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ĲΟ 

Ш    

ÂƖŸŉЮШ?ƖЮШ]ƨũƣĲťŚŰШ]ŸũũĲƖ    ÂƖŸŉЮШ?ƖЮШfƨũŚċŰШéċƚŚũĲШ ŰƣŸŰŚċĦ 

fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ ÖŰŚƻĲƖƚŚƣǃШÂŸũŚƣĲőŰŚĦċШŸŉШШ7ƨĦőċƖĲƚƣ 

 

 

    

ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ~ƨƚƣċŉċШ]ƨƻĲŰШ]Ÿť  ?ƖЮШ7ċƖŚƚШòċƻċƚ 

]ċǍŚċŰƣĲƓШÖŰŚƻĲƖƚŚƣǃ    ÖŰŚƻĲƖƚŚƣǃШŸŉШ9ŸŰŰĲĦƣŚĦƨƣ 
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Ŋ
ĲΠ 

    

ÂƖŸŉЮШ?ƖЮШÑċŰĲƖШ ũĤċǃƖċť    ÂƖŸŉЮШ?ƖЮШÉĲĬċƣШ ũťŸǃ 

ÂŚƖŚШÅĲŚƚШÖŰŚƻĲƖƚŚƣǃ     ]ĲĤǍĲШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

    

~ĲƣЮШEŰŊЮШEƖůċŰШ9ċƖ     ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ ĲƖůŚŰШ?ĲůŚƖťŸũ 

~EÑE~ШрШÑőĲШÖŰŚŸŰШŸŉШ~ĲƣċũũƨƖŊŚĦċũШ   uŸĦċĲũŚШÖŰŚƻĲƖƚŚƣǃ 

ċŰĬШ~ċƣĲƖŚċũƚШEŰŊŚŰĲĲƖƚШÑƖċŚŰŚŰŊШ9ĲŰƣĲƖ 

    

ÂƖŸŉЮШ?ƖЮШ9ŚőċŰŊŚƖШ?ƨƖċŰ    ~ĲƣЮШEŰŊЮШÉĲƖĬċƖШEƖŸũ 

òŕũĬŕƖŕůШ7ĲǃċǍŚƣШÖŰŚƻĲƖƚŚƣǃ    éEuÉШfŰƣĲƖŰċƣŚŸŰċũШÑƖċĬŚŰŊШ9ŸůƓċŰǃ 



 

 

Â
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ĲΡ 

    

ÂƖŸŉЮШ?ƖЮШcċƚċŰШ]ŸĦůĲǍ    ÂƖŸŉЮШ?ƖЮШcċťċŰШ]ƨƖ 

?ƨůũƨƓŚŰċƖШÖŰŚƻĲƖƚŚƣǃ     ~ŚĬĬũĲШEċƚƣШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

    

ÂƖŸŉЮШ?ƖЮШÉĲĤċőċƣƣŚŰШ]ƨƖůĲŰ    ÂƖŸŉЮШ?ƖЮШ9ĲŰŊŚǍШuċǃċ 

fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    òŚũĬŚǍШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

    

ÂƖŸŉЮШ?ƖЮШ[ŚŊĲŰШuċǃċ     ÂƖŸŉЮШ?ƖЮШ§ǍŊƨũШuĲũĲƚ 

òŚũĬŚǍШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ



 

 

Â
ċ
Ŋ
ĲΣ 

    

ÂƖŸŉЮШ?ƖЮШÉƨũĲǃůċŰШ9ċŰШuƨƖŰċǍ   ÂƖŸŉЮШ?ƖЮШ7ƨƖĦШ~ŕƚŕƖũŕŸŊũƨ 

ÉċťċƖǃċШÖŰŚƻĲƖƚŚƣǃ     ÉċĤċŰĦŕШÖŰŚƻĲƖƚŚƣǃ 

    

ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ§ǍĬĲŰШ§ƖůċŰĦŚ   ÂƖŸŉЮШ?ƖЮШEƚƖċШ§ǍťċŰШüċǃŚů 

~ŚůċƖШÉŚŰċŰШ[ŚŰĲШ ƖƣШÖŰŚƻĲƖƚŚƣǃ   fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

    

ÂƖŸŉЮШ?ƖЮШ[ŚũŚǍШÉċőŚŰ     ~ĲƣЮШEŰŊЮШcƨƚĲǃŚŰШÉċƻċƚ 

fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ ~EÑE~ШрШÑőĲШÖŰŚŸŰШŸŉШ~ĲƣċũũƨƖŊŚĦċũШċŰĬШ
~ċƣĲƖŚċũƚШEŰŊŚŰĲĲƖƚШÑƖċŚŰŚŰŊШ9ĲŰƣĲƖ 



 

 

Â
ċ
Ŋ
ĲΤ 

    

ÂƖŸŉЮШ?ƖЮШEĬċШÑċőŚƖШÑƨƖċŰũŕ    ?ŸĩШ?ƖЮШEĤƖƨШÑƨƖťŸǍШ ĦċƖ 

ĦŕĤċĬĲůШÖŰŚƻĲƖƚŚƣǃ     òĲĬŚƣĲƓĲШÖŰŚƻĲƖƚŚƣǃ 

 

ÂƖŸŉЮШ?ƖЮШ§ŰƨƖċũƓШòƨĦĲũ 

fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

 

 

 

 

 

 

 

 

 



 

 

Â
ċ
Ŋ
ĲΥ 

ÂƖŸŉЮШ?ƖЮШfƨũŚċŰШéċƚŚũĲШ ŰƣŸŰŚċĦ   ?ƖЮШ9ƚċĤċШ7ċũČǍƚŚ 
ÂŸũǃƣĲĦőŰŚĦШÖŰŚƻĲƖƚŚƣǃШŸŉШ7ƨĦőċƖĲƚƣ 9ĲŰƣƖĲШŉŸƖШEŰĲƖŊǃШÅĲƚĲċƖĦőШŸŉШШcƨŰŊċƖŚċŰШ

ĦċĬĲůǃШŸŉШÉĦŚĲŰĦĲƚ 

ÂƖŸŉЮШ?ƖЮШÉŚůŸŰċШ9ċƻċũƨ    ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ7ƨƖĦċťШEĤŚŰ 
ÖŰŚƻĲƖƚŚƣǃШŸŉШ§ƖĲĬĲċ     9őċũůĲƖƚШÖŰŚƻĲƖƚŚƣǃШŸŉШÑĲĦőŰŸũŸŊǃ 

ÂƖŸŉЮШ?ƖЮШрfŰŊЮШ7ĲƖŰĬШ[ƖŚĲĬƖŚĦő   ÂƖŸŉЮШ?ƖЮШ]ŚũƚŸŰШuőċŰŊ 
ÅìÑcШ ċĦőĲŰШÖŰŚƻĲƖƚŚƣǃ    9őŸŰĤƨťШ ċƣŚŸŰċũШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШ9ŸƖƖċĬŸШÂŚĦŸŰŚ    ÂƖŸŉЮШ?ƖЮШsƨũŚĲƣƣċШéЮШÅċƨ 
 ċƣŚŸŰċũШÅĲƚĲċƖĦőШ9ŸƨŰĦŚũШŸŉШfƣċũǃ   fÉ~р9 ÅШfƚƣŚƣƨƣŸШĬŚШÉƣƖƨƣƣƨƖċШĬĲũũċШ~ċƣĲƖŚċ 

ÂƖŸŉЮШ?ƖЮШsƨũŚċШ~ŚƖǍċШÅŸƚĦċ    ƚƚŸĦŚċƣĲШÂƖŸŉĲƚƚŸƖШ?ƖЮШÉƖĲĦťŸШÉƣŸƓŚĦ 
ÖŰŚƻĲƖƚŚƣǃШŸŉШxċƚШÂċũůċƚШĬĲШ]ƖċŰШ9ċŰċƖŚċ  f~EрÅìÑcШ ċĦőĲŰ 

ÂƖŸŉЮШ?ƖЮШÂĲƣƖŚĦċШéŚǍƨƖĲċŰƨ    ÂƖŸŉЮШ?ƖЮШрfŰŊШ7ĲŰŊŚШòċŊůƨƖũƨ 
ÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃШfċƚŚ    ÑÖр9ũċƨƚƣőċũ 

 

ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ?ƨǃŊƨШ ŊċŸŊƨũũċƖŚ   ?ƖЮШ7ƨƖĦƨШ Ɠċť 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    ÉŚƚĲĦċůШ 

ƚƚƣЮШÂƖŸŉЮШ?ƖЮШ[ċőŚƖШ ƖŚƚŸǃ    ÂƖŸŉЮШ?ƖЮШ~ƨƖċƣШ7ċǃĬŸŊċŰ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ~ĲőůĲƣШ7ƨŌĬċǃĦŕ   ÂƖŸŉЮШ?ƖЮШcƨƚĲǃŚŰШ9ŚůĲŰŸŊũƨ 
òċũŸƻċШÖŰŚƻĲƖƚŚƣǃ     fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮÉŚĤĲũШ<ĲťŚůШ?ċŌũŕũċƖ    ?ƖЮШEƖĩŚŰШ<ċŌċŰШ?ƨƖċŰ 
òŕũĬŕǍШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШ~ŚƖċǃШ<ĲũŚťĤŚũĲťШEƖƚƨŰĬƨ   ÂƖŸŉЮШ?ƖЮШ ũƓċŊƨƣШuċƖċ 
òŕũĬŕǍШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    EƚťŚƚĲőŚƖШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШ[ĲƖőċƣШuċƖċ     ?ƖЮШ~ƨőċůůĲƣШuċƖċĤċƝ 
EƚťŚƚĲőŚƖШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    uŕƖťũċƖĲũŚШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШlƓĲťШ ťŕŰШuċƖċĬċǃŕ    ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ7ŚũũƨƖШ?ĲŰŚǍШuċƖċőċŰ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШ ũŚШ ƖƚũċŰШuċǃċ    ÂƖŸŉЮШ?ƖЮШuƨƖƚċƣШuċǍůċŰũŚ 
~ƨŊũċШÉŚƣťŚШuŸĦůċŰШÖŰŚƻĲƖƚŚƣǃ   fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 



 

 

Â
ċ
Ŋ
ĲΦ 

?ƖЮШ[ċƣŕőШuŕƖĤŕǃŕť     ÂƖŸŉЮ?ƖЮШcƬƚĲǃŚŰШuŕǍŕũ 
ĬŕǃċůċŰШÖŰŚƻĲƖƚŚƣǃ     fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШcċƚċŰШ~ċŰĬċũ    ÂƖŸŉЮШ?ƖЮШEĤƖƨШ~ĲŰƚƨƖ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    ]ĲĤǍĲШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ƚƚƣЮШÂƖŸŉЮШ?ƖЮШ[ċŚǍШ~ƨőċǭĲũ    ?ƖЮШ7ƨƖċťШ9ċŊƖŚШ§Ħċť 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    ÉƨƖŉċĦĲШÑĲĦőŰŸũŸŊŚĲƚЯШÉŚƚĲĦċůШÑƨƖťĲǃ 

?ƖЮШuƬĤƖċШ§ŰĤċƝũŕ     ÂƖŸŉЮШ?ƖЮШ]ŸťőċŰШ§ƖőċŰ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    fƚƣċŰĤƨũШ9ĲƖƖċőƓċƚċШÖŰŚƻĲƖƚŚƣǃ 

ƚƚƣЮШÂƖŸŉЮШ9ĲůШ§ƖŰĲť    ÂƖŸŉЮШ?ƖЮШ~ЮШxƨƣŉŚШ§ƻĲĦŸŊũƨ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    ~E[ШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШ7ƨƖċťШ§Ǎťċũ     ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ]ƨũĬĲůШuċƖƣċũШÉŚƖĲũŚ 
òƨƖƣĤċǃШÉĲƖċůŚť     fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ƚƚƣЮШÂƖŸŉЮШ?ƖЮШ ƨƖŚШÉŸũċť    ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ~ĲőůĲƣШÉĲƖĲŉШÉŸŰůĲǍ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШÉĲƖƻĲƣШÑŚůƨƖ     ÂƖŸŉЮШ?ƖЮШÉĲƖƻĲƣШÑƨƖċŰ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ    EƚťŚƚĲőŚƖШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ őůĲƣШÑƨƖċŰ    ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ ĲĦŚƓШÖŰũƨ 
òĲĬŚƣĲƓĲШÖŰŚƻĲƖƚŚƣǃ     fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ƚƚŸĦЮШÂƖŸŉЮШ?ƖЮШ ǃƣĲťŚŰШÖǍƨŰŸŌũƨ   ƚƚƣЮШÂƖŸŉЮШ?ƖЮШ ǃƣĲŰШuƨĤƖċШòċŊŚǍ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ     ŚŊĬĲШ§ůĲƖШcċũŚƚĬĲůŚƖШÖŰŚƻĲƖƚŚƣǃ 

ÂƖŸŉЮШ?ƖЮШÉƨċƣШòŚũůċǍ     ~ĲƣЮШEŰŊЮШcŚťůĲƣШòƨůƨƖƣċĦŕ 
fƚƣċŰĤƨũШ9ĲƖƖċőƓċƚċШÖŰŚƻĲƖƚŚƣǃ   ÑĲƖůŸШ9ċůШÉċŰШƻĲШÑŚĦШxƣĬШÌƣŚЮ 

ÂƖŸŉЮШ?ƖЮШ7ŚőƣĲƖШüĲǃƣƨŰĦƨ 
fƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 
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Ν 

cŚŊőрEŰƣƖŸƓǃр ũũŸǃШ?ŸƓŚŰŊѣƚШEǭĲĦƣШŸŰШ7Π9Ш9ĲƖċůŚĦѣƚШ~ĲĦőċŰŚĦċũШċŰĬШ
EũĲĦƣƖŸĦőĲůŚĦċũШÂƖŸƓĲƖƣŚĲƚ 

ũĤĲƖƣŸЮ?ċŰŚĲũЮÅŚĦŸц9ċŰŸΝЯШsƨũŚċШ9ũċƨĬŚċШШ~ŚƖǍċрÅŸƚĦċΝЯШ7ƨƖċťШ9ċŊƖŚШШ§ĦċťΞЯШ]ƨũƣĲťŚŰШШ]ŸũũĲƖΞЯШ 

ΝЮШÖŰŚƻĲƖƚŚĬċĬШĬĲШxċƚШÂċũůċƚШĬĲШ]ƖċŰШ9ċŰċƖŚċ 

ΞЮШfƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

 

ÑőĲШŸĤŢĲĦƣŚƻĲШŸŉШƣőŚƚШƚƣƨĬǃШŚƚШƣŸШċƚƚĲƚƚШċŰĬШĦŸŰƣƖċƚƣШƣőĲШůĲĦőċŰŚĦċũШċŰĬШĲũĲĦƣƖŸĦőĲůŚĦċũШ
ĦőċƖċĦƣĲƖŚƚƣŚĦƚШŸŉШŉŸƨƖШŰŸƻĲũШůċƣĲƖŚċũƚШůċĬĲШŸŉШůŸŰŸũŚƣőŚĦШ7Π9ШĬŸƓĲĬШƽŚƣőШĬŚǭĲƖĲŰƣШƻŸũƨůĲƚШŸŉШ
9Ÿ9Ɩ[Ĳ Ś~ŸШcŚŊőрEŰƣƖŸƓǃШ ũũŸǃШыcE ьШċŰĬШƣőĲŚƖШĦŸůƓċƖŚƚŸŰШƽŚƣőШůŸŰŸũŚƣőŚĦШ7Π9ШŉċĤƖŚĦċƣĲĬШ
ƨŰĬĲƖШƣőĲШƚċůĲШĦŸŰĬŚƣŚŸŰƚ 

