
C H A P T E R  IV
A D M IC E L L A R  P O L Y M E R IZ A T IO N  O F  2 -H Y D R O X Y -4 -  

A C R Y L O Y L O X Y B E N Z O P H E N O N E : T H E  P R O D U C T IO N  O F
U V -P R O T E C T IV E  C O T T O N *

4.1 A b stract

A d m ic e l la r  p o ly m e r iz a t io n  w a s  u se d  to  m o d ify  s u r fa c e  o f  a c o t to n  fa b ric  in 
o rd e r  to  im p ro v e  its  u ltra v io le t  p ro te c tio n  p ro p e r ty . A  U V -a b s o rb in g  a g e n t, 2 ,4 -  
d ih y d ro x y b e n z o p h e n o n e , w as c o v a le n tly  b o n d e d  to  a  m o n o m e r , ac ry lo y l c h lo r id e , an d  
th e  p ro d u c t,  2 -h y d ro x y -4 -a c ry lo y lo x y b e n z o p h e n o n e  (H A B ), w a s  p o ly m e r iz e d  o n  th e  
c o tto n  s u r fa c e  b y  a d m ic e l la r  p o ly m e r iz a t io n  u s in g  d o d e c y lb e n z e n e s u lfo n ic  a c id , so d iu m  
s a l ts  (D B S A )  a s  th e  su rfa c ta n t. S u rfa c ta n t  b ila y e r  a d so rb e d  on  th e  f ib e r  s u r fa c e  w a s  u sed  
a s  th e  re a c tio n  s ite  fo r  th e  fo rm a tio n  o f  p o ly m e r  film . T h e  e ffe c ts  o f  e le c tro ly te , 
te m p e ra tu re ,  an d  a d s o lu b i liz a te  (H A B ) o n  s u r fa c ta n t  a d s o rp tio n  w e re  s tu d ie d . S u rfa c e  
c h a ra c te r iz a tio n  s tu d ie s  c o n f irm e d  th e  e x is te n c e  o f  th e  p o ly (H A B ) th in  f ilm  o n  th e  f ib e r 
s u r fa c e  w h ic h  s ig n if ic a n tly  re d u c e d  u lt ra v io le t  t ra n s m is s io n  th ro u g h  th e  fab ric . 
U l tra v io le t  P ro te c t io n  F a c to r  (U P F )  o f  th e  c o tto n  fa b ric  w a s  g re a tly  im p ro v e d  fro m  a 
v a lu e  o f  4  fo r  p la in  fa b r ic  to  g re a te r  th a n  4 0  (e x c e lle n t  p ro te c tio n )  a f te r  t r e a tm e n t w ith  
H A B  at c o n c e n tra t io n s  g re a te r  than  1.2 m M  u s in g  th e  a d m ic e l la r  p o ly m e riz a tio n  
te c h n iq u e .

K ey w ord s: A d m ic e l la r  p o ly m e r iz a t io n ;  A d s o lu b il iz a t io n ;  S u rfa c ta n t;  U V -p ro te c tiv e  
c o tto n

T ra g o o n w ic h ia n , ร . ,  O ’ R e a r , E .A . a n d  Y a n u m e t, N . s u b m itte d  to  C o llo id s  an d  
S u rfa c e s  A : P h y s ic o c h e m ic a l  an d  E n g in e e r in g  A sp e c ts .
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4.2 In trod u ction

S u rfa c e  m o d if ic a t io n  o f  a  s u b s tra te  is an  im p o rta n t an d  v e rs a t i le  m e th o d  fo r 
m a k in g  m a te r ia ls  w ith  e n h a n c e d  p e r fo rm a n c e  in so m e  sp e c if ic  a re a s . T h e  m o d if ie d  
m a te r ia ls  w ill p o s s e s s  su rfa c e  p ro p e r t ie s  w h ic h  a re  d if fe re n t  fro m  th e ir  b u lk  p ro p e r t ie s . 
M a n y  te c h n iq u e s  h a v e  b e e n  u se d  to  m o d ify  a  s u b s tra te  s u rfa c e  to  a l te r  th e  m e c h a n ic a l, 
c h e m ic a l,  o r  o p tic a l  p ro p e r t ie s  o f  a  m a te r ia l .  M o re  re c e n tly , su rfa c ta n t a d s o rb e d  o n  a 
s u r fa c e  h a s  b e e n  u ti l iz e d  a s  a  te m p la te  fo r  p o ly m e r iz a t io n  in o rd e r  to  m o d ify  s u r fa c e  
p ro p e r t ie s  o f  m a te r ia ls . T h is  m e th o d  h a s  b e e n  te rm e d  a d m ic e lla r  p o ly m e r iz a t io n . 
A d m ic e l la r  p o ly m e r iz a t io n  is an  in-s i tu  p o ly m e r iz a t io n  re a c tio n  in  th e  c o re  o f  a 
s u r fa c ta n t  b ila y e r  a d so rb e d  o n to  th e  s u b s tra te  s u rfa c e  to  a p p ly  a th in  p o ly m e ric  film  on  
th e  s u b s tra te  s u r f a c e .12 T h e re  a re  fo u r  m a in  s te p s , a d m ic e lle  fo rm a tio n , m o n o m e r  
a d s o lu b i liz a t io n , p o ly m e ric  film  fo rm a tio n , a n d  su r fa c ta n t  re m o v a l. A d m ic e lla r  
p o ly m e r iz a t io n  h a s  b e e n  s u c c e s s fu lly  u se d  to  fo rm  v a r io u s  ty p e s  o f  p o ly m e r ic  th in  f ilm s  
'on  d if fe re n t  s u b s tra te s  su ch  a s  p o ly s ty re n e  on  s i l ic a ,3 a lu m in a 4 an d  c o t to n .56 s ty re n e -  
iso p re n e  c o p o ly m e r  on  g la s s  f ib e r ,7 an d  p o ly p y rro le  o n  m ic a .8 T h is  m e th o d  is s im p le  
w ith  lo w  e n e rg y  c o n s u m p tio n  an d  w h e n  u se  w ith  te x ti le  fa b r ic , th e re  is n o  b lo c k in g  o f  
th e  in te rs tic e s  b e tw e e n  f ib e rs  an d  y a rn s , th u s  g o o d  a ir  p e rm e a b il i ty  o f  th e  fa b r ic  is 
m a in ta in e d . S in c e  th e  a p p lie d  film  is v e ry  th in , in n a n o  s c a le ,8 the  fa b r ic  a lso  re ta in s  its 
p lia b i l i ty  an d  so ft  to u c h .

In th is  w o rk  a d m ic e l la r  p o ly m e r iz a t io n  w a s  in v e s tig a te d  a s  a  th in - f i lm  c o a tin g  
te c h n iq u e  fo r  m a k in g  U V -p ro te c tiv e  fa b ric . D u e  to  o z o n e  d e p le tio n , th e re  h as  b een  a 
p ro g re s s iv e  in c re a s e  in th e  in c id e n c e  o f  sk in  c a n c e rs  b e c a u s e  o f  e x p o s u re  to  u ltra v io le t  
r a d ia t io n  fro m  th e  รนท. U ltra v io le t  ra d ia t io n  c o n s is ts  o f  th re e  re g io n s : U V -C  (2 0 0 -2 8 0  
n m ), U V -B  (2 8 0 -3 1 5  n m ) a n d  U V -A  (3 1 5 -4 0 0  n m ) .9 T h e  U V -p ro te c tiv e  p ro p e r t ie s  o f  
c lo th in g  h a v e  b e e n  w id e ly  s tu d ie d  an d  th e  fa c to rs  th a t a f fe c t the  e x te n t  o f  p ro te c tio n  
h a v e  b e e n  re p o r te d  p re v io u s ly .10' 13 L ig h tly  b le a c h e d , u n c o lo re d  co tto n  g a rm e n ts , w h ic h  
a re  v e ry  p o p u la r  in su m m e r, d o  n o t p ro v id e  s u f f ic ie n t  p ro te c tio n  a g a in s t  uv r a d ia t io n .12 
T o  e n h a n c e  th e  uv p ro te c tio n , re c e n t re se a rc h  h as  c o n c e n tra te d  o n  a p p ly in g  uv
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a b s o rb in g  m o ie t ie s  to  th e  fa b r ic s . A  uv a b s o rb e r  is an  o rg a n ic  m o le c u le  w h ic h  ta k e s  u p  
uv ra d ia t io n  a n d  c o n v e r ts  it to  le ss  h a rm fu l e n e rg y . T h e  im p o rta n t p ro p e r t ie s  o f  th e se  
m o le c u le s  a re  th a t  th e y  s tro n g ly  a b s o rb  uv ra d ia t io n  an d  ra p id ly  d is s ip a te  th e  e n e rg y  v ia  
s o m e  s u ita b le  in t ra m o le c u la r  r e a r r a n g e m e n t .14’15 D u e  to  s u c h  e ffe c tiv e  an d  re v e rs ib le  
re a c tio n s ,  re c e n tly  o rg a n ic  c o m p o u n d s  h av e  b e e n  u sed  in a  m o d if ic a tio n  o f  fa b r ic s  to  
e n h a n c e  th e ir  uv p ro te c tio n  p ro p e r t ie s .9’16,17 uv a b s o rb e rs  c a n  be a p p lie d  in c o n ju n c tio n  
w ith  th e  d y e in g  p ro c e s s ,13 o r  in c o rp o ra te d  d u r in g  th e  sy n th e s is  o f  d y e s .16 T h e  
c o m m e rc ia l  p ro c e s s  u se d  to  a p p ly  d y e s  a n d /o r  uv a b s o rb e rs  on  fa b r ic s , w h ic h  a re  
e x h a u s t io n  m e th o d 9’16 a n d  p a d -d ry -c u re 1617 h a v e  s o m e  d is a d v a n ta g e s  in c lu d in g  
e x p e n s iv e  c o s t, h ig h  e n e rg y  re q u ire m e n t ,  an d  c h a n g e s  to  th e  “ fe e l” o f  th e  fa b ric .

