
T H E O R E T I C A L  B A C K G R O U N D  A N D  L I T E R A T U R E  R E V I E W

2 . 1  E t h a n o l

Ethanol (C2H5OH) (ethyl alcohol, grain alcohol, or drinking alcohol) is a 
volatile, flammable, and colorless liquid. Although ethanol has been used in many 
industries, it can be commonly classified based on its end use into three main industries 
(Berg, 2004; Rosillo-Calle and Walter, 2006):

a) Portable alcohol: the ethanol that used as a principle component in beverage 
products, such as beer, wine, and liquors. This type of alcohol also includes that used in 
drug and cosmetics industries.

b) Industrial alcohol: the ethanol which cannot be consumed directly but used 
in the production, such as acetic acid production, medical industry, and aseptic 
production. Ethanol is generally used as a solvent in various industries.

c) Alcoholic fuel: because of the petroleum shortage and environmentally toxic 
concern, ethanol has received worldwide attention to be used as an alternative fuel for 
several decades. It can be used directly, blended with the petroleum fuel, or used as an 
octane booster.

CHAPTER II
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F i g u r e  2 . 1  Growth rate of ethanol (million liters) between 1975 and 2010, 
according to an industry (Berg, 2004).

2.1.1 Production of Ethanol
Ethanol can be divided based on its production routes into two categories; 

a synthetic ethanol and a bioethanol.
a) Synthetic ethanol: the ethanol derived from the chemical 

processes. Ethanol is produced via the hydration of the petroleum product — ethylene 
(Clark, 2002).

CH2=CH2(g)+H20 (g) « -  CH3CH2OH (g)

b) Bioethanol: the ethanol produced by biological processes, 
fermentation, or agriculture crop utilization. Crops (sugarcane, wheat, and corn) are the 
most essential types of bioresources that are utilized for bioethanol production (Singh 
Nigam et al, 2011). Feedstocks containing sugar, or materials that can be converted into 
sugars, such as starch or cellulose, also can be used (Singh et al, 1995; Verma et al., 
2000; Aggarwal et al, 2001).
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Although both synthetic and fermented ethanol are chemically identical, 
more than 95 % of overall output of ethanol is derived from fermentation process due to 
a lower overall cost and able to be adapt to use numerous other agriculture sources 
(Berg, 2004; Suksaroj, 2009).

2.2 Fermentation

An enormous potential of microorganisms for industrial usages has been 
discovered about a decade. Fermentation is a process in which energy is generated by 
the oxidation of organic compounds, such as carbohydrates like sugar. These organic 
compounds are converted into a variety of products depended on the microorganisms 
used in the process. In general, fermentation is a process that takes advantages from 
microorganisms, yeast, mold, and bacteria, together with an appropriate controlled 
environment to stimulate cell growth or enzyme production. The fermentation products 
can be classified into four types (Shuler and Kargi, 2002):

a) Microbial cell, such as Baker’s yeast production for bakery use and single 
cell protein (SCP) production as an animal feed.

b) Microbial enzyme, which mainly used in food industry and goods 
production, like amylase, lipase, and protease.

c) Metabolite substance, a product of metabolism process, such as ethanol, 
butanol lysine, and vitamins.

d) Transformation process, a transformation of the product into another similar 
form which has a higher price, such as the productions of vinegar and antibiotics.

2.2.1 Ethanol Fermentation
Alcoholic fermentation is a degradation of substances by microbial cells 

in the absence of oxygen or anaerobic respiration. It is a biological process which uses 
the enzyme produced from yeast to convert a substrate — such as glucose, fructose, and 
sucrose — into energy, ethanol, and carbon dioxide. Prior to the fermentation process, 
glucose molecules are broken into two molecules of pyruvic acid through a cycle called
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“glycolysis”, as shown in the below chemical equation (Shuler and Kargi, 2002). After 
that, yeast cells transform pyruvate to acetaldehyde, which acts as the last electron 
accepter, and yield the ethanol product.

C„H120 6 + 2 ADP + 2 P; + 2 NAD+ -♦  2 CHjCOCOO" + 2 ATP + 2 NADH + 2 H20 + 2H+

H H 2 C02

F i g u r e  2 . 2  Ethanol fermentation pathway (Farabee, 2007).

