
CHAPTER IV

P r e p a r a t io n  o f  B a c te r ia l  C e l lu lo s e  M e m b r a n e s  fr o m  N a t a  D e  C o c o  w i t h  a n d  
w it h o u t  S i lv e r  I o n s  f o r  CO2/CH4 S e p a r a t io n

Y a n in  H o s a k u n ,  T h a n y a la k  C h a is u w a n *
T h e  P e t r o le u m  a n d  P e t r o c h e m ic a l  C o l l e g e ,  C h u l a l o n g k o m  U n iv e r s i t y

A b s t r a c t

C a r b o n  d i o x i d e  r e m o v a l  f r o m  n a tu r a l g a s  is  a n  im p o r ta n t  p r o c e s s  b e c a u s e  th e  

e x i s t e n c e  o f  c a r b o n  d io x id e  in  n a tu r a l g a s  c o n t r ib u t e s  t o  p i p e l i n e  c o r r o s io n ,  r e d u c e s  

th e  h e a t in g  v a lu e ,  a n d  ta k e s  u p  v o lu m e  in  th e  p ip e l in e .  In  t h is  s tu d y , b a c t e r ia l  c e l l u l o s e  

w a s  c h o s e n  f o r  t h e  g a s  s e p a r a t io n  m e m b r a n e  d u e  to  th e  u n iq u e  s tr u c tu r e  a n d  p r o m in e n t  

p r o p e r t ie s  o f  b a c t e r ia l  c e l l u l o s e .  M o r e o v e r ,  b a c t e r ia l  c e l l u l o s e  c a n  b e  o b t a in e d  s im p ly  

b y  c u ltu r in g  th e  b a c te r ia  s o  c a l l e d  “ A c e t o b a c t e r  x y l i n u m ” th r o u g h  f e r m e n t a t io n  o f  

c o c o n u t  j u i c e  w h i c h  i s  a v a i la b le  a b u n d a n t ly  in  T h a i la n d .  B a c t e r ia l  c e l l u l o s e  

m e m b r a n e s  w i t h  a n d  w it h o u t  s i l v e r  io n s  w e r e  p r e p a r e d  t o  in v e s t ig a t e  t h e  e f f e c t  o f  

s i l v e r  io n s  o n  t h e  C O 2/C I I 4 s e p a r a t io n  p e r f o r m a n c e .  B a c t e r ia l  c e l l u l o s e  m e m b r a n e s  

w it h o u t  s i l v e r  i o n s  w e r e  p r e p a r e d  b y  v a r y in g  th e  w e ig h t  r a t io s  o f  d r ie d  N a t a  d e  c o c o  

to  w a te r .  S E M  m ic r o g r a p h s  a n d  g a s  p y c n o m e t e r  m e a s u r e m e n t s  w e r e  s h o w n  th e  e f f e c t  

o f  th e  a d d it io n  o f  w a te r . T h e  g a s  s e p a r a t io n  m e a s u r e m e n t s  s h o w e d -  th a t  b a c te r ia l  
c e l l u l o s e  m e m b r a n e  w i t h  th e  w e i g h t  r a t io  o f  1 :1 0  a c h i e v e d  th e  h i g h e s t  C O 2/C H 4 

s e l e c t i v i t y  a n d  t h u s  it w a s  c h o s e n  fo r  fu r th e r  s t u d y in g  th e  g a s  s e p a r a t io n  p e r f o r m a n c e  

b y  im p r e g n a t in g  w i t h  A g N C >3 s o lu t i o n s .  T h e  1 .0 M  A g +- B C  m e m b r a n e  s h o w e d  th e  

h i g h e s t  C H 4/ C O 2 s e l e c t i v i t y .  T h e  in c r e a s in g  o f  A g N C >3 c o n c e n t r a t io n s  c o u l d  im p r o v e  

t h e  s e l e c t i v i t y .

K e y w o rd s: Bacterial cellulose membrane, Nata de coco, CO2 /CH4 separation, silver
1 0 n s
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1. I n tr o d u c t io n

T h e  c o c o n u t  t r e e s  a r e  m o s t ly  g r o w n  in  T h a i la n d ,  th e r e b y  w e  o b t a in e d  a  lo t  o f  

c o c o n u t  j u i c e  fo r  f o o d  p r o d u c t s .  O n e  o f  th e  m o s t  f a m o u s  f o o d  p r o d u c t s  f r o m  c o c o n u t  

w a te r  i s  N a t a  d e  c o c o ,  w h i c h  i s  w e l l  k n o w n  a s  d e s s e r t ,  p r o d u c e d  b y  f e r m e n t a t io n  o f  

c o c o n u t  w a t e r  w ith  a  c u lt u r e  o f  A c e t o b a c t e r  x y l in u m .  G l u c o s e  in  c o c o n u t  j u i c e  is  

-  c o n v e r t e d  in t o  b a c t e r ia l  c e l l u l o s e  th a t  is  m e t a b o l i z e d  b y  A c e t o b a c t e r  x y l i n u m .  T h e  

m a in  c o m p o n e n t  o f  N a t a  d e  c o c o  i s  b a c te r ia l  c e l l u l o s e  [1 ] ,  B a c t e r ia l  c e l l u l o s e  i s  o n e  

o f  th e  m o s t  a t tr a c t iv e  b i o l o g i c a l  b a s e d  m a t e r ia ls  a n d  a  n a n o - b io m a t e r ia l  w h ic h  

p r o v id e s  m a n y  u n iq u e  p r o p e r t ie s  [ 2 ] ,  It h a s  a l s o  a  w i d e  v a r ie t y  o f  p o t e n t ia l  

a p p l ic a t io n s .
A m o n g  m a n y  a p p l i c a t io n s  o f  b a c t e r ia l  c e l l u l o s e ,  a  s e l e c t i v e  m e m b r a n e  i s  a n  

in t e r e s t in g  a p p lic a t io n .  B a c t e r ia l  c e l l u l o s e  h a s  b e e n  in tr o d u c e d  t o  u s e  a s  a  m e m b r a n e  