In th is  s tu d y  a  uv a b s o rb in g  sy s te m , h y d ro x y b e n z o p h e n o n e , w a s  a d d e d  to  an  
o rg a n ic  m o n o m e r  s tru c tu re  a n d  th e  a d m ic e lla r  p o ly m e r iz a t io n  o f  th e  m o n o m e r  o n  th e  
f ib e r  s u r fa c e  w a s  c a rr ie d  o u t to  p ro d u c e  U V -p ro te c tiv e  c o tto n  fab ric . T h e  th re e - im p o rta n t 
s te p s  o f  th e  a d m ic e l la r  p o ly m e r iz a t io n , s u r fa c ta n t  a d s o rp tio n , m o n o m e r  a d s o lu b iliz a t io n  
an d  p o ly m e r  f ilm  fo rm a tio n , w e re  in v e s tig a te d .

4.3 E xp erim en ta l

4.3 .1  M a te r ia ls
A  p la in  w e a v e , m e d iu m -w e ig h t  (1 5 0  g /m 2) c o tto n  fa b r ic  w a s  p u rc h a se d  

fro m  B o o n c h a u y  C o . L td . T h e  fa b r ic  w a s  d e s iz e d , s c o u re d , an d  b le a c h e d  a t th e  fac to ry . 
P r io r  to  u se , th e  fa b r ic  w a s  w a s h e d  in a  w a s h in g  m a c h in e  a t 95°c se v e ra l t im e s  u n til it 
w a s  f re e  fro m  a n y  re m a in in g  su r fa c ta n t .

D o d e c y lb e n z e n e s u lfo n ic  a c id , s o d iu m  sa lt (D B S A ) w a s  p u rc h a s e d  fro m  
A ld r ic h  C o m p a n y  (U S A ). A c ry lo y l c h lo r id e  (9 6 % ), 2 ,4 -d ih y d ro x y b e n z o p h e n o n e  (9 9 % ) 
an d  h y d ro q u in o n e  (9 9 % ) w e re  p u rc h a se d  fro m  M e rc k  C o m p a n y  (G e rm a n y ) . 
T r ie th y la m in e  (9 9 .7 8 % )  w a s  p u rc h a s e d  fro m  F is h e r  S c ie n c e  (U K ). A m m o n iu m  
p e rs u lf a te  (9 9 % ) w a s  p u rc h a s e d  fro m  A s ia  P a c if ic  S p e c ia lty  C h e m ic a ls  L td  (A u s tra lia ) . 
E th a n o l (9 9 .8 % ), m e th y l e th y l k e to n e  (M E K ) (9 9 .5 % ). d im e th y la c e ta m id e  (9 9 .5 % ),
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H P L C -g ra d e  a c e to n it r i le  (9 9 .9 % ) a n d  so d iu m  c h lo r id e  (9 9 % ) w e re  p u rc h a s e d  fro m  
L a b sc a n  C o m p a n y  (I re la n d ) . A ll c h e m ic a ls  w ere  u se d  w ith o u t  fu r th e r  p u r if ic a tio n .

4 .3 .2  S y n th e s is  o f  2 -h v d ro x v -4 -a c ry lo y lo x v b e n z o p h e n o n e  (H A B )
2 ,4 -d ih y d ro x y b e n z o p h e n o n e  3.21 g  (1 5  m m o l) , t r ie th y la m in e  2 ทาL (15  

m m o l) , m e th y l e th y l k e to n e  (M E K , 75  m L ), an d  h y d ro q u in o n e  (1 g ) w e re  p la c e d  in a 
ro u n d -b o tto m  f la sk . H y d ro q u in o n e  w a s  a d d e d  in o rd e r  to  p re v e n t  p o ly m e r iz a t io n  o f  th e  
v in y l g ro u p s . A f te r  d is s o lu t io n , th e  c o n te n ts  w e re  c o o le d  in an  ice  b a th . A c ry lo y l 
c h lo r id e  1.2 m L  (1 5  m m o l)  in 10 m L  o f  M E K  w a s  a d d e d  d ro p w is e  w ith  c o n s ta n t  s ti r r in g  
an d  c o o lin g . T h e  re a c tio n  m ix tu re  w a s  a llo w e d  to  reac h  ro o m  te m p e ra tu re  a n d  w as  
m a in ta in e d  fo r 2  h . T h e  b y -p ro d u c t , q u a te rn a ry  a m m o n iu m  sa lt, w a s  f i lte re d  o ff. T h e  
f i lt ra te  w a s  th o ro u g h ly  w a s h e d  w ith  d is t i l le d  w a te r , d r ie d  w ith  a n h y d ro u s  so d iu m  su lfa te , 
an d  th e  s o lv e n t  w a s  e v a p o ra te d  o u t. T h e  c ru d e  p ro d u c t  w a s  re c ry s ta l l iz e d  fro m  e th a n o l to  
g iv e  6 0 %  y ie ld  o f  p a le -g re e n  c ry s ta l. T h e  c h e m ic a l s tru c tu re  o f  th e  p ro d u c t  a s  s h o w n  in 
F ig u re  4.1 w a s  c o n f i rm e d  b y  th e  fo l lo w in g  'H -N M R  a n a ly s is .18

'H -N M R  (4 0 0  M H z , C D C 1 3) : Ô =  12.3  (ร, 1H , m - A rO //O O C ) ,  7 .7  (d . 2 H , 
0 - / /A r C = O ) ,  7 .6 5  (d . 1H , m - H A rO O C ), 7 .6  (t, 1H ,p - / / A r C = 0 ) ,  7 .5  (t, 2 H , m - / /A r C = 0 ) .  
6 .9  (ร, 1H , o - / /A r O H O O C ) , 6 .7  (d d , 1H . C / /= C H 2), 6 .6  (d , 1H , o - H A r O O C ) ,  6 .3  (d d . 
1H , C H = C H i) ,  a n d  6.1 (d d , 1H , C H = C / /2).

F ro m  th e  F T IR  s p e c tru m  o f  H A B  s h o w n  in F ig u re  4 .2 , th e  m e d iu m  b ro a d  
b an d  in th e  re g io n  o f  3 4 0 0 -3 5 0 0  c m "1 is a s s ig n e d  to  OF! s tr e tc h in g  o f  in te r  an d  
in t ra m o le c u la r  h y d ro g e n  b o n d in g  fo rm e d  b e tw e e n  p h e n o lic -O H  an d  th e  k e to n e  o x y g e n . 
T h e  C -H  s tre tc h in g  o f  a ro m a tic  r in g  is o b se rv e d  a t 3 0 8 0  c m 1. S tro n g  b a n d s  a t 1 7 40  an d  
1630  c m '1 a re  a sc r ib e d  to  c = 0  s tr e tc h in g  o f  e s te r  an d  k e to n e  g ro u p s , re s p e c tiv e ly . T h e  
a ro m a tic  c = c  s tr e tc h in g  is a t 1600  c m " 1. T h e  p e a k s  a t 1150  a n d  1 2 50  cm "1 a re  d u e  to  C - 
o  s tre tc h in g .

4.3.3 Surfactant Adsorption and Monomer Adsolubilization
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The adsorption of DBSA on cotton at different temperatures and sait 
concentrations was studied. A solution of 5.0 ทาM DBSA with the desired salt 
concentration was first prepared. The pH of the solution was adjusted to 4 with 
concentrated HCI. A 35-mL aliquot of the solution was then pipetted into a 40-mL vial 
containing a 6.5 cm X  6.5 cm cotton fabric weighing 0.73 g. The sealed vial was then 
placed in a thermostated water bath at a set temperature and shaken at 120 rpm for a 
fixed time, varying for different temperatures. The adsorbed DBSA on cotton was 
calculated by taking the difference between the initial and final concentration of DBSA 
in the vial. Final concentration of DBSA in solution was determined by Shimadzu uv 
spectrophotometer 2550. The wavelength of maximum absorption for aqueous solution 
of DBSA was found at 224 nm with the molar extinction coefficient of 1.1 X  104 L mol'1 
cm'1 found from the calibration curve.

