
CHAPTER II 
LITERATURE REVIEW

2.1 Smart Packaging

In te llig e n t p a c k a g in g  is  in an early  s ta g e  o f  d e v e lo p m e n t  te c h n o lo g y  that 
u se s  th e  c o m m u n ic a tio n  fu n c tio n  o f  the p a c k a g e  to fa c il ita te  d e c is io n  m a k in g  to 
a c h ie v e  th e  b e n e f its  o f  en h a n ced  fo o d  sa fe ty  and  q u a lity . In recen t y ea rs , In te llig en t  
P a c k a g in g  and S m art P a ck a g in g  term s h av e  b e g u n  to appear. T h e  d e f in it io n  o f  th ese  
term s is  o fte n  u sed  in terch a n g ea b ly  but g e n e r a lly  th e y  are u sed  w ith  d ifferen t  
m e a n in g s . In te llig e n t p a c k a g in g  c o u ld  b e d e fin e d  as a p a c k a g in g  sy s te m  that se n sed  
and c o m m u n ic a te d , w h ile  sm art p a ck a g in g  as o n e  that p o s s e s s e d  th e c a p a b ilit ie s  o f  
b oth  in te llig e n t  and  a c tiv e  p a c k a g in g . A n o th er  d e f in it io n  for  in te llig e n t  p a c k a g in g  is 
a p a c k a g in g  that m o n ito rs  th e  c o n d it io n s  o f  p a ck a g e d  fo o d s  to g iv e  in fo rm a tio n  
ab o u t th e  q u a lity  o f  th e  fo o d  d u rin g  sto rag e  and transport.

In te llig e n t p a c k a g in g  c o u ld  a lso  b e  d e fin ed ; as a p a c k a g in g  s y s te m  that is  
c a p a b le  o f  ca rr y in g  ou t in te llig e n t  fu n c tio n s  (su c h  as s e n s in g , d e te c t in g , tracin g , 
reco rd in g  and c o m m u n ic a tin g )  to  fa c ilita te  d e c is io n  m a k in g  to  e x te n d  s h e l f  life , 
im p r o v e  q u a lity , e n h a n c e  sa fe ty , p ro v id e  in fo rm a tio n , an d  w arn  a b o u t p o ss ib le  
p r o b le m s. A  p a c k a g e  can  b e in te llig e n t  i f  it h as the a b ility  to  track  th e  p ro d u ct, se n se  
th e  e n v ir o n m e n t in s id e  or o u ts id e  the p a ck a g e , and  c o m m u n ic a te  w ith  h u m an . For  
e x a m p le , an in te llig e n t  p a ck a g e  ca n  m o n ito r  th e  sa fe ty  an d  q u a lity  c o n d it io n  o f  a 
fo o d  p rod u ct and  p ro v id e  ea r ly  w arn in g  to th e  c o n su m e r  or fo o d  m an u factu rer. 
In te llig e n t  p a c k a g in g  c o u ld  b e d e fin e d  as a p a c k a g in g  te c h n iq u e  c o n ta in in g  an  
ex tern a l or in tern a l in d ica to r  for th e  a c tiv e  p rod u ct q u a lity  and  h istory .

In te llig e n t p a c k a g in g  sy s te m  can  b e d iv id e d  in to  th ree  m a in  g ro u p s as 
f o l lo w s . (O tle s  et a l ,  2 0 0 8 ) .

2 .1 .1  G a s S en so rs
G a s se n so r s  are d e v ic e s  w h ic h  resp on d  r e v e r s ib ly  and q u a n tita tiv e ly  

to g a s e o u s  a n a ly te s  b y  c h a n g in g  th e p h y sica l p ara m eters o f  the sen so r . S y s te m s  
cu rren tly  a v a ila b le  for g a s  d e te c t io n  in c lu d e  a m p ero m etr ic  o x y g e n  sen so rs , 
p o te n tio m e tr ic  ca rb o n  d io x id e  se n so r s , m eta l o x id e  s e m ic o n d u c to r  f ie ld  e ffe c t
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tran sisto rs , o r g a n ic  c o n d u c tin g  p o ly m e r s  an d  p ie z o -e le c tr ic  c r y sta l sen sors. 
C o n v e n tio n a l s y s te m s  for o x y g e n  sen so rs  b a se d  o n  e le c tr o c h e m ic a l m e th o d s  h a v e  a 
n u m b er  o f  lim ita tio n s  in c lu d in g  c o n su m p tio n  o f  a n a ly te  ( o x y g e n ) ,  c r o s s - s e n s it iv ity  to  
carb o n  d io x id e  and  h y d ro g en  su lp h id e  and fo u lin g  o f  s e n so r  m em b r a n e s . T h e y  a lso  
in v o lv e  d e str u c tiv e  a n a ly s is  o f  p a ck a g es .

In recen t y ea rs, a n u m b er o f  in stru m en ts  an d  m a te r ia ls  for  op tica l 
o x y g e n  s e n s in g  h a v e  b een  rep orted . S u ch  se n so r s  are u su a lly  c o m p r ise d  o f  a so lid -  
sta te  m ateria l and  op era te  on  th e p r in c ip le  o f  lu m in e s c e n c e  q u e n c h in g  or ab so rb a n ce  
c h a n g e s  c a u se d  b y  d irect co n ta c t  w ith  the a n a ly te . T h e y  are c h e m ic a lly  in ert, d o n ot  
c o n su m e  a n a ly te s , and p r o v id e  a n o n - in v a s iv e  te c h n iq u e  fo r  g a s  a n a ly s is  throu gh  
tra n slu cen t m ater ia ls .

A p p r o a c h e s  to o p to -c h e m ic a l s e n s in g  in c lu d e  (K erry  et a l ,  2 0 0 8 ):  a 
f lu o r e sc e n c e -b a se d  sy s te m  u s in g  a pH  s e n s it iv e  in d ica to r , a b so rp tio n -b a sed  
c o lo r im e tr ic  s e n s in g  r e a lized  th rou gh  a v isu a l in d ica to r , an d  an e n e r g y  transfer  
ap p ro ach  u s in g  p h a se  f lu o r im etr ic  d e tec tio n . T h e  latter a l lo w s  for  th e  p o s s ib i l i ty  o f  
c o m b in in g  o x y g e n  and carb on  d io x id e  m e a su r e m e n ts  in  a  s in g le  s e n so r  throu gh  
c o m p a tib ility  w ith  p r e v io u s ly  d e v e lo p e d  o x y g e n  s e n s in g  te c h n o lo g y . M o s t  carb on  
d io x id e  se n so r s , h o w e v e r , h a v e  b e e n  d e v e lo p e d  for  b io m e d ic a l a p p lic a t io n s  and  the  
u se  o f  e x is t in g  carb o n  d io x id e  se n so r s  in  fo o d  p a c k a g in g  a p p lic a t io n s  is  cu rren tly  n ot  
fe a s ib le .

2 .1 .2  In d icators
In d ica tors m a y  b e  d e fin e d  as su b sta n c e s  w h ic h  in d ic a te  th e  p rese n c e , 

a b se n c e  or c o n c e n tr a tio n  o f  an o th er  su b sta n ce , or th e  d e g r e e  o f  r ea c tio n  b e tw e e n  tw o  
or m o r e  su b sta n c e s  b y  m ea n s o f  a ch ara cter istic  c h a n g e , e s p e c ia l ly  in  co lo u r . B y  
co n tra st w ith  se n so r s , in d ica to rs are n ot c o m p o s e d  o f  r e c ep to r  an d  tran sd u cer  
c o m p o n e n ts  and  c o m m u n ic a te  in fo rm a tio n  d ir e c tly  th ro u g h  a  v isu a l ch a n g e . A  
n u m b er  o f  c o m m e r c ia l ly  a v a ila b le  in d ica to rs are a v a ila b le  fo r  u s e  w ith  p a ck a g ed  
m ea ts  and  m ea t p rod u cts .

F r e sh n e ss  in d ica to rs  p ro v id e  d irec t p ro d u ct q u a lity  in fo rm a tio n  
re su lt in g  from  m icro b ia l g ro w th  or c h e m ic a l c h a n g e s  w ith in  a fo o d  product. 
M ic r o b io lo g ic a l q u a lity  m a y  b e  d eterm in ed  th ro u gh  r e a c tio n s  b e tw e e n  in d ica to rs  
p la c e d  w ith in  th e  p a ck a g e  an d  m icro b ia l g r o w th  m e ta b o lite s . T h e  n u m b er  o f
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p ractica l c o n c e p ts  o f  in te llig e n t  p a ck a g e  in d ica to rs  for  fr e sh n e ss  d e te c t io n  is  lim ited ;  
h o w e v e r , p o te n tia l e x is ts  for  th e  d e v e lo p m e n t  o f  fr e sh n e ss  in d ic a to r s  b ased  o n  
e s ta b lish e d  k n o w le d g e  o f  q u a lity  in d ic a tin g  m e ta b o lite s . T h e  im p r o v e d  d e te c t io n  o f  
b io c h e m ic a l c h a n g e s  d u rin g  sto ra g e  and sp o ila g e  o f  fo o d s  p r o v id e  th e  b a s is  b y  w h ic h  
fre sh n e ss  in d ica to rs  m a y  b e  d e v e lo p e d  b a sed  o n  target m e ta b o lite s  a sso c ia te d  w ith  
m ic r o b io lo g ic a lly - in d u c e d  d eter iora tion . T h e  fo rm a tio n  o f  d iffe r e n t p o ten tia l  
in d ica to r  m e ta b o lite s  in m e a t p rod u cts is  d ep e n d e n t o n  th e in tera c tio n  b e tw e e n  
p rod u ct ty p e , a s so c ia te d  s p o ila g e  flora , s to ra g e  c o n d it io n s  an d  th e  p a c k a g in g  sy ste m .

F r e sh n ess  in d ica to rs b a sed  o n  broad sp ec tru m  c o lo u r  c h a n g e s  h av e  a 
n u m b er o f  d isa d v a n ta g e s  w h ic h  n eed  to b e  r e so lv e d  b e fo r e  w id e sp r e a d  c o m m e r c ia l 
u p tak e is lik e ly . A  la ck  o f  sp e c if ic ity  m e a n s  that c o lo u r  c h a n g e s  in d ica tin g  
c o n ta m in a tio n  can  o ccu r  in  p rod u cts free  fro m  an y  s ig n if ic a n t  s e n s o r y  or q u a lity  
d eter iora tion . T h e  p r e se n c e  o f  certa in  target m e ta b o lite s  is  n o t  n e c e ssa r ily  an  
in d ic a tio n  o f  p o o r  q u a lity . M o re  ex a c t  co r r e la tio n s  n e e d  to  b e  e s ta b lish e d  b e tw e e n  
target m e ta b o lite , p rod u ct ty p e  and o r g a n o -le p t ic  q u a lity  and  sa fe ty . T h e  p o s s ib ilit ie s  
o f  fa ls e -n e g a t iv e s  are l ik e ly  to  d issu a d e  p ro d u cers fro m  a d o p tin g  in d ica to rs  u n le ss  
sp e c if ic  in d ic a tio n  o f  actu a l s p o ila g e  can  b e gu a ran teed . (K erry  et a l ,  2 0 0 8 )

2.2 Polypropylene for Packaging

T h e stru ctu re o f  p p  is  a carb on  c h a in  w ith  e v e r y  o th er  s id e  gro u p  b e in g  a  
m e th y l (C H 3 ) in stea d  o f  a h y d r o g e n  as w ith  P E . T h is  stru ctu re resu lts  in  a  harder and  
m o re  r e s il ie n t  p o ly m e r  th an  H D P E  w ith  p e r m e a b ility  to  w a ter  v a p o r  and g a se s  
b e tw e e n  th o se  o f  L D P E  and  H D P E . T h e  stru ctu re o f  p p  c a n  b e  v a r ie d  se v e r a l w a y s , 
in c lu d in g  o r ien ted  or n o n -o r ie n te d , and ca n  b e  ex tru d ed  an d  c o a te d  to  b e c o m e  h eat  
se a la b le  and  c h a n g e  o th er f ilm  p rop erties . T h e  m a in  a p p lic a t io n  for  m e a t  p a c k a g in g  
is  in  c o o k -in  p rod u cts , d u e  to  p p  is h ig h  h ea t to le r a n c e  and  im p e r m e a b ility  to  
m o istu r e  d u r in g  w a ter  bath  or s tea m  c o o k in g . (D a w s o n , 2 0 0 1 ) .

