
2.1 CM-Chitin

C hitin , o r p o ly  (P -(l-4 )-A f-ace ty l-D -g lu co sam in e  (f ig u re  2 .1 ), a  b io p o ly m er 
th a t is th e  seco n d  m o st ab u n d an t na tu ral p o ly sacch a rid e  n ex t to  c e llu lo se  (G o o d rich  
e t a i ,  2007 ). It is in  th e  fo rm  o f  o rd ered  c ry s ta llin e  m ic ro fib ril w h ich  o ccu rs  in cell 
w a lls  o f  fung i an d  y eas t and  ex o sk e le to n  o f  a rth ro p o d s  su c h  as  sq u id  p en s, crab 
sh e lls  an d  sh rim p  sh e lls  (Jay ak u m ar e t a i ,  2 0 1 0 b ). In ad d itio n , a  large  am o u n t o f  
sh rim p  w aste  is p ro d u ced  in T h a ilan d  from  se a fo o d  in d u stries  (D o lp h en  e t a i ,  2011), 
w h ich  are  easy  to  fin d  to  use  as a  raw  m ate ria l in the  sy n th esis  o f  c h itin  so, ch itin  is 
re ad ily  av a ilab le  and  in ex p en siv e . It also  ex h ib its  th e  d is tin c tiv e  p ro p e rtie s  w h ich  are 
b io co m p a tib ility , b io d eg rad ab ility  and low  to x ic ity . E sp ec ia lly  b io co m p a tib ility , 
b ecau se  an  a ce tam id e  g ro u p s o f  ch itin  is s im ila r  to an am id e  g roup  o f  p ro te in  in 
liv ing  tissu e  (P eesan  et a i ,  2003 ). T here  are  th re e  c ry sta llin e  fo rm s o f  c h itin  based  
o n  X -ra y  d iffrac tio n  data . (C o h an  et a i ,  1987): a -c h itin , P -ch itin  an d  y -ch itin , 
re sp ec tiv e ly . a -C h itin , an  an ti-p a ra lle l a rra n g e m en t o f  p o ly m ers , is th e  m ost 
a b u n d a n t fo rm  w h ich  is found  in  shells o f  sh rim p s  and  crabs. P -ch itin , a  para lle l 
d isp o s itio n , is fo u n d  in  squ id  p en s  and  co co o n s o f  ce rta in  b ee tle s , w h ile  s tru c tu re  o f  
y -ch itin  h as  b o th  p a ra lle l and  an ti-p ara lle l ty p e s  (P eesan  et a i ,  2003 ). H o w ev er, the 
h ig h  rig id  c ry s ta llin e  s tru c tu re  o f  ch itin  cau se s  the  p o o r so lu b ility  in  co m m o n  
so lv en ts . H ence , ch itin  can  be  ch em ica lly  m o d ifie d  to  be o rg a n o -so lu b le  d eriv a tiv es  
o r w a te r  so lu b le  d e riv a tiv e s  su ch  as ch ito san  (P eesan  et a i ,  2 0 0 6 ), d ib u ty ry l ch itin  
(R in au d o  e t a i ,  2 0 0 6 ) and  ca rb o x y m eth y l ch itin  (Jay ak u m ar e t a l., 2010a).
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Figure 2.1 T h e  s tru c tu re  o f  ch itin .

C a rb o x y m e th y l ch itin , C M -ch itin  is a  w a te r-so lu b le  an io n ic  d e riv a tiv e  o f  
c h itin  co n ta in in g  ca rb o x y l g ro u p s  as sh o w n  in fig u re  2 .2  (Ja y a k u m a r e t a l., 2010a). 
T h e  w a te r  so lu b ility  o f  C M -ch itin  b eco m es a p p a re n t w h en  th e  frac tio n  o f  su b stitu tio n  
is m o re  th an  0 . 6  and  th e  b io d eg rad ab ility  d ep en d ed  s tro n g ly  on  th e  degree  o f  
d e a c e ty la tio n  (D D ), the  d eg ree  o f  su b s titu tio n  (D S ) and  th e  su b s titu tio n  site  (H je rd e  
e t a l ,  1997). C M -ch itin  is ex ten siv e ly  u tiliz ed  as a  c o m p o n e n t o f  w o u n d  d ressing  
ap p lic a tio n  d u e  to  its u n iq u e  p ro p ertie s  su ch  as h y d ro p h ilic  p ro p e rtie s , low  to x ic ity  
a n d  h ig h  b io co m p a tib ility  (D ev  e t a l ,  2010).
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Figure 2.2  T h e  s tru c tu re  o f  c a rb o x y m eth y l ch itin .

C M -c h itin  can  be  sy n th esized  by  c a rb o x y m e th y la tio n  o f  c h itin  (fig u re  2 .3 ) 
w h ic h  s ta rts  by  d isp e rs io n  c h itin  p o w d er w ith  60%  so d iu m  h y d ro x id e  so lu tio n  at 
20°c for 1 2  h r an d  ad d in g  a  m o n o ch lo ro ace tic  ac id  in iso p ro p y l a lco h o l as  a  so lven t 
u s in g  the  c o n d e n sa tio n  reac tio n  and  d eg ree  o f  su b s titu tio n  =  0 .6  (Ja y a k u m a r et a l ,  
2 0 1 0 a). M o reo v e r, an o th e r m e th o d  to  sy n th es ize  C M -c h itin  is f irs tly  su sp en d in g
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c h itin  p o w d e r in  4 2 % v /v  o f  N aO H  so lu tio n . A  c ru sh ed  ice  is ad d ed  and  a lk a lin e  
c h itin  so lu tio n  is ob ta in ed . A m o n o ch lo ro ace tic  ac id  so lu tio n  (2 5 % w /v  in 14% v/v  
N aO H  so lu tio n ) is th en  add ed  in to  th e  a lk a lin e  c h itin  so lu tio n . T h e  m ix tu re  is 
n eu tra lized  w ith  g lac ia l ace tic  acid  and  su b seq u en tly  d ia ly z e d  in  d is tilled  w ate r fo r 3 
days. T he d ia ly sa te  is cen trifu g ed  an d  the  su p e rn a tan t is ad d ed  d rop  w ise  in to  
ace to n e  and  re su sp en d ed  in  e th an o l and  d eg ree  o f  su b s titu tio n  =ะ 0 .4  (W o n g p an it e t 
a l ., 2005).
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Figure 2.3 T h e  ca rb o x y m e th y la tio n  o f  ch itin  (Ja y a k u m a r et a l., 2 0 1 0 a).