A d s o rp tio n  iso th e rm s  o f  th e  D B S A  on  c o tto n  w e re  o b ta in e d  by  e x p o s in g  
a  6 .5  c m  X  6 .5  c m  c o tto n  fa b r ic  to  3 5  m L  o f  D B S A  so lu tio n  o f  k n o w n  in itia l 
c o n c e n tra t io n . T h e  p H  o f  th e  s o lu t io n  w a s  p re -a d ju s te d  to  4 a n d  0 .1 5  M  N a C I w a s  a d d e d  
u n le s s  o th e rw is e  in d ic a te d . T h e  m ix tu re  e q u il ib ra te d  a t 70°c fo r  1 h in a  se a le d  4 0 -m L  
v ia l. C o n c e n tra t io n s  o f  s u p e rn a ta n t  w e re  d e te rm in e d  by  uv s p e c tro p h o to m e te r  at 2 2 4  
n m . T h e  in itia l D B S A  c o n c e n tra t io n  in th is  e x p e r im e n t  w a s  v a r ie d  fro m  0 .0 5  to  5 ทาM . 
w h ic h  c o v e re d  th e  re g io n s  b e lo w  an d  a b o v e  th e  C M C  o f  D B S A . In th e  p re s e n c e  o f  H A B  
th e  iso th e rm  a c q u is i t io n  p ro c e e d e d  in a s im ila r  m a n n e r  e x c e p t  H A B  w a s  d is s o lv e d  in 2 .5  
m L  o f  d im e th y la c e ta m id e  b e fo re  m ix in g  w ith  s u r fa c ta n t  s o lu t io n  to  y ie ld  an  H A B  
c o n c e n tra t io n  o f  0 .6  m M . S in c e  H A B  a lso  a b s o rb s  uv ra d ia t io n  s tro n g ly , th e  in itia l an d  
f in a l s u p e rn a ta n t  c o n c e n tra t io n s  o f  D B S A  a n d  H A B  w e re  m e a s u re d  by  H P L C  u s in g  a c8 
re v e rs e -p h a s e  c o lu m n  an d  a  uv d e te c to r . T h e  m o b i le  p h a s e  w a s  a c e to n it r i le iw a te r  o f  
6 0 :4 0  ra tio  b y  v o lu m e . T h e  f lo w  ra te  o f  th e  m o b i le  p h a s e  w a s  1.5 m L /m in . T h e  re te n tio n  
t im e s  o f  D B S A  an d  H A B  w e re  1.0 an d  3 .6  m in  re s p e c tiv e ly  a n d  th e  w a v e le n g th  fo r uv 
d e te c t io n  w a s  se t at 2 2 4  nm .

T h e  ra te  o f  H A B  a d s o lu b i l iz a t io n  w a s  d e te rm in e d  in 1.2 m M  D B S A  w ith  
0 .1 5  M N aC I in a 4 0 -m L  v ia l c o n ta in in g  a 6 .5  cm  X  6 .5  cm  c o tto n  fa b ric  a t pH  4. T h e
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m ix tu r e  w a s  e q u il ib ra te d  fo r  1 h a t 7 0 ° c  fo r  s u r fa c ta n t  a d s o rp tio n . A fte r  th a t, 2 .5  ml_ o f  
H A B  in d im e th y la c e ta m id e  w a s  p ip e tte d  in to  3 2 .5  m L  o f  th e  a b o v e  D B S A  so lu tio n  to  
o b ta in  an  H A B  fin a l c o n c e n tra t io n  o f  0 .6  m M . T h e  se a le d  v ia l w a s  th e n  p la c e d  in a 
th e rm o s ta te d  w a te r  b a th  a t 7 0 ° c  a n d  sh a k e n  a t  120 rp m  fo r  a f ix e d  t im e  v a ry in g  fro m  
0 .2 5  to  6  h . T h e  in itia l a n d  fin a l s u p e rn a ta n t  c o n c e n tra t io n s  o f  D B S A  a n d  H A B  w e re  
d e te rm in e d  b y  H P L C  u s in g  th e  sa m e  p ro c e d u re  a s  d e sc r ib e d  a b o v e .

4 .3 .4  A d m ic e l la r  P o ly m e r iz a tio n
P o ly m e r iz a tio n  o f  H A B  o n  c o t to n  w a s  c a rr ie d  o u t  in a  4 0 -m L  v ia l 

c o n ta in in g  0 .6  m M  D B S A  a n d  0 .1 5  M  N a C l a t p H  4 an d  th e  te m p e ra tu re  o f  7 0 ° c .  A t th e  
s ta r t  o f  th e  e x p e r im e n t ,  a 6 .5  cm  X  6 .5  cm  c o tto n  fab ric  w a s  p la c e d  in th e  v ia l and  2 .5  
m L  o f  H A B  in d im e th y la c e ta m id e  w ith  th e  d e s ire d  c o n c e n tra t io n  w a s  a d d e d  in to  3 1 .5  

'ทาL ' o f  th e  D B S A  s o lu t io n  a b o v e  to  a llo w  a d s o rp tio n  a n d  a d s o lu b i liz a t io n  to  o c c u r  
s im u lta n e o u s ly . H A B  c o n c e n tra t io n  in th e  s y s te m  w a s  v a r ie d  fro m  0 .6  to  5 .0  m M . T h e  
s e a le d  v ia l w a s  th e n  p la c e d  in a th e rm o s ta te d  w a te r  b a th  a t 7 0 ° c  an d  s h a k e n 'a t  120 rp m  
fo r  a  se t tim e . E q u i l ib ra tio n  t im e  w a s  se t at 6  h fo r a d s o rp tio n  an d  a d s o lu b i liz a t io n . T h en  
1 m L  a m m o n iu m  p e rs u lf a te  s o lu t io n , to  m a k e  u p  th e  to ta l  v o lu m e  o f  th e  re a c tio n  
m ix tu r e  to  35  m L , w a s  in je c te d  to  in i t ia te  th e  p o ly m e r iz a t io n  to  g iv e  an  
in i t i a to r m o n o m e r  m o la r  ra t io  o f  1:2. A fte r  15 h o f  p o ly m e r iz a t io n , th e  fa b r ic  w a s  ta k e n  
o u t  fro m  th e  v ia l  a n d  w a s h e d  w ith  7 0 ° c  w a te r  th re e  t im e s  to  re m o v e  th e  o u te r  lay er o f  
D B S A . T h e  fa b r ic  w a s  f in a lly  p la c e d  in an  o v e n  a t 6 0 ° c  u n til  d ry .

4 .3 .5  C h a r a c te r iz a t io n  o f  th e  P o lv (H A B ) o n  C o tto n  S u rfa c e
S c a n n in g  e le c tro n  m ic ro s c o p y  (S E M ) (JE O L , JS M  5 2 0 0 , 15 k v )  w a s  u sed  

to  s tu d y  s u rfa c e  m o rp h o lo g y  o f  th e  c o a te d  fa b r ic . F o u r ie r  tra n s fo rm  in f ra re d  a tte n u a te d  
to ta l  r e f le c ta n c e  s p e c tro s c o p y  (F T IR -A T R ) w ith  a Z n S e  p la te  w a s  u sed  to  a n a ly z e  th e  
c h e m ic a l  g ro u p s  p re s e n t  in th e  p o ly m e r  c o a tin g  o n  th e  c o tto n  su rfa c e . T h e  s p e c tro m e te r  
u se d  w a s  N e x u s  6 7 0  s p e c tro m e te r  (N ic o le t)  w ith  32 s c a n s  a t a 4 c m ’1 re s o lu t io n  in th e  
w a v e n u m b e r  ra n g e  o f  4 0 0 0  - 4 0 0  c m  1.
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T h e  a m o u n t  o f  p o ly (H A B )  c o a te d  o n  th e  fa b ric  w a s  d e te rm in e d  by  
e x tra c t io n  w ith  M E K . T h e  e x tra c t io n  w a s  c a r r ie d  o u t u s in g  2 0  m L  M E K  in a  v ia l 
c o n ta in in g  a  6 .5  c m  X  3 .2 5  cm  c o t to n  fa b ric  a t  3 0 ° c  fo r  2 4  h. T h e  c o n c e n tra t io n  o f  
p o ly (H A B )  in s o lu t io n  w a s  d e te rm in e d  b y  u v  s p e c tro p h o to m e te r  a t 3 4 0  nm .