b e c a u s e  o f  i t s  s u p e r io r  m e c h a n ic a l  p r o p e r t ie s ,  h ig h  r e s i s t a n c e  t o  c h e m ic a l  c o r r o s io n ,  
b io d e g r a d a b i l i t y ,  e a s e  o f  ta i lo r a b i l i t y  a n d  e c o n o m i c a l  p r o c e s s in g  [ 3 ] .  C o n s e q u e n t ly ,  
b a c t e r ia l  c e l l u l o s e  i s  c h o s e n  f o r  t h is  w o r k  a s  a  h y d r o p h il i c  m e m b r a n e  fo r  C O 2/C H 4 

s e p a r a t io n .
D u e  to  th e  in c r e a s in g  o f  d e m a n d  fo r  th e  u s e  o f  n a tu r a l g a s  a s  th e  p r in c ip a l  

f e e d s t o c k  f o r  th e  c h e m ic a l  in d u s tr y  [ 4 ] ,  th e  p u r i f ic a t io n  o f  n a tu r a l  g a s  i s  a l s o  a n  

im p o r ta n t  p r o c e s s .  G e n e r a l ly ,  th e  c o m p o s i t io n s  o f  n a tu r a l g a s  i n c lu d e  m e t h a n e ,  o th e r  

l ig h t  h y d r o c a r b o n s ,  s u c h  a s  e th a n e  a n d  p r o p a n e , a n d  h e a v ie r  h y d r o c a r b o n s .  In  a d d it io n ,  
c a r b o n  d i o x i d e ,  h y d r o g e n  s u l f id e ,  h e l iu m  a n d  n i t r o g e n  a t v a r y in g  c o n c e n t r a t io n s  c a n  

b e  c o n t a in e d  in  n a tu ra l g a s  a s  w e l l .  T h e r e f o r e ,  th e  s e p a r a t io n  o f  C O 2 f r o m  n a tu r a l  g a s  

i s  a n  im p o r ta n t  in d u s tr ia l  p r o c e s s  b e c a u s e  at h ig h e r  c o n c e n t r a t io n s ,  it c o n t r ib u t e s  to  

p ip e l in e  c o r r o s io n ,  e t c .  In  th is  w o r k ,  m e m b r a n e  t e c h n o l o g y  w i l l  b e  u s e d  f o r  C O 2 

s e p a r a t io n  b e c a u s e  o f  th e  v a r io u s  a d v a n t a g e s  o f  m e m b r a n e  s e p a r a t io n  t e c h n o l o g y .



30

2 . M a te r ia ls  a n d  M e t h o d s

2 .1  M a te r ia ls  a n d  C h e m ic a l s
N a ta  d e  c o c o  w a s  p r o v id e d  b y  M r s . B o o n y u a n  T h o n g a m p a i ,  T h a ila n d .  

S o d iu m  h y d r o x id e  ( N a O H )  w a s  p u r c h a s e d  f r o m  L A B S C A N  A S I A  C O .,  L t d .,  T h a ila n d  

a n d  S i lv e r  n itr a te  ( A g N 0 3 )  w a s  p u r c h a s e d  f r o m  V R  B I O S C I E N C E  C O .,  L td .,  
T h a ila n d . A l l  c h e m ic a l s  w e r e  u s e d  a s  r e c e iv e d  w i t h o u t  a n y  fu r th e r  tr e a tm e n t .

_2 .2  M e a s u r e m e n t s
2 .2 .1  T h e rm o g ra v im e tr ic /D iffe re n tia l T h erm a l A n a ly ze r  (T G /D T A )

T h e r m a l g r a v im e t r ic  a n a l y s i s  w e r e  p e r f o r m e d  u s i n g  P e r k in  E lm e r
P y r is  D ia m o n  T G / D T A  in s tr u m e n t  in  a  n i t r o g e n  a tm o s p h e r e  ( f l o w  ra te  1 0  m l /m in ) .  
T h e  s a m p le  w a s  h e a t e d  fr o m  5 0 ° c  t o  1 1 0 ° c ,  t h e n  w e r e  h o ld  a t  1 1 0 ° c  f o r  3 0  m in  a n d  

h e a t e d  f r o m  1 1 0 ° c  t o  4 5 0 ° c  a t a  h e a t in g  r a te  o f  1 0 ° c / m i n .
2 .2 .2  D iffe re n tia l S c a n n in g  C a lo r im e try  (D SC )

D if f e r e n t ia l  S c a n n in g  C a lo r im e t r ic  e x p e r im e n t s  w e r e  c a r r ie d  o u t  

b y  u s i n g  a  D i f f e r e n t ia l  S c a n n in g  C a lo r im e t e r  ( D S C  8 2 2 ,  M e t ie r  T o l e d o )  in  a  n i t r o g e n  

a t m o s p h e r e  ( f l o w  r a te  2 0  m l /m in ) .  A  4 - 8  m g  o f  s a m p le  w a s  p la c e d  in  a  t i g h t l y  s e a le d  

a lu m in u m  p a n . T h e  s a m p le  w a s  s u b j e c t e d  t o  r u n  a g a in s t  a n  e m p t y  p a n  a s  a  r e f e r e n c e  

at a  h e a t in g  ra te  o f  1 0 ° c / m i n  in  t h e  te m p e r a tu r e  r a n g e  0 ° c  - 3 0 0  ° c .
2 .2 .3  F o u r ie r  T ra n sfo rm  In fr a r e d  S p e c tro sc o p y  (F T IR )