T h e  b io lo g ica l p ro p e rtie s  o f  C M -ch itin  an d  C M -c h ito sa n  have  b een  
ev a lu a ted  by  te s tin g  w ith  in vivo  and  in v itro  d e g ra d a tio n  (J in g  e t a l., 2008). F o r in 
v ivo  te stin g , C M -ch itin  film s  and  C M -ch ito san  film s w ere  in se rted  in to  the p o u ch es  
w h ich  w ere  m ad e  in  th e  m u sc le  o f  th e  h in d  legs o f  th e  fem ale  SD  ra ts  at 3 m o n th s  
o ld  an d  2 20  g w e ig h t as sh o w n  in fig u re  2 .4 . T he  re su lts  sh o w ed  th a t all the  film s 
h y d ro ly zed  ab so lu te ly  w ith in  3 days o f  im p lan ta tio n . C o m p ared  w ith  ch ito san , C M - 
ch ito san  and  C M -ch itin  ex h ib it g ra te r d eg rad ab ility , w h ich  m ay  be  due to  th e  
ca rb o x y m e th y l g ro u p s in  th e ir  s tru c tu re . F or in v itro  te s tin g , C M -ch itin  w as 
h y d ro ly zed  m o re  q u ick ly  th an  C M -ch ito san , w h ich  is d u e  to  th e  a ce tam id e  g ro u p  o f  
ch itin  s truc tu re .
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Figure 2.4 S u b cu tan eo u s  tissu es w ith  im p lan ta tio n : (a) C M -c h itin  and  
(b) C M -ch ito san .

C M -c h itin  w as u sed  to  b le n d  w ith  silk  fib ro in  (W o n g p a n it e t a l., 2 0 0 7 ). T he 
b len d in g  o f  C M -ch itin  an d  silk  fib ro in  ex h ib ited  as a  se m i-m isc ib le  b lend . D ue to  the  
m u ltib lo ck  co p o ly m eric  s tru c tu re , s ilk  fib ro in , s tru c tu re  can  be  d iv id ed  in to  tw o 
m ajo r reg io n s  as h y d ro p h o b ic  and  h y d ro p h ilic  reg io n s. W h en  b len d in g  w ith  C M - 
ch itin , o n ly  th e  h y d ro p h ilic  p art (am o rp h o u s  part) o f  s ilk  fib ro in  w as co m p a tib le  w ith  
each  o ther. A fte r  c ro ss lin k in g , th e  p resen ce  o f  C M -ch itin  in  th e  b len d  film s cou ld  
im p ro v e  th e  b io d eg rad ab ility  and  sw e llin g  ab ility  o f  s ilk  fib ro in .

C M -ch itin  w ith  a to ta l frac tio n  o f  O -su b s titu tio n  fro m  0.65 to  1.5 w ere  
p rep a red  fro m  a lk a li-c h itin  and  m o n o ch lo ro ace tic  ac id  in  2 -p ro p an o l a t ro o m  
tem p e ra tu re  (H je rd e  et a l., 1997). T h e  ca rb o x y m e th y la tio n  in p o s itio n  6  w as fo u n d  to  
be la rg er th an  in p o s itio n  3 in  all frac tio n s, co n firm in g  th a t th e  re a c tiv ity  at -O H ô is 
larger th a n  -O H 3 in  c a rb o x y m e th y la tio n  p rocess. M o re o v e r  th e  d e g rad a tio n  ra te  o f  
C M -ch itin  in  hen  eg g  w h ite  ly so zy m e  w as n o n -lin ea r, su g g es tin g  d iffe ren t 
d e g rad a tio n  ra tes  o f  d iffe ren t seq u en ces  in  C M -ch itin .

C M -ch itin  n an o p a rtic le s  w ere  p rep a red  th o u g h  a  c ro ss - in k in g  ap p ro ach  w ith  
FeC ft an d  C a C f  (D ev  e t a l., 2 010 ). It w as found  th a t th e  s ize  o f  th e  p rep a red  C M - 
ch itin  n an o p a rtic le s  w as  2 0 0 -5 0 0  nm , th e reb y  ren d e rin g  th e  m o rp h o lo g y  su itab le  for 
d rug  d e liv e ry  ap p lica tio n s . M o reo v e r the c y to to x ic ity  s tu d ies  sh o w ed  th a t the 
p rep a red  C M -ch itin  n an o p a rtic le s  a re  n o n -to x ic  a g a in s t m o u se  L 9 2 9  cells. M o reo v er, 
the  C M -c h itin  n a n o p a rtic le s  e x h ib it s ig n ific an tly  an tib ac te ria l ac tiv ity  ag a in s t 
S ta p h ylo co ccu s  b a c te r ia  s tra in s b ecau se  C M -ch itin  m o lecu le s  can  in te rac t w ith  the
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p re d o m in a n t co m p o n en ts  o f  th e  ce ll w all ( lip o p o ly sa c c h a rid e s  and  p ro te in s )  o f  the 
m ic ro o rg a n ism  an d  th en  the  in trace llu la r c o m p o n e n ts  le ak  o u t o f  the  ce lls  and  the 
p e rm e a b ility  b a rrie r  a lso  p rev en ts  n u trien ts  from  en te rin g  th e  ce ll as  sh o w n  in figure 
2 .5 .

