
CHAPTER VIII
ELECTROSPINNING OF HEXANOYL CHITOSAN/POLYLACTIDE

BLENDS

8.1 ABSTRACT

T h e  e le c tr o sp in n in g  o f  h e x a n o y l c h ito sa n  (H -c h ito sa n ) , p o ly la c tid e  (P L A ), 
and th eir  b le n d s  w a s  p erfo rm ed  u s in g  c h lo r o fo r m , d ich lo ro m eth a n e , or 
te trah yd rofu ran  as a sp in n in g  so lv e n t. T h e  a s -sp u n  P L A  fib ers  ap p eared  to b e  round  
in th eir  c r o s s - s e c t io n , w ith  rou g h  su r fa ce  m o r p h o lo g y , w h i le  th e  a s -sp u n  H -ch itosa n  
fib ers  w e r e  fla t, w ith  sm o o th  su r fa ce  m o r p h o lo g y . T h e  a s-sp u n  fib ers from  
H -c h ito sa n /P L A  b len d  so lu t io n s  in  c h lo ro fo rm  w ith  th e H -c h ito sa n  so lu t io n  con ten t  
o f  le s s  than or eq u a l to  50%  พ /พ  w er e  c o n tin u o u s  w ith o u t  th e  p r e se n c e  o f  b ead s, 
w h ile  th o se  from  th e b le n d  so lu t io n s  in  d ic h lo r o m e th a n e  w e r e  b ea d e d  fib ers or ev en  
ju s t  b e a d s  at h ig h  H -c h ito sa n  so lu t io n  c o n ten t. T h e  d ia m e te r s  o f  th e  a s-sp u n  fibers 
from  b le n d  s o lu t io n s  w ith  H -c h ito sa n  so lu t io n  c o n ten t o f  le s s  than or  eq u a l to 50%  
พ /พ  d e c r e a se d  w ith  in c r e a s in g  a m o u n t o f  H -c h ito sa n  so lu t io n . T herm al 
c h a r a c ter is tic s  and c r y s ta llin e  structure o f  s e le c te d  a s -sp u n  fib ers from  pure and  
b le n d  s o lu t io n s  in  c h lo r o fo r m  w e r e  ch a ra cter ized  b y  th e r m o -g r a v im e tr ic  an a lysis  
(T G A ), d if fe r e n tia l s c a n n in g  ca lo r im e tr y  (D S C ) , and w id e -a n g le  X -r a y  d iffraction  
(W A X D )  te c h n iq u e s .

(Key-words: ch ito sa n ; h e x a n o y l ch ito sa n ; p o ly la c tid e ;  p o ly m e r  blend;
e le c tr o sp in n in g )
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8.2 INTRODUCTION

A m o n g  th e v a r io u s  a lip h a tic  d eg ra d a b le  p o ly e s te r s , p o ly la c t id e  (P L A ) has  
b e e n  c o n s id e r e d  as o n e  o f  th e  m o st  in terestin g  an d  p r o m is in g  b iod egrad ab le  
m a ter ia ls  and  h as b e e n  a m ateria l o f  c h o ic e  to  b e  u se d  in  v a r io u s m ed ica l 
a p p lic a t io n s , su ch  as su rg ica l su tu res [1 ] , d ru g  d e liv e r y  v e h ic le s  [2 ], and b on e  
f ix tu r e s  [3 ], T h e  u se  o f  th e se  p ro d u cts  in  v iv o  h a s a tr em en d o u s ad van tage ov er  
trad ition a l o n e s  d u e  to th e  fact that P L A  ca n  b e  m e ta b o liz e d  c o m p le te ly  in sid e the  
b o d y  [4 ] , T h e  in c r e a s in g  u se  o f  b io d e g r a d a b le  p o ly m e r s  in  m e d ic in e  h as attracted  
p o ly m e r  s c ie n t is ts  and  th e  lik e s  in  p u rsu it o f  n e w  m a ter ia ls  that ex h ib it  unique  
p ro p er tie s  for s p e c if ic  u se s  in th e  fie ld .

C h ito sa n  or ( l - > 4 ) - l in k e d  2 -a m in o -2 -d e o x y -P -Z 7 -g lu c a n  is  a partia lly  
N -d e a c e ty la te d  d e r iv a t iv e  o f  ch it in  or p o ly (jY -a c e ty l-Z )-g lu c o sa m in e ) , o n e  o f  the m ost  
ab u n d an t p o ly sa c c h a r id e s  c o m m o n ly  fou n d  in  s h e lls  o f  v a r io u s  in se c ts  and  
cru sta c e a n s  a s  w e l l  as c e l l  w a lls  o f  v a r io u s  fu n g i. C h ito sa n  h as b e e n  exp lored  as a 
su ita b le  fu n c tio n a l m ater ia l for b io m e d ic a l u t i liz a tio n , d u e  m a in ly  to its  
b io c o m p a t ib il ity , b io d e g r a d a b ility , and n o n -to x ic ity . A c y la te d  c h ito sa n s , a series o f  
c h ito sa n  d e r iv a t iv e s , are so lu b le  in  v a r io u s  o r g a n ic  s o lv e n ts ,  su ch  as ch loroform , 
b e n z e n e , p y r id in e , and  tetrah yd rofu ran  (T H F ). 7V -acylated c h ito sa n s  h av e  b een  
fab r ica ted  as m em b r a n e s  [5 ] , fib ers [6 ], and f ilm s  [7 ] . A m o n g  th e  v a r io u s  N -acy la ted  
c h ito sa n s , N -h e x r n o y l c h ito sa n  e x h ib ite d  the b e st  b lo o d  c o m p a tib ility  [8 ]. 
F u rth erm ore, A -h e x a n o y l and  .Y -o cta n o y l c h ito sa n s  w e r e  fou n d  to b e  anti- 
th r o m b o g e n ic  and resistan t to  h y d r o ly s is  b y  ly s o z y m e  [9 ] . A s  a resu lt, acy lated  
c h ito sa n s  are v e r y  a ttractive  c h ito sa n  d e r iv a t iv e s  to  b e  u se d  ir. b io m ed ica l 
a p p lic a tio n s .

P o ly m e r  fib ers  are u se d  in  a w id e  v a r ie ty  o f  a p p lic a t io n s  ra n g in g  from  tex tiles  
to c o m p o s ite  r e in fo r c e m e n ts . T ra d ition a l m e th o d s  for  o b ta in in g  p o ly m e r  fibers 
in c lu d e  m e lt  sp in n in g  [1 0 ] , w e t  sp in n in g , and g e l s p in n in g  [1 1 ] , R e c e n tly , there has  
b e e n  in c r e a s in g  in terest in  an o th er  m e th o d  o f  f ib er  p ro d u c tio n , i.e . e lectrostatic  
s p in n in g  or e le c tr o sp in n in g , w h ic h  ca n  p r o d u c e  fib ers  that are su b -m icro m eters  d ow n  
to n a n o m e te r s  in  d ia m eter . T h e  e le c tr o sp in n in g  p r o c e s s , first p a ten ted  b y  Form hals
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in  1 9 3 4  [1 2 ] , h as b e e n  s tu d ied  e x t e n s iv e ly  p articu la r ly  b y  R e n e k e r  and  cow ork ers  
[1 3 ]  and V a n c so  and c o w o r k e r s  [1 4 ]  d u rin g  th e  e a r ly  r e -v is its  o f  th e  te c h n o lo g y . V ia  
ca re fu l s e le c t io n s  o f  th e  s o lu t io n  and  th e  p r o c e ss  p ara m eters (e .g . so lu tio n  
c o n c e n tr a tio n , a p p lied  e le c tr o sta tic  f ie ld  stren g th , e tc .) ,  u ltra fin e  fibers w ith  
d ia m eters  d o w n  to a fe w  ten s  o f  n a n o m e te r s  c o u ld  b e  fab rica ted .