I n fr a r e d  s p e c t r a  o f  b a c t e r ia l  c e l l u l o s e  m e m b r a n e s  w e r e  

c h a r a c te r iz e d  b y  t h e  S p e c t r u m  o n e  F T I R  (P e r k in  E lm e r ) .  E a c h  s a m p le  w a s  a n a ly z e d  

t o  d e t e r m in e  th e  s tr u c tu r a l  c h a r a c t e r is t ic s  in  t h e  r a n g e , o f  5 1 5 - 4 0 0 0  c m ' 1 a t  r o o m  

t e m p e r a tu r e  b y  u s i n g  a  U n iv e r s a l  A T R  S a m p lin g  A c c e s s o r y .  M o r e o v e r ,  th e  s a m p le  

im p r e g n a t e d  w ith  s i l v e r  i o n s  w a s  fu r th e r  i n v e s t ig a t e d  th e  r e a c t io n  w i t h  C O 2 b y  s o a k in g  

th e  s a m p le  in to  th e  C O 2 c o n t a in e d  b o t t le  o v e r n ig h t  a n d  th e n  t h is  s a m p le  w a s  a n a ly z e d  

b y  F T I R  ( U n iv e r s a l  A T R  S a m p lin g  A c c e s s o r y )  t e c h n iq u e .
2 .2 .4  S c a n n in g  E le c tro n  M ic ro sc o p y  (S E M -E D X )

T h e  m o r p h o lo g ie s  o f  t h e  s a m p le s  w e r e  s t u d ie d  u s i n g  S c a n n in g  

E le c t r o n  M i c r o s c o p e  ( S E M , J E O L , J S M - 5 4 1 0 L V ) .  P r io r  to  a n a ly s i s ,  th e  s a m p l e s  w e r e  

c r a c k e d  in  l iq u id  n i t r o g e n  in to  th e  s m a l l  p i e c e s  a n d  s p u tte r e d  c o a t e d  w i t h  a  th in  la y e r
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o f  g o ld  u n d e r  v a c u u m , th e n  e x a m in e d  a t 3 5 x  a n d  lO O x m a g n i f i c a t io n s  fo r  e v e r y  

s a m p le s  a n d  at 5 0 0 x  a n d  3 ,5 0 0 x  m a g n i f i c a t io n s  fo r  th e  s a m p l e s  im p r e g n a t e d  w ith  

s i l v e r  io n s ,  o f  w h ic h  th e  la s t  m a g n i f i c a t io n  w a s  u s e d  fo r  th e  s a m p le  w i t h o u t  s i l v e r  io n s  

a s  w e l l  in  o r d e r  to  im p r o v e  th a t  t h e s e  m e m b r a n e s  d o  n o t  s h o w  th e  p r e s e n c e  o f  s i l v e r  

n itr a te  in  b a c te r ia l  c e l l u l o s e  f ib e r s .  A d d i t io n a l ly ,  th e  c h e m ic a l  c o m p o s i t io n s  o n  th e  

s u r f a c e  o f  m e m b r a n e s  c a n  b e  p r o v e d  b y  th e  E D X  m o d e  ( E D X ,  O x f o r d  I S I S  s e r i e s 3 0 0 ) .  
T w o  r e g io n s  o f  s u r f a c e  a r e a  o f  t h e  m e m b r a n e s  w e r e  r a n d o m ly  c h o s e n  f o r  a n a ly z in g .

in v e s t ig a t e d  b y  th e  X R D  p a tte r n  w h i c h  w a s  r e c o r d e d  b y  X - r a y  d i f f r a c t o m e t e r  ( X R D ,  
R ig a k u )  e q u ip p e d  w i t h  f i l t e r  C u  Kp r a d ia t io n  a t a  s c a n n in g  r a te  o f  8 ° /m in  r a n g in g  fr o m  

1 0 ° t o  8 0 °  ( 2 0  a n g le ) .

d e t e r m in a t io n  o f  t h e  a v e r a g e  tr u e  d e n s i t y  o f  t h e  m e m b r a n e s  a t e a c h  r a t io  o f  d r ie d  N a t a  

d e  c o c o  to  w a te r .

2 .3  G a s  S e p a r a t io n  S t u d y

t e s t e d  in  a  s in g le  g a s  (c a r b o n  d i o x i d e  o r  m e t h a n e )  m e a s u r e m e n t .  C a r b o n  d i o x i d e  ( C O 2 ) 
a n d  m e t h a n e  (C H -t) g a s  w e r e ' o f  h ig h  p u r ity  a n d  u s e d  a s  r e c e iv e d .  T h e  e x p e r im e n t s  

w e r e  p e r fo r m e d  fo r  t w o  h o u r s  a t r o o m  te m p e r a tu r e  a n d  th e  p r e s s u r e  d i f f e r e n c e  b e t w e e n  

th e  f e e d  a n d  th e  p e r m e a t in g  s id e s  (A P )  w a s  m a in ta in e d  a t 2 0  p s i .  T h e  a r e a  o f  th e  

m e m b r a n e  in  c o n t a c t  w i t h  th e  g a s  w a s  0 .5 0 2 4  c m 2. T h e  g a s  s e p a r a t io n  u n it  fo r  th is  

s tu d y  i s  s c h e m a t ic a l ly  s h o w n  in  f ig u r e  2 .1 .  T h e  e q u i l ib r iu m  s ta te  w a s  o b t a in e d  b y  

m e a s u r in g  th e  c o n s t a n t  p e r m e a te  r a te . W h e n  it  r e a c h e d  th e  s t e a d y - s t a t e ,  in d iv id u a l  g a s  

f l o w  r a te  w a s  m e a s u r e d  b y  a  g a s  f l o w  m e te r . T h e  o b ta in e d  d a ta  w e r e  u s e d  t o  c a lc u la t e  

th e  g a s  p e r m e a n c e  a n d  s e l e c t i v i t y  [ 5 ] ,

2 .2 .5  X -r a y  D iffra c t ion  (X R D ) A n a ly s is
T h e  c r y s t a l l in e  s tr u c tu r e  o f  b a c te r ia l  c e l l u l o s e  m e m b r a n e  w a s

2 .2 .6  G a s P y c n o m e te r  (U ltra p y c n o m e te r  1000)
G a s  p y c n o m e t e r  ( U l t r a p y c n o m e t e r  1 0 0 0 )  w a s  u s e d  fo r

A l l  o f  b a c t e r ia l  c e l l u l o s e  m e m b r a n e s  w i t h  a n d  w i t h o u t  s i l v e r  i o n s  w e r e

T h e  p e r m e a n c e  o f  th e  p e r m e a t e d  g a s  c a n  b e  d e t e r m in e d  b y  th e

