
CHAPTER IV
RESULT AND DISCUSSION

4.1 Contact Angle of Water and Specific Surface Area of Plastics

T h e  a d so rp tio n  iso th e r m s  and  co n ta c t a n g le  m ea su r e m e n ts  o f  A E s , N P E -9 ,  
and M E S  w e r e  d o n e  o n  th ree  p la s t ic  su rfa ce; P T F E , P V C , and P M M A .

4 .1 .1  P rop erties o f  P la s t ic s
T h e  co n ta ct a n g le  o f  w a ter  o n  p la s t ic s , th e  s p e c if ic  su rfa ce  area  o f  p la s t ic s ,  

and c o n d it io n s  for p rep arin g  p o ly m e r  su r fa c e s  are sh o w n  in  T a b le  4 .1 .

Table 4.1 P rop erties  o f  p la s t ic s

M a ter ia ls C on ta ct a n g le  
(d e g r e e )

S p e c if ic  su r fa ce  
area' ( m 2/g )

C o m p r e ss io n  m o ld in g  
co n d itio n *

P T F E 100 4 .1 5 2 p reh eat 2 0  m in ; c o m p r e ss  
5 m in  (T : 2 0 0  ๐C; P: 15 to n s)

P V C 8 4 3 .0 2 5 p reh eat 2 0  m in ; c o m p r e ss  
5 m in  (T: 2 0 0  °C ; P: 15 to n s)

P M M A 8 0 1 .9 3 9 p reh eat 2 m in ; c o m p r e ss  
2 m in  (T : 180  °C ; P: 15 to n s)

f T h e  p la s t ic  p o w d e r  w a s  d r ied  and o u tg a sse d  in th e  s a m p le  c e ll at 6 0  °C  for 18 h b e 
fo re  th e  a d so rp tio n . T h e  s p e c if ic  su r fa c e  area o f  e a c h  p la st ic  w a s  e v a lu a te d  fro m  
th e  s e v e n  B E T  ad so rp tio n  iso th erm .

* P o ly m e r  p la te s  w e r e  p rep ared  b y  c o m p r e ss in g . O n ly  s o m e  parts o f  p rep ared  p la te s  
c o u ld  b e  u se d  in  co n ta c t a n g le  m ea su r e m e n t d u e  to n o n h o m o g e n e o u s  h eat tran sfer  
from  h e a tin g  p la te .

F rom  T a b le  4 .1 , th e  c o n ta c t a n g le  o f  p u re w a ter  o n  P T F E  is  th e  h ig h e s t  f o l 
lo w e d  b y  P V C , and P M M A , r e s p e c t iv e ly . T h is  resu lt in d ic a te s  that th e  d e g r e e  o f  h y -  
d r o p h o b ic ity  o f  p la s t ic s  in c r e a se s  in  th e  ord er of: P T F E  >  P V C  >  P M M A . T h e  v a lu e s  
are n ear  w ith  th e p r e v io u s  s tu d y  ( S z y m c z y k  et al. , 2 0 0 5 ) .  For th e s p e c if ic  su r fa c e
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area, th e  s p e c if ic  su r fa c e  areas o f  p la s t ic s  are q u ite  lo w  d u e  to lim ite d  p er fo r m a n c e  o f  
g r in d in g  m a ch in e .

4.2 The Liquid/Vapor Surface Tension and CMC of AEs

T h e  liq u id /v a p o r  in ter fa c ia l t e n s io n s  o f  A E s  w er e  d o n e  b y  u s in g  te n s io m e te r  
w ith  W ilh e lm y  p la te  m e th o d  at 1 h and  3 0  °c. C M C , YCMC, JTcm c , and as w e r e  d e ter 
m in ed .

Surfactant concentration (|iM)

Figure 4.1 S u rfa ce  te n s io n  iso th e r m s  o f  a lc o h o l e th o x y la te  L S 5  ( E 0 5 ) ,  a lc o h o l  
e th o x y la te  L S 7  ( E 0 7 ) ,  a lc o h o l e th o x y la te  L S 8  ( E 0 8 ) ,  and a lc o h o l e th o x y la te  L S 9  
( E 0 9 ) .

