm k bx „ \  C J
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0 .0 8 , 7 .1 4 , 0 .0 2 , 0 .0 0 3  a n d  0 .0 0 1  m g /g , r e s p e c t iv e ly .  T h e  qo o f  C H -C -T a b  is  th e  

h ig h e s t  o f  th o s e  a d s o rb e n ts .

E s s e n t ia l  f e a tu r e s  o f  th e  L a n g m u ir  is o th e rm  c a n  a ls o  b e  e x p r e s s e d  in  te rm s  o f  

d im e n s io n le s s  e q u i l ib r iu m  p a r a m e te r  R L, w h ic h  is  e q u a l  to  1/(1 +KtCo) w h e re  K L is  

th e  L a n g m u i r  c o n s ta n t  a s  d e s c r ib e d  a b o v e  a n d  Co is  th e  in i t ia l  c u t t in g  f lu id s  

c o n c e n t r a t io n .  V a lu e  o f  R l le s s  th a n  o n e  b u t  g r e a te r  th a n  z e ro  in d ic a te s  f a v o u ra b le  

a d s o rp t io n .  R l v a lu e s  c a lc u la te d  a t  d i f f e r e n t  in i t ia l  e f f lu e n t  c o n c e n t r a t io n s  a re  w e l l  

w i th in  th e  d e f in e d  r a n g e  a n d  th is  in d ic a te s  f a v o u r a b le  a d s o r p t io n .  T h e  p a ra m e te r  

s h o w s  th e  s h a p e s  o f  th e  is o th e r m s  a c c o rd in g  to  T a b le  5 .2  [4 0 ] .

T h e  r e s u l ts  o f  s e p a r a t io n  f a c to r  o f  th e ir  a d s o r b e n ts  s h o w e d  th a t  b le n d e d  

c h i to s a n /P V A  1 :1 , C H - C - T a b ,  C H - T w e e n  80, B C H - C - T a b  a n d  B C H -T w e e n  80 

d is p la y  a  s e p a r a t io n  f a c to r  b e tw e e n  0 - 1 .  T h is  v a lu e  p r o v e s  th a t  th e  a d s o rb e n ts  

a d s o r b e  c u t t in g  f lu id s  a s  th e  L a n g m u ir  is o th e rm . T h u s  th e  b le n d e d  c h i to s a n /P V A  1 :1 , 

C H - C - T a b ,  C H - T w e e n  80, B C H - C - T a b  a n d  B C H - T w e e n  80 d is p la y  a d s o r p t io n  o f  

c u t t in g  f lu id s  a s  a  m o n o la y e r  a d s o r p t io n  p ro c e s s e s .

F o r  th e  c a s e  o f  c h i to s a n ,  th e  p lo t  o f  lo g  q e v e r s u s  lo g  c e is  b a s e d  o n  E q u a tio n  5.2. 

T h e  e x p e r im e n ta l  r e s u l ts  a re  s h o w n  in  F ig u re  5.2, i t  c a n  b e  s e e  th a t  c h i to s a n  a d s o rb s  

c u t t in g  f lu id s  a n d  f i ts  v e ry  w e l l  w i th  th e  F r e u n d l ic h  i s o th e rm . T h is  r e s u l t  is  s h o w n  in  

T a b le  5.1. T h e  v a lu e s  o f  K p a n d  ท a re  0.07 a n d  0.58, r e s p e c t iv e ly .  A  v a lu e  o f  ท la rg e r  

th a n  o n e  s u g g e s ts  th a t  th e  a m o u n t  o f  a d s o r p t io n  w ill  a p p r o a c h  a  l im i t  [4 4 ] , I n -a d d i t io n  

1 /n  o f  th e  F r e u n d l ic h  i s o th e rm  is  a  m e a s u r e  fo r  th e  a d s o r p t io n  in te n s i ty .  T h e re fo re ,  th e  

v a lu e  o n  “ ท”  c a n  b e  d iv id e d  in to  th r e e  c a s e s  i .e ., ท =  1 in d ic a te  th a t  th e  p a r t i t io n  

b e tw e e n  th e  tw o  p h a s e s  is  in d e p e n d e n c e  o f  th e  c o n c e n t r a t io n ,  1 /n  b e lo w  o n e  in d ic a te s  

a  n o rm a l  L a n g m u i r  i s o th e rm  a n d  f in a l ly  1 /n  a b o v e  o n e  is in d ic a t iv e  fo r  a  c o o p e ra t iv e  

a d s o r p t io n  [45]. H e n c e  f ro m  th is  s tu d y , it c a n  b e  s e e  th a t  v a lu e  o f  ท is  lo w e r  th a n  o n e
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th u s  th e  a m o u n t  o f  a d s o r p t io n  is  f a r th e r  to  a  l im it . T h u s  th e  c h i to s a n  m a y  d is p la y  

a d s o r p t io n  c u t t in g  f lu id s  e th e r  a  h e te r o g e n e o u s  a d s o rp t io n  a c c o r d in g  to  ท v a lu e .

F o r  th e  c a s e  o f  b e n z o y l  c h i to s a n ,  q u a te r a m in a te d  c h i to s a n ,  C H - S D S  a n d  B C H - 

S D S , it  c a n  b e  s e e  th a t  th e y  a d s o rb  c u t t in g  f lu id s  a n d  f i t  v e r y  w e l l  w i th  th e  B E T  

is o th e rm , a s  s h o w  in  T a b le  5 .1 .

T h e  B E T  c o n s ta n t  “ a ”  d e s c r ib e s  th e  e n e rg y  in te r a c t io n  b e tw e e n  s o lu te  a n d  

a d s o rb e n t  s u r f a c e  [1 2 ] .  T h e  c o n s ta n t  K b o f  q u a te r a m in a te d  c h i to s a n  w a s  th e  h ig h e s t  a t

5 8 5 .9  f o l lo w e d  b y  b e n z o y l  c h i to s a n  a t  2 4 .5 2 . T h e  c o n s ta n t  K b o f  b o th  C H -S D S  a n d  

B C H -S D S  w e r e  e q u iv a le n t  a t  1 .0 0 . T h e r e f o r e  c u t t in g  f lu id s  w e r e  a d s o r b e d  o n  b e n z o y l  

c h i to s a n ,  q u a te r a m in a te d  c h i to s a n ,  C H -S D S  a n d  B C H -S D S  a s  a  m o r e  c o m p l ic a te d  

m u l t i- la y e r .

T h e  m e c h a n is m  o f  a d s o r p t io n  m a y  in v o lv e  fo u r  s te p s :  (1 )  d i f f u s io n  o f  c u t t in g  

f lu id s  to  th e  b o u n d a r y  s u r f a c e  o f  a d s o rb e n t;  (2 )  d if fu s io n  o f  l iq u id  f i lm  a t  th e  p o re s  o f  

a d s o rb e n t;  (3 )  d i f f u s io n  in to  th e  p o r e s  o f  a d s o rb e n t;  (4 )  a d s o r p t io n  o f  c u t t in g  f lu id s  o n  

th e  in te rn a l  s u r f a c e  o f  th e  a d s o rb e n t .
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1000



1 0 2

C/Cs
Figure 5.3 B E T  i s o th e r m  o f  c u t t in g  f lu id s o n  B C H -S D S

T a b le  5 .1  A d s o r p t io n  i s o th e r m s  f o r  a d s o r p t io n  c u t t in g  f lu id s  o n to  a d s o rb e n ts

Adsorbents
Langmuir Freundlich BET

Kl q» Rl R2 Kf ท R2 K-b x m R2
Chitosan 0.0050 0.30 0.002 0.927 0.07 0.58 0.972 1.16 12.78 0.806
Blended chitosan/PVA 1:1 0.0010 0.08 1.3x10'2 0.966 0.02 0.44 0.951 197 0.00 0.452
Benzoyl chitosan 0.0001 0.31 0.001 0.742 0.01 0.49 0.833 24.52 0.03 0.865
Quateraminated chitosan 0.0170 0.02 0.003 0.927 0.01 0.49 0.697 585.90 0.01 0.979
CH-SDS 0.0270 1.34 1.5x10 5 0.804 0.86 180.56 0.637 1.00 47.30 0.986
CH-C-Tab 1.2x105 7.14 4.1x1 O'6 0.978 0.58 0.93 0.876 -4.22 0.31 0.957
CH-Tween 80 0.0010 0.02 3.1x10"2 0.983 -0.03 - 0.920 848.87 0.00 0.612
BCH-SDS 0.0013 2.58 7.7x10* 0.953 1.02 122.82 0.884 1.00 126.20 0.998
BCH-C-Tab - 0.003 8.3x10° 0.973 -10.3 - 0.905 -8.6x1 o2 0.00 0.842
BCH-Tween 80 - 0.001 2.4x10° 0.998 -3.89 - 0.509 -3.6xl05 0.00 0.700
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Table 5.2 E f f e c t  o f  th e  s e p a r a t io n  f a c to r  o n  i s o th e r m  s h a p e s

R l V a lu e T y p e  o f  i s o th e r m
R l >  1 U n f a v o r a b le
R l = 1 L in e a r
0  <  R l <  1 F a v o r a b le
R l =  0 I r r iv e r s ib le

5.2. Pseudo-first-order and pseudo-second-order models
T w o  k in e t ic  m o d e l  i .e . p s e u d o - f i r s t - o r d e r  a n d  p s e u d o - s e c o n d - o r d e r ,  w e re  u s e d  to  

t e s t  e x p e r im e n ta l  d a t a  a n d  a n a ly z e  th e  k in e t ic s  o f  th e  a d s o r p t io n  p r o c e s s  [4 6 -4 8 ] , T h e  

k in e t ic  m o d e ls  w e re  d e v e lo p e d  to  f in d  in t r in s ic  k in e t ic  a d s o r p t io n  c o n s ta n ts .  A z iz ia n , 

ร .,  [4 9 ] d e te r m in e d  th e  c o n d i t io n s  fo r  u s in g  p s e u d o  f i r s t  o r d e r  a n d  p s e u d o  s e c o n d  

o rd e r  m o d e ls  a n d  a ls o  id e n t i f ie d  th e  re a l  m e a n in g  o f  t h e i r  o b s e r v e d  ra te  c o e f f ic ie n ts .  