Qi X 1 4 .7 x 1 0 e 
( A )x (h P )x7 6 ( 2 .1 )
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W h e r e  ( ^ )  j =  p e r m e a n c e  o f  g a s  “ i ”  ( G P U ) ,

p  =  p e r m e a b i l i t y  o f  g a s  ‘ i ’ ( 1 0 ' 10 c m 3 ( S T P )  c m / c m 2 ร c m  H g )
(1  B a r r e r  =  1 0 -‘° c m 3 ( S T P )  c m / c m 2 ร c m  H g  =  7 .5 x  1 0 ' 18 m 2 ร- 1 P a 1),
8  =  t h i c k n e s s  o f  m e m b r a n e  ( p m ) ,
Qj = v o lu m e t r ic  f l o w  r a te  o f  g a s  T  ( c m 3/ s e c ) ,
A  =  m e m b r a n e  a r e a  ( c m 2) ,  a n d
A P  =  p r e s s u r e  d i f f e r e n c e  b e t w e e n  th e  f e e d  s id e  a n d  th e  p e r m e a t in g  s id e  ( p s i ) .

T h e  id e a l  s e p a r a t io n  fa c to r  ( G a s  s e l e c t i v i t y ,  S a /b )  fo r  c o m p o n e n t  A  a n d  

B  i s  d e f in e d  a c c o r d in g  t o  th e  f o l l o w i n g  e q u a t io n  [5 ]:

S A /B  =  ^  -  ( 2 .2 )

W h e r e  P a  =  th e  p e r m e a n c e - o f  c o m p o n e n t  A ,  a n d  

P b =  t h e  p e r m e a n c e  o f  c o m p o n e n t  B .

Figure 2.1 The unit of separation study.
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2 .3  E x p e r im e n t a l

2.3 .1  P u r ific a tio n  o f  C o co n u t G e l (Plata D e C o co )
N a t a  d e  c o c o  w a s  c u t  in to  th e  s m a ll  p i e c e s  a n d  s o a k e d  in  b o i le d  

w a te r  f o r  f i f t e e n  m in u t e s  w i t h  c o n t in u o u s  s t ir r in g , f o l lo w e d  b y  s o a k i n g  a n d  c o n t in u o u s  

s t ir r in g  in  0 .1  M  N a O H  at 80°c u n t i l  i t s  c o l o r  w a s  c le a r . T h e  a lk a l in e  s o lu t i o n  w a s  

c h a n g e d  e v e r y  t w o  h o u r s .  A f t e r  th a t  N a t a  d e  c o c o  w a s  w a s h e d  s e v e r a l  t i m e s  w ith  

d i s t i l l e d  w a te r  u n til  t h e  p H  o f  w a t e r  b e c a m e  n e u tr a l  [ 6 ] , T h is  p u r i f ie d  g e l  w a s  s to r e d  

in  d i s t i l l e d  w a te r  p r io r  t o  u s e .
2 .3 .2  P re p a ra tio n  o f  B a c te r ia l C e llu lo se  M e m b ra n e s

T h e  p u r if ie d  N a t a  d e  c o c o  w a s  b le n d e d  b y  th e  b le n d e r  a n d  

s e p a r a te d  w a te r  o u t .  A f t e r w a r d ,  it w a s  d r ie d  in  a n  o v e n  fo r  6  h o u r s  a n d  th e n  b le n d e d  it  

a g a in  t o  o b ta in  b a c t e r ia l  c e l l u l o s e  p o w d e r .  T h e  v a r io u s  a m o u n ts  o f  w a te r ,  w h i c h  a re  7 ,  
1 0 , 1 3 , 1 5 , 1 7  a n d  2 0  m l ,  w e r e  a d d e d  in to  1 g  o f  th e  b a c te r ia l  c e l l u l o s e  p o w d e r  fo r  e a c h  

c o n d i t io n  a n d  th e  s a m p l e s  w e r e  s t ir r e d  u n til  th e  p o w d e r  w a s  s w o l l e n  e n o u g h  t o  b e  

c o n t in u o u s  m a tr ix  m e m b r a n e s .  T h e  s a m p le s  w e r e  th e n  f r e e z e - d r ie d  b y  a  f r e e z e - d r y e r  

to  f i n a l ly  o b ta in  b a c t e r ia l  c e l l u l o s e  m e m b r a n e s .
2 .3 .3  P re p a ra tio n  o f  B a c te r ia l C e llu lo se  M e m b ra n es  w ith  S ilv e r  Io n s

C e r ta in  a m o u n t  o f  w a te r , w h i c h  is  9  m l, w a s  a d d e d  in t o  1 g  o f  th e
b a c t e r ia l  c e l l u l o s e  p o w d e r  a n d  s t ir r e d  u n til  th e  p o w d e r  w a s  s w o l l e n  e n o u g h  to  b e  

c o n t in u o u s  m a tr ix  m e m b r a n e s .  V a r io u s  c o n c e n t r a t io n s  o f  s i l v e r  n itr a te  s o lu t i o n  (1 m l) ,  
( 0 .1 M ,  0 .5 M  a n d  1 .0 M )  w e r e  a d d e d  in to  th e  s w o l l e n  s a m p le s .  A f t e r  th a t  th e  s a m p le s  

w e r e  t h e n  f r e e z e - d r ie d  b y  th e  f r e e z e - d r y e r  to  o b t a in  b a c te r ia l  c e l l u l o s e  m e m b r a n e s  

w it h  s i l v e r  io n s .
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3. Results and Discussion

3 .1  T h e r m a l  P r o p e r t ie s  o f  B a c t e r ia l  C e l lu l o s e  M e m b r a n e s