P o ly p r o p y le n e  is  o n e  o f  the fa s te s t  g r o w in g  c la s s e s  o f  th e r m o p la st ic s . T h is  
g ro w th  is  a ttr ib uted  to  its a ttractive  c o m b in a tio n  o f  lo w  c o s t , lo w  d e n s ity , and h ig h  
h eat d isto r tio n  tem p era tu re  (H D T ). T h e ex trao rd in ary  v e r sa tility  o f  u n fil le d  v irg in  
resin  and r e in fo r c e d  p o ly p r o p y le n e  su its  a w id e  sp ectru m  o f  e n d -u se  a p p lic a t io n s  for
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fib ers, f i lm s , and  m o ld e d  parts. H o w e v e r , there a lw a y s  e x is t  cer ta in  sh o r tc o m in g s  in  
p h y s ic a l and  c h e m ic a l p rop erties  that can  lim it u n iv ersa l u se  o f  a n y  g iv e n  p o ly m e r  
resin . In p a c k a g in g , for  e x a m p le , p o ly p r o p y le n e  r e s in s  h a v e  p o o r  o x y g e n  barriers, 
w h ile  lo w  d im e n s io n a l and th erm al s ta b ility  lim its  the s c o p e  o f  p o ly p r o p y le n e  
c o m p o s ite s  in  a u to m o tiv e  a p p lic a tio n s . M o st  s c h e m e s  to  im p r o v e  p o ly p r o p y le n e  gas  
barrier p ro p er tie s  in v o lv e  e ith er  a d d itio n  o f  h ig h e r  barrier p la s t ic s  v ia  a m u ltila y er  
structure or su rfa ce  c o a tin g s . A lth o u g h  e f fe c t iv e , the in c r e a se d  c o s t  o f  th ese  
a p p ro a ch es  n e g a te s  o n e  b ig  a ttraction  for u s in g  p o ly p r o p y le n e  in  the first p la c e  
e c o n o m y  (M ir a b e lla , 2 0 0 9 ) .

Table 2.1 P la s tic s  u se d  fo r  p a c k a g in g  m ea t p rod u ct

P o l y m e r  ty p e U s e F e a tu r e s

I o n o m e r H e a t - s e a l  la y e r R e s is t s  s e a l  c o n t a m in a t io n
N y lo n  ( u n c o a t e d )  
N y lo n  ( P V d C 1 c o a te d )  
P E T E 1 ( u n c o a t e d )  
P E T E ' ( P V d C  c o a te d )  
L D P E 1

F i lm s ,  t h e r m o f o r m e d  t r a y s A ls o  u s e d  a s  b o n e  g u a r d s
F i lm s ,  t h e r m o f o r m e d  t r a y s
F i lm s ,  t r a y s G o o d  c la r i t y
F i lm s
B a g s , w r a p s L o w  c o s t ,  l o w  g a s  b a r r i e r

L L D P E 1 H e a t- s e a l  la y e r G o o d  c l a r i t y
E V A 1-L D P E S e a l la y e r ,  f i lm s ,  w r a p s H e a t  s h r i n k a b l e

c o p o l y m e r  
p p 1 ( n o n - o r i e n t e d )  
P V C 1

S e m i- r ig id  c o n t a i n e r s
F r e s h  m e a t  w r a p G a s  t r a n s m i s s i o n  r a te  d e p e n d s

P V d C B a r r ie r  la y e r
o n  p l a s t i c i z a t i o n  

B a r r i e r  le s s  a f f e c te d  b y  m o i s tu r e
'pvdc, polyvinyldienechloride; PETE, polyethylene terephthalate (polyester); LDPE, low density polyethylene; 
EVA, ethylene vinyl acetate; LLDPE, linear low density polyethylene; pp, polypropylene; PVC, polyvinyl 
chloride.

2.3 Clay Minerals

D u r in g  th e la st  d eca d e , in terest in  p o ly m e r -la y e r e d  s il ic a te  (P L S )  
n a n o c o m p o s ite s  h as r a p id ly  b een  in c r e a s in g  at an u n p r e c e d e n te d  le v e l, b o th  in  
in d u stry  and  in  a c a d e m ia , d u e  to their p o ten tia l for en h a n c e d  p h y s ic a l, c h e m ic a l, and  
m e c h a n ic a l p rop erties  co m p a red  to c o n v e n tio n a lly  f ille d  c o m p o s ite s . T h ey  h a v e  the
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p o ten tia l o f  b e in g  a lo w -c o s t  a ltern a tiv e  to  h ig h -p e r fo r m a n c e  c o m p o s ite s  for  
c o m m e r c ia l a p p lic a t io n s  in  b o th  th e a u to m o tiv e  and  p a c k a g in g  in d u str ies . P o ly m e r  
n a n o c o m p o s ite s  are tw o -p h a se  m a ter ia ls  in  w h ic h  th e p o ly m e r s  are r e in fo rced  b y  
n a n o sc a le lle r s . T h e  m o s t  h e a v ily  u se d  filler  m ater ia l is b a sed  o n  th e  sm e c tite  c la s s  o f  
a lu m in u m  s il ic a te  c la y s , o f  w h ic h  th e  m o st  c o m m o n  rep resen ta tiv e  is  
m o n tm o r illo n ite  (M M T ). M M T  h as b een  e m p lo y e d  in  m a n y  P L S  n a n o c o m p o s ite  
sy s te m s  b e c a u se  it h a s a  p o te n tia lly  h ig h -a sp e c t  ratio  and h ig h -su r fa c e  area that c o u ld  
lead  to  m a ter ia ls  w h ic h  co u ld  p o s s ib ly  e x h ib it  great p ro p erty  en h a n c e m e n ts . In 
a d d itio n , it is e n v ir o n m e n ta lly  fr ien d ly , n a tu ra lly  o ccu rr in g , and  r ea d ily  a v a ila b le  in  
large  q u an titie s . L a y e r e d  s il ic a te s  in  their  p r istin e  sta te  are h y d r o p h ilic . M o s t  o f  the  
e n g in e e r in g  p o ly m e r s  are h y d ro p h o b ic . T h ere fo re , d isp e r s io n  o f  n a tiv e  c la y s  in  m o st  
p o ly m e r s  is  n o t e a s i ly  a c h ie v e d  d u e  to the in tr in sic  in c o m p a tib ility  o f  h y d r o p h ilic ­
la y ered  s il ic a te s  and  h y d ro p h o b ic  e n g in e e r in g  p o ly m e r s .(N g u y e n  et a l ,  2 0 0 6 ) .

L: 1 0 0 — 2 0 0  n m  in  c ^ s e  o f  M M T  The structure of 2:1 Invert'd silicates

Figure 2.1 Structure o f  m o n tm o r illo n ite  (N g u y e n  et a l ,  2 0 0 6 ) .

S m e c tic  c la y  is  p h y llo s il ic a te s  or la y er  s il ic a te s  h a v in g  a  la y er  la ttice  
stru ctu re in  w h ic h  tw o -d im e n s io n a l o x o a n io n s  are sep ara ted  b y  h yd ra ted  ca tio n s . 
M o n tm o r illo n ite , w h ic h  is  the m a in  co n stitu e n t o f  b e n to n ite s , is  a  m a in ly  s p e c ie s  o f  
s m e c tite  c la y . T h e  stru ctu re is m a d e  o f  sev era l s ta ck ed  la y ers , w ith  a  la yer  th ic k n e ss  
arou n d  0 .9 6  n m  and  lateral d im e n s io n  o f  1 0 0 -2 0 0  n m . T h e s e  la y ers o r g a n iz e
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th e m se lv e s  to  fo rm  the s ta ck s  w ith  a regu lar  gap  b e tw e e n  th em , c a lle d  in ter lay er  or  
g a llery . T h e  su m  o f  the s in g le  la y er  th ic k n e ss  (0 .9 6  n m ) and  th e  in ter lay er  rep resen ts  
the rep eat u n it o f  th e  m u ltila y er  m a ter ia l, c a l le d  d -sp a c in g  or  b asa l sp a c in g  (dooi) and  
is  ca lc u la te d  fro m  th e (0 0 1 )  h a rm o n ics  o b ta in e d  from  X -r a y  d iffr a c tio n  patterns  
(L e r tw im o ln u m  et a i ,  2 0 0 5 ) . Its cry sta l la ttice  c o n s is ts  o f  a cen tra l o ctah ed ra l sh ee t  
o f  a lu m in a  fu se d  b e tw e e n  tw o  ex tern a l s i l ic a  tetrahedral sh e e ts , as s h o w n  in  F ig .2 .1

B e n to n ite  is  im p u re c la y  c o n s is t in g  m o s t ly  o f  m o n tm o r illo n ite . T h ere are 
d ifferen t ty p e s  o f  b en to n ite , e a c h  n a m ed  a fter th e  r e sp e c t iv e  d o m in a n t e le m e n t, su ch  
as p o ta ss iu m  (K ), so d iu m  (N a ) , c a lc iu m  (C a ), and  a lu m in iu m  (A l) . B e n to n ite  u su a lly  
fo rm s from  w e a th e r in g  o f  v o lc a n ic  ash , m o s t  o ften  in  th e  p r e se n c e  o f  w ater. For  
in d u str ia l p u r p o se s , tw o  m ain  c la s s e s  o f  b en to n ite  e x is t:  so d iu m  and ca lc iu m  
b en to n ite . O th er  c o m m o n  c la y  s p e c ie s ,  and s o m e t im e s  d om in a n t, 
are m o n tm o r illo n ite  and k a o lin ite . K a o lin ite -d o m in a te d  c la y s  are c o m m o n ly  referred  
to as to n s te in s  and  are ty p ic a lly  a s so c ia te d  w ith  c o a l. S o d iu m  b en to n ite  e x p a n d s  
w h e n  w et, a b so r b in g  as m u c h  as se v era l t im e s  its d ry  m a ss  in  w ater . S od iu m  
b en to n ite  can  a ls o  b e  " san d w ich ed "  b e tw e e n  sy n th e tic  m a ter ia ls  to  crea te  g e o ­
sy n th e tic  c la y  lin e rs  (G C L ) for  th e  a fo r e m e n tio n e d  p u rp o ses . T h is  te c h n iq u e  a llo w s  
for m ore  c o n v e n ie n t  transport and  in s ta lla t io n , and it g r e a tly  r e d u ces  th e  v o lu m e  o f  
so d iu m  b e n to n ite  required . V a r io u s  su r fa ce  m o d if ic a t io n s  to so d iu m  b en to n ite  
im p r o v e  so m e  r h e o lo g ic a l or se a lin g  p e r fo rm a n ce  in  g e o e n v ir o m e n ta l a p p lic a tio n s , 
for e x a m p le , th e  a d d itio n  o f  p o ly m e r s .

