
CHAPTER II 
LITERATURE REVIEW

2.1 Photocatalytic Reaction

In recent years, numerous studies have been reported on the photocatalytic 
detoxification by using semiconductor particles as photocatalysts such as TiCb, ZnO, 
Fe2C>3. Among the semiconductor employed, TiC>2.is extensively used photocatalytic. 
It is known as inexpensive, nontoxic and very effective semiconductor photocatalysts 
(Herrmann, 1999).

2.1.1 Principle of Photocatalytic
The initial process for photocatalytic reaction is occurred when a 

photon is absorbed by a semiconductor material that promotes an electron (e ) from 
the valence band to the conduction band, creating,an electronic vacancy or "hole" 
(h+) at the valence band edge (Fox e t a i ,  1993) Thé hole is a very powerful oxidizing 
agent and is capable of oxidizing a variety of organic molecules as well as generating 
hydroxyl radicals as shown in the Figure 2.1 Upon excitation, the fate of the 
separated electron and hole can follow several pathways. Figure 2.2 illustrates some 
of the deexcitation pathways for the electrons and holes. (Linsebigler e t a i ,  1995)

Figure 2.1 The excitation of an electron from the valence band to the conduction
band initiated by light absorption with energy equal to or greater than
the band gap of the semiconductor.
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Thus in concert, electron and hole pair (e~-h+) is generated. The 
following chain reactions have been widely postulated reactions (Eqs. ( 1.1 ) -  ( 1.6) as 
follows: (Gaya e t a l ., 2008)

Photoexcitation: Semiconductor + hu —> e" + h+ (1.1) 
Oxygen ionosorption: (02)ads + e —» 0 2 *  (1.2)
Ionization of water: H 2 O  —» O H -  + H + (1.3)
Protonation of superoxides: O2" +  H +—> H O O ’ (1.4)

The hydroperoxyl radical formed in (1.4) also has scavenging property as O2 thus 
doubly prolonging the lifetime of photohole:

HOO' + e--* HO2" (1.5)
HOO”+ H+—> H2O2 (1.6)

Both the oxidation and reduction can take place at the surface of the 
photoexcited semiconductor photocatalyst (see Figure 2.2). Recombination between 
electron and hole occurs unless oxygen is available to scavenge the electrons to form 
superoxides (O 2 ' ), its protonated form the hydroperoxyl radical (H O 2  ) and 
subsequently H 2O 2.
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Figure 2.2 Schematic photophysical and photochemical processes over photon 
activated semiconductor cluster (p) photogeneration of electron/hole pair,
(q) surface recombination,(r) recombination in the bulk,
(ร) diffusion of acceptor and reduction on the surface of Semiconductor (SC), and 
(t) oxidation of donor on the surface of sc particle.

2.2 TiC>2 Photocatalytic Reaction

2.2.1 Mechanism of TiO? Photocatalysis
When photocatalyst titanium dioxide (TiC>2) absorbs ultraviolet (บV) 

radiation, it will produce pairs of electrons and holes. The electron of the valence 
band of TiC>2 becomes excited when illuminated by light. The excess energy of this 
excited electron promoted the electron to the conduction band of TiC>2 thereby 
creating the negative-electron (e")and positive-hole (h+) pair. The photonic excitation 
leaves behind an empty unfdled valence band, and thus creating the electron-hole 
pair (e - h 1). The series of chain oxidative-reductive reactions (Eqs. (1.7) -  (1.17) 
that occur at the photon activated surface was vastly supposed as follows: (Chong e t 
a l ,  2010)



7

Photoexcitation: TiÛ2 + h v  —* e” + h+ (1.7)
Charge-carrier trapping of e~: e”cB —> e~TR (1.8)

Charge-carrier trapping of h+: h+vB —* h +TR (1.9)
Electron-hole recombination: e TR +  h +v B (h +TR) — »* e CB +  heat (1.10) 

Photoexcited e” scavenging: (C>2)ads + e —> O2" (1.11)
Oxidation of hydroxyls: OH + h+ —> OH ’ (1.12)

Photodegradation by OH’: R-H + OH’ —> R'’ + H2 (1.13)
Direct photoholes: R + h+ —> R+’—>Intermediate(s)/Final Degradation Products (1.14) 

Protonation of superoxides: O2’ + OH’ —» HOO’ (1.15) 
Co-scavenging of e : HOO* + e —> HO2 (1-16)
Formation of H2O2: HOO + H+ —> H2O2 (1.17)

Essentially, hydroxyl radicals ( OH), holes (h+), superoxide ions (O2 ) 
and hydroperoxyl radicals (’OOH) are highly reactive intermediates that will act 
concomitantly to oxidize large variety of organic pollutants including volatile 
organic compounds (VOCs) (Jacoby e t a l ., 1996) and bioaerosols as equation below 
and Figure 2.3(Herrmann, 1999).