The usage of bioethanol as biofuel is considered to be both renewable and 
environment-friendly; therefore, several developments of fermentation production of 
bioethanol have been made. The technologies or methods used to enhance the 
fermentation production include the utilization of the genetically-modified 
microorganisms. Nonetheless, the long-term effects of genetic modification 
microorganism are still doubted. Another potential method is to incorporate the 
engineering process to improve the fermentation step, such as the use of continuous 
fermentation instead of a batch type in order to prevent product inhibition (Shuler and 
Kargi, 2002). The microorganism activities can be stop due to the product inhibition, 
which always occurs when the system contains a high concentration of ethanol product. 
Although the continuous process can solve this problem, it requires high investment and
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Although the continuous process can solve this problem, it requires high investment and 
better process control. As a result, cell immobilization fermentation strategy, which 
possesses economical advantage and also be able to eliminate the product inhibition, has 
been developed (Rakin et al, 2009).

Plant biomass
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F i g u r e  2 . 3  Various processes for the production of bioethanol from lignocellulosic 
biomass (Singh Nigam et ai, 2011).

2 . 3  C e i l  I m m o b i l i z a t i o n

Cell immobilization is defined as “the physical confinement of localization of 
intact cells to a certain defined region of space with preservation of some desired 
catalytic activity” (Karel et al, 1985). Cell immobilization can be done by physical 
attachment, covalent bonding, and entrapment of microbial cells on the substrates. 
Nevertheless, among these three techniques, the most widely practical method is the 
immobilization by cell entrapment (Kumakura et al, 1991). The immobilization of 
microbial cells shows advantages over free cells system in both economical and 
technical points of view. This fermentation strategy can eliminate the product inhibition 
and also enhance the production yield of ethanol (Pilkinton et al, 1997; Rakin et al,
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2008). Moreover, the immobilized cell can create the cellular stability and ease of cell 
recovery, reutilization (Prasad and Mishra, 1995), as well as downstream processing.

Naturally, many microorganisms have a capability to adhere to the carrier 
closed to nutrient and food supply. In other words, this biological system occurs in a 
natural state (Nedovic et ai, 2001). Cell immobilization can be divided into four main 
categories:

2.3.1 Adsorption to a Pre-Formed Carrier
The earliest type of cell immobilization is based on the adsorption of 

microbial cells on external solid surface. Microbial cell can be attached by Van der 
Waals forces, electrostatic interaction, covalent bonding, and physical entrapment in the 
pores of substrates (Nedovic et al, 2001). For the adsorption of yeast cells, the 
cultivation substrates can be divided in two general types: (a) materials with the yeast 
restricted to its external surface and (b) porous materials that allow the cell adsorption 
inside the material.

F i g u r e  2 . 4  Adsorption to a performed carrier (Nedovic et ai, 2001 ).

2 .3 .2  C e l l  E n t r a p m e n t

T h e  e n t r a p m e n t  m e th o d s  a r e  b a s e d  o n  th e  in c lu s io n  o f  c e l l s  w i th i n  a  r ig id

n e t w o r k  t o  p r e v e n t  t h e  c e l l s  f ro m  d i f f u s i n g  in to  s u r r o u n d i n g  m e d i u m  w h i l e  s t i l l  a l l o w in g
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p e n e t r a t io n  o f  s u b s t r a t e .  T h e  p o r o u s  b e a d s  —  c a l c i u m  a l g in a t e ,  k a p p a ,  c a r r a g e e n a n ,  a n d

p e c t a t e  g e l  —  a r e  n o r m a l l y  u s e d  a s  t h e  m a t r i c e s  ( W h i t e  a n d  P e r to ,  1 9 7 8 ;  O n a k a  et a l,
1 9 8 5 ;  N e d o v ic  et a l,  1 9 9 3 ;  D o m e n y  et a l,  1 9 9 6 ;  P i l k in t o n  et a l,  1 9 9 7 ) .

F i g u r e  2 . 5  Cell entrapment within the carrier (Nedovic et al, 2001).