In e le c tr o sp in n in g  a p o ly m e r  so lu t io n , so lv e n t  is  o n e  o f  th e  m ain  factor  
d e te r m in in g  th e sp in n a b ility  o f  th e  so lu t io n . W ater , a g o o d  so lv e n t  for p o ly e t h y le n e  
o x id e )  (P E O ), w a s  u sed  in  s u c c e s s fu l e le c tr o sp in n in g  o f  P E O  [ 1 5 -1 7 ] ,  W h en  ethanol 
w a s  ad d ed  to w a ter , th e  d ia m eters  o f  th e  re su lt in g  P E O  fib ers  ap p eared  to  b e  larger 
and  th e b ea d ed  fib ers  ear lier  o b se r v e d  d isa p p ea red  [1 5 ] , T h e  rea so n  w a s  attributed to  
the red u ctio n  in th e  ch a rg e  d e n s ity  carr ied  b y  a ch a rg ed  je t  and  the in crease  in 
v is c o s it y  and ev a p o ra tio n  rate o f  th e  re su lt in g  P E O  so lu t io n s . D im eth y lfo rm a m id e  
(D M F ) w a s  u sed  in su c c e s s fu l e le c tr o sp in n in g  o f  p o ly a c r y lo n itr ile  [18] and  
p o ly u re th a n eu rea  c o p o ly m e r  [1 9 ];  w h e r e a s , a m ix e d  so lv e n t  o f  d ich lo r o m e th a n e  and  
D M F  w a s  req u ired  for s u c c e s s fu l e le c tr o sp in n in g  o f  p o ly (p -d io x a n o n e -c o -L - la c t id e ) -  
b -p o ly (e th y le n e  g ly c o l)  [2 0 ] , S o lv e n ts  w ith  h ig h  v a p o r  p ressu res, e .g .  
c a r b o n d isu lfid e  (C S 2), w a s  th o u gh t to b e  th e  rea so n  for th e  o b se r v e d  n an op orou s  
m o r p h o lo g y  o f  e le c tr o sp u n  p o ly s ty r e n e  (P S )  fib ers and tr ich lorom eth a n e  or 
c h lo r o m e th a n e  w a s  fou n d  to  b e  th e  b e st  so lv e n t  for p r o d u c in g  h ig h ly  textured  
p o ly (m e th y l m eth a c r y la te )  (P M M A ) fib ers  [2 1 ] .

E lec tro sp u n  P L A  fib ers h a v e  b e e n  sh o w n  to h a v e  se v e r a l a p p lica tio n s  for 
m e d ic a l u se s , su ch  as w o u n d  d r e ss in g  and  t is su e  s c a f fo ld in g  [2 2 -2 4 ] ,  D esp ite  its  
p o te n tia l a p p lic a t io n s  in the m e d ic a l area [8 ,9 ] , s u c c e s s fu l  e le c tr o sp in n in g  o f  
h e x a n o y l c h ito sa n  (H -G h ito sa n ) h as n o t yet b e e n  rep orted  in th e  o p e n  literature. 
P r e v io u s ly , w e  rep orted  th e c h a ra c ter iza tio n  o f  H -c h ito sa n /P L A  b le n d  f ilm s  prepared  
b y  th e  so lu t io n -c a s t in g  te c h n iq u e  [2 5 ] . It w a s  fou n d  that a d d it io n  o f  H -ch itosa n  
h e lp e d  im p ro v ed  th e p h y s ic a l and m e c h a n ic a l o f  th e  n o r m a lly  b r ittle  P L A  film  [25]. 
In th e p resen t co n tr ib u tio n , e le c tr o sp in n in g  w a s  a p p lied  to fab r ica te  u ltra fin e  fibers 
from  p u re H -c h ito sa n , P L A , and th eir  b le n d s  u s in g  c h lo r o fo r m , d ich lo ro m eth a n e  or  
tetrah yd rofu ran  as th e  sp in n in g  so lv e n t. M o r p h o lo g y  and  s iz e s  o f  th e  a s-sp u n  fibers 
w e r e  in v e s t ig a te d  u s in g  sc a n n in g  e le c tr o n  m ic r o s c o p y  (S E M ) and th erm a l b eh av ior  
and c r y s ta llin e  stru ctu re o f  th e  a s -sp u n  fib ers w e r e  in v e s t ig a te d  u s in g  therm o
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g ra v im e tr y  a n a ly s is  (T G A ), d iffe r e n tia l sc a n n in g  c a lo r im e tr y  (D S C ) , and w id e -a n g le  
X -r a y  d if fr a c tio n  (W A X D ).

8.3 EXPERIMENTAL 

Materials
C h ito sa n  h a v in g  th e d e g r e e  o f  d e a c e ty la t io n  o f  ca . 91% w a s  prepared  from  

P e n a e u s  m e r g u ie n s is  sh r im p  s h e lls  b y  ac id  and a lk a li treatm en ts. C h ito sa n  w a s  
p u lv e r iz e d  in to  p o w d e r , th e  s iz e  o f  w h ic h  ran ged  from  71 to 75  p m , prior to further 
u se . H e x a n o y l c h ito sa n  (H -c h ito sa n )  w a s  sy n th e s iz e d  b y  rea c tin g  ch ito sa n  p ow d er  
w ith  h e x a n o y l c h lo r id e  (F lu k a , S w itz e r la n d ) in a m ix tu re  o f  an h yd ro u s pyrid ine  
(S ig m a -A ld r ic h , U S A )  and ch lo r o fo r m  (S ig m a -A ld r ic h , U S A )  [26], P L A  w a s  
su p p lie d  as a c o u r te sy  from  D a iseru  C h e m ic a ls  (Jap an). T h e  v isc o s ity -a v e r a g e  

m o le c u la r  w e ig h t  { M 01 ) o f  P L A  w a s  d e term in ed  (b a se d  o n  v is c o s it y  m ea su rem en ts  at 

25°c in  c h lo r o fo r m  f o l lo w in g  the M a r k -H o u w in k  e q u a tio n  o f  th e  form  [27]: 
[ๆ ]  =  7 .4  x i o "5-/ฬ„ 0 87) to  b e  ca. 70,000 g-m ol"1. C h lo ro fo rm , d ich lo ro m eth a n e , or 

tetrah yd rofu ran , u sed  as th e  sp in n in g  so lv e n t , w a s  p u rch a sed  from  L a b sca n  (A sia )  
(T h a ila n d ).

Preparation of Electrospun Fibers
T o  p rep are a s -sp u n  H -c h ito sa n /P L A  b le n d s  fib ers , s to c k  so lu t io n s  o f  