Organic 0 T102
contaminant *  Intermediate(s) *  CO2 + H20  + HA

ii) 0 2
iii) h v  > Eg

Chong e t a l ,  (2010) depicts the mechanism of the electronehole pair 
formation when the TiCb particle is irradiated with adequate hv. The light 
wavelength for such photon energy as shown in Figure 2.3.
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Figure 2.3 Photo-induced formation mechanism of electron-hole pair in 
a semiconductor TiC>2 particle with the presence of pollutant (P).

The energy difference between the valence band and conduction band 
is known as “Band gap” Wavelength of the light necessary for photo-excitation 
(Kathirvelu e t a l., 2008).

The energy of a photon (E) depends only on its frequency (v) or 
equivalently, its wavelength (X):

E = hv = he A.

Where h is Planck’s constant = 6.625 X 10'34 JS '1 
\  is wavelength
c is velocity of light = 3 X 108m/s

The band gap energy ofTiCb = 3.2 eV (Tinsebigler e t a l., 1995) as shown in Figure 
2.4.



9

—  V a c u u m

ÇT>

-8

a 1E < N H E )

. T .
Go P
V

SICV

s& r

CdS« ^ s  2nO
1 .7

/M

-5 -  S f i

/&*

/r *

1

-2

๐ (h,/hT)

- 2

r

Figure 2.4 The variation in the energy gap between different semiconductors.

Accordingly, Wavelength of photon which has energy equal band gap energy 
of Ti02 can calculate as illustrated from equation below equals to 388 mu (UVA).

. _  (ti.625 X 10 ^  J  - ร) X (3x 10® m/s) 1eV
3 . . —10 J -^e v  1 0 X 1 0  J

= 0 .3 8 8 X 10 m o r 0 .3 8 8 //m  or 388 nm

2.2.2 Strategies to Ameliorate the Photocatalytic Activity of TiO?
Zhang et a l., (1998) reported that particle size is a crucial factor in the 

dynamics of the electron/hole recombination process
Xu et a l., (1999) suggested that Photocatalytic activity of TiC>2 also 

increased as the particle size of Ti02 became smaller, especially when the particle 
size is less than 30 nm The half-life (บ5) of the photocatalytic degradation of 
methylene blue also decreased as the particle sizes of T i02 decreased. Besides, 
increase the surface-to-volume ratio of anatase particles. (Kim et a l., 2007).

Thus, the design and preparation of TiC>2 nanorods or nanofibers has 
attracted great attention because of their potential for enhancing photocatalytic 
activity with high surface area. Using different methods, To illustrate Chuangchote et 
a l., (2009) report herein a simple procedure for the fabrication of Ti02 nanofibers by
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the combination of electrospinning and sol-gel techniques by using 
poly(vinylpyrrolidone) (PVP), titanium(IV) butoxide, and acetylacetone in methanol 
as a spinning solution. TiCb nanofibers (260-355 nm in diameter), with a bundle of 
nanofibrils (20-25 nm in diameters) aligned in the fiber direction, However Klimisch 
e t a l., (1997) reported that vinyl pyrrolidone monomer is carcinogen and 
Electrospinning apparatus (see Figure 2.5) price is still high

Figure 2.5 Electrospinning apparatus.

รนท e t a l., (2009) used Bacterial cellulose as a supporting catalyst to 
replace synthetic polymers and reported that Bacterial cellulose nanofibers were 
biosynthesized by A c e to b a c te r  x y lin u m  and displayed a remarkable capability for 
orienting TiCh nanoparticle arrays.

2.2.3 Applications of TiO? Photocatalytic
2 .2 .3 .1  S e l f  C le a n in g  P ro p e r ty

Kiwi e t a l., (2010) reported that Nanocrystalline anatase 
Ti02 with small particles size distribution was synthesized and subsequently loaded 
on cotton that good reproducibility for the discoloration was obtained in both cases 
for red wine stains under simulated solar light as shown in Figure 2.6 and they 
suggested mechanism Self cleaning of TiC>2 photocatalytic as illustrated in Figure 2.7
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Figure 2 .6  D i s c o l o r a t i o n  o f  w i n e  s ta in s  o n  T i 0 2 - c o t t o n :  p r e tr e a te d  b y  R F  fo r  10  m in  

n o  v a c u u m  (a )  b e f o r e  a n d  (b )  a f te r  S u n t e s t  ir r a d ia t io n .
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Figure 2.7 S c h e m e  o f  th e  s e l f - c l e a n i n g  m e c h a n i s m  o f  w i n e  p i g m e n t s  o n  T iC V  

c o t t o n .