ÑőĲШÉƓċƖťШÂũċƚůċШÉŚŰƣĲƖŚŰŊШыÉÂÉьШůĲƣőŸĬШƽċƚШƨƚĲĬШƣŸШĦƖĲċƣĲШċũũШŉŚƻĲШƚċůƓũĲƚШƨŰĬĲƖШƚƣƨĬǃЮШÖƚŚŰŊШ
ċШéŚĦťĲƖƚШůŚĦƖŸőċƖĬŰĲƚƚШƣĲƚƣШċŰĬШÉĦċŰŰŚŰŊШEũĲĦƣƖŸŰШ~ŚĦƖŸƚĦŸƓǃШыÉE~ьЯШƣőĲШůċƣĲƖŚċũƚѼмΜΟΦбШ
őċƖĬŰĲƚƚШċŰĬШůŚĦƖŸƚƣƖƨĦƣƨƖĲШƽĲƖĲШĲǂċůŚŰĲĬЮШÑĲƚƣƚШŉŸƖШĦŸƖƖŸƚŚŸŰШƓŸƣĲŰƣŚċũЯШĦŸƖƖŸƚŚŸŰШƖċƣĲШċŰĬШ
EũĲĦƣƖŸĦőĲůŚĦċũШfůƓĲĬċŰĦĲШÉƓĲĦƣƖŸƚĦŸƓǃШыEfÉьШƽĲƖĲШƓĲƖŉŸƖůĲĬШƣŸШċƚĦĲƖƣċŚŰШƣőĲШƚċůƓũĲƚѼмΜΟΦбШ
ĲũĲĦƣƖŸĦőĲůŚĦċũШĤĲőċƻŚŸƖШƨŰĬĲƖШċŰШċƖƣŚŉŚĦŚċũШĦŸƖƖŸƚŚƻĲШůċƖŚŰĲШĲŰƻŚƖŸŰůĲŰƣ 

ƚШcE ШĦŸŰƣĲŰƣШŚŰĦƖĲċƚĲЯШċШĬĲŰƚĲƖШůŚĦƖŸƚƣƖƨĦƣƨƖĲШċŰĬШƚůċũũĲƖШŊƖċŚŰШƚŚǍĲШƽĲƖĲШċƣƣċŚŰĲĬЯШƣőĲШ
ĬĲŰƚĲƖШůŚĦƖŸƚƣƖƨĦƣƨƖĲШƽċƚШŉŸƨŰĬШŸŰШƣőĲШΟӖШcE ШĦŸŰƣĲŰƣШƚċůƓũĲЮШ ũũШĲũĲĦƣƖŸĦőĲůŚĦċũШƣĲƚƣШ
ƖĲƻĲċũĲĬШƣőċƣШőŚŊőĲƖШcE ШĦŸŰƣĲŰƣШŚŰĦƖĲċƚĲШƚċůƓũĲƚШĦŸƖƖŸƚŚŸŰШƖĲƚŚƚƣċŰĦĲЯШŚŰШċШƣƽŸрƚƣĲƓШĦőĲůŚĦċũШ
ŚŰƣĲƖċĦƣŚŸŰЯШŚŰǰƨĲŰĦĲĬШĤǃШƣőĲШƓƖĲƚĲŰĦĲШŸŉШƣőĲШìċƖĤƨƖŊШĲũĲůĲŰƣЮШ ĦĦŸƖĬŚŰŊШƣŸШƣőĲШéŚĦťĲƖƚШ
ůĲċƚƨƖĲůĲŰƣƚЯШĲƻĲƖǃШƚċůƓũĲШƚőŸƽĲĬШċШŰŸƖůċũШĬŚƚƣƖŚĤƨƣŚŸŰЯШƽŚƣőШƣőĲШőŚŊőĲƚƣШőċƖĬŰĲƚƚШŉŸƨŰĬШŚŰШ
ƣőĲШΟӖШcE ШĦŸŰƣĲŰƣШƚċůƓũĲЮ 

cE ШċĬŚƣŚŸŰШŚůƓũŚĲƚШċШĬĲŰƚĲƖШůŚĦƖŸƚƣƖƨĦƣƨƖĲЯШŚŰĦƖĲċƚŚŰŊШƣőĲШĦŸůƓŸƚŚƣĲƚШůŚĦƖŸőċƖĬŰĲƚƚЮШ ũũШƣĲƚƣШ
ƖĲƻĲċũĲĬШƣőċƣШőŚŊőĲƖШcE ШĦŸŰƣĲŰƣШƣƖċŰƚũċƣĲƚШŚŰƣŸШŚůƓƖŸƻĲĬШĦŸƖƖŸƚŚŸŰШƖĲƚŚƚƣċŰĦĲШċŰĬШůĲĦőċŰŚĦċũШ
ĦőċƖċĦƣĲƖŚƚƣŚĦƚЮ 

 

uĲǃƽŸƖĬƚаШ7Π9ЯШcE ЯШEfÉЯШ9ŸƖƖŸƚŚŸŰЯШÉE~ 
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ÉǃŰƣőĲƚŚƚШ ŰĬШ9ŸŰƚŸũŚĬċƣŚŸŰШŸŉШ7 Ш ċŰŸƓũċƣĲШÅĲŚŰŉŸƖĦĲĬШ7Π9Ш9ŸůƓŸƚŚƣĲƚШ 

òŚŌŚƣЮÑ üE]ÚxΝЯШÉƨŰċШШ é9f§^xÖΝЯШ[ŚŊĲŰШu òΝЯШ9ĲŰŊŚǍШu òΝЯШ ũŚШ<ExluΞЯШ ũƓċŊƨƣШШu ÅΟЯШ 

ΝЮШòfx?füШÑE9 f9 xШÖ féEÅÉfÑò 

ΞЮШEÉufÉEcfÅШÑE9c f9 xШÖ féEÅÉfÑò 

ΟЮШÉ 7  9fШÖ féEÅÉfÑò 

 

ũƣőŸƨŊőШĤŸƖŸŰШĦċƖĤŚĬĲШы7Ѝ9ьШĲǂőŚĤŚƣƚШŸƨƣƚƣċŰĬŚŰŊШƓƖŸƓĲƖƣŚĲƚШƚƨĦőШċƚШőŚŊőШőċƖĬŰĲƚƚЯШũŸƽШĬĲŰƚŚƣǃЯШċŰĬШ
ĲǂĦĲũũĲŰƣШĤċũũŚƚƣŚĦШƖĲƚŚƚƣċŰĦĲЯШŚƣƚШċƓƓũŚĦċƣŚŸŰШŚƚШũŚůŚƣĲĬШĤǃШŚƣƚШũŸƽШŉƖċĦƣƨƖĲШƣŸƨŊőŰĲƚƚШċŰĬШƓŸŸƖШƖĲƚŚƚƣċŰĦĲШ
ƣŸШĦƖċĦťШƓƖŸƓċŊċƣŚŸŰЮШÑőĲШƓƖŚůċƖǃШŸĤŢĲĦƣŚƻĲШŸŉШƣőŚƚШƚƣƨĬǃШŚƚШƣŸШĲŰőċŰĦĲШƣőĲШůĲĦőċŰŚĦċũШċŰĬШŉƨŰĦƣŚŸŰċũШ
ƓƖŸƓĲƖƣŚĲƚШŸŉШĤŸƖŸŰШĦċƖĤŚĬĲШы7Ѝ9ьрĤċƚĲĬШĦŸůƓŸƚŚƣĲШůċƣĲƖŚċũƚЮ 

ÑŸШċĦőŚĲƻĲШƣőŚƚЯШŰċŰŸрőǃĤƖŚĬШĦŸůƓŸƚŚƣĲШƓŸƽĬĲƖƚШĦŸůƓƖŚƚŚŰŊШ7Ѝ9ШċŰĬШĤŸƖŸŰШŰŚƣƖŚĬĲШы7 ьШŰċŰŸƓũċƣĲƚШƽĲƖĲШ
ƚǃŰƣőĲƚŚǍĲĬШ ċƣШ ũŸƽШ ƣĲůƓĲƖċƣƨƖĲƚШ ƻŚċШ ƣőĲШ ƚŸũрŊĲũШ ůĲƣőŸĬЮШ ÑőĲƚĲШ ƓŸƽĬĲƖƚШ ƽĲƖĲШ ƚƨĤƚĲƕƨĲŰƣũǃШ
ĦŸŰƚŸũŚĬċƣĲĬШƨƚŚŰŊШÉƓċƖťШÂũċƚůċШÉŚŰƣĲƖŚŰŊШыÉÂÉьЮШÑőĲШƖĲƚƨũƣŚŰŊШőǃĤƖŚĬШĦŸůƓŸƚŚƣĲƚШċƖĲШĲǂƓĲĦƣĲĬШƣŸШ
ĲǂőŚĤŚƣШŚůƓƖŸƻĲĬШůĲĦőċŰŚĦċũШƓĲƖŉŸƖůċŰĦĲЯШƓċƖƣŚĦƨũċƖũǃШŚŰШƣĲƖůƚШŸŉШŉƖċĦƣƨƖĲШƣŸƨŊőŰĲƚƚЮ 

ÑőĲШƚǃŰƣőĲƚŚǍĲĬШĦŸůƓŸƚŚƣĲƚШƽĲƖĲШĦőċƖċĦƣĲƖŚǍĲĬШƨƚŚŰŊШñÅ?ЯШÉE~ЯШċŰĬШůĲĦőċŰŚĦċũШƣĲƚƣŚŰŊШůĲƣőŸĬƚЯШ
ŚŰĦũƨĬŚŰŊШéŚĦťĲƖƚШőċƖĬŰĲƚƚШċŰĬШŉƖċĦƣƨƖĲШƣŸƨŊőŰĲƚƚШůĲċƚƨƖĲůĲŰƣƚЮШñÅ?ШċŰċũǃƚŚƚШƖĲƻĲċũĲĬШċШƓőċƚĲШ
ĲƻŸũƨƣŚŸŰШƽŚƣőШŚŰĦƖĲċƚŚŰŊШ7 ШĦŸŰƣĲŰƣЯШƣƖċŰƚŚƣŚŸŰŚŰŊШŉƖŸůШċШƚŚŰŊũĲрƓőċƚĲШ7Ѝ9ШƚƣƖƨĦƣƨƖĲШƣŸШċШĬƨċũрƓőċƚĲШ
ĦŸůƓŸƚŚƣŚŸŰШĦŸŰƣċŚŰŚŰŊШċƓƓƖŸǂŚůċƣĲũǃШΝΡШƽƣЮӖШ7 ЮШÉE~ШŚŰƻĲƚƣŚŊċƣŚŸŰƚШƚőŸƽĲĬШƣőċƣШ7 ШŰċŰŸƓũċƣĲƚШƽĲƖĲШ
ƓƖŚůċƖŚũǃШũŸĦċƣĲĬШċũŸŰŊШƣőĲШŊƖċŚŰШĤŸƨŰĬċƖŚĲƚШŸŉШƣőĲШ7Ѝ9ШůċƣƖŚǂЯШĦŸŰƣƖŚĤƨƣŚŰŊШƣŸШůŚĦƖŸƚƣƖƨĦƣƨƖċũШƖĲŉŚŰĲůĲŰƣШ
ċŰĬШƓŸƣĲŰƣŚċũШƣŸƨŊőĲŰŚŰŊШůĲĦőċŰŚƚůƚЮ 

ìŚƣőШŚŰĦƖĲċƚŚŰŊШ7 ШŚŰĦŸƖƓŸƖċƣŚŸŰЯШċШƚũŚŊőƣШĬĲĦƖĲċƚĲШŸŉШċƓƓƖŸǂŚůċƣĲũǃШΟӖШŚŰШéŚĦťĲƖƚШőċƖĬŰĲƚƚШƽċƚШ
ŸĤƚĲƖƻĲĬЯШƽőŚũĲШŉƖċĦƣƨƖĲШƣŸƨŊőŰĲƚƚШĲǂőŚĤŚƣĲĬШċШƚŚŊŰŚŉŚĦċŰƣШŚůƓƖŸƻĲůĲŰƣШŸŉШŰĲċƖũǃШΠΥӖЯШŚŰĬŚĦċƣŚŰŊШƣőĲШ
ĲǭĲĦƣŚƻĲШƖŸũĲШŸŉШ7 ШŰċŰŸƓũċƣĲƚШŚŰШőŚŰĬĲƖŚŰŊШĦƖċĦťШƓƖŸƓċŊċƣŚŸŰШċŰĬШƓƖŸůŸƣŚŰŊШĲŰĲƖŊǃШĬŚƚƚŚƓċƣŚŸŰЮ 

 

uĲǃƽŸƖĬƚаШ7Ѝ9р7 ШĦŸůƓŸƚŚƣĲЯШŉƖċĦƣƨƖĲШƣŸƨŊőŰĲƚƚ 
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E[[E9ÑÉШ§[Ш ċŰŸƓċƖƣŔĦũĲƚЯШÉĲċƽċƣĲƖЯШċŰĬШ7ŔŸĦŔĬĲÉШŸŰШƣőĲШ
 Ñf[§Öxf ]Ш9ŸůƓŸƚŔƣĲƚ 

őůĲƣЮ[ƨƖťċŰЮ ťŕŰЮΤеЮ?ĲŰŔǍЮ[ŕƚƣŕťĩŕΥеЮ7ƬƝƖċЮ§ƚůċЮΦеЮ ũƓĲƖЮEťŔŰĦŔЮΧЮ]ƬũƝĲŰЮ ťŕŰЮEƻŚŰŊƬƖΧеЮ°ŰĬĲƖЮ
ÂĲťĦċŰЮΤ 

ΝuċĬŔƖШcċƚШÖŰŔƻĲƖƚŔƣǃЯШΟΠΜΥΟШ9ŔĤċũŔЯШfƚƣċŰĤƨũЯШÑƬƖťŔǃĲ 

ΞШcŔŊőШÉĦőŸŸũШŸŉШ ũťĲƻЯШΟΠΡΟΡЯШ7ƬǃƬťĩĲťůĲĦĲЯШfƚƣċŰĤƨũЯШÑƬƖťŔǃĲ 

ΟòŕũĬŕǍШÑĲĦőŰŔĦċũШÖŰŔƻĲƖƚŔƣǃЯШΟΠΟΠΦШ7ĲƝŔťƣċƝЯШfƚƣċŰĤƨũЯШÑƬƖťŔǃĲ 

ΠÂŔƖŔШÅĲŔƚШÖŰŔƻĲƖƚŔƣǃЯШΟΠΦΠΜШÑƨǍũċЯШfƚƣċŰĤƨũЯШÑƬƖťŔǃĲ 

 

ŰƣŔŉŸƨũŔŰŊШĦŸůƓŸƚŔƣĲƚШċƖĲШƽŔĬĲũǃШĲůƓũŸǃĲĬШƣŸШƓƖŸƣĲĦƣШƚƨĤůĲƖŊĲĬШƚőŔƓШƚƨƖŉċĦĲƚШĤǃШƓƖĲƻĲŰƣŔŰŊШ
ƣőĲШƚĲƣƣũĲůĲŰƣШŸŉШůċƖŔŰĲШŸƖŊċŰŔƚůƚЯШƣőĲƖĲĤǃШŔůƓƖŸƻŔŰŊШŸƓĲƖċƣŔŸŰċũШĲǭŔĦŔĲŰĦǃШċŰĬШƖĲĬƨĦŔŰŊШ
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Abstract 

 

The development of electrospun nanofibrous scaffolds 

represents a promising material for wound healing because 

they possess high porosity and adjustable fiber structure and 

mimic the extracellular matrix. In this study, nanocomposite 

scaffolds were obtained by incorporating Hypericum 

perforatum essential oil (HPO), which is known for its 

therapeutic potential, into the cellulose acetate (CA)/gelatin 

(GT) chitosan electrospun nanofibers for wound healing 

applications. The effects of HPO concentrations between 

10ï30 wt% on nanocomposite morphological properties and 

structural integrity and antibacterial performance were 

evaluated. The SEM images showed that all nanofibers 

maintained uniform structures with diameters between 1.44 

and 2.16 ɛm and achieved high porosity levels above 83% 

which supports tissue regeneration. FTIR spectroscopy 

showed that HPO successfully incorporated into the polymer 

matrix through specific absorption bands. The antibacterial 

tests showed that Escherichia coli and Staphylococcus 

aureus growth was completely inhibited when HPO loading 

reached 20% and 30%. This research demonstrates that 

CA/GT/HPO nanofibers show promise as wound dressing 

materials because they maintain structural stability while 

providing bioactive properties. 