C o n s id e r  in  th e  a d s o r p t io n  a n d  d e s o rp t io n  o f  s o lu te  A  in  s o lu t io n

H t M * ,  (5 -4 )

w h e re  k a a n d  kd a re  th e  a d s o r p t io n  a n d  d e s o r p t io n  ra te  c o n s ta n ts  a n d  * r e p re s e n ts  th e  

v a c a n t  s ite . T h e  a d s o r p t io n ,  v a a n d  d e s o r p t io n  r a te s ,  v d c a n  b e  c a l c u la te d  f ro m  E q u a tio n

5 .5  a n d  5 .6 .

va = k ac ,(  1-60 (5.5)

vd =  k d0  (5 .6 )

w h e re  6  is  th e  c o v e r a g e  f r a c t io n  (0  <  0 < 1 )  a n d  C l  is  th e  m o la r  c o n c e n t r a t io n  o f  s o lu te

a t a n y  t im e . T h e  o v e r a l l  r a te  e q u a t io n  is

do ( r  ๆ ,
( 5 ' 7 )

^  =  * j C , ( l - f f ) - k d9  (5 .8 )a t
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B y  a d s o r p t io n  o f  s o lu te  f ro m  s o lu t io n  o n to  th e  s u r f a c e  o f  a d s o rb e n t ,  th e  

c o n c e n t r a t io n  o f  s o lu te  in  s o lu t io n  d e c r e a s e s  a s  fo l lo w ;

c ,= c  0-  po (5 .9 )

w h e re  Co is  th e  in i t ia l  m o la r  c o n c e n t r a t io n  o f  s o lu te ,  Ct is  i ts  m o la r  c o n c e n t r a t io n  a t 

a n y  t im e ,  9 is  s u r f a c e  c o v e r a g e  f r a c t io n ,  a n d  p  is

w h e re  m c is  th e  m a s s  (g )  o f  s o rb e n t ,  q m is  th e  m a x im u m  c a p a c i ty  o f  s o rb e n t ,  M w is  th e  

m o la r  w e ig h t  o f  s o lu te  (g /m o l) ,  a n d  V  is  th e  v o lu m e  o f  s o lu t io n  (1). O n e  c a n  re w r i te  /? 

a s

P  =  ( 5 .1 1 )

w h e re  ce is  th e  e q u i l ib r iu m  m o la r  c o n c e n t r a t io n  o f  s o lu te  a n d  Be is  th e  e q u il ib r iu m  

c o v e r a g e  f ra c t io n . B y  in s e r t in g  E q u a t io n  5 .9  in to  E q u a t io n  5 .8

^ = M Q - / W W 1  - e ) - k j S  ( 5 .1 2 )a t

E q u a t io n  5 .1 2  w a s  th e  g e n e ra l  e q u a t io n  w h ic h  w a s  u s e d  a t  d i f f e r e n t  c o n d it io n s  

fo r  d e r iv a t io n  o f  v a r io u s  k in e t ic  m o d e ls  o f  a d s o rp tio n .

5.2.1. Derivation of pseudo-first-order model
I f  th e  e x p e r im e n ta l  c o n d i t io n  b e  s u c h  th a t  th e  in i t ia l  c o n c e n t r a t io n  o f  s o lu te ,  Co is  

v e ry  h ig h  c o m p a r e d  to  P0 (Co »  P0), th e n  o n e  c a n  ig n o re  th e  P0 te rm  in  E q u a tio n  

5 .1 2 , a n d  th e re fo re

^  =  k .C t ( \ - 0 ) - k j B  ( 5 .1 3 )a t

^  = k,ca-(k.c,+kd)e (5 .1 4 )
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B y  d e f in i t i o n  o f
f  = K C 0

K  = K  c '0 + k j

(5 .1 5 )

(5 .1 6 )

a n d  s u b s t i tu t io n  o f  E q u a t io n  5 .1 5  a n d  E q u a tio n  5 .1 6  in to  E q u a t io n  5 .1 4 , to  o b ta in

I n te g r a t io n  o f  E q u a t io n  5 .1 7  g iv e s
di r f - k '6

(5 .1 7 )

J d e (5 .1 8 )
I f - K Q  ร

๒(1 = (5 .1 9 )
/

D e r iv in g  E q u a t io n  5 .1 6  w i th  E q u a t io n  5 .1 5  to  o b ta in

k\ _  kgCp ~t~ kd

f  kac 0
(5 .2 0 )

B y  d e f in in g  th e  E q u a t io n  c o n s ta n t  a s  K  =  k j k c{ a n d  r e w r i t in g  E q u a t io n  5 .2 0 ,

( 5 .2 1 )
f  K C 0

A t e q u i l ib r iu m  d 0 /d t  =  0 , E q u a t io n  5 .1 4  a t  e q u i l ib r iu m  c o n v e r t s  to

1 K C , + \ _ _ K ,
=  f

B y  in s e r t in g  E q u a t io n  5 .2 2  in to  E q u a t io n  5 .1 9 , to  o b ta in

(5 .2 2 )

In

จะ! 1 c 1
V____

k
=  - k , t

I t  is  k n o w n  th a t
9  _  q

6  1: = <ie
T h e r e f o r e ,  E q u a t io n  5 .2 3  c o n v e r ts  to

In = - k j

(5 .2 3 )

(5 .2 4 )

(5 .2 5 )

o r ^og(qe - q 1) = \o g q e
2 .3 0 3

(5 .2 6 )
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w h e re  k] is  th e  r a te  c o n s ta n t  o f  th e  p s e u d o - f i r s t - o r d e r  m o d e l .

T h e  v a lu e s  o f  k l  a n d  q e a re  d e te r m in e d  f r o m  th e  s lo p e  a n d  in te r c e p t  o f  th e  p lo ts  o f  

lo g  ( q e -  q t) v e r s u s  t ,  r e s p e c t iv e ly .

5.2.2. Derivation of pseudo-second-order model
I f  th e  in i t ia l  c o n c e n t r a t io n  o f  s o lu te ,  Co is  n o t  to o  h ig h  f o r  th e  p 0  te r m  in  E q u a tio n

5 .1 2  to  b e  ig n o r e d ,  t h e n  f o r  d e r iv a t io n  o f  th e  ra te  la w , o n e  c a n  in te g r a te  E q u a t io n  5 .1 2  

d ir e c t ly .  B y  r e a r r a n g e m e n t  o f  E q u a tio n  5 .1 2  to  o b ta in

o r

w h e re

^  = Kpe2 -  ip  +  c „ + 1  j  kfi + (5 .2 7 )

^  = a d 2 + b d  + f (5 .2 8 )

a  = k j (5 .2 9 )

b = -  f î  + C 0 + ~  k a (5 .3 0 )

f  =  kac 0 (5 .3 1 )

B y  in te g r a t in g  o f  E q u a t io n  5 .2 8

d d
a d  +  b e  + f

l
= j c f t (5 .3 2 )

yjb2 - 4 a f
J l a d  + b - y j b 2 - A a f  J b - y jb 2 - 4 a f  

2 a d  + b + y jb 2 -  A a f  b + yJ b 2 —A a f
= t  ( 5 .3 3 )

B y  d e f in i t io n  o f
A = y lb 2 - 4 a f

y  = b -  A

(5 .3 4 )

(5 .3 5 )

£  =  b + A (5 .3 6 )
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l n j  = T (5 .3 7 )

a n d  s u b s t i tu t io n  o f  th e  a b o v e  e q u a t io n  in to  E q u a t io n  5 .3 3  to  o b ta in

In ^ 2  a 6  + y ^  
2  a 9  + ç

- T  -  A t (5 .3 8 )

th e re fo re

9  =
2 a ( l - e * + r)

(5 .3 9 )

E q u a t io n  5 .3 9 , r e p r e s e n ts  th e  v a r ia t io n  o f  s u r f a c e  c o v e r a g e  f r a c t io n  (9)  w i th  t im e . 

F o r  ju s t i f i c a t i o n  o f  th i s  e q u a t io n ,  th e  b o u n d a r y  c o n d i t io n s  t  =  0  a n d  t  =  00 a re  a p p lie d  to  

E q u a t io n  5 .3 9 .

A t  t  —> 0  E q u a t io n  5 .3 9  c o n v e r ts  to

^0 =
£ g ;r- 7  

2 a ( \ - e T) ( 5 .4 0 )

w h e re  th e  n u m e r a to r  E q u a t io n  5 .4 0  is  z e ro , so  th a t  do = 0  a t  t =  0 

A t  t  — » 00 (o r  e q u i l ib r iu m ) ,  E q u a tio n  5 .3 9  b e c o m e s

£

o r
* . = ■

9 = -

2 a  

KC„
1 + KC„

(5 .4 1 )

(5 .4 2 )

w h ic h  is  th e  L a n g m u i r  a d s o r p t io n  is o th e rm . E q u a t io n  5 . 3 9  c a n  b e  re a r r a n g e d  to

e q u a t io n

a n d  b y  u s in g  E q u a t io n  5 .3 7

9 =

9 =

2 « ( l - e V )  

2 a t f - y e * )

(5 .4 3 )

( 5 .4 4 )

S m a ll  v a lu e s  o f  X h a v e  th e  fo l lo w in g  m a th e m a t ic a l  a p p r o x im a t io n

๙ * 1  +  * (5 .4 5 )
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S o  b y  r e p la c e m e n t  o f  X =  X-t a n d  u s in g  th e  a b o v e  a p p r o x im a t io n  to  E q u a tio n  
5 .4 4 , to  o b ta in

f r O  +  ' k - l )

o r

0!

G-.