2.2.3.2 Pollutant Photodegradation Property

M ill  et al., ( 1 9 9 7 )  i l lu s tr a t e d  m e c h a n i s m  o f  p h o t o d e g r a d a t io n
p o l lu t a n t  b y  T iC ^ a s  s h o w n  in  F ig u r e  2 .8

minerals

minerals

f
Organic Oxidised 
pollutant intermediate

OT-HHOy Hoy HA, 0H-)-rH20

o 2

Figure 2.8 Mechanism of photodegradation pollution by TiC>2 .
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V u l l ie t  et al., ( 2 0 0 2 )  r e p o r te d  th a t  T h e  p h o t o c a t a ly t ic  

d e g r a d a t io n  o f  t w o  s u l f o n y lu r e a  h e r b ic id e s  ( c in o s u l f u r o n  a n d  tr ia s u l fu r o n )  in  

a q u e o u s  s o lu t i o n s  w a s  s t u d ie d  u s in g  T iC >2 a s  a  c a t a ly s t .  T h e  q u a n tu m  e f f i c i e n c i e s  

w e r e  id e n t ic a l  fo r  b o th  h e r b ic id e s  ( 0 .7 3 % ) .  A l l  th e  r e s u lt s  p r e s e n t e d  s h o w  th a t  th is  

p r o c e s s  c o u ld  b e  e f f i c i e n t l y  u s e d  in  th e  f i e l d  o f  a g r ic u ltu r a l  w a t e r  d e c o n t a m in a t io n .
K o n s t a n t in o u  et a l ,  ( 2 0 0 3 )  r e p o r te d  th a t  E f f e c t i v e  d e s t r u c t io n  

o f  v a r io u s  p e s t i c i d e s  b e lo n g i n g  t o  d i f f e r e n t  c h e m ic a l  f a m i l i e s  e .g .  
O r g a n o p h o s p h o r o u s ,  C a r b a m a te ,  O r g a n o c h lo r in ,  C h lo r o p h e n o i  p e s t i c i d e s ,  e t c .  is  

p o s s i b l e  b y  p h o t o c a t a ly s i s  in  th e  p r e s e n c e  o f  T i 0 2  s u s p e n s i o n s .
C h a t te r je e  et al., ( 2 0 0 6 )  r e p o r te d  th a t  V i s i b l e  l ig h t  a s s i s t e d  

p h o t o d e g r a d a t io n  o f  v a r io u s  h a lo c a r b o n s ,  v iz .  c h lo r o - p h e n o l s ,  t r i c h lo r o e t h y le n e ,  1 ,2 -  

d i c h lo r o e t h a n e  a n d  1 ,4 - d ic h lo r o b e n z e n e ,  h a s  b e e n  a c h i e v e d  o n  t h e  s u r f a c e  o f  d y e -  

m o d i f i e d  T i Û 2 s e m ic o n d u c t o r .
B ia n c h i  et al., ( 2 0 0 9 )  r e p o r te d  th a t  N - d o p e d  T iC >2 s a m p le s  

p r e p a r e d  fr o m  T iC f i  s a lt  s o lu t io n  a s  T iC >2 s o u r c e  a n d  a m m o n ia  s o lu t i o n  a s  N i t r o g e n  

s o u r c e  a t p H  9  d e g r a d e  T o l u e n e  7 9 .6  % .
B a n s a l  et a l ,  ( 2 0 1 0 )  r e p o r te d  th a t  c . l .  a c id  o r a n g e  7  A z o  d y e  

w h i c h  r e p r e s e n t  th e  la r g e s t  c l a s s  o f  d y e s  u s e d  in  t e x t i l e - p r o c e s s i n g  a n d  o th e r  

in d u s t r ie s  c o u ld  b e  s u c c e s s f u l l y  d e c o lo r i z e d  a n d  d e g r a d e d  b y  t i ta n ia  b a s e d  

p h o t o c a t a ly s i s .
2.2.3.3 Antibacterial Property

K im  et a l ,  ( 2 0 0 3 )  r e p o r te d  th a t  in  t h e  p h o t o c a t a ly t i c  

b a c t e r ic id a l  e f f e c t  o n  f o o d  p a t h o g e n ic  b a c t e r ia ,  it w a s  c o n f ir m e d  th a t  b o th  n e a r - U V  

i l lu m in a t io n  t im e  a n d  T i e r  c o n c e n t r a t io n s  a f f e c t e d  t h e  c e l l  k i l l i n g  a c t iv i t y ,  u v  
i l lu m in a t io n  t im e  a f f e c t e d  d r a s t ic a l ly  th e  v ia b i l i t y  o f  a ll  b a c t e r ia  w i t h  d i f f e r e n t  d e a th  

r a te . S im i la r  tr e n d s  w e r e  o b t a in e d  fr o m  Salm onella choleraesuis  s u b s p .  a n d  Vibrio 

parahaemolyticus  th a t  th e ir  c o m p le t e  k i l l i n g  w a s  a c h i e v e d  a f te r  3  h  o f  i l lu m in a t io n .  
H o w e v e r ,  Listeria  monocytogenes w a s  m o r e  r e s is t a n t  a n d  it s  d e a t h  r a t io  w a s  a b o u t  

8 7 %  at th a t  t im e  a s  d e m o n s t r a t e d  a s  F ig u r e  2 .9
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Figure 2.9 C o m p a r is o n  o f  c e l l  v ia b i l i t y  w ith  d i f f e r e n c e  b a c t e r ia  a t  

T i 0 2 c o n c e n t r a t io n  (1 m g /m l )  a n d  n e a r - U V  i l lu m in a t io n  t im e  3 0  m in .
( ฒ  , o n l y  u v  l ig h t ;  K  , u v  +  T i 0 2 1 .0 0  m g /m l) .