H -c h ito sa n  and P L A  w e r e  first prep ared  se p a r a te ly  u s in g  ch lo ro form , 
d ic h lo r o m e th a n e , or  te trah yd rofu ran  as th e  so lv e n t. T h e  co n ce n tr a tio n  o f  H -ch itosa n  
s to c k  s o lu t io n  w a s  10%  w /v , w h ile  th e  c o n cen tra tio n  o f  P L A  s to c k  so lu t io n s  w as  
e ith er  2 0  or  24 %  w /v . S lig h t  stirrin g  w a s  u sed  to e x p e d ite  th e  d is so lu tio n  and to  
h o m o g e n iz e  th e  so lu t io n s . It sh o u ld  b e  n o ted  that th e  20%  w /v  P L A  so lu tio n  w as  
p rep ared  in ord er  to  illu stra te  th e  e f fe c t  o f  th e  so lu t io n  co n ce n tr a tio n  o n  th e  resu ltin g  
a s-sp u n  fib ers . T h e  s to c k  s o lu t io n s  o f  H -c h ito sa n /P L A  b le n d s  w e r e  c o n v e n ie n tly  
p rep ared  b y  m ix in g  th e  s to c k  so lu t io n s  o f  th e  p ure m ater ia l in  the fo l lo w in g  w eigh t  
ratio s (H -c h ito sa n /P L A ):  8 0 /2 0 , 6 0 /4 0 , 5 0 /5 0 , 4 0 /6 0 , and  2 0 /8 0 , r e sp e c tiv e ly ) .
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T o  e le c tr o sp in  ea c h  o f  the s to c k  so lu t io n s  p rep ared , ab o u t 3 m l o f  the so lu tion  
w a s  f ille d  in  a 5 -m l sy r in g e , w ith  a b lu n t-en d , s ta in le s s  s te e l n e e d le  (in n er  d iam eter =  
0 .9  m m ) b e in g  a ttach ed  at the o p e n in g  en d . B o th  th e  sy r in g e  and  th e  n e e d le  w a s  
t ilted  4 5 °  from  a v e r tic a l lin e . T h e  n e e d le  w a s  c o n n e c te d  to  th e  e m ittin g  e lectrod e o f  
a G a m m a  H ig h  V o lta g e  R esea rch  E S 3 0 P -5 W  h ig h -v o lta g e  su p p ly  cap ab le o f  
g e n e r a tin g  a D C  v o lta g e  in  the ran g e  o f  0  to  3 0  k v .  A n  A1 sh ee t, u sed  as the  
c o l le c t iv e  sc r e e n , w a s  c o n n e c te d  to the grou n d  e le c tr o d e  o f  th e  p o w e r  su p p ly  and  
w a s  p la c e d  p e r p en d icu la r  to th e  n e e d le . T h e  d is ta n c e  b e tw e e n  th e  n e e d le  tip and the  
c o l le c t iv e  s c r e e n  d e f in e s  a c o l le c t io n  d ista n c e . T h e  a p p lied  e lec tro sta tic  fie ld  
stren g th  w a s  f ix e d  at 16 k V /1 5  cm  and th e e le c tr o sp in n in g  p r o c e s s  w a s  carried  out at 
room  tem p era tu re  ( i.e . ab o u t 2 5 ° C )  w ith in  a f ix e d  c o l le c t io n  t im e  o f  5 m in u tes.

Characterization
S h ea r  v is c o s it y  o f  th e  H -c h ito sa n /P L A  b le n d  s o lu t io n s  w a s  m easu red  u sin g  a 

B r o o k fie ld  D V -III  p ro g ra m m a b le  v is c o m e te r  at 25°c. M o r p h o lo g ic a l appearance o f  
th e  a s -sp u n  p ro d u cts  w a s  e x a m in e d  b y  a JE O L  J S M -5 2 0 0  sc a n n in g  e lectron  
m ic r o s c o p e  (S E M ). T h e  sp e c im e n s  for S E M  o b se r v a tio n  w e r e  p rep ared  b y  cu ttin g  
an A1 sh e e t  c o v e r e d  w ith  th e a s-sp u n  w e b s  and  th e  cu t s e c t io n  w a s  c a r e fu lly  a ffixed  
o n  a c o p p e r  stu b . E a ch  sa m p le  w a s  c o a ted  w ith  th in  la y er  o f  g o ld  u s in g  a JE O L  JFC- 
1 1 0 0 E  io n  sp u tter in g  d e v ic e  prior to o b se r v a tio n  u n d er S E M . F or ea ch  sp in n in g  
c o n d it io n , at lea st 8 0  m ea su r e m e n ts  for th e  fib er  d ia m eters  w e r e  reco rd ed . Statistica l 
a n a ly s is  o f  th e  d ata  o b ta in ed  w a s  carried  ou t, from  w h ic h  an a r ith m etic  m ean  and a 
stan dard  d e v ia t io n  w e r e  reported .

T h erm al p ro p er tie s  o f  th e  a s-sp u n  p ro d u cts  w e r e  a n a ly z e d  b y  therm o- 
g ra v im e tr ic  a n a ly s is  (T G A ) and d iffe r e n tia l s c a n n in g  c a lo r im e tr y  (D S C ), 
r e s p e c t iv e ly . T G A  p attern s w er e  m ea su red  o n  a P e r k in -E lm e r  D ia m o n d  T G /D T A  
a n a ly z e r  at a h e a t in g  rate o f  lO ^ - m in ’1 u n der n itro g en  a tm o sp h e r e  o v e r  a scan n in g  
ran ge o f  50 to  500°c. S a m p le s  o f  ab ou t 5 to 10 m g  w e r e  u se d . T h e  m eltin g  
c h a ra c ter is tic  and  th e  c r y s ta llin e  stru ctu re o f  th e  a s -sp u n  p ro d u cts  w e r e  an a lyzed  b y  
D S C  and  w id e -a n g le  X -r a y  d iffra c tio n  (W A X D ), r e s p e c t iv e ly . D S C  therm ogram s  
w e r e  r e co rd ed  o n  a M e ttler  D S C  8 2 2 e /4 0 0  a n a ly z e r  at a h e a t in g  rate o f  10°C m in"'
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u n d er n itr o g e n  a tm o sp h ere , u s in g  th e standard  4 0  p i p an s (c o n ta in in g  about 3 to 4  
m g  o f  s a m p le s ) . W A X D  pattern s w e r e  reco rd ed  o n  a R ig a k u  R in t2 0 0 0  X -ray  
d iffr a c to m e te r . T h e  X -r a y  so u rce  w a s  C u  K a . T h e  s c a n n in g  ran g e  and th e sca n n in g  

sp e e d  w e r e  5 to  4 0 °  and 5 d e g -s '1, r e sp e c tiv e ly .

8.4 RESULTS AND DISCUSSION

Morphology of As-spun Fibers
C h lo r o fo r m , d ic h lo r o m e th a n e , or te trah yd rofu ran  w a s  c h o s e n  as the so lv en t  

in  th is  w o r k  b e c a u s e  th e y  w e r e  ab le  to  d is s o lv e  b o th  H -c h ito sa n  and P L A  into clear  
so lu t io n s . S o m e  im p ortan t p rop erties  o f  th e se  s o lv e n ts  are su m m a rized  in T ab le  8 .1 . 
H -c h ito sa n , P L A , and H -c h ito sa n /P L A  b len d  s o lu t io n s  w e r e  then  prepared b y  
p h y s ic a lly  m ix in g  th e s to c k  so lu t io n s  o f  H -c h ito sa n  and  P L A  in v a r io u s w e ig h t  
ratio s.

A s -sp u n  P L A  F ib ers
C h lo r o fo r m  and d ic h lo r o m e th a n e  w e r e  ab le  to  d is s o lv e  P L A  p e lle ts  to form  a 

c le a r  s o lu t io n  w ith in  6  h ou rs at ro o m  tem p era tu re , w h i le  tetrah yd rofu ran  w a s ab le to  
d o  s o  w ith in  1 h ou r at an e le v a te d  tem p era tu re  (a b o u t 1 0 0 °C ). W h en  the P L A  
s o lu t io n  in  tetra h y d ro fu ra n  w a s  c o o le d  d o w n  to ro o m  tem p era tu re , th e  fo rm erly  c lear  
so lu t io n  b e c a m e  in c r e a s in g ly  v is c o u s  and  c lo u d y . T h e  v i s c o s i t y  and su rfa ce  ten sio n  
o f  th e  a s -p rep a red  P L A  so lu t io n s  in  c h lo r o fo r m , d ic h lo r o m e th a n e  and  
te tra h y d ro fu ra n  w e r e  su m m a r iz e d  in  T a b le  8 .2 . In te r e s t in g ly , the v is c o s ity  o f  the  
P L A  s o lu t io n  in  d ic h lo r o m e th a n e  w a s  th e  lo w e s t  ( i .e . 17 8  c P ) , w h ile  that o f  the P L A  
so lu t io n  in  tetra h y d rofu ra n  w a s  th e  h ig h e s t  ( i .e . 7 7 8  c P ) . O n  th e o th er  hand, the  
su r fa c e  te n s io n  o f  th e  P L A  so lu tio n  in  tetrah yd rofu ran  w a s  th e  lo w e s t  ( i.e . 2 8 .5  
m N -m '1), w h i le  that o f  th e  P L A  so lu t io n  in  d ic h lo r o m e th a n e  w a s  th e  h ig h e st  (i.e .
4 4 .5  m N -m '1).