4 .3 .6  D e te rm in a tio n  o f  th e  U V -P ro te c t io n  P ro p e r tie s  o f  T re a te d  C o tto n  F a b r ic s
T w o  m a jo r  s te p s  in d e te rm in a t io n  o f  u v  p ro te c tio n  a re  u v  tra n s m itta n c e  

m e a s u re m e n ts  a n d  c a lc u la t io n s  b a s e d  o n  th e  tr a n s m itta n c e  d a ta  c o lle c te d . Q u a n tify in g  
th e  p ro te c tio n  p ro v id e d  b y  c lo th in g  a g a in s t  u v  ra d ia tio n  h a s  re su lte d  in th e  d e v e lo p m e n t 
o f  a n u m b e r  o f  n a t io n a l  s ta n d a rd  te s t  m e th o d s . T h e  firs t o f  th e se  w a s  issu e d  in  A u s tra l ia  
a n d  N e w  Z e a la n d  in 1996  a s  A S /N Z S  4 3 9 9 .19 O th e r  s ta n d a rd  sp e c tra l te s t  m e th o d s  w e re  
d e v e lo p e d  by  th e  A m e r ic a n  S o c ie ty  fo r  T e s tin g  an d  M a te r ia ls  (A S T M ), w ith  .-S tandards 
D 6 6 0 3 -0 0  20 a n d  D 6 5 4 4 -0 0 .21 M o re  re c e n tly , a  s ta n d a rd  d e v e lo p e d  an d  in tro d u c e d  by  th e  
A m e r ic a n  A s s o c ia t io n  o f  T e x ti le  C h e m is ts  a n d  C o lo r is ts , A A T C C  T e s t M e th o d  183- 
2 0  0 4 ,22 h as  b e e n  w id e ly  u se d . In th is  m e th o d  a f a b r ic 'i s  p la c e d  in a  s p e c tro p h o to m e te r , 
w ith  all w a v e le n g th s  in th e  u v  ra n g e  d ire c te d  to  th e  fa b r ic  an d  th e  tr a n s m itta n c e  d a ta  
c o lle c te d . T h e  d a ta  a re  th e n  u sed  to  c a lc u la te  th e  %  u v  b lo c k in g  an d  th e  U ltra v io le t  
P ro te c t io n  F a c to r  (U P F ).

In th is  s tu d y , th e  p e rc e n ta g e  o f  t r a n s m itta n c e  o f  th e  c o tto n  fa b r ic  w as  
m e a s u re d  a c c o rd in g  to  A A T C C  T e s t  M e th o d  1 8 3 -2 0 0 4  u s in g  a  S h im a d z u  u v  
s p e c t ro p h o to m e te r  2 5 5 0  w ith  in te g ra t in g  s p h e re  a t ta c h m e n t  1 S R -2200 . T h e  p e rc e n t 
t r a n s m it ta n c e  fo r  w a v e le n g th s  fro m  2 8 0  to  4 0 0  n m  w a s  m e a s u re d  in in te rv a ls  o f  2 nm . 
T h re e  m e a s u re m e n ts  o f  th e  u v  tra n s m itta n c e  w e re  p e r fo rm e d  fo r  eac h  s p e c im e n  in th re e  
d ir e c t io n s ;  w a rp , w e f t  a n d  d ia g o n a l .  T h e  r e s u l ts  a re  th e  m e a n  v a lu e s  o f  th e  th re e  
m e a s u r e m e n ts  o f  d u p l ic a te  sp e c im e n s .

4 .4  R e s u l t s  a n d  D is c u s s io n

4.4.1 Surfactant Adsorption and Monomer Adsolubilization
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E le c tro ly te s  a re  k n o w n  to  re d u c e  th e  e le c tr ic a l  re p u ls io n  b e tw e e n  th e  io n ic  
h e a d  g ro u p s  o f  s u r fa c ta n t  m o le c u le s  in m ic e lle s .23 H o w e v e r , th e re  a re  fe w  s tu d ie s  
in v e s t ig a tin g  th e  in te ra c tio n s  o f  c o u n te r io n s  w ith  s u rfa c ta n t s u r fa c e  a g g re g a te s .24'26 In 
th is  s tu d y  th e  e ffe c t o f  e le c tro ly te  o n  th e  a m o u n t o f  D B S A  a d so rb e d  on  c o tto n  fa b r ic  w a s  
s tu d ie d  b y  c a rry in g  o u t  th e  e x p e r im e n ts  in 5 .0  m M  o f  D B S A  at 3 0  ° c  fo r  2 4  h , th e  re su lts  
a re  sh o w n  in F ig u re  4 .3 . It c an  be  s e e n  th a t th e  a m o u n t o f  a d s o rp tio n  in c re a se d  ra p id ly  a s  
N a C l c o n c e n tra t io n  in c re a se d  in th e  ra n g e  0 -0 .1 0  M  a f te r  w h ic h  th e  in c re a se  ta p e re d  o ff. 
T h e  N a C l c o n c e n tra t io n  o f  0 .1 5  M  w a s  u sed  in fu r th e r  e x p e r im e n ts  s in c e  th e  a m o u n t o f  
a d s o rp tio n  d o e s  n o t in c re a se  m u c h  b y  a d d in g  m o re  e le c tro ly te . T h e  a re a  o c c u p ie d  p e r  
m o le c u le  w a s  c a lc u la te d  a s  A = l / r N A, w h e re  r  is a d s o rp tio n  p e r  u n it a re a  ( p m o l /m 2).27 
T h e  s u r fa c e  a re a  o f  c o t to n  as d e te rm in e d  fro m  B E T  w ith  n itro g e n  w a s  fo u n d  to  b e  4 
ทา2/ g .6 F ro m  th e  a m o u n t o f  a d s o rp tio n  in F ig u re  4 .3  a n d  b y  a s s u m in g  th a t D B S A  fo rm e d  
a  b ila y e r  o n  c o tto n , th e  a re a  p e r  D B S A .m o le c u le  w a s  c a lc u la te d  a n d  fo u n d  to  d e c re a se  
fro m  an in it ia l  v a lu e  o f  2 1 9  Â 2 in th e  a b se n c e  o f  N a C l to  57  Â 2 a f te r  0 .1 5  M  N a C l w a s  
a d d e d . T h e  re s u lt  is in g o o d  a g re e m e n t w ith  th e  a re a  p e r  D B S A  m o le c u le  o n  a l iq u id /a ir  
in te rfa c e  w h ic h  h a s  b e e n  q u o te d  a s  b e tw e e n  4 6  an d  5 9  Â 2 in th e  p re se n c e  o f  0.1 M  
N a C l.23 T h e  d e c re a se  in a re a  p e r  D B S A  m o le c u le  c o n f irm s  th a t th e  p re se n c e  o f  
e le c tro ly te  re d u c e s  e le c tro s ta t ic  r e p u ls io n  b e tw e e n  th e  h ead  g ro u p s  re s u ltin g  in c lo se r  
p a c k in g  o f  s u r fa c ta n t  m o le c u le s  a d s o rb e d  on  th e  su b s tra te .

T o  s tu d y  th e  e ffe c t o f  te m p e ra tu re , e x p e r im e n ts  w e re  c a rr ie d  o u t  u s in g  5 .0  
m M  o f  D B S A  an d  te m p e ra tu re s  o f  30 , 50 , an d  7 0  ° c .  F ig u re  4 .4  s h o w s  th a t th e  
e q u il ib r iu m  t im e s  a t th e s e  te m p e ra tu re s  w e re  12, 4  a n d  1 h, re sp e c tiv e ly . It c an  b e  seen  
th a t  th e  e q u il ib r iu m  t im e  o f  s u r fa c ta n t  a d s o rp tio n  c a n  be re d u c e d  s ig n if ic a n tly  by  
in c re a s in g  th e  te m p e ra tu re . T h u s  fo r  s u r fa c ta n t a d s o rp tio n , the  c o n d it io n  o f  70  ° c  fo r  1 h 
w a s  u sed  in  fu r th e r  e x p e r im e n ts .  T h e  a d so rp tio n  ra te  in c re a se s  b e c a u se  a te m p e ra tu re  
in c re a se  le a d s  to  in c re a s e s  in th e  k in e t ic  e n e rg y  o f  th e  s u r fa c ta n t  m o le c u le s  an d  th e  
s lig h tly  d e c re a s e  in a d s o rp tio n  a m o u n t o f  D B S A  a t th e  p la te a u  is a t t r ib u te d  to  th e  
th e rm a l m o tio n  o f  th e  a d s o rb e d  m o le c u le s  a t th e  in te r fa c e .28 D e c re a se d  a d s o rp tio n  d u e  to  
in c re a s in g  te m p e ra tu re  w a s  m o re  o b v io u s ly  seen  in th e  p re s e n c e  o f  0 .1 5  M N a C l as
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s h o w n  in F ig u re  4 .5 . In th e  p re s e n c e  o f  e le c tro ly te ,  th e  m o re  t ig h tly  p a c k e d  s u r fa c ta n t 
m o le c u le s  in th e  a d m ic e l le s  d o  n o t a s  re a d ily  a c c o m m o d a te  th e  in c re a se d  th e rm a l m o tio n  
so  th a t  a d s o rp tio n  d e c re a se s .