b  L o g  n u m b e r  o f  c o lo n i e s  V s  s a m p l e  c o n c e n t r a t i o n
c  WKmnÊÊÊÊÊÊÊÊÊÊÊÊÊÊÊÊÊÊÊ

S a m p le  B
C o n c e n t r a t io n  A

O B  >  A | ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■
0 1  2 3 4 5 6 7 3 9

L o g  n u m b e r  o f  c o l o n i e s

F ig u r e  2 .5  C y to to x ic ity  test; (a) R ep resen ta tiv e  p la te  sh o w in g  th e  an tib ac te ria l 
a c tiv ity  o f  C M C  n an o p a rtic le s  (A  =  5 m l, B =  10 m l, c  =  15 m l o f  C M C  
n a n o p a rtic le s  o f  3 m g /m l co n cen tra tio n ) an d  (b) A n tib ac te ria l ac tiv ity  o f  C M C  
n an o p a rtic le s  (A  =  5 m l, B =  10 m l, c  =  15 m l o f  C M C  n an o p a rtic le s  o f  3 m g/m l 
co n cen tra tio n ).



8

S ince  th e  C M -c h itin -b a se d  m a te ria ls  are  b rittle , b len d in g  o f  C M -ch itin  w ith  
o th e r flex ib le  b io m a te ria ls  is n ecessa ry  in  o rd e r to  o b ta in  th e  d e s ira b le  m echan ica l 
p ro p e rtie s  as w e ll as ease  o f  hand le .

2.2 Natural Rubber

N atu ra l ru b b er (N R ), c /v - l,4 -p o ly iso p re n e  (f ig u re  2 .6 ), is n a tu ra lly  p roduced  
b y  th e  H evea  b ra silien sis  trees  w h ich  acco u n ts  fo r o v e r 99%  o f  th e  w o r ld ’s na tu ral 
ru b b e r  p ro d u c tio n  (S ak d ap ip an ich  e t a l ,  2007 ). N a tu ra l ru b b e r la tex  is co m p o sed  o f  
ab o u t 36%  o f  ru b b er, 5%  o f  n o n -ru b b ers  co m p o n en ts  (p ro te in s , lip id s , sugars, and 
ash ) and  w a te r acco u n tin g  fo r the  rem a in in g  59%  (S an sa tsad eek u l et a i ,  2011). 
T h a ila n d  can  be co n sid e red  as  one  o f  the  m o st s ig n ific an t re so u rce  o f  na tu ra l rubber 
(W an g  et a i ,  2 0 0 9 ) so, n a tu ra l ru b b er is a  lo w  cost, a v a ilab le  an d  ren ew ab le  natural 
reso u rce . T h e  o u ts tan d in g  p h y sica l p ro p e rtie s  o f  n a tu ra l ru b b e r a re  flex ib ility , h igh 
stren g th , g ood  c rack  g ro w th  re sis tan ce  an d  g ood  p ro cessab ility . It is cu rren tly  u sed  in  
m o re  th an  50 th o u san d s in  d iffe ren t p ro d u c ts  such  as tire , ad h es iv e s , co a tin g  and  
f lo o r co v e rin g  (R ip e l, et a i ,  2009).

c h 3 h
N c  = /  

•c h 2 c h 2

Figure 2.6 T h e  stru c tu re  o f  cw -l,4 -p o ly iso p re n e .

T he p ro te in  o f  n a tu ra l ru b b er la tex  (N R L ) c o n s titu te s  ab o u t 1-2%  by  w eigh t. 
T h ese  n a tu ra lly  o ccu rrin g  p ro te in s  can  re la te  to h y p e rse n s itiv ity  re a c tio n s  (type I) in 
so m e  sen sitiv e  h u m an  w ho  co n tac t w ith  th em  (W arsh aw  e t a i ,  1998), bu t sam e o f  
a sso c ia ted  p ro te in s  on  ru b b e r  p a rtic le s  a lso  he lp  to  m a in ta in  th e  la tex  s tab ility  
(S ak d ap ip an ich  e t a i ,  2 007 ). F o r th is  reaso n , w h en  th e se  p ro te in s  a re  rem o v ed  o r 
d eg rad ed , co ag u la tio n  p ro p e rtie s  and d e s ta b iliz a tio n  o f  th e  la tex  can  b e  occurred .
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T h ere  a re  severa l m e th o d s  o f  red u c in g  th e  am o u n t o f  th ese  p ro te in  an tig en s  in  n a tu ra l 
ru b b e r la tex . T here  are  tw o  e ffec tiv e  m e th o d s w h ic h  w ere  u sed  to  rem o v e  p ro te in  in  
n a tu ra l ru b b e r  latex  in c lu d in g  d o u b le  cen trifu g a tio n  and  c ream in g  o f  na tu ra l ru b b er 
latex . In ad d itio n , leach in g , ch lo rin a tio n  and  en zy m a tic  tre a tm e n t w ere  u sed  to  
rem o v e  th e se  an tig en ic  p ro te in s  in  w et-g e l and d ry -film s  o f  n a tu ra l ru b b e r (P erre lla  
e t a i ,  2 0 0 2 ). C o m p arin g  w ith  p o s t-w ash in g  na tu ra l ru b b e r la tex  p ro d u c ts , enzy m atic  
tre a tm en t is very  e ffe c tiv e  in red u c in g  an tig en ic  p ro te in  in n a tu ra l ru b b e r  latex  and  it 
is still q u ite  co s t-e ffec tiv e  b ecau se  th e  en zy m e trea tm en t can  re m o v e  p ro te in  from  
n a tu ra l ru b b e r  la tex  m o re  th an  99% . T h is  is the  im p o rtan t n e c e ss ity  fo r e sp ec ia lly  
m an u fac tu re  p ro d u c ts  in  h ea lth  care  p ro d u c ts  su ch  as m ed ica l g lo v e s  and  co n d o m s 
(S an sa tsad eek u l et a i ,  2011 ).