T h e  m o r p h o lo g ic a l a p p ea ran ce  o f  th e  a s -sp u n  fib ers  from  24 %  w /v  P L A  
s o lu t io n s  in  c h lo r o fo r m , d ich lo r o m e th a n e , an d  tetrah yd rofu ran  are sh o w n  in  
F ig u re  8 .2 . O b v io u s ly , th e  a s -sp u n  P L A  fib ers ap p ea red  to  b e  c ircu lar  in  their cross-
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sec tio n  and  th e  su rfa c e  o f  th e  fib e rs  ap p ea red  to  b e  ro u g h  w ith  p o re - lik e  struc tu re  
b e in g  p re sen t. T h e  fib e rs  o b ta in e d  from  2 4%  w /v  P L A  so lu tio n s  in  ch lo ro fo rm  and 
d ic h lo ro m e th a n e  e x h ib ite d  a b im o d a l d iam etric  d is tr ib u tio n  (i.e . w ith  the  average 
d iam e te rs  b e in g  0 .9 7  ±  0 .33  and  4 .63  ±  0 .89  p m  fo r fib e rs  from  2 4 %  w /v  PL A  
so lu tio n  in  c h lo ro fo rm  an d  0 .8 6  ±  0 .33  an d  5.01 ±  1.30 p m  fo r fib e rs  fro m  24%  w /v  
P L A  so lu tio n  in  d ic h lo ro m e th a n e , re sp ec tiv e ly ; see  T a b le  8 .3 ), w h ile  th o se  ob ta ined  
from  2 4 %  w /v  P L A  so lu tio n  in  te tra h y d ro fu ran  e x h ib ite d  an  a v e ra g e  d ia m e te r  o f  2 .17 
± 0 .83  p m  (see  T a b le  8 .3).

T h e  p o re - lik e  s tru c tu re  on  th e  su rface  o f  th e  fib e rs  is p o s tu la te d  to  be  a resu lt 
o f  th e  u se  o f  h ig h ly  v o la tile  so lv en ts  (see  th e  b o ilin g  p o in ts  lis ted  in  T a b le  8.1) and 
th e  m ic ro sc o p ic  p h a se  se p a ra tio n  o f  th e  so lu tio n s  at th e  su rfa c e  o f  th e  ejected , 
ch a rg ed  je t  th a t o c c u rre d  v e ry  rap id ly  d u rin g  e le c tro sp in n in g . W ith  th e  la tte r no tion  
in m in d , th e  so lv e n t-r ic h  p h a se  re a d ily  tran sfo rm ed  in to  th e  p o re - lik e  s tru c tu re . W ith  
reg a rd s  to  th e  b im o d a l d is tr ib u tio n  o f  th e  fib e r d ia m e te rs , it c o u ld  b e  ex p la in ed  that, 
d u rin g  th e  flig h t o f  th e  e jec ted , ch a rg ed  j e t  from  th e  n e e d le  to  th e  c o lle c to r  p la te , the  
p rim a ry  je t  co u ld  sp lit  ap a rt in to  m u ltip le , se c o n d a ry  je ts ,  re su ltin g  in  th e  fo rm ation  
o f  f ibers o f  d iffe re n t d ia m e te rs  [28],

T o  in v e s tig a te  th e  e ffec t o f  P L A  c o n c e n tra tio n  o n  d ia m e te rs  o f  th e  resu ltin g  
P L A  fib ers , th e  a s -sp u n  fib ers  from  2 0 %  w /v  P L A  so lu tio n  in  d ic h lo ro m e th a n e  w ere  
co m p ared  w ith  th o se  fro m  th e  24%  w /v  P L A  so lu tio n . T h e  d ia m e te rs  o f  th e  fibers 
o b ta in ed  from  th e  so lu tio n  o f  g re a te r  c o n c e n tra tio n  e x h ib ite d  a m uch  w ider 
d is tr ib u tio n , w h ile  th e  av e ra g e  v a lu es  ap p ea red  to  b e  q u ite  c o m p a ra b le  (see  T ab le
8 .3). N o rm a lly , th e  so lu tio n  v isc o s ity  in c rea sed  w ith  in c re a s in g  th e  so lu tion  
c o n c e n tra tio n  a c c b rd in g  to  a p o w e r-la w  re la tio n sh ip  [29 ] an d  an  in c rea se  in the  
so lu tio n  v isc o s ity  sh o u ld  re su lt in  th e  fo rm a tio n  o f  fib e rs  o f  la rg e r  d ia m e te rs  [30].

A s-sp u n  H -c h ito sa n  F ib e rs
C h lo ro fo rm , d ic h lo ro m e th a n e , and  te tra h y d ro fu ra n  w e re  ab le  to  d isso lve  

H -c h ito sa n  to  fo rm  a  c le a r  so lu tio n  w ith in  1 day. T h e  v is c o s ity  an d  su rface  tension  
o f  th e  a s -p re p a red  H -c h ito sa n  so lu tio n s  in  c h lo ro fo rm , d ic h lo ro m e th a n e , and 
te tra h y d ro fu ran  w e re  re p o rte d  in  T ab le  8.2. In te re s tin g ly , th e  v isc o s ity  v a lu es  o f  the
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H -ch ito san  so lu tio n s  in  c h lo ro fo rm  and  d ic h lo ro m e th a n e  w e re  m u ch  g reater than 
th o se  o f  th e  c o rre sp o n d in g  P L A  so lu tio n s , w h ile  th e  su rfa c e  te n s io n  va lues o f  the 
H -c h ito sa n  so lu tio n s  in  c h lo ro fo rm  and  d ic h lo ro m e th a n e  w e re  m u c h  lo w er than those 
o f  th e  c o rre sp o n d in g  P L A  so lu tio n s. T h e  v isc o s ity  o f  th e  H -c h ito sa n  so lu tion  in 
d ic h lo ro m e th a n e  w a s  th e  g rea te s t (i.e . 2561 cP ), w h ile  th a t o f  th e  H -c h ito sa n  solution 
in te tra h y d ro fu ran  w as  th e  lo w est (i.e . 7 30  cP ). O n  th e  o th e r  h an d , the  surface 
ten s io n  o f  th e  H -c h ito sa n  so lu tio n  in  d ic h lo ro m e th a n e  w as th e  g re a te s t (i.e. 36.7 
m N -m '1), w h ile  th a t o f  th e  H -ch ito san  so lu tio n  in  te tra h y d ro fu ra n  w as th e  low est (i.e.
29 .2  m N -m '1).

T h e  m o rp h o lo g ic a l ap p ea ran ce  o f  th e  a s -sp u n  fib ers  fro m  10% w /v 
H -ch ito san  so lu tio n s  in  ch lo ro fo rm , d ich lo ro m e th a n e , and  te tra h y d ro fu ra n  are show n 
in F ig u re  8 .3 . O b v io u s ly , th e  as-spun  H -c h ito sa n  fib ers  a p p e a re d  to  b e  ribbon-like, 
w ith  sm o o th  su rface . D u e  to  the  fast e v a p o ra tio n  o f  th e  so lv en ts , th e  skin  o f  the 
e jec ted , c h a rg e d  j e t  w o u ld  “ d ry ” first and  o n ce  th e  sk in  d rie d  o u t, fu r th e r  evaporation  
o f  th e  so lv e n t fro m  th e  co re  reg io n  cau sed  th e  je t  to  co llap se . D u rin g  th e  p rocess, the 
c irc u la r  c ro s s -se c tio n  o f  th e  fibers b ecam e  e llip tic a l an d  f in a lly  flat. E ven  though 
such  an  e x p la n a tio n  seem ed  rea so n ab le  to  ex p la in  for fo rm a tio n  o f  th e  flat fibers 
o b se rv ed , b u t it w a s  n o t ab le  to  ex p la in  w h y  th e  c ro ss -se c tio n  o f  th e  as-spun  PLA 
fibers a p p e a re d  to  b e  ro u n d , in stead  o f  b e in g  fla t, s in ce  th e  so lv en ts  u sed  w ere the 
sam e.