 

1. Introduction 

 

Nanofiber and nanoscaffold dressings prepared with 

electrospinning have received considerable attention in 

various fields including regenerative medicine, tissue 

engineering, biomedical applications, wound healing, and 

controlled drug delivery because of their sophisticated 

physicochemical properties and complex architectures [1]. 

Electrospun nanofibrous scaffolds possess unique 

characteristics such as a high surface-area-to-volume ratio, 

specific pore sizes, and particular fiber diameters that make 

them ideal for tissue engineering applications. These 

characteristics enable them efficient in imitating the 

functions of the extracellular matrix (ECM) [2]. The 

combination of nanofibers with other nanoparticles (NPs) 

and/or active biomaterials also enables the enhancement of 

their functional properties. As a result, different types of 

electrospun nanofibrous scaffolds with a distinctive 

architecture that resembles the extracellular matrix 

morphological structure and composites of mixed 

biomaterials have been developed for a variety of 

applications [1]. 

 

Since infection is the most common complication that can 

occur during wound healing, dressing systems containing 

antiseptic agents are essential to delay or inhibit the growth 

of microorganisms [3]. For this reason, a wide range of 

bioactive compounds with antimicrobial activities have been 

incorporated into the structure of wound dressings to prevent 

the penetration of bacteria into the wound and at the same 

time promote the healing process [4]. It was demonstrated 

that essential oils (EOs), typically extracted from diverse 

aromatic plants, possess inherent antibacterial, antifungal, 

and insecticidal characteristics. EOs offer advantages over 

other synthetic antimicrobial agents because they are widely 

available natural compounds with a low degree of toxicity. 

Moreover, they can be efficiently combined with polymeric 

matrices to form composite materials with exceptional 

antimicrobial properties [3].  

 

Gelatin (GT) serves as a popular wound dressing material 

because it possesses excellent biocompatibility together with 

non-immunogenicity and biodegradability [5]. The 

application of GT is restricted because it lacks strong 

mechanical properties and has rapid degradation rate [6]. 

The electrospinability of GT also remains poor because its 

strong hydrogen bonding results in low-quality electrospun 

nanofibers. The combined use of GT with natural or 

synthetic biopolymers improves its spinnability and 

enhances the mechanical, physicochemical, and biological 

properties of electrospun nanofibers [7]. The interest in 

cellulose-derived fibers has increased significantly during 

recent years because they offer low cost and light weight 

properties together with easy processability and good 

mechanical and barrier characteristics and recyclability [8]. 

The derivative cellulose acetate (CA) demonstrates efficient 

processing capabilities to create membranes and films and 

fibers from solution or melt states [5]. The drug release 
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regulation properties of CA nanofibers make them suitable 

for electrospun drug delivery systems [6]. From this 

perspective, several researchers developed different 

composite structures for wound dressing applications by 

electrospinning using the combination of CA and GT 

[5,6,9,10]. 

 

Along with the structural requirements, a functional wound 

dressing should contain an active ingredient to either 

improve the healing process or even offers the antibacterial 

characteristics. Different kinds of chemical, biological, and 

natural components have used to provide biological 

functions to the dressings [9]. Hypericum perforatum 

essential oil (HPO, St. John's wort) is known for its 

antimicrobial and therapeutic activities. It was reported that 

its phytoconstituents enhance collagen deposition, decrease 

inflammation, and modulate the immune response, thereby 

accelerating the wound healing process [11]. 

 

The present study focuses on the development of 

nanocomposites by employing electrospinning method to 

combine cellulose/acetate polymer blend and HPO. The 

effects of HPO incorporation on the morphological, 

structural, and antimicrobial, properties of the 

nanocomposites were investigated. It was demonstrated that 

the fibrous composite scaffolds produced in this study 

effectively inhibited the growth of both E. coli and S. aureus. 

As a result, it can be said that the combination of the CA/GT 

polymer matrix with HPO could have potential for the 

biomedical applications 

 

2. Experimental Procedure 

 

2.1. Materials 

 

Cellulose acetate (CA, Mn = 30,000, Sigma Aldrich), bovine 

gelatin (GT, 220 Bloom Alfasol), 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP, purity Ó99, Sigma Aldrich) and organic St. 

John's wort essential oil (Florame) were used to prepare 

electrospun nanocomposites. 

 

2.2. Electrospinning  
 

CA and GT with a weight ratio of 3:4 was dissolved in HFIP 

to obtain a final polymer concentration of 14% w/v. HPO 

was added to the polymer solutions at weight ratios of 10, 

20, and 30% w/v with respect to the total polymer amount. 

Electrospinning was performed in a single nozzle setup 

(Nanospinner 24 Touch, Inovenso Co.) under ambient 

conditions. The applied voltage, tip-to-collector distance, 

and flow rate were 20 kV, 130 mm, and 3 mL.h-1, 

respectively. The obtained nanofiber membranes were 

named as CA/GT, CA/GT/HPO10, CA/GT/HPO/20, and 

CA/GT/HPO30, based on HPO concentration. 

 

 

2.3 Morphological and chemical characterisation of the 

nanofibers 

 

The fiber diameter and morphology of the nanocomposite 

fibers were analyzed using Scanning Electron Microscopy 

(SEM). A FEI Quanta 250 FEG microscope was used, 

operating in high vacuum mode with an acceleration voltage 

set at 20 kV. A thin coating of gold-palladium was achieved 

using the Quorum SC7620. SEM images were analyzed 

using ImageJ to calculate fiber diameter distribution. Surface 

porosity and pore size of nanocomposites were determined 

by using their gray scale SEM images by setting a threshold 

value in ImageJ. The ratio of dark pixels to total pixels was 

then calculated to measure the surface porosity. To find the 

pore size, an elliptical was fitted into the pores, and the larger 

sizes of 30 pores were taken into account [12, 13]. FTIR 

(Jasco FT/IR 4700, 4000ï500 cm-1) was used to identify and 

confirm the presence of specific functional groups within the 

nanofibers. 

 

 

2.4 Antibacterial activiy of the nanofibers 

 

The optical density (OD) method was used to measure the 

antibacterial activity of nanofibers against Gram-negative 

Escherichia coli ATCC 25923 and Staphylococcus aureus 

ATCC 25922. Ten microliters of a bacterial solution (105 

CFU/mL) and 50 mg of nanofiber samples were mixed into 

10 mL of fresh Luria Bertani broth and incubated at 37ÁC 

with agitation at 100 rpm. After incubation, a UVïvis 

spectrophotometer (BioTek Technologies, Winooski, VT, 

USA) was used to evaluate the suspension's optical density 

at 600 nm. 
 

 

3. Results and Discussion 

 

SEM micrograph were used to evaluate the morphology of 

the CA/GT and HPO loaded CA/GT nanofibers (Figure 1). 

The nanofibers displayed uniform morphology together with 

a smooth surface and porous structure. The average 

diameters of CA/GT, CA/GT/HPO10, CA/GT/HPO20 and 

CA/GT/HPO30 PCL/GT/FL40 nanofibers were measured as 

1.69 Ñ 1.05, 1.94 Ñ 0.89, 2.16 Ñ 1.15, and 1.44 Ñ 0.42 ɛm 

respectively. The morphological characteristics of 

electrospun fibers play a crucial role in determining cell 

behavior. It is known that smaller fiber diameters, such as 

700 nm, promote a more dispersed and elongated 

morphology in human skin fibroblasts. which can enhance 

cell migration. However, Gao et al. found that while smaller 

fibers support cell morphology, larger fibers (3000 nm) 

actually exhibit a higher migration speed and effective 

migration rate due to their reduced specific surface area and 

lower adhesion protein adsorption. Thus, the relationship 

between fiber diameter and cell migration is complex, with 

larger diameters showing enhanced migration capabilities 

[14]. Moreover, the porosity and pore size of electrospun 
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nanofibers play a significant role in scaffold designs and 

long-term success of biomaterials. The range of 60ï90 % is 

recognized as the appropriate porosity for cell proliferation 

[13]. Surface porosity percentages of CA/GT, 

CA/GT/HPO10, CA/GT/HPO20 and CA/GT/HPO 

nanofibers were calculated as 83.70 %, 84.86 %, 84.17 %, 

and 83.06 %, respectively, showing that the nanofibers are 

highly porous and acceptable for tissue engineering 

applications. The pore sizes of CA/GT, CA/GT/HPO10, 

CA/GT/HPO20 and CA/GT/HPO nanofibers were found as 

5.36 Ñ 4.51, 4.94 Ñ 1.40, 5.01 Ñ 1.54, and 5.67 Ñ 1.71 ɛm, 

respectively.  

 
Figure 1. SEM images and fiber distributions of CA/GT 

(a), CA/GT/HPO10 (b), CA/GT/HPO20 (c), and 

CA/GT/HPO30 nanofibers 

 

 

Pore diameters of 2-12 ɛm are ideal for the dermal layer, 

promoting cell migration, nutrient transport, ECM 

deposition, and skin structure organization [15]. 

 

The FTIR spectra of CA/GT and HPO loaded CA/GT 

nanocomposites were obtained and the spectrums are given 

in Figure 2. It can be said that the peaks at 1741, 1625, 1545, 

1370, 1194, 1054 and 899 cm-1 belong to both of these 

polymers. CA indicated the characteristic bands attributed to 

the acetate group. The stretching bands of carbonyl (CƏO 

stretching) at 1741 cmï1, methyl bending at 1370 cmï1 (Cï

CH3 stretching), the alkoxyl stretch of the ester at 1194 cmï

1 (CïOïC antisymmetric stretching ester group), and the Cï

O functional group in the absorption region of 1054 cmï1 

were observed for the CA electrospun nanofibers [16].  On 

the other hand, the peaks at 1625 (amide I) and 1545 cm-1 

(amide II), showing stretching vibrations of the CïO bond 

and the bending of the NïH bond and the stretching of the 

CïN bond, respectively, confirmed the presence of GT in the 

sample [17]. All membranes exhibited the characteristic 

peaks of polymers. Only with the addition of HPO, the 

intensity of the peaks at 2950 and 2857 cm-1 increased which 

are C-H stretching bands specific to HPO [18]. In this 

context, it can be concluded that HPO is integrated into the 

structure. 

 
Figure 2. FTIR analysis of CA/GT and HPO loaded 

CA/GT nanofibers 

 

Nanocomposites antimicrobial efficacy against two bacteria 

was evaluated by OD method and percent bacterial 

inhibitions are shown Figure 3. It was observed that the neat 

CA/GT membrane has an effect on both bacteria. The 

antibacterial effect observed in this membrane suggests that 

HFIP, used as a polymer solvent during the electrospinning 

process, was not completely removed from the membrane 

structure. Moreover, it can be seen that the addition of HPO 

has a positive effect on the antimicrobial activity of 

membranes. CA/GT/HPO20 and CA/GT/30 composites 

showed complete antimicrobial activity against both 

bacteria. CA/GT/HPO10 composite was more effective 

against S. aureus than E. coli. It was reported that HPO 

demonstrates superior effectiveness against gram-positive 

bacteria than against gram-negative bacteria. The outer 

membrane of gram-negative bacteria contains  
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lipopolysaccharides which prevent antibacterial agents from 

entering. Additionally, HPO components hypericin and 

hyperforin show better binding properties to peptidoglycan 

layers thus enabling better penetration and activity [18]. 

 
Figure 3. Antibacterial activity of HPO loaded CA/GT 

membranes against E. coli and S. aureus. 
 

4. Conclusion 

 

This research involved on the fabrication of cellulose acetate 

(CA)/gelatin (GT) nanofibers with Hypericum perforatum 

essential oil (HPO) through electrospinning for wound 

dressing applications. The composite membranes displayed 

smooth and porous structures which had suitable surface 

porosity and appropriate pore dimensions that supported cell 

attachment and proliferation. FTIR analysis confirmed HPO 

addition which strengthened the antibacterial properties of 

the nanofibers especially against S. aureus. The 

CA/GT/HPO20 and CA/GT/HPO30 samples showed 

complete bacterial inhibition because HPO displayed 

powerful antimicrobial activity. The combination of 

biocompatible polymers with natural bioactive oil presents a 

promising approach to develop advanced wound dressings.  
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Abstract 

 

In the present study, thermoplastic polyurethane (TPU) 

nanocomposite structures containing copper nanoparticle 

(CuNP) and multi-walled carbon nanotube (MWCNT) were 

fabricated by using electrospinning method for skeletal 

muscle tissue engineering. TPU was used as the polymeric 

structure due to high mechanical strength. The enhancement 

in angiogenic properties and facilitation of cell signaling in 

muscle cells were aimed with the incorporations of CuNP 

and MWCNT into nanocomposite structure, respectively. 

The characterization studies, including scanning electron 

microscope (SEM), Fourier-transform infrared (FTIR), X-

Ray Diffractometer (XRD) and ion release, demonstrated 

fabrication of nanofiber composite structures integrated with 

CuNPs and MWCNTs. Antibacterial activity was increased 

against S. aureus and thermogravimetric analysis (TGA) 

pointed out a slight elevation in thermal stability due to 

MWCNT and CuNP additions. Although the 1% CuNP-

incorporated TPU/MWCNT nanocomposite exhibited 

enhanced properties compared with the other samples, 

further investigations will be conducted to optimize copper 

and MWCNT concentrations that may establish them as 

promising candidates for skeletal muscle tissue engineering 

applications. 

 

1. Introduction 

 

In recent years, electrospun scaffolds have been used 

effectively in tissue engineering applications. Electrospun 

polymeric micro/nanofiber scaffolds can incorporate various 

therapeutic additives into both synthetic and natural polymer 

structures, enabling the release of these additives for a 

variety of applications. Due to its excellent mechanical 

properties and good biocompatibility, synthetic 

thermoplastic polyurethane (TPU) is widely used in a variety 

of biomedical applications including skeletal muscle tissue 

engineering via electrospinning. Muscle tissues are required 

to respond to electrical signals for proper functioning of 

cellular signaling in the human body and this necessitates the 

use of conductive biomaterial in muscle tissue engineering 

[1]. Through the electrospinning technique, a nanofiber 

membrane was successfully fabricated using a polymer 

matrix combined with the selected reinforcements. Carbon 

nanotubes are conductive materials and their incorporation 

into electrospinning solution enables fabrication of 

conductive nanofiber scaffolds [2]. Copper nanoparticles 

possess inherent antibacterial and antimicrobial properties, 

making them particularly advantageous in muscle tissue 

engineering applications where infection risk is a concern 

[3]. The combination of TPU, CuNP and MWCNTs in the 

electrospun nanofibers offers a promising approach for 

developing advanced materials with tailored properties for 

tissue engineering applications. The detailed 

characterization and testing methodologies employed 

provide valuable insights into the morphological, structural, 

antimicrobial, and release properties of the nanocomposite 

material, which are essential considerations for its potential 

use in tissue engineering applications. 

 

2. Experimental Procedure 

 

2.1. Fabrication of MWCNT/TPU/CuNP electrospun 

scaffolds 

 

TPU-based nanocomposites were fabricated by using 

MWCNTs in various ratios. MWCNT was added to the 

dimethyl formamide (DMF)/tetrahydrofuran (THF) (60/40 

v/v) solution at 0.5%, 1%, 2%, 3%, 5% and 10% w/w of the 

TPU in the polymer solution. TPU polymer solution was 

added to this solution at 8% w/v. Subsequent to 

determination of optimum conditions (MWCNT ratio), the 

addition of CuNP into polymer solution was performed. 

CuNP addition was performed at 1% and 5% of polymer 



 

 

Â
ċ
Ŋ
ĲΞ
Σ 

 

 

 

content to the 3% MWCNT-doped TPU polymer 

composition. The synthesis of MWCNT and CuNP are 

described in the previous studies [4-5]. These polymer 

solutions were taken into 5 ml syringes and membrane 

fabrication was carried out by electrospinning device 

(Nanospinner 24 Touch, Inovenso) at 23 kV voltage, 1.5 

ml/h flow rate and 160 mm tip-collector distance.  
 