T h e  p h y sica l an d  b io lo g ica l p ro p ertie s  o f  g lo v es  m ad e  fro m  bo th  u n trea ted  
n a tu ra l ru b b e r  la tex  (N R L ) an d  en zy m a tic -trea ted  n a tu ra l ru b b e r la tex  (E T -N R L ) w as 
tested  (P e rre lla  et a i ,  2002 ). T he re su lts  o f  p h y sica l p ro p e rtie s  sh o w e d  that b o th  o f  
g lo v es ex ceed ed  the  A S T M  D 3578  req u irem en ts  o f  ten sile  s tren g th  a t b reak  and  
u ltim a te  e lo n g a tio n , as  w ell as the  m in im u m  tes t fo r a c c e le ra te d  h ea t aging . In 
ad d itio n , g lo v es  m ad e  fro m  E T -N R L  w ere  te s ted  fo r h o les  o v e r a  2 -m o n th  p erio d  by  
u sing  th e  w a te r  leak  test. T h e  re su lts  sh o w ed  th a t th ey  w ere  in tac t and  b e lo w  the  
re q u ire m e n t fo r m ed ica l ex a m in a tio n  g lo v es is an  A Q L  o f  2.5 (A S T M  D 3578). F o r 
b io lo g ica l p ro p ertie s , th e  in  vivo  b io co m p a tib ility  ev a lu a tio n  o f  g lo v es  m ade from  
E T -N R L  in  rab b it sk in . T h e  stu d ies sh o w ed  no sig n ifican t sk in  irrita tio n  reac tions. 
M o reo v er, th e  g u in ea  p ig  te s tin g  o f  g lo v es m ad e  fro m  E T -N R L  show ed  no 
s ig n ifican t ch em ica l s e n s itiz a tio n  reac tions.

D ue to  the  u n iq u e  p ro p ertie s , n a tu ra l ru b b e r h as  been  w id e ly  b len d ed  w ith  
v a rio u s  p o ly m ers  as sy n th e tic  o r n a tu ra l p o ly m ers  in  o rd e r  to  im p ro v e  th e ir  p h y sica l 
p ro p e rtie s  o f  th ese  m a te ria ls .

F o r an  a ttem p t to  p rep a re  no v e l b io d eg rad ab le  m a te ria l, b len d s  o f  na tu ra l 
ru b b e r la tex /ch ito san  (N R L /C S ) film s w ith  d iffe ren t c o m p o s itio n s  w ere  p rep a red  by  
so lu tio n  ca s tin g  fo llo w ed  by  co m p ress io n  (Jo h n s  e t a i ,  2008 ). It w as  found  tha t the  
n a tu ra l ru b b e r la tex  b le n d e d  w ith  ch ito san  can  im p ro v e  the  p o o r th e rm al p ro p erties  
o f  ch ito san . T h e  F T -IR  re su lts  sh o w ed  th a t the  c o m p o sitio n  ra tio  o f  9 5%  N R L / 5%  
c s  e x h ib it the  b e tte r  in te rfac ia l ad h esio n  b e tw een  n a tu ra l ru b b e r  an d  ch ito san  as
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sh o w ed  in  figure  2 .7 . X R D  resu lt sh o w ed  tha t c ry s ta llin ity  in  n a tu ra l ru b b e r reduced  
w ith  in c reas in g  c h ito sa n  conten t. In ad d itio n , th e  w a te r a b so rb a b ility  o f  the  b lends 
in c rea sed  w ith  in c rea s in g  ch ito san  co n ten t and  it can  be m in im iz e d  by  v u lcan iza tio n  
o f  th e  b le n d  film s.

Figure 2 .7  S E M  m ic ro g rap h  o f  n a tu ra l ru b b e r la tex /ch ito san  b len d s.

In  gen era l, n a tu ra l ru b b e r can  ac t as a  h y d ro p h o b ic  p o ly m e r b ecau se  it 
m a in ly  co m p o ses  o f  h y d ro ca rb o n , th en  in o rd e r to  im p ro v e  th e  co m p a tib ility  w ith  
o th e r h y d ro p h ilic  p o ly m ers  the ad d in g  o f  co m p a tib iliz e r  o r  h y d ro p h ilic  m o d ified  
n a tu ra l ru b b e r a re  req u ired .

T h e  co m p a tib ility  b e tw een  h y d ro p h ilic  th e rm o p la s tic  s ta rch  and  
h y d ro p h o b ic  n a tu ra l ru b b e r (C arv a lh o  e t a l., 2 0 0 3 ) w as s tu d ied . T h e  re su lts  show ed  
th e  re d u c tio n  o f  the  m o d u lu s  and  the  ten sile  s tren g th  a fte r a d d itio n  o f  na tu ra l ru b b er 
in to  s ta rch . S E M  re su lts  also  sh o w ed  a good  d isp e rs io n  o f  n a tu ra l ru b b e r in  starch  
m atrix . In ad d itio n , th e  co m p a tib ility  as w ell as th e  p h ase  se p a ra tio n  o f  the  b lends 
w as a lso  d ep en d ed  o n  g lycero l con ten t. It m ean s  th a t g ly cero l a c ted  as b o th  starch  
p la s tic iz e r  and  s ta rc h - ru b b e r  co m p atib ilize r.