F ig u re  4.1  s h o w s  th e r e la t io n s  b e tw e e n  th e  liq u id /v a p o r  in ter fa c ia l te n s io n  
(Ylv) and th e  in itia l c o n c e n tr a tio n  o f  A E  s o lu t io n s  as a s e m i- lo g a r ith m ic  fu n c t io n . It 
d e m o n stra tes  that th e  Ylv o f  s o lu t io n  d e c r e a se s  w ith  in c r e a s in g  su rfactan t c o n c e n tr a 
tio n . It in d ic a te s  that su rfactan t in th e  a q u e o u s  so lu t io n  can  ad so rb  at th e  liq u id /v a p o r  
in te r fa c e  and c h a n g e s  th e  am ou n t o f  w o rk  req u ired  to ex p a n d  that in ter fa ce .
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T h e  y Lv d e c r e a se s  c o n t in u o u s ly  u n til le v e ls  o f f  at cer ta in  c o n c e n tr a t io n . A t  
that c o n cen tra tio n , n o  m o re  area  w h ic h  su rfa cta n t m o le c u le s  c a n  ad sorb  b u t th e y  a g 
g r e g a te  th e m s e lv e s  as m ic e l le  and that c o n c e n tr a tio n  is  k n o w n  as c r it ic a l m ic e l le  
co n ce n tr a tio n  or C M C . A c c o r d in g  to th e  resu lts , th e  C M C  in c r e a se s  w ith  in c r e a s in g  
th e  n u m b er  o f  p o ly e th y le n e  o x id e  (P O E ) gro u p  in  their  su rfa cta n t stru ctu res. T h e  rea 
so n a b le  for C M C  c h a n g e  is  that in c r e a s in g  E O  c h a in  len g th  in c r e a se  w a te r  s o lu b i lity  
b y  in c r e a s in g  h yd ra tio n  and th en  in c r e a se  th e  am o u n t o f  e n e r g y  req u ired  d e h y d r a tin g  
th e  m o le c u le  d u r in g  its  in co rp o ra tio n  in to  th e  m ic e l le . In c r e a s in g  E O  c o n te n t  th ere 
fore  in c r e a se s  th e  C M C . A n o th e r  reaso n  c o m e s  from  m o le c u la r  stru ctu re o f  su r fa c 
tan ts. T h e  reason  is  that in c r e a s in g  E O  ch a in  len g th  a lso  in c r e a se s  m o le c u la r  s iz e ,  
w h ic h  m a k es  it m o r e  d iffic u lt  fo r  th e  e th o x y la te  to  pack  at th e  a ir -w a te r  in ter fa ce .  
T h e  a b ility  to lo w e r  su rfa ce  te n s io n  (su rfa cta n t e f f e c t iv e n e s s ,  7tCMc) is  th e r e fo r e  r e 
d u c e d  as th e  E O  co n ten t is  in crea sed  (C o x , 1 9 8 9 ). T h is  rea so n  is  su p p o r te d  b y  th e  
m in im u m  area o c c u p ie d  b y  a su rfactan t m o le c u le  (a s) c a lc u la te d  from  E q u a tio n  2 .3  
w h ic h  sh o w  that su rfactan t w ith  h ig h  E O  n u m b er  o c c u p ie s  larger  area . T h is  trend  
w a s  a ls o  fou n d  in  o th er  P O E  n o n io n ic s  (H a m a  et al. , 19 9 7 a , 1 9 9 7 b ). T h e  C M C  o f  th e  
s tu d ied  A E s are su m m a rized  in  T a b le  4 .2  a lso  in c lu d in g  Ycm c , TCCMC, and  as. In a d d i
tio n , th e  sh a p es  o f  YLV-Concentration c u r v e s  s e e m  to  b e  a f fe c te d  b y  th e  E O  c o n ten t. 
T h is  m a y  b e re la ted  to  th e  c a p a c ity  o f  th e  E O  ch a in  to in teract (v ia  h y d r o g e n  b o n d in g )  
w ith  o th er  m o le c u le s  (C o x , 1 9 8 9 ).

Table 4.2 C M C , Ycm c, TCCMC, and  as o f  A E s

S u rfactan ts C M C  (p M ) Ycmc
(m N /m )

ftCMCT
(m N /m ) A

A lc o h o l e th o x y la te  L S 5  ( E 0 5 ) 2 5 2 7 .2 4 5 .6 2 3 .7 0
A lc o h o l e th o x y la te  L S 7  ( E 0 5 ) 3 0 2 8 .8 4 4 .0 2 6 .7 2
A lc o h o l e th o x y la te  L S 8  ( E 0 8 ) 4 5 2 9 .7 43 .1 2 9 .5 9
A lc o h o l e th o x y la te  L S 9  ( E 0 9 ) 7 0 3 2 .3 4 0 .5 3 4 .4 1

T h e  e f fe c t iv e n e s s  in  su rfa ce  te n s io n  r e d u ctio n  (m N /m );  71cmc =  yrjf 
+ M in im u m  area o c c u p ie d  b y  a m o le c u le  o f  su rfa cta n t ( Â 2); E q u atio n  2 .3
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T h e  g iv e n  C M C  v a lu e s  are c lo s e  to o th er  s tu d ie s  but s l ig h t ly  b e lo w  (C o x ,  
1989; H am a, 1997b ; R o se n , 2 0 0 4 ) . T h e  reaso n  m a y  b e  d u e  to th e  d isp e r s ity  o f  th e  
stu d ied  su rfa cta n ts. T h e  a lk y l ch a in  d istr ib u tio n  o f  ea c h  stu d ied  A E  w a s  C 1 2  to  C 1 4  
d u e  to h e te r o g e n e ity  o f  raw  m ateria l u se d . It m a y  b e h a v e  k in d  o f  m ix tu r e  o f  su r fa c 
tants that n o r m a lly  p r o v id e  lo w e r  C M C  and Ycmc than s in g le  su rfactan t.

4.3 Adsorption of AEs and their Wettings on Plastics

T h e  a d so rp tio n s  o f  A E s  w e r e  d o n e  on  th ree  p la s t ic  su rface; P T F E , P V C , and  
P M M A  at eq u ilib ra tio n  t im e  o f  5 d a y s  an d  tem p era tu re  o f  3 0  ๐c .  C o n ta c t  a n g le  m e a 
su re m e n ts  w e r e  d o n e  at tem p era tu re  o f  3 0  ° c .  T h e  g iv e n  data  c a m e  fro m  th e  e q u i l i 
b riu m  t im e  o f  1 m in .

4 .3 .1  A d so rp tio n  Iso th erm s o f  A E s
T h e  a d so rb ed  am ou n t o f  su rfactant on  p o ly m e r  su r fa c e  w a s  p lo tted  

v e r su s  th e  lo g a r ith m  o f  th e  e q u ilib r iu m  co n ce n tr a tio n  o f  su rfactan t so lu t io n ;  or  so  
c a lle d  “ th e a d so rp tio n  iso th e r m ” . T h e  a d so rp tio n  iso th e r m s  o f  A E s  o n  P T F E , P V C , 
and P M M A  are sh o w n  in  F ig u r e s  4 .2  to  4 .4 ,  r e sp e c tiv e ly .