S u n a d a  et al., ( 2 0 0 3 )  r e p o r te d  th a t  t h e  p r o c e s s  o f E. 

coll p h o t o k i l l i n g  o n  T i 0 2 f i lm . T h e  in it ia l  r e a c t io n  i s  a  p a r t ia l  d e c o m p o s i t i o n  o f  

th e  o u te r  m e m b r a n e  b y  th e  r e a c t iv e  s p e c ie s  p r o d u c e d  b y  T i 0 2 p h o t o c a t a ly s i s ,  
C o r r e s p o n d in g ly ,  th e  p e r m e b i l i t y  c h a n g e  o f  th e  o u t e r  m e m b r a n e  e n a b le s  r e a c t iv e  

s p e c i e s  t o  e a s i l y  r e a c h  th e  c y t o p l a s m ic  m e m b r a n e .  T h u s ,  th e  c y t o p l a s m ic  

m e m b r a n e  is  a t ta c k e d  b y  r e a c t iv e  s p e c i e s ,  l e a d in g  to  t h e  p e r o x id a t io n  o f  

m e m b r a n e  l ip id .  T h u s ,  th e  s tr u c tu r a l a n d  f u n c t io n a l  d i s o r d e r s  o f  th e  c y t o p l a s m ic  

m e m b r a n e  th a t  is  t h e  r o o t  o f  th e  k i l l i n g  e f f e c t  b y  T i 0 2 p h o t o c a t a ly s i s  c a n  b e  

s c h e m a t i c a l ly  i l lu s tr a t e d  a s  in  F ig u r e  2 .1 0 .

O u te r m em brane

I’c p t id o g ly c a n  --------------------- I

C y to p la s m ic  m em brane ~ j I

.
I  ( T to p la sm ic  m em brane — 1

Figure 2.10 The process of E. coli photokilling on T i0 2 film
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F u j is h im a  et al., ( 2 0 0 0 )  s u m m a r iz e  a p p l ic a t io n  o f  T ita n iu m  

d i o x id e  p h o t o c a t a ly s i s  a s  m a n i f e s t  in  T a b le  2 .1 .

Table 2.1 S e le c t e d  a p p l ic a t io n s  o f  p h o t o c a t a ly s i s

P r o p e r ty c  a t e s c t y A p p l ic a t io n

S e l f - c le a n in g M a te r ia l s  fo r  r e s id e n t ia l  a n d  o f f ic e  b u i ld in g s

In d o o r  a n d  o u td o o r  l a m p s  a n d  r e l a t e d  s y s te m s

M a te r ia l s  fo r  ro a d s  
O th e r s

E x te r i o r  t i l e s ,  b t c h e u  a n d  b a th r o o m  c o m p o n e n ts .
U lte r io r  f u r n i s h in g s .  p l a s t i c  s u r f a c e s ,  a h u n m iu m  s id in g ,  
b u i l d in g  s to n e  a n d  c u r t a in s ,  p a p e r  w in d o w  b l in d s  
T r a n s lu c e n t  p a p e r  f o r  i n d o o r  la m p  c o v e r s ,  c o a t in g s  o n  
f lu o r e s c e n t  l a m p s  a n d  h ig h w a y  tu n n e l  la m p  c o v e t  g la s s  
T u n n e l  w a l l ,  s o u n d p r o o f e d  w a l l ,  t ra ff ic  s ig n s  a n d  re f le c to r s  
T e n t  m a te r ia l ,  d o t h  f o r  h o s p i ta l  g a r m e n ts  a n d  u n i f o r m s  
a n d  s p r a y  c o a t in g s  fo r c a r s

A n  c le a n in g In d o o r  a n  c le a n e r s  

O u td o o r  a i r  p u r i f ie r s

R o o m  a il  c le a n e r ,  p h o to c a tn ly s t - e q iu p p e d  a t r  c o n d i t io n e r s  
a n d  i n te r io r  a i l  c le a n e r  fo r fa c to r ie s  
C o n c r e t e  f o r  h ig h w a y s ,  r o a d w a y s  a n d  fo o tp a th s ,  
t u n n e l  w a l l s ,  s o u n d p r o o f  w a l l s  a n d  h ’. i l d m g  w a l l s

W a te r  p i c t n c a n m D n n h n g  w a fe r
O th e r s

P av e r w a te r ,  g r o u n d  w a te r ,  la lre s  a n d  w a te r - s t o r a g e  ta n k s  
F is h  f e e d in g  t a n k s .  d r a in a g e  w a te r  a n d  i n d u s t r ia l  w a s te w a te r

A n t i t u m o r  a c t iv i ty c . l a c e r  th e ra p y E n d o s c c p i c - l i h e  i n s t r u m e n ts
S e l f - s t e r i l iz i n g H o t.p-.la l

O th e r '.