In ord er to  h a v e  a s u c c e s s fu l d e v e lo p m e n t  o f  c la y -b a s e d  n a n o c o m p o s ite s , it 
is  n e c e ssa r y  to  c h e m ic a lly  m o d ify  a n a tu ra lly  h y d r o p h ilic  s il ic a te  su r fa ce  to an  
o rg a n o  p h ilic  o n e  so  that it c a n  b e c o m p a tib le  w ith  a c h o s e n  p o ly m e r  m atrix . 
G en e r a lly , th is  c a n  b e  d o n e  th ro u gh  io n -e x c h a n g e  r e a c tio n s  b y  r e p la c in g  in terlayer  
c a t io n s  w ith  q uarternary a lk y la m m o n iu m  or a lk y lp h o sp h o n iu m c a tio n s  (F ig .2 .2 ) . Ion -  
e x c h a n g e  r e a c tio n s  w ith  c a t io n ic  su rfactan ts su ch  as th o se  m e n tio n e d  a b o v e  render  
the n o r m a lly  h y d r o p h ilic  s il ic a te  su r fa ce  o r g a n o p h ilic , th u s m a k in g  it m ore  
c o m p a tib le  w ith  n o n p o lar  p o ly m e r s . T h e se  c a tio n ic  su rfa cta n ts  m o d ify  in terlayer  
in teraction s b y  lo w e r in g  the su r fa ce  e n e r g y  o f  th e  in o rg a n ic  c o m p o n e n t  and im p ro v e  
the w e tt in g  ch a ra c ter is tic s  w ith  th e  p o ly m er .
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Phyllosiîicate

. _ 1   . . Aftylammonium+ ci^ \y\^ \ 4---------  Ml,

-M(C1),

▼

Ivi”* Meta! cation

& \ร \ร \  AIKyf ammonium cation

Figure 2.2 R e p r e se n ta tio n  o f  a c a t io n -e x c h a n g e  rea c tio n  b e tw e e n  th e s il ic a te  and an  
a lk y la m m o n iu m  sa lt  (N g u y e n  et a l ,  2 0 0 6 ).

2.4 Polymer-Clay Nanocomposites Preparation

T h ere are sev era l p r o c e s se s  to  m ak e p o ly m e r /c la y  n a n o c o m p o s ite s ,  
in c lu d in g  in -s itu  p o ly m e r iz a tio n , so lu t io n  e x fo lia t io n  an d  m e lt  in terca la tio n . A s  
sh o w n  in  F ig .2 .3 ,  ea ch  te c h n iq u e  c o n s is ts  o f  sev era l s te p s  to a c h ie v e  p o ly m e r  
n a n o c o m p o s ite s  and  b e g in  w ith  o r g a n o c la y s  or so m e t im e s  p r istin e  c la y s .
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Figure 2.3 F lo w c h a r t o f  th ree  p r o c e s s in g  te c h n iq u e s  fo r  c la y -b a se d  p o ly m e r  
n a n o c o m p o site :  in -s itu  p o ly m e r iz a tio n  (u p p er), S o lu t io n  e x fo l ia t io n  (m id d le )  and  
m elt in terca la tio n  (b o tto m ).

N a n o c o m p o s ite  stru ctu res d e p e n d in g  o n  th e n atu re o f  th e  c o m p o n e n ts  u sed  
( la y ered  s il ic a te , o rg a n ic  c a t io n  and p o ly m e r  m atr ix ) an d  th e m e th o d  o f  p rep aration , 
three m a in  ty p e s  o f  c o m p o s ite s  m a y  b e  ob ta in ed  w h e n  a la y ered  c la y  is  a s so c ia te d  
w ith  a p o ly m e r  (F ig .2 .3 ) . W h e n  the p o ly m e r  is  u n a b le  to in terca la te  b e tw e e n  th e  
s il ic a te  sh e e ts , a p h ase  sep ara ted  c o m p o s ite  (F ig .2 .4 a )  is  o b ta in ed , w h o s e  p rop erties  
sta y  in th e  sa m e  ran ge as trad ition a l m ic r o c o m p o s ite s . B e y o n d  th is  c la s s ic a l  fa m ily  
o f  c o m p o s ite s , tw o  ty p e s  o f  n a n o c o m p o s ite s  can  be r e c o v e r e d . In terca la ted  structure  
(F ig .2 .4 b ) in  w h ic h  a s in g le  (an d  s o m e t im e s  m ore  than  o n e )  e x te n d e d  p o ly m e r  ch a in  
is  in terca la ted  b e tw e e n  th e  s il ic a te  la y ers  r e su ltin g  in  a w e l l  o rd ered  m u ltila y e r  
m o r p h o lo g y  b u ilt up w ith  a ltern a tin g  p o ly m e r ic  and  in o rg a n ic  la y e r s . W h en  th e  
s il ic a te  la y ers  are c o m p le te ly  and u n ifo r m ly  d isp e r se d  in  a c o n t in u o u s  p o ly m e r  
m atrix , an e x fo l ia te d  or d e la m in a te d  stru ctu re is o b ta in e d  (F ig .2 .4 c ) .
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layered silicate Polymer

Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)

Figure 2.4 S c h e m e  o f  d iffe r e n t ty p e s  o f  c o m p o s ite  a r is in g  from  th e  in tera c tio n  o f  
la yered  s il ic a te s  and p o ly m e r  : a ) p h a se -sep a ra ted  m o c r o c o m p o s ite ;  b ) in terca la ted  
n a n o c o m p o s ite  and  c )  e x fo l ia te d  n a n o c o m p o s ite  (A le x a n d r e  et a l . , 2 0 0 0 ) .

H o w e v e r , in  th is  c a s e  o f  p p , it is  freq u en tly  n e c e s sa r y  to  u se  a  
c o m p a tib iliz e r . T h e u se  o f  a c o m p a tib iliz e r , n a m e ly  a  c h e m ic a l ab le  to  render  
c o m p a tib le  tw o  d if fe r e n t  m a ter ia ls , m a d e  it p o s s ib le  for  th e  m e lt  in terca la tio n  
te c h n iq u e  to b e  a c c e p te d  as th e  m o s t  p r o m is in g  ap p ro ach  le a d in g  to  p o ly m e r -c la y  
n a n o c o m p o s ite s  fo rm a tio n . In th is  w a y  the u se  o f  so lv e n t  and  d e d ic a te d  p r o c e s se s  
c o u ld  b e  a v o id e d  p r o v id in g  a fo rm a tio n  p roced u re  w h ic h  is b o th  e n v ir o n m e n ta lly  and  
user fr ie n d ly . It is  im p ortan t, at th is  p o in t, to  c la r ify  th at th e  su r fa c e  treatm en t and  the  
c o m p a tib iliz e r  are tw o  d iffe r e n t, in d ep en d en t an d  c o m p le m e n ta r y  w a y s  a d o p ted  to  
s o lv e  th e  p ro b lem  o f  p o o r  m is c ib ility  b e tw e e n  p p  and  c la y . T h r o u g h  th e  su rfa ce  
treatm en t it is  p o s s ib le  to  c h a n g e  th e  in ter lay er  stru ctu re o f  c la y  b o th  in c r e a s in g  the  
g a lle r y  g a p  and  m o d ify in g  th e  s il ic a te  su rfa ce  in an  o r g a n ic  fa sh io n , but th is  ar tifice  
is  n ot e n o u g h  to ren d er c o m p a tib le  m atrix  and filler: th e  p o la r iz in g  c o m p a tib iliz e r  
n eed s  to b e  in tro d u ced  in  th e  p p  (A le x a n d r e  et a l. , 2 0 0 0 ) .
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L e r tw im o ln u m  et al. ( 2 0 0 5 )  s tu d ied  th e  e f fe c t  o f  P P -g -M A  co n ce n tr a tio n  in  
th e  s y s te m  p o ly p r o p y le n e /o r g a n o c la y  and ch a ra cter ized  th e  in f lu e n c e  o f  p r o c e ss in g  
c o n d it io n s  o n  c la y  d isp e r s io n . P o ly p r o p y le n e /o r g a n o c la y  n a n o c o m p o s ite s  h a v e  b een  
p rep ared  v ia  d irect m e lt  in terca la tio n  in an in ternal m ix e r  and  a c o -r o ta tin g  tw in  
s c r e w  extru d er. M a le ic  an h yd rid e  grafted  p o ly p r o p y le n e  (P P -g -M A )  w a s  u sed  as a 
c o m p a tib iliz e r  to  im p r o v e  th e d isp ersa b ility  o f  th e  c la y . T h e  d e g r e e  o f  d isp e r s io n  is  
im p ro v ed  b y  in co rp o ra tin g  a m a le ic  an h yd r id e  grafted  p o ly p r o p y le n e  (P P -g -M A ). 
H o w e v e r , th is  im p r o v e m e n t is ob ta in ed  for co n c e n tr a tio n s  o f  P P -g -M A -h ig h e r  than  
10 w t% . T h e  c la y  a g g r e g a te s  b e c o m e  sm a lle r  and  s il ic a te  la y ers  are f in e ly  d isp ersed , 
as th e  ratio o f  P P -g -M A  in crea ses . H o w e v e r , no further im p r o v e m e n t o n  the  
d isp e r s ib ility  is o b se r v e d  for  P P -g -M A  c o n te n t  a b o v e  2 5  w t% . T h e  e f fe c t s  o f  
p r o c e s s in g  p a ra m eters  are a lso  in v estig a ted . T h e  sta te  o f  in terca la tio n , in terp reted  b y  
in ter la y er  sp a c in g , is  g lo b a lly  u n a ffec ted  b y  p r o c e s s in g  p aram eters. In c r e a s in g  sh ear  
s tre ss , m ix in g  t im e  and d e c r e a s in g  m ix in g  tem p era tu re im p r o v e  c la y  la y er  s ilic a te  
e x fo lia t io n . T h e  p rop o rtio n  o f  e x fo lia t io n  is ch a ra cter ized  b y  r h e o lo g ic a l  
m ea su r e m e n ts . A  C arreaun  Y a su d a  m o d e l w ith  y ie ld  s tress  is  u se d  to d esc r ib e  the  
b e h a v io r  at lo w  fr e q u e n c y . It is sh o w n  that th e  y ie ld  stress v a lu e  is  d ir e c tly  corre la ted  
to th e  d e g r e e  o f  e x fo l ia t io n  o f  n a n o c o m p o s ite s .