T h e  resu lt s h o w s  that th e  a d so rp tio n  o f  ea ch  A E  s l ig h t ly  in c r e a se s  
w ith  in c r e a s in g  eq u ilib r iu m  co n ce n tr a tio n  o f  c o r r e sp o n d in g  su rfactan t and le v e ls  o f f  
to th e  p la teau  at around th e  C M C  r e g io n . In a d d itio n , th e  a m o u n t o f  A E  a d so rb ed  d e 
c r e a se s  as th e  n u m b er o f  e th y le n e  o x id e  u n its  in th e  A E  m o le c u le  in c r e a se s . T h e  re 
su lt w a s  in  lin e  w ith  o th er P O E  n o n io n ic s  s tu d ie s  (S c a le s  et ai, 1 9 8 6 ; R o m e r o -C a n o  
et al., 1 9 9 8 ). T h e  r e a so n a b le  e x p la n a tio n  is  that th e  lo n g e r  p o ly o x y e th y le n e  c h a in  
c r ea tes  m o re  e x c lu d e d  area , and th en  lim its  th e  am o u n t a d so rb ed . In a d d it io n , th e  
c o n fig u r a tio n  o f  the P O E  ch a in  a ffe c ts  o n  the am o u n t o f  su rfactan t a d so rb ed . H o w 
e v er , th e  am o u n t o f  A E s  a d so rb ed  d e c r e a s e s  w ith  in c r e a s in g  th e  le n g th  o f  th e  o x y e -  
th y le n e  c h a in , it d o e s  e s p e c ia l ly  w h e n  th e  c h a n g e  g o e s  from  5 to  7 o x y e th y le n e  
g ro u p s, b ut d e c r e a se s  s l ig h t ly  w h e n  th e  n u m b er o f  th e  E O  grou p  in c r e a se s  m o r e . It 
m a y  in d ica te  that the lo n g e r  P O E  c h a in  s h o w s  a ran d om  c o il c o n fig u r a tio n  w h ic h  
p ro jec ts  a s im ila r  e x c lu d e d  area for th e  in c o m in g  m o le c u le s  (G o n z â le z -G a r c ia  et al. , 
2 0 0 4 ) .
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Equilibrium surfactant concentration (qM)

Figure 4 .2  A d so r p tio n  iso th e r m ร o f  a lc o h o l e th o x y la te  L S 5  ( E 0 5 ) ,  a lc o h o l e th o x -  
y la te  L S 7  ( E 0 7 ) ,  a lc o h o l e th o x y la te  L S 8  (E O S ), and a lc o h o l e th o x y la te  L S 9  ( E 0 9 )  
o n  P T F E .

Equilibrium surfactant concentration (qM)
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Figure 4.3 A d so rp tio n  iso th e rm s  o f  a lcoho l e th o x y la te  L S5 ( E 0 5 ) ,  a lc o h o l e th o x -
y la te  LS7 ( E 0 7 ) ,  a lco h o l e th o x y la te  LS8 ( E 0 8 ) ,  and  a lco h o l e th o x y la te  L S 9  ( E 0 9 )
on  P V C .

Equilibrium surfactant concentration (qM)

Figure 4.4 A d so r p tio n  iso th e r m s  o f  a lc o h o l e th o x y la te  L S 5  ( E 0 5 ) ,  a lc o h o l e th o x 
y la te  L S 7  ( E 0 7 ) ,  a lc o h o l e th o x y la te  L S 8  ( E 0 8 ) ,  and a lc o h o l e th o x y la te  L S 9  ( E 0 9 )  
on  P M M A .

F ig u res  4 .5  to 4 .8  s h o w  the e f fe c t  o f  h y d r o p h o b ic ity  o f  th e  su r fa c e  o n  
th e  a d so rp tio n  o f  A E s . T h e  resu lt in d ic a te s  that th e  am o u n t o f  A E  a d so rb ed  in c r e a se s  
w ith  d e c r e a s in g  h y d r o p h o b ic ity  o f  th e  su rfa ce . It m a y  b e  d u e  to the s im ila r ity  o f  p o 
la r ity  b e tw e e n  th e  su rfa cta n ts and th e  su r fa ces  fa c il ita te  the su rfactant to a d so rb  m o re  
e a s i ly ,  thu s th e  am o u n t o f  su rfa cta n t ad so rb ed  is  e n h a n ced . T h e  g iv e n  r e su lt  is  in  
a g r e e m e n t w ith  p r e v io u s  s tu d ie s  (M e e r it , 2 0 0 5 ;  P uttharak, 2 0 0 6 ;  T h o n g p a e , 2 0 0 7 ) .
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Equilibrium surfactant concentration (|iM)
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Figure 4.5 A d so r p tio n  iso th e r m s  o f  a lc o h o l e th o x y la te  L S 5  ( E 0 5 )  o n  P T F E , P V C , 
an d  P M M A .

Equilibrium surfactant concentration (|rM)

Figure 4 .6  A d so r p tio n  iso th e r m s  o f  a lc o h o l e th o x y la te  L S 7  ( E 0 7 )  o n  P T F E , P V C , 
and P M M A .
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Figure 4 .7  A d so r p tio n  iso th e r m s  o f  a lc o h o l e th o x y la te  L S 8  ( E 0 8 )  o n  P T F E , P V C , 
and  P M M A .

Equilibrium surfactant concentration (pM)
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Figure 4 .8  A d so r p tio n  iso th e r m s o f  a lc o h o l e th o x y la te  L S 9  ( E 0 9 )  o n  P T F E , P V C , 
and P M M A .

4 .3 .2  C o n ta ct A n g le  o f  A E  S o lu t io n s  o n  P la stic s
T h e  re la tio n  b e tw e e n  th e  sta tic  co n ta c t  a n g le  o n  P T F E , P V C , and  

P M M A  and  c o n cen tra tio n  o f  A E  s o lu t io n s  are sh o w n  in  F ig u res 4 .9  to 4 .1 1 .
From  th e  p lo t, th e  co n ta c t  a n g le  d e c r e a se s  s ig n if ic a n t ly  w ith  in c r e a s 

in g  A E  co n ce n tr a tio n  and b e c o m e  n ea r ly  co n sta n t a b o v e  th e  C M C . Ill a d d it io n , th e  
co n ta c t a n g le  o f  A E s  o n  each  su r fa c e  d e c r e a se s  a s  th e  n u m b er o f  e th y le n e  o x id e  u n it  
in  th e  A E s  m o le c u le s  d e c r e a se s . In o th er  w o rd , th e  w e tta b ility  o f  A E s  on  e a c h  su r
fa c e  in c r e a se s  w ith  d e c r e a s in g  th e n u m b er  o f  P O E  grou p . T h e  r e a so n  is  k in d  o f  sa m e  
as th e  rea so n  for a d so rp tio n . T h e  resu lt  is  d e f in ite ly  in the sa m e  trend  w ith  o th e r  P O E  
n o n io n ic s  s tu d y  (S c a le s  et ai, 1 9 8 6 ). H o w e v e r , th e  trend b e c o m e s  r e v e r se s  for th e  
w e tta b ility  s tu d y  o f  su rfa cta n t w ith  a lk y l c h a in  lo n g e r  than C l  6  (H a m a  et al. , 1 9 9 7 a )  
that m a y  b e  b e c a u se  th e  to o  m u ch  h y d r o p h o b ic ity  o f  a lk y l c h a in  o f  su rfa cta n t su p 
p r e sse s  th e  w e tta b ility .