T i le s  to  c o v e r  th e  f lo o r  a n d  w a l l s  o f  o p e r a t i n g  r o o m s .  
S il ic o n e  r u b b e r  fen m e d ic a l  c a th e te r s  a n d  h o s p i ta l  
g a rm e n ts  a n d  u n i f o r m s
P u b l ic  r e s t  r o o m s ,  b a th r o o m s  a n d  r a t  b r e e d in g  r o o m s

2.3 Bacterial Cellulose (BC)

2 .3 .1  I n tr o d u c t io n  o f  B C
C e l l u l o s e  ( s e e  F ig u r e  2 .1 1 )  is  th e  m o s t  a b u n d a n t  b io p o l y m e r  o n  e a r th , 

r e c o g n iz e d  a s  t h e  m a jo r  c o m p o n e n t  o f  p la n t  b i o m a s s  ( A s t l e y  e l  a l . ,  2 0 0 1 ) ,  b u t  a l s o  a  

r e p r e s e n t a t iv e  o f  m ic r o b ia l  e x t r a c e l lu la r  p o ly m e r s .  B a c t e r ia l  c e l l u l o s e  b e lo n g s  to  

s p e c i f i c  p r o d u c t s  o f  p r im a r y  m e t a b o l i s m  a n d  is  m a in ly  a  p r o t e c t iv e  c o a t in g .  ( G e y e r  et 

al., 1 9 9 4 )  a s  s h o w n  in  F ig u r e  2 .1 2 .

Figure 2.11 Chemical Structure of cellulose.
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Figure 2 .1 2  T h e  p a t h w a y s  t o  fo r m  th e  b i o p o l y m e r  c e l l u l o s e  fr o m  p la n t s  o r  

m ic r o o r g a n is m .

C e l l u l o s e  is  s y n t h e s iz e d  b y  b a c te r ia  ( T a b le  2 .2 )  b e lo n g i n g  to  th e  

g e n e r a  Acetobacter, Rhizobium, Agrobacterium, a n d  Sarcina  ( J o n a s  a n d  F a ra h , 
1 9 9 8 ) .

Table 2 .2  B a c t e r ia l  c e l l u l o s e  p r o d u c e r s  ( J o n a s  a n d  F a r a h , 1 9 9 8 )

G e n u s C e l l u l o s e  s tr u c tu r e

A c e t o b a c t e r
e x t r a c e l lu la r  p e l l i c l e  

c o m p o s e d  o f  r ib b o n s

A c h r o m o b a c t e r f ib r i l s

A e r o b a c t e r f ib r i l s
A g r o b a c t e r iu m s h o r t  f ib r i ls

A l c a l i g e n e s f ib r i ls

P s e u d o m o n a s n o  d is t in c t  f ib r i l s

R h iz o b iu m s h o r t  f ib r i ls
S a r c in a a m o r p h o u s  c e l l u l o s e

Z o o g l o e a n o t  w e l l  d e f in e d
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K le m m  et al., ( 2 0 0 1 )  r e p o r te d  th a t T h e  m o s t  e f f i c i e n t  p r o d u c e r s  a re  

G r a m - n e g a t iv e ,  a c e t i c  a c id  b a c t e r ia  Acetobacter xylinum .

G e y e r  et al., ( 1 9 9 4 )  r e p o r te d  th a t  Acetobacter xylinum  p r o d u c e s  

h ig h ly  c r y s t a l l in e  c e l l u l o s e  e x t r a c e l lu la r ly  u s in g  g l u c o s e  a s  a  c a r b o n  s o u r c e .  T h e  

p o l y m e r  f o r m e d  is  f r e e  o f  o th e r  b i o g e n i c  c o m p o u n d s ,  s e p a r a b le  in  a  s im p l e  w a y  a n d  

c h a r a c t e r iz e d  b y  it s  h ig h  w a t e r - a b s o r p t io n  c a p a c i t y  a s  s h o w n  in  F ig u r e s  2 .1 3  a n d  

2 .1 4 .

Figure 2.13 C e l l u l o s e  is  s y n t h e s iz e d  b y  A c e t i c  a c id  b a c te r ia .

Figure 2.14 A  s c a n n in g  e le c t r o n  m ic r o g r a p h  o f  f r e e z e - d r ie d  s u r f a c e  

o f  b a c t e r ia l  c e l l u l o s e  w ith  Acetobacter xylinum.