T h e  th e r m a l  s t a b i l i t y  o f  d r ie d  b a c te r ia l  c e l l u l o s e  m e m b r a n e  w a s  

in v e s t ig a t e d  w i t h  T G A . F ig u r e  3 .1  s h o w s  th e  T G A  c u r v e  o f  b a c t e r ia l  c e l l u l o s e  

m e m b r a n e .  A s  s h o w n  in  T G A  th e r m o g r a m , t h e  m a x im u m  r a te  o f  w e i g h t  l o s s  is  a t th e  

te m p e r a tu r e  o f  a p p r o x im a t e  3 3 0 ° c .  It c a n  b e  a ttr ib u te d  t o  th e  d e c o m p o s i t i o n  o f  

b a c t e r ia l  c e l l u l o s e  w h i c h  f a l l s  in  t h e  r a n g e  o f  2 4 0 ° c  -  3 4 5 ° c .  S i n c e  b a c t e r ia l  c e l l u l o s e  

c o n t a in s  th e  c r y s t a l l i n e  a n d  a m o r p h o u s  p h a s e s  w h ic h  w i l l  b e  d i s c u s s e d  b y  X R D  

t e c h n iq u e ,  th e  w i d e  t e m p e r a tu r e  o f  d e g r a d a t io n  w a s  fo u n d . T h i s  r e s u lt  w a s  s im i la r  to  

Y a n g  e t a l  [7 ]  a n d  a l s o  S u r m a - S lu s a r s k a  e t a l  [ 8 ] , M o r e o v e r ,  t h e  T G A  c u r v e  sh o w e d *  

o n e  s t e p  o f  d e g r a d a t io n  th a t  c o n f ir m e d  t h e  p u r i t y  o f  N a ta  d e  c o c o  w h ic h  w a s  u s e d  fo r  

t h is  w o r k .
In  a d d it io n ,  th e  D S C  th e r m o g r a m  a ls o  s h o w s  t h e  th e r m a l b e h a v io r  o f  

b a c t e r ia l  c e l l u l o s e  m e m b r a n e  in  f ig u r e  3 .2 .  T h e  e n d o t h e r m ic  p e a k  i n d ic a t in g  th e  

m e l t i n g  p e a k  o f  t h e  c r y s t a l l in e  s tr u c tu r e  in  b a c te r ia l  c e l l u l o s e  m e m b r a n e  i s  a b o u t  

1 4 0 ° c .  C a r r e n o  P in e d a  et a l  [ 9 ]  i l lu s tr a t e d  t h e  D S C  th e r m o g r a m  o f  b a c t e r ia l  c e l l u l o s e  

m e m b r a n e s  a s  w e l l .  A l t h o u g h ,  th e  m e l t i n g  t e m p e r a tu r e s  o f  b a c t e r ia l  c e l l u l o s e  

m e m b r a n e s  fr o m  t h e ir  w o r k  h a v e  s ig n i f ic a n t  v a r ia t io n s  ( 1 2 7 ° C - 1 6 4 ° C )  th a t  d e p e n d  o n  

t h e  c u ltu r e  a n d  p u r i f i c a t io n  c o n d i t io n s ,  th e  m e l t i n g  p o in t  v a lu e  o b t a in e d  f r o m  o u r  w o r k  

w a s  s t i l l  in  th e  r a n g e  o f  th e ir  w o r k .

3 .2  C h e m ic a l  S tr u c tu r e  o f  B a c t e r ia l  C e l lu l o s e  M e m b r a n e s  w i t h  a n d  w i t h o u t
S i lv e r  I o n s

T h e  c h e m ic a l  s tr u c tu r e  o f  b a c t e r ia l  c e l l u l o s e  m e m b r a n e s  w i t h  a n d  w it h o u t  

s i l v e r  io n s  w a s  r e v e a le d  u s i n g  A T R - F T I R  t e c h n iq u e .  T h e  F T I R  s p e c tr a  o f  b a c te r ia l  
c e l l u l o s e  m e m b r a n e  f r o m  N a t a  d e  c o c o  w i t h o u t  s i l v e r  io n s  a n d  s i l v e r  io n s - im p r e g n a t e d  

b a c t e r ia l  c e l l u l o s e  m e m b r a n e  s h o w  v a r io u s  d i s t in g u i s h e d  p e a k s  a s  s h o w n  in  f ig u r e  3 .3  

( a )  a n d  (b ) ,  r e s p e c t i v e ly .  T a b le  3 .1  c o n c lu d e s  th e  s ig n i f ic a n t  p e a k s  s h o w e d  f r o m  F T I R  

s p e c tr a .  T h e s e  r e s u l t s  a ls o  c o r r e s p o n d  to  th e  r e s u lt  r e p o r te d  b y  P e c o r a r o  e t a l  [ 1 0 ]  a n d
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H a l ib  et a l  [1 ]  w h i c h  c a n  b e  c la im e d  th a t  t h e s e  m e m b r a n e s ,  in c lu d e d  t h e  m e m b r a n e  

w h i c h  c o n t a in s  s i l v e r  o n  b a c t e r ia l  c e l l u l o s e  m a tr ix ,  s h o w  th e  c h a r a c t e r i s t ic  o f  b a c t e r ia l  

c e l l u l o s e .  In  c a s e  o f  th e  m e m b r a n e  w i t h  s i l v e r  io n s ,  o n l y  s m a l l  p e a k s  s h i f t e d  w e r e  

o b s e r v e d  in  c o m p a r is o n  w i t h  b a c t e r ia l  c e l l u l o s e  s p e c tr u m . W e  s u p p o s e  th a t  th e r e  a r e  

t o o  m u c h  w e a k e r  in t e r a c t io n s  b e t w e e n  s i l v e r  io n s  a n d  b a c t e r ia l  c e l l u l o s e  c h a in s  

b e c a u s e  b a c te r ia l  c e l l u l o s e  s t r u c tu r e  i s  3 - d i m e n s i o n a l  s tr u c tu r e , h e n c e  it  a l l o w s  q u e s t  

m o le c u l e s  to  p e n e tr a t e  in  i t s  n e tw o r k  a n d , p r o b a b ly ,  t h e  s i l v e r  io n s  a r e  s u c h  g u e s t  

m o l e c u l e s  s o  w e  c o u ld  o b t a in  b a c t e r ia l  c e l l u l o s e - s i l v e r  m e m b r a n e s  w h i c h  w a s  

d e s c r ib e d  b y  J in g a  e t a l  [ 1 1 ] .
A d d i t io n a l ly ,  a f t e r  b a c t e r ia l  c e l l u l o s e  w a s  im p r e g n a t e d  w i t h  s i l v e r  io n s ,  

t h e  in fr a r e d  s p e c t r a  o f  a  s a m p le  e x h i b i t s  th e  p e a k  o f  s i l v e r  n itr a te  a t 1 2 9 9  c m ' 1 [ 1 2 ] ,  
[ 1 3 ] ,  [1 4 ]  a s  s h o w n  in  f ig u r e  3 .3  (b ) .  In  c a s e  o f  s i l v e r  io n s - im p r e g n a t e d  b a c t e r ia l  

c e l l u l o s e  m e m b r a n e  th a t w a s  s o a k e d  in  C O 2 o v e r n ig h t  b e f o r e  A T R - F T I R  t e s t in g ,  th e  