This method provides extremely high cell loading and high fermentation 
rates but a low mass transfer of the yeast cells and substrate together with gel 
degradation are the limitations of cell entrapment strategy (Pilkinton et al, 1997).

2.3.3 Self-Aggregation
Self-aggregation of cells can either occur naturally (Stratton et al, 1994) 

or artificially induced by crosslinking agent. This technique is based on the use of highly 
concentrated of flocculent yeast strain in order to eliminate the product inhibition during 
fermentation process. Although this is the simplest and cheapest immobilization 
technique, it is the most sensitive to a change in the cultivation environment (Nedovic et 
al, 2 0 0 1 ).
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F i g u r e  2 . 6  Self aggregation of microbial cells (Nedovic et al, 2001).

2.3.4 Containment of Cells Behind Carrier
The cells are confined to a space bounded by a semipermeable barrier or 

immobilized within a membrane. However, this procedure for the preparation of cell 
carriers is complex.

F i g u r e  2 . 7  Containment of cells behind carrier (Nedovic et al, 2001)

The polymeric materials generally used as the cell immobilization matrix 
possess a porous structure, in which cells are able to grow up inside their pores 
(Kumakura et ai, 1991). Various kinds of support materials for cell immobilization have 
been reported, including calcium alginate, K-carragenan gel, polyacrylamide, g-alumina 
(Nursevin et al, 2003), and orange peel (Plessas et al., 2007). The cultivation substrates 
should also provide the ease of nutrient accessibility for cell activities and have enough 
strength to withstand the fermentation condition.
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Kumakura et al. (1991) investigated the effect of the matrix’s pore size on 
the ethanol production of yeast cells. The ethanol productivity of the immobilized 
yeast cells increased with an increase in the size of porous support. Moreover, the 
results also showed that a hydrophilic polymer matrix was the most suitable for the 
growth of yeast.

Winkel et al. (1993, 1995) integrated a novel immobilization with a 
continuous beer production. The biorector was designed to allow the immobilization of 
the yeast cells inside them. In the bioreactor, multichannel porous silicon carbide 
immobilization rods were arranged. The results indicated that the open pores of silicon 
carbide with the size ranging from 40 pm to 60 pm promoted yeast colonization and 
maximized mass transfer between the yeast cells and the liquid flowing through the 
channels.

Plessas et al. (2007) prepared biocatalyst by immobilizing 
Saccharaomyces cerevisiae, baker’s yeast strain, on orange peel in order to use in 
alcoholic fermentation. Yeast cell densely attached on the surface of the peels due to 
natural entrapment, physical absorption via electrostatic forces, or covalently binding 
between the cells and the peels. The fermentation time decreased twice, compared to 
free cells system.

F i g u r e  2 . 8  Electron micrographs of the surface of orange peel, before and after yeast 
immobilization at a magnification of 1200 (Plessas et al., 2007).
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As shown in Figure 2.9, the immobilized cells show a faster decrease in 
sugar brix density, implying a faster conversion of sugar to ethanol. Moreover, it was 
also reported that the immobilized cell system showed higher cell viability during the 
repeated batch fermentation, indicating that the immobilized cells tolerated the product 
inhibition.

F i g u r e  2 . 9  Kinetics of glucose fermentation by free cell and immobilized cell (Plessas 
et ai, 2007).
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F i g u r e  2 . 1 0  Viable cell counts of free and immobilized cells during repeated batch 
fermentations of glucose (as log 10 colony forming unit per gram (cfu/g) of orange peel 
or log 10 cfu/ml of fermentation broth) (Plessas et ai, 2007).

However, to use immobilization technology in the production of 
sustainable fuel — ethanol, the polymer matrix must be cheap and should be achievable 
with minimum addition cost. The matrix is preferentially renewable and biodegradable. 
For example, Chen et al. (2007) used a natural plant sponge, which have high porosity, 
stable physical properties, and low cost, for the bioethanol fermentation via the cell 
immobilization technique.

2 . 4  S i l k  F i b r o i n  ( S F )

Silk, “the queen of fibers”, is a continuous protein fiber produced by silkworm, 
Bombyx mori, during its cocoon formation. Silk is generally known in the textile 
industry for its luster and mechanical properties. The mature silkworms build their



14

cocoons by extruding a viscous fluid from special glands in their bodies before passing 
through a spinneret, and yielding a single fiber (Sonthisombat and Speakman, 2004).