I n t e n s iv e  s t u d ie d  o n  B a c t e r ia l  c e l l u l o s e  s y n t h e s i s ,  u s i n g  A. xylinum  a s  

a m o d e l  b a c t e r iu m , w e r e  s ta r te d  b y  H e s t r in  et al., ( 1 9 5 4 ) ,  w h o  p r o v e d  th a t r e s t in g  

a n d  ly o p h i l i z e d  Acetobacter c e l l s  s y n t h e s iz e d  c e l l u l o s e  in  th e  p r e s e n c e  o f  g l u c o s e  

a n d  o x y g e n .  B y  C u ltu r e  m e t h o d s :  T h e  s o u r c e  s u b s t a n c e  o f  b a c t e r ia l  c e l l u l o s e  is  

s a c c h a r id e s .  A  t y p ic a l  c u lt u r e  m e d iu m  w i d e l y  o f  u s e  in  la b o r a t o r ie s  is  p r e p a r e d  b y
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d i s s o l v i n g ,  50 g  s u c r o s e ,  5 g  y e a s t - e x t r a c t ,  5 g  (NH4)2S0 4 , 3 g  KH2PO4, a n d  0.05 g  

M g S 0 4 '7 H 2 0  in  a  l itr e  o f  w a te r
Y o s h i n a g a  et a l. , (1997) r e p o r te d  th a t  th e  m o le c u la r  fo r m u la  o f  

B a c t e r ia l  c e l l u l o s e  (CôHioOs),,, h a v in g  a  P-1,4 l in k a g e  b e t w e e n  t w o  g l u c o s e  

m o l e c u l e s  a n d  H y d r o g e n  b o n d in g  a s  i l lu s tr a t e d  in  F ig u r e s  2.15 a n d  2.16.

o'■  V C H .C H

\ น ’L
PH-- H O " / OH

 ̂ /  i j ; ^
1" ch>0h ' ' üแ .

H
.

Figure 2.15 T h e  c h e m ic a l  s tr u c tu r e  o f  th e  P - ( l , 4 ) - g l u c a n  c h a in s  in  c e l l u l o s e .

Figure 2.16 T h e  h y d r o g e n  b o n d s  w i t h in  a n d  b e t w e e n  c e l l u l o s e  m o le c u l e s .

B i e l e c k i  et a l ,  ( 2 0 0 5 )  r e p o r te d  th a t  A. xylinum  c e l l u l o s e  c o n s i s t s  o f  

r ib b o n s  o f  m ic r o f ib r i l s  g e n e r a t e d  a t th e  s u r f a c e  o f  th e  b a c t e r ia l  c e l l .  T h e  d im e n s io n s  

o f  th e  r ib b o n s  a r e  3 - 4  n m  t h ic k  a n d  7 0 - 8 0  n m  w i d e .  T h e  s h a p e  o f  m ic r o b ia l  

c e l l u l o s e  s h e e t  s e e m s  to  b e  m a in t a in e d  b y  h y d r o p h o b ic  b o n d s .  It is  r e p o r te d  th a t in  

th e  c o u r s e  o f  t im e  in te r -  a n d  in tr a m o le c u la r  h y d r o g e n  b o n d s  i n i t i a l l y  o c c u r  in  e a c h  

c e l l u l o s e  s h e e t ,  a n d  th e n  th e  c e l l u l o s e  c r y s t a l l in e  s t r u c tu r e  is  fo r m e d  w i t h  th e  

d e v e lo p m e n t  o f  h y d r o g e n  b o n d s  b e t w e e n  c e l l u l o s e  s h e e t s .
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C z a j a  et al., ( 2 0 0 5 )  3 - D  s tr u c tu r e  c o n s i s t in g  o f  an  u l t r a t in e  n e tw o r k  

o f  B a c t e r ia l  c e l l u l o s e  n a n o f ib r e s  ( 3 - 8  n m )  w h ic h  a re  h i g h l y  u n i a x i a l l y  o r ie n te d ,  n o t  

f o u n d  in  v a s c u la r  p la n t  c e l l u l o s e ,  r e s u lt s  in  h ig h  c e l l u l o s e  c r y s t a l l in i t y  ( 6 0 - 8 0 % )  a n d  

a n  e n o r m o u s  m e c h a n ic a l  s t r e n g th . P a r t ic u la r ly  i m p r e s s iv e  is  th e  f a c t  th a t  th e  s i z e  o f  

m ic r o b ia l  c e l l u l o s e  f ib r i l s  i s  a b o u t  1 0 0  t im e s  s m a l le r  th a n  th a t  o f  p la n t  c e l l u l o s e  a s  

s h o w n  in  F ig u r e  2 .1 7 .

Figure 2.17 A  c o m p a r i s o n  o f  m ic r o f ib r i l la r  o r g a n iz a t io n  

b e t w e e n  Acetobacter c e l l u l o s e  (a )  a n d  w o o d  p u lp  ( b )  ( b o t h  a t 5 0 0 0 x ) .