F T I R  s p e c tr a  i s  d e m o n s t r a t e d  in  f ig u r e  3 .3  ( c ) .  A s  c a n  b e  o b s e r v e d ,  i t  s h o w s  th e  

s ig n i f ic a n t  p e a k s  o f  1 2 9 9  c m ' 1 s h i f t e d  to  1 3 0 8  c m ' 1 w h i c h  r e fe r  to  t h e  in te r a c t io n  o f  

s i l v e r  io n  w it h  C O 2 . D u e  to  t h e  in c r e a s in g  o f  p o la r ity ,  t h e  p e a k  s h i f t e d  t o  th e  h ig h e r  o f  

w a v e n u m b e r .

3 .3  C r y s t a l l in e  S tr u c tu r e  o f  B a c t e r ia l  C e l lu l o s e  M e m b r a n e

F ig u r e  3 .4  s h o w s  t h e  X - r a y  d i f f r a c t io n  ( X R D )  p a tte r n  o f  th e  b a c t e r ia l  

c e l l u l o s e  m e m b r a n e . T h e  e x i s t e n c e  o f  t h e  b r o a d  d i f f r a c t io n  p e a k s  a t  2 &  v a lu e s  1 4 .4 ,
1 6 .8  a n d  2 2 .6  c o r r e s p o n d s  to  th e  c e l l u l o s e  I c r y s t a l lo g r a p h ic  p la n e s  1 0 1 T 1 0 โ  a n d  0 0 2 ,  

r e s p e c t i v e ly  [ 1 5 ] ,  T h u s ,  th e  X R D  s p e c t r u m  c o n f ir m e d  th e  c r y s t a l l in e  s tr u c tu r e  a n d  

a l s o  th e  a m o r p h o u s  p h a s e  o f  b a c t e r ia l  c e l l u l o s e  m e m b r a n e .

3 .4  C h a r a c t e r iz a t io n s  o f  B a c t e r ia l  C e l l u l o s e  I m p r e g n a te d  w i t h  S i l v e r  N itr a te
S o l u t io n s

The elemental compositions of the membrane’s surfaces were determined
by the SEM-EDX instrument. Figure 3.5 and 3.6 shows the energy dispersive X-ray
analysis (EDX) spectra of bacterial cellulose membrane without silver ions and
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bacterial cellulose membrane impregnated with 0.1M silver nitrate solution, 
respectively. However, in figure 3.6, it can be observed the peaks of silver that 
confirmed the presence of silver ions on the surface which is complemented with the 
FTIR analysis. Additionally, Majeed Khan e t a l [16] and Sarkar e t a l [17] reported the 
binding energies of silver at the similar positions with this spectrum.

The EDX analysis also revealed the amount of each element on the surface 
of the membranes in table 3.2, in addition, table 3.3 shows the concentration of silver 
ions on the surface in the Molar unit. In case of silver ions-impregnated bacterial 
cellulose membranes, when the concentration of AgNCb solutions increased, the 
amount of silver ions on the surface of the membranes also increased as shown in table
3.1 and 3.2. However, the amount of silver ions (Molar unit) for all of membranes 
were lower than the added concentrations (Molar unit) of AgNC>3 solutions into the 
membranes. This was probably owing to the error in the preparation step. When we 
used too small amount of AgNC>3 solution, the amount of silver ions on the surface of 
the membrane was much more different from the beginning solution concentration.

3.5 Density of Bacterial Cellulose Membranes without Silver Ions

Gas pycnometer analysis was performed to find the average true density 
of bacterial cellulose membranes at each weight ratio of dried Nata de coco to water. 
The results are shown in table 3.4. It was found that when the amount of water 
increased, the average true density of the membranes decreased which will be further 
discussed.

3.6 Morphology of Bacterial Cellulose Membranes with and without
Silver Ions

The morphological features of the two types of prepared bacterial cellulose 
membranes with or without silver ions are illustrated in figure 3.8 and figure 3.7, 
respectively. These figures reveal the distinctive three-dimensional network with 
entangled of cellulose fibers as reported by Hu e t a l [18]. Moreover, the effect of 
varying the content of water added into the dried Nata de coco to be the membranes
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was compared in figure 3.7 (a-1) exhibiting the differences in the densification of 
bacterial cellulose fibers. It can be noticed that the higher content of water, the larger 
size of voids were found in the membranes which confirmed by the results from gas 
pycnometer measurement. The denser structure can be obtained when the weight ratio 
of 1:7, 1:10 and ใ:!3 as shown in figure 3.7 (a-f). As can be compared from overall 
figures, the membrane with 1:7 weight ratio was the densest as agree with gas 
pycnometer experiment result, but actually its texture was still not smooth, so it was 
difficult to cut into the continuous membrane since it was easily to be broken into 
pieces. However, the smooth texture could be obtained from the weight ratio of 1:10 
to 1:20. It can be observed that the amount of added water in the preparation step could 
have an effect to the structure of the final membrane product. Therefore, we chose the 
membrane with 1:10 weight ratio to further study the effect of adding silver ions into 
this membrane.