Silk cocoons mainly comprise of two proteins named as fibroin and sericin of 
about 70 % and 30 %, respectively. Two strands of fibroin are bonded together to form a 
core structure located in the center of the silk fiber to provide the strength. These two 
fibroin strands are cover by a sticky layer of sericin coating, which acts as a natural glue 
for maintaining the shape of cocoon (พน et al., 2006; Oh et al., 2007) but concealing the 
unique luster of silk. Silk sericin is known as an amorphous material and can be 
removed by boiling the cocoons in a hot water. The sericin removal process is called 
“silk degumming”. After the sericin removal, the remaining silk fibroin shows the 
biological responses comparable to those of other biomaterials used in biomedical fields 
because sericin is found to be a major cause of adverse problems with biocompatibility 
and hypersensitivity to silk (Altman et al, 2002).

T a b l e  2 . 1  Composition of silk produced by Bombyx mori silkworm (Gulrajani, 1988)

C o m p o n e n t P e r c e n t  ( % )

Fibroin 70-80
Sericin 2 0 -3 0
Wax matter ooÔÔ

Carbohydrates 1.2 -  1 .6

Inorganic matter 0.7
Pigment 0 .2

Total 1 0 0
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Leaflet structure

F i g u r e  2 . 1 1  Physical structure of raw silk fiber (Sandoz Colour Chronicale, 1990).

F i g u r e  2 . 1 2  Scanning electron micrograph (SEM) of virgin silk produced by B. mori (a) 
before and (b) after extraction of sericin protein coating (Altman et ai, 2006).
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2.4.1 SF as a Biomaterial
A biomaterial is a non living material used in a medical device that 

intended to interact with a biological system (Teddai et al, 2001). The ability of 
biomaterial to response in a specific situation is known as biocompatibility. Several 
researchers have investigated SF as one of the promising resources of biotechnology and 
biomedical materials due to its unique properties, including good biocompatibility and 
biodegradability.

Minoura et al. (1995) compared the abilities of SF and silk sericin films 
to that of collagen for the potential use as a support of L-929 fibroblast attachment and 
growth. The result indicated that the ability of SF and collagen were equivalent. 
Therefore, the degummed silk was found to be a suitable matrix for cell and tissue 
culture.

Inuoya et al. (1998) investigated the use of SF film in the cultivation of 
human cells (human colon adenocarcinoma, SE 116; human mouth epidermoid, KB; 
human lung carcinoma, QG56) in a comparison with the use of a collagen matrix. After 
5 days of the cell culture, both of the film supported equivalent amount of cell growth.

SF provides processability in an aqueous-based system for the fabrication 
of a versatile of materials in difference forms. Hence, an aqueous SF solution represents 
a good starting material to prepare SF-based film, powder, gel, membrane, and sponge 
(Zhang et ai, 1998; Altman et al., 2003).

Wongpanit et al. (2007) reported the culture of L-929 fibroblast cell line 
on the chitin whiskers reinforced SF sponge. The nanocomposite sponges exhibited the 
absence of the cytotoxicity as well as enhanced the cell spreading.
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F i g u r e  2 . 1 3  SEM micrographs of mouse connective tissue cells cultures attached on 
methanol-treated SF sponges for (a) 6  and (b) 24 h of cultivation (Wongpanit et al, 
2007).

Li et al. (2002) demonstrated the degradation behavior of porous SF 
sheets by in vitro enzymatic method with a-chymotrypsin, Collagénase 1A, and protease 
XIV. The pore size of fibroin sheet increased with increasing the degradation time 
before the sheet finally collapsed and became shapeless. After the degradation with 
protease XIV, more than 50 % of the degraded products were found to be free amino 
acids.
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Fig 2.14 SE M  m icrograp h s o f  p orou s SF sh ee t (a) b efore  d egrad ation  and after 
d egrad ation  by p rotease  X IV  for (b) 1 day, (c) 6 d ay s, (d ) 9 d a y s, (e )  12 d ay s, and (f )  15 
d ays (L i et a l,  2 0 0 2 ).