T h e  a v e ra g e  d ia m e te r  o f  the  a s-sp u n  fibers from  10%  w /v  H -c h ito sa n  solution 
in c h lo ro fo rm  w as  0.91 ±  0 .4 0  p m , w h ile  th a t from  10%  w /v  H -c h ito sa n  so lu tion  in 
d ic h lo ro m e th a n e  w as  0 .5 0  ±  0 .19  p m  (see  T a b le  8 .3). T h e  g re a te r  d ie lec tr ic  constant 
o f  d ic h lo ro m e th a n e  in  c o m p a riso n  to th a t c h lo ro fo rm  (see  T a b le  8 .1 ) co u ld  be one o f  
th e  re a so n s  fo r th e  o b se rv e d  sm a lle r d iam e te rs  o f  th e  o b ta in e d  fib e rs , s in ce  greater 
d ie lec tr ic  c o n s ta n t le ad s  to  g rea te r C o u lo m b ic  re p u ls io n  fo rce  (re sp o n s ib le  for the 
s tre tch in g  o f  th e  c h a rg e d  je t  and  e lec tro s ta tic  fo rce  (re sp o n s ib le  fo r th e  transport o f  
th e  ch a rg e d  je t  to  th e  co lle c tiv e  ta rg e t) [31]. A n o th e r  p o ss ib le  reaso n  is the 
d iffe ren ce  in  th e  m a ss  th ro u g h p u t o f  the  so lu tio n  fro m  th e  need le . D u e  to  the very 
low  b o ilin g  p o in t o f  d ic h lo ro m e th a n e , p a r tia l c lo g g in g  o f  th e  n e e d le  co u ld  be the
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rea so n  fo r th e  m u c h  d e c rea se  in  th e  m a ss  th ro u g h p u t o f  th e  re su ltin g  so lu tion  from  
th e  n eed le , h e n c e  th e  m u ch  lo w er d iam e te rs  o f  th e  fib e rs  o b se rv ed .

C o n tra r ily  to  th e  e lec tro sp in n in g  o f  th e  H -c h ito sa n  so lu tio n s  in bo th  
c h lo ro fo rm  and  d ich lo ro m e th a n e , th e  e le c tro sp in n in g  o f  10%  w /v  H -chitosan 
so lu tio n  in  te tra h y d ro fu ran  re su lted  in  th e  m u ch  lo w e r p ro d u c tiv ity  (since the  
c o lle c tio n  tim e  w as fix ed  at 5 m in u tes). C o n se q u e n tly , o n ly  ch lo ro fo rm  and 
d ic h lo ro m e th a n e  w e re  c h o sen  as th e  sp in n in g  so lv e n t fo r fu rth e r in v estig a tio n .

A s-sp u n  H -c h ito sa n /P L A  F ibers
T h e  v isc o s ity  o f  the  a s-p rep a red  H -c h ito sa n  (1 0 %  w /v )/P L A  (e ither 20 o r 

2 4 %  w /v ) b le n d  so lu tio n s  in d iffe ren t b len d  c o m p o s itio n s  (in  พ /พ ) in ch lo ro fo rm  and 
d ic h lo ro m e th a n e  is lis ted  in T ab le  8.4. In te re s tin g ly , th e  v isc o s ity  values o f  the 
b len d  so lu tio n s  w e re  found  to d e c rea se  h y p o th e tic a lly  w ith  in c rea s in g  am ount o f  
H -c h ito sa n  so lu tio n . T h e  o b se rv ed  d e c rea se  in  th e  v isc o s ity  w ith  in c reas in g  am ount 
o f  H -c h ito sa n  so lu tio n  co u ld  be  a re su lt o f  th e  m ic ro sc o p ic  p h ase -sep a ra tio n .

F ig u re s  8 .4 , 8.5 and  8 .6  sh o w  S E M  im ag es  o f  a s -sp u n  p ro d u c ts  from  blend 
so lu tio n s  o f  H -c h ito sa n  (1 0 %  w /v ) and  P L A  (e ith e r  20  o r  2 4 %  w /v ) o f  varying 
w e ig h t ra tio  in  c h lo ro fo rm  and  d ich lo ro m e th a n e , re sp ec tiv e ly . A g a in , the applied  
e le c tro s ta tic  fie ld  s tren g th  w as fixed  at 16 k V /1 5  cm . A m o n g  th e  b le n d  solu tions in 
c h lo ro fo rm  in v e s tig a te d , o n ly  the  b len d  so lu tio n s  c o n ta in in g  10%  w /v  H -chitosan 
so lu tio n  n o t ex c e e d in g  5 0%  พ /พ  p ro d u ced  fib ers  w ith  ro u g h  su rface  w ithou t the 
p re se n c e  o f  b ead s  (see  F ig u re  8 .4), w h ile  th e  b le n d  so lu tio n s  h a v in g  g rea te r am ount 
o f  H -c h ito sa n  so lu tio n  p ro d u ced  b ead ed  fib e rs  and  b e a d s  w ith  s lig h t trace o f  
u ltra th in , sm o o th  fib ers , resp ec tiv e ly . In te re s tin g ly , fo r a s -sp u n  fibers ob ta ined  from  
th e  b le n d  so lu tio n s  w ith  H -ch ito san  so lu tio n  c o n te n t o f  less  th an  o r equal to 50%  
พ /พ , th e ir  d ia m e te rs  ap p ea red  10 be  a  d e c re a s in g  fu n c tio n  o f  th e  am o u n t o f  the 
H -c h ito sa n  so lu tio n  ad d ed  (see  T ab le  8 .3). T h is  co u ld  be  re la ted  to th e  observed 
d e c re a se  in  th e  v isc o s ity  o f  th e  b len d  so lu tio n s  (see  T a b le  8 .4 ), h en ce  a decrease in 
th e  v isc o e la s tic  fo rce  in  c o m p ariso n  w ith  th e  C o u lo m b ic  rep u ls io n  force [31]. 
F u rth e r d e c re a se  in  th e  v isc o s ity  o f  th e  b le n d  so lu tio n s  (a s  th e  a m o u n t o f  H -chitosan 
in c rea sed  fu rth e r a b o v e  5 0%  พ /พ ) re su lted  in  th e  fo rm a tio n  o f  b ead ed  fibers o r ju s t
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b ead s , b e c a u se  th e  v isc o e la s tic  fo rce  in  c o m p a riso n  w ith  th e  C o u lo m b ic  repulsion 
fo rce  w as  to o  lo w  [31].

W ith  reg a rd s  to  th e  b len d  so lu tio n s  in  d ic h lo ro m e th a n e  investiga ted , the 
a d d itio n  o f  H -c h ito sa n  so lu tio n  in to  e ith e r 20  o r  2 4 %  w /v  P L A  so lu tio n s  decreased 
th e  v isc o s ity  o f  th e  b le n d  so lu tio n s  a p p re c ia b ly  (see  T a b le  8 .4). S ince  th e  v iscosity  
o f  th e se  b le n d  so lu tio n s  ev en  at th e  lo w est H -c h ito sa n  so lu tio n  co n ten t investigated  
(i.e . 2 0 %  พ /พ ) w as lo w e r th an  th a t o f  th e  b le n d  so lu tio n  b e tw e e n  10%  w /v 
H -c h ito sa n  an d  2 4 %  w /v  P L A  so lu tio n s  in c h lo ro fo rm  th a t h as  the  h ig h es t am ount o f  
H -c h ito sa n  in v e s tig a te d  (i.e . 80%  พ /พ ), it is ex p e c te d  th a t th e  b len d  so lu tions in 
d ic h lo ro m e th a n e  sh o u ld  o n ly  p ro d u ce  b e a d e d  fib ers  o r  ju s t  beads. Indeed , beaded 
fib ers  w e re  o b se rv ed  ev en  at th e  lo w est H -c h ito sa n  so lu tio n  co n ten t in vestiga ted  (i.e. 
2 0 %  พ /พ ) (see  F ig u res  8 .5 a  and  8 .6 a). A p p a ren tly , th e  d iam e te rs  o f  the beaded 
fibers d e c re a sed  w ith  fu rth e r in c rease  in  th e  H -c h ito sa n  so lu tio n  co n ten t (see T able
8 .3 ), w h ile  th e  n u m b e r o f  b ead s  p e r  u n it a rea  in c re a se d  w ith  in c rea s in g  am ount o f  
H -c h ito sa n  so lu tio n  in  th e  b le n d  so lu tio n s  (se e  F ig u re s  8.5 and  8 .6 ). A s expected , the 
o b se rv e d  d e c re a se  in th e  d iam e te rs  o f  th e  b e a d e d  fib ers  w ith  in c rea s in g  H -chitosan 
so lu tio n  co n te n t w as a re su lt o f  th e  d e c re a se  in th e  v isco s ity , h en ce  th e  decrease in 
th e  v isc o e la s tic  fo rce  in  c o m p a riso n  w ith  th e  C o u lo m b ic  rep u ls io n  fo rce  [31], o f  the 
re su ltin g  b le n d  so lu tio n s .