G a r c ia -L o p e z  D  et al. ( 2 0 0 3 )  s tu d ied  e f fe c t  o f  c o m p a tib iliz in g  a g e n t o n  c la y  
d isp e r s in g  b a sed  o n  p p /c la y  n a n o c o m p o s ite s . In th is  w o rk , tw o  d iffe r e n t p olar  
c o u p lin g  a g e n ts , d ie th y l m a lea te  grafted  p p  (P P g D E M ) an d  c o m m e r c ia l m a le ic  
an h y d rid e  gra fted  p p  (P P g M A ) h a v e  b e e n  u sed . T h e c h o ic e  o f  d ie th y l m a lea te  
(D E M ) a s c o m p a tib iliz in g  a g e n t h as b een  m a d e  b e c a u se  o f  its  h ig h  th erm a l sta b ility , 
h ig h  b o i lin g  p o in t  an d  g o o d  c o m p a tib iliz a tio n  w ith  p o ly o le f in s ,  co m p a r e d  w ith  o th er  
c o m p a tib iliz in g  a g e n ts . F u rth erm ore, th e  lo w  h o m o p o ly m e r iz a t io n  b e h a v io r  o f  D E M , 
a l lo w s  a b etter c o n tr o l o f  th e  fu n c t io n a liz a tio n  reaction . M a le ic  an h y d r id e  (M A H )  
h as b e e n  w id e ly  u se d  as c o m p a tib iliz in g  a g en t fo r  th is  k in d  o f  sy s te m s  and  it is  u sed  
as r e fe r e n c e  o n  th is  w o rk . T h e  P P -c la y  n a n o c o m p o s ite s  h a v e  b e e n  p rep ared  b y  m e lt  
c o m p o u n d in g  w ith  tw o  d ifferen t c la y s , c o m m e r c ia l m o d if ie d  m o n tm o r illo n ite , and  
so d iu m  b e n to n ite  (B N a )  m o d if ie d  w ith  o c ta d e c y la m m o n iu m  io n s. A lth o u g h  th e  
c o m m e r c ia l c la y  o u tp er fo rm s o c ta d e c y la m m o n iu m  treated  b e n to n ite , d if fe r e n c e s  in  
m e c h a n ic a l p ro p er tie s  w h e n  u s in g  d ifferen t c la y s  w er e  sm a lle r  i f  D E M  w a s  u sed
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in s te a d  o f  M A H . T h is  w a s  a c o n se q u e n c e  o f  th e  v ery  lo w  d e g r e e  o f  c o m p a tib iliz a tio n  
b e tw e e n  th e  p o ly m e r  m atr ix  and the c la y . C la y  d isp e r s io n  and  in te r fa c ia l a d h e s io n  
are g rea tly  a f fe c te d  b y  th e k in d  o f  m atrix  m o d ific a tio n . C la y -m a tr ix -o lig o m e r  sy s te m  
w ith  D E M  h a s lo w e r  p o la r ity  co m p a red  w ith  M A H , p r o v id in g  a le s s  e f fe c t iv e  
in tera c tio n  w ith  th e p o lar  c o m p o n e n ts  o f  th e  c la y . T h e  r e a c tiv ity  o f  M A H  tow a rd s  
th e  m o d ify in g  a g en t is  greater  than  in  th e  c a se  o f  D E M . B o th  fa c to rs  g iv e  as resu lt  
b etter  in te r fa c ia l a d h e s io n  and su b se q u e n t m e c h a n ic a l p e r fo r m a n c e  for  M A H  
n a n o c o m p o s ite s .(M ir a b e lla , 2 0 0 9 ) .

H a lim a tu d a h lia n a  et al. (2003) stu d ied  fou r  ty p e s  o f  c o m p a tib iliz e r s  
(p o ly s ty r e n e -b lo c k -p o ly (e th y le n e -b u ty le n e ) -b lo c k -p o ly s ty r e n e  (S E B S ) , Surlyn® , 
e th y le n e  v in y l aceta te  (E V A ), so d iu m  sa lt  h yd rate o f  4  s ty r e n e s u lfo n ic  a c id  
(4 s s a ,s s h )  w ith  c o n c e n tr a tio n  o f  7 .5% พ /พ )  to  im p r o v e m e n ts  in  p ro p e r tie s  th rou gh  an  
a ff in ity  and  p o la r ity  c o n c e p t. T h e  e f fe c t  o f  v a r io u s  c o m p a tib iliz e r s  o n  th e  m ec h a n ic a l 
p rop erties  o f  p o ly s ty r e n e /p o ly p r o p y le n e  (P S /P P )  b len d s  w a s  in v e s t ig a te d . B le n d s  o f  
20/80, 5 0 /5 0  and  80/20 (w t% ) w ere  p rep ared  throu gh  m e lt  b le n d in g  in  a  s in g le  s c r e w  
extru d er  at a b le n d  tem p era tu re  o f  200°c an d  a sc r e w  sp e e d  o f  4 0  rpm . It c o u ld  b e  
c o n c lu d e d  that th o se  b le n d s  w ith  7 .5%  S E B S  p rod u ce an  im p r o v e m e n t in  to u g h n e ss  
o f  P S /P P  b le n d s  for all b len d  c o m p o s it io n s . M o reo v er , th e  b rittle  b e h a v io r  can  b e  
c o n v e r te d  in to  a  q u ite  d u c tile  m ateria l in  5 0 /5 0  and 80/20 P S /P P  b le n d  w ith  th e  
a d d itio n  o f  S E B S . T h e  a d d it io n  o f  7 .5%  Surlyn®  in cr e a se d  th e te n s i le  stren g th  an d  
Y o u n g ’s m o d u lu s  o f  th e  b len d . In th e  c a se  o f  ad d in g  7 .5 %  o f  E V A  in  P S /P P  b len d , 
th e  resu lts  in d ic a te d  that a s lig h t  im p r o v e m e n t in  e lo n g a t io n  at b reak  w a s  ob ta in ed , 
w h e r e a s  in  co rp o ra tio n  o f  7 .5%  o f  E V A  h a s red u ced  th e  p ro p er tie s  in  a ll b len d  
c o m p o s it io n s .

T a ssa n a w a t et al. (2006) s tu d ied  th e p r o c e s s in g  o f  p H -s e n s it iv e  m ateria l 
u se d  for m ilk  p a c k a g in g  b ased  o n  p o ly p r o p y le n e /o r g a n o c la y  n a n o c o m p o s ite s  
in co rp o ra ted  w ith  in d ica to r  d y e s . T h e n a n o c la y  c o m p o s ite s  w ith  in d ic a to r  d y e s  w e r e  
c o m p o u n d in g  th ro u gh  a tw in  sc r e w  ex tru d er  u s in g  Surlyn®  a s a c o m p a tib iliz e r . T h e  
n a n o c la y  c o m p o s ite s  w er e  fab rica ted  in to  th e  sa m p le  sh e e t  fo r  th e  c o lo r  te st in g  and  
c h a ra c ter iza tio n s  in c lu d in g  th erm al and  m e c h a n ic a l p ro p er tie s . M ilk  d eter io ra tio n  
w a s  a s s e s s e d  fo r  titratab le a c id ity  (T A ), and  c o lo r  c h a n g e  o f  th e  f i lm  w e r e  m ea su red



16

and  e x p r e sse d  a s  H u nter v a lu e s  as w e ll as to ta l c o lo r  d if fe r e n t  (T C D ). T C D  v a lu e  o f  
B M B  (B r o m o th y m o l b lu e )  and  B P  (B r o m o c r e so l p u rp le ) ty p e -f i lm s  a lso  ch a n g ed  
c o n t in u o u s ly  w ith  th e r e sp o n se  o f  the f ilm . T h e  c o lo r  c h a n g e  o f  th e  f i lm s  corre la ted  
w e l l  w ith  T A  v a lu e  o f  fresh  m ilk . A c c o r d in g  to  the c h a n g e s  in  H u n ter  c o lo r  v a lu e  o f  
th e  f ilm s  w ith in  the p a c k a g e s  o f  fresh  m ilk  d u rin g  s to ra g e  at a m b ien t tem peratu re, 
th e  resu lt sh o w e d  that th e  c o lo r  o f  B M B  ty p e -f ilm  tu rn ed  fro m  g ree n  to  y e l lo w  
w h e r e a s  th o se  o f  B P  ty p e -f ilm  turned from  v io le t  to  g reen . T h e  c o lo r  c h a n g e s  o f  th e  
d e v e lo p e d  in d ica to r  p ro p er ly  rep resen ted  th e d eg ree  o f  d eter io ra tio n  o f  fresh  m ilk . 
C o n se q u e n tly , th e  n a n o c o m p o s ite  in d ica to r  f ilm  c o u ld  b e  e m p lo y e d  a s  an e f fe c t iv e  
sm art p a c k a g in g  te c h n o lo g y  for  e v a lu a tin g  fresh  m ilk .

2.5 Synthesis of Copper Nanoparticle

M e ta llic  C u  n a n o p a rtic le s  are attractive  m a ter ia ls  fu n d a m e n ta lly  and  
in d u str ia lly  b e c a u se  th ey  g iv e  u n iq u e p ro p er tie s  o v e r  c a ta ly s is , e le c tr o n ic s , and  
p h o to e le c tr o n ic s , and  their  c o s t  is lo w  co m p a red  w ith  o th er  m e ta llic  m a ter ia ls  su ch  as  
g o ld  and s ilv er . T h e  p ractica l u se  o f  C u  n a n o p a rtic le s  fa c e s  at th e  m a in  d if f ic u lty  that 
a r ise s  from  th eir  in sta b ility  tow a rd  o x id a t io n  in  air. In a d d it io n , c o l lo id a l  in sta b ility  
o f  n a n o p a r tic le s  b r in gs a b o u t a g g r e g a tio n  o f  th e  n a n o p a r tic le s , w h ic h  sp o ils  th e  
u n iq u e  p ro p erties  o f  n a n o p a rtic les . V a r io u s  m e th o d s  for  s ta b iliz in g  th e C u  
n a n o p a rtic le s  h a v e  b e e n  reported . S ev era l research ers h a v e  p r o p o se d  th e  u se  o f  n o n -  
a q u e o u s  liq u id  su c h  as o r g a n ic  c o m p o u n d s  a s  so lv e n t  or  d isp e r s in g  m e d ia , w h ic h  
d o e s  n o t d is s o lv e  o x y g e n  g a s  and p rev en ts  it from  c o n ta c t in g  C u  n a n o p a r tic le s , so  
that th e  C u  su r fa c e  o x id a t io n  w o u ld  b e  m in im iz e d . T h o u g h  th eir  m e th o d s  c o u ld  
a v o id  o x id a t io n  o f  C u  n a n o p a rtic le s , harm  and hazard o f  o rg a n ic  c o m p o u n d s  are 
m atter  o f  co n c e r n .

P ro te c tio n  o f  C u  n a n o p a rtic le s  w ith  a s ta b iliz e r  su c h  as su rfa cta n t can  b e  
g iv e n  as a n o th er  s ta b iliz a t io n  m eth o d , and v a r io u s  m e th o d s  u s in g  th e  s ta b iliz e r  h a v e  
b e e n  p r e v io u s ly  rep orted . T h e  n a n o p a rtic le s  are su rrou n d ed  w ith  th e  s ta b iliz e r  by  
h y d r o p h ilic  in tera c tio n  b e tw e e n  the n a n o p a rtic le s  an d  th e  s ta b iliz e r  an d /or  
c o o r d in a tio n  o f  fu n c tio n a l g ro u p s o f  th e  s ta b iliz e r  to  m eta l a to m s. H o w e v e r , th e
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sta b iliz e r  m a y  n ot p reven t o x id a t io n  and a g g r e g a tio n  o f  n a n o p a r tic le s  e n o u g h  
b ec a u se  o f  th e ir  m o le c u la r  m otio n . (K o b a y a sh i et a l ,  2 0 0 9 ) .