A d s o rp t io n  iso th e rm s  o f  D B S A  o n  c o tto n  w e re  s tu d ie d . T h e  C M C  o f  
D B S A  a t 3 0  ° c  is  ไ.2  m M .23 F ro m  F ig u re  4 .5 , th e  C M C  o f  D B S A  a t 7 0  ° c  w ith  0 .1 5  
m M  N a C l w a s  0 .4 6 5  m M . T h e  C M C  w a s  s ig n if ic a n tly  d e c re a se d  d u e  to  th e  p re s e n c e  o f  
e le c tro ly te  w h ic h  re d u c e s  re p u ls io n  b e tw e e n  D B S A  m o le c u le s  a n d  e n h a n c e s  m ic e lle  
fo rm a tio n . In th e  p re s e n c e  o f  0 .6  m M  H A B , th e  C M C  in c re a se d  fro m  0 .4 6 5  m M  to  
0 .7 7 2  m M  w h ile  th e  a d s o rp tio n  o f  D B S A  on  th e  fa b r ic  d e c re a se d . S in c e  th e  m o le c u le  o f  
H A B  is la rg e , th e  a d s o lu b i liz a t io n  o f  H A B  p re v e n ts  th e  s u r fa c ta n t  m o le c u le s  fro m  
p a c k in g  c lo se ly . T h u s , th e  a m o u n t o f  D B S A  a d s o rb e d  w a s  re d u c e d . W h ile  m a n y  sp e c ie s  
e n h a n c e  s u r fa c ta n t  a d s o rp tio n  o n  a d s o lu b i liz a t io n , d e c re a se d  a d s o rp tio n  is no t 
u n p re c e d e n te d .25’29 F u n k h o u s e r  et  a l 25 su g g e s te d  th a t  in te ra c tio n  o f  h y d ro g e n  b o n d in g  to  
s u r fa c ta n t  h e a d  g ro u p s  m a d e  p y rro le  m o le c u le s  o c c u p y  s p a c e  in th e  h e a d  g ro u p  reg io n  
a n d  re d u c e  a d s o rp tio n . A s v a p a th a n a g u l  e t  a l 29 fo u n d  th a t a d s o lu b iliz e d  to lu e n e  in the  
c o re  s w e lls  th e  s u r fa c ta n t  b ila y e r , th u s  p ro v id in g  m o re  v o lu m e  fo r  a c e to p h e n o n e  to  
a d s o lu b i l iz e  in th e  a d m ic e lle s . S a lg a o n k a r  et  a l . 30 fo u n d  th a t th e  a d d it io n  o f  a n ilin e  
c a u s e d  a d e c re a se  in a d s o rp tio n  o f  h e x a d e c y ltr im e th y l-a m m o n iu m  b ro m id e  (H D T A B ). 
T h e y  p ro p o s e d  th a t a n ilin e  m o le c u le s  o c c u p ie d  a  sp a c e  c lo se r  to  th e  h e a d  g ro u p  reg io n  
o f  H D T A B , th u s  re d u c in g  th e  H D T A B  h e a d  g ro u p  p a c k in g . F ro m  th e  a d so rp tio n  
iso th e rm , th e  a re a  o c c u p ie d  p e r  D B S A  m o le c u le  w a s  c a lc u la te d  fro m  a d s o rp tio n  o f  
D B S A  a t th e  p la te a u , 7 0  ° c  a n d  0 .1 5  M  N a C l. T h e  a rea  o c c u p ie d  p e r  D B S A  m o le c u le  
in c re a s e d  fro m  a n  in itia l v a lu e  o f  181 Â 2, in th e  a b se n c e  o f  H A B , to  3 02  Â 2 in the  
p re s e n c e  o f  H A B . T h e  a d m ic e lle  b e c o m e s  sw o lle n  b y  a d s o lu b iliz e d  m o n o m e r , h e n c e  th e  
a re a  p e r  s u r fa c ta n t  m o le c u le  in c re a s e s .31

T h e  ra te  o f  a d s o lu b i liz a t io n  o f  H A B  w a s  s tu d ie d  u s in g  H P L C . S u rfa c ta n t 
a d s o rp tio n  s te p  w a s  c a rr ie d  o u t  firs t a t 7 0  ° c  fo r  1 h an d  H A B  w a s  th e n  a d d e d  to  the  
s o lu t io n . F ig u re  4 .6  sh o w s  th e  a m o u n t o f  a d s o lu b iliz e d  H A B  an d  a d s o rb e d  D B S A  v e rsu s  
a d s o lu b i l iz a t io n  t im e . T h e  a d s o lu b i liz a t io n  o f  H A B  in c re a se d  ra p id ly  d u r in g  th e  first
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h o u r  b e fo re  le v e lin g  o f f  a n d  re a c h in g  e q u il ib r iu m  a f te r  fo u r  h o u rs . In th e  c a s e  o f  D B S A , 
th e  in itia l a d s o rp tio n  b e fo re  a d d itio n  o f  H A B  w as  7 .2 7  p m o l/g  c o tto n . A s  H A B  
a d s o lu b i liz e d  in to  th e  a d m ic e lle ,  th e  a d s o rp tio n  o f  D B S A  w a s  fo u n d  to  d e c re a se  
a c c o rd in g ly , r e a c h in g  e q u il ib r iu m  a f te r  fo u r  h o u rs . T h is  c le a r ly  s h o w s  th a t th e  
a d s o lu b i liz a t io n  o f  H A B  c o n s tra in s  th e  p a c k in g  o f  th e  s u r fa c ta n t  m o le c u le s  an d  h e n c e  
D B S A  a d s o rp tio n  d e c re a se s . T h e  m o le  r a t io  o f  H A B  to  D B S A  a t e q u il ib r iu m  w a s  a b o u t 
1:2 in d ic a t in g  th a t o n e  m o le c u le  o f  H A B  is a d so lu b iliz e d  by  tw o  m o le c u le s  o f  D B S A  in 
th e  a d m ic e lle . T h e  H A B :D B S A  ra tio  o b ta in e d  in th is  w o rk  is v e ry  s im ila r  to  th e  
s ty re n e :s o d iu m  d o d e c y l s u lfa te  ra t io  on  a lu m in a 1 a n d  s i l ic a ,3 an d  th e  
s ty re n e :! in e a ra lk y lb e n z e n e  s u lfo n a te  ra t io  o n  c o tto n .6 T h e  c o n s is te n t  1:2 ra tio  o f  th e  
a d so rb e d  sp e c ie s  n o t o n ly  in d ire c tly  s u p p o r ts  th e  e x is te n c e  o f  a b ila y e r  b u t a lso  im p lie s  a 
lo c a tio n  o f  th e  m o n o m e r  w ith in  th e  b i l a y e r .1

4 .4 .2  C h a ra c te r iz a t io n  o f  P o lv (H A B ) T h in  F ilm  on  C o t to n  F a b r ic s
T h e  p re s e n c e  o f  p o ly (H A B ) o n  th e  c o tto n  s u r fa c e  a f te r  a d m ic e l la r  

p o ly m e r iz a t io n  w a s  d e te rm in e d  b y  F T 1 R -A T R . W h en  th e  a m o u n t o f  H A B  u se d  in 
a d m ic e l la r  p o ly m e r iz a t io n  in c re a se d , th e  c h a ra c te r is t ic  p e a k s  a p p e a re d  w ith  h ig h e r  
in te n s ity . In F ig u re  4 .7  th e  s tro n g  b a n d  a t 1630  c m '1 is a s s ig n e d  to  c = 0  o f  k e to n e  
g ro u p s . T h e  b an d  in  th e  re g io n  o f  1 2 3 0 -1 2 5 0  c m '1 is a s s ig n e d  to  th e  C - 0  s tr e tc h in g  o f  a 
p h e n o lic  e s te r . T h e  p e a k  a t 1 1 50  c m '1 is d u e  to  C - 0  s tre tc h in g .