T h e  n a tu ra l ru b b e r w as a lso  b len d ed  w ith  e th y len e -v in y l ace ta te  co p o ly m er 
(N R /E V A ) (Jan sen  e t a l., 1996) by  u sing  p o ly (e th y le n e -c o -v in y l a lco h o l-co -v in y l 
m e rcap to ace ta te ) , E V A S H  as a  co m p a tib iliz e r  an d  d icu m y l p e ro x id e  (D C P ) as a 
cu rin g  ag en t. A cc o rd in g  to  the  T G A  resu lts , th e  res is tan ce  to  th e rm a l ag e in g  is b e tte r
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fo r th o se  b len d s  co n ta in in g  E V A S H . T hen , E V A S H  n o t o n ly  ac t as a co m p a tib iliz e r  
fo r th is  b len d s  b u t a lso  act as a  s tab iliz e r  fo r ru b b e r d eg rad a tio n .

T he m o d ified  natu ral ru b b e r as n a tu ra l ru b b er g ra ft p o ly s ty ren e  (N R -g -P S ) 
w as u sed  to  im p ro v e  c o m p a tib ility  b e tw een  na tu ra l ru b b e r  and  p o ly sty ren e . T he 
th e rm a l b eh a v io r o f  natural ru b b e r  and p o ly sty ren e  (n a tu ra l ru b b e r /P S ) b lends is 
p o o r th a t co m es fro m  im m isc ib le  and  in co m p a tib le  (A sa le th a  e t a l., 1998). H ence, 
th e  ad d itio n  o f  a  su itab le  c o m p a tib iliz e r  w h ich  is N R -g -P S  c o p o ly m er can  im prove  
th e  co m p a tib ility  as w ell as th e ir  therm al b eh a v io r o f  th e  b len d s . It w as fo u n d  tha t the 
w e ig h t loss o f  th e  b len d s is lo w er th an  th a t o f  the  p u re  co m p o n en t. T h is  resu lt 
su g g es ted  th a t th is  b len d in g  sy stem  can  im p ro v e  the th e rm a l b eh av io r by  increase  
in itia l d e c o m p o s itio n  tem p era tu re  o f  the b lends.

In a n o th e r  m o d ified  n a tu ra l ru b b er, m ale ic  a n h y d rid e  (M A ) w as add ed  in to  
p o ly am id e  6 /  n a tu ra l ru b b er b len d s  in o rd e r to  fo rm  a  g ra ft co p o ly m e r betw een  
n a tu ra l ru b b e r an d  p o ly am id e  6  d u rin g  p ro cess in g , w h ich  can en h an ce  the 
co m p a tib ility  o f  ru b b e r-p o ly am id e  b len d s (C a ro n e  e t a l., 2 0 0 0 ). D u rin g  p ro cessin g , 
M A  can  reac t w ith  b o th  n a tu ra l ru b b e r and  p o ly am id e  6  le ad in g  to  g ra ft co p o ly m er 
fo rm a tio n  w h ich  w as co n firm ed  b y  M olau  te s t and  D M A  re su lts . F u rth e rm o re , w hen  
th e  M A  w as ad d ed  to  the  ru b b er, th e  b len d  m o rp h o lo g y  a n a ly s is  sh o w ed  a  red u c tio n  
in  p a rtic le  s ize  o f  ru b b ers , w h ich  a lso  co n firm  the  fo rm a tio n  o f  th e  g ra ft co p o ly m er 
p ro p o sed  in  fig u re  2 .8 .

M a le ic  A n h y d r id e  ( M A )

แ- ร ์ 11 A
v/W'/ พ
N a tu r a l R u b b e r  M a le a te d  N a tu r a l

R u b b e r
P o ly a m id e  6

i

> -  P o l)a m id e

o
N R - S - P A 6

แ;o

Figure 2.8 P o ss ib le  reac tio n s am o n g  M A , p o ly am id e  6  an d  n a tu ra l ru b b er tha t can  
tak e  p lace  d u rin g  p rocessing .
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M ale ic  an h y d rid e  g ra fted  e th y len e  p ro p y len e  d ien e  ru b b e r (E P D M -g -M A ) 
w as u sed  to  m in im ize  th e  p h ase  s ize  in  ch lo rin a ted  p o ly p ro p y le n e /n a tu ra l ru b b er 
b len d s  (S ir is in h a  e t a l., 2 004 ). T h e  resu lts  sho w ed  th a t th e  ad d itio n  o f  E P D M -g -M A  
can  d ec rea se  th e  phase  s ize  th a t can  re fe r  to  the  g ood  h o m o g en e ity  o f  th e  b lends. It 
w as o b se rv ed  th a t the  o p tim u m  co n cen tra tio n  o f  E P D M -g -M A  is 1 phr. W hile  
bey o n d  th is  c o n cen tra tio n , p h ase  s ize  sta rts  to in c rease . M o reo v er, th e  ad d itio n  o f  
p h en o lic  a n tio x id a n t can  a lso  im p ro v e  a  th e rm al s ta b iliz a tio n  o f  n a tu ra l ru b b er phase  
by  a p p a ren tly  d e c rea ses  th e  p h ase  s ize  in  b len d s lead in g  to  reduce  p h a se  co a lescen ce  
d u rin g  b len d in g . T h is  s tu d ied  a lso  su g g es t th a t the sm a lle r  d isp e rsed  p h a se d  size, the  
h ig h e r re s is tan ce  to  oil and  th e rm al ag in g  w as observ ed .