Characterization of As-spun H-chitosan/PLA Fibers
S in ce  o n ly  H -c h ito sa n /P L A  b le n d  so lu tio n s  c o n ta in in g  H -ch ito san  solu tion  

c o n te n t o f  up  to  4 0 %  พ /พ  in  ch lo ro fo rm  co u ld  b e  e le c tro sp u n  in to  co n tin u o u s fibers 
w ith o u t th e  p re se n c e  o f  b ead s , o n ly  th e  fib e rs  o b ta in e d  from  th ese  b le n d  so lu tions 
w ere  fu rth e r c h a ra c te r iz e d  in  co m p a riso n  w ith  th e  fib e rs  o b ta in e d  from  p u re  so lu tions 
o f  H -c h ito sa n  an d  P L A .

T h e rm a l P ro p e rtie s
T h e rm a l s ta b ility  o f  th e  a s-sp u n  H -c h ito sa n , P L A , and  co rrespond ing  

H -c h ito sa n /P L A  fib e rs  (fro m  b len d  so lu tio n s  c o n ta in in g  H -c h ito sa n  so lu tion  o f  20 
and  4 0 %  พ /พ ) w as e v a lu a ted  b y  T G A  tech n iq u e . F ig u re  8 .7  show s TG A  
th e rm o g ra m s  o f  th e se  a s -sp u n  fibers. A c c o rd in g  to  th e  d e riv a tiv e  T G A  curves, pure
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as-sp u n  P L A  fib ers  w e re  found  to  d e g ra d e  at ca. 340°c, w h ile  p u re  as-spun 
H -ch ito san  fib e rs  e x h ib ite d  tw o  d e g rad a tio n  p eak s  a t ca. 253 and  322°c, 
re sp ec tiv e ly . P re v io u s ly , w e  rep o rted  th a t p u re  P L A  film  d e g ra d e d  at ca. 327°c, 
w h ile  p u re  H -c h ito sa n  film  sh o w ed  tw o  d e g ra d a tio n  p e a k s  at ca. 257 and  327°c, 
re sp e c tiv e ly  [25] E v id e n tly , th e rm a l s ta b ility  o f  th e  a s -sp u n  fib e rs  and  the  as-cast 
film s o f  p u re  H -c h ito sa n  an d  P L A  w ere  v e ry  c lose . A s fo r H -c h ito sa n /P L A  fibers, 
th e  fibers fro m  b le n d  so lu tio n s  c o n ta in in g  20  o r 40% พ /พ  H -ch ito san  solu tion  
ex h ib ited  o n ly  o n e  d e g ra d a tio n  p eak  a t ca. 326 an d  336°c, re sp ec tiv e ly .

F ig u re  8 .8  illu s tra te s  th e  2nd h ea tin g  th e rm o g ra m s  o f  th e  a s-sp u n  H -chitosan, 
P L A , and  c o rre sp o n d in g  H -ch ito san /P L A  fibers. E v id e n tly , no  th e rm a l transition  o f  
an y  k in d  w as  d isc e rn a b le  in  th e  h ea tin g  th e rm o g ra m  o f  p u re  a s-sp u n  H -chitosan 
fibers. F o r b o th  p u re  a s -sp u n  P L A  and  co rre sp o n d in g  H -c h ito sa n /P L A  fibers, two 
m e ltin g  e n d o th e rm s  w e re  v isu a lized . B ased  on  re la te d  s tu d ie s  on  the  m ultip le
m e ltin g  b e h a v io r  o f  so m e  sem i-c ry s ta llin e  p o ly m e rs  [3 2 ,3 3 ], th e  o ccu rren ce  o f  the 
lo w -te m p e ra tu re  m e ltin g  e n d o th e rm  (Tmi) w as u su a lly  a ttr ib u te d  to  th e  m eltin g  o f  the 
p r im a ry  c ry s ta ls  fo rm e d  d u rin g  the  p r im a ry  co o lin g , w h ile  th a t o f  the high- 
tem p e ra tu re  m e ltin g  en d o th e rm  (Tmh) w as to  th e  m e ltin g  o f  th e  re-crysta llized  
c ry s ta ls  fo rm ed  d u rin g  th e  su b seq u en t h e a tin g  scan .

A p p a re n tly , th e  Tmi an d  th e  Tmh v a lu es  for all o f  th e  p u re  a s-sp u n  P L A  and 
c o rre sp o n d in g  H -c h ito sa n /P L A  fibers in v es tig a ted  a re  lo c a te d  at ca. 162 and 170°c, 
re sp ec tiv e ly . T h e se  v a lu e s  are  co m p arab le  to  th e  v a lu e s  re p o r te d  in  an  ea rlie r report 
[25]. Q u a lita tiv e ly , th e  a rea  u n d e r th e  m e ltin g  e n d o th e rm  re la te d  d irec tly  to  the 
am o u n t o f  th e  c ry s ta ls  p re sen t w ith in  the  sam p les. S in c e  th e  h ig h -tem p era tu re  
m e ltin g  e n d o th e rm  re la te d  to  th e  m e ltin g  o f  th e  re -c ry s ta lliz e d  c ry s ta ls , o n ly  the low- 
te m p e ra tu re  m e ltin g  o n e  sh o u ld  o n ly  b e  a c co u n ted  fo r th e  a m o u n t o f  th e  crystals 
p re se n t w ith in  each  sam p le . A cco rd in g  to  F ig u re  8 .8 , th e  fra c tio n a l a rea  o f  the low- 
te m p e ra tu re  m e ltin g  e n d o th e rm  fo r sam p le s  e le c tro sp u n  fro m  so lu tio n s  o f  each 
re sp ec tiv e  b le n d  ra tio  d e c re a sed  m o n o to n ic a lly  w ith  in c re a s in g  H -c h ito sa n  solution 
co n ten t. S p e c if ic a lly , th e  AHf v a lu e  d ec rea sed  m o n o to n ic a lly  from  ca. 27 .4  J g ' 1 for 
p u re  a s -sp u n  P L A  fib e rs  to  ca. 21 .4  and  to  18.7 J g ' 1 fo r a s -sp u n  H -ch ito san /P L A



137

fib e rs  fro m  b le n d  so lu tio n  co n ta in in g  20  and  4 0 %  พ /พ  H -c h ito sa n  solutions, 
re sp ec tiv e ly .