2  a { Ç - y - y A t )  

2 a ( 2 A - y A t )

(5 .4 6 )

(5 .4 7 )

It is  k n o w n  th a t  a t  t  =  0 , th e  in i t ia l  c o v e r a g e  f r a c t io n  w a s  z e ro  (00 =  0 ) , w h ic h  w a s  

c o m p a t ib le  w i th  th e  a b o v e  e q u a t io n .  B y  s u b s t i tu t io n  o f  E q u a t io n  5 .4 1  in to  E q u a tio n

5 .4 7

0  ~  ~ d j X t  (5 .4 8 )
( 2 A - 2 y A t )

R e a r r a n g e m e n t  o f  E q u a t io n  5 .4 8  y ie ld s

o r
t 2  1

(5 .4 9 )

0  =  y d  1, Ge 1

B y  r e p la c e m e n t  o f  9  = q /q m a n d  9e = q e/ q m , to  o b ta in

t  2 1

(5 .5 0 )

7 =  y q L. 7๙
B y  d e f in i t io n  o f  k.2 a s

(5 .5 1 )

k  -  7  
2<?c

a n d  s u b s t i tu t io n  o f  E q u a t io n  5 .5 2  in to  E q u a t io n  5 .51

t  1 1

(5 .5 2 )

7  =  K q ;  7๙ 

o r
t  1 1

(5 .5 3 )

7, ”  K ch  7๙
(5 .5 4 )

w h e re  k 2 is  th e  ra te  c o n s ta n t  o f  p s e u d o - s e c o n d - o r d e r  a d s o r p t io n  (m g /g -m in ) .

F ro m  E q u a t io n  5 .5 4
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I t  is  o b v io u s  th a t ,  E q u a t io n  ( 5 .5 4 )  k 2 a n d  q e c a n  b e  c a l c u la t e d  f ro m  th e  in te rc e p t  

a n d  s lo p e  o f  s t r a ig h t - l in e  p lo t  o f  ( t /q t) v e r s u s  t  a n d  th e r e  is  n o  n e e d  to  k n o w  a n y  p r io r  

p a r a m e te r s .  T h e  s u i ta b le  o f  k in e t ic  m o d e ls  is  t e s te d  b y  o b ta in in g  th e  c o r r e la t io n  

c o e f f ic ie n t  (R 2). T w o  k in e t ic  m o d e ls  fo r  a d s o r p t io n  f r o m  l iq u id  a d s o rp tio n ,  i.e , 

p s e u d o - f i r s t - o r d e r  a n d  p s e u d o - s e c o n d - o r d e r ,  w e re  d e r iv e d  a n d  u s e d  in  th e  m a n y  

l i t e r a tu r e s  [5 0 -5 6 ]

T w o  k in e t ic  m o d e ls  b a s ic a l ly  in c lu d e  a ll s te p s  o f  a d s o r p t io n  s u c h  a s  e x te rn a l  f i lm  

d if f u s io n ,  a d s o r p t io n  a n d  in te rn a l  p a r t ic le  d if fu s io n .  S o  th e y  a r e  p s e u d o  m o d e l  [4 3 , 

5 7 ] , In  th e  p r e s e n t  s tu d y ,  l in e a r  fo rm  o f  p s e u d o - f i r s t - o r d e r  a n d  p s e u d o - s e c o n d - o r d e r  

k in e t ic  ra te  m o d e ls ,  w e re  s tu d ie d  w i th  th e  k in e t ic  e x p e r im e n ta l  d a ta  to  e x a m in e  th e  

c o n t r o l l in g  m e c h a n is m  o f  a d s o r p t io n  c u t t in g  f lu id s  o f  a ll  a d s o r b e n ts .  T h e  p a ra m e te r s  

in  th e  tw o  m o d e ls  w e r e  d e te r m in e d  f ro m  th e  l in e a r  p lo t s  o f  lo g ( q e-q t) v e r s u s  t  fo r  

p s e u d o - f i r s t - o r d e r  a n d  t /q t v e r s u s  t  f o r  p s e u d o - s e c o n d - o r d e r .  F ig u r e  5 .4  a n d  F ig u re  5 .5  

p r e s e n ts  p s e u d o - f i r s t - o r d e r  a n d  p s e u d o - s e c o n d - o r d e r  o f  a l l  a d s o r b e n ts  in c lu d in g  

c h i to s a n ,  b le n d e d  c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n ,  q u a te r a m in a te d  c h i to s a n , C H -  

S D S , C H - C - T a b ,  C H - T w e e n  8 0 , B C H -S D S , B C H - C - T a b  a n d  B C H - T w e e n  80 . T h e  

v a l id i ty  o f  e a c h  m o d e l  w a s  c h e c k e d  b y  c o r r e la t io n  c o e f f ic ie n t .  T a b le  5 .3  to  5 .6  s h o w s  

th e  p a r a m e te r s  o f  b o th  k in e t ic  m o d e ls .  It c a n  b e  s e e n  th a t  th e  a d s o r p t io n  k in e t ic  o f  

c u t t in g  f lu id s  f o l lo w s  th e  p s e u d o - s e c o n d - o r d e r  m o d e l .  C o r r e la t io n  c o e f f ic ie n ts  v a ry  in  

th e  r a n g e  0 .8 3 6  - 0 .9 9 9  fo r  p s e u d o - s e c o n d - o r d e r ,  w h i le  p s e u d o - f i r s t - o r d e r  m o d e l  

p r e s e n ts  c o r r e la t io n  c o e f f ic ie n ts  v a r y in g  in  th e  r a n g e  0 .0 0 1  -  0 .9 6 7 .  T h is  s u g g e s ts  th a t  

th e  a d s o r p t io n  o f  c u t t in g  f lu id s  o n to  a ll a d s o rb e n ts  is  n o t  a  p s e u d o - f i r s t - o r d e r .  F ro m  

th e  p s e u d o - s e c o n d - o r d e r  e q u a t io n ,  a  tw o - s te p  l in e a r  r e la t io n s h ip  is  o b ta in e d . T h e  f irs t-  

s te p  is  v e ry  m u c h  s h o r te r  th a n  th e  s e c o n d - s te p ,  s e e  F ig u r e  5 .5 . S in c e  th e  p s e u d o -  

s e c o n d - o r d e r  e q u a t io n  is  b a s e d  o n  th e  a d s o rp t io n  c a p a c i ty .  I t p r e d ic ts  th e  b e h a v io r
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o v e r  th e  “ w h o le ”  r a n g e  o f  s tu d ie s  s t r o n g ly  s u p p o r t in g  th e  v a l id i ty  a n d  a g re e s  w i th  

c h e m is o r p t io n  o r  c h e m ic a l  r e a c t io n  a s  r a te - c o n t r o l l in g  m e c h a n is m  [4 6 , 4 8 , 5 1 ]. T h e  

c h e m is o r p t io n  o r  c h e m ic a l  s o rp t io n  in v o lv e  v a le n c y  f o r c e s  th r o u g h  s h a r in g  o r  

e x c h a n g e  o f  e le c t r o n s  b e tw e e n  a d s o r b e n t  a n d  a d s o r b a te  [4 7 ] . T h e  s tr a ig h t  l in e a r  l in e  in  

p lo t  t /q t v e r s u s  t  p r o v e s  a  g o o d  a g re e m e n t  o f  e x p e r im e n ta l  d a ta  w i th  th e  p s e u d o -  

s e c o n d - o r d e r  k in e t i c  m o d e l .  T a b le  5 .3  to  5 .6  s u m m a r iz e s  th e  c o m p u te d  r e s u l ts  

o b ta in e d  fo r  th e  p s e u d o - f i r s t - o r d e r  a n d  p s e u d o - s e c o n d - o r d e r .  T h e  c o r r e la t io n  

c o e f f ic ie n t  f o r  th e  p s e u d o - s e c o n d - o r d e r  k in e t ic  m o d e l  is  a lm o s t  e q u a l  to  1 .0  f o r  a ll  

a d s o rb e n ts .  F u r th e r m o r e ,  th e  c a lc u la te d  q e v a lu e s  in  T a b le  5 .3  -  5 .6  o b ta in e d  f ro m  th e  

p s e u d o - s e c o n d - o r d e r  k in e t ic  m o d e l  a g re e  v e ry  w e ll  w i th  th e  q e o f  th e  e x p e r im e n ta l  

d a ta .  O n  th e  c o n tr a r y ,  th e  p s e u d o - f i r s t - o r d e r  k in e t ic  m o d e l  d o e s  n o t  g iv e  re a s o n a b le  

v a lu e s .  T h e  c a l c u la te d  v a lu e s  a re  h ig h e r  th a n  th e  a c tu a l  e x p e r im e n ta l  v a lu e s .

T h e  k i  a n d  k 2 f o r  b o th  k in e t ic  m o d e ls  in d ic a te d  th a t  a d s o r p t io n  ra te  o f  a d s o rb e n t .  

I t  w a s  fo u n d  th a t  th e  ra te  c o n s ta n t  k 2 o f  c h i to s a n ,  b le n d e d  c h i to s a n /P V A  1:1 a n d  C H -  

C - T a b ,  c u t t in g  f lu id s  c o n c e n t r a t io n  1 .00  %  w /v  a n d  p H  3 , w a s  h ig h e r  th a n  k ) . T h e  ra te  

c o n s ta n t  k i o f  b e n z o y l  c h i to s a n ,  q u a te ra m in a te d  c h i to s a n ,  C H - S D S , C H - T w e e n  8 0 , 

B C H -S D S , B C H - C - T a b  a n d  B C H -T w e e n  8 0 , c u t t in g  f lu id s  c o n c e n t r a t io n  1 .0 0  %  w /v  

a n d  p H  3 , w a s  h ig h e r  th a n  k 2. T h e  ra te  c o n s ta n t  k 2 o f  a ll  a d s o r b e n ts  s h o w s  a  ra n k  f ro m  

lo w  to  h ig h  o f  B C H - S D S , C H -S D S , C H -T w e e n  8 0 , b e n z o y l  c h i to s a n ,  q u a te r a m in a te d  

c h i to s a n ,  c h i to s a n ,  C H - C - T a b  a n d  b le n d e d  c h i to s a n /P V A  1:1 w e re  0 .0 0 0 1 ,  0 .0 0 0 2 , 

0 .0 0 0 5 ,  0 .0 0 0 7 ,  0 .0 0 1 3 ,  0 .0 0 1 5 ,  0 .0 0 4 9  a n d  0 .0 0 6 8 ,  r e s p e c t iv e ly .  F r o m  th e  ra te  

c o n s ta n t ,  k 2 p r o v e s  th a t  th e  ra te  o f  c u t t in g  f lu id s  a d s o r p t io n  b y  b le n d e d  c h i to s a n /P V A  

1:1 w a s  a b o u t  6 8 , 4 9 ,  15, 8 , 7 , 5 , a n d  2 t im e s  o f  C H - C - T a b ,  c h i to s a n ,  q u a te r a m in a te d  

c h i to s a n ,  b e n z o y l  c h i to s a n ,  C H -T w e e n  8 0 , C H -S D S  a n d  B C H -S D S , re s p e c t iv e ly .
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Time (min)