พ น  et al. ( พ น  et a l ,  2 0 0 6 )  sy n th e s iz e d  s ta b le  n a rro w ly  d istr ib u ted  co p p e r  
n a n o p a rtic le s  in  the p r e se n c e  o f  p o ly v in y lp y r r o lid o n e  (P V P ) a s  a s ta b iliz e r  and  
w ith o u t d e o x y g e n a te d  so lu t io n  and w ith o u t  inert g a s  p r o tec tio n . T h e  fu n c tio n s  o f  
a sco rb ic  a c id  w er e  a c tin g  as both  red u c in g  a g en t and  a n tio x id a n t to red u ce  th e  
m eta llic  io n  p recu rsor and  to e f fe c t iv e ly  p reven t the c o m m o n  o x id a t io n  p r o c e ss  o f  
the n e w  b orn  pure co p p e r  n a n o c lu sters . T E M  im a g e s  e x h ib ite d  c o p p e r  n a n o p a rtic le s  
c o n s is t in g  o f  n ea r ly  sp h er ica l w ith  an a v era g e  p a rtic le  d ia m eter  o f  3 .4  nm  and  v e r y  
n arrow  s iz e  d istr ib u tio n . T h e X R D  sp ectru m  o f  the a s - s y n th e s iz e d  co p p e r  
n a n o p a rtic le s  in  the ex p e r im e n t (F ig .2 .5 )  had three m a in  ch a ra c ter is tic  d iffra c tio n  
p ea k s for c o p p e r  at 2 9 = 4 3 .2 ,  5 0 .4  and 7 4 .0  d egree . F rom  U V /V is  r e sp o n se , th e  ratio  
o f  [P V P ]/[C u 2+ J in d ica ted  that th ey  p la y e d  an im p ortan t ro le  in  c o n tr o llin g  th e s iz e , 
s iz e  d istr ib u tio n  and m o r p h o lo g y  o f  th e  n a n o p a rtic le s . T h e y  fo u n d  that th e  su ita b le  
ratio w a s  0 .0 1  M  [C u 2+] and  0 .8  M  [P V P ]+ 0 .4 M [V C ] and  0 .8  M  [P V P ], [V C ]/[C u 2+] 
=  4 0 , [P V P ]/[C u  2+] =  16 0 . P V P  w a s a lso  v e r ified  as an id ea l ca n d id a te  for s ta b iliz in g  
and c o n tr o llin g  th e co p p er  n a n o c lu ste r s  gro w th . A lth o u g h  th e  fu n d am en ta l 
m e c h a n ism  h a s y e t  to  b e  fu lly  d esc r ib e d , it is  b e lie v e d  that P V P  c a n  c o o rd in a te  to  the  
p artic le s  su r fa ce  v ia  O -C u  co o rd in a tio n  b on d  and w rap  arou n d  th e  p a r tic le s  w ith  its 
lo n g  and so f t  p o ly v in y l ch a in  to s to p  their  g ro w th  an d  a g g r e g a tio n  tow ard  b u lk  
p a rtic les.
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Figure 2.5 X R D  pattern  o f  co p p e r  n a n o p a rtic le s  ( พ น  et a l ,  2 0 0 6 ) .

Figure 2.6 X R D  pattern  o f  co p p er  n a n o p a rtic le s  ( พ น , 2 0 0 7 ) .

พ น  ( 2 0 0 7 )  p repared  u ltra fin e  co p p er  p o w d e r  w ith  c h e m ic a l re d u c tio n  
m eth o d  b y  u s in g  a sc o r b ic  acid  as red u c in g  a g en t and  th e  p H  v a lu e  w a s  c o n tr o lle d  at 
6  w ith  a q u e o u s  a m m o n ia  for a p p lic a tio n  in M L C C . T h e  X R D  pattern  (F ig .2 . 6 ) o f  th e
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p rod u ct p rep ared  b y  th e so lu t io n  c o n ta in in g  C u S ( V 5 H 2 0  an d  a sc o r b ic  a c id  sh o w in g  
th e  ch a ra c ter is tic  p ea k s  o f  c r y s ta llin e  m e ta llic  c o p p e r  ( fe e )  d = 2 .0 8 9 7 , 1 .8 0 9 1 , 1 .2 7 9 0 , 
r e s p e c t iv e ly , w h ic h  is  v ery  c lo s e  to that g iv e n  b y  J C P D S  f i le  n o . 4 - 8 3 6  (d = 2 .0 8 8 ,  
1 .8 0 8 , 1 .2 7 8 ). S E M  im a g e s  s h o w e d  that th e  p o w d e r  p a r tic le s  w er e  p o ly h e d r a l, n o n ­
a g g lo m e r a te d  m o n o d isp e r se d , and  their d ia m eters  w e r e  u n ifo r m ly  d istr ib u ted  b e lo w
2 .7  p m  for sa m p le s  prep ared  at p H  2 .2 . W h en  th e  p H  v a lu e  w a s  up  to 6 , th e  p artic les  
w e r e  in  th e  u n ifo rm  s iz e  o f  1.5 p m . T h u s, th e  r e d u c in g  p o w e r  o f  a sc o r b ic  ac id  w a s  
p H -d e p e n d e n t and  th e p a r tic le s  s iz e  d e c r e a se d  w ith  in c r e a s in g  p H  v a lu e . T h e  
r e d u c tiv e  p o w e r  o f  a sco rb ic  a c id  a lso  d e p e n d e d  o n  th e r e a c tio n  tem p era tu re  greatly . 
T h e e f f ic ie n c y  w a s  s ta b le  and lo w  to 20%  in  sp ite  o f  th e  in c r e a se  in  p H  v a lu e  w h en  
th e  rea c tio n  tem p era tu re  w a s  lo w e r  than 5 0 °C .W h e n  th e rea c tio n  tem p era tu re  w a s  
m o re  than  50°c, th e  e f f ic ie n c y  in crea sed  as th e  r e a c tio n  tem p era tu re in c r e a se d  up to  
92%  at 70°c.

G iu ffr id a  et al. ( 2 0 0 8 )  s tu d ied  th e  e f f e c t  o f  th e  p r e se n c e  o f  p o ly (v in y l  
p y r r o lid o n e )  (P V P )  on  the co p p e r  n a n o p a rtic le  fo rm a tio n , o b ta in e d  b y  u v  irrad iation  
o f  e th a n o l s o lu t io n  o f  C u (a c a c ) 2  (a ca c  =  2 ,4 -p e n ta n e d io n a to ) . T h e  s iz e  and the  
d istr ib u tio n  o f  th e  co p p er  p a r tic le s  w ere  d e te r m in e d  b y  D L S  m e a su r e m e n ts . It w a s  
fo u n d  that th e  m ea n  s iz e  o f  th e  c lu ster  d e c r e a se d  fro m  3 0  n m  w ith  a standard  
d e v ia t io n  =  12 .5  n m  to s iz e  o f  9  n m  w ith  a stan dard  d e v ia t io n  =  2 .4  n m  w h e n  the  
c o n c e n tr a tio n  in cr e a se d  from  0 .0 2  M  to 0.1 M , w h e r e a s  th e  s iz e  d istr ib u tio n  b eca m e  
v e r y  n arrow . F or h ig h er  P V P  c o n cen tra tio n , th e  m e a n  s iz e  b e c a m e  sm a lle r  than 4  
n m . T h u s th e P V P  w a s  an e x c e lle n t  c o n tro ller  o f  th e  c o p p e r  p a r tic le s  o b ta in ed  b y  
se n s it iz e d  p h o to c h e m ic a l red u ctio n . T h e  c o llo id a l s o lu t io n , s to c k e d  in  inert 
a tm o sp h ere , w a s  reported  to  b e  sta b le  for m o n th s . T h e  P V P  is  b e l ie v e d  to act as a  
p r o te c tiv e  a g en t, p rob a b ly  th e  p o ly m e r  w ra p s up th e  c o p p e r  c lu ste r  v ia  partial 
d o n a tio n  o f  o x y g e n  lo n e  p air o f  c= 0  g ro u p s to  th e  v a c a n t orb ita ls  o f  th e  cop p er  
c lu ste r  su rfa ce .

R u p a r e lia  et al. ( 2 0 0 8 )  co m p a red  th e  b a c ter ic id a l e f fe c t  o f  s i lv e r  an d  cop p er  
n a n o p a rtic le s  u s in g  v a r io u s  m icro b ia l stra in s. T h e  c o p p e r  n a n o p a r tic le s  w er e  
p rep ared  b y  w e t  c h e m ic a l sy n th e s is  in v o lv in g  s to ic h io m e tr ic  re a c tio n  b e tw e e n  
so d iu m  b o ro h y d r id e  and c o p p e r  io n s. T h e  n itrate  sa lts  o f  co p p e r  w e r e  u se d  as  
p recu rsors and rea c tio n  w ith  so d iu m  b o ro h y d r id e  w a s  c o n d u c te d  b y  v ig o r o u s ly
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stirrin g  th e re a c tio n  m ix tu re . A fter  s y n th e s is , th e  n a n o p a rtic le s  w e r e  w a sh e d  tw ic e  
w ith  D I (d e io n is e d )  w a ter  to en su re  r e m o v a l o f  re s id u a l b oro n . T h e  a v e r a g e  s iz e s  o f  
th e  co p p er  n a n o p a rtic le s  w e r e  9 n m  a s d e term in ed  th ro u gh  tr a n sm iss io n  e lec tro n  
m ic r o sc o p y . E n e r g y -d isp e r s iv e  X -r a y  sp ec tra  o f  co p p e r  n a n o p a r tic le s  r ev e a led  that 
an o x id e  la yer  e x is te d  o n  th e co p p er  n a n o p a rtic le s .

Figure 2 .7  X R D  pattern  o f  co p p er  o x id e  n a n o p a rtic le s  (cu p r ite  or C u O ).

T h e  X R D  pattern  (F ig .2 .7 )  o f  c o p p e r  n a n o p a rtic le s  w e r e  co m p a red  and  
in terp reted  w ith  standard  d ata  o f  In tern ation a l C en tre  o f  D iffr a c t io n  D a ta  (IC D D ). 
T h e  e ig h t ch a ra c ter is tic  p ea k s  for cu p r ite  ap p eared  in  the s a m p le  o f  cop p er  
n a n o p a rtic le s  at 2 9 .6 , 3 6 .3 , 4 2 .2 , 6 1 .3 , 7 3 .5 , 7 7 .5 , 1 0 4 .1 , 1 0 8 .8 , w h ic h  co rr esp o n d  to  
cry sta l fa c e ts  o f  (1 1 0 ) , ( 1 1 1 ) ,  (2 0 0 ) , ( 2 2 0 ) ,  (3 1 1 ) ,  ( 2 2 2 ) ,  (3 3 1 )  an d  (4 2 0 ) . E ach  
c r y sta llo g r a p h ic  fa c e t  c o n ta in s  e n e r g e t ic a lly  d is t in c t  s ite s  b a se d  o n  a to m  d en sity . T h e  
co p p er  n a n o p a rtic le s  c o n ta in  h ig h  a to m  d e n s ity  fa c e ts  su c h  a s  ( 1 1 1 ) th at are k n o w n  
to  b e  h ig h ly  r e a c tiv e . T h e  X R D  p attern s o f  co p p e r  n a n o p a r tic le s  c o n firm  the  
p r e se n c e  o f  c o p p e r  is  p resen t a s  cuprite .