Slirfactant Concentration ((.iM)
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Figure 4.9 C o n ta c t ang le  o f  a lco h o l e th o x y la te  L S5 ( E 0 5 ) ,  a lco h o l e th o x y la te  LS7
( E 0 7 ) ,  a lcoho l e th o x y la te  L S8 ( E 0 8 ) ,  and a lco h o l e th o x y la te  L S 9  ( E 0 9 )  on  P T F E .

Figure 4.10 C o n ta ct a n g le  o f  a lc o h o l e th o x y la te  L S 5  ( E 0 5 ) ,  a lc o h o l e th o x y la te  L S 7  
( E 0 7 ) ,  a lc o h o l e th o x y la te  L S 8  ( E 0 8 ) ,  and a lc o h o l e th o x y la te  L S 9  ( E 0 9 )  o n  P V C .
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T h e  c o n ta c t a n g le s  o f  A E s  o n  d iffe r e n t p la s t ic s  sh o w n  in  F ig u res  4 .1 2  
to  4 .1 5  are in the v ic in ity  v a lu e s  c o r r e sp o n d in g  to  th e  p o la r ity  and h y d r o p h o b ic ity , o f  
p la s t ic s  as sh o w n  in T a b le  4 .1 . T h e  resu lt in d ic a te s  that th e  w e tta b ility  o f  A E s  in 
c r e a se s  w ith  in c r e a s in g  h y d r o p h il ic ity  o f  th e  su r fa ce . It m a y  b e  d u e  to  th e  s im ila r ity  
o f  p o la r ity  b e tw e e n  th e  su r fa c ta n ts  and th e  su r fa c e s  fa c il ita te  th e  su rfa cta n t to  ad sorb  
m o r e  e a s i ly , thu s th e  w e tta b ility  is  en h a n c e d . T h e  g iv e n  resu lt  is  in th e  sa m e  trend  
w ith  p r ev io u s  s tu d ie s  (M e e r it , 2 0 0 5 ;  Puttharak , 2 0 0 6 ;  T h o n g p a e , 2 0 0 7 ) .

Figure 4.11 C o n tac t an g le  o f  a lco h o l e th o x y la te  LS5 ( E 0 5 ) ,  a lco h o l e th o x y la te  L S7
( E 0 7 ) ,  a lcoho l e th o x y la te  LS8 (E O S ), and  a lco h o l e th o x y la te  L S 9  ( E 0 9 )  o n  P M M A .

Figure 4.12 C o n tac t an g le  o f  a lco h o l e th o x y la te  LS5 ( E 0 5 )  on  P T F E , P V C , and
P M M A .
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Figure 4.13 C o n ta ct a n g le  o f  a lc o h o l e th o x y la te  L S 7  ( E 0 9 )  o n  P T F E , P V C , and  
P M M A .
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Figure 4.14 C on ta ct a n g le  o f  a lc o h o l e th o x y la te  L S 8  ( E 0 9 )  on  P T F E , P V C , and  
P M M A .



41

12 0

10000
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F ig u r e  4 .1 5  C o n ta ct a n g le  o f  a lc o h o l e th o x y la te  L S 9  ( E 0 9 )  o n  P T F E , P V C , and  
P M M A .

4 .3 .3  W e ttin g  E n h a n c e m e n t b y  A E s
F rom  Y o u n g ’ร e q u a tio n  (E q u a tio n  2 .1 0 ) ,  i f  th e  re la tio n  b e tw e e n  COS0 

and 1/ ylv w a s  p lo tte d , th e  p lo t sh o u ld  b e  a stra igh t lin e  w ith  th e  s lo p e  o f  ( y sv -Ysl) 
and in tercep ted  at th e  o r ig in . F ig u res  4 .1 6  to 4 .1 8  s h o w  that for  p u re  A E  s o lu t io n s  th e  
in te r c e p tio n s , th o u g h , are n ear but n o t at th e  o r ig in  for all p la s t ic s  and the s lo p e  in 
c r e a se s  w ith  in c r e a s in g  1/ ylv m e a n in g  that (Ysv-Ysi.) te n u  in c r e a se s .
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F ig u r e  4 .1 6  C O S 0  o n  PT FE  su r fa c e  rela ted  to  l / y LV o f  su rfa cta n t so lu t io n s .

F ig u r e  4 .1 7  cosO  o n  P V C  su r fa c e  rela ted  to  1/yi.v o f  su rfa cta n t so lu t io n s .
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F ig u r e  4 .1 8  COS0 o n  P M M A  su r fa c e  re la ted  to  1/ ylv o f  su rfa cta n t so lu t io n s .

A n o th e r  p o s s ib le  w a y  to  e x a m in e  th e  v a r ia tio n  o f  th e  (y sv -Ysl)  term  is  
to lo o k  at th e  p rod u ct o f  cosO  m u lt ip ly  w ith  YLV or  YlvcosG. F rom  E q u a tio n  2 .1 0 ,  i f  
(YlvcosG) w a s  c o n sta n t, th e  v a lu e  o f  (Ys v -Ysl) w o u ld  b e  co n sta n t. F ig u r e s  4 .1 9  to 4 .2 1  
s h o w  that YlvcosG in c r e a se s  w ith  in c r e a s in g  su rfactan t c o n c e n tr a t io n  m e a n in g  that 
(Ys v -Ysl ) term  in c r e a se s .
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Y l v c o s G on  P T F E  su r fa c e  rela ted  to co n ce n tr a tio n  o f  su rfa cta n t so lu t io n s .