2.2. Characterization studies 
 

The obtained nanofiber composites were characterized by 

using various analysis. The fiber morphology was analyzed 

using a scanning electron microscope (SEM, Quanta FEG 

250), and ImageJ software was used to measure fiber 

diameters. The functional groups of the nanofibers were 

investigated by Fourier-transform infrared (FTIR, Perkin 

Elmer, Spectrum 100) spectroscopy. The characteristic 

phases and crystallinity of nanofibers were examined using 

X-Ray Diffractometer (XRD, Panalytical Xpert Pro). 

Analyses were conducted on samples at 2ɗ angles between 

10Á and 80Á. TGA analyses were performed to determine the 

thermal properties of polymeric nanofiber membranes 

containing MWCNT and CuNP. TGA analyses were 

performed between 30 and 600ÁC using a TA Instruments 

SDT Q600 Model instrument at a heating rate of 10ÁC/min 

under a nitrogen atmosphere. To investigate copper ion 

release, samples were placed in phosphate buffer saline 

(PBS 7.4) for 2, 4, 6, and finally 24 hours in a shaking water 

bath at 37ÁC. The amount of copper ion released into the 

PBS after this period was measured using Inductively 

Coupled Plasma-Mass Spectrometry (ICP-MS, Perkin 

Elmer Optima 2100 DV). The antibacterial activities of the 

nanofiber membranes against Staphylococcus aureus and 

Escherichia coli were quantitatively analyzed using the OD 

technique [6]. 
 

3. Results and Discussion 
 

The membrane morphology did not change significantly 

with the addition of different amounts of MWCNTs to the 

TPU polymer (Figure 1a-d). SEM images showed that the 

nanofibers were homogeneously distributed, and no bead-

like structures formed on the fibers. It was observed from the 

SEM micrographs that the nanofibers were homogeneously 

distributed in the sample prepared with 3% MWCNT, but as 

the MWCNT content increased, the fiber structure 

deteriorated, and bead-like structures formed on the fibers 

(Figure 1e-g). Additionally, MWCNTs were detected on the 

fiber surfaces of the sample prepared with 3% MWCNT. The 

mean diameters of the nanofibers were determined using 

ImageJ software using SEM images and results were 

presented on each related images (Figure 1). The nanofiber 

diameters initially increased slightly with the addition of 

0.5% MWCNT, but as the amount of MWCNT increased, 

the nanofiber diameters began to decrease. The decrease in 

nanofiber diameter is thought to be due to the conductive 

properties of MWCNT increasing the charge density on the 

polymer jet, resulting in easier fiber formation due to the 

fibers being more easily stretched and elongated. However, 

when the MWCNT content is 5%, the fiber diameter 

increases due to deterioration of nanofiber morphology. 

When MWCNTs were added above 3%, electrospinning 

becomes more difficult due to the increase in viscosity of the 

polymer solution, and a uniform nanofiber structure cannot 

be achieved.  Based on the high-magnification SEM images 

of a nanofiber containing 3% MWCNT (Figure 2), the 

surface of the nanofibers was coated with uniformly placed 

MWCNTs. Therefore, it was decided to continue the study 

with samples containing 3% MWCNTs. 

MWCNT/TPU/CuNP nanocomposite structures were 

obtained by adding 1% and 5% CuNPs to the 3% MWCNT-

added sample. Based on previous preliminary studies, it was 

decided to use 1% and 5% CuNPs as two different 

concentrations for electrospinning nanofiber fabrication. 

The mean diameters for the sample containing 1% and 5% 

CuNP were determined as 225 and 193 nm, respectively. 

The increase in CuNP content decreased the fiber diameter, 

resulting in a more porous structure. It is thought that the 

reason for the decrease in fiber diameter is that CuNP with a 

conductive structure, such as MWCNT, enable the fibers to 

stretch and elongate more easily. 
 

 
Figure 1. SEM images and mean fiber diameters of TPU 

Blank (a), TPU/%0.5MWCNT (b), TPU/%1MWCNT (c), 

TPU/%2MWCNT (d), TPU/%3MWCNT (e), 

TPU/%5MWCNT (f), TPU/%10MWCNT (g), 

TPU/%3MWCNT/%1CuNP (h), and 

TPU/%3MWCNT/%5CuNP (i) 

 

Comparative FTIR analysis results of the obtained TPU 

Blank, TPU/MWCNT, TPU/MWCNT/1%CuNP, and 

TPU/MWCNT/5%CuNP nanofibers were given in Figure 3. 

The characteristic peaks of TPU show the NH stretching 

vibration at 3315 cm-1, the C=O stretching at 1738 cm-1, the 

C-N   stretching    and   N-H   bending   at   1529  cm-1,   the 
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Figure 2. SEM images of nanofibers containing 3% 

MWCNT at high-magnification of 2500 x (a), 10 000 x (b), 

40 000 x (c) and 80 000 x (d) 
 

asymmetric C-O-C stretching at 1102 cm-1. The absorption 

peaks observed at the wavelength of 3315 cm-1 indicate the 

-OH functional group present in MWCNT. Similarly, the 

absorption peaks observed at 3457 cm-1 correspond to the      

-NH functional group present in TPU. Intermolecular 

hydrogen bonding between -OH and -NH groups in 

MWCNT/TPU composite films leads to stretching vibration 

absorption. FTIR analysis results indicated that MWCNTs 

were successfully incorporated into the polymer matrix. 

 

 
Figure 3. FTIR analysis of TPU Blank, TPU/%3MWCNT, 

TPU/%3MWCNT/%1CuNP, and 

TPU/%3MWCNT/%5CuNP 

 

XRD analysis was performed for TPU Blank, 

TPU/3%MWCNT, TPU/3%MWCNT/1%CuNP, and 

TPU/3%MWCNT/5%CuNP (Figure 4). The carbon peak 

can be seen in Figure 4. It was observed that the carbon and 

copper peaks increased with increasing copper content. As 

can be seen in the comparative XRD patterns of all samples, 

carbon and copper peaks are visible in the graphs. This result 

showed that the copper nanoparticles were successfully 

incorporated into the structure. 

 

 
Figure 4. XRD analysis of TPU Blank, TPU/%3MWCNT, 

TPU/%3MWCNT/%1CuNP, and 

TPU/%3MWCNT/%5CuNP 

 

E. coli and S. aureus, the most widely researched model 

microorganisms for biological materials [6], were used for 

the antibacterial analysis (Figure 5). When comparing 

samples with TPU and TPU/MWCNT nanofiber structures, 

the antibacterial activity increased against S. aureus, but no 

inhibition was obtained for E. coli. However, when 

comparing samples with the CuNP, the incorporation of this 

nanoparticle into the composite structure demonstrate 

antibacterial activity against both bacterial species. Studies 

examining the effectiveness of CuNP-added samples against 

E. coli and S. aureus showed that the samples were more 

effective against S. aureus due to the different composition 

of the cell wall structures of these bacteria. 

 

 
Figure 5. Antibacterial activity analysis of TPU Blank, 

TPU/%3MWCNT, TPU/%3MWCNT/%1CuNP, and 

TPU/%3MWCNT/%5CuNP 
 

TGA analysis was performed on TPU blank, TPU/MWCNT, 

TPU/MWCNT/1%CuNP, and TPU/MWCNT/5%CuNP 

nanofiber membranes. An examination of all curves in the 

TGA graph (Figure 6) revealed that the nanofibers exhibited 

a weight loss of approximately 5% in the temperature range 

of 30-300ÁC. The weight loss in this region was due to the 

removal of physically adsorbed water molecules. The TGA 

curves of the samples indicated a weight loss behavior 

corresponding to the disruption of the polymer chains 

between 300 and 450ÁC. 
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When the DTG results were compared with the DTG curves 

of pure TPU, the results for both TPU/MWCNT and 

TPU/MWCNT/CuNP showed a decrease in the thermal 

degradation rate and increased stability. Thus, it was 

concluded that the addition of CuNP and MWCNT slightly 

increased the thermal stability of the TPU nanofiber 

structure. 

 

 
Figure 6. TGA (a) and DTG (b) analysis of TPU Blank, 

TPU/%3MWCNT, TPU/%3MWCNT/%1CuNP, and 

TPU/%3MWCNT/%5CuNP 
 

The copper ion release results from nanofibers containing 

CuNPs were given in Figure 7. The copper ion release 

increased in a controlled manner for the nanofiber containing 

1% Cu. However, it was determined that the copper ion 

release did not occur in a controlled manner for the nanofiber 

containing 5% Cu. This is thought to be due to the lack of a 

smooth nanofiber structure in the sample containing 5% 

CuNPs and the inhomogeneity of the nanofiber distribution. 

 

 
Figure 7. Copper ion release analysis results 

 

4. Conclusion 

 

In this study, an electrospun nanocomposite scaffold was 

fabricated from TPU doped with MWCNT and CuNP, and 

holding a potential as skeletal muscle tissue material. The 

characterization of the prepared nanocomposite membranes 

was investigated by using SEM, FTIR, XRD TGA, 

antibacterial and ion release tests. The optimal 

nanocomposite scaffold sample was determined to be 3% 

MWCNT. Fiber diameter and morphology changed with the 

addition of MWCNT and CuNP. FTIR graphs pointed out 

successful incorporation of MWCNTs into the TPU without 

altering the chemical structure of the polymer. XRD analysis 

indicated the CuNPs integration into the nanocomposite 

structure. It was observed that the incorporated CuNP 

imparted antibacterial properties to the nanocomposite 

samples. Copper ion release tests also revealed that the 

copper concentration was below the toxic level that would 

kill muscle cells. TGA and DTG results determined that the 

addition of MWCNTs and CuNPs increased the thermal 

stability of the nanocomposite samples. Although the 1% 

CuNP-added TPU/MWCNT nanocomposite sample showed 

better properties than those of the samples based on the 

obtained results, further analyses will be conducted to 

investigate the different concentrations of copper and 

MWCNT that may render them potential candidates for 

skeletal muscle tissue applications. 
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Abstract 

  

The demand for biocompatible, biodegradable, and 

economically sustainable raw materials has been steadily 

increasing for pharmaceutical formulations. Among these 

materials, cellulose, which is a naturally occurring 

polysaccharide, is a striking candidate due to its wide 

availability and physicochemical properties. In this study, 

cellulose was extracted from agricultural wastes of wheat 

and corn, and its potential application in plant-based 

biomaterial formulations was investigated. Extraction 

experiments involving alkali treatment, bleaching, and acid 

hydrolysis were performed in each experimental group by 

modifying a single parameter, such as solution concentration 

or temperature, in order to assess its specific impact on the 

quality of cellulose extraction. The extracted cellulose 

samples were characterized using Fourier Transform 

Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD) 

to assess their chemical and structural properties. Optimal 

extraction conditions were identified, and the applicability 

of the extracted cellulose in the development of 

pharmaceutical biomaterials was evaluated based on the 

characterization results. 

 

1. Introduction 
 

Cellulose is the most abundant biopolymer in nature and 

represents the primary structural component of plant cell 

walls, providing mechanical strength and stability 

(Gbenebor et al., 2023). Structurally, it is a linear 

homopolymer composed of ɓ-(1Ÿ4)-linked D-glucose units 

with the general formula (C H O ) . The hydroxyl-rich 

backbone facilitates extensive intra- and intermolecular 

hydrogen bonding, resulting in insolubility in water, a 

fibrous morphology, and high tensile strength. These 

characteristics make cellulose highly attractive for 

applications in composites, biofilms, coatings, and 

biomedical devices [1,2]. 

Plant cell walls are mainly composed of cellulose, 

hemicellulose, and lignin. While cellulose is the 

predominant fraction, hemicellulose consists of 

heterogeneous polysaccharides with various sugar units, and 

lignin is a cross-linked phenolic polymer that contributes to 

rigidity and hydrophobicity [3]. 

As a semi-crystalline polymer, cellulose contains both 

amorphous and crystalline domains, with their ratio varying 

according to plant species, geographical origin, and applied 

extraction methods. For instance, hardwoods typically 

contain 40ï50% cellulose, softwoods about 40ï45%, and 

cotton up to 90% [3]. Agricultural residues such as corn 

husks and wheat straw also exhibit relatively high cellulose 

contents (35ï45%), together with hemicellulose, lignin, and 

minor organic constituents, thereby representing sustainable 

and cost-effective sources for high-quality cellulose 

biopolymer production [1,4]. 

Cellulose extraction typically involves three main steps: 

alkali treatment, bleaching, and acid hydrolysis. Alkali 

treatment with sodium hydroxide removes hemicellulose 

and part of the lignin, isolating cellulose. Bleaching further 

enhances purity and whiteness by eliminating residual 

lignin, hemicellulose, pectins, and waxes; this step is often 

repeated to optimize quality. Finally, acid hydrolysis 

selectively cleaves amorphous regions, yielding cellulose 

nanocrystals (CNCs) with high crystallinity, surface 

hydroxyl enrichment, and nanoscale dimensions. CNCs 

exhibit exceptional mechanical strength, biodegradability, 

and dispersibility, making them valuable for advanced 

applications such as drug delivery, nanocomposites, and 

sustainable packaging [2]. 

In this study, cellulose was extracted from wheat and corn 

agricultural residues using this multistep process, and the 

resulting samples were characterized to assess their potential 

as sustainable biomaterials. 
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2. Experimental Procedure 
 

The corn husk and wheat straw were used as agro-wastes in 

extraction processes and they were obtained from local 

market (Eskiĸehir, Turkey). Sodium hydroxide (NaOH), 

hydrogen peroxide (H2O2) and hydrogen chloric acid (HCl) 

were purchased from Merck, Turkey. All other chemicals 

were of analytical reagent grade and used as received, 

without further purification. During the filtration and 

neutralization processes, distilled water was used. 

 

Cellulose extraction has three main parts as alkali treatment, 

bleaching, and acid hydrolysis. The corn husks and wheat 

straws were used in the extraction processes to get cellulose. 

There are six experiment sets for waste type and each set 

which have different experiment parameters (Table 1). 

EXP1 and EXP6 are reference experiments for wheat and 

corn respectively. Based on these reference sets, one of the 

parameters was changed in other sets and this set was 

compared with reference set to observe effects of parameter 

changing. 

 

Table 1. Parameters of experiment sets. 

A
g

ri
c
u

lt
u

ra
l 

w
a

s
te

 

Exp. 

codes 

Changing 

Exp. 

Parameter 

Ŭ Ç ɗ 

W
h

e
a

t 

C
o

rn
 

EXP1 

EXP6 

Reference 

experiment 

80 Co, 

(1:10), 

2 hr, 

4% w/v 

70 Co, 

(1:10), 

3 hr, 

8% w/v 

60 Co, 

(1:10), 

1 hr, 

10% w/v 

EXP2 

EXP7 

Bleaching 

repetation 
- 

70 Co, 

(1:10), 

3 h, 

%8 w/v 

- 

EXP3 

EXP8 

l/s ratio from 

1:10 to 1:20 
1:20 1:20 1:20 

EXP4 

EXP9 
Reaction time 3 hr 4 hr 2 hr 

EXP5 

EXP10 

Reaction 

temperature 
100 Co 90 Co 100 Co 

Ŭ: Alkali treatment, Ç: Bleaching, ɗ: Acid hydrolysis 

 

2.1. Alkali treatment (Ŭ) 

 

The corn husk and wheat straw were washed with distilled 

water and dried at room temperature for 24 hours. After 

washing and drying processes, wastes were ground and 

sieved with grinder and stored at room temperature. The 

ground wastes were treated with 4% w/v sodium hydroxide 

(NaOH) alkali solution at defined temperature and duration 

of reaction that are indicated in Table 1. The solid was then 

filtered and washed several times in distilled water till the 

pH of filtrate was be neutralized. 

2.2. Bleaching (Ç) 

Following alkali treatment, the bleaching treatment was 

carried out using 8% w/v hydrogen peroxide (H2O2) at 

defined temperature and duration of reaction that are 

indicated in Table 1. The mixture was allowed to cool and 

filtered using excess distilled water. For EXP2 and EXP7 

experiment sets, this process was repeated to understand the 

effect of step repetition. 
 