M o reo v e r, m a lea ted  n a tu ra l ru b b e rs  (M N R s) w ere  a lso  m o d ified  by  th e  
reac tio n  o f  n a tu ra l ru b b e r w ith  m ale ic  an h y d rid e  (M A ) in o rd e r  to  im prove  the  
co m p a tib ility , rh eo lo g ica l and  th erm al p ro p ertie s  o f  the n a tu ra l ru b b er/ 
P o ly m e th y lm e th a a c ry la te d , P M M A  b len d s  (N ak aso n  e t a l., 2006). It w as  found  tha t 
th e  p e rcen tag e  o f  g rafted  M A  in c reased  w ith  in c rea s in g  c o n c e n tra tio n s  o f  M A . T he 
re su lts  a lso  sh o w ed  tha t th e  ch em ica l in te rac tio n  b e tw een  p o la r g ro u p s  in M N R  
m o lecu les  re su lte d  in th e  in c rease  o f  m o o n ey  v isc o s ity  and  sh ea r v isco sity  w ith  
in c reas in g  lev e ls  o f  M A  m o n o m er. B esid es, th e  d e c o m p o s itio n  te m p e ra tu re  and  g lass 
tran s itio n  te m p e ra tu re  o f  th e  M N R s in creased  w ith  in c rease  th e  M A  m o n o m er 
co n cen tra tio n . T h e  re su lt a lso  sh o w ed  th a t s izes o f  d isp e rse d  P M M A  d o m ain s 
d ec reased  w ith  in c reas in g  M A  co n cen tra tio n  su g g ested  th e  g ood  co m p a tib ility  o f  N R  
an d  P M M A  b len d s  due to th e  ad d in g  o f  m a lea ted  n a tu ra l ru b b ers  as a  co m p a tib ilize r.

2.3 Glycerol

G ly ce ro l o r 1 ,2 ,3 -p ro p an e trio l is th e  s im p les t tr ih y d ric  a lco h o l w h ich  is a 
d e riv a tiv e  o f  p ro p an e  (G a rrid o  et a l., 2 0 0 7 ). Its em p iric a l fo rm u la  C 3 H 8O3 w h ich  
in d ica te s  th e  m o le c u la r  w e ig h t 92 .09  has tw o  p rim arie s  an d  one  se co n d a ry  hyd roxy l 
and  the  p rim a ry  h y d ro x y ls  a re  u su a lly  m o re  reac tiv e  th an  th e  se co n d a ry  g roup , and  
th e  first o n e  to  reac t d o es  so m o re  read ily  th an  th e  seco n d  (f ig u re  2 .9 ).
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Figure 2 .9  T h e  s tru c tu re  o f  g lycero l.

G ly ce ro l is c o m p le te ly  so lu b le  in w a te r an d  a lco h o l (F o lla in  e t a i ,  2006). It 
is s lig h tly  so lu b le  in  e th er, e thy l ace ta te , and  d io x an e  and  in so lu b le  in  h y d rocarbons. 
G ly cero l has u se fu l so lv e n t p ro p ertie s  s im ila r to th o se  o f  w a te r an d  sim p le  a lip h a tic  
a lcoho l b e c a u se  o f  its th ree -h y d ro x y l g roups. G ly ce ro l is s tab le  to a tm o sp h eric  
o x y g en  u n d e r  o rd in a ry  co n d itio n s  bu t is read ily  o x id ized  by  so m e  o th e r o x id an ts  
(F ish m an  e t a i ,  2000 ). It is n o n -to x ic ity , co lo rle ss , o d o rle ss  w h e n  p u re , v isco u s  and 
high w a te r  ab so rp tio n  at ro o m  tem p era tu re  (S te in  et a i ,  1999). M o reo v er, it has a 
w arm  sw e e t tas te  and  is neu tra l to  ind ica to rs.

In  ad d itio n , g ly ce ro l is w id e ly  u sed  as p la s tic ize r  in  p o ly m e r p ro cess in g  
b ecau se  it c a n  p ro v id e  so ftn ess  to  m ateria ls . A cc o rd in g  to th e  h y d ro x y l g roups o f  
g ly ce ro l c a n  ad so rb  m o is tu re  and  en la rg e  so ftn ess  (F o lla in  e t a i ,  2 0 0 6 ). M oreover, 
g ly cero l can  ac t as ch a in  e x ten d e r th a t it can  in c rease  the  m o b ility  o f  p o ly m er. For 
th is  re a so n , g ly cero l can  im p ro v e  b o th  p ro cessab ility  and  m ech an ica l p ro p erties  
(G arrid o  e t a i ,  2007 ). T h u s, g ly cero l is ex p ec ted  to  in c rease  f lex ib ility  o f  the 
m a te ria ls  as  w ell.