Z h a n g  et al. ( 2 0 0 7 )  sy n th e s iz e d  cu p ro u s  o x id e  (C U 2 O ) n a n o stru ctu res w ith  
d ifferen t sh a p e s , su ch  a s  sp h eres , c u b e s  and  rod s, b y  r e d u c in g  c o p p e r  nitrate
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trih yd rate w ith  e th y le n e  g ly c o l  in  th e  p resen t o f  p o ly (v in y ly p y r r o lid o n e )  (P V P ). T h e  
m olar  ratio  o f  P V P  (in  th e  rep eatin g  u n it) /C u (N 0 3 ) 2 # 3 H 2 0  and  re a c tio n  tem peratu re  
h a v e  s ig n if ic a n t  e f fe c t s  o n  the fo rm a tio n  and  g ro w th  o f  th e se  CU 2 O  n an ostru ctu res. 
F ig .2 . 8  sh o w s  an  X R D  pattern  o f  the a s-p rep ared  cu p ro u s  o x id e  c u b e s . A ll th e  p eak s  
are la b e le d  and can  b e  r ea d ily  in d e x e d  to  a c r y s ta llin e  c u b ic  p h a se  CU 2 O  w ith  la ttice  
c o n sta n t a =  4 .2 6 0  A 0  (JC P D S  6 5 -3 2 8 8 ) .  T h e la tt ic e  con sta n t w a s  c a lcu la ted  by  
S ch errer fo rm u la  to b e  a =  4 .2 6 3 A 0, w h ic h  w a s  c o n s is te n t  w ith  th e  literature standard  
va lu e .

Figure 2.8 X R D  p attern  o f  the as-p rep ared  cu p ro u s  o x id e  c u b e s . A l l  th e  p eak s are 
la b e le d  an d  can  be r ea d ily  in d e x e d  to a  c r y s ta llin e  c u b ic  p h ase  CU 2 O  w ith  la ttice  
co n sta n t a -  4 .2 6 0 À  (J C P D S 6 5 -3 2 8 8 ) .

2.6 Fish Freshness

F resh  f ish  are o n e  o f  the m o st  p er ish a b le  o f  a ll fo o d s . T h e  rate o f  sp o ila g e  
rise  w ith  tem p era tu re. T h e y  m u st b e  re fr igera ted  or fr o z e n  im m e d ia te ly  after h arv est  
and k ep t refr igera ted  u n til ea ten . S p o ila g e  o f  f ish  is  n o t c le a r ly  d e fin e d . O b v io u s  
s ig n s  o f  sp o ila g e  are fo rm a tio n  o f  o f f -o d o r s  an d  o f f - f la v o r s , s l im e  fo rm a tio n , ga s
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p ro d u ctio n  and c h a n g e s  in  tex tu re . T h e  d e v e lo p m e n t o f  th e se  sp o ila g e  c o n d it io n s  in  
f ish  and  f ish  p ro d u cts  is  d u e to  a  c o m b in a tio n  o f  m ic r o b io lo g ic a l , c h e m ic a l and  
a u to ly tic  p h e n o m e n a . A u to ly t ic  s p o ila g e  is r e sp o n s ib le  for  th e  in itia l lo s s  o f  q u a lity  
in  fre sh  f ish , but co n tr ib u tes  v e r y  litt le  to  sp o ila g e  o f  c h ille d  f is h  and f ish  p rod u cts. 
T h e d e c o m p o s it io n  o f  th e  f ish  o c c u r s  as its  co n stitu e n t c o m p o u n d s  break  d o w n . T h e  
p r o te in s , n u c le o t id e s  and  su gars b reak  d o w n , b a se s  are r e lea sed ; th e  p H  fa lls  and  the  
fats are o x id iz e d . T h e se  m a k e  th e f ish  s m e lly ,  rancid  and  tou gh . T h e  p h y s ic a l, 
c h e m ic a l, and b a c te r io lo g ic a l ch a ra c ter is tic s  o f  f ish  va ry  w ith  sp e c ie s , s e a so n s ,  
m eth o d  o f  cap tu re, f ish in g  g r o u n d s e tc . H o w e v e r , it is  p o s s ib le  to  d esc r ib e  the  
c h a n g e s  that tak e  p la c e  after d ea th , u n til th e  f is h  is  to ta lly  sp o ile d  and  u n fit  for 
h u m an  c o n su m p tio n . T h e  c h a n g e s  in  f ish  h a v e  three m a in  g ro u p s  o f  ca u ses: b acteria , 
d ig e s t iv e  e n z y m e s  and  o th ers (e .g . o x id a t io n  le a d in g  to ra n c id ity ).

T h e  reta il fo o d  m arket in  T h a ila n d  is  c h a n g in g  rap id ly ; th e  n u m b er o f  sh o p s  
h a n d lin g  a n arrow  ra n g e  o f  fo o d s  is  d e c r e a s in g , w h ile  su p erm a rk ets  and  la rge  s e l f  
se r v ic e  s to res  are in c r e a s in g  in  n u m b er  and s iz e . T h ere is  c o n s id e r a b le  s c o p e  for  
e x p a n d in g  the m ark et for f ish  th ro u gh  th e se  m o d ern  o u tle ts , p r o v id e d  a g o o d  q u ality  
p rod u ct is  a ttr a c tiv e ly  p resen ted  fo r  sa le  in  a su ita b le  p a ck a g e . S o m e  large s to res  arc 
s e ll in g  w e t  f ish  fro m  a trad ition a l s la b , w ith  a f ish m o n g e r  in  a tten d a n ce , but th is  
m e th o d  h as a n u m b er  o f  d isa d v a n ta g es;  a large sp a c e  is  n e e d e d , th e  slab  h a s to  be  
m a n n ed  c o n tin u o u s ly , th e  p ro d u cts  are in c o n v e n ie n t  to  h a n d le  and there m a y  be  
s o m e  sm e ll  and p o s s ib ly  co n ta m in a tio n . In con trast, p rop er ly  p a c k a g e d  f is h  p rod u cts  
can  b e e a s i ly  h a n d le d  b y  n o n sp e c ia lis t  s ta ff , e x a m in e d  b y  th e  sh o p p er  fo r  ty p e , 
q u an tity  and p r ice , p u rch a sed  and  carr ied  h o m e  in  the s h o p p in g  b ask et w ith  o th er  
fo o d s .

P rep a ck ed  c h il le d  f ish  h a v e  b een  so ld  for m a n y  y e a r s  from  fr o z e n  fo o d  
c a b in e ts  c o n ta in in g  o th er  fo o d s . P rep a ck in g  is  m a in ly  a m e th o d  o f  p resen ta tio n , not 
o f  p reserv a tio n ; th e  s h e l f  life  o f  a  w ra p p ed  w e t  f ish  p rod u ct is  v ir tu a lly  th e  sa m e  as  
that o f  an u n w ra p p ed  o n e . T h ere is  so m e t im e s  a  sm a ll in c r e a se  in  s h e lf  life , but n ot  
en o u g h  to ju s t ify  k e e p in g  p rep a ck ed  f ish  lo n g e r  in  th e  sh o p . T h e m o st  u se fu l  
m a ter ia ls  for m a k in g  sm a ll p a c k a g e s  o f  c h il le d  f ish  are th e  th in  f le x ib le  f ilm s  
p ro d u ced  m a in ly  fr o m  p la st ic s  su c h  as p o ly e th y le n e , p o ly p r o p y le n e , and p o ly v in y l  
ch lo r id e .
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C h ille d  fresh  f ish  req u ires  th e  p r o tec tio n  o f  a r e a so n a b ly  g o o d  barrier to  
w a ter  v a p ou r to  p r ev en t it d ry in g . W ater va p o u r  can  p a ss  th ro u gh  a f ilm  in  tw o  w a y s;  
the f ilm  m a y  b e  p o ro u s  so  that vap ou r p a sse s  th rou gh  h o le s  in  th e  m a ter ia l, or the  
f ilm  m a y  b e  p e r m e a b le , that is  w a ter  va p o u r  d if fu se s  th ro u g h  it b y  d is s o lv in g  in  the  
m ateria l. T h in  f i lm s  are o fte n  p o ro u s, but p o ro s ity  ca n  b e  o v e r c o m e  b y  u s in g  a 
th ick er  film ; h o w e v e r , a p er m e a b le  f ilm  c a n n o t b e  m a d e  im p erm ea b le  in  th is  w a y . 
G a se s  lik e  o x y g e n  or  carb on  d io x id e  for e x a m p le  are tran sm itted  th ro u g h  a f i lm  in  
m u ch  the sa m e  w a y  a s  w a ter  vap ou r.

2.7 Freshness Indicator

P a cq u it et al. ( 2 0 0 6 )  had  d e v e lo p e d  “c h e m ic a l b a r -c o d e ” for  rea l-tim e  
m o n ito r in g  o f  f ish  fre sh n ess . A  so lid -s ta te  sen so r  c o n ta in s  a pH  s e n s it iv e  d y e , 
b r o m o c r e so l g r e e n , that re sp o n d s  th rou gh  v is ib le  co lo u r  c h a n g e  ( y e l lo w  to  b lu e ) to 
b a s ic  v o la tile  s p o ila g e  c o m p o u n d s , su ch  a s  tr im eth y la m in e  (T M A ), a m m o n ia (N H )  
and d im e th y la m in e  (D M A ) c o l le c t iv e ly  k n o w n  as T o ta l V o la t ile  B a s ic  N itr o g e n  
(T V B -N ) . T h e  se n so r s  w er e  prep ared  b y  sp in -c o a t  se n so r  s o lu t io n  on  o p t ic a lly  c lea r  
P E T  d isc s  u n d er co n sta n t n itro g en  f lo w  at 1 0 0 0 , 2 0 0 0  and 3 0 0 0  rpm  for  
a p p r o x im a te ly  10 m in . S en so rs  w er e  a s se m b le d  b y  p la c in g  th e  c o a ted  sp o t  fa c e  d o w n  
in  a sa n d w ic h  b e tw e e n  a p o ly  te tra flu o r o e th y le n e  (P T F E ) g a s  p e r m e a b le  m em b ran e  
and a c lea r  p r o te c tiv e  a d h e s iv e  c o v e r  a b o v e . R e su lts  in d ic a te d  that th e  h ig h er  the  
sp in -c o a t in g  sp e e d , th e  th in n er  th e  sen so r  w ith  th e a v e r a g e  p r o f ilo m e te r  r esu lts  b e in g  
2 .5 7 , 1 .36  and  1.01 m  at a  sp in  rate o f  1 0 0 0 , 2 0 0 0  and 3 0 0 0  rpm , r e sp e c t iv e ly . T h e  
se n so r  c h a r a c ter is tic s  w er e  s tu d ied  as w e l l  a s  its  r e sp o n se  w ith  stan dard  a m m o n ia  
g a s . T h e  ap p ro ach  is  s e n s it iv e  to  v o la tile  a m in e s , w ith  a lin e a r  r e sp o n se  to  a m m o n ia  
g a s  co n ce n tr a tio n  from  0  to 15 p p m  (F ig .2 .9 ) .
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Figure 2 .9  S e n so r  r e sp o n se s  (sp in -c o a te d  at 10 0  rp m ) to  a m m o n ia  co n ce n tr a tio n  
m o n ito red  b y  th e  o p tica l scan n er .
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Figure 2.10 C o rre la tio n  o f  se n so r  r e sp o n se  (1 0 0 0  rp m ) an d  c h a n g e s  in  b acteria l 
p o p u la tio n  o f  fre sh  c o d  k ep t at 20 °c o v e r  tim e.