2 .4 .2  Structure o f  SF
2.4.2.1 Prim ary Structure

SF is an in so lu b le  protein  con ta in in g  up to  9 0  % o f  th e  am in o  
a cid s, lik e  g ly c in e  (G ly ) , a lan in e (A la ), and serin e (S er). T he se q u e n c e  o f  a m in o  ac id s o f  
SF can  b e  exp ressed  as a h exa am in o  acid  [g ly -a la -g ly -a la -g la -se r ]n.

o  ! CH, O ÇHj
NH NH

Gly 'f-.r
o  o

Gly Ala Gly Ala
•‘ก

Figure 2.15 Prim ary structure o f  SF.
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2.4.2.2 Secondary Structure
SF can ex ist  in a num ber o f  d ifferen t c o n fo rm a tio n s  kn ow n  as  

random  c o il con form a tio n , S ilk  I, and P -sh eet structure (S ilk  II). T h e latter con form ation  
(S ilk  11) is  the so lid  fibroin  that can be found in the spun silk  thread w h ile  S ilk  I is a 
m eta -stab le  form  stored  in the silk  gland o f  the s ilk w o rm s (SJ et a l ,  1 9 9 9 ). T he am ount  
o f  P -sh eet structure, S ilk  II, o f  B. mori SF is around 4 0  % to 5 0  % (G o s lin e  et a l,  1999).

Hydrogen bond 
Covalent bond

o atom
c atom of carboxyl group N atom H atomHydrogen bond

(a) (b)

Figure 2.16 (a ) Structure o f  s in g le  SF  c o m p o sed  o f  am orp h ou s and cry sta llin e  reg ion  
(K ra ig  B io cra ft L aboratories, Inc., 2 0 0 8 )  and (b) P -sh eet co n fo rm a tio n  o f  the crysta llin e  
region  o f  SF.

T h e  P -sh eet structure can  be in d u ced  b y sev era l treatm ents, su ch  
as h eatin g , im m ersion  in m ethan ol, sh earing , b len d in g  w ith  o th ers natural p o ly m ers  
(so d iu m  a lg in a te  (L ia n g  et a l,  1992), ch itosan  (C h en  et a l,  1997 ) and c e llu lo s e  (Freddi 
et a l,  1 9 9 5 ))  or syn th e tic  p o lym ers (p o ly  (v in y l a lc o h o l)  (L i et a l ,  2 0 0 1 )  and p o ly  
(a cry la m id e) (Freddi et a l ,  1999 )) and u sin g  ch em ica l cro ss lin k in g  a g en t (R ujiravanit et 
a l,  2 0 0 3 ).

N o sh ik i et al. (2 0 0 2 )  in v estig a ted  the co n fo rm a tio n  transition  o f  
SF b y b len d in g  w ith  m icro crysta llin e  c e llu lo se  (M C C ). T h e sh ifts  o f  a m id e  I and am id e  
II o f  s ilk  I to silk  II w er e  ob served  in the Fourier transform  infrared (F T IR ) spectra ,
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in d ica tin g  the form ation  o f  p -sh eet structure at the M C C  co n ten t in the range o f  70  % to  
-9 0  %. It w a s  p rop osed  that the con tact b etw een  h ig h ly  ordered  su rface  o f  M C C  and SF  
p rom oted  the transform ation  o f  silk  I to s ilk  II. A  h igher cry sta llin e  con ten t o f  silk  
fibroin  a lso  en h an ced  the m ech an ica l properties o f  the c o m p o s ite  film .

10 p

l

น

I t ï * I
(b)

0 u-  II :<) 1(1 60  so 100
ccliulüM' foments ( vvt°o)

Figure 2.17 (a) FT1R spectra o f  S F -M C C  c o m p o s ite  film s at S F /M C C  ratio o f  (a )1 0 0 /0 , 
(b ) 8 0 /2 0 , (c ) 6 0 /4 0 , (d) 4 0 /6 0 , (e ) 3 0 /7 0 , ( 0  2 0 /8 0 , (g ) 10 /9 0 , and (h )0 /1 0 0 . (b ) Y o u n g ’s 
m o d u lu s  o f  S F /M C C  c o m p o site  f ilm s (N o sh ik i et a i,  2002).