In  th e  p rev io u s  w o rk , the  e ffec ts  o f  the  ad d itio n  o f  a  fo u rth  c o m p o n en t to  the  
sta rch  g ly c e ro l/w a te r/sy s tem  used  in th e rm o p la s tic  sta rch  m a te ria ls  on  the  b asis  o f  
sta rch  so rp tio n  s ite  a v a ilab ility  w ere  ev a lu a ted  (F o lla in  et a i ,  2 0 0 6 ). T h e  starch  
so rp tio n  s ite  can  ab so rb  b o th  w a te r an d  g lycero l d ep en d in g  on  th e  g ly cero l co n ten t 
and  th e  c h o se n  re la tiv e  hu m id ity . Its sites a re  sa tu ra ted  by  sp ec ific  g ly ce ro l/w a te r 
c o n cen tra tio n s . T he  ad d itio n  o f  a fo u rth  co m p o n en t befo re , n e a r  o r  a fte r  th is  sta rch  
sa tu ra tio n  p o in t is a  p o ten tia lly  in te res tin g  co n c e p t b ecau se  o f  its e ffec t on  the 
m ech an ica l p ro p e rtie s  o f  th e  w h o le  sy stem  (q u a te rn a ry  sy stem ). T h e  resu lts  in d ica ted  
that th e  a d d itio n  o f  a  p o la r  p o ly m er led  to  a s tra in  in c rease  (a t b re a k )  b e fo re  and  at 
the  sa tu ra tio n  p o in t, an d  to  a s tra in  d ecrease  a fte r  th e  sa tu ra tio n  p o in t. T he ad d itio n  
o f  in o rg an ic  fillers and  n a tu ra l fibers gave  a s tren g th  d ec rease  an d  a  s tra in  in c rease  at
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b reak  in s tead  o f  g iv in g  th e  ex p ec ted  fille r/fib e r re in fo rced  c o m p o site  w h ile  the 
ad d itio n  o f  a c o p la s tic ize r  is p o ss ib le  to  av o id  g ly cero l e n ric h e d  d o m ain s , w hich  
d e c rea se  th e  m a te ria ls  co h esio n .

G ly cero l w as  u sed  as p la s tic ize r in  s ta rch  based  film  (G arc ia  e t a l ,  2011). 
S ta rch  n an o p a rtic le s  w ere  p rep a red  by ac id  h y d ro ly sis  o f  w ax y  m a ize  starch  
g ran u les. T h ey  w ere  u sed  to  re in fo rce  a w ax y  m a ize  s ta rc h  m a trix  o b ta in ed  by 
g e la tin iza tio n . B o th  un filled  and  filled, as w ell as u n p la s tic iz e d  an d  g lycero l 
p la s tic iz e d  film s w ere  p ro cessed  by  the  ca s tin g /e v a p o ra tio n  te ch n iq u e . T h e  struc tu re  
o f  c ry s ta llin e  n an o p a rtic le s  w as n o t a ffec ted  by  th e  p ro cess in g  m eth o d . A ll the  resu lts  
lead  to  th e  co n c lu s io n  tha t a  c lo se  asso c ia tio n  e x is ts  b e tw een  s ta rch  n an o cry sta ls  and 
g ly ce ro l-r ich  d o m ain s . T h is  a sso c ia tio n  w as su p p o rted  by  S E M , from  a  p ecu lia r 
fib rilla r m o rp h o lo g y  fo r g ly cero l p la stic ized  co m p o site , an d  b y  D M A , fro m  a strong  
a lte ra tio n  o f  the  re la x a tio n  p ro cess  assigned  to  th e  g lass tra n s itio n  o f  g ly ce ro l-rich  
d o m ain s . T h ese  ch an g es  re su lt in  an  u n ex p ec ted  in crease  o f  th e  w a te r  v ap o r 
p e rm e a b ility  o f  th e  p la s tic iz e d  film  u p o n  ad d itio n  o f  sta rch  n an o p a rtic le s .

G ly ce ro l co u ld  be u sed  as p la s tic ize r  in  sta rch  and  L D P E  b len d s  (G arg  and  
Jan a , 2 0 0 7 ). T h e  b len d  ch a rac te ris tic s  w e re  im p ro v ed  th ro u g h  the red u c tio n  in 
h y d ro p h ilic ity  o f  th e  s ta rch  by  m o d ifica tio n  o f  s ta rch  by  c ro ss lin k in g  an d  b y  using  
p la s tic iz e r  g lycero l. It w as fo u n d  th a t g ly cero l m o d ifica tio n  o f  c ro ss - lin k e d  starch  d id  
n o t im p ro v e  the  te n s ile  s tren g th  b u t percen t e lo n g a tio n  o f  th e  film  i.e. s tre tch -ab ility  
o f  th e  film  in creased . A n d  th ey  su g g est tha t th e  g ly cero l re q u ire m e n t fo r m od ifica tion  
a fte r c ro ss lin k in g  o f  s ta rch  is im p o rtan t b ecau se  ex cess q u a n tity  o f  g ly cero l fo r 
p la s tic iz in g  w ill lead  to  p o o r p ro p erties  o f  th e  film . M o re o v e r, w ith  g lycero l 
m o d ifica tio n  a fte r  c ro ss-lin k in g  o f  starch , th e  co m p a tib ility  fu r th e r  in c reased  to  g ive 
b e tte r  su rface  ch a ra c te ris tic s  and  u n ifo rm ity  o f  th e  b len d  film s.

M o reo v er, g ly ce ro l w as  b lended  w ith  ch ito san  d u e  to  it is a  m odel low  
m o le c u la r  w e ig h t g la ss -fo rm in g  liq u id  (G arrid o  et a l ., 2007 ). It w as  fo u n d  th a t the  (3- 
re la x a tio n  in  the  b len d s  d ep en d s on  g lycero l co n cen tra tio n . It has b een  in te rp re ted  as 
m o tio n s  o f  th e  side  ch a in s  o f  ch ito san  linked  to  g ly cero l by  h y d ro g e n  b o n d in g . F or 
h igh  ch ito sa n  co n ten t, the  b len d s  are h o m o g e n o u s  and  a d e c rea se  o f  th e  g lycero l 
m o b ility  w as o b se rv ed . T h ese  resu lts  are  in  ag reem en t w ith  th e  a ssu m p tio n  o f  a 
“ c lu s te rin g  m o d e l”  a t h ig h  g lycero l co n c e n tra tio n s , c o n s is tin g  o f  a  tw o -s tep
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m ech an ism . A  first step , in  w h ich  the  so lv e n t w as so rb ed  b y  m ean s o f  hyd rogen  
b o n d s  on  p o ly m er-sp ec ific  s ite s  and  a se co n d  one, a  so lv e n t c lu s te rin g  aro u n d  the 
first so rb ed  so lv e n t m o lecu le s  fo rm ing  a  h y d ro g en  b o n d ed  n e tw o rk  o f  g lycero l 
m o lecu les .