A  d e la y  b e tw e e n  th e  r ise  in  m ic r o b ia l p o p u la tio n  and th e  s e n so r  r e sp o n se  
cu rv es  is  a ls o  apparent fro m  F ig .2 .1 0 . T h is  d e la y  is  in h eren t as v o la t ile  b a se  
g en era tio n  f o l lo w s  th e in c r e a se  in  s s o  p o p u la tio n . T h u s , th e  s e n so r s  a ccu ra te ly  
track ed  th e  in crea se  in  v o la t i le  b a se  co n ce n tr a tio n  in  th e  p a ck a g e  h ea d  sp a ce  and
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s in c e  th e  r e g io n  o f  c h a n g e  in  se n so r  c o lo u r  c o in c id e s  w ith  h ig h e r  le v e ls  o f  s s o  in  the  
f ish  t is s u e , th e  sc a n n e r  m ea su rem en ts  o f  o n -p a c k a g e  se n so r  c o lo u r  are u se fu l 
in d ica to rs  o f  a p p ro x im a te  s s o  p o p u la tio n  and th erefo re  sp o ila g e  o f  th e  f ish  sa m p le s .

P a cq u it et al. (2 0 0 7 )  s tu d ied  d y e  le a c h in g  o f  B r o m o c r e sa l g r e e n  and  
co rr e la tio n  b e tw e e n  se n so r  re sp o n se  and  m icro b ia l gro w th  o v e r  t im e  in  f ish  ca u g h t at 
the b e g in n in g  o f  th e  au tu m n . T w o  f is h  sp e c ie s  (c o d  and w h it in g )  w e r e  s e le c te d  for  
in v e s t ig a t io n . L e a c h in g  s tu d ie s  s h o w  th e  e f fe c t  o f  a m m o n iu m  b r o m id e  sa lts  o n  B C G  
lea ch in g . T e tr a o c ty l a m m o n iu m  b ro m id e  red u ced  le a c h in g  b y  82%  and w a s  se le c te d  
for th e  f is h  s p o ila g e  trial. F ig .2 .1 1  sh o w s  th e c h a n g e  in  T V B -N  le v e l  m o n ito r e d  b y  
the c o lo r  s e n so r  in  s p o il in g  c o d  at ro o m  tem p era tu re. For th e  fir st 14 h, n o  c o lo r  
ch a n g e  w a s  d e te c te d  b y  th e  r e f le c ta n c e  c o lo r im e te r  b ut at 1 6 -1 8  h , a d e n o te d  in crea se  
in  r e f le c ta n c e  w a s  reco rd ed . T h e se n so r  g ra d u a lly  c h a n g e d  c o lo r  fro m  y e l lo w  to  
g reen  th en  to  b lu e  in  a p p r o x im a te ly  43  h  w h e r e  n o  furth er c o lo r  c h a n g e  w a s  
o b se r v e d . S im ila r  resu lts  w er e  o b ta in ed  w ith  the w h it in g  sa m p le s .
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Figure 2.11 N o r m a liz e d  data  s h o w in g  th e  c o rr e la tio n  b e tw e e n  se n s o r  r e sp o n se  and  
b acteria l p o p u la tio n  (T V C  and P se u d o m o n a s  sp p .)  in  c o d  f i le t  sa m p le s  at 21 °c. T h e  
error bars are S E M  (stan d ard  error o f  th e  m ea n ) v a lu e s .

F rom  m ic r o b ia l a n a ly s is  sh o w s  ran g es o f  m ic r o b ia l p o p u la tio n  c o m m o n ly  
a sso c ia te d  w ith  s p o ila g e  in  w h ite  f ish  and th e s p e c if ic  le v e l  o f  1 0 7  c fu /g  w a s  reach ed
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after  a b o u t 18 h in  c o d  and 14 h  in  w h itin g . T h e  T V C  c o u n ts  w e r e  fo u n d  s lo w ly  
in c r e a s in g  from  a p p r o x im a te ly  1 0 4  c fu /g  d u r in g  the in itia l 1 0  h but sh a rp ly  r isin g  
fro m  th en  o n , r e a c h in g  v a lu e s  o f  1 0 7  c fu /g  at a p p ro x im a te ly  18 h  b e fo r e  s ta b iliz in g  at 
2 6  h  ju s t  a b o v e lO 7  c fu /g . C lea r ly , th is  c o in c id e s  w ith  the o n se t  o f  c o lo r  c h a n g e  in  the  
se n so r s  (1 4 -2 4  h ) s u g g e s t in g  that the c o n cen tra tio n  o f  s p o ila g e  c o m p o u n d s  in  the  
h e a d sp a c e  h as rea c h ed  the se n so r  lo w e r  d e te c t io n  lim it. T h u s, th e  se n so r s  a ccu ra te ly  
track  th is  in crea se  in  v o la t ile  b a se  co n cen tra tio n  in  the p a c k a g e  h ea d sp a c e .

S e o k -In  H o n g  et al. (2 0 0 0 )s tu d ie d  c o lo r  in d ica to rs for  k im c h i p a c k a g in g  to  
e v a lu a te  th e  d e g r e e  o f  ferm en ta tio n  o f  k im ch i. K im c h i ferm en ta tio n  w a s  a s s e s s e d  for  
t itra ta b le  a c id ity  (T A ) , and c o lo r  c h a n g es  o f  th e  in d ica to rs w e r e  m ea su r e d  and  
e x p r e s s e d  as H u n ter  v a lu e s  as w e ll  as to ta l c o lo r  d if fe r e n c e  (T C D ). T C D  v a lu e s  o f  
b r o m o c r e so l p u rp le  (B P ) ty p e  in d ica tor  (c o n ta in in g  B P  as a c h e m ic a l d y e )  ran ged  2 7 -  
3 3 . T h e  d e v e lo p e d  c o lo r  in d ica to r  fd m  c o n s is te d  o f  p o ly p r o p y le n e  (P P ) resin , 
c a lc iu m  h y d r o x id e  as a C O 2  ab sorb en t, and b r o m o c r e so l p u rp le  (B P )  or m e th y l red  
(M R ) a s  a c h e m ic a l d y e . T h e  c h a n g e s  in T A  o f  k im ch i d u rin g  ferm en ta tio n  at 0°c, 
10°c, an d  20°c w e r e  m easu red . T h e  T A  v a lu e s  o f  k im ch i in c r e a se d  g ra d u a lly  at the  
in itia l s ta g e  and s te e p ly  at the m id d le  sta g e , and rem ain ed  c o n sta n t at th e  fin a l sta ge  
o f  ferm e n ta tio n , w h ic h  had a s ig m o id  in crea se  w ith  in crea se  in  ferm en ta tio n  p eriod . 
C h a n g e s  in  H u n ter  c o lo r  v a lu e s  o f  the in d ica to rs w ith in  th e  p a c k a g e s  o f  k im c h i. In 
c a se  o f  th e  in d ica to r  c o n ta in in g  B P , H unter L  and  b v a lu e s  in c r e a se d  g ra d u a lly  w ith  
s to ra g e  t im e , w h ile  H u n ter  a  v a lu e  d e c rea sed  s lo w ly  and  th en  rem a in ed  con stan t. 
H o w e v e r , H u n ter  L  and b v a lu e s  o f  th e  in d ica tor  c o n ta in in g  M R  d ecrea sed  
e x p o n e n t ia lly , w h ile  H u nter a  v a lu e  in crea sed  rem ark ab ly  an d  rem a in ed  con stan t. 
T h e r e su lt  m e a n s  that c o lo r  o f  th e  B P  typ e  in d ica to r  turn ed  fro m  in it ia lly  b lu e  to  
f in a lly  lig h t  g ree n , an d  that o f  th e  M R  typ e  tu rn ed  from  lig h t o ra n g e  to red . T h e  rate 
o f  th e  c o lo r  c h a n g e s  w a s  d ifferen t d e p e n d in g  o n  tem p era tu re . T h e  resu lt o f  
co r r e la tio n  r e sp o n se  o f  the in d ica to r  to  k im ch i ferm en ta tio n  s u g g e s ts  that th e  B P  ty p e  
in d ica to r  ca n  b e  u se d  s u c c e s s fu lly  as a fu ll t im e -fe r m e n ta tio n  in d ica to r  for  k im ch i  
p ro d u cts . H o w e v e r , th e  M R  ty p e  m ay  b e a p p lied  o n ly  as a  r ip e n e ss /u n r ip e n e ss  
in d ica to r  to  p a c k a g e d  k im ch i.

T w o  y ea rs later, S e o k -In  H o n g  et al. d e v e lo p e d  k im c h i p a c k a g in g  b y  u s in g  
gravu re p rin ted  c o lo r  in d ica to rs o n  c o m m o n  n y lo n /p o ly e th y le n e  (N y /P E )  f ilm . A
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2.8 Natural Dye

A  d y e  can  b e  d e fin e d  as a h ig h ly  c o lo u r e d  su b sta n c e  u se d  to  im p art co lo u r  
to  an in fin ite  v a r ie ty  o f  m a ter ia ls  lik e  te x t ile s , paper, w o o d , v a r n ish e s , lea th er, ink , 
fur, fo o d -s tu ff , c o s m e t ic s , m e d ic in e , to o th p a ste , etc . A s  far as th e  c h e m is tr y  o f  d y e s  
is  c o n c e r n e d , a  d y e  m o le c u le  h as tw o  p rin cip a l c h e m ic a l g r o u p s, v iz . c h r o m o p h o res  
and  a u x o c h r o m e s . T h e  ch ro m o p h o re , u su a lly  an aro m atic  r in g , is  a s s o c ia te d  w ith  th e  
c o lo u r in g  p rop erty . It h as u n satu rated  b o n d s su ch  as - C = C , =c=0, - C - S ,  - C - N H ,  -  
C H = N - ,  - N - N  and  - N = 0 ,  w h o s e  n u m b er d e c id e s  th e  in te n s ity  o f  th e  co lo u r . T h e  
a u x o c h r o m e  h e lp s  th e  d y e  m o le c u le  to  c o m b in e  w ith  th e  su b strate , th u s  im p artin g  
c o lo u r  to  th e  latter.

N atu ra l d y e s  fin d  u se  in  the c o lo u r in g  o f  t e x t i le s ,  d ru gs, c o s m e t ic s ,  etc . 
O w in g  to  th e ir  n o n -to x ic  e f fe c t s , th e y  are a lso  u se d  fo r  c o lo u r in g  v a r io u s  fo o d  
p rod u cts . N atu ra l d y e s  can  b e sorted  in to  th ree  c a teg o r ie s:  n atural d y e s  o b ta in e d  from  
p la n ts , a n im a ls  an d  m in era ls . P lan ts e x h ib it  a w id e  ran g e  o f  c o lo u r s , n o t a ll o f  th e se  
p ig m e n ts  can  b e  u se d  a s  d y e s . S o m e  d o  n ot d is s o lv e  in  w a ter , s o m e  ca n n o t b e  
a d so rb ed  o n -to  f ib res , w h e r e a s  oth ers fa d e  w h e n  w a s h e d  or e x p o s e d  to  air or  
su n lig h t.

D y e s  are c la s s if ie d  b a sed  o n  th e ir  c h e m ic a l stru ctu re, s o u r c e s , m eth o d  o f  
a p p lic a tio n , c o lo u r , e tc . as a  m o d e l s tu d y  that e x p la in  th e  c h e m is tr y  a s  d e sc r ib e d  b y  
V an kar. T h e y  are c la s s if ie d  in to  the f o l lo w in g  grou p s b a se d  o n  c h e m ic a l structure  
(F ig .2 .1 2 ) .

In d ig o  d y es: T h is  is  co n s id e r e d  to  b e  th e  m o s t  im p o rtan t d y e  o b ta in ed  
fro m  the p lan t I. t in c to r ia  L.