F ig u r e  4 .2 0  Y l v c o s G on  P V C  su r fa c e  re la ted  to c o n c e n tr a tio n  o f  su rfa cta n t so lu t io n s .
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F ig u r e  4 .2 1  Y l v C o s O o n  P M M A  su r fa c e  re la ted  to  co n cen tra tio n  o f  su rfactan t s o lu 
t io n s .

In p ra c tica l, the v a lu e  o f  th e  Y s v  c o u ld  b e  a s su m e d  to  b e  in d e p e n d e n t  
o f  th e  su rfactan t co n ce n tr a tio n  b e c a u s e  th e  d ry  s o l id  had n ot b e e n  c o n ta c te d  b y  th e  
so lu t io n  y e t and th e tra n sfer  o f  th e  n o n -v o la t ile  su rfactan ts to  th e  s o lid /v a p o r  in ter
fa c e  d u r in g  m ea su rem en t o f  c o n ta c t  a n g le s  v ia  v a p or  p h a se  s e e m e d  u n lik e ly  (G a u  
and Z o g r a fi, 19 90 ). T h is  in d ic a te s  that YSL is  co n sta n t in c a se  o f  p u re  A E s.

A lth o u g h , th e  YSL w a s  n ot e x p e r im e n ta lly  and d ir e c t ly  m e a su red , w e  
c o u ld  c a lc u la te  th e  Y s l  re la tiv e  to  th e  YSL at a r e feren c e  sta te , Y s l ( w ), w h ic h  had n o  
A E s  p resen ted  or in a p u re  w ater , u s in g  th e c o n ta c t  a n g le  and th e  liq u id /v a p o r  su r fa c e  
te n s io n  data. E q u ation  2 .1 0  m ay  b e  w ritten  as

y บ' (พ )  c o s 0 (w )  -  y LV (c)cos0(c) = I> 51, (พ )  -  ysv (พ )]  -  [ySy ( c )  -  ysv ( c ) ]

=  Z a ( c ) - Z a  (พ ) (4 .1 )

w h e r e  (พ )  refer to th e  standard  sta te , w h e n  n o A E  p resen ts and ( c )  refers to  th e  p rop 
er tie s  o f  th e  su rfactan t so lu t io n  at co n ce n tr a tio n  c.
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F ig u res 4 .2 2  to  4 .2 4  s h o w  th e  co rr e la tio n  b e tw e e n  th e  te n u  ysl( c)-  
Ysl( w ) and A E s  co n cen tra tio n . I f  th e  term  Ysl(w ) w a s  c o m m o n ly  a s su m e d  to  b e  a 
co n sta n t, th is  p lo t  w o u ld  p r o v id e  th e  re la tio n  b e tw e e n  Ysl( c) and A E s  c o n cen tra tio n . 
F rom  th e  F ig u res , in  c a se  o f  p u re  A E s , th e  Ysl( c) d e c r e a se s  w ith  in c r e a s in g  su rfactan t  
c o n cen tra tio n . It in d ica tes  that in crea se  in  su rfactan t co n ce n tr a tio n  n o t o n ly  d e c r e a se s  
Ylv but a lso  d e c r e a se s  YSL-

Figure 4 .22  R e la tiv e  in te rfac ia l ten s io n  at so lid /liq u id  in te rfa c e  o f  P T F E  su rfa c e  r e 
la ted  to  co n cen tra tio n  o f  su rfa c ta n t so lu tio n s .
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F ig u r e  4 .2 3  R e la t iv e  in ter fa c ia l te n s io n  at so lid /l iq u id  in ter fa ce  o f  P V C  su r fa ce  r e 
la ted  to  c o n cen tra tio n  o f  su rfactan t so lu t io n s .

surfactant concentration ( (-1M )
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F ig u r e  4 .2 4  R e la t iv e  in ter fa c ia l te n s io n  at so l id /l iq u id  in te r fa c e  o f  P M M A  su r fa ce  
rela ted  to  c o n cen tra tio n  o f  su rfa cta n t so lu t io n s .

F ig u res  4 .2 5  to 4 .2 7  in d ic a te  that th e  in crea se  in  A E  a d so rp tio n  e f 
fec ts  o n  th e  y s l - It m ig h t  b e  c o n c lu d e d  that red u ctio n  o f  Y s r is  d e r iv e d  from  ad so rp 
tion  o f  su rfactant at so l id /l iq u id  in ter fa ce . T h e r e fo r e , the c h a n g e s  in  co n ta c t  a n g le s  
in d u ced  b y  su rfactan t a ttr ib u tes to  th e  c h a n g e s  in  th e  Y rv  and Y s l -

F ig u r e 4 .2 5  R e la t iv e  in ter fa c ia l te n s io n  at so l id /l iq u id  in ter fa ce  o f  P T F E  su r fa c e  re 
la ted  to ad so rp tio n  o f  su rfactan t so lu t io n s .
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F ig u r e  4 .2 6  R e la t iv e  in ter fa c ia l te n s io n  at so l id /l iq u id  in te r fa c e  o f  P V C  su r fa c e  re 
la ted  to  a d so rp tio n  o f  su rfactan t so lu t io n s .

Figure 4 .2 7  R e la tiv e  in te rfac ia l te n s io n  at so lid /liq u id  in te rfa c e  o f  P M M A  su rface
re la te d  to  ad so rp tio n  o f  su rfa c ta n t so lu tio n s .
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F ig u r e s  4 .2 8  to 4 .3 0  sh o w  th e  a d h e s io n  te n s io n  p lo ts  w h ic h  illu stra te  
th e  a d h e s io n  te n s io n , ylvcosO, re la ted  to th e  Ylv o f  A E  so lu t io n s . F rom  E q u a tio n  2 .1 1 ,  
i f  T sv  for a su rfactan t w a s  a ssu m e d  to b e  z e r o , th is  p lo t sh o u ld  h a v e  s lo p e  o f  - 
(rslyrLV) w h ich  w a s  the ratio  o f  su r fa c e  e x c e s s  co n ce n tr a tio n  at s o l id /l iq u id  to liq -  
u id /v a p o r  in ter fa ce .