S E M  m ic ro g ra p h  in F ig u re  4 .8  (a ) s h o w s  th e  c le a n  su r fa c e  o f  u n tre a te d  
c o tto n  f ib e r . T h e  p o ly (H A B )-c o a te d  s u r fa c e  in F ig u re  4 .8  (b )-( f )  s h o w s  th a t  th e  p o ly m e r  
w a s  u n ifo rm ly  c o a te d  o n  th e  f ib e r  s u rfa c e . T h e  p o ly m e r  o n  th e  s u r fa c e  a p p e a rs  a s  a 
ro u g h , n o t sm o o th , f ilm . T h is  m a y  in d ic a te  th a t th e  p o ly m e r iz a t io n  o c c u rre d  s e p a ra te ly  in 
m a n y  in i t ia tio n  s ite s  a n d  th e  p o ly m e r  g re w  u n til  it re a c h e d  n e ig h b o r in g  s ite s . Y u a n  e t  al .  
a ls o  fo u n d  th a t a d m ic e l la r  p o ly m e r iz a t io n  o f  p o ly (p y rro le )  r e s u lte d  in a f ilm  w ith  m a n y  
is la n d s  a n d  d isk s  w h ic h  c a m e  fro m  fa v o re d  re a c tio n  s ite s  a t  w h ic h  p o ly m e r iz a t io n  
in it ia te d  an d  sp re a d  o v e r  th e  su b s tra te . H ig h e r  m o n o m e r c o n c e n tra t io n s  s h o w e d  la rg e r  
is la n d s  c o m p a re d  to  lo w e r  c o n c e n tra t io n s .8 In a d d itio n , th e  m ic ro g ra p h s  p ro v e  th a t th e
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c o a t in g  o c c u rre d  o n ly  o n  th e  f ib e r  s u r fa c e  an d  n o t  in th e  s p a c e s  b e tw e e n  f ib e rs  a n d  y a rn s . 
T h is  is  im p o rta n t  an d  it c an  be  c o n c lu d e d  th a t  im p ro v e m e n t  in U V -p ro te c tio n  d o e s  no t 
c o m e  fro m  th e  p h y s ic a l b lo c k in g  o f  th e  in te rs t ic e s  b e tw e e n  f ib e rs  b u t fro m  a b s o rp tio n  o f  
u v  ra d ia t io n  b y  th e  b e n z o p h e n o n e  m o ie ty .

4 .4 .3  U V  P ro te c t io n  P r o p e r t ie s  o f  th e  T re a te d  C o tto n  F a b r ic s
T h e  U V  sp e c tru m  in F ig u re  4 .9  s h o w s  th a t  H A B  s tro n g ly  a b s o rb s  u v  

ra d ia t io n  w ith  a b s o rp tio n  p e a k s  a t 2 7 0  an d  3 3 0  n m . T h e re  is  n o  a b s o rp tio n  in th e  v is ib le  
ra n g e  (4 0 0 -7 0 0  n m ) w h ic h  in d ic a te s  th a t th e  p re s e n c e  o f  H A B  w o u ld  sh o w  n o  co lo r . 
T h is  w ill b e  an  a d v a n ta g e  w h e n  it is  a p p lie d  to  fa b r ic s . T h e  u v  t ra n s m is s io n  s p e c tra  o f  
u n tre a te d  c o tto n  a n d  tre a te d  c o tto n  u s in g  0 .6 , 1 .2, 1.8 a n d  3 .0  m M  o f  H A B  a re  s h o w n  in 
F ig u re  4 .1 0 . T h e  tra n s m is s io n  o f  th e  tre a te d  c o tto n  u s in g  1.8 an d  3 .0  m M  o f  H A B  is 
a lm o s t  to ta lly  c u t  o f f  in U V -B  re g io n  (2 8 0 -3 1 5  n m ) an d  u p  to  -370 n m  in U V -A  re g io n . 
T h e  re d u c tio n  in u v  t ra n s m is s io n  is d u e  to  th e  u v  a b s o rp tio n  o f  p o ly (H A B ). T h e  
c h a ra c te r is t ic  u v  a b s o rp tio n  p e a k s  o f  H A B  c a n  be  seen  fro m  th e  0 .6  m M  H A B  c u rv e  
w h ic h  s till sh o w s  su b s ta n tia l  a b s o rp tio n  a ro u n d  2 7 0  an d  3 3 0  nm .

A c c o rd in g  to  A A T C C  T e s t M e th o d  1 8 3 -2 0 0 4 ,22 th e  a v e ra g e  A -ra n g e  
u l t ra v io le t  (U V -A )  tra n s m itta n c e  a n d  th e  a v e ra g e  B - ra n g e  u ltra v io le t  (U V -B ) 
t ra n s m it ta n c e  c a n  be  c a lc u la te d  u s in g  E q u a tio n s  4.1 an d  4 .2 , re s p e c tiv e ly .

T { U V - A ) av

ท บ V - B ) av

400/7/77
X  ̂ x AA

3 1 5 /7 /7 7400/7บ น /? /77 

1 5/7/77

z ’r ,  X A *

3 15 /7 /77  

3 15 /7 /77

2 80 /7 /77
315/7/77
I  a t

280/7/77

(4 .1 )

(4 .2 )

T h e  p e rc e n t  b lo c k in g  fo r  U V -A  a n d  U V -B  a re  s u b s e q u e n tly  c a lc u la te d  
u s in g  E q u a tio n s  4 .3  an d  4 .4 .

%  U V  -  B  b lo c k in g  = 100% -  T { U V  -  B )  AV (4.3)
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%  U V  -  A b l o c k i n g  =  1 0 0 %  -  T ( U V  -  A ) Ay (4 .4 )

w h e re  T (U V -A )  an d  T (U V -B )  a re  e x p re s s e d  a s  p e rc e n ta g e .
U ltra v io le t  P ro te c t io n  F a c to r  (U P F ) is th e  s c ie n tif ic  te rm  u sed  to  in d ic a te  

th e  a m o u n t o f  U V  p ro te c tio n  p ro v id e d  to  sk in  by fa b ric . U P F  is d e f in e d  as th e  ra t io  o f  
th e  a v e ra g e  e f fe c tiv e  U V  ir ra d ia n c e  c a lc u la te d  fo r  u n p ro te c te d  sk in  to  th e  a v e ra g e  
e f fe c tiv e  U V  ir ra d ia n c e  c a lc u la te d  fo r  sk in  p ro te c te d  by  th e  te s t  fa b r ic . U P F  is c a lc u la te d  
a s  fo llo w s :

400 nm

U P F  __________  (4 .5 )400nm
y  E1ร J ,  AT

280nm
w h e re :

Ex =  re la t iv e  ery the .m al s p e c tra l  e f fe c tiv e n e s s  
Sx =  s o la r  s p e c tra l  i r ra d ia n c e  in W m ‘W  
Tx =  a v e ra g e  s p e c tra l  t r a n s m it ta n c e  o f  fab ric  
AX =  m e a s u re d  w a v e le n g th  in te rv a l in nm  
X =  w a v e le n g th  in nm

Ex is th e  e ry th e m a  a c t io n  sp e c tru m  d e v e lo p e d  by In te rn a tio n a l 
C o m m is s io n  o n  I l lu m in a tio n  o r  C I E .32 It is  a sp e c tra l  d e p e n d e n c e  o f  th e  a b ili ty  o f  U V  
ra d ia t io n  to  p ro d u c e  e ry th e m a  o r  an  a b n o rm a l re d n e s s  in h u m a n  s k in  c a u se d  by  d ila t io n  
o f  b lo o d  v e s s e ls .  R e fe re n c e  v a lu e s  o f  Ex an d  Sx a t e a c h  w a v e le n g th  a re  p ro v id e d  by  
A A T C C  T e s t  M e th o d  1 8 3 -2 0 0 4 . T h e  c a lc u la te d  U P F  v a lu e  in d ic a te s  h o w  m u c h  lo n g e r  a 
p e rs o n  c a n  s ta y  in th e  รนท w h e n  fa b r ic  c o v e rs  th e  sk in  as c o m p a re d  w ith  th e  le n g th  o f  
t im e  in th e  รนท w ith o u t  fa b r ic  c o v e r in g  to  o b ta in  th e  s a m e  e ry th e m a l r e s p o n s e .13

T h e  e f fe c t  o f  H A B  c o n c e n tra t io n  o n  th e  p ro te c tio n  p ro p e r t ie s  o f  th e  
tre a te d  fa b r ic  w a s  s tu d ie d . T h e  r e s u l ts  a re  re p o r te d  in F ig u re  4 .1 1 , w h ic h  in d ic a te s  th a t 
h ig h e r  H A B  c o n c e n tra t io n  p ro v id e s  h ig h e r  U P F  u p  to  3 m M  o f  H A B  a n d  a g re a te r  
p e rc e n ta g e  U V  b lo c k in g  up  to  a ro u n d  2 m M  o f  H A B . F u r th e r  in c re a se  in H A B  
c o n c e n tra t io n  d o e s  n o t p ro v id e  b e t te r  p ro te c tio n . T h e  p e rc e n t b lo c k in g  o f  U V -B  is h ig h e r
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th a n  th a t o f  U V -A  fo r  th e  w h o le  ra n g e  o f  H A B  c o n c e n tra tio n s . T h is  is to  b e  e x p e c te d  as 
H A B  s tro n g ly  a b s o rb s  in U V -B  re g io n . T h is  c o r re s p o n d s  to  the  re q u ire m e n ts  o f  a  U V - 
p ro te c t iv e  c lo th in g  s in c e  U V -B  is m o re  h a z a rd o u s  to  h u m a n  sk in , c o m p a re d  to  U V -A . 
T o  c la s s ify  th e  p ro te c t io n  a b ili ty  o f  fa b r ic s , th e  c a lc u la t io n s  o f  b o th  th e  U P F  an d  th e  
p e rc e n t  u v  b lo c k in g  a re  c o n s id e re d . T h e  p e rc e n t  u v  b lo c k in g  d a ta  d o e s  n o t ta k e  in to  
a c c o u n t  th a t  c e r ta in  w a v e le n g th s  in th e  u v  ra n g e  a re  m o re  re s p o n s ib le  fo r  sk in  d a m a g e  
th a n  o th e rs , w h ile  th e  c a lc u la t io n  o f  U P F  c o n c e rn s  e ry th e m a l sp e c tra l  e f fe c tiv e n e s s  an d  
ir ra d ia n c e  a t a  c e r ta in  w a v e le n g th . T h u s  U P F  is p re fe r re d  in the  c la s s if ic a t io n  o f  fa b ric s  
c o m p a re d  to  th e  p e rc e n t  u v  b lo c k in g . A c c o rd in g  to  A S /N Z S  4 3 9 9 : 1 9 9 6 ,19 fa b r ic s  can  
b e  c la s s if ie d  a c c o rd in g  to  th e ir  U P F  v a lu e s  a s  sh o w n  in T a b le  4 .1 . F ro m  F ig u re  4 .1 1 , it 
c a n  be  c o n c lu d e d  th a t c o tto n  fa b ric , w h ic h  h a s  U P F  o f  4 b e fo re  t r e a tm e n t ,  c a n  p ro v id e  
e x c e l le n t  u v  p ro te c tio n  w ith  a  U P F  v a lu e  o f  m o re  than  4 0  a f te r  a d m ic e l la r  
p o ly m e r iz a t io n  o f  H A B  w ith  a c o n c e n tra t io n  o f  1.2 m M , w h ile  a  m a x im u m  U P F  v a lu e  
o f  a b o u t 7 0  w a s  o b ta in e d  w ith  an  H A B  c o n c e n tra t io n  o f  3 .0  m M .