2.3. Acid hydrolysis (ɗ) 
 

The acid hydrolysis treatment was conducted after alkali 

treatment and bleaching process using hydrogen chloric acid 

(HCl) concentration 10% w/v and indicated reaction 

temperature with a range of reaction time (60 and 120 

minutes) under continuous stirring. The ratio of the obtained 

cellulose to liquor was changed according to Table 1. The 

hydrolyzed material was washed with distilled water to 

remove solvents residues till neutralization. 

 

All extracted celluloses were grinded by homogenizer with 

20.000 rpm and dried under the vacuum to obtain micro 

crystalline cellulose (MCC, ɔ).  

 

2.4. Characterization 

 

Fourier Transformation Infrared Radiation (FTIR) 

 

Untreated, alkali-treated, bleached, and acid-hydrolyzed 

corn husk and wheat samples were analyzed (Figure 1a) 

using a Perkin- Elmer Fourier Transform Infrared 

spectrometer within the wavelength range of 4000ï500 

cm ĭ. The analysis was performed using the Attenuated Total 

Reflectance (ATR) probe. The obtained spectra were 

considered reliable for identifying characteristic functional 

groups of the extracted materials. 

X-Ray Diffraction (XRD) 

 

The crystallinity of extracted celluloses was analyzed using 

a Rigaku Miniflex X-Ray Diffractometer equipped with Ni-

filtered CuK‌ radiation in the step-scan mode with a 2ɗ 

angle ranging from 10 to 50Á at a scan rate of 3Á/min with a 

resolution of 0.02Á. The operating voltage and current were 

30 kV and 15 mA, respectively. The crystallinity index was 

calculated [5] with Eq. (1). 

Cr = 
Ὅ002 Ὅὥά

Ὅὥά
                                                                     (1) 

The XRD analysis further elucidated the crystalline structure 

of the nanocellulose. Prominent diffraction peaks at 2ɗ 

values of 16Á, 22Á, and 35Á confirmed its crystalline nature. 

The Crystallinity Index (CrI), calculated using the Segal 

method by Eq 1. 

 

Where Cr is the crystallinity index, I002 is the maximum 

intensity of the diffraction from the 002 plane, and Iam is the 

intensity of scattered by the amorphous part of the sample.  
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3. Results and Discussion 
 

Spectroscopic analysis 

 

Structural analyses were performed using FTIR 

spectroscopy, with particular attention to lignin removal, 

cellulose purification, and crystallinity. 

When standard conditions were applied (EXP1 and EXP6), 

the FTIR spectra displayed persistent aromatic peaks at 

~1619 cm ĭ, indicating incomplete delignification and 

limited cellulose purity. This observation demonstrates that 

conventional processing is insufficient for achieving high-

quality cellulose, regardless of the agricultural source. 

The introduction of a second bleaching step (EXP 2 and 

EXP7) substantially improved structural purification. The 

suppression of aromatic C=C bands, accompanied by the 

emergence of a distinct ɓ-glycosidic peak at ~896 cm ĭ, 

confirmed more effective lignin removal. This result 

highlights that repeated oxidative treatment facilitates higher 

cellulose purity without altering other parameters, offering a 

straightforward strategy for process improvement. 

Increasing the reagent volume (EXP3 and EXP8), achieved 

by adjusting the S/L ratio from 1:10 to 1:20 while 

maintaining constant concentrations, enhanced the 

efficiency of extraction. FTIR spectra revealed weaker 

aromatic signals and more symmetric CïH and CïO bands, 

suggesting improved reagent diffusion and more effective 

interaction with the biomass. This finding emphasizes the 

importance of sufficient reagent accessibility to the substrate 

and suggests scalability of the method for larger production 

volumes. 

Extending the reaction times of extraction steps (EXP4 and 

EXP9) further contributed to cellulose quality. Prolonged 

treatments resulted in the complete disappearance of 

aromatic signals and significant intensification of the 

glycosidic CïOïC region (1050ï900 cm ĭ). These 

observations indicate that longer durations allow more 

thorough removal of lignin and hemicellulose, while 

simultaneously exposing crystalline cellulose domains. 

However, extended times may increase energy consumption, 

which should be considered in large-scale applications. 

Elevated processing temperatures (EXP5 and EXP10) 

proved to be the most effective parameter in promoting rapid 

delignification and crystallinity. Treatment at 100 ÁC (alkali) 

and 90 ÁC (bleaching) resulted in complete suppression of 

aromatic peaks and pronounced intensification of crystalline 

cellulose bands, indicating accelerated structural ordering 

within shorter durations. Nevertheless, discoloration of 

samples during subsequent acid hydrolysis at 100 ÁC 

suggested partial thermal degradation. 

 
Figure 1. FTIR spectrum of nanocellulose in EXP 8 (a), 

Comparision of FTIR spectrums of each extraction step for 

EXP8 (b). 

Overall, the results demonstrate that repeated bleaching, 

higher reagent volumes, extended reaction times, and 

elevated temperatures all contributed positively to cellulose 

purification, albeit with varying degrees of effectiveness. 

Among these, prolonged durations and high temperatures 

produced the most crystalline cellulose, whereas bleaching 

repetition and reagent volume adjustments provided 

practical and scalable improvements. The suppression of 

aromatic C=C (~1600ï1650 cm ĭ), narrowing of OïH 

stretching (~3300 cm ĭ), and intensification of ɓ-glycosidic 

CïOïC signals (1050ï900 cm ĭ) were consistent FTIR 

indicators of successful cellulose purification (Figure 1b) . 

These findings underline the necessity of parameter 

optimization to obtain high-purity cellulose suitable for 

pharmaceutical biomaterial applications. 

X-Ray Diffraction (XRD) 

 

Figure 2a presents the XRD patterns of untreated waste, 

alkali-treated, bleached, acid-hydrolyzed samples, and 

nanocellulose. The XRD patterns of the samples were 

analyzed using the XôPert software, which enabled detailed 

evaluation of diffraction peaks and crystallinity parameters. 

The diffraction data were compared with the standard 

reference from the JCPDS database and the results 

confirmed that the diffraction peaks of the sample matched 

the characteristic JCPDS card number (JCPDS: 00-050-

2241) of cellulose, thereby verifying its crystalline structure. 

The characteristic diffraction peaks observed at 2ɗ å 16Á, 

22Á, and 35Á correspond to the crystalline domains of 

cellulose I, confirming that the extracted nanocellulose 

retained its crystalline structure. The crystallinity index 

(CrI%) of each sample was calculated using the Segal 

method, and the best result was given in Table 2. 

At the baseline conditions (EXP 1 and EXP6), where a single 

bleaching step was applied, the CrI values were relatively 

low. This outcome demonstrates that limited removal of 

lignin and hemicellulose from the amorphous regions is 

insufficient to enhance crystallinity, and highlights the 

inadequacy of a single bleaching treatment for complete 

purification. 

When bleaching was applied twice (EXP2 and EXP7), a 

pronounced increase in crystallinity was observed. The 

additional oxidative step facilitated more effective removal  
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of residual lignin and hemicellulose, enabling the 

rearrangement of crystalline domains and producing sharper 

diffraction peaks. This finding indicates that repeated 

bleaching not only improves delignification but also 

contributes significantly to preserving the structural integrity 

of cellulose. 

Adjusting the solid-to-liquid ratio from 1:10 to 1:20 (EXP3 

and EXP8), while keeping reagent concentrations constant, 

also improved the CrI values. The increased liquid volume 

enhanced reagent diffusion and accessibility, thereby 

promoting more uniform interaction with the lignocellulosic 

matrix. As a result, cellulose chains were more effectively 

purified, and crystalline domains were better preserved. This 

highlights the importance of optimizing reagent accessibility 

for scalable and efficient cellulose extraction. 

Table 2. Crystallinity Index (CrI %) values of EXP 8. 
Exp. 

Codes 

Raw 

waste 

Ŭ Ç Ç-

repetition 

ɗ Micro 

cellulose 

EXP8 78,66 79,49 83,74  83,75 90,00 

In contrast, extending the reaction durations (EXP4 and 

EXP9) did not yield further improvement in crystallinity. 

Instead, prolonged exposure to alkali and bleaching media 

led to relatively lower CrI values, suggesting partial 

depolymerization or degradation of cellulose chains. 

Although FTIR spectra confirmed enhanced removal of 

lignin and hemicellulose, the decline in crystallinity implies 

that excessively long treatments may compromise the 

structural order of cellulose. 

Similarly, processing at elevated temperatures accelerated 

delignification, as evidenced by the disappearance of lignin-

associated signals in FTIR spectra. However, XRD analysis 

revealed lower CrI values compared to optimized conditions. 

This reduction can be attributed to thermal degradation 

during high-temperature treatments (e.g., 100 ÁC alkali, 90 

ÁC bleaching), which may induce chain scission or formation 

of disordered phases. The observed darkening of samples 

during acid hydrolysis further supports this interpretation. 

 
Figure 2. Comparision of XRD patterns of each extraction 

step for EXP8 (a), XRD pattern of EXP 8 (b). 

Overall, the highest CrI values were obtained under 

conditions involving repeated bleaching and increased 

reagent volume. These results demonstrate that optimization 

of bleaching frequency and liquid-to-solid ratio plays a more 

critical role in preserving crystalline cellulose than either 

prolonged durations or elevated thermal treatments. 

Consistency between FTIR and XRD resultsðsuppression 

of aromatic C=C (~1600ï1650 cm ĭ), narrowing of OïH 

stretching (~3300 cm ĭ), and intensification of ɓ-glycosidic 

CïOïC vibrations (1050ï900 cm ĭ)ðconfirms that these 

optimized conditions produce high-purity, crystalline 

cellulose suitable for advanced biomaterial applications. 

4. Conclusion 

 

This work confirmed that cellulose can be extracted with 

comparable success from both corn husk and wheat straw 

when appropriate processing conditions are applied. FTIR 

analyses demonstrated that single-step treatments were 

insufficient for either source, while repeated bleaching 

cycles and higher solid-to-liquid ratios consistently 

improved cellulose purity in both cases. These modifications 

provided effective and scalable improvements without 

introducing additional complexity. 

Similarly, extended treatment times and elevated 

temperatures enhanced crystallinity for both corn- and 

wheat-derived cellulose, indicating that parameter changes 

exert parallel effects regardless of biomass type. However, 

these conditions also carried drawbacks, including increased 

energy consumption and partial thermal degradation. Thus, 

while high temperatures and prolonged durations improved 

ordering, repeated bleaching and optimized reagent 

accessibility represent more sustainable strategies, equally 

effective for both agricultural residues. 
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§ÂÑf~fü Ñf§ Ш§[ШÉfxf9 ÑEтüÅ§ЋШ~f9Å§р Å9Ш§ñf? Ñf§ Ш9§ Ñf ]ÉШ
§ Ш üΟΝШ~ ] EÉfÖ~Ш xx§òШ[§ÅШ7f§ÅEÉ§Å7 7xEШf~Âx  ÑÉ 

§ĤċĬċЮ ĤĬƬũőċũŚťΝЯШ[ċŚǍШ~ƨőċǭĲũΝЯШ 

ΝЮШlƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃЯШ?ĲƓċƖƣůĲŰƣШŸŉШ~ĲƣċũũƨƖŊŚĦċũШċŰĬШ~ċƣĲƖŚċũƚШEŰŊŚŰĲĲƖŚŰŊЯШlƚƣċŰĤƨũ 

 

ÑőŚƚШƚƣƨĬǃШŚŰƻĲƚƣŚŊċƣĲƚШƣőĲШƚǃŰƣőĲƚŚƚШċŰĬШŸƓƣŚůŚǍċƣŚŸŰШŸŉШƚŚũŚĦċƣĲрĤċƚĲĬШůŚĦƖŸрċƖĦШŸǂŚĬċƣŚŸŰШ
ы~ §ьШĦŸċƣŚŰŊƚШƖĲŚŰŉŸƖĦĲĬШƽŚƣőШüƖ§ΞШŸŰШ üΟΝШċũũŸǃЯШċŰĬШƣőĲШƖĲũċƣŚŸŰƚőŚƓШĤĲƣƽĲĲŰШĲũĲĦƣƖŚĦċũШ
ƓċƖċůĲƣĲƖƚШċŰĬШĦŸċƣŚŰŊШƚƣƖƨĦƣƨƖĲШċŰĬШƓĲƖŉŸƖůċŰĦĲЮ 

~ŚĦƖŸрċƖĦШŸǂŚĬċƣŚŸŰШыĦŸŰƚƣċŰƣрƻŸũƣċŊĲШƖĲŊŚůĲЯШŚŰĦũƨĬŚŰŊШůŚǂĲĬрƓƨũƚĲШċŰĬШĦŸŰƣŚŰƨŸƨƚШƓŸƚŚƣŚƻĲШċŰĬШ
ĦŸŰƚƣċŰƣрĦƨƖƖĲŰƣШ ůŸĬĲƚьЯШ ÉE~Ш ċŰċũǃƚŚƚЯШ ñÅ?Ш ċŰċũǃƚŚƚЯШ E?ÉШ ċŰċũǃƚŚƚЯШ ċŰĬШ ĦŸŰƣċĦƣШ ċŰŊũĲШ
ůĲċƚƨƖĲůĲŰƣЮ 

9ƖċƣĲƖШƚŚǍĲШċŰĬШĬĲŰƚŚƣǃШŚŰĦƖĲċƚĲĬШƽŚƣőШőŚŊőĲƖШƓŸƚŚƣŚƻĲШƓƨũƚĲШƓƖŸƓŸƖƣŚŸŰƚЮрñÅ?ШċŰċũǃƚĲƚШŚĬĲŰƣŚŉŚĲĬШ
~Ŋ§ШċŰĬШ~ŊΞÉŚ§ΠШċƚШĬŸůŚŰċŰƣШƓőċƚĲƚШŚŰШƣőĲШ~ §ШĦŸċƣŚŰŊЮр9ŸċƣŚŰŊШƣőŚĦťŰĲƚƚШŚŰĦƖĲċƚĲĬШŉƖŸůШ
ΝΥЮΞШӆШΠЮΟШӓůШыĦŸŰƚƣċŰƣШĦƨƖƖĲŰƣьШƣŸШΟΤЮΞШӆШΣЮΞШӓůШыĦŸŰƣŚŰƨŸƨƚШƓŸƚŚƣŚƻĲьЮр]ƖŸƽƣőШŚŰШċƻĲƖċŊĲШ
ƖŸƨŊőŰĲƚƚШŉƖŸůШΝЮΡШƣŸШΠЮΡШӓůЮрE?ÉШċŰċũǃƚĲƚШĦŸŰŉŚƖůĲĬШƣőĲШƨŰŚŉŸƖůШŚŰĦŸƖƓŸƖċƣŚŸŰШŸŉШÉŚШċŰĬШ ċЯШ
ƽőŚũĲШüƖШƖĲċĦőĲĬШΞΠШƽƣЮӖШŚŰШƣőĲШƣőŚĦťĲƚƣШĦŸċƣŚŰŊШŉŸƖůĲĬШĤǃШƣőĲШ~ §ШƓƖŸĦĲƚƚЮрìŚƣőШŚŰĦƖĲċƚŚŰŊШ
ƣőŚĦťŰĲƚƚЯШƣőĲШƚƣċƣŚĦШƽċƣĲƖШĦŸŰƣċĦƣШċŰŊũĲШĬĲĦƖĲċƚĲĬШŉƖŸůШΤΞ҄ШƣŸШΟΝ҄ЯШƽőŚĦőШŚŰĬŚĦċƣĲĬШĲŰőċŰĦĲĬШ
őǃĬƖŸƓőŚũŚĦŚƣǃЯ 