W on gp an it et al. (2 0 0 7 )  stud ied  the e f fe c t  o f  m eth a n o l treatm ent  
on the p -sh ee t form ation  o f  SF com p on en t in the ch itin  w h isk ers  re in forced  SF  sp o n g e  
after im m ersion  in a 90%  (v /v )  m ethanol so lu tio n  for 10 m in . From  the ob ta in ed  FTIR  
sp ectra , a n ew  ab sorption  sh ou ld er, w h ich  is the ch aracteristic  ab sorp tion  band o f  P- 
sh eet structure, w a s  ob serv ed . T h e in ten sity  o f  th is  peak w a s a lso  found to in crease  w ith  
in crea sin g  ch itin  w h isk ers con ten t.
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2.5 Cellulose (CL)

C e llu lo se , the m o st abundant natural p o ly sa cch a r id e  o n  earth, is the m ain  
con stitu en t o f  the ce ll w a ll in all p lants for m ain ta in in g  their structure. C L  is a lso  present 
in bacteria , fu n g i, a lg a e , and even  in so m e  an im als (O ’S u llivan , 1 9 9 6 ). C L  is a fib rou s, 
tou gh , and w a ter -in so lu b le  su b stan ce. T h e structure o f  C L  co n ta in s  unbranched  
h o m o p o ly sa cch a r id e  co m p o se d  o f  P -D -g lu c o p y r a n o se  unit link ed  b y  p -( l  ,4 )-g ly c o s id ic  
bonds (P u rves, 1954; M arch essau lt and Sundararajan, 1983 ) w ith  a syn d io ta ctic  
con figu ra tion  (D u fresn ee ta l. 1997 ) b on d ed  c o v a le n tly  togeth er  into lo n g  ch ain s.

Figure 2.18 C h em ica l rep eatin g  units o f  C L  (G u en et., 2 0 0 8 ).

C L  ch a in s are b io sy n th es ized  and a g greg a te  to form  m icro fib r ils  b y h yd rogen  
b o n d in gs b etw een  h yd ro xy l groups and o x y g e n  o f  adjacent m o le c u le  (S am ir et a l, 
2 0 0 4 ). T h e  m icro fib rils  c o n s ist  o f  m o n o cry sta llin e  C L  d o m a in s  lin k ed  togeth er  by  
am orp h ou s d om a in s (O ak sm an  et a l,  2 0 0 6 ) . T h e d iam eter o f  m icro fib r il, d ep en d in g  on  
their sou rce , ran ges from  about 2 nm to 2 0  nm w h ile  their length  can  reach severa l tens  
o f  m icron s. T h e h yd rogen  bonds con tin u e  in the sam e p lane w ith  o th er ch a in s as w e ll as 
in p la n es a b o v e  and b e lo w  th is p lane to form  stron g fib rou s b u n d les.
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Figure 2.19 Inter- and intra- h yd rogen  b on d in g  in CL (S a m e e r  et a l,  2 0 0 8 )

C L  ch a in s  are b io sy n th es ized  and a g greg a te  to  form  m icro  fib r ils  b y hydrogen  
b o n d in g s  b etw een  h yd roxy l grou p s and o x y g e n  o f  ad jacen t m o le c u le  (Sam ir et a l, 
2 0 0 4 ) . T h e m icro fib r ils  c o n s is t  o f  m o n o cry sta llin e  C L  d o m a in s  lin k ed  togeth er by  
am orp h ou s d o m a in s (O ak sm an  et a l,  2 0 0 6 ) . T h e d iam eter o f  m icro fib r il, d ep en d in g  on  
their  sou rce, ran ges from  about 2  nm to 2 0  nm  w h ile  their length  can  reach  several ten s  
o f  m icron s. T h e  h yd rogen  b on d s con tin u e  in the sam e p la n e  w ith  o th er ch a in s  as w ell as 
in p lan es a b o v e  and b e lo w  th is p lane to form  strong fib rou s b u n d les.