A n th r o q u in o n e  d y es: S o m e  o f  th e  m o s t  im p ortan t red  d y e s  are b a se d  o n  th e  
an th ro q u in o n e  stru ctu re. T h e se  are o b ta in ed  fro m  b oth  p la n ts  an d  in se c ts . T h e se  d y e s  
h a v e  g o o d  fa s tn e s s  to  lig h t. T h e y  form  c o m p le x e s  w ith  m e ta l sa lts  and  th e  resu ltan t  
m e ta l- c o m p le x  d y e s  h a v e  g o o d  fa stn ess .

gravure process was successfully applied as a novel approach to fabricate color
indicators for kimchi packaging.
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A lp h a -h y d r o x y  n ap h th o q u in o n es: T h e m o s t  p ro m in en t m e m b e r  o f  th is  c la s s  
o f  d y e  is  h en n a  or la w s o n e  (L . in er-m is  L .).

F la v o n e s:  M o st  o f  th e  natural y e l lo w  c o lo u r s  are h y d r o x y  and m e th o x y  
d e r iv a t iv e s  o f  f la v o n e s  an d  iso fla v o n e s .

D ih y d ro p y ra n s: C lo s e ly  re la ted  to f la v o n e s  in  c h e m ic a l structure are  
su b stitu ted  d ih y d ro p y ra n s.

Figure 2.12 E x a m p le  o f  m o le c u la r  stru ctu re o f  natural d y e .
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N atu ra l d y e s  are le s s  to x ic , le s s  p o llu tin g , le s s  h e a lth  h a za rd o u s, n o n -  
c a r c in o g e n ic  and n o n -p o iso n o u s . A d d e d  to th is  th e y  are h a r m o n iz in g  c o lo u r s , g en tle , 
so ft  and  su b tle , and crea te  a restfu l e f fe c t . A b o v e  a ll, th e y  are e n v ir o n m e n t fr ien d ly  
and ca n  b e  r e c y c le d  a fter u se . A lth o u g h  natural d y e s  h a v e  se v e r a l a d v a n ta g e s , there  
are s o m e  lim ita tio n s  as w e ll. S o m e  o f  the natural d y e s  are fu g it iv e  an d  n e e d  a 
m ord ant for  en h a n c e m e n t o f  their  fa s tn e ss  p rop erties . S o m e  o f  th e  m e ta llic  m o rd en ts  
are h aza rd ou s. A ls o  th ere  are p r o b le m s lik e  d if f ic u lty  in  th e  c o l le c t io n  o f  p la n ts , lack  
o f  s ta n d a rd iza tio n , la ck  o f  a v a ila b ility  o f  p r e c ise  te c h n ic a l k n o w le d g e  o f  ex tra ctin g  
and d y e in g  te c h n iq u e  and  sp e c ie s  a v a ila b ility . (S iv a , 2 0 0 7 ) .

2.9 Mangosteen and Dye from the Fruit Pericarp (hull) of Mangosteen

M a n g o ste e n  (G arcinia m angostana  L .), a trop ica l e v e r g r e e n  tree  g r o w in g  in  
M a la y s ia , Ind ia , T h a ila n d , V ie tn a m , S in g a p o re , P h ilip p in e s , an d  B u rm a, b ears dark- 
p u rple to  red -p u rp le  fru its. T h e e d ib le  p ortion  o f  th e  fruit (ar il)  is  w h ite  an d  so f t  w ith  
a s lig h t ly  sou r  taste . T h e  th ic k n e ss  o f  fruit p ericarp  (a lso  referred  a s  rind an d  sk in )  is 
6 - 1 0  m m  and  it h as b e e n  u sed  in  fo lk  m e d ic in e  for  th e  r e l i e f  o f  d iarrhea , as w e l l  as 
for th e  trea tm en t o f  sk in  w o u n d s  and d isord ers. M a n g o s te e n  fru it is  a r ich  so u r c e  o f  
p h e n o lic  c o m p o u n d s , in c lu d in g  x a n th o n e s , p r o a n th o c y a n id in s , a n th o c y a n in s , and  
p h e n o lic a c id s . O f  th e se , x a n th o n es  h a v e  b een  rep orted  as th e  m a jo r  p h e n o lic s  fou n d  
in  the p ericarp  o f  m a n g o s te e n  fruit. (M .N a c z k  et a l ,  2 0 1 1 ) .

M a n g o s te e n  is  fam ed  as th e  Q u een  o f  tro p ica l fruit b e c a u se  it is  o n e  o f  the  
b est ta stin g  fru its in  th e  w orld . It ca n  b e c u lt iv a te d  in  tr o p ica l areas e s p e c ia l ly  in  
T h aila n d , M a la y s ia , th e  P h ilip p in e s  and  In d o n esia . M u c h  rese a r c h  h as r e v e a le d  that 
ex tracts  o f  G arcin ia  m a n g o sta n a  L in n  h av e  a n ti- in fla m m a to r y , an titu m o u r , and  
a n tio x id a n t p ro p erties , as w e ll  as an ti-b a cter ia l a c t iv ity . T h e  fru it h u lls  o f  m a n g o s te e n  
are rep orted  to b e  the so u rce  o f  a -  and  y -m a n g o s tin , tan n in , x a n th o n e , 
ch ry sa n th em in , g a rc in o n e , gartan in , v ita m in  B l ,  B 2 , c  an d  o th er b io a c t iv e  
su b sta n c e s . M o r e o v e r , a su b stan tia l a m o u n t o f  red  p ig m e n t w a s  iso la te d  fro m  the  
fruit h u lls  o f  m a n g o s te e n . T h e m ajor and  m in o r  p ig m e n ts  are c y a n id in -3 -s o p h o r o s id e  
and c y a n id in -3 -g lu c o s id e  r e sp e c t iv e ly  (F ig .2 .1 3 ) . T h e  red p ig m e n t  fro m  th e  fruit  
h u lls  o f  m a n g o s te e n  ca n  b e u sed  a s  a natural d y e  so u r c e  fo r  d y e in g , w ith  a s so c ia te d
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b e n e fits  in  u se  w ith  resp ect to  red u ced  h ea lth  h aza rd s, lo w e r  to x ic ity  an d  a llerg ic  
r e a c tio n s . (C h airat et al. , 2 0 0 7 ) .

OH

Figure 2.13 C h e m ic a l structure o f  c y a n id in g -3 -g lu c o s id e  ( R i= R 2 =R.3 = H ) and  
c y a n id in g -3 -s o p h o r o s id e  ( R i= R 2= H  and R 3 = g lu c o s y l) .

S ir iw a n  ( 2 0 0 4 )  s tu d ied  th e in f lu e n c e  o f  the c h ito sa n  o n  d y e in g  p rop erties  o f  
m a n g o s te e n  rind o n  c o tto n  fab ric . T h e  r esu lts  o f  th is  stu d y  s h o w e d  that th e  d ifferen t  
s o lv e n ts  u sed  for  d y e  ex tr a c tio n  p ro v id ed  d iffe r e n t sh a d e s  o n  d y e  fa b r ic s . W ater  
ex tra cto r  g a v e  b row n  sh ad e  w h ile  e th a n o l ex tra cto r  g a v e  y e l lo w  sh a d e  o n  d y ed  
fab rics .

S a n id a  ( 2 0 0 6 )  s tu d ied  th e  a n tio x id a n t a c t iv ity  an d  q u a lity  fro m  p erica rp s o f  
m a n g o s te e n  w h ic h  in c lu d e d  e x tra c tio n , p u r if ic a tio n  and  te s t  th e  o x id a t io n  a c t iv ity  o f  
th e  e x tr a c tiv e . T h e  resu lts  s h o w e d  that c o n tin u o u s  e x tr a c tio n  w ith  S o x h le t  apparatus  
s ig n if ic a n tly  in c r e a se d  th e y ie ld  (1 9 .6 8 %  w e ig h t  o f  e th a n o l e x tr a c t iv e / w e ig h t  dry  
p erica rp ) o f  e x tr a c t iv e  as co m p a red  to m e r c e r a tio n  e x tr a c t iv e  (1 2 .7 0 %  w e ig h t  o f  
e th a n o l e a tr a c tiv e / w e ig h t  dry p ericarp ). F u rth er ex tra c t w ith  e th y l a c e ta te / w ater  
y ie ld e d  e th y l a c e ta te  e x tr a c t iv e s  (1 4 .5 3 %  w e ig h t  o f  e th y l a c e ta te  e x tr a c t iv e /w e ig h t  
dry p er ica rp ). W h e n  sep ara ted  th e e x tra c tiv e  w ith  s i l ic a  g e l c o lu m n  c h ro m a to g ra p h y  
y ie ld  14 fra c tio n s . Pure c o m p o u n d  from  fra c tio n  B 3  s h o w e d  th e  b est  a n t i-o x id a t iv e  
e f fe c t . C h a ra cter iza tio n  b y  IR , 'H -N M R  and  l 3 C -N M R  te c h n iq u e s  s h o w e d  that the  

p u rified  c o m p o u n d  o f  B 3  w a s  a -m a n g o s te e n .
C hairat et al. (2 0 0 7 )  s tu d ied  d y e in g  o f  c o tto n  an d  s ilk  y a m  b y  n atural d ye  

ex tra c ted  from  th e  d ried  fruit h u lls  o f  m a n g o s te e n . T h e  o p tim a l c o n d it io n s  for d y e
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e x tra c tio n  w e r e  to extract th e  d ried  fruit h u lls  o f  m a n g o s te e n  at 80°c for  1  hour w ith  
a 15%  w /v  c itr ic  ac id  so lu t io n  in  a  ratio o f  m a n g o s te e n  p o w d e r  to  s o lv e n t  o f  1:4. T h e  
d y e  so lu t io n  g a v e  dark red co lo r . It w a s  k ep t c o ld  at 5°c for further u se . A fte r  
filtra tio n  and d ilu tio n , th e  d y e  so lu t io n  sh o w e d  a m a x im u m  ab so rp tio n  p eak  (k max) at 
5 1 0  n m  in  th e v is ib le  sp ectru m .

M . N a c z k  et al. ( 2 0 1 1 )  s tu d ied  th e a ff in ity  o f  cru d e e x tra c ts  o f  p h e n o lic s  
(C P ), iso la te d  from  m a n g o s te e n  fruit parts. F u rth erm ore, th e  a n tio x id a n t p oten tia l o f  
m a n g o ste e n  C P  w a s  a lso  in v e stig a te d . C P  w a s  ex tra cted  from  p e e l, rin d , and ed ib le  
aril w ith  70%  (v /v )  a q u e o u s  a c e to n e , th ree  t im e s , at ro o m  tem p era tu re for 3 0  m in  at a 
s o lid -to  s o lv e n t  ratio  o f  1 5 :1 0 0  (w /v ) . T h e  a c e to n e  ex tra c ts  w ere  c o o le d , eva p ora ted  
to  near d r y n e ss  u n der v a c u u m  at 4 0  °c, and then  ly o p h ilis e d . F o l lo w in g  th is , the  
d ried  C P  w e r e  w e ig h e d  to  d eterm in e  the e x tra c tio n  y ie ld s  and sto red  at 18 °c un til 
a n a ly zed . T h e  resu lts  s h o w e d  that the rind  and p e e l o f  m a n g o s te e n  fruit co n ta in ed  
o v e r  2 0  t im e s  m o re  p h e n o lic s  than d id  th e e d ib le  aril o f  th e  fruit.
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