ŰШċƓċƣŚƣĲШŰƨĦũĲċƣŚŸŰШŚƚШĲǂƓĲĦƣĲĬШƣŸШĤĲШċĦĦĲũĲƖċƣĲĬШĤǃШƖŸƨŊőЯШőǃĬƖŸƓőŚũŚĦШƚƨƖŉċĦĲƚЯШƽőŚũĲШ
ƚƨĤƚƣƖċƣĲШĬŚƚƚŸũƨƣŚŸŰШƚőŸƨũĬШĤĲШƚũŸƽĲĬШĤǃШċШĬĲŰƚĲƖШŸǂŚĬĲШċŰĬШüƖ§ΞШĲŰƖŚĦőůĲŰƣЮ 
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[ 7Åf9 Ñf§ Ш  ?Ш9c Å 9ÑEÅfü Ñf§ Ш§[Шcf]cШE ÑÅ§ÂòШ~ŸÑŚéìüƖШ
xx§òÉШ7òШ~ ] EÑÅ§ ШÉÂÖÑÑEÅf ] 

EÅu  Юu < ÅΝЯШ9E~Ш°Å EuΞЯШ 

ΝЮШcċťťċƖŔШÖŰŔƻĲƖƚŔƣǃ 

ΞЮШfƚƣċŰĤƨũШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

 

ÑőŚƚШƚƣƨĬǃШċŚůĲĬШƣŸШƚǃŰƣőĲƚŚǍĲШ~ŸÑŚéìüƖШőŚŊőрĲŰƣƖŸƓǃШċũũŸǃШыcE ьШƣőŚŰШŉŚũůƚШƨƚŚŰŊШůċŊŰĲƣƖŸŰШ
ƚƓƨƣƣĲƖŚŰŊШŉƖŸůШŚŰĬŚƻŚĬƨċũШĲũĲůĲŰƣċũШƣċƖŊĲƣƚЯШċŰĬШƣŸШƚǃƚƣĲůċƣŚĦċũũǃШŚŰƻĲƚƣŚŊċƣĲШƣőĲШŚŰǰƨĲŰĦĲШŸŉШ
ĬĲƓŸƚŚƣŚŸŰШƓċƖċůĲƣĲƖƚШƚƨĦőШċƚШƓŸƽĲƖШċŰĬШƽŸƖťŚŰŊШƓƖĲƚƚƨƖĲШŸŰШƣőĲŚƖШƚƣƖƨĦƣƨƖċũЯШůĲĦőċŰŚĦċũЯШċŰĬШ
ĲũĲĦƣƖŸĦőĲůŚĦċũШƓƖŸƓĲƖƣŚĲƚЮШÑőĲШŊŸċũШƽċƚШƣŸШċƚƚĲƚƚШƣőĲŚƖШƓŸƣĲŰƣŚċũШŉŸƖШƻċƖŚŸƨƚШĲŰŊŚŰĲĲƖŚŰŊШ
ċƓƓũŚĦċƣŚŸŰƚЮ 

~ŸÑŚéìüƖШƣőŚŰШŉŚũůƚШƽĲƖĲШĬĲƓŸƚŚƣĲĬШƻŚċШůċŊŰĲƣƖŸŰШƚƓƨƣƣĲƖŚŰŊЮШÑőĲŚƖШƚƣƖƨĦƣƨƖċũШċŰĬШƓőċƚĲШ
ĦőċƖċĦƣĲƖŚƚƣŚĦƚШ ƽĲƖĲШ ƣőĲŰШ ŚŰƻĲƚƣŚŊċƣĲĬШ ƨƚŚŰŊШ ñрƖċǃШ ĬŚǭƖċĦƣŚŸŰШ ыñÅ?ьЮШ ÉĦċŰŰŚŰŊШ ĲũĲĦƣƖŸŰШ
ůŚĦƖŸƚĦŸƓǃШ ыÉE~ьШ ƽċƚШ ƨƣŚũŚǍĲĬШ ŉŸƖШ ċŰċũǃǍŚŰŊШ ƣőĲШ ĦƖŸƚƚрƚĲĦƣŚŸŰċũШ ůŸƖƓőŸũŸŊǃЮШ ~ĲĦőċŰŚĦċũШ
ƓĲƖŉŸƖůċŰĦĲШ ƽċƚШ ĲƻċũƨċƣĲĬШ ƣőƖŸƨŊőШ ŰċŰŸŚŰĬĲŰƣċƣŚŸŰШ ƣĲƚƣƚШ ƨƚŚŰŊШ ċШ éŚĦťĲƖƚрƣǃƓĲШ ĬŚċůŸŰĬШ
ŚŰĬĲŰƣĲƖЮШ ĬĬŚƣŚŸŰċũũǃЯШ ƣőĲШ ĲũĲĦƣƖŸĦőĲůŚĦċũШ ĤĲőċƻŚŸƖШ ƽċƚШ ċƚƚĲƚƚĲĬШ ƻŚċШ ƓŸƣĲŰƣŚŸĬǃŰċůŚĦШ
ƓŸũċƖŚǍċƣŚŸŰШƣĲƚƣƚШŚŰШĤŸƣőШΜЮΝШ~Ш ċ9ũШċŰĬШƓcШΠШcΞÉ§ΠШƚŸũƨƣŚŸŰƚЮ 

ñÅ?ШċŰċũǃƚŚƚШĦŸŰŉŚƖůĲĬШƣőĲШŉŸƖůċƣŚŸŰШŸŉШĦƖǃƚƣċũũŚŰĲШƓőċƚĲƚШƽŚƣőШĤƖŸċĬШƓĲċťƚЯШŚŰĬŚĦċƣŚŰŊШċШŉŚŰĲШ
ŊƖċŚŰШƚƣƖƨĦƣƨƖĲШċŰĬШũċƣƣŚĦĲШĬŚƚƣŸƖƣŚŸŰƚЮШÉE~ШŸĤƚĲƖƻċƣŚŸŰƚШƖĲƻĲċũĲĬШĦŸŰƚŚƚƣĲŰƣШĦƖŸƚƚрƚĲĦƣŚŸŰċũШ
ůŸƖƓőŸũŸŊŚĲƚЮШ ÑőĲШ ŉŚũůƚШ ĲǂőŚĤŚƣĲĬШ ŊŸŸĬШ őċƖĬŰĲƚƚШ ƻċũƨĲƚШ ыΤрΥШ ]ÂċьШ ċƚШĬĲƣĲƖůŚŰĲĬШ ĤǃШ
ŰċŰŸŚŰĬĲŰƣċƣŚŸŰЮШ[ƨƖƣőĲƖůŸƖĲЯШŚŰШĤŸƣőШΜЮΝШ~Ш ċ9ũШċŰĬШƓcШΠШcΞÉ§ΠШƚŸũƨƣŚŸŰƚЯШƣőĲШĦŸċƣŚŰŊƚШ
ĬĲůŸŰƚƣƖċƣĲĬШƚƣċĤũĲШƓċƚƚŚƻĲШĤĲőċƻŚŸƖШŸƻĲƖШċШƽŚĬĲШƓŸƣĲŰƣŚċũШƖċŰŊĲШċŰĬШĲǂőŚĤŚƣĲĬШƚŚŊŰŚŉŚĦċŰƣũǃШ
ũŸƽĲƖШĦƨƖƖĲŰƣШĬĲŰƚŚƣŚĲƚШĦŸůƓċƖĲĬШƣŸШĤŸƣőШƚŚŰŊũĲШĲũĲůĲŰƣƚШċŰĬШƚƣċŚŰũĲƚƚШƚƣĲĲũЮ 

§ƨƖШƖĲƚƨũƣƚШŚŰĬŚĦċƣĲШƣőċƣШůċŊŰĲƣƖŸŰШƚƓƨƣƣĲƖŚŰŊШŚƚШċШƚƨŚƣċĤũĲШůĲƣőŸĬШŉŸƖШƓƖŸĬƨĦŚŰŊШĦŸůƓŸƚŚƣŚŸŰċũũǃШ
ĦŸůƓũĲǂШ~ŸÑŚéìüƖШĦŸċƣŚŰŊƚЮШÑőĲƚĲШĦŸċƣŚŰŊƚШƓŸƚƚĲƚƚШƣƨŰċĤũĲШůŚĦƖŸƚƣƖƨĦƣƨƖċũЯШůĲĦőċŰŚĦċũЯШċŰĬШ
ĲũĲĦƣƖŸĦőĲůŚĦċũШ ĦőċƖċĦƣĲƖŚƚƣŚĦƚЯШ ůċťŚŰŊШ ƣőĲůШ őŚŊőũǃШ ƓƖŸůŚƚŚŰŊШ ŉŸƖШ ƻċƖŚŸƨƚШ ĲŰŊŚŰĲĲƖŚŰŊШ
ċƓƓũŚĦċƣŚŸŰƚШƽőĲƖĲШĲŰőċŰĦĲĬШƚƨƖŉċĦĲШƓƖŸƓĲƖƣŚĲƚЯШƓċƖƣŚĦƨũċƖũǃШƚƨƓĲƖŚŸƖШĦŸƖƖŸƚŚŸŰШƖĲƚŚƚƣċŰĦĲШŚŰШ
ĬŚƻĲƖƚĲШĲŰƻŚƖŸŰůĲŰƣƚЯШċƖĲШƖĲƕƨŚƖĲĬЮ 

 

uĲǃƽŸƖĬƚаШcŚŊőрEŰƣƖŸƓǃШЯШ~ŸÑŚéìüƖЯШ~ċŊŰĲƣƖŸŰШÉƓƨƣƣĲƖŚŰŊ 
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~ŚĦƖŸƚƣƖƨĦƣƨƖċũШċŰĬШEũĲĦƣƖŸĦőĲůŚĦċũШEƻċũƨċƣŚŸŰШŸŉШ ÂÉрĬĲƓŸƚŚƣĲĬШ
xċǃĲƖƚШŸŰШ?ŚƚťШcċƖƖŸƽШ ŊƖŚĦƨũƣƨƖċũШ9ŸůƓŸŰĲŰƣƚ 

9ŸƖŰĲũŚƨЮЮ~ƨŰƣĲċŰƨΝЯШ7ŸŊĬċŰЮЮfƚƣƖċƣĲΝЯШÅċůŸŰċШШ9ŚůƓŸĲƚƨΝЯШ[ċĤŚċŰШ9ĲǍċƖШШxƨƓƨΝЯШ]ĲũƨШШfċŰƨƟΝЯШ
fƨƖŚĲШШ~ĲũŰŚĦΞЯШéũċĬр ŚĦŸũċĲШШ ƖƚĲŰŸŚċШΟЯШ 

ΝЮШњ]őĲŸƖŊőĲШ ƚċĦőŚњШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃШŸŉШfċƚŚ 

ΞЮШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃШŸŉШ~ŸũĬŸƻċ 

ΟЮШÖŰŚƻĲƖƚŚƣǃШŸŉШxŚŉĲШÉĦŚĲŰĦĲƚШfŸŰШfŸŰĲƚĦƨШĬĲШũċШ7ƖċĬ 

 

ÑőĲШċƣůŸƚƓőĲƖŚĦШƓũċƚůċШƚƓƖċǃШы ÂÉьШĬĲƓŸƚŚƣŚŸŰШƣĲĦőŰŸũŸŊǃШŚƚШċШƽĲũũрĲƚƣċĤũŚƚőĲĬШůĲƣőŸĬШŉŸƖШ
ƓĲƖŉŸƖůŚŰŊШ ĦŸċƣŚŰŊƚШ ŸŰШƣőĲШ ƚƨƖŉċĦĲƚШ ŸŉШ ƻċƖŚŸƨƚШůĲƣċũũŚĦШ ůċƣĲƖŚċũƚШ ƨƚĲĬШ ŚŰШ ŉŚĲũĬƚШ ƚƨĦőШ ċƚШ
ċŊƖŚĦƨũƣƨƖĲЯШċƨƣŸůŸƣŚƻĲШċŰĬШŸƣőĲƖƚЮШÑőĲШƓƖĲƚĲŰƣШƚƣƨĬǃШŸǭĲƖƚШċШĦŸůƓċƖċƣŚƻĲШċŰċũǃƚŚƚШŸŉШƣőƖĲĲШ
ĬŚǭĲƖĲŰƣШƣǃƓĲƚШŸŉШĦŸċƣŚŰŊƚШŉƖŸůШċШůŚĦƖŸƚƣƖƨĦƣƨƖċũШċŰĬШĲũĲĦƣƖŸĦőĲůŚĦċũШĲƻċũƨċƣŚŸŰШƓĲƖƚƓĲĦƣŚƻĲаШ
ìΞ9оì9ΝΞ9ŸШы~ĲƣĦŸΤΝ ÉьЯШ9ƖΞ§ΟрΠÉŚ§ΞрΟÑŚ§Шы~ĲƣĦŸΝΟΣ[ьЯШċŰĬШ9ŸΞΡЮΡ9ƖΝΜЮΡ ŚΤЮΡìΜЮΡ9Ш
ы~ĲƣĦŸΠΡ9р ÉьЮШ ÑőĲШ ůĲŰƣŚŸŰĲĬШ ƓŸƽĬĲƖƚШ ƽĲƖĲШ ĬĲƓŸƚŚƣĲĬШ ŸŰШ ċШ őŚŊőũǃШƚƣƖĲƚƚĲĬШ ċŊƖŚĦƨũƣƨƖċũШ
ĦŸůƓŸŰĲŰƣШƨŰĬĲƖШƽŸƖťŚŰŊШĦŸŰĬŚƣŚŸŰƚаШƣőĲШĬŚƚĦШőċƖƖŸƽЮШ~ŚĦƖŸƚƣƖƨĦƣƨƖċũШĲƻċũƨċƣŚŸŰШƨƚŚŰŊШŸƓƣŚĦċũШ
ůŚĦƖŸƚĦŸƓǃШċŰĬШÉE~ШŸŉШƣőĲШŸĤƣċŚŰĲĬШũċǃĲƖƚШƖĲƻĲċũĲĬШƣőĲШŉŸƖůċƣŚŸŰШŸŉШƨŰŚŉŸƖůШċŰĬШċĬőĲƖĲŰƣШ
ĦŸċƣŚŰŊƚШƣŸШƣőĲШĤċƚĲШůċƣĲƖŚċũЯШĤƨƣШƽŚƣőШƣőĲШƓƖĲƚĲŰĦĲШŸŉШƚŸůĲШůŚĦƖŸƓŸƖĲƚШċŰĬШċШŉĲƽШĦƖċĦťƚЮШÑőĲШ
ĦŸƖƖŸƚŚŸŰШƖĲƚŚƚƣċŰĦĲШŸŉШĦŸċƣŚŰŊШƚǃƚƣĲůƚШċƓƓũŚĲĬШŸŰШƚƣĲĲũШƚƨĤƚƣƖċƣĲƚШƽċƚШĲƻċũƨċƣĲĬШĤǃШũŚŰĲċƖШċŰĬШ
ĦǃĦũŚĦШƓŸũċƖŚƚċƣŚŸŰШƣĲƚƣƚЯШċŰĬШĤǃШĲũĲĦƣƖŸĦőĲůŚĦċũШŚůƓĲĬċŰĦĲШƚƓĲĦƣƖŸƚĦŸƓǃШыEfÉьШŚŰШΟЮΡӖШ ċ9ũШ
ƚŸũƨƣŚŸŰЮШÑőĲШĲũĲĦƣƖŸĦőĲůŚĦċũШƓċƖċůĲƣĲƖƚШĬĲƣĲƖůŚŰĲĬШрШĦŸƖƖŸƚŚŸŰШĦƨƖƖĲŰƣШĬĲŰƚŚƣǃЯШĦŸƖƖŸƚŚŸŰШ
ƓŸƣĲŰƣŚċũЯШĦőċƖŊĲШƣƖċŰƚŉĲƖШƖĲƚŚƚƣċŰĦĲЯШŚŰƣĲƖŉċĦĲШĦċƓċĦŚƣċŰĦĲШċŰĬШĬŚǭƨƚŚƻĲШĦŸůƓŸŰĲŰƣƚШрШċũũŸƽĲĬШ
ċШĬĲƣċŚũĲĬШĦőċƖċĦƣĲƖŚƚċƣŚŸŰШŸŉШƣőĲШĲǭĲĦƣŚƻĲŰĲƚƚШŸŉШƣőĲШƓƖŸƣĲĦƣŚƻĲШĤċƖƖŚĲƖƚЯШƣőĲШƚƣċĤŚũŚƣǃШŸŉШƣőĲШ
ƓƖŸƣĲĦƣŚƻĲШũċǃĲƖШċŰĬШƣőĲШĤĲőċƻŚŸƨƖШŚŰШŚŰŚƣŚċƣŚŰŊШŸŉШĦŸƖƖŸƚŚŸŰШƓƖŸĦĲƚƚĲƚЮШÑőĲШƖĲƚƨũƣƚШŸĤƣċŚŰĲĬШ
ĬĲůŸŰƚƣƖċƣĲШƣőċƣШƣőĲШĬĲƓŸƚŚƣŚŸŰШŸŉШƣőĲШĦŸċƣŚŰŊƚШƚŚŊŰŚŉŚĦċŰƣũǃШŚůƓƖŸƻĲĬШƣőĲШĲũĲĦƣƖŸĦőĲůŚĦċũШ
ƚƣċĤŚũŚƣǃШċŰĬШĦŸƖƖŸƚŚŸŰШƖĲƚŚƚƣċŰĦĲШŸŉШƣőĲШůĲƣċũШƚƨĤƚƣƖċƣĲЯШƖĲǰĲĦƣŚŰŊШƣőĲШĲǭĲĦƣŚƻĲŰĲƚƚШŸŉШƣőĲШ
ƓƖŸƣĲĦƣŚƻĲШĤċƖƖŚĲƖƚЮШÑőĲШċƚƚĲƚƚůĲŰƣШċŰĬШŚůƓƖŸƻĲůĲŰƣШŸŉШĦŸƖƖŸƚŚŸŰШƖĲƚŚƚƣċŰĦĲШƖĲƓƖĲƚĲŰƣШċŰШ
ŚůƓŸƖƣċŰƣШŉċĦƣŸƖШŉŸƖШƣőĲШũŸŰŊрƣĲƖůШƨƚĲШŸŉШċũũШƻŚƣċũШċŊƖŚĦƨũƣƨƖċũШĦŸůƓŸŰĲŰƣƚЯШĲƚƓĲĦŚċũũǃШƣőŸƚĲШƚƨĦőШ
ċƚШƣőĲШĬŚƚĦШőċƖƖŸƽЮ ĦťŰŸƽũĲĬŊůĲŰƣаÑőŚƚШƽŸƖťШƽċƚШƚƨƓƓŸƖƣĲĬШĤǃШċШŊƖċŰƣШŸŉШ~ŚŰŚƚƣĲƖǃШŸŉШÅĲƚĲċƖĦőЯШ
fŰŰŸƻċƣŚŸŰШċŰĬШ?ŚŊŚƣŚǍċƣŚŸŰЯШ9 9ÉрÖE[fÉ9?fЯШƓƖŸŢĲĦƣШŰƨůĤĲƖÂ рféрÂΥрΥЮΟрÅ§~?рΞΜΞΟрΜΝΜΥЯШ
ƽŚƣőŚŰШÂ 9?fШféЮ 