(a )  ♦  c h i to s a n ,  ■  b le n d e d  c h i to s a n  /P V A  1:1 (b )  ♦  b e n z o y l  c h i to s a n  a n d

■  q u a te r a m in a te d  c h i to s a n

(c )  ♦  C H - S D S , ■  C H - C - T a b  (b )  ♦  B C H -S D S

a n d  À C H - T w e e n  80

F i g u r e  5 .4  P s e u d o - f i r s t - o r d e r  k in e t ic  m o d e l  fo r  a d s o r p t io n  o f  c u t t in g  f lu id s  o n to  

v a r io u s  a d s o r b e n ts



1 1 2

(a )  ♦  c h i to s a n  a n d

■  b le n d e d  c h i to s a n  /P V A  1:1

(b )  ♦  b e n z o y l  c h i to s a n  a n d  

■  q u a te r a m in a te d  c h i to s a n

(c )  ♦  C H -S D S , ■  C H - C - T a b  (b )  ♦  B C H - S D S

a n d  ▲  C H - T w e e n  8 0

F i g u r e  5 .5  P s e u d o - s e c o n d - o r d e r  k in e t ic  m o d e l  fo r  a d s o rp t io n  o f  c u t t in g  f lu id s  o n to  

v a r io u s  a d s o rb e n ts
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Table 5.3 C o m p a r i s o n  o f  p s e u d o - f i r s t  a n d - s e c o n d  o r d e r s  c a l c u l a t e d  a n d  e x p e r i m e n t a l

q e a n d  a d s o r p t i o n  r a t e  c o n s t a n t s  o f  c h i t o s a n  a n d  b l e n d e d  c h i t o s a n / P V A  1:1

Adsorbents Concentration
(w/v) pH

Pseudo-first-order Pseudo-second-order
qc(mg/g)(cal)

qc(mg/g)
(exp) (min1) R2 qc(mg/g)(cal) qc(mg/g)(exp)

2̂
(mg/g-
min)

R2

CH

0.10 3 -0.2441 20.27 0.0028 0.430 20.41 20.27 0.0421 0.999
0.50 3 0.0128 185.81 0.0052 0.399 188.68 185.81 0.0094 0.999
1.00 3 0.1038 237.61 0.0070 0.739 238.10 237.61 0.0015 0.999
3.00 3 0.1139 130.63 0.0053 0.389 133.33 130.63 0.0094 0.995
1.00 5 -0.8633 9.29 0.0007 0.070 10.73 9.29 0.0120 0.959
1.00 7 -1.6383 8.45 0.0002 0.005 8.06 8.45 0.0352 0.993
1.00 9 -0.4711 10.98 0.0015 0.198 10.76 10.98 0.0113 0.992
1.00 11 -1.0969 10.56 0.0003 0.007 10.20 10.56 0.1404 0.996

CH/PVA

0.10 3 -0.1618 43.92 0.0034 0.381 45.45 43.92 0.0538 0.998
0.50 3 0.0584 194.82 0.0037 0.333 196.08 194.82 0.0043 0.999
1.00 3 0.0523 382.88 0.0058 0.291 384.62 382.88 0.0068 0.998
3.00 3 0.1028 242.12 0.0060 0.543 243.90 242.12 0.0056 0.999
1.00 5 -0.6142 11.68 0.0025 0.190 12.48 11.68 0.0131 0.993
1.00 7 -0.6158 9.15 0.0021 0.240 8.98 9.15 0.2212 0.994
1.00 9 -0.6633 11.26 0.0015 0.153 11.03 11.26 0.0162 0.997
1.00 11 -0.8861 8.31 0.0007 0.070 8.37 8.31 0.0288 0.999
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Table 5.4 C o m p a r i s o n  o f  p s e u d o - f i r s t  a n d - s e c o n d - o r d e r s  c a l c u l a t e d  a n d  e x p e r i m e n t a l

q e a n d  a d s o r p t i o n  r a t e  c o n s t a n t s  o f  b e n z o y l  c h i t o s a n  a n d  q u a t e r a m i n a t e d

c h i to s a n

Adsorbents Concentration 
(พ/V) pH

Pseudo-first-order Pseudo-second-ordcr
qc (mg/g) 

(cal) qc (mg/g)(exp) (min') R2 qc(mg/g)
(cat) qc (mg/g)(exp)

k2
(mg/g-
min)

R2

BCH

0.20 3 -0.1631 16.27 0.0029 0.490 16.95 16.27 0.0057 0.994
1.00 3 0.1548 90.78 0.0057 0.592 95.24 90.78 0.0007 0.994
2.00 3 0.3571 172.24 0.0770 0.824 212.77 172.24 0.0001 0.892
3.00 3 0.3304 114.49 0.0047 0.827 117.65 114.49 0.0001 0.912
1.00 5 -2.0655 13.70 0.0006 0.139 12.12 13.70 0.0457 0.934
1.00 7 0.0262 40.92 0.0017 0.148 39.37 40.92 0.0004 0.956
1.00 9 -0.0789 24.96 0.0025 0.356 26.11 24.96 0.0022 0.969
1.00 11 -0.0476 28.53 0.0021 0.305 29.24 28.53 0.0011 0.976

QCH

0.20 3 -0.1874 16.27 0.0028 0.394 16.16 16.27 0.0401 0.998
1.00 3 0.1569 90.78 0.0055 0.737 93.46 90.78 0.0013 0.999
2.00 3 0.3302 172.24 0.0067 0.927 181.82 172.24 0.0002 0.990
3.00 3 0.2019 64.38 0.0055 0.880 67.57 64.38 0.0005 0.980
1.00 5 -0.8996 19.52 0.0070 0.137 23.36 19.52 0.0151 0.999
1.00 7 -0.1463 37.54 0.0022 0.383 37.74 37.54 0.0029 0.996
1.00 9 0.0322 44.87 0.0028 0.332 46.95 44.87 0.0007 0.958
1.00 11 -0.1506 19.89 0.0004 0.014 20.45 19.89 0.0022 0.882
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Table 5.5 C o m p a r i s o n  o f  p s e u d o - f i r s t  a n d - s e c o n d - o r d e r s  c a l c u l a t e d  a n d  e x p e r i m e n t a l

q e a n d  a d s o r p t i o n  r a t e  c o n s t a n t s  o f  C H - S D S ,  C H - C - T a b  a n d  C H - T w e e n  8 0

Adsorbents Concentration 
(พ/v) pH

Pseudo-first-order Pseudo-second-ordcr
qc(mg/g)(cat)

qc (mg/g) 
(exp)

k,
(min') R2 qc (mg/g) 

(cal)
qc (mg/g) 

(exp)
k2

(mg/g-
min)

R2

CH-SDS

0.10 3 -0.5426 4.50 0.0013 0.232 4.37 4.50 0.3067 0.836
0.50 3 0.2222 406.53 0.0081 0.534 416.67 406.53 0.0003 0.993
1.00 3 0.3345 838.96 0.0100 0.677 833.33 838.96 0.0002 0.996
2.00 3 0.4518 1725.23 0.0128 0.741 2000.00 1725.23 0.0000

3 0.993
3.00 3 0.5120 2511.26 0.0128 0.906 2500.00 2511.26 0.0000

3 0.998
5.00 3 0.5204 2173.42 0.0039 0.967 2500.00 2173.42 0.0000

1 0.958
10.00 3 0.4487 796.17 0.0026 0.948 769.23 796.17 0.0000

3 0.951
3.00 5 0.3998 849.10 0.0035 0.806 833.33 849.10 0.0001 0.997
3.00 7 0.3316 747.75 0.0053 0.804 769.23 747.75 0.0005 0.999
3.00 9 -0.4473 359.23 0.0019 0.070 357.14 359.23 0.0013 0.995
3.00 11 -0.2480 309.68 0.0029 0.146 312.50 309.68 0.0035 0.999

CH-C-Tab

0.10 3 0.0849 25.90 0.0031 0.688 25.97 25.90 0.0014 0.939
0.50 3 0.0473 207.21 0.0018 0.043 200.00 207.21 0.0006 0.981
1.00 3 -0.0867 358.1 1 0.0022 0.056 357.14 358.11 0.0049 0.999
2.00 3 0.4246 1638.51 0.0048 0.842 1666.67 1638.51 0.0001 0.999
3.00 3 0.3740 2564.64 0.0047 0.481 2500.00 2564.64 0.0003 0.999
3.00 5 0.2410 106.98 0.0060 0.714 109.89 106.98 0.0005 0.992
3.00 7 0.0849 93.47 0.0059 0.494 94.34 93.47 0.0019 0.995
3.00 9 -0.2306 42.79 0.0025 0.174 43.10 42.79 0.0220 0.995
3.00 11 -0.3757 97.97 0.0020 0.001 96.15 97.97 0.0373 0.997

CH-Tween 
80

0.10 3 -0.7055 24.77 0.0001 0.070 28.17 24.77 0.0030 0.962
0.50 3 0.0678 189.19 0.0052 0.843 192.31 189.19 0.0004 0.993
1.00 3 0.3318 716.22 0.0064 0.687 714.29 716.22 0.0005 0.999
2.00 3 0.4229 1420.05 0.0064 0.723 1428.57 1420.05 0.0002 0.999
3.00 3 0.4358 2422.30 0.0085 0.728 2500.00 2422.30 0.0000

3 0.912
3.00 5 -0.3883 23.65 0.0021 0.123 28.25 23.65 0.0017 0.912
3.00 7 0.1632 188.06 0.0049 0.515 188.68 188.06 0.0023 0.997
3.00 9 0.2114 213.96 0.0038 0.567 212.77 213.96 0.0013 0.999
3.00 11 -0.5272 141.89 0.0017 0.071 140.85 141.89 0.0017 0.998
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Table 5.6 C o m p a r i s o n  o f  p s e u d o - f i r s t  a n d - s e c o n d - o r d e r s  c a l c u l a t e d  a n d  e x p e r i m e n t a l

q e a n d  a d s o r p t io n  ra te  c o n s ta n ts  o f  B C H - S D S , B C H - C - T a b  a n d  B C H - 

T w e e n  8 0

Adsorbents Concentration
(พ/v) pH

Pseudo-first-order Pseudo-second-order
qc (mg/g) 

(cal)
qc (mg/g)

(exp) (min') R2 qc (mg/g) 
(cai)

qe(mg/g)
(exp)

k2
(mg/g-
min)

R2

BCH-SDS

0.10 3 0.0860 38.29 0.0044 0.566 42.55 38.29 0.0004 0.804
0.50 3 0.4244 413.29 0.0082 0.747 416.67 413.29 0.0009 0.999
1.00 3 0.4244 846.85 0.0069 0.969 833.33 846.85 0.0001 0.999
2.00 3 0.4631 1472.97 0.0045 0.920 1428.57 1472.97 0.00003 0.995
3.00 3 0.4846 2310.81 0.0045 0.930 2500.00 2310.81 0.00003 0.998
5.00 3 0.4428 819.82 0.0031 0.920 833.33 819.82 0.00005 0.972
10.00 3 -0 6162 213.96 0.0017 0.745 238.10 213.96 0.0001 0.928
3.00 5 0.4486 1367.12 0.0072 0.824 1428.57 1367.12 0.0001 0.998
3.00 7 0.4219 1049.55 0.0062 0.919 n i l  11 1049.55 0.0001 0.999
3.00 9 0.0418 931.31 0.0057 0.223 909.09 931.31 0.0040 0.999
3.00 11 0.2543 588.96 0.0088 0.500 588.24 588.96 0.0004 0.988

BCH-C-Tab
3.00 5 0.1103 411.04 0.0012 0.055 416.67 411.04 0.0026 0.999
3.00 7 0.2227 305.18 0.0068 0.534 312.50 305.18 0.0014 0.996
3.00 9 0.2594 209.46 0.0041 0.738 208.33 209.46 0.0008 0.998
3.00 11 0.0249 301.80 0.0041 0.236 303.03 301.80 0.0064 0.999

BCH- 
Tween 80

3.00 5 0.3233 415.54 0.0056 0.847 416.67 415.54 0.0004 0.999
3.00 7 0,2472 296.17 0.0058 0.618 303.03 296.17 0.0008 0.999
3.00 9 0.0500 184.68 0.0011 0.049 181.82 184.68 0.0028 0.999
3.00 11 0.2119 282.66 0.0021 0.293 277.78 282.66 0.0009 0.995

5 .3 . A d s o r p t i o n  m e c h a n i s m

F r o m  a ll  o f  a b o v e ,  th e  m e c h a n is m  o f  a d s o r p t io n  is  s t i l l  n o t  r e v e a le d . T h e re fo re ,  

th e  in t r a p a r t ic le  d i f f u s io n  w a s  e m p lo y e d  to  d e s c r ib e  th e  a d s o r p t io n  m e c h a n is m  [4 3 , 

5 0 , 5 1 , 5 7 , 5 8 ] . T h e  f r a c t io n  a p p r o a c h  to  e q u i l ib r iu m  c h a n g e  a c c o r d in g  to  a  f u n c t io n  o f  

( D t / r 2) '/2 , w h e re  r  is  th e  p a r t ic le  ra d iu s  a n d  D  is  th e  d i f f u s iv i ty  w i th in  th e  p a r t ic le .  

T h e  in i t ia l  r a te s  o f  in t r a p a r t ic le  d i f f u s io n  a re  o b ta in e d  b y  l in e a r iz a t io n  o f  th e  p lo t

q, = k,t05 (5 .5 5 )
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w h e re  ki is  th e  in t r a p a r t i c le  d i f f u s io n  ra te  c o n s ta n t  ( g /g  m in '0 5). kj is o b ta in e d  a s  th e  

s lo p e  o f  s tr a ig h t - l in e  p o r t io n s  o f  p lo t  q t v e r s u s  t ° 5. T h e  e x p e r im e n ta l  d a ta  m a y  p re s e n t  

a  m u l t i - s ta te  l in e a r i ty .  E a c h  s ta te  im p l ie s  a  s te p  o f  a d s o r p t io n  m e c h a n is m . T h e  s lo p e  o f  

e a c h  s ta g e  is  t e r m e d  a s  th e  ra te  p a r a m e te r  kp.j(i = 1 - 4 ) .  F ig u re  5 .6  a n d  T a b le  5 .7  

p re s e n ts  th e  r a te  p a r a m e te r  kpj fo r  c h i to s a n  a n d  b le n d e d  c h i to s a n /P V A  1:1 . I t w a s  

f o u n d  th a t,  ( a t  c u t t in g  f lu id s  c o n c e n t r a t io n  0 . 1 0 - 3 . 0 0  %  w /v  a n d  p H  3 -  11 ), th e  f ir s t  

s ta te  fo r  th e s e  a d s o r b e n ts  is  h ig h e r  th a n  th e  s e c o n d  s ta g e  b e c a u s e  th is  is  th e  

in s ta n ta n e o u s  a d s o r p t io n  s ta g e . T h e  s e c o n d  s ta g e  is  a n  e q u i l ib r iu m  s ta g e  w h e re  th e  

in t r a p a r t ic le  s ta r ts  to  s lo w  d o w n  d u e  to  e x t r e m e ly  lo w  c u t t in g  f lu id s  c o n c e n t r a t io n  in  

th e  e m u ls io n .

T i m e <0-5>

F i g u r e  5 .6  I n t r a p a r t ic le  d i f f u s io n  k in e t ic s  o f  c u t t in g  f lu id s  b y  ♦  c h i to s a n  a n d

■  b le n d e d  c h i to s a n /P V A  1:1
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T a b le  5 .7  R a te  p a r a m e te r  o f  in t r a p a r t i c le  d i f f u s io n  fo r  c u t t in g  f lu id s  a d s o r p t io n  o n  

c h i to s a n  a n d  b le n d e d  c h i to s a n /P V A  1:1

Adsorbents Concentration pH Rate parameter, kpi (i= 1-4) (mg/g ทน่ท'1/2)
(พ/v) p̂l p̂2 p̂3 p̂4
0.10 3 1.224 0.084 - -
0.50 3 3.349 0.297 - -
1.00 3 13.639 1.245 - -

Chitosan 3.00 3 7.343 0.360 - -
1.00 5 2.994 1.245 - -
1.00 7 3.315 0.126 - -
1.00 9 3.097 0.439 - -
1.00 11 3.174 0.051 - -
0.10 3 1.733 0.192 - -
0.50 ท3 0.753 0.034 - -
1.00 3 17.329 0.472 - -

Blended chitosan/PVA 1:1 3.00 3 12.871 0.155 - -
1.00 5 3.235 0.598 - -
1.00 7 2.238 0.063 - -
1.00 9 3.309 0.182 - -
1.00 11 3.597 0.155 - -

T a b le  5 .8  s h o w s  th e  ra te  p a r a m e te r s  o f  b e n z o y l  c h i to s a n  a n d  q u a te ra m in a te d  

c h i to s a n  a s  a d s o r b e n ts .  I t is c le a r ly  s e e n  th a t  th e  a d s o r p t io n  o n  b o th  a d s o rb e n ts  

s u d d e n ly  o c c u r s  in  th e  f i r s t  s ta g e , w h e n  c o m p a r in g  w i th  th e  s e c o n d  s ta g e . T h e  th ird  

a n d  f o u r th  s ta g e s  o f  b o th  a d s o r b e n ts  d id  n o t  a p p e a r .  T h is  im p l ie s  th a t  th e  f i r s t  s ta g e  is  

th e  in s ta n ta n e o u s  a d s o r p t io n  s ta g e  o f  b o th  a d s o rb e n ts .  T h e  s e c o n d  s ta g e  is  

in t r a p a r t ic le  d i f f u s io n  c o n tro l .
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T a b l e  5 .8  R a te  p a r a m e te r s  o f  in t r a p a r t ic le  d i f f u s io n  fo r  c u t t in g  f lu id s  a d s o rp t io n  o n

b e n z o y l  c h i to s a n  a n d  q u a te r a m in a te d  c h i to s a n

Adsorbents Concentration pH Rate parameter, kpi (i = 1-4) (mg/g min'172)
(w/v) kpl p̂2 kp3 p̂4
0.20 3 2.104 0.627 - -
1.00 3 9.408 0.118 - -
2.00 3 8.499 1.888 - -

Benzoyl chitosan 3.00 3 6.277 1.325 - -
1.00 5 4.480 0.345 - -
1.00 7 4.289 0.635 - -
1.00 9 2.743 0.863 - -
1.00 11 3.371 0.943 - -
0.20 3 2.067 0.084 - -
1.00 3 10.657 0.532 - -
2.00 3 14.347 4.957 - -

Quateraminated chitosan 3.00 3 4.635 2.308 - -
1.00 5 4.218 0.064 - -
1.00 7 5.694 0.722 - -
1.00 9 5.552 1.809 - -
1.00 11 3.784 0.187 - -

T a b le  5 .9  s h o w s  th e  ra te  p a ra m e te r s  o f  C H - S D S , C H - C - T a b  a n d  C H - T w e e n  8 0  a s  

a d s o rb e n ts .  I t  w a s  n o t ic e d  th a t  th e  ra te  p a r a m e te r s  is  c h a n g e d  w h e n  c h a n g in g  in  

c u t t in g  f lu id s  c o n c e n t r a t io n .

In  c a s e  o f  C H - C - T a b  a n d  C H -T w e e n  8 0  s h o w s  th a t  th e  a d s o r p t io n  o n  C H -C -T a b  

a n d  C H - T w e e n  8 0 , th e  a d s o r p t io n  s u d d e n ly  o c c u r s  in  th e  f i r s t  s ta g e  w h e n  c o m p a r in g  

w i th  th e  s e c o n d  s ta g e . T h e  th i rd  a n d  fo u r th  s ta g e s  o f  C H - C - T a b  a n d  C H -T w e e n  8 0  

a d s o rb e n ts  d id  n o t  a p p e a r .  It is  s u g g e s te d  th a t  th e  f ir s t  s ta g e  is  th e  in s ta n ta n e o u s  

a d s o r p t io n  s ta g e . T h e  s e c o n d  s ta g e  is  in t r a p a r t ic le  d i f f u s io n  c o n tr o l .

In  c a s e  o f  C H - S D S  s e e  T a b le  5 .9 , th e  f i r s t  s ta g e  o f  C H -S D S  w a s  th e  h ig h e s t  o f  

c u t t in g  f lu id s  c o n c e n t r a t io n  o f  2 .0 0  a n d  3 .0 0  %  พ/พ. T h e  s e c o n d  a n d  th e  th i rd  s ta g e s  

d id  n o t  a p p e a r  s ig n i f i c a n t  fo r  c u t t in g  f lu id s  c o n c e n t r a t io n  2 .0 0  %  พ/พ. T h e  fo u r th  s ta g e
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w a s  th e  in t r a p a r t ic le  d i f f u s io n  o f  b o th  c u t t in g  f lu id s  c o n c e n t r a t io n s .  W ith  c u t t in g  f lu id s  

c o n c e n t r a t io n  2 .0 0  -  3 .0 0  %  w /v , th e  a d s o r p t io n  o f  C H -S D S  o c c u r re d  in s ta n ta n e o u s ly  

in  th e  f i r s t  s ta g e . T h e  s e c o n d  to  th e  th i rd  s ta g e s  w e re  g ra d u a l  a d s o r p t io n ,  w h e re  th e  

in t r a p a r t ic le  d i f f u s io n  w a s  th e  fo u r th  a s  c o n tr o l le d  a n d  e q u i l ib r iu m  s ta g e  o f  C H -S D S .
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Table 5.9 R a t e  p a r a m e t e r  o f  i n t r a p a r t i c i e  d i f f u s i o n  f o r  c u t t i n g  f l u i d s  a d s o r p t i o n  o n

C H - S D S ,  C H - C - T a b  a n d  C H - T w e e n  8 0

Adsorbents Concentration pH
Rate parameter, kpi (i = 1-4) (mg/g min 1/2)

(w /v) kpl k|)2 kp3 kp4
0.10 3 0.051 - - -
0.50 3 34.46 3.34 - -
1.00 3 110.62 71.78 2.14 -
2.00 3 184.40 115.41 11 1.28 19.30
3.00 3 291.05 1 13.67 49.90 1.17

CH-SDS 5.00 3 118.67 - - -
10.00 3 58.76 28.92 30.83 56.29
3.00 5 164.07 41.14 21.18 1.17
3.00 7 208.38 13.27 7.72 -
3.00 9 119.93 - - -
3.00 11 104.69 - - -
0.10 3 2.55 1.24 - -
0.50 3 - - - -
1.00 3 108.85 3.29 - -
2.00 3 625.40 27.42 - -

CH-C-Tab 3.00 3 721.51 10.50 - -
3.00 5 10.88 0.52 - -
3.00 7 19.34 2.62 - -
3.00 9 9.96 0.41 - -
3.00 11 28.49 0.47 - -
0.10 3 14.20 - - -
0.50 3 31.94 0.68 - -
1.00 ->3 148.24 4.13 - -
2.00 ->3 399.74 18.47 - -

CH-Tween 80 3.00 -13 576.81 8.99 - -
3.00 5 19.45 4.71 - -
3.00 7 53.50 2.43 - -
3.00 9 63.85 3.31 - -
3.00 11 71.44 0.38 - -



122
In  c a s e  o f  B C H - C - T a b  a n d  B C H - T w e e n  8 0  (s e e  T a b le  5 .1 0 )  th e  f i r s t  s ta g e  is  th e  

in s ta n ta n e o u s  a d s o r p t io n  s ta g e  o f  B C H -C - T a b  a n d  B C H - T w e e n  8 0  a d s o rb e n ts .  T h e  

s e c o n d  s ta g e  is  in t r a p a r t i c le  d i f f u s io n  c o n tro l .

In  c a s e  B C H - S D S  ( s e e  T a b le  5 .1 0 ) ,  th e  f i r s t  s ta g e  is  th e  a d s o r p t io n  s ta g e . T h e  

s e c o n d  a n d  th e  th i rd  s ta g e  a re  g ra d u a l  a d s o rp tio n . T h e  fo u r th  s ta g e  is  th e  in t ra p a r tic le  

d if fu s io n .

T a b l e  5 .1 0  R a te  p a r a m e te r  o f  in t r a p a r t ic le  d if fu s io n  fo r  c u t t in g  f lu id s  a d s o rp t io n  o n  

B C H - S D S , B C H - C - T a b  a n d  B C H -T w e e n  80

Adsorbents Concentration
p H

Rate parameter, kp, (i = 1-4) (mg/g min"l/2)
(w/v) ^p l kp2 ^p3 l^p4

0.10 3 4.65 1.06 - -
0.50 3 80.99 1.61 - -
1.00 3 140.08 58.02 19.90 -
2.00 'รุ3 219.10 48.36 47.75 43.55
3.00 'รุ3 372.05 74.52 69.82 31.69

BCH-SDS 5.00 3 120.92 24.61 23.44 36.36
10.00 3 23.72 12.71 - -
3.00 5 290.89 36.50 31.60 -
3.00 7 231.14 40.30 1.37 -
3.00 9 231.38 7.15 - -
3.00 11 67.72 10.09 - -

3.00 5 137.45 1.16 - -
BCH-C-Tab 3.00 7 82.12 5.56 - -

3.00 9 52.07 4.19 - -

3.00 1 1 89.69 0.38 - -

3.00 5 112.29 8.52 - -

BCH-Tween 80 3.00 7 67.56 2.54 - -

3.00 9 61.11 1.04 - -

3.00 11 86.77 1.66 - -

F r o m  a ll o f  a b o v e ,  it c a n  b e  s u p p o s e d  to  a  m e c h a n is m  a d s o r p t io n  o f  c h i to s a n , 

b le n d e d  c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n ,  q u a te r a m in a te d  c h i to s a n ,  C H -C -T a b , 

C H - T w e e n  8 0 , B C H - C - T a b  a n d  B C H -T w e e n  8 0 . T h e  e m u ls io n  a t t a c h s  a t th e  o u ts id e  

s u r f a c e  o f  c h i to s a n ,  b le n d e d  c h i to s a n /P V A  1:1 , b e n z o y l  c h i to s a n ,  q u a te ra m in a te d
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c h i to s a n ,  C H - C - T a b ,  C H - T w e e n  8 0 , B C H - C - T a b  a n d  B C H - T w e e n  8 0 . I t d o e s  n o t 

m o v e  in to  th e  in te rn a l  s u r f a c e  o f  th e s e  a d s o r b e n ts  d u e  to  th e i r  p r o to n a te d  a m in o  g ro u p . 

T h e  e m u ls io n  is  c lo g g e d  u p  a t th e  s u r fa c e  o f  th e s e  a d s o r b e n ts .  In  c a s e  o f  C H -S D S  a n d  

B C H -S D S , th e  e m u ls io n  m o v e s  to  th e  s u r f a c e  o f  C H -S D S  a n d  B C H -S D S . T h e  

e m u ls io n  m a y  r e s h a p e  a  s p h e re  to  a n  e l l ip t ic a l  r e d u c e d  s iz e .  A f te r  t h a t ,  th e  e m u ls io n  

m o v e s  to  s m a l l  p o re s  a n d  a t ta c h  t ig h t ly  to  th e  s u r f a c e  o f  C H -S D S  a n d  B C H -S D S  d u e  

to  th e ir  h y d r o p h o b ic  p r o p e r ty .

5.4, Effect of temperature on adsorption
In  o r d e r  to  s tu d y  th e  e f f e c ts  o f  te m p e r a tu r e  o n  a d s o r p t io n  o f  c u t t in g  f lu id s  

e f f lu e n ts  o n  c h i to s a n ,  b le n d e d  c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n ,  q u a te ra m in a te d  

c h i to s a n , C H - S D S , C H -C -T a b ,  C H - T w e e n  80, B C H - S D S , B C H - C - T a b  a n d  B C H - 

T w e e n  80. T h e  e x p e r im e n ts  w e re  p e r f o r m e d  a t  33, 38, 43 a n d  48 °c. T h e  ra te  o f  

a d s o rp tio n  c a n  b e  d e s c r ib e d  a s  b e in g  p r o p o r t io n a l  to  th e  c o n c e n t r a t io n  o f  c u t t in g  

f lu id s ,  i f  f i r s t - o r d e r - k in e t ic  is a s s u m e d .

w h e re  Kd is  th e  a d s o r p t io n  ra te  c o n s ta n t  ( m in '1), C a is  th e  c o n c e n t r a t io n  o f  c u t t in g  

f lu id s  e f f lu e n t  a t  a n y  p a r t ic u la r  t im e  (m g/1 ).

In te g r a t in g  a n d  r e a r r a n g in g  th e  E q u a t io n  5 .5 6  g iv e s

Kd c a n  b e  c a lc u la te d  f ro m  s lo p e  o f  th e  p lo t  b e tw e e n  ln [ ( C t/C o)] a n d  t. T h e  e n e rg y  

a n d  e n t ro p y  o f  a d s o r p t io n  c a n  b e  e s t im a te d  b y  th e  u s e  o f  a b s o lu te  r e a c t io n  s ta te s  [5 9 ]. 

T h e  a d s o r p t io n  ra te  c o n s ta n t  c a n  b e  e x p re s s e d  in  te rm s  o f  e n th a lp y  a n d  e n tro p y  b y  th e

dC_
dt (5 .5 6 )

(5 .5 7 )

f o l lo w in g  e q u a t io n
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K , =
k T_ 

\ K  J

(A .S7K ) ( - A W / / < n (5 .5 8 )

w h e r e  hp is  th e  P l a n c k ’ร c o n s ta n t  ( J - s e c ) ,  R  is  th e  g a s  c o n s ta n t  ( J /m o l-K ) ,  T  is th e  

a b s o lu te  t e m p e r a tu r e  (K ) , A H  is  th e  e n th a lp y  c h a n g e  d u r in g  a d s o r p t io n  (k J /m o l) ,  A S  is  

th e  e n t r o p y  c h a n g e  d u r in g  a d s o r p t io n  ( J /m o l-K ) ,  K  is th e  B o l t z m a n n ’s c o n s ta n t  ( J /K )  

P lo t  o f  ln (K (j/T ) v e r s u s  1 /T  g iv e s  a  v a lu e  o f  (A H /R )  f ro m  its  s lo p e . T h e re fo re ,  

e n th a lp y  a n d  e n t r o p y  a re  o b ta in e d .  T h e  G ib b  f re e  e n e r g y  o f  a c t iv a t io n  m a y  be  

d e te r m in e d  in  t e r m s  o f  e n t r o p y  a n d  e n th a lp y  a c c o r d in g  to

A G  =  A H  - T A S  (5 .5 9 )

w h e re  A G  w a s  th e  G ib b  f re e  e n e rg y  (k J /m o l)

A n o th e r  im p o r ta n t  th e r m o d y n a m ic  p a r a m e te r  is A r rh e n iu s .

A c c o r r d in g  to  A r r h e n iu s  la w

K d = A e {~EJRr) (5 .6 0 )

w h e re  A  is  th e  A r r h e n iu s  e n e rg y  ( m in '1) a n d  E a is  th e  a c t iv a t io n  e n e r g y  (k J /m o l)

T h e  v a lu e s  o f  E a a n d  A a re  d e te rm in e d  f ro m  th e  s lo p e  a n d  in te r c e p t  o f  p lo t  ๒(Kd) 
v e r s u s  1 /T .

R e s u l t s  o f  in f lu e n c e  o f  te m p e r a tu r e  o n  a d s o r p t io n  o f  c u t t in g  f lu id s  e f f lu e n ts  a t  p H  

3 d e s c r ib e d  a s  fo l lo w in g .  T h e  e q u i l ib r iu m  a d s o r p t io n  c a p a c i ty  in c re a s e s  w ith  

t e m p e r a tu r e ,  in d ic a t in g  th a t  a  h ig h  te m p e ra tu re  f a v o u r s  c u t t in g  f lu id s  e f f lu e n t  re m o v a l  

b y  a d s o rp t io n  o n  a d s o r b e n ts .  T h is  e f fe c t  is a  c h a r a c te r i s t ic  o f  a  c h e m ic a l  r e a c t io n  o r  

b o n d  b e in g  in v o lv e d  in  th e  a d s o rp t io n  p ro c e s s  [59], B y  in c r e a s in g  th e  te m p e r a tu r e  o f  

a d s o r p t io n  f ro m  33 -  48 °c, th e  a d s o rp tio n  c a p a c i ty  o f  c u t t i n g  f lu id s  e f f lu e n t  a t  p H  3 
in c re a s e d  f ro m  27.78 -  33.03 m g /g  fo r  c h i to s a n .  24.96 -  32.28 m g /g  fo r  b le n d e d  

c h i to s a n /P V A  1:1, 20.83 -  32.47 m g /g  fo r  b e n z o y l  c h i to s a n ,  15.77 -  29.28 m g /g  fo r
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q u a te r a m in a te d  c h i to s a n ,  1 8 .0 2  -  3 1 .9 1  m g /g  fo r  C H - S D S , 2 4 .5 9  -  3 0 .7 8  m g /g  fo r  

B C H - S D S , 1 6 .8 9  -  3 2 .8 5  m g /g  fo r  C H - C - T a b ,  1 9 .3 3  -  3 0 .4 1  m g /g  fo r  B C H -C - T a b ,

2 0 .2 7  -  2 9 .8 4  m g /g  fo r  C H - T w e e n  8 0  a n d  18 .21  -  2 5 .3 4  m g /g  fo r  B C H - T w e e n  80 .

I n c r e a s in g  in  te m p e r a tu r e  in c re a s e s  th e  e q u i l ib r iu m  c o n v e r s io n .  T h is  m a y  b e  a  

r e s u l t  o f  a n  in c r e a s e  in  th e  m o b i l i ty  o f  th e  c u t t in g  f lu id s  e f f lu e n t  m o le c u le  w ith  

t e m p e r a tu r e .  A n  in c r e a s in g  n u m b e r  o f  m o le c u le s  m a y  a ls o  a c q u i r e  s u f f ic ie n t  e n e rg y  to  

u n d e r g o  a n  in te r a c t io n  w i th  a c t iv e  s i te s  a t  th e  s u r f a c e  [5 3 ] , F u r th e r m o r e ,  in c re a s in g  

te m p e r a tu r e  m a y  p r o d u c e  a  s w e l l in g  e f f e c t  w i th in  th e  in te rn a l  s t r u c tu r e  o f  th e  

a d s o r b e n ts  e n a b l in g  c u t t in g  f lu id s  e f f lu e n t  to  p e n e t r a te  fu r th e r .  T h e  in c re a s e  in  

a d s o r p t io n  is  d u e  to  c h a n g e s  in  p o re  s iz e ,  a n  in c re a s e  in  k in e t ic  e n e r g y  o f  th e  c u t t in g  

f lu id s  e f f lu e n t  m o le c u le s  a n d  th e  e n h a n c e d  ra te  o f  in t r a p a r t i c le  d i f f u s io n  o f  a d s o r b a te  

[5 9 ]

R e s u l t s  o f  in f lu e n c e  o f  te m p e r a tu r e  o n  a d s o r p t io n  o f  c u t t in g  f lu id s  e f f lu e n t  a t  p H  

n o rm a l  (6 .8 ) ,  is  d e s c r ib e d  b e lo w . T r e n d in g  o f  a d s o r p t io n  c a p a c i ty  o f  c u t t in g  f lu id s  

e f f lu e n t  a t  p H  6 .8  is  th e  s a m e  a s  a t p H  3. B y  in c r e a s in g  th e  t e m p e r a tu r e  o f  a d s o r p t io n  

f ro m  33  -  4 8  °c, th e  a d s o r p t io n  c a p a c ity  o f  c u t t in g  f lu id s  e f f lu e n t  a t  p H  6 .8  in c re a s e s  

f ro m  1 3 .7 0  -  1 8 .3 9  m g /g  fo r  c h i to s a n ,  1 7 .6 4  -  2 0 .8 3  m g /g  f o r  b le n d e d  c h i to s a n /P V A  

1 :1 , 3 6 .9 7  -  4 8 .0 5  m g /g  f o r  b e n z o y l  c h i to s a n ,  2 2 .3 3  -  3 4 .1 6  m g /g  fo r  q u a te r a m in a te d  

c h i to s a n ,  2 5 .7 1  - 2 9 . 6 5  m g /g  fo r  C H - S D S , 1 8 . 0 2 - 2 5 . 7 1  m g /g  fo r  B C H - S D S , 1 9 . 3 3 -  

2 2 .9 0  m g /g  fo r  C H - C - T a b ,  1 5 .0 2  -  2 1 .5 8  m g /g  fo r  B C H - C - T a b ,  13 .51  -  2 1 .0 2  m g /g  

f o r  C H - T w e e n  8 0  a n d  1 6 .5 2  -  2 1 .4 0  m g /g  fo r  B C H - T w e e n  80 .

T h e  e n th a lp y  (A H ) a n d  e n tro p y  (A S ) a re  d e te r m in e d  f ro m  th e  s lo p e  a n d  in te rc e p t  

o f  p lo t  ln (K d /T )  v e r s u s  1 /T . T h e  e n th a lp y  a n d  e n t ro p y  c h a n g e s  o f  a ll a d s o r b e n ts  a t  p H  

3 a re  s u m m a r iz e d  in  T a b le  5 .1 1 . It w a s  n o tic e d  th a t  th e  e n th a lp y  is  p o s i t iv e .  T h is  

m e a n s  th a t  th e  a d s o r p t io n  o f  c u t t in g  f lu id s  e f f lu e n t  a t p H  3 is  e n d o th e r m ic  r e a c t io n ,  so
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a  in c re a s e  o f  t e m p e r a tu r e  e n c o u r a g e s  c u t t in g  f lu id s  e f f lu e n t  a d s o r p t io n  o n  a d s o rb e n ts .  

T h e  e n th a lp y  c h a n g e  o f  c u t t in g  f lu id s  e f f lu e n t  a t  p H  3 b y  c h i to s a n ,  b le n d e d  

c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n ,  q u a te r a m in a te d  c h i to s a n ,  C H -S D S , B C H -S D S , 

C H -C -T a b , B C H - C - T a b ,  C H - T w e e n  8 0  a n d  B C H - T w e e n  8 0  a s  a d s o r b e n ts  w a s  6 4 .0 9 , 

5 1 .7 5 , 5 4 .2 7 , 3 4 .4 9 ,  6 6 .9 4 , 6 3 .5 1 ,  4 6 .6 6 ,  3 1 .8 0 ,  1 4 .8 6  a n d  1 8 .7 6  k J /m o l ,  r e s p e c t iv e ly  

( s e e  a p p e n d ix  K ) . T h e  v a lu e s  o f  e n th a lp y  o f  a d s o r p t io n  p r o c e s s e s  m a y  b e  u s e d  to  

d is t in g u is h  b e tw e e n  c h e m ic a l  a n d  p h y s ic a l  a d s o r p t io n .  F o r  c h e m ic a l  a d s o rp t io n ,  

e n th a lp y  v a lu e s  r a n g e  f ro m  83 to  8 3 0  k J /m o l ,  w h ile  p h y s ic a l  a d s o r p t io n  v e r y  in  r a n g e  

f ro m  8 to  2 5  k J /m o l  [6 0 ] . O n  th e  b a s is  o f  th e  a b o v e  d is t in c t io n ,  c u t t in g  f lu id s  e f f lu e n t  

a d s o rp tio n  o n  C H - T w e e n  8 0  a n d  B C H - T w e e n  8 0  c o u ld  b e  a  p h y s ic a l  a d s o r p t io n  

p ro c e s s ,  w h i le  c u t t in g  f lu id s  e f f lu e n t  a d s o r p t io n  o n  c h i to s a n ,  b le n d e d  c h i to s a n /P V A  

1 :1 , b e n z o y l  c h i to s a n ,  q u a te r a m in a te d  c h i to s a n ,  C H - S D S , B C H -S D S , C H - C - T a b  a n d  

B C H -C - T a b  c o u ld  b e  a  c h e m ic a l  a d s o r p t io n  p r o c e s s .  T h e  e n t ro p y  c h a n g e  is  in  

n e g a t iv e  v a lu e . T h is  in d ic a te s  th a t  th e  a d s o r p t io n  r e a c t io n  o f  c u t t in g  f lu id s  e f f lu e n t  a t 

p H  3 is  n o t  s p o n ta n e o u s .  T h e  s y s te m  g a in  e n e rg y  f ro m  a n  e x te rn a l  s o u r c e . T h is  e n e rg y  

is  p ro b a b ly  o b ta in e d  th r o u g h  a n  in c re a s e  in  t e m p e r a tu r e .  T h e  e n t ro p y  c h a n g e  o f  

c u t t in g  f lu id s  e f f lu e n t  a t  p H  3 b y  c h i to s a n ,  b le n d e d  c h i to s a n /P V A  1 :1 , b e n z o y l  

c h i to s a n , q u a te r a m in a te d  c h i to s a n ,  C H -S D S , B C H -S D S , C H -C -T a b ,  B C H - C - T a b ,  C H - 

T w e e n  8 0  a n d  B C H - T w e e n  8 0  a s  a d s o r b e n ts  w a s  -5 8 .5 6 ,  -1 0 0 .2 3 , - 1 0 7 .3 2 ,  -1 7 6 .1 5 ,  - 

5 4 .4 5 , -6 5 .7 7 ,  -1 1 8 .5 4 ,  -1 6 8 .8 2 ,  -1 7 3 .7 4 , a n d  -1 8 4 .1 3  J /m o l- K , r e s p e c t iv e ly .  T h e  

e n tro p y  c h a n g e  o f  b le n d e d  c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n .  q u a te r a m in a te d ,  C H - 

C -T a b , C H -T w e e n  8 0 , B C H - C - T a b  a n d  B C H -T w e e n  8 0  v a ry  in  ra n g  -1 0 0  to  -1 8 5  

J /m o l- K  w h ic h  m a y  b e  s u g g e s te d  th a t  th e s e  a d s o r b e n ts  p re s e n ts  l i t t le  a d s o ip t io n  o f  

c u t t in g  f lu id s  e f f lu e n t .  O n  th e  o th e r  h a n d , c h i to s a n ,  C H -S D S  a n d  B C H - S D S  s h o w s
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e n t r o p y  c h a n g e  in c r e a s in g  a n d  v a ry  in  ra n g e  -5 5  to  -6 6  J /m o l- K . It in d ic a te d  th a t 

c h i to s a n ,  C H -S D S  a n d  B C H - S D S  p re s e n ts  f a v o ra b le  a d s o r p t io n  c u t t in g  f lu id s  e f f lu e n t .

A r r h e n iu s  v a lu e  is  o b ta in e d  f ro m  a  s e r ie s  o f  r a te  c o n s ta n t s  m e a s u r e d  a t  d if f e r e n t  

te m p e r a tu r e s  (In  Kd v e r s u s  1 /T ). T h e  s lo p e  a n d  in te r c e p t  o f  A r r h e n iu s  p lo t  m e a n  a n  

a c t iv a t io n  e n e r g ie s  o f  a d s o r p t io n  c u t t in g  f lu id s  e f f lu e n ts  a n d  A r r h e n iu s ’s e n e rg y a t  p H  

3 , r e s p e c t iv e ly .  T h e  a c t iv a t io n  e n e rg y  is s u m m a r iz e d  in  T a b le  5 .1 1 . T h e  a c t iv a t io n  

e n e rg y  o f  a d s o r p t io n  c u t t in g  f lu id s  e f f lu e n ts  a t  p H  3 a re  6 6 .6 9 .  5 4 .3 6 , 5 6 .8 8 , 3 5 .0 9 , 

6 9 .5 5 ,  2 1 .0 1 ,  4 9 .2 7 ,  3 4 .4 0 ,  1 7 .4 6  a n d  2 1 .3 7  k j /m o l  fo r  c h i to s a n , b le n d e d  

c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n ,  q u a te ra m in a te d  c h i to s a n ,  C H -S D S , B C H -S D S , 

C H -C -T a b ,  B C H - C - T a b ,  C H - T w e e n  8 0  a n d  B C H - T w e e n  8 0 , r e s p e c t iv e ly . V a lu e  o f  

a c t iv a t io n  e n e r g y  s u p p o r t s  th a t  th e  ra te  o f  a d s o r p t io n  is t e m p e r a tu r e  d e p e n d e n t .  In  th e  

a d s o r p t io n  p ro c e s s  w h e n  th e  ra te  is  c o n tr o l le d  b y  a  in t r a p a r t i c le  d i f f u s io n  m e c h a n is m , 

th e  a c t iv a t io n  e n e r g y  is  v e ry  lo w  a n d  h e n c e  it  c a n  b e  c o n c lu d e d  th a t  p ro c e s s  is  

c o n tr o l le d  b y  in t r a p a r t i c le  d i f f u s io n  w h ic h  is  a  p h y s ic a l  s te p  in  th e  a d s o r p t io n  p ro c e s s  

[5 3 ] .

T h e  G ib b s  f re e  e n e r g y  o f  a d s o rp t io n  is  c a lc u la te d  f ro m  E q u a t io n  5 .5 9 . It is  fo u n d  

th a t  G ib b s  f re e  e n e r g y  o f  c h i to s a n ,  b le n d e d  c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n , 

q u a te r a m in a te d  c h i to s a n ,  C H -S D S , B C H -S D S , C H - C - T a b ,  B C H -C - T a b ,  C H -T w e e n  

8 0  a n d  B C H - T w e e n  8 0  is p o s i t iv e  v a lu e s . T h e  G ib b s  f re e  e n e r g ie s  o f  c u t t in g  f lu id s  

e f f lu e n t  a t  p H  3 a re  8 2 .4 4 ,  8 3 .1 8 , 8 7 .9 2 , 8 7 .7 1 , 8 4 .0 0 ,  7 5 .9 2 ,  8 3 .8 3 ,  8 4 .7 2 , 6 9 .3 2  a n d  

7 6 .4 9  k J /m o l  fo r  c h i to s a n ,  b le n d e d  c h i to s a n /P V A  1 :1 , b e n z o y l  c h i to s a n ,  

q u a te r a m in a te d  c h i to s a n ,  C H - S D S , B C H -S D S , C H - C - T a b ,  B C H -C - T a b ,  C H -T w e e n  

8 0  a n d  B C H - T w e e n  8 0 , r e s p e c t iv e ly .  T h is  in d ic a te s  th a t  th e  a d s o r p t io n  o f  c u t t in g  

f lu id s  e f f lu e n t  a t p H  3 w a s  n o t  s p o n ta n e o u s . T h e  s y s te m  g a in s  e n e rg y  f ro m  a n  

e x te rn a l  s o u rc e . T h is  e n e rg y  is p ro b a b ly  o b ta in e d  th r o u g h  a n  in c re a s e  in  te m p e ra tu re .
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T h e  th e r m o d y n a m ic  p a r a m e te r s  o f  p H  6 .8  a re  p r e s e n te d  in  T a b le  5 .1 2 . It w a s  n o tic e d  

th a t  th e  e n th a lp y  is  p o s i t iv e .  T h e  e n t ro p y  c h a n g e  is  n e g a t iv e  a n d  G ib b s  f re e  e n e rg y  is 

p o s i t iv e s  v a lu e s .

Table 5.11 T h e r m o d y n a m ic  p a r a m e te r  o f  c u t t in g  f lu id s  e f f lu e n t  a t  p H  3 o f  a d s o rb e n ts

Adsorbents AH (kJ/mol) AS J/(mol-K) AG (kJ/mol) Ea (kJ/mol)
C hitosan 6 4 .0 9 -5 8 .5 6 8 2 .4 4 6 6 .6 9
B lended  ch ito san /P V A  1:1 5 1 .7 5 -1 0 0 .2 3 8 3 .1 8 5 4 .3 6
B enzoyl ch itosan 5 4 .2 7 -1 0 7 .3 2 8 7 .9 2 5 6 .8 8
Q u ateram in ated  ch itosan 3 2 .4 9 -1 7 6 .1 5 8 7 .7 1 3 5 .0 9
C H -S D S 6 6 .9 4 -5 4 .4 1 8 4 .0 0 6 9 .5 5
B C H -S D S 6 3 .5 1 -6 5 .7 7 8 4 .1 8 2 1 .0 1
C H -C -T ab 4 6 .6 6 -1 1 8 .5 4 8 3 .8 2 4 9 .2 7
B C H -C -T ab 3 1 .8 0 -1 6 8 .8 2 8 4 .7 2 3 4 .4 0
C H -T w een  80 1 4 .8 6 -1 7 3 .7 4 6 9 .3 2 1 7 .4 6
B C H -T w een  80 1 8 .7 6 -1 8 4 .1 3 7 6 .4 9 2 1 .3 7

Table 5 .1 2  T h e r m o d y n a m ic  p a ra m e te r s  o f  c u t t in g  f lu id s  e f f lu e n t  a t  p H  6 .8  o f  

a d s o r b e n ts

Adsorbents AH (kJ/mol) AS (J/moI-K) AG (kJ/mol) Ea (kJ/mol)
C hitosan 4 5 .2 3 -1 3 5 .4 2 8 7 .6 8 4 7 .8 3
B lended ch ito san /P V A  1:1 3 1 .3 9 -1 7 9 .6 9 8 7 .7 2 3 3 .9 9
B enzoyl ch itosan 2 3 .8 3 -1 9 7 .3 5 8 5 .7 0 2 6 .6 0
Q u ateram in a ted  ch itosan 30 .21 .1 8 0 .9 5 8 6 .9 4 3 2 .81
C H -S D S 1 7 .1 0 -1 7 4 .4 0 7 1 .7 9 19.71
B C H -S D S 15.01 -1 6 4 .9 9 6 6 .7 4 1 7 .62
C H -C -T ab 18 .92 -1 7 6 .0 7 7 4 .1 1 2 1 .5 2
B C H -C -T ab 3 1 .8 2 -1 7 7 .6 7 8 7 .5 2 3 4 .4 2
C H -T w een  80 3 2 .3 5 -1 7 6 .4 4 8 7 .6 6 3 4 .9 5
B C H -T w een  80 3 0 .5 9 -1 8 1 .4 2 8 7 .4 6 3 3 .1 9


	CHAPTER 5 ADSORPTION ISOTHERM AND KINETIC MODEL
	5.1 Adsorption isotherm
	5.2 Pseudo-first-order and pseudo-second-order models
	5.3 Adsorption mechanism
	5.4 Effect of temperature on adsorption