B a se d  o n  p o ly m e r  e x tra c t io n , th e  m a x im u m  yie ld  o f  p o ly m e r  is  4 7 % . T h e  
lo w  y ie ld  o f  p o ly m e r  is p ro b a b ly  d u e  to  th e  s te r ic  h in d ra n c e  o f  th e  b u lk y  H A B  m o le c u le  
in  th e  c o n f in e d  sp a c e  o f  a d m ic e lle  c o m p a re d  to  a  s m a lle r  m o n o m e r. F o r  e x a m p le , th e  
v e ry  h ig h  c o n v e rs io n  o f  s ty re n e  m o n o m e r  to  p o ly s ty re n e  in th e  a d m ic e l le  h a s  b een  
o b s e r v e d .1 F ig u re  4 .1 2  is a p lo t  b e tw e e n  th e  a m o u n t o f  the  p o ly m e r  e x tra c te d  a n d  U P F  
v a lu e s . It s h o w s  th a t U P F  v a lu e  in c re a se d  w ith  in c re a s in g  a m o u n t o f  p o ly m e r  u p  to  a 
p o ly m e r  a m o u n t  o f  14 m g /g  c o tto n , a f te r  w h ic h  th e  U P F  v a lu e  le v e le d  o ff. A c c o rd in g  to  
B e e r  L a m b e r t  L aw , th e  a m o u n t  o f  u v  a b s o rp tio n  fo r  a  g iv en  s p e c ie s  is a  fu n c tio n  o f  
m e d ia  th ic k n e s s  an d  u v  a b s o rb e r  c o n c e n tra t io n . In p ra c t ic e , h igh  c o n c e n tra t io n s  o f  u v  
a b s o rb e rs  a n d  s u f f ic ie n t  th ic k n e s s  o f  th e  p o ly m e r  a re  re q u ire d  b e fo re  e n o u g h  a b s o rp tio n  
c a n  ta k e  p la c e  to  p ro v id e  a d e q u a te  p ro te c tio n . F ro m  F ig u re  4.11 an d  4 .1 2 , it a p p e a rs  th a t, 
u p  to  a c e r ta in  l im it, fu r th e r  in c re a se  in p o ly m e r  a m o u n t d o e s  n o t lead  to  fu r th e r  
im p ro v e m e n t  in U P F  o r  %  u v  b lo c k in g . A t h ig h  a m o u n t o f  p o ly m e r , th e  tra n s m itte d  
lig h t is e s s e n tia l ly  in d e p e n d e n t  o f  p o ly m e r  f ilm  th ic k n e s s .  P ro b a b ly  th e  a m o u n t o f  u v  
a b s o rp tio n  b y  p o ly (H A B )  a lre a d y  re a c h e s  its  m a x im u m . In a d d itio n , s in c e  th e  fa b ric  h as
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a c e r ta in  a m o u n t  o f  p o ro s i ty , s o m e  u v  ra d ia t io n  is b o u n d  to  g e t  th ro u g h  th e  f ib e r  
in te rs t ic e s  a s  s h o w n  in F ig u re  4 .1 3 . U P F  c a n  b e  fu r th e r  in c re a se d  by  b lo c k in g  in te rs t ic e s  
b e tw e e n  f ib e rs  an d  y a m s , b u t  a ir  p e rm e a b il i ty  w ill b e c o m e  w o rse . A lth o u g h  a d m ic e lla r  
p o ly m e r iz a t io n  a p p e a rs  to  re su lt  in an  u p p e r  lim it to  U P F , th e  e x c e l le n t  u v  p ro te c tio n  
w ith  g o o d  a i r  p e rm e a b il i ty  c a n  c e r ta in ly  be  o b ta in e d . T h e  u p p e r  lim it in U P F  m a y  be  
a p p a re n t  s im p ly  b e c a u se  p h o to d e te c to r  s e n s it iv i ty  d e c re a se s  a s  th e  lig h t in te n s ity  
( tra n s m it ta n c e )  g o e s  to  z e ro .

F ro m  th e  a m o u n t o f  e x tra c te d  p o ly m e r  an d  th e  s u r fa c e  a re a  o f  c o tto n  
w h ic h  w a s  fo u n d  to  b e  4  ทา2/ g d e te rm in e d  fro m  B E T  w ith  n itro g e n ,6 a th ic k n e s s  o f  
p o ly m e r  f ilm  is c a lc u la te d . T h e  b u lk  d e n s ity  is u sed  to  c a lc u la te  w h e n  th e  s tru c tu re  o f  
s u c h  th in  la y e rs  on  th e  s u r fa c e  u n d o u b te d ly  is n o t q u ite  th e  sa m e  a n d  it is a s s u m e d  to  be
1.0 g /c m '.  A s s u m in g  th a t  th e  f ilm  is e v e n ly  d is tr ib u te d  o v e r  th e  s u r fa c e  an d  th a t  a ll th e  
s u r fa c e  a re a  fro m  B E T  is a c c e s s ib le , th e  th ic k n e s s  o f  p o ly (H A B ) a t th e  h ig h e s t a m o u n t 
o f  p o ly m e r  c o a t in g  o f  15 .3  m g /g  c o tto n  is fo u n d  to  b e  3 .8  n m  w h ic h , in te re s t in g ly , is 
a b o u t  tw ic e  th e  len g th  o f  th é  h y d ro p h o b ic  ta il  o f  th e  s u r fa c ta n t  m o le c u le  u sed . T h e  re su lt  
is a lso  c lo se  to  th e  th ic k n e s s  o f  3 .4 -3 .6  n m  fo r  p o ly s ty re n e  o b ta in e d  by  p re v io u s  
w o r k e r s .1 It c a n  be seen  th a t  th e  p o ly m e r  f ilm s  fo rm e d  b y  a d m ic e l la r  p o ly m e r iz a t io n  a re  
v e ry  th in . T h u s  th e  c o a te d  fa b r ic  can  re ta in  its  p lia b i l i ty  a n d  so ft to u c h .