 

uĲǃƽŸƖĬƚаШÂÉЯШĦŸċƣŚŰŊƚЯШůŚĦƖŸƚƣƖƨĦƣƨƖĲЯШĦŸƖƖŸƚŚŸŰШƖĲƚŚƚƣċŰĦĲ 

 

 



 

 

Â
ċ
Ŋ
ĲΟ
Υ 

 

EƻċũƨċƣŚŸŰШŸŉШÑőĲШ9ĲũũƨũŸƚĲр ĦĲƣċƣĲр7ċƚĲĬШ9ŸůƓŸƚŚƣĲШÖƚĲĬШċƚШ
9ŸċƣŚŰŊƚШŉŸƖШ7ŚŸĬĲŊƖċĬċĤũĲШ~ċŊŰĲƚŚƨůШfůƓũċŰƣƚ 

ÉƣƖĲǍċЮЮ ũĲǂċŰĬƖƨЮΝЯШ ŰƣŸŰŚċĦШШ ƨƖŸƖċΝЯШéŸŚĦƨШШfŸċŰШÉƣĲŉċŰΝЯШÂċũƣċŰĲċШы~ċŰĲƚĦƨьШШéĲƖŸŰŚĦċΝЯШ
ÂŸƓĲƚĦƨШШEũĲŰċΝЯШ ŰƣŸŰŚċĦШШfƨũŚċŰΝЯШ 

ΝЮШ ċƣŚŸŰċũШÖŰŚƻĲƖƚŚƣǃШŉŸƖШÉĦŚĲŰĦĲШċŰĬШÑĲĦőŰŚĦċũШÂ§xfÑEc f9 Ш7ƨĦőċƖĲƚƣЯ 

 

fŰШƣőŚƚШƚƣƨĬǃЯШƽĲШĬĲƻĲũŸƓĲĬШċШƓŸũǃůĲƖŚĦрĤċƚĲĬШĦŸůƓŸƚŚƣĲШĦŸċƣŚŰŊШŸŰШĤŚŸĬĲŊƖċĬċĤũĲШůċŊŰĲƚŚƨůШ
ċũũŸǃƚШ ƣŸШƖĲĬƨĦĲШ ƣőĲШ ĤŚŸĬĲŊƖċĬċƣŚŸŰШ ƖċƣĲаШ Â9ΝШыĦĲũũƨũŸƚĲШ ċĦĲƣċƣĲҼΡӖШ őǃĬƖŸǂǃċƓċƣŚƣĲьЯШ Â9ΞШ
ыĦĲũũƨũŸƚĲШċĦĲƣċƣĲҼΡӖШ~ŊШƓċƖƣŚĦũĲƚьЯШÂ9ΟШыĦĲũũƨũŸƚĲШċĦĲƣċƣĲШҼШΡӖШőǃĬƖŸǂǃċƓċƣŚƣĲШҼШΡӖШ~ŊШ
ƓċƖƣŚĦũĲƚьЮШ ШĦŸċƣŚŰŊШůċĬĲШŸŉШĦĲũũƨũŸƚĲШċĦĲƣċƣĲШƽċƚШƨƚĲĬШċƚШċШƖĲŉĲƖĲŰĦĲШы9 ьЮ 

ÑőĲШĦŸůƓŸƚŚƣĲШĦŸċƣŚŰŊƚШƽĲƖĲШĲƻċũƨċƣĲĬШƨƚŚŰŊШ[ÑfÅоÅ ~  ШƚƓĲĦƣƖŸƚĦŸƓǃЯШƚĦċŰŰŚŰŊШĲũĲĦƣƖŸŰШ
ůŚĦƖŸƚĦŸƓǃШыÉE~ьЯШċŰĬШĲŰĲƖŊǃрĬŚƚƓĲƖƚĲĬШñрƖċǃШƚƓĲĦƣƖŸƚĦŸƓǃШыE?ÉьЮШ?ĲŊƖċĬċƣŚŸŰШƖċƣĲШŚŰШÂ7ÉЯШċŰĬШ
ĦǃƣŸƣŸǂŚĦŚƣǃШƣĲƚƣƚШ~ÑÑШƽĲƖĲШċũƚŸШƓĲƖŉŸƖůĲĬЮ 

ÑőĲШŸĤƣċŚŰĲĬШƖĲƚƨũƣƚШĬĲůŸŰƚƣƖċƣĲĬШƣőċƣШĦŸċƣŚŰŊƚШĤċƚĲĬШŸŰШĦĲũũƨũŸƚĲШċĦĲƣċƣĲШċŰĬШőǃĬƖŸǂǃċƓċƣŚƣĲШ
ċŰĬоŸƖШůċŊŰĲƚŚƨůШƓċƖƣŚĦũĲƚШĦŸƨũĬШĤĲШŸĤƣċŚŰĲĬШĤǃШƣőĲШƚŸũƻĲŰƣШĲƻċƓŸƖċƣŚŸŰШůĲƣőŸĬЮШÑőĲШċĬĬŚƣŚŸŰШ
ŸŉШőǃĬƖŸǂǃċƓċƣŚƣĲШċŰĬШůċŊŰĲƚŚƨůШƓŸƽĬĲƖƚШŚŰШƣőĲШĦĲũũƨũŸƚĲШċĦĲƣċƣĲШƓŸũǃůĲƖШůċƣƖŚǂШŚŰǰƨĲŰĦĲĬШƣőĲШ
ĦŸůƓŸƚŚƣĲШƚċůƓũĲƚќШůŸƖƓőŸũŸŊǃЮШÉE~ШŚůċŊĲƚШƖĲƻĲċũШƓŸƖĲƚШŸŰШƣőĲШƚƨƖŉċĦĲШŸŉШƣőĲШĦŸůƓŸƚŚƣĲШ
ĦŸċƣŚŰŊЯШƽŚƣőШŚƖƖĲŊƨũċƖШƚŚǍĲƚЯШċŰĬШĬŚƚƣƖŚĤƨƣĲĬШŚŰШƖĲŊŚŸŰƚШŸŉШĬŚǭĲƖĲŰƣШĬĲŰƚŚƣŚĲƚЮШÅĲŚŰŉŸƖĦŚŰŊШĲũĲůĲŰƣƚШ
ŚŰǰƨĲŰĦĲШƣőĲШĬĲŊƖċĬċƣŚŸŰШĤĲőċƻŚŸƖШċŰĬШĦǃƣŸƣŸǂŚĦŚƣǃШƣĲƚƣƚШŸŉШĦŸċƣŚŰŊƚШĬŚǭĲƖĲŰƣũǃЯШőŚŊőũŚŊőƣĲĬШƣőĲШ
ƓŸƚŚƣŚƻĲШĲǭĲĦƣШŸŉШůċŊŰĲƚŚƨůШċŰĬШőǃĬƖŸǂǃċƓċƣŚƣĲШƓċƖƣŚĦũĲƚШƽőĲŰШƣőĲǃШċƖĲШƨƚĲĬШċũŸŰĲЮ 

ŰǃƽċǃЯШ ĲƻĲŰШ ƣőĲƚĲШ ĦŸůƓŸƚŚƣĲШ ĦŸċƣŚŰŊƚШ őċƻĲШ ĬŚǭĲƖĲŰƣŚċƣĲĬШ ĦőċƖċĦƣĲƖŚƚƣŚĦƚШ ƣőƖŸƨŊőШ ċШ
ĦŸůĤŚŰċƣŚŸŰШŸŉШƣőĲШŉŚũũĲƖƚЯШƣőĲŚƖШĤŚŸĦŸůƓċƣŚĤŚũŚƣǃШċŰĬШĦŸŰƣƖŸũũċĤũĲШĬĲŊƖċĬċƣŚŸŰШƖċƣĲШůċťĲШƣőĲůШ
ċƣƣƖċĦƣŚƻĲШůċƣĲƖŚċũƚШŉŸƖШƨƚĲШċƚШĦŸċƣŚŰŊƚШůċƣĲƖŚċũƚШŉŸƖШĤŚŸĬĲŊƖċĬċĤũĲШ~ŊШċũũŸǃƚЮ 

 

uĲǃƽŸƖĬƚаШĤŚŸůċƣĲƖŚċũƚЯШůċŊŰĲƚŚƨůШċũũŸǃƚЯШĦŸůƓŸƚŚƣĲЯШĦŸċƣŚŰŊ 

 

 

 

 

 

 



 

 

Â
ċ
Ŋ
ĲΟ
Φ 

 

fŰƻĲƚƣŚŊċƣŚŸŰШŸŉШìĲċƖШÅĲƚŚƚƣċŰĦĲШċŰĬШÉƨƖŉċĦĲШ9őċƖċĦƣĲƖŚǍċƣŚŸŰШŸŉШ
~ċŰŊċŰĲƚĲШÂőŸƚƓőċƣĲШ9ŸċƣĲĬШ9ƖċŰťƚőċŉƣƚШÖŰĬĲƖШéċƖŚŸƨƚШ~ŰƓШ7ċƣőШ
9ŸŰĬŚƣŚŸŰƚ 

7ĲƖǯŰЮuċǃċΝЯШÅŕĬƻċŰШ]ĲĦƬΝЯШÉŔůŊĲШÑċƖťƨĩΞЯШ 

ΝЮШòŕũĬŕǍШÑĲĦőŰŚĦċũШÖŰŚƻĲƖƚŚƣǃ 

ΞЮШ7ĲťŸШ9ŸƖƓŸƖċƣĲ 

 

ÑőŚƚШƚƣƨĬǃШċŚůƚШƣŸШƚǃƚƣĲůċƣŚĦċũũǃШŚŰƻĲƚƣŚŊċƣĲШƣőĲШĲǭĲĦƣƚШŸŉШůċŰŊċŰĲƚĲШƓőŸƚƓőċƣĲШы~ŰÂьШĤċƣőШ
ƓċƖċůĲƣĲƖƚШŸŰШƽĲċƖШƖĲƚŚƚƣċŰĦĲШċŰĬШƚƨƖŉċĦĲШƓƖŸƓĲƖƣŚĲƚШŸŉШĦƖċŰťƚőċŉƣШĦŸůƓŸŰĲŰƣƚЮШÉƓĲĦŚŉŚĦċũũǃЯШ
ƣőĲШƖĲƚĲċƖĦőШŉŸĦƨƚĲƚШŸŰШƨŰĬĲƖƚƣċŰĬŚŰŊШőŸƽШƻċƖŚċƣŚŸŰƚШŚŰШĤċƣőШƣĲůƓĲƖċƣƨƖĲЯШƓcШũĲƻĲũЯШŚůůĲƖƚŚŸŰШ
ƣŚůĲЯШ ċŰĬШ ċĦĦĲũĲƖċƣŸƖШ ĦŸŰĦĲŰƣƖċƣŚŸŰШ ŚŰǰƨĲŰĦĲШ ƣőĲШ ŉŚŰċũШ ĦŸċƣŚŰŊШ ƕƨċũŚƣǃШ ċŰĬШ ƣƖŚĤŸũŸŊŚĦċũШ
ƓĲƖŉŸƖůċŰĦĲЮ 

9ƖċŰťƚőċŉƣШƚƓĲĦŚůĲŰƚШƽĲƖĲШƚƨĤŢĲĦƣĲĬШƣŸШůċŰŊċŰĲƚĲШƓőŸƚƓőċƣĲШĦŸċƣŚŰŊШƨŰĬĲƖШƚǃƚƣĲůċƣŚĦċũũǃШ
ƻċƖŚĲĬШĤċƣőШĦŸŰĬŚƣŚŸŰƚЯШŚŰĦũƨĬŚŰŊШċĬŢƨƚƣůĲŰƣƚШŚŰШƣĲůƓĲƖċƣƨƖĲЯШƓcШũĲƻĲũƚЯШŚůůĲƖƚŚŸŰШĬƨƖċƣŚŸŰƚЯШ
ċŰĬШċĦĦĲũĲƖċƣŸƖШĦŸŰĦĲŰƣƖċƣŚŸŰƚЮШ[ŸũũŸƽŚŰŊШƣőĲШĦŸċƣŚŰŊШƓƖŸĦĲƚƚЯШƚƨƖŉċĦĲШĦőċƖċĦƣĲƖŚǍċƣŚŸŰШƽċƚШ
ĦŸŰĬƨĦƣĲĬШƨƚŚŰŊШƚĦċŰŰŚŰŊШĲũĲĦƣƖŸŰШůŚĦƖŸƚĦŸƓǃШыÉE~ьЯШĲŰĲƖŊǃрĬŚƚƓĲƖƚŚƻĲШñрƖċǃШƚƓĲĦƣƖŸƚĦŸƓǃШ
ыE?ÉьЯШċŰĬШƚƨƖŉċĦĲШƖŸƨŊőŰĲƚƚШůĲċƚƨƖĲůĲŰƣƚЮШÑƖŚĤŸũŸŊŚĦċũШĲƻċũƨċƣŚŸŰƚШƽĲƖĲШƓĲƖŉŸƖůĲĬШƣőƖŸƨŊőШ
ƚĲůŚрũƨĤƖŚĦċƣĲĬШƚũŚĬŚŰŊШƽĲċƖШƣĲƚƣƚШƣŸШĬĲƣĲƖůŚŰĲШƣőĲШƖĲũċƣŚŸŰƚőŚƓШĤĲƣƽĲĲŰШĦŸċƣŚŰŊШƓċƖċůĲƣĲƖƚШċŰĬШ
ƽĲċƖШƖĲƚŚƚƣċŰĦĲЮ 