2.4 Glutaraldehyde

G lu ta ra ld eh y d e  o r 1 ,5 -p en taned ia l (B ep p u  et a i ,  2 0 0 7 ) is an  a liphatic  
d ia ld eh y d e  th a t u n d e rg o es  m o s t o f  the  ty p ica l a ld eh y d e  re a c tio n s  to  fo rm  aceta ls , 
cy an o h y d rin s , o x im es, h y d razo n es  and  b isu lf ite  co m p lex es . T h e  m o le c u la r  fo rm u la  is 
C 5H g 0 2 w h ich  s tru c tu re  is sh o w n  b e lo w  in fig u re  2 .10 . G lu ta ra ld e h y d e  is a  co lo rless 
o ily  liqu id . C o m m erc ia l sam p le s  m ay h av e  a  s ligh tly  co lo u re d  tin t an d  an  o dour o f  
ro tte n  app les. In  th e  v a p o u r s ta te , g lu ta ra ld eh y d e  has a  p u n g e n t o d o u r, w ith  an odour 
th re sh o ld  o f  0 .0 4  ppm . G lu ta ra ld eh y d e  is rap id ly  so lu b le  in  an  all p ro p o rtio n s  in 
w a te r  and  e th an o l and  g en e ra lly  so lub le  in b en zen e  and  e ther.

Figure 2.10 T h e  s tru c tu re  o f  g lu ta ra ld eh y d e .

G lu ta ra ld eh y d e  is w id e ly  use  as c ro ss lin k in g  ag en t d u e  to  it is easily  
av a ilab le , in ex p en s iv e  an d  its  aq u eo u s so lu tio n s  can  e ffe c tiv e ly  c ro ss lin k  in  a 
re la tiv e ly  sh o rt p e r io d  (B ig i e t a l., 2001 ). T h e  su ccess o f  th o u sa n d s  o f  b io p ro sth e tic  
im p lan ts  d e m o n s tra te d  in  th e  last ten s  o f  years in d ica te s  th a t g lu ta ra ld eh y d e  
c ro ss lin k in g  h as  b een  c lin ic a lly  accep tab le  and  has m a n y  m erits  in  sp ite  o f  the  
rep o rts  on  its cy to to x ic ity  (Jay ak rish n an  an d  Jam eela , 1996). T h e  risk  o f  cy to to x ic ity  
c a n  be  im p ro v ed  by  lo w erin g  the  co n cen tra tio n  o f  G T A  so lu tio n s  o r  tho rough  
tre a tm e n t p rio r  to  u sag e  (Z h a n g  et a i ,  2006 ).

In th e  p rev io u s  w o rk , g lu ta ra ld eh y d e  w as u sed  as a  c ro ss lin k in g  agen t in 
o rd e r to  im p ro v e  th e ir  w a te r-re s is tan t ab ility  and  th e rm o m ech n ica l p e rfo rm an ce  fo r
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potential biomedical applications of gelatin nanofibers (Zhang et al., 2006). The 
electrospun gelatin nanofibers were crosslinked with saturated glutaraldehyde vapor 
at room temperature for 3 days. The results showed that the crosslinking has also 
enhanced the thermal stability and mechanical properties. With a combined moisture 
content of 15.5 wt%, the dénaturation temperature increased by ca. 11 °c, whereas, 
the tensile strength and modulus were improved to nearly 1 0  times higher than those 
of the as-electrospun membranes. Moreover, cytotoxicity test indicated that the 
glutaraldehyde crosslinked fibrous scaffolds could support the proliferation of human 
dermal fibroblasts. The initial inhibition of cell expansion on the crosslinked gelatin 
fibrous scaffolds suggested some cytotoxic effect of the residual glutaraldehyde on 
the cells. These crosslinked gelatin nanofibers could be suitable for a variety of 
applications like for tissue engineering scaffolds to improve cell-scaffold interaction, 
in pharmaceteutical therapy, for medical sutures, as industrial filtration, and so on.

In addition, glutaraldehyde was used as crosslinking agent for chitosan 
fibers (Jonathan et al., 1998). A highly deacetylated chitosan from shrimp shells with 
a degree of deacetylation of 95.28 % was prepared and spun into a monofilament 
fiber using a solution of 4 % (w/v) chitosan in 4 % (v/v) aqueous acetic acid. It was 
found that fiber mechanical properties can be improved by reactions with aqueous 
solutions of glutaraldehyde. A similar trend was noted at fixed concentrations over 
increasing times and temperatures. The reaction is suggested to be a crosslinking 
reaction and swelling results have supported this supposition. They have suggested 
that the mechanism for crosslinking was that of a Schiff ร base reaction between a 
glutaraldehyde and the free amine on the chitosan backbone. IR spectra have been 
presented herein illustrating that a Schiff ร base reaction does indeed occur between 
glutaraldehyde and chitosan. However, further evidence suggests that the reaction 
takes place between the chitosan free amine and a hemiacetal.
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