B y  th e  to ta l  c a rb o n  c o n te n t  a n a ly s is , O ’H a v e r  et  a l ,3 s h o w e d  th a t  m o s t o f  
p o ly s ty re n e , fo rm e d  by  a d m ic e l la r  p o ly m e r iz a t io n , re m a in e d  o n  s il ic a  a f te r  w a sh in g . In 
th is  w o rk  th e  e ffe c t o f  su r fa c ta n t  c o n c e n tra t io n  o n  u v  p ro te c tio n , b e fo re  a n d  a f te r  
w a s h in g  a t  7 0  °c fo r 3 t im e s , 10 m in /tim e , h a s  b e e n  in v e s t ig a te d  u s in g  1.2 m M  H A B . 
T h e  re su lts  o f  U P F  s h o w n  in F ig u re  4 .1 4  a g re e  w ith  th e  th e o ry  th a t a d m ic e lla r  
p o ly m e r iz a t io n  w o rk s  b e s t  w h e n  th e  c o n c e n tra t io n  o f  s u r fa c ta n t  a p p ro a c h e s  th e  
C M C .30 33 B e lo w  C M C , th e  s u r fa c e  c o v e ra g e  is n o t sa tu ra te d . W h e n  th e  su r fa c ta n t  
c o n c e n tra t io n  e x c e e d s  C M C , U P F  is  s ig n if ic a n tly  re d u c e d . T h is  im p lie s  th a t  H A B  w ill 
p a r t it io n  in to  th e  m ic e lle s  in s o lu t io n  m o re  th a n  th e  a d m ic e l le  w h e n  b o th  a re  p re s e n t  in 
th e  sy s te m . P o ly m e r iz a tio n  w ith o u t  s u r fa c ta n t  w a s  a lso  s tu d ie d . It w a s  fo u n d  th a t U P F  o f  
th e  fab ric  w a s  a s  h ig h  a s  3 0 . It is b e l ie v e d  th a t so lu tio n  p o ly m e r iz a t io n  o c c u rre d  in th is
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case , le a d in g  to  d e p o s i t io n  o f  th e  p o ly m e r  o n  th e  f ib e r  su rfa c e  an d  w ith in  th e  in te rs tic e s  
b e tw e e n  f ib e rs . H o w e v e r , th e  p o ly m e r  c o u ld  be e a s ily  re m o v e d  a s  can  b e  seen  fro m  th e  
m u c h  g re a te r  re d u c tio n  in th e  U P F  v a lu e  a f te r  w a s h in g . T h e  re s is ta n c e  to  w a s h in g  w a s  
h ig h e s t  w h e n  th e  o p tim u m  a m o u n t o f  su rfa c ta n t  o f  0 .6  m M  w a s  u sed . T h e  re s u lts  sh o w  
th a t s u r fa c ta n t  p la y s  a  v e ry  im p o r ta n t  ro le  in th e  c o a tin g  p ro c e s s .

F ig u re  4 .1 5  s h o w s  th e  e ffe c t  o f  U V -A  e x p o su re  t im e  o n  th e  %  U V -A  
b lo c k in g  a n d  U P F  o f  th e  c o a te d  fa b r ic  u s in g  1.2 m M  H A B . A 6 W  U V -A  H g  P h il ip s  
la m p  w a s  u se d . It w a s  fo u n d  th a t  th e  %  U V -A  b lo c k in g  an d  U P F  o f  th e  fa b r ic  re m a in e d  
a lm o s t  u n c h a n g e d , e v e n  a f te r  e x p o s u re  fo r  2 4  h. In  g e n e ra l th e  p h o to s ta b il i ty  is d u e  to  
e ff ic ie n t  e n e rg y  d is s ip a tio n  a n d  a  sm a ll  q u a n tu m  y ie ld  in p h o to d e c o m p o s itio n  ( 1 0 '7- 
1 0 '6) . 15 In th e  ca se  o f  h y d ro x y b e n z o p h e n o n e  in p o ly (H A B ), u p o n  a b s o rp tio n  o f  u v  
ra d ia t io n , th e  u v  e n e rg y  is d is s ip a te d  in to  h a rm le s s  th e rm a l e n e rg y  v ia  an  in tra m o le c u la r  
is o m e r iz a t io n  cy c le  (p ro to n - t ra n s fe r )  a s  sh o w n  in F ig u re  4 .1 6 . T h e  p e rio d  o f  th is  p h o to -  
ta u to m e r is m  cy c le  is e x tre m e ly  s h o r t,  th u s  n o t a l lo w in g  ra d ic a l fo rm a tio n  o r  o th e r  
u n d e s ire d  s id e  re a c tio n s  to  ta k e  p la c e . In su m m a ry , w ith  h y d ro x y b e n z o p h e n o n e  s y s te m , 
th e  c o tto n  fa b r ic s  c o a te d  by  p o ly (H A B ) c o u ld  p ro v id e  a  s ta b le  u v  p ro te c tio n  fo r  a t le a s t 
2 4  h in th is  c o n d itio n .

4 .5  C o n c lu s io n s

U V -p ro te c t iv e  c o tto n  fa b r ic  c a n  b e  p ro d u c e d  v ia  a d m ic e lla r  p o ly m e r iz a t io n  
te c h n iq u e  u s in g  2 -h y d ro x y -4 -a c ry lo y lo x y b e n z o p h e n o n e  (H A B ) w h ic h  is s y n th e s iz e d  
fro m  g ra f t in g  o f  2 ,4 -d ih y d ro x y b e n z o p h e n o n e  o n to  ac ry lo y l c h lo r id e . W ith  a s u ita b le  
tim e , n e a r -C M C  s u rfa c ta n t  c o n c e n tra t io n  a n d  H A B  c o n c e n tra t io n  g re a te r  th a n  1.2 m M , 
th e  c o tto n  fa b ric , w h ic h  h as  a  lo w  U P F  o f  4 b e fo re  t re a tm e n t,  c o u ld  p ro v id e  e x c e lle n t  
U V  p ro te c tio n  (U P F  >  4 0 )  a f te r  th e  a d m ic e l la r  p o ly m e r iz a t io n  p ro c e s s  an d  th e  e f f ic ie n c y  
is s ta b le  e v e n  u n d e r  c o n tin u o u s  u v  e x p o su re  o f  u p  to  2 4  h o u rs .
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F i g u r e  4 .1  S y n th e s is  o f  2 -h y d ro x y -4 -a c ry lo y lo x y b e n z o p h e n o n e  (H A B ).
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W a v e n u m b e r  ( c m - 1 )

F ig u r e  4 .2  F T IR  s p e c tru m  o f  2 -h y d ro x y -4 -a c ry Io y lo x y b e n z o p h e n o n e  (H A B ) .
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N a C I  c o n c e n t r a t i o n  ( M )

F i g u r e  4 .3  E ffect o f  e lectro ly te  on the adso rp tio n  o f  D B SA  on co tton  fabric  using 5.0 
m M  D B SA  at 3 0  ° c  for 24  h.
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F i g u r e  4 .4  E ffe c t  o f  te m p e ra tu re  o n  th e  a d s o rp tio n  o f  D B S A  o n  c o tto n  fa b ric  u s in g  5 
ทา]VI D B S A , w ith o u t  N a C l.



A
ds

or
pt

io
n 

of
 D

B
SA

 (
|am

ol
/g

 c
ot

to
n)

58

1 0 0

1 0

1

0 .1
0 .0 1  0 .1  1 1 0
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F ig u r e  4 .5  E ffe c t o f  te m p e ra tu re  a n d  a d s o lu b i l iz a te  on  th e  a d s o rp tio n  iso th e rm  o f  
D B S A  in  th e  p re s e n c e  o f  sa lt.
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F ig u r e  4 .6  A d s o lu b il iz a t io n  o f  H A B  a n d  a d s o rp tio n  o f  D B S A  o n  c o tto n  fa b r ic  v e rs u s  
a d s o lu b i l iz a t io n  t im e  a t 7 0  ๐c  a f te r  1 h - s u r fa c ta n t  e q u il ib r iu m  a d s o rp tio n , u s in g  0 .6  m M  
H A B , 1.2 m M  D B S A , 0 .1 5  M  N a C l.
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Figure 4.7 The FTIR-ATR spectra of (a) untreated cotton, and treated cotton using 
HAB of (b) 0.6 mM; (c) 1.2 mM; (d) 1.8 mM; and (e) 3.0 mM, 0.6 mM DBSA and 0.15 
MNaCl.
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Figure 4.8 SEM micrographs of untreated cotton (a), and treated cotton fabrics by using 
HAB of 0.6 mM (b); 1.2 mM (c); 1.8 mM (d); 2.4 mM (e); and 3.0 mM (f), 0.6 mM 
DBSA and 0.15 MNaCl.
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Figure 4.9 u v  spectrum of 2-hydroxy-4-acryloyloxybenzophenone (HAB).
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Figure 4.10 The u v  transmission spectra of untreated cotton, and treated cotton using 
0.6, 1.2, 1.8 and 3.0 mM of HAB, 0.6 mM DBSA and 0.15 M NaCl.
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Figure 4.11 The effect of HAB concentration on UPF and % u v  blocking of treated 
cotton fabrics, using 0.6 mM DBSA and 0.15 M NaCl.
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Figure 4.12 The relationship between UPF of treated cotton and the amount of 
poly(HAB) extracted by MEK.
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P o ly m e r film
T ra n sm iss io n

Figure 4.13 Schematic representation of absorption and transmission of u v  radiation 
by fabrics.
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DBSA concentration (ทาM)

Figure 4.14 The effect of DBSA concentration on UPF before and after washing at 
70°c for 3 times, 10 min/time, of the coated cotton using 1.2 mM HAB and 0.15 M 
NaCl.
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Figure 4.15 The effect of u v  exposure, using 6 W UV-A Hg Philips lamp, on the % 
UV-A blocking and UPF of the coated cotton using 1.2 mM HAB, 0.6. ทาM DBSA and 
0.15 M NaCl.
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Figure 4.16 Intramolecular proton-transfer of hydroxybenzophenone.
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Table 4.1 Classification of u v  protection level of fabrics based on AS/NZS 4399

UPF Protection Level

15-24 Good
25-39 Very Good

> 4 0 E x c e l l e n t
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