F or  pure A E s  s o lu t io n , the p lo ts  s h o w  th e  stra igh t lin e  w ith  s lo p e  in  
th e  ra n g e  o f  -1 /2  and 0  w h ic h  in d ic a te s  that th e  r Lv is  h ig h e r  than r SL. F or th e  e ffe c t  
o f  h y d r o p h o b ic ity  o f  su rface , th e  s lo p e  a p p ro a ch es  to ze r o  a s  th e  h y d r o p h o b ic ity  d e 
c r e a se s  m ea n in g  that F s l  in c r e a se s  co m p a red  w ith  r Lv- It is  c o n c lu d e d  that su rfactan t  
can  ad so rb  at so l id /l iq u id  in te r fa c e  at lo w e r  h y d r o p h o b ic  su r fa c e  b etter  th an  at h ig h er  
h y d r o p h o b ic  su r fa c e . T h e  resu lt is  in  lin e  w ith  th e  resu lt from  th e a d so r p tio n  i s o 
therm  (F ig u res  4 .2  to  4 .4 ) .

F ig l ir e  4 .2 8  A d h e s io n  ten sio n  p lo t for  A E  s o lu t io n s  on  P T F E .



51

- ; y LV(m N /m )

F ig u r e  4 .2 9  A d h e s io n  te n s io n  p lo t for A E  s o lu t io n s  on  P V C .

F ig u r e  4 .3 0  A d h e s io n  te n s io n  p lo t for A E  s o lu t io n s  on  P M M A .
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F ig u r e  4 .3 1  C o s in e  o f  co n ta c t a n g le  fo r  A E  s o lu t io n s  o n  P T F E  su r fa c e  re la ted  to  its
Ylv.

YLv (m N/m )



53

Figure 4 .3 2  C o s in e  o f  co n ta c t  a n g le  for  A E  s o lu t io n s  on  P V C  su r fa c e  rela ted  to  its
Ylv .

Figure 4.33 C o s in e  o f  c o n ta c t  a n g le  for  A E  so lu t io n s  on  P M M A  su r fa c e  re la ted  to  
its Ylv .

4.4 The Liquid/Vapor Surface Tension and CMC of NPE-9



54

Figure 4.34 Surface tension isotherm of nonylphenol ethoxylate 9 (NPE-9).

Figure 4.34 shows the relation between the liquid/vapor interfacial tension 
(Ylv) and the initial concentration of NPE-9 solution as a semi-logarithmic function. 
It demonstrates that the Ylv of solution decreases with increasing surfactant concen
tration until level off at their CMC. The CMC of NPE-9 is summarized in Table 4.3 
also including YCMC, ftcMC, and as. The results are in agreement with other studies 
(xxx).

Table 4.3 CMC, Ycmc, îIcmc, and as of NPE-9

Parameter Value
CMC (pM) 60
Ycmc (mN/m) 31.2
7TCMC (mN/m) 41.6
A Â 7) 51.48

4.5 Adsorption of NPE-9 and its Wetting on Plastics
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The adsorption of NPE-9 was done on three plastic surface; PTFE, PVC, 
and PMMA at equilibration time of 5 days and temperature of 30 °c. Contact angle 
measurement was done at temperature of 30 °c. The given data came from the equi
librium time of 1 min.

4.5.1 Adsorption Isotherm of NPE-9
The adsorbed amount of surfactant on polymer surface was plotted 

versus the logarithm of the equilibrium concentration of surfactant solution. The ad
sorption isotherms of NPE-9 on PTFE, PVC, and PMMA are shown in Figure 4.35.

The result shows that the adsorption of each NPE-9 slightly increases 
with increasing equilibrium concentration of corresponding surfactant and levels off 
to the plateau at around the CMC region. The results were in agreement with other 
studies (xxx).

1 10 100 1000 
Equilibrium surfactant concentration (|iM)

10000

Figure 4.35 Adsorption isotherm of nonylphenol ethoxylate 9 (NPE-9) on polymer 
surfaces.

4.5.2 Contact Angle of NPE-9 Solution on Plastics
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The relations between the static contact angle on PTFE, PVC, and 
PMMA and concentration of NPE-9 solution are shown in Figure 4.36.

From the plot, the contact angles decreases significantly with increas
ing NPE-9 concentration and becomes nearly constant above the CMC.

The contact angles of NPE-9 on different plastics are also shown and 
are in the vicinity values corresponding to the polarity and hydrophobicity, of plas
tics as shown in Table 4.1. The result indicates that the wettability of NPE-9 increas
es with increasing hydrophilicity of the surface. The given result is in the same trend 
with previous studies (Meerit, 2005; Puttharak, 2006; Thongpae, 2007).

ชุ/)<D'๐

๐น

CTLU

10000
Surfactant Concentration (jiM)

Figure 4.36 Contact angle of nonylphenol ethoxylate 9 (NPE-9) on polymer surfac
es.

4.5.3 Wetting Enhancement by NPE-9
From Young’s equation (Equation 2.10), if the relation between cosO 

and 1/ylv was plotted, the plot should be a straight line with the slope of (y lv-Ysl) 
and intercepted at the origin. Figure 4.37 shows that for pure NPE-9 solution the in
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terceptions, though, are near but not at the origin for all plastics and the slope in
creases with increasing 1/ylv meaning that ( Ysv-Ysl) term increases.

1.0
0.8 
0.6 
0.4

l "
0.0 
-0.2 
-0.40.010 0.015 0.020 0.025 0.030 0.035 0.040

l/yLV (niN/m) '1

Figure 4.37 COS0 on polymer surfaces related to 1/ylv of nonylphenol ethoxylate 9 
(NPE-9).

Another possible way to examine the variation of the (Ysv -Ysl) term is 
to look at the product of cosO multiply with Ylv or YlvCo sO. From Equation 2.10, if 
(YlvCo sO) was constant, the value of (y sv -Ysl)  would be constant. Figure 4.38 shows 
that YlvCo sO increases with increasing surfactant concentration meaning that (Ysv-Ysl)
tenu increases.
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10 100 1000 
surfactant concentration (pM)

10000

Figure 4.38 yLVcos0 on polymer surfaces related to concentration of nonylphenol 
ethoxylate 9 (NPE-9).