C ry s ta llin e  S tru c tu re
W A X D  p a tte rn s  o f  th e  a s-sp u n  H -c h ito sa n , P L A , an d  co rrespond ing  

H -c h ito sa n /P L A  fib e rs  a re  illu s tra ted  in  F ig u re  8 .9 . O b v io u s ly , th e  W A X D  pattern  
o f  p u re  a s -sp u n  H -c h ito sa n  fib e rs  ex h ib ited  a sh arp  d iffra c tio n  p eak  at th e  scattering  
an g le  2 0  o f  ca . 5 .8 °  a lo n g  w ith  a  b ro a d  d iffra c tio n  p e a k  c e n te r in g  at th e  20 o f  ca. 
2 0 .0 °, w h ic h  a re  in  e x c e lle n t ag reem en t w ith  th e  v a lu e s  o b ta in e d  p re v io u s ly  for as- 
c as t H -c h ito sa n  film  [25], T h e  sharp  d iffra c tio n  p e a k  a t ab o u t 5 .8° w as reported  to 
b e  a re su lt o f  th e  in te rd e g ita tio n  o f  th e  h ex an o y l s id e -c h a in s  w ith  th e  ex ten d ed  m ain 
c h a in s  fo rm in g  a  la y e r s tru c tu re , w h ile  th e  b ro a d  d iffra c tio n  p eak  at ab o u t 2 0 .0 ° w as 
a re su lt o f  th e  lo ss  o f  c ry s ta llin ity  d u e  to  th e  lo ss  o f  h y d ro g e n  b o n d in g  [26]. 
In te re s tin g ly , th e  in te rd e g ita tio n  o f  th e  h e x a n o y l s id e -c h a in s  w as  n o t lost w hen 
H -c h ito sa n  w a s  fa b ric a te d  in to  u ltra fm e  fib ers  u s in g  th e  e le c tro sp in n in g  technique.

F o r  p u re  a s -sp u n  P L A  fibers, th e  o b ta in ed  W A X D  p a tte rn  sh o w ed  on ly  one 
b ro a d  d iffra c tio n  p e a k  c e n te r in g  at th e  20  o f  ca. 17 .5°, w h ic h  is in  g o o d  agreem ent 
w ith  th e  v a lu e  e a r lie r  re p o rte d  for as-cas t P L A  film  [25 ]. W h en  c ry sta lliz in g  in a 
p se u d o -o rth o rh o m b ic  u n it ce ll (w ith  ax es a  -  1.07 n m , b =  0 .5 9 5  n m , and  c =  2.78 
n m ), P L A  sh o u ld  sh o w  m a in  d iffrac tio n  p eak s  a t th e  2 0 ’s o f  15, 17, an d  19° [34], 
F o r as-S pun  H -c h ito sa n /P L A  fibers, th e  o b ta in ed  d if f ra c tio n  p a tte rn s  apparen tly  
e x h ib ite d  o n ly  o n e  b ro a d  d iffra c tio n  p e a k  cen te rin g  at a b o u t th e  sa m e  2 0  value as 
th a t o f  p u re  a s -sp u n  P L A  fibers. N o  in d ica tio n  o f  th e  c h a ra c te r is tic  p eak  at low  
d iffra c tio n  a n g le s  w as  o b se rv ed , su g g es tin g  th a t th e  a c tu a l c o n te n t o f  H -ch ito san  in 
th e  a s -sp u n  H -c h ito sa n /P L A  fib ers  w as v e ry  low , s in ce  it w as  re p o rte d  ea rlie r that as- 
c as t H -c h ito sa n /P L A  film  h a v in g  H -ch ito san  c o n te n t o f  as  lo w  as 2 0 %  พ /พ  exhibited 
th e  c h a ra c te r is tic  p e a k  at lo w  d iffrac tio n  an g les  (d u e  to  th e  la y e r s tru c tu re  o f  the 
m a in  c h a in s  o f  H -c h ito sa n  u p o n  th e  in te rd eg ita tio n  o f  th e  h e x a n o y l s id e -ch a in s  [26]).
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8.5 CONCLUSIONS

E le c tro sp u n  h ex an o y l ch ito san  (H -c h ito sa n ), p o ly la c tid e  (P L A ), and 
H -c h ito sa n /P L A  fib ers  w e re  p rep a red  from  so lu tio n s  o f  H -ch ito san /P L A  in 
ch lo ro fo rm , d ic h lo ro m e th a n e , and  te tra h y d ro fu ran . T h e  a s-sp u n  fib ers  from  PL A  
so lu tio n s  in  all o f  th e  th ree  so lv en ts  ap p ea red  to  b e  ro u n d  in  th e ir  c ro ss-sec tio n , w ith  
ro u g h  su rfa c e  m o rp h o lo g y , w h ile  th e  a s -sp u n  fib ers  fro m  H -c h ito sa n  so lu tio n s in all 
o f  th e  th re e  so lv en ts  w ere  flat, w ith  sm o o th  su rfa c e  m o rp h o lo g y . T he 
e le c tro sp in n in g  o f  H -c h ito sa n  so lu tio n  in  te tra h y d ro fu ran  d id  n o t p ro d u c e  the  as-spun  
fibers w ith  h ig h  e n o u g h  p ro d u c tiv ity . T h e  a s-sp u n  fib e rs  fro m  H -ch ito san /P L A  
b len d  so lu tio n s  in  ch lo ro fo rm  w ith  the  H -ch ito san  so lu tio n  c o n te n t o f  less than or 
equal to  5 0 %  พ /พ  w ere  co n tin u o u s w ith o u t th e  p re se n c e  o f  b e a d s , w h ile  those  from  
th e  b le n d  so lu tio n s  in  d ich lo ro m e th an e  w e re  b e a d e d  fib e rs  o r  ev en  ju s t  b ead s at h igh  
H -ch ito san  so lu tio n  co n ten t. In te res tin g ly , th e  d ia m e te rs  o f  th e  a s -sp u n  fibers from  
b len d  so lu tio n s  w ith  H -c h ito sa n  so lu tio n  co n ten t o f  le ss  th a n  o r eq u a l to  50%  พ /พ  
w ere  fo u n d  to  d e c re a se  w ith  in c reas in g  am o u n t o f  H -c h ito sa n  so lu tio n . T he m ost 
lik e ly  ex p la n a tio n  w as d u e  to the  o b se rv ed  d e c re a se  in  th e  so lu tio n  v isco sity  w ith  
in c rea s in g  a m o u n t o f  H -c h ito sa n  so lu tio n . W ith  re g a rd s  to  th e rm a l s tab ility  o f  the 
a s-sp u n  fib e rs , b o th  a s-sp u n  PLA and  H -c h ito sa n /P L A  fib e rs  ex h ib ited  one 
d e g ra d a tio n  p eak , w h ile  a s-sp u n  f i-c h ito sa n  fibers e x h ib ite d  tw o  d e g rad a tio n  peaks. 
T h e  seco n d  h e a tin g  th e rm o g ram  o f  a s-sp u n  P L A  an d  H -c h ito sa n /P L A  fibers 
ex h ib ited  m u ltip le  m e ltin g  p h e n o n ไenon , w h ile  th a t o f  a s -sp u n  H -c h ito sa n  fibers d id  
no t sh o w  a n y  s ig n  o f  the  the rm al tran sitio n . L astly , w id e -a n g le  X -ra y  d iffrac tion  
sh o w ed  th a t a s .s p u n  H -ch ito san  fibers ex h ib ited  a sh a rp  d iffra c tio n  p e a k  at ca. 5.8° 
and  a b ro a d  d iffra c tio n  peak  cen te rin g  at ca. 2 0 ° , w h ile  b o th  a s -sp u n  PL A  and  
H -c h ito sa n /P L A  fib e rs  sh o w ed  a b ro ad  d iffra c tio n  p e a k  c e n te r in g  a t ca. 17.5°.
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8.8 CAPTION OF FIGURES