Figure 3.8 (a-1) demonstrate the effect of adding silver ions into bacterial 
cellulose membranes (weight ratio of dried Nata de coco: water =1:10) with varying 
concentration of silver ions. Figure 3.8 (d), (h) and (1) show's that silver was 
incorporated into bacterial cellulose fibers. In case of these membranes, not only the 
voids size were smaller than the ones that were absent of silver ions, but the membrane 
structure were also stiffer. It was indicated that the presence of silver ions could 
improve the structure of bacterial cellulose membrane by decreasing the void size 
withirrthe membrane. As shown in figure 3.8 (a-1), we can notice that when the silver 
ions concentration increased, the void size decreased accordingly.

Additionally, bacterial cellulose membranes without silver ions can be 
proved by the SEM micrograph in figure 3.9 where it does not show the presence of 
silver within these membranes.

3.7 Gas Separation Study

The gas separation experiments were carried out by flowing a single gas 
(CÛ2 or CH4 ) through bacterial cellulose membranes in the separation unit at room 
temperature and AP = 20 psi. The CO2 and CH4  permeance of bacterial cellulose 
membranes without silver ions at every weight ratio are shown in figure 3.10 where it
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can be observed that the C O 2  permeance through bacterial cellulose membrane was 
lower than the C H 4  permeance because C O 2  molecules could react with the polar 
groups [19] within bacterial cellulose membrane (such as hydrophilic hydroxyl 
groups) resulted in lower flux, on the other hand, the C H 4  molecules could not react 
with these polar groups, thus these molecules were able to pass easily through the 
membrane resulted in higher flux. In addition, the kinetic diameter of C O 2  molecule is 
smaller than the C H 4  molecule, hence, C O 2  molecule had more complex pathway to 
exit the membrane than the C H 4  molecule caused the lower flux of C O 2  than the C H 4

[5]. However, the densification of bacterial cellulose membrane also affects the 
permeance value as can be seen from figure 3.10 as well. As above-mention, the 
membrane with the weight ratio of 1 ะ 7 had the highest density and the other weight 
ratios had lower density in descending order. When the densification of bacterial 
cellulose membrane decreased, the permeance value increased due to the larger size of 
voids in the membrane were presented. Thus, we found that the highest of C O 2  and 
C H 4  flux through these membranes was obtained from the weight ratio of 1:20 because 
the largest void size were presented.

Additionally, thé C O 2  and C H 4  flux through these membranes in every 
conditions was higher than the previous study by Nicharat e t a l [5] and Treeratdilokkul 
et al [20] as shown in table 3.5.

The CH4 /CO2 selectivity of bacterial cellulose membranes at different 
weight ratio of dried Nata de coco to water are demonstrated in figure 3.11 where it 
can be seen that the highest selectivity value was obtained from the membrane with 
the weight ratio of 1:10 probably due to the smaller void size within this membrane 
and the higher membrane densification. When the CO2 molecule passed through this 
membrane, the chance of reaction between CO2 with polar groups within this 
membrane was more than the membrane that had larger void size because some CO2 

molecules could passed easier through the larger voids by no reaction as same as CH4 

molecules. This reason lead to the highest selectivity could be achieved from 1:10 
ratio. In contrast, the weight ratio of 1:7 achieved the lowest selectivity value probably 
due to the texture of this membrane as above-mention in the morphological features. 
Consequently, we used the 1:10 weight ratio for impregnating silver nitrate solutions 
into the membrane and comparing gas separation performance with the ones without
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silver ions. However, the CH4 /CO2  selectivity of the membranes prepared from 
different weight ratios of Nata de coco to water was in the range of 1.24-1.50. When 
we compared with the membranes prepared from the previous work of Nicharat e t al
[5] and Treeratdilokkul e t a l [20] as presented in table 3.5, the membranes from our 
work had slightly lower selectivity than their membranes. This was due to our 
membrane exhibited much higher permeance for both CO2 and CH4  than their 
membranes.

Figure 3.12 represents the effects of the presence of silver ions in bacterial 
cellulose membranes (weight ratio of 1:10) to the CO2  and CH4 permeance values. As 
can be observed in this figure, not only the permeance of CO2 was lower than that of 
CH4  which was the same result as bacterial cellulose membrane without silver ions, 
but also the CO2 flux through these membranes was lower than that of the membranes 
without silver ions noticeably. This was due to the Ji-complexation reactions between 
silver ions and double bonds of CO2  molecules resulting in lower CO2 permeance [5], 
[21] which was confirmed by FTIR spectra. Furthermore, we found that when the 
concentration of silver ions increased, the CO2 and CH4 flux decreased. Since the 
presence of silver ions could reduce the void size within bacterial cellulose membranes 
as can be seen in the SEM images (figure 6.8) and caused the membranes to become 
more rigid.

Figure 3.13 shows the C H 4 / C O 2  selectivity of bacterial cellulose 
membranes incorporated with silver ions that increased with an increasing of AgNCfi 
solutions concentrations (0.1M, 0.5M and TOM AgNCfi) which is similar to the 
previous report of Nicharat e t a l [5] since the Ji-complexation reaction between silver 
ions and double bonds of C O 2  molecules had an effect on the significant lower 
permeance of C O 2 ,  on the other hand, it had a slightly effect on the lower C H 4  

permeance, thus the C H 4  flux was still high resulting in the higher C H 4 / C O 2  selectivity. 
We can conclude that the 1.0M Ag+-BC membrane showed the highest C H 4 / C O 2  

selectivity when compared with other membranes.
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4 . C o n c lu s io n

Bacterial cellulose membranes from Nata de coco with and without silver 
ions were prepared for CO2 /CH4 separation study, the membranes without silver ions 
were prepared by varying the weight ratios of dried Nata de coco to water. The 
densification of these membranes decreased when the amount of water increased. 
From gas separation measurements revealed that the CO2 permeance through 
bacterial cellulose membrane was lower than the CH4  permeance and the 1:10 weight 
ratio of dried Nata de coco to water achieved'the highest CH4 /CO2 selectivity which 
was 1.50, thus it was chosen for further studying the gas separation performance by 
impregnating with AgNC>3 solutions. From all of the results, the 1.0M Ag+-BC 
membrane obtained the highest CH4 /CO2 selectivity. Moreover,'we found that the 
increasing of AgNC>3 solutions concentrations could improve the separation 
selectivity.
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F ig u r e  3 .1  TGA thermogram of bacterial cellulose membrane.
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F ig u r e  3.2 DSC thermogram of bacterial cellulose membrane.
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W a v e n u m b e r  ( c n r 1)

F ig u r e  3.3 FTIR spectra of (a) pure bacterial cellulose membrane (b) bacterial 
cellulose membrane with silver ions and (c) bacterial cellulose membrane with silver 
ions which was soaked in CO2 overnight before testing.