Y a m a n a k a  et a i ,  ( 1 9 8 9 )  r e p o r te d  th a t  m o r p h o lo g i c a l l y ,  f ib r i l s  in th e  

s h e e t s  a p p e a r  t o  c o n s t i t u t e  a  p i l e  o f  th in  la y e r s ,  a s  s e e n  in  F ig u r e  2 .1 8 .

Figure 2.18 S c a n n in g  e le c t r o n - m ic r o g r a p h s  o f  (a )  c r o s s - s e c t i o n  a n d  ( b )  s u r f a c e  o f  

b a c te r ia l  c e l l u l o s e  f i lm .
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2 .3 .2  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
S h o d a  a n d  S u g a n o ,  ( 2 0 0 5 )  r e p o r te d  th a t  B a c t e r ia l  c e l l u l o s e  ( B C )  is  

p r e fe r r e d  o v e r  th e  p la n t  c e l l u l o s e  a s  it  c a n  b e  e x h i b i t s  t h e  f o l l o w i n g  u n iq u e  

p r o p e r t ie s :
( i )  H ig h  p u r i ty ,  a s  n e it h e r  h e m i c e l l u l o s e  n o r  l ig n in  in  p la n t  c e l l u l o s e  i s  p r e s e n t .
( i i )  H ig h  c r y s t a l l in i t y
( i i i )  B C - s h e e t s  fo r m , h ig h  Y o u n g ’s  m o d u lu s  o f  1 5 —3 0  G P a , th e  h i g h e s t  o f  a ll  th e  

t w o - d i m e n s i o n a l  o r g a n ic  m a te r ia ls
( i v )  E x c e l l e n t  b io d e g r a d a b i l i t y
( v )  L a r g e  w a t e r  h o l d i n g  c a p a c i t y ,  u p to  o n e  h u n d r e d  t i m e s  i t s  w e i g h t
( v i )  E x c e l l e n t  b i o l o g i c a l  a f f in i t y

I g u c h i  et a l . , ( 1 9 8 8 )  r e p o r te d  th a t  t h e  m e c h a n ic a l  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  f i lm s  p r e p a r e d  in  H e a t - p r e s s  c o n d i t io n  s h o w n  in  T a b le  2 .3 .

T a b l e  2 .3  M e c h a n ic a l  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  f i lm s  p r e p a r e d  in  H e a t - p r e s s  

c o n d i t io n s

C u ltu r e  t i m e / ( d a y s ) 7 .

P r e p a r a t io n  m e t h o d H e a t - p r e s s 3

T e m p e r a t u r e /  ๐c 1 5 0

P r e s s u r e /( k P a ) 4 9

F i lm  t h ic k n e s s /p m <  p m
Y o u n g ’s  m o d u lu s /G P a 1 6 .9
T e n s i l e  s t r e n g t h /M P a 2 6 0

E lo n g a t io n /% 2 .1

3 P r e s s  d ir e c t io n :  n o r m a l  t o  th e  p la n e  o f  g r o w t h

H e n r ik s s o n  et a l . , ( 2 0 0 8 )  r e p o r te d  th a t  th e  s t r e s s - s t r a in  c u r v e s  fo r  

B a c t e r ia l  c e l l u l o s e  ( B C )  f i lm s  m o ld e d  u n d e r  d i f f e r e n t  c o m p r e s s i o n  p r e s s u r e s  a re  

s h o w n  in  F ig u r e  2 .1 9 .
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Figure 2.19 S t r e s s - s t r a in  c u r v e s  fo r  B C  f i lm s  o b t a in e d  u n d e r  d i f f e r e n t  m o ld '  

c o m p r e s s io n  p r e s s u r e s .

2 .3 .3  A p p l ic a t io n s  o f  B a c t e r ia l  C e l l u l o s e  

. 2.3.3.1 F o o d  Applications

C h a w la  et al., ( 2 0 0 9 )  r e p o r te d  th a t  c h e m i c a l l y  p u r e  c e l l u l o s e  

c a n  b e  u s e d  in  p r o c e s s e d  f o o d s  a s  t h ic k e n in g  a n d  s t a b i l i z i n g  a g e n t .  T h e  f ir s t  u s e  o f  

m ic r o b ia l  c e l l u l o s e  in  th e  f o o d  in d u s tr ie s  w a s  in  n a ta  d e  c o c o  in  t h e  P h i l ip p in e s .  In 

1 9 9 2 ,  m ic r o b ia l  c e l l u l o s e  w a s  in tr o d u c e d  in to  d ie t  d r in k s  in  J a p a n . A c e t o b a c t e r  w a s  

g r o w n  a lo n g  w it h  y e a s t  in  th e  te a  e x tr a c t  a n d  s u g a r .
2.3.3.2 M edica l Applications