F ig u re  8.1 
F ig u re  8.2

F ig u re  8.3

F ig u re  8 .4

F ig u re  8.5

C h e m ic a l s tru c tu re  o f  p e rfe c tly  su b s titu te d  H -ch ito san .
S E M  im ag es  (m a g n ific a tio n  =  2 0 0 0 x  an d  sca le  b a r  =  10 p m ) o f  as-spun 
fib e rs  fro m  2 4 %  w /v  P L A  so lu tio n s  in (a) chloroform ,
(b ) d ic h lo ro m e th a n e , an d  (c) te tra h y d ro fu ran . T h e  ap p lied  electrostatic 
fie ld  s tre n g th  w as 16 k V /15  cm .
S E M  im ag es  (m a g n ific a tio n  =  2 0 0 0 x  an d  sca le  b a r  =  10 p m ) o f  as-spun 
fib e rs  fro m  10%  w /v  H -ch ito san  so lu tio n s  in (a) chloroform ,
(b ) d ic h lo ro m e th a n e , an d  (c) te tra h y d ro fu ran . T h e  ap p lied  electrostatic 
fie ld  s tre n g th  w as 16 k V /15  cm .
S E M  im ag es  (m ag n ific a tio n  =  500x  and  sca le  b a r  =  50  p m ) o f  as-spun 
p ro d u c ts  fro m  b len d  so lu tio n s  o f  H -c h ito sa n  (1 0 %  w /v  in chloroform ) 
an d  P L A  (2 4 %  w /v  in  c h lo ro fo rm ) in  v a r io u s  b le n d  co m p o sitio n s  (พ /พ): 
(a ) 2 0 /8 0 , (b ) 4 0 /6 0 , (c) 50 /50 , (d ) 6 0 /4 0 , an d  (e) 8 0 /2 0 , respectively . 
T h e  a p p lie d  e lec tro s ta tic  field  s tren g th  w as 16 k V /1 5  cm .
S E M  im ag es  (m ag n ific a tio n  =  500x  an d  sca le  b a r  =  50 p m ) o f  as-spun 
p ro d u c ts  from  b len d  so lu tio n s  o f  H -c h ito sa n  (1 0 %  w /v in 
d ic h lo ro m e th a n e )  and  P L A  (2 0 %  w /v  in  d ic h lo ro m e th a n e )  in various 
b le n d  c o m p o s itio n s  (พ /พ ): (a) 2 0 /8 0 , (b ) 4 0 /6 0 , (c ) 50 /50 , (d ) 60/40, and 
(e) 8 0 /2 0 , re sp ec tiv e ly . T he ap p lied  e le c tro s ta tic  fie ld  s tren g th  w as 16
k V /1 5  cm .

F ig u re  8 .6  S E M  im a g e s  (m ag n ific a tio n  =  5 00x  and  sca le  b a r  =  50  p m ) o f  as-spun 
p ro d u c ts  from  b len d  so lu tio n s  o f  H -c h ito sa n  (1 0 %  w /v in 
d ic h lo ro m e th a n e )  and  P L A  (2 4 %  w /v  in  d ic h lo ro m e th a n e )  in various 
b le n d  c o m p o s itio n s  (พ /พ ): (a) 2 0 /8 0 , (b ) 4 0 /6 0 , (c ) 5 0 /5 0 , (d ) 60 /40 , and 
(e) 8 0 /2 0 , re sp ec tiv e ly . T he  ap p lied  e le c tro s ta tic  fie ld  s tren g th  w as 16 
k V /1 5  cm .

F ig u re  8 .7  T G A  th e rm o g ra m s  o f  a s-sp u n  H -ch ito san , P L A , and  H -ch itosan /P L A  
fib e rs . T h e  fib ers  w e re  sp u n  from  p u re  o r  b le n d  so lu tio n s  in  chloroform  
an d  th e  h e a tin g  ra te  u sed  w as 1 0 °C -m in ''.
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F ig u re  8 .8  S e c o n d  h ea tin g  th e rm o g ram s o f  a s -sp u n  H -c h ito sa n , PL A , and  
H -c h ito sa n /P L A  fibers. T h e  fib ers  w ere  sp u n  from  p u re  o r  b lend  
so lu tio n s  in  ch lo ro fo rm  and  th e  h e a tin g  ra te  u sed  w a s  10°C  m in ''.

F ig u re  8 .9  W A X D  p a tte rn s  o f  a s-sp u n  H -c h ito sa n , P L A , and  H -ch ito san /P L A  
fib ers . T h e  fibers w ere  sp u n  from  p u re  o r  b le n d  so lu tio n s  in  ch lo ro fo rm .
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Table 8.1 S o m e  im p o rtan t p ro p e rtie s  o f  so lv en ts  u sed

S o lv en t
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C h lo ro fo rm 61 .2 9 .34 26 .0 1.470 1.15 4.81 0.58
D ic h lo ro m e th a n e 4 0 .0 9 .70 28 .6 1.327 1.55 9 .10 0.44
T e tra h y d ro fu ra n 6 6 .0 9.10 24 .4 0 .875 1.75 7 .60 0.55



Table 8.2 V is c o s i ty  a n d  s u r fa c e  te n s io n  o f  1 0 %  w /v  H - c h i to s a n  a n d  2 4 %  w /v  P L A
s o lu t io n s  in  c h lo r o f o r m , d ic h lo ro m e th a n e ,  a n d  te t r a h y d r o f u r a n

S o lv en t
V isc o s ity  (cP ) S u rface  te n s io n  (m N -nT1)

H -ch ito san P L A H -c h ito sa n PL A
C h lo ro fo rm 1067 418 34 .9 40.3

D ic h lo ro m e th a n e 2561 178 36 .7 44.5
T e tra h y d ro fu ra n 730 778 29 .2 28.5
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Table 8.3 O b se rv e d  av e rag e  d ia m e te r  o f  a s -sp u n  fib e rs  from  p u re  and blend 
so lu tio n s  o f  H -c h ito sa n  (1 0 %  w /v  in  c h lo ro fo rm  an d  d ic h lo ro m e th a n e )  and PL A  
(2 4 %  w /v  in  ch lo ro fo rm  and  20  o r 2 4 %  w /v  in  d ic h lo ro m e th a n e ). T he applied  
e lec tro s ta tic  fie ld  s tren g th  w as 16 k v /l  5 cm

A v erag e  f ib e r d ia m e te r  (u rn )
H -c h ito sa n /P L A  _________________________ !________  ________

kj 10%  w /v  H -ch ito san  10%  w /v  H -c h ito sa n  10%  w /v  H -chitosan
and  2 4 %  w /v  P L A  and  2 0 %  w /v  P L A  and  2 4 %  w /v PL Ac o m p o s itio n

so lu tio n s  in  so lu tio n s  in  so lu tio n s in(พ /พ )
ch lo ro fo rm  d ic h lo ro m e th a n e  d ich lo ro m eth an e

100/0 0.91 ± oÔ - 0 .5 0  ± 0 .1 9
80 /20 0 .2 0  ± - n/a* - fra * -

0 .08
6 0 /4 0 0 .28  ± - 0 .7 0  ± - 0 .7 4  ± -

0.21 0 .24 0 .28
5 0 /5 0 0 .48  ± 3 .17  ± 0 .98  + 2 .65  ± 0 .92  ± 2.30 +

0 .37 0.99 0.35 0.31 0 .37 0.83
4 0 /6 0 0 .8 0  ± 3.25 ± 1.19 ± 3 .57  ± 1.21 ± 2.38 ±

0 .55 1.11 0 .37 1.23 0.35 0.24
2 0 /8 0 1.26 ± 3 .77  ± 1.26 ± 3 .6 0  ± 1.26 ± 4.07 ±

0 .46 1.20 0 .46 1.19 0 .42 1.67
0 /1 0 0 0 .97  ± 4 .63 ± 1.30 ± 4 .5 9  + 0 .8 6  ± 5.01 ±

0 .33 0 .89 0.45 2 .24 0 .34 1.30
*Only beads were observed
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T able 8.4 Apparent shear viscosity o f  pure and blend solutions o f  H-chitosan (10% 
w /v in chloroform and dichloromethane) and PLA (24% w /v in chloroform and 20 or 
24% w /v in dichloromethane)

V iscosity (cP)
H-chitosan/PLA 10% w/v 10% w /v 10% w/v

blend H-chitosan and H-chitosan and H-chitosan and
com position

(พ/พ)
24% w /v PLA 

solutions in 
chloroform

20% w /v PLA 
solutions in 

dichloromethane

24% w /v PLA 
solutions in 

dichloromethane
100/0 1067.0 2561.0 2561.0
80/20 156.0 44.0 34.5
60/40 138.0 31.0 68.5
50/50 151.0 41.0 63.0
40/60 220.0 77.4 75.0
20/80 770.0 96.6 121.0
0/100 418.0 154.0 178.0
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F ig u r e  8.1
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Figure 8.2
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Figure 8.3
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Figure 8.4
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Figure 8.5
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Figure 8.6
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Figure 8.7
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