2 .5 .1  C e llu lo se  W h isk ers (C L W s)
W h isk ers are s t i f f  rod -lik e  p artic les w h ich  h a v e  b een  g ro w n  under certain  

co n d it io n s  that lead to  the form ation  o f  h igh -p u rity  s in g le  cry sta ls  (M ile w sk i, 1994) w ith  
a variety  o f  a sp ec t ratios (L/d) d ep en ded  on  their  sou rces. T h e  w h isk ers  w ith  h igh asp ect  
ratio g iv e  the b est re in forc in g  e ffe c t  (Sam ir et a l ,  2 0 0 5 ). In order to ob ta in  the w h isk ers, 
a sp e c if ic  acid  h y d ro ly s is  step  is gen era lly  u sed  for the d ig e s tio n  o f  am orp h ou s c e llu lo s ic  
d o m a in s (S iq u e ira  et a l,  2 0 0 8 ). U nder con tro lled  c o n d it io n s , the d isruption  o f
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am orp h ou s reg ion s, w h ic h  acted  as structural d e fe c ts  su rrou n d in g and em b ed d ed  w ith in  
CL m icro fib r ils , occu rred  and the rem ain in g  su b stan ce  w a s  m icro cry sta llin e  seg m en t.

T h e u se  o f  su lfuric  acid  for C L W s preparation  lead s to a m ore stab le  
w h isk er  c o llo id  su sp en sio n , com p ared  to that prepared b y  u sin g  h yd ro ch lor ic  acid  (A raki 
et al., 1998 ). T h e su lfu r ic  acid  h y d ro ly s is  y ie ld s  a n e g a tiv e ly  charged  su rface  o f  the 
resultant C L W s, w h erea s the h yd ro ch lor ic  w h isk ers  are not ch arged . T he su rface  charge  
is o n e  o f  the m ain param eter co n tro llin g  the C L W s in teraction  and the rh eo log ica l 
b eh av ior  o f  their su sp e n s io n s  (S a m ir  et a l,  2 0 0 4 ).

Figure 2 .2 0  T ra n sm issio n  e lectron  m icrograph s (T E M ) o f  a d ilu te  su sp en sio n  o f  
h yd ro lyzed  (a) co tton  (b) tun ic in  C L W s (S am ir et a l ,  2 0 0 4 ).

T h e w h isk ers  ob ta in ed  from  acid  h y d r o ly s is  h ave  h ig h ly  ordered  
structure, resu ltin g  in h igh  strength s and s ig n ific a n t im p ro vem en t in e lec tr ica l, op tica l, 
m ag n etic , and c o n d u c tiv e  p roperties. T h e w h isk ers  h ave  rece iv e d  attention  to b e  used  as 
natural n a n o fillers  for re in forc in g  p o ly m er  m atrix  in b io c o m p o s ite s  du e to n ot o n ly  their  
h igh  te n s ile  strength  but a lso  o th ers ad van tages, su ch  as r en ew a b le  nature, lo w  en ergy  
con su m p tion , lo w  d en sity , and lo w  c o st (S a m ir  et a l ,  2 0 0 4 ) . A n o th er  reason  w h y  the 
w h isk ers h av e  b een  w id e ly  used  is an in crease  in th e  p rod u ction  o f  green  m ateria ls  based
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on  natural resou rces. T h erefore , m an y research es try to  u tiliz e  th e  C L W s as re in forcin g  
n an ofillers in en v iron m en ta l frien d ly  m atrices.

N o sh ik i et al. (2 0 0 5 )  stu d ied  the c o m p o s ite  m aterial o f  SF and tun icin  
w h isk ers. T h e SF w a s  prepared by d is so lv in g  s ilk  c o c o o n s  in lith iu m th iocyan ate , 
L iS C N , and the c o m p o s ite s  w ere fabricated  by u sin g  the so lu tio n  ca st in g  techn iqu e. T he  
FT1R result ind icated  that there w a s a transition  o f  SF co n fo rm a tio n  from  a random  c o il  
to an ordered structure, w h ich  w a s related  to the h ig h ly  ordered  structure o f  tun icin  
C L W s.

S iquera et al. (2 0 0 8 )  prepared c e llu lo s ic  n an op artic les, both C L W s and 
m icrofib rilla ted  