2 -th eta  (d eg ree )

F ig u r e  3.4 XRD pattern of bacterial cellulose membrane.

c p s

F ig u r e  3.5 EDX spectra of bacterial cellulose membrane without silver ions.
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e p s

F ig u r e  3.6 EDX spectra of bacterial cellulose membrane impregnated with 0.1 M 
silver nitrate solution.
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Figure 3.7 SEM micrographs of bacterial cellulose membranes at the weight ratio of 
1:7 (dried Nata de coco: water) with a magnification of x35 (a) and xioo (b), 1:10 
with a magnification of x35 (c) and xioo (d), 1:13 with a magnification of x35 (e) 
and X100 (f), 1:15 with a magnification of x3 5 (g) and X100 (h), 1:17 with a 
magnification of x35 (i) and xl 00 (j) and 1:20 with a magnification of x35 (k) and 
xioo (1).
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Figure 3.8 SEM micrographs of bacterial cellulose membranes impregnated with 
-0.1 M AgNC>3 with a magnification of x35 (a), xioo (b), x500 (c) and x3,500 (d), 0.5 
M AgNC>3 with a magnification of x3“5 (e), xioo (f), x500 (g) and x3,500 (h) and 1.0 
M AgNÜ3 with a magnification of x35 (i), xioo (j), x500 (k) and x3,500 (1) at the 
weight ratio of 1:10 (dried Nata de coco: water).

Figure 3.9 SEM micrograph of bacterial cellulose membrane'without silver ions 
with a magnification of x3,500.
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Figure 3.10 CO2 and CH4 permeance (GPU) of bacterial cellulose membranes.
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Figure 3.11 CH4 /CO2 selectivity of bacterial cellulose membranes.
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Figure 3.12 CO2 and CH4 permeance (GPU) of bacterial cellulose membranes 
(weight ratio of 1:10) incorporated with silver ions (0.1M, 0.5M and 1.0M AgNCb).
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Figure 3.13 CH4 /CO2 selectivity of bacterial cellulose membranes
(weight ratio of 1:10) incorporated with silver nitrate solution (0.1M, 0.5M and 1.0M
AgN03).



Table 3.1 FTIR peaks for each membrane

Range
(cm 1)

[10]
Functional groups

Significant peaks from each membrane
BC Ag+-BC Ag+-BC (soaked 

in CO2 before test)
3500-3300 O-H stretching 3344 3345 3343
3000-2870 CH and CH2 stretching 

(CHOH; CH2 OH)
2895 2895 2894

1348 Silver nitrate - 1299 1308
1430-1330 C-OH and C-H 

bending
1427

1 2 0 0 - 1 0 0 0 C-O-H stretching 1162 1162 ' 1161
1150-1000 C-O-C stretching 1108 1109 1108
900-700 ' in plane bending 

vibration of CH2 and 
CH

899 899 899

700-400 out of plane bending 
vibration of OH

664 671 663



5 4

T a b le  3.2 EDX measurements of the surfaces of bacterial cellulose membrane 
without silver ions (BC) and bacterial cellulose membranes impregnated with 0.1M 
(0.1M Ag+-BC), 0.5M (0.5M Ag+-BC) and 1.0M silver nitrate solution (1.0M Ag+- 
BC)

E le m e n t s A to m ic %

B C 0 .1 M  A g +-B C 0 .5 M  A g +-B C 1 .0 M  A g +-B C

c 40.92 24.31 14.14 6.84
0 59.08 49.86 40.21 31.16

Ag - 25.84 45.65 62

T a b le  3.3 The amount of silver ions on the membrane’s surfaces in the Molar unit

T y p e s  o f  m e m b r a n e s 0.1M Ag+-BC 0.5M Ag+-BC 1.0M Ag+-BC
A g  ( M o la r ) 0.041

(±1.41x10'4)
0.360

(±1.22x1 O'2)
0.977

(±1.19xl0'2)

T a b le  3.4 Average true density of bacterial cellulose membranes without silver ions 
measured by gas pycnometer

T y p e s  o f  m e m b r a n e s  
(D r ie d  N a ta  d e  c o c o :  w a t e r )

A v e r a g e  t r u e  d e n s i ty  ( g /c m 3)

BC 1:7 0.85
BC 1:10 0.71
BC 1:13 0.69
BC 1:15 0.61
BC 1:17 0.58
BC 1:20 0.54



I

T a b le  3.5 Membranes for CO2 /CH4 separation study

k
M e m b r a n e

C o n d i t io n s  s tu d ie s

C O 2

P e r m e a b i l i t y
( G P U )

C H 4

P e r m e a b i l i t y
( G P U )

C H 4 / C O 2

S e le c t iv i t y
R e f e r e n c e s

T e m p e r a t u r e
(°C )

P r e s s u r e  
A P  (p s i)

A r e a  o f  th e  
m e m b r a n e  in  
c o n t a c t  w ith
th e  g a s  ( c m 2)

Activated carbon xerogel 25 2 0 1.13 55,275 9,301 3.79 [2 0 ]

Carbon membrane based 
polybenzoxazine xerogel

25 2 0 0.5024 - 1 2 0 , 0 0 0 -190,000
1

- 1 . 6 [5]

1 .OCX-Ag membrane 25 2 0 0.5024 -52,000 2 0 0 , 0 0 0 -3.3 [5]

Pure bacterial 
cellulose membrane 
(weight ratio 1 :1 0 )

25 2 0 0.5024 743,252 1,112,205 1.50 this work

1.0M Ag+-BC 
membrane

• 25 
1

2 0 0.5024 358,258 802,071 2.24 this work

นทCn
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