Figure 4.39 shows the correlation between the term Ysl(c)-Ysl(w) and 
NPE-9 concentration. If the term Ysl(w) was commonly assumed to be a constant, 
this plot would provide the relation between Ysl(c) and NPE-9 concentration. From 
the Figures, in case of pure NPE-9, the Ysl(c) decreases with increasing surfactant 
concentration. It indicates that increase in surfactant concentration not only decreases 
Ylv but also decreases YSL-
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F ig u re  4 .3 9  R e la t iv e  in ter fa c ia l te n s io n  at so lid /l iq u id  in ter fa ce  o f  p o ly m e r s  re la ted  
to  c o n cen tra tio n  o f  n o n y lp h e n o l e th o x y la te  9  (N P E -9 ) .

F ig u re  4 .4 0  in d ica te  that th e  in crea se  in  N P E -9  a d so rp tio n  e f fe c t s  o n  
th e  y SL. It m ig h t  b e  c o n c lu d e d  that re d u c tio n  o f  Ysl is  d er iv ed  from  a d so rp tio n  o f  su r 
factan t at so l id /l iq u id  in ter fa ce . T h e r e fo r e , th e  c h a n g e s  in  co n ta c t a n g le s  in d u ced  b y  
su rfactan t attr ib u tes to  th e  c h a n g e s  in th e  Ylv and Ysl-
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O.๘

r  (pmol/m2 plastic)

F ig u re  4 .4 0  R ela tiv e  in te rfac ia l te n s io n  at so lid /liq u id  in te rface  o f  p o ly m e r re la te d  to  
a d so rp tio n  o f  n o n y lp h en o l e th o x y la te  9 (N P E -9 ).

F ig u re  4.41 sh o w  th e  ad h esio n  te n s io n  p lo t w h ich  illu s tra te s  th e  a d h e 
sio n  te n s io n , YlvCosO, re la ted  to th e  7lv o f  N P E -9  so lu tio n s. F ro m  E q u a tio n  2 .1 1 , i f  
r sv fo r  a  su rfac tan t w as  a ssu m ed  to  b e  zero , th is  p lo t sh o u ld  h av e  s lo p e  o f  -(E sl/F lv) 
w h ich  w as th e  ra tio  o f  su rface  e x c e ss  c o n c e n tra tio n  at so lid /liq u id  to  l iq u id /v a p o r  
in te rface .

F o r p u re  N P E -9  so lu tio n , th e  p lo ts  sh o w  th e  s tra ig h t lin e  w ith  s lo p e  in  
th e  ra n g e  o f  -1 /2  and  0  w h ich  in d ic a te s  that th e  rLV is h ig h e r th an  r SL. F o r th e  e ffec t 
o f  h y d ro p h o b ic ity  o f  su rface , th e  s lo p e  ap p ro a c h e s  to  ze ro  as th e  h y d ro p h o b ic ity  d e 
c re a se s  m e a n in g  tha t Tslin c rea se s  c o m p a re d  w ith  r LV. It is co n c lu d ed  th a t su rfac tan t 
can  ad so rb  at so lid /liq u id  in te rfa c e  a t lo w er h y d ro p h o b ic  su rface  b e tte r  th an  a t h ig h e r 
h y d ro p h o b ic  su rface . T h e  re su lt is in  line  w ith  th e  re su lt fro m  th e  a d so rp tio n  iso 
th erm  (F ig u re s  4 .35).
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Figure 4.41 Adhesion tension plot for nonylphenol ethoxylate 9 (NPE-9) on poly
mers.
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Figure 4.42 Cosine of contact angle for nonylphenol ethoxylate 9 (NPE-9) on poly
mer surfaces related to its Ylv-

4.6 The Liquid/Vapor Surface Tension and CMC of MES

Figure 4.43 Surface tension isotherm of methyl ester sulfonate (MES).

Figure 4.43 shows the relation between the liquid/vapor interfacial tension 
(ylv) and the initial concentration of MES solution as a semi-logarithmic function. It 
demonstrates that the Ylv of solution decreases with increasing surfactant concentra
tion until level off at their CMC. The CMC of MES is summarized in Table 4.4 also 
including YCMC, JIcmc, and as.

Table 4.4 CMC, Ycmc, TCCMC, and as of MES

Parameter Value
CMC (pM) 130
Ycmc (mN/m) 39
tccmc (mN/m) 33.8
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as (Â2) 66.35

4.7 Adsorption of MES and its Wetting on Plastics

The adsorption of MES was done on three plastic surface; PTFE, PVC, and 
PMMA at equilibration time of 5 days and temperature of 30 °c. Contact angle mea
surement was done at temperature of 30 °c. The given data came from the equili
brium time of 1 min.

4.7.1 Adsorption Isotherm of MES
The adsorbed amount of surfactant on polymer surface was plotted 

versus the logarithm of the equilibrium concentration of surfactant solution. The ad
sorption isotherms of MES on PTFE, PVC, and PMMA are shown in Figure 4.44.

The result shows that the adsorption of each MES slightly increases 
with increasing equilibrium concentration of corresponding surfactant and levels off 
to the plateau at around the CMC region. The result is in agreement with other stu
dies (xxx).
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Figure 4.44 Adsorption isotherm of methyl ester sulfonate (MES) on polymer sur
faces.

4.7.2 Contact Anale of MES Solution on Plastics
The relations between the static contact angle on PTFE, PVC, and 

PMMA and concentration of MES solution is shown in Figure 4.45.
From the plot, the contact angle decreases significantly with increas

ing MES concentration and becomes nearly constant above the CMC.
The contact angles of MES on different plastics are also shown and 

are in the vicinity values corresponding to the polarity and hydrophobicity, of plas
tics as shown in Table 4.1. The result indicated that the wettability of MES increase 
with increasing hydrophilicity of the surface. The given result was in the same trend 
with previous studies (Meerit, 2005; Puttharak, 2006; Thongpae, 2007).