M ic r o b ia l  c e l l u l o s e  h a s  h ig h  t e n s i l e  s t r e n g t h ,  h ig h  p o r o s i t y  a n d  

m ic r o f ib r i l la r  s tr u c tu r e . C h r o n ic  w o u n d s  s u c h  a s  v e n o u s  l e g  u lc e r s ,  b e d s o r e s ,  a n d  

d ia b e t ic  u lc e r s  a re  d i f f i c u l t  t o  h e a l ,  a n d  t h e y  r e p r e s e n t  a  s ig n i f i c a n t  c l i n i c a l  c h a l l e n g e  

b o th  fo r  th e  p a t ie n t s  a n d  fo r  th e  h e a l th c a r e  p r o f e s s i o n a l s  ( C h a w la  et a i ,  2 0 0 9 ) .
M a n e e r u n g  et al., ( 2 0 0 8 )  r e p o r te d  th a t  B a c t e r ia l  c e l l u l o s e  is  an  

in t e r e s t in g  m a te r ia l  fo r  u s in g  a s  a  w o u n d  d r e s s in g  s i n c e  it  p r o v id e s  m o is t  

e n v ir o n m e n t  to  a w o u n d  r e s u l t in g  in  a  b e t te r  w o u n d  h e a l in g .  B e s i d e s ,  th e  f r e e z e -  

d r ie d  s i l v e r  n a n o p a r t ic le - 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  e x h i b i t e d  s t r o n g  th e  a n t  

m ic r o b ia l  a c t iv i t y  a g a in s t  Escherichia co li ( G r a m - n e g a t i v e )  a n d  Staphylococcus 

aureus ( G r a m - p o s i t iv e ) .
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K le m m  et al., ( 2 0 0 1 )  r e p o r te d  th a t  B a c t e r ia l  c e l l u l o s e  is  h ig h  

m e c h a n ic a l  s tr e n g th  in  w e t  s ta te ,  e n o r m o u s  w a t e r  r e te n t io n  v a lu e s ,  l o w  r o u g h n e s s  o f  

th e  in n e r  s u r f a c e ,  a n d  a  c o m p le t e  ‘v i t a l i z a t i o n ’ o f  B A S Y C ® —  m i c r o v e s s e l -  

in t e r p o s i t io n s  in  ra t e x p e r im e n t s  d e m o n s tr a te  th e  h ig h  p o t e n t ia l  o f  B A S Y C ®  a s  an  

a r t i f ic ia l  b lo o d  v e s s e l  in  m ic r o s u r g e r y  a s  s h o w n  in  F ig u r e  2 .2 0 .

F i g u r e  2 .2 0  A p p l ic a t io n  o f  th e  B A S Y C  ๑ -  t u b e  in  m ic r o s u r g e r y  a s  a r t i f ic ia l  b lo o d .

2.3.3.3 N on-M edical Applications

T h e  u n iq u e  p h y s ic a l  a n d  m e c h a n ic a l  p r o p e r t ie s  o f  m ic r o b ia l  

c e l l u l o s e  s u c h  a s  h ig h  r e f l e c t iv i t y ,  f l e x ib i l i t y ,  l ig h t  m a s s  a n d  e a s e  o f  p o r t a b i l i t y ,  w id e  

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

e l e c t r o n ic  p a p e r  d i s p la y  ( C h a w la  et al., 2 0 0 9 ) .
L e g n a n i  et al., ( 2 0 0 8 )  r e p o r te d  th a t  B a c t e r ia l  c e l l u l o s e  ( B C )  

m e m b r a n e s  p r o d u c e d  b y  g r a m - n e g a t iv e ,  a c e t i c  a c id  b a c t e r ia  ( Gluconacetobacter 

xylinus), w e r e  u s e d  a s  f l e x ib l e  s u b s t r a te s  fo r  th e  f a b r ic a t io n  o f  O r g a n ic  L ig h t  

E m it t in g  D i o d e s  ( O L E D ) .
รนท et al., ( 2 0 1 0 )  r e p o r te d  th a t  B a c t e r ia l  c e l l u l o s e  ( B C )  

d i s p la y e d  a  r e m a r k a b le  c a p a b i l i t y  fo r  o r ie n t in g  T i Û 2 n a n o p a r t ic le  a r r a y s . L a r g e  

q u a n t i t i e s  o f  u n ifo r m  B C  n a n o f ib e r s  c o a t e d  w ith  T i 0 2  n a n o p a r t i c l e s  c a n  b e  e a s i l y  

p r e p a r e d  b y  s u r f a c e  h y d r o ly s i s  w ith  m o le c u la r  p r e c i s io n ,  r e s u l t in g  in  th e  f o r m a t io n  

o f  u n ifo r m  a n d  w e l l - d e f i n e d  h y b r id  n a n o f ib e r  s tr u c tu r e s  a s  s h o w n  in  F ig u r e  2 .2 1 .
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F i g u r e  2 .2 1  B a c t e r ia l  c e l l u l o s e / T i 0 2  h y b r id  n a n o f ib e r s  p r e p a r e d  b y  th e  s u r f a c e  

h y d r o ly s i s  m e t h o d  w it h  m o le c u la r  p r e c i s io n .
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