ÅĲƚƨũƣƚШŚŰĬŚĦċƣĲĬШƣőċƣШŸƓƣŚůŚǍĲĬШůċŰŊċŰĲƚĲШƓőŸƚƓőċƣĲШĤċƣőШƓċƖċůĲƣĲƖƚШƚŚŊŰŚŉŚĦċŰƣũǃШŚůƓƖŸƻĲĬШ
ƚƨƖŉċĦĲШůŸƖƓőŸũŸŊǃЯШċĦőŚĲƻŚŰŊШċШůŸƖĲШƨŰŚŉŸƖůШċŰĬШĬĲŰƚĲШĦƖǃƚƣċũШƚƣƖƨĦƣƨƖĲЮШÑőĲШŸƓƣŚůŚǍĲĬШ
ĦŸċƣŚŰŊƚШĲǂőŚĤŚƣĲĬШŰŸƣċĤũǃШĲŰőċŰĦĲĬШƽĲċƖШƖĲƚŚƚƣċŰĦĲЯШĦőċƖċĦƣĲƖŚǍĲĬШĤǃШƖĲĬƨĦĲĬШƽĲċƖШƖċƣĲƚШĬƨƖŚŰŊШ
ƣƖŚĤŸũŸŊŚĦċũШƣĲƚƣŚŰŊЮ 

ÑőĲШƚƣƨĬǃШƓƖŸƻŚĬĲƚШƓƖċĦƣŚĦċũШŚŰƚŚŊőƣƚШőŚŊőũŚŊőƣŚŰŊШƣőċƣШƓƖĲĦŚƚĲũǃШĦŸŰƣƖŸũũĲĬШůċŰŊċŰĲƚĲШƓőŸƚƓőċƣĲШ
ĦŸċƣŚŰŊШƓċƖċůĲƣĲƖƚШƓũċǃШċШĦƖŚƣŚĦċũШƖŸũĲШŚŰШŚůƓƖŸƻŚŰŊШƚƨƖŉċĦĲШƕƨċũŚƣǃШċŰĬШĲǂƣĲŰĬŚŰŊШƣőĲШƚĲƖƻŚĦĲШũŚŉĲШ
ŸŉШĦƖċŰťƚőċŉƣШĦŸůƓŸŰĲŰƣƚЮШÑőĲƚĲШŉŚŰĬŚŰŊƚШƨŰĬĲƖũŚŰĲШƣőĲШŚůƓŸƖƣċŰĦĲШŸŉШĤċƣőШŸƓƣŚůŚǍċƣŚŸŰШŚŰШ
ċĦőŚĲƻŚŰŊШƚƨƓĲƖŚŸƖШĦŸůƓŸŰĲŰƣШĬƨƖċĤŚũŚƣǃШċŰĬШƓĲƖŉŸƖůċŰĦĲЮ 

 

uĲǃƽŸƖĬƚаШ9ŸċƣŚŰŊƚЯШÑƖŚĤŸũŸŊǃЯШìĲċƖ 
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Ŋ
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EǂƣƖƨƚŚŸŰШÂƖŸĦĲƚƚŚŰŊШċŰĬШÑőĲƖůŸр~ĲĦőċŰŚĦċũШ9őċƖċĦƣĲƖŚǍċƣŚŸŰШŸŉШ
ÂŸũǃƓƖŸƓǃũĲŰĲШ9ŸůƓŸƚŚƣĲƚШÅĲŚŰŉŸƖĦĲĬШƽŚƣőШ ŊƖŚĦƨũƣƨƖċũШìċƚƣĲ 

üĲǃŰĲƓЮu òΝЯШcċũĲШ7EÅ7EÅΝЯШÌĲĤŰĲůШ7 òÉE<Ш]E~9lΞЯШ 
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Abstract 

 

In this study, polycarbonate (PC), acrylonitrile butadiene 

styrene (ABS), and PC/ABS blends were reinforced with 

1%, 3%, and 5% nanoclay via melt compounding. 

Mechanical properties were evaluated through Shore D 

hardness (unaged), three-point bending, and Charpy impact 

tests (on aged and unaged specimens). Chemical aging was 

simulated by immersing samples in methanol and sodium 

lauryl ether sulfate (SLES) for up to 240 hours. Compared to 

their neat counterparts, hardness increased consistently with 

nanoclay loading across systems. Aging led to distinct 

degradation trends depending on matrix type and 

environment. PC-based composites exhibited notable loss in 

impact strength and moderate changes in modulus under 

methanol exposure, while ABS composites maintained 

impact performance and partially recovered stiffness over 

time. PC/ABS blends demonstrated the most balanced aging 

resistance, especially at low nanoclay concentrations. The 

results highlight how matrix selection and nanofiller 

concentration govern the durability of polymer 

nanocomposites in aggressive environments. 

 

1. Introduction 

 

Polymer composites have become essential engineering 

materials in modern industries due to their high strength to 

weight ratio, tunable properties, and ease of processing. 

Among them, amorphous thermoplastics such as 

polycarbonate (PC), acrylonitrile butadiene styrene (ABS), 

and their blends (PC/ABS) are extensively used in 

automotive, electronic, and consumer applications. These 

polymers offer an excellent balance of stiffness, toughness, 

and dimensional stability, yet their long term performance 

can be significantly compromised under environmental 

factors such as chemical exposure or thermal oxidation [1,2]. 

One of the most critical degradation mechanisms in 

polymers is environmental aging. This process involves 

exposure to aggressive solvents, surfactants, or humid 

conditions, which can trigger plasticization, chain scission, 

and ultimately environmental stress cracking (ESC). For 

example, methanol or isopropanol can rapidly degrade 

polycarbonate (PC) and other glassy polymers such as 

poly(methyl methacrylate) and polystyrene, leading to 

micro-cracking and embrittlement under stress [3,4]. Blends 

such as PC/ABS and polymers like ABS also exhibit 

sensitivity to environmental degradation, especially when 

used in chemically demanding service conditions [5]. 

 

To mitigate the detrimental effects of environmental aging, 

recent research has highlighted the potential of nanofiller 

incorporation as an effective strategy. For instance, 

halloysite nanotube (HNT)-reinforced PA6 nanocomposites 

(å4 wt% APTES-functionalized HNT) exhibited reduced 

water uptake and preserved molecular weight and visco-

rheological properties even after prolonged hydrothermal 

aging (1680 h), thereby demonstrating improved durability 

under moisture-driven degradation [6]. Similarly, the 

introduction of organically modified montmorillonite 

(OMMT) into cross-linked polyethylene (XLPE) has been 

shown to mitigate water-tree aging, as evidenced by lower 

initiation probability and shorter tree lengths compared to 

neat polyethylene systems [7]. These findings confirm that 

nanofillers not only enhance the barrier performance of 

polymer matrices but also play a crucial role in extending 

service life under chemically and moisture-induced aging 

conditions. 

 

The present study aims to provide a systematic evaluation of 

the mechanical performance and environmental aging 

behavior of nanoclay-reinforced PC, ABS, and PC/ABS 

composites. To this end, three different nanoclay loadings 

(1, 3, and 5 wt%) were incorporated into the matrices, and 

Shore D hardness, flexural strength, and Charpy impact tests 

were conducted on both unaged and chemically aged 

specimens. Aging environments included methanol and 

sodium lauryl ether sulfate (SLES), chosen to represent polar 

solvent and surfactant-induced degradation, respectively. By 

directly comparing different polymer matrices and nanoclay 

concentrations, this work seeks to clarify how filler loading 

influences stiffness and impact retention under aggressive 

environments. Through this approach, the study not only 

extends recent findings on nanofiller-assisted durability, but 

also provides new insights into the design of chemically 

robust nanocomposites for demanding industrial 

applications. 
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2. Experimental Procedure 
 

2.1. Materials 

 

Polycarbonate (PC), acrylonitrile butadiene styrene (ABS), 

and a commercial PC/ABS blend were employed as base 

matrices for nanocomposite preparation. The PC grade was 

SABICôs LEXANÊ EXL 9330 with a density of 1.19 g/cmį. 

The PC/ABS blend was BayblendÈ T65 XF (Covestro) with 

a density of 1.13 g/cmį, and the ABS matrix was 

CYCOLACÊ MG47F (SABIC) with a density of 1.04 

g/cmį. The nanofiller used in this study was EsanNANO 1-

140 (Esan Eczacēbaĸē Industrial Raw Materials, Turkey), an 

organically modified montmorillonite (MMT), was 

incorporated into these polymers at loading levels of 1, 3, 

and 5 wt%. All materials were used as received without 

further purification, and polymer granules were dried prior 

to compounding according to supplier recommendations to 

minimize moisture-induced degradation. 

 

2.2. Nanocomposite Preperation 

 

Nanocomposites based on PC, ABS, and PC/ABS matrices 

were prepared by melt compounding with a lab-scale twin-

screw extruder (Gulnar Machine, Turkey; screw diameter 16 

mm, L/D ratio 40). The extrusion process was performed at 

a screw speed of 150 rpm, with barrel temperatures set 

between 240 and 260 ÁC from the feeding zone to the die. 

Organically modified montmorillonite (MMT, EsanNANO 

1-140) was incorporated at loading levels of 1, 3, and 5 wt%. 

Sample notations and compositions are defined in Table 1. 

 

 

Table 1. Sample notation and compositions 

Compositions 
Sample 

Code 

Nano filler 

ratio (wt%)  

PC 1 0  

PC+MMT 

1B1 1 

1B3 3 

1B5 5 

PC/ABS 2 0 

PC/ABS+MMT 

2B1 1  

2B3 3  

2B5 5  

ABS 3 0 

ABS+MMT 

3B1 1 

3B3 3 

3B5 5  

 

The granules were molded into standard test specimens 

using a Yuhdak vertical injection molding machine. 

Injection molding was conducted at a barrel temperature of 

260 ÁC and a mold temperature of 50 ÁC, with an injection 

speed of 100 mm/s. Flexural, and notched Charpy impact 

specimens were prepared according to BS ISO 178, and BS 

ISO 179-1/2eA standards, respectively.  

 

2.3. Chemical Aging Protocol 

 

The aging behavior of the specimens was investigated by 

immersing them in two chemically aggressive media. 

Methanol was chosen as a representative polar solvent, 

widely recognized for its strong interaction with polymer 

chains and its ability to accelerate aging related degradation 

phenomena in glassy matrices. In parallel, an aqueous 

solution of sodium lauryl ether sulfate (SLES) was employed 

to simulate surfactant rich conditions, thereby reflecting 

environments relevant to detergent exposure and household 

cleaning applications. All specimens were fully immersed at 

ambient temperature for a maximum of 240 hours. At 

predetermined intervals (72, 120, and 240 hours), samples 

were carefully removed, dried to eliminate residual surface 

liquid, and subsequently subjected to mechanical 

characterization. 

 

2.4. Mechanical Testing 

 

The surface hardness of the specimens was evaluated with a 

MACRONA durometer according to ISO 868 standard. For 

each specimen, ten different points were measured across the 

sample surface, and the mean values were taken as 

representative. 
 

Flexural strength was assessed through three-point bending 

tests using a universal testing machine (Shimadzu AG-X 

Plus) at room temperature. The crosshead displacement rate 

was maintained at 1.5 mm/min, with a support span of 64 

mm. Stressïstrain curves were obtained directly from the 

testing software, and flexural properties were determined in 

accordance with the relevant standards. A minimum of five 

replicates per composition were tested to ensure 

reproducibility, and averaged results are reported.  
 

Impact behavior was determined using a Charpy impact 

tester (Devotrans DVT CD D 50IC, Turkey) with notched 

specimens prepared in accordance with ISO 179-1. The 

equipment was fitted with a pendulum having a drop angle 

of 150Á, a maximum height of 755.7 mm, and an impact 

velocity of 3.8 m/s. A 6-J impact hammer was employed for 

precise measurements. The impact strength (acN, kJ/mĮ) was 

calculated from the absorbed energy during fracture using: 
 

ὥὧὔ=
ὡὧ

Ὤὦὔ
1z03    (1) 
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where Wc (J) is the corrected energy absorbed during 

fracture, h (mm) is the thickness of the specimen, and bN 

(mm) is the remaining width of the specimen after notching.  

 

3. Results and Discussion 

 

3.1. Effect of Nanoclay on Hardness 

 

Shore D hardness measurements on the unaged specimens 

revealed distinct responses of the three polymer systems to 

nanoclay incorporation. For the PC matrix, the addition of 

nanoclay led to a noticeable increase in hardness at 3 wt%, 

while a slight reduction was observed at 5 wt%, suggesting 

that moderate filler loadings promote effective 

reinforcement, whereas higher concentrations may induce 

partial agglomeration and limit chain packing. In the 

PC/ABS system, improvements were also evident at 1 and 3 

wt% loadings, but the hardness dropped markedly at 5 wt%, 

indicating that excess filler can disturb the multiphase 

morphology and weaken interfacial compatibility. In the 

ABS matrix, the incorporation of nanoclay increased 

hardness compared to the neat polymer; however, values 

obtained at 1, 3, and 5 wt% were very close to each other, 

indicating that beyond the initial reinforcement effect, 

further additions of nanoclay did not produce a significant 

incremental change. This suggests that the stiffening effect 

in ABS may quickly reach a saturation level, after which 

additional filler does not meaningfully alter the surface 

rigidity. 

 

 
 

Figure 1. Shore D hardness of PC, ABS, and PC/ABS 

nanocomposites as a function of nanoclay loading. 

 

 

3.2. Flexural Properties Before and After Aging 
 

Three-point bending tests demonstrated that the 

incorporation of nanoclay enhanced the flexural modulus of 

all three polymer systems in their unaged state, with the most 

pronounced improvement observed in polycarbonate (PC) 

and PC/ABS blends. This outcome reflects the high stiffness 

of the PC rich matrices, where rigid clay platelets can more 

effectively restrict chain mobility and reinforce load transfer. 

The increase in modulus was accompanied, however, by a 

reduction in strain at yield, particularly at higher clay 

contents, indicating a stiffening effect at the expense of 

ductility. 

 

When subjected to chemical aging, the response of the 

composites showed strong dependence on both the polymer 

matrix and the aging medium. In methanol, a pronounced 

deterioration in flexural properties was observed across all 

systems. PC-based samples, which initially exhibited the 

highest stiffness, suffered severe modulus loss together with 

a drastic reduction in yield stress and strain. The effect was 

particularly strong at higher nanoclay loadings, where 

instead of providing a barrier effect, the rigid filler appeared 

to accelerate embrittlement, most likely by promoting local 

stress concentrations and facilitating microcrack initiation 

under solvent induced plasticization. Interestingly, 

formulations containing 3 wt% nanoclay showed relatively 

less severe modulus loss compared to 1 wt% and 5 wt%, 

suggesting that a balance between barrier action and filler-

induced brittleness may exist at intermediate loadings. 

 

In contrast, aging in SLES solution produced milder effects. 

While reductions in modulus and yield stress were still 

detected, the magnitude of deterioration was smaller 

compared to methanol exposure. Moreover, certain ABS-

based nanocomposites exhibited partial stabilization of 

flexural modulus with prolonged immersion, which may be 

attributed to mild surfactant induced swelling leading to 

stress relaxation or secondary ordering effects in the 

amorphous domains. Overall, SLES aging proved less 

aggressive, allowing nanoclay reinforcement to retain part of 

its mechanical benefit. 

 

These results indicate that while nanoclay incorporation 

improves the flexural stiffness of amorphous thermoplastics 

in the unaged state, its effectiveness under chemical aging is 

highly environment and composition dependent. PC and 

PC/ABS systems benefited most from moderate clay 

additions, particularly under SLES exposure, whereas 

methanol immersion revealed the strong susceptibility of 

rigid, clay filled structures to solvent induced embrittlement. 

The detailed stress-strain responses together with the 

corresponding values of yield stress, yield strain, and 

Youngôs modulus for all compositions are presented in the 

following figures and tables. 
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