110
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Figure 4.45 Contact angle of methyl ester sulfonate (MES) on polymer surfaces.

4.7.3 Wetting Enhancement by MES
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From Young’s equation (Equation 2.10), if the relation between COS0 
and 1/ylv was plotted, the plot should be a straight line with the slope of (ylv-Ysl) 
and intercepted at the origin. Figure 4.46 shows that for pure MES solution the inter
ceptions, though, are near but not at the origin for all plastics and the slope increases 
with increasing 1/ylv meaning that (ysv-Ysl) tenu increases.

®t/1ca

0 010 0.015 0.020 0.025 0.030 0.035 0.040
l/yLV(mN/m)

Figure 4.46 COS0 on polymer surfaces related to I/ylv of methyl ester sulfonate 
(MES).

Another possible way to examine the variation of the (Ylv-Ysl) tenu is 
to look at the product of COS0 multiply with Ylv or ylvCOsG. From Equation 2.10, if 
(YLVCOS0) was constant, the value of (Ylv-Ysl) would be constant. Figure 4.47 shows 
that YLVCOS0 increases with increasing surfactant concentration meaning that (Ysv-Ysl)
term increases.
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Figure 4.47 YlvcosO on polymer surfaces related to concentration of methyl ester 
sulfonate (MES).

Figure 4.48 shows the correlation between the tenu Ysl(c)-Ysl(w) and 
MES concentration. If the term Ysl(w) was commonly assumed to be a constant, this 
plot would provide the relation between Ysi.(c) and MES concentration. From the 
Figures, in case of pure MES, the Ysl(c) decreases with increasing surfactant concen
tration. It indicates that increase in surfactant concentration not only decreases YLV 
but also decreases YSL-
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F ig u r e  4 .4 8  R elative interfacial tension at solid/liquid interface o f  polym ers related 
to concentration o f  m ethyl ester su lfonate (M ES).

Figure 4.49 indicates that the increase in M ES adsorption effects on 
the Ysl- It m ight be concluded that reduction  o f  YSL is derived from  adsorption o f  su r
factant at solid/liquid interface. T herefore, the changes in contact angles induced by 
surfactant attributes to the changes in the  Ylv and Ysl-
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Figure 4.49 Relative interfacial tension at solid/liquid interface of polymer related to 
adsorption of methyl ester sulfonate (MES).

Figure 4.50 shows the adhesion tension plot which illustrates the ad
hesion tension, ylvcosO, related to the ylv of m e s  solution. From Equation 2.11, if 
Tsv for a surfactant was assumed to be zero, this plot should have slope of -( r SL/rLv) 
which was the ratio of surface excess concentration at solid/liquid to liquid/vapor 
interface.

For pure MES solution, the plots show the straight line with slope in 
the range of -1/2 and 0 which indicates that the r Lv is higher than r SL. For the effect 
of hydrophobicity of surface, the slope approaches to zero as the hydrophobicity de
creases meaning that Tslincreases compared with rLV- It is concluded that surfactant 
can adsorb at solid/liquid interface at lower hydrophobic surface better than at higher 
hydrophobic surface. The result is in line with the result from the adsorption iso
therm (Figures 4.44).
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Figure 4.50 Adhesion tension plot for methyl ester sulfonate (MES) on polymers.
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Figure 4.51 Cosine of contact angle for methyl ester sulfonate (MES) on polymer 
surfaces related to its Ylv-
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4.8 Comparison of The Liquid/Vapor Surface Tension and CMC of the studied 
Surfactants

Nonionic surfactants—AEs and NPE-9—have both critical micelle concen
tration (CMC) and equilibrium surface tension (Ylv) lower than anionic surfactant. It 
is in agreement with previous results (xxx) because nonionic surfactant has no elec
trical charge on head group resulting in low repulsion among the surfactant mole
cules, so they could pack at the interface with more amount than anionic surfactant 
which have negative charge, and high repulsion (xxx). Therefore, nonionic surfactant 
has lower equilibrium surface tension. For CMC, nonionic surfactant has less hydro
philic character which is only polar charge, while anionic surfactant has more hydro
philic character which is electrical charge. Therefore, nonionic surfactant tries to ar
range its hydrophilic part far from water as far as possible. In other words, nonionic 
surfactants tend to form micelle easier than anionic surfactant.

Among nonionic surfactants, the studied AEs have both critical micelle con
centration (CMC) and equilibrium surface tension (Ylv) lower than NPE-9 because 
most studied AEs have hydrophilic part smaller than NPE-9 resulting in more 
amount of surfactant packing at the liquid/vapor interface (xxx). Another reason is 
due to structure of NPE-9 which is more rigid hydrophilic component and is there
fore unable to arrange its structure to obtained smaller area occupied in adsorption at 
the liquid/vapor interface.

4.9 Comparison of Adsorption of Studied Surfactants and Their Wetting on 
Plastics

Nonionic surfactants—AEs and NPE-9—have surface concentration higher 
than anionic surfactant. It is in agreement with previous results (xxx) because nonio
nic surfactants have no electrical charge resulting in low repulsion among the surfac
tant molecules, so they could pack at the interface with more amount than anionic 
surfactant which have negative charge and, hence, high repulsion. For concentration 
at maximum adsorption which is normally at the CMC, that of nonionic surfactants
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are lower than that of ionic surfactant with the same explanation as in the previous 
part. Another reasonable explanation is that ionic surfactant has higher water solubil
ity due to its electrical charge of surfactant with which polar group in water molecule 
interact. Therefore, the amount of energy required to dehydrate the molecule during 
its incorporation into the micelle would be higher and then would have higher CMC 
(xxx).

Among nonionic surfactants, alcohol ethoxylates except AE9 have surface 
concentration higher than NP9 because AEs have hydrophilic part smaller than NP9 
resulting in more amount of surfactant packing at the liquid/vapor phase.

The contact angle and the wetting enhancement among the studied surfac
tants are the same trend with the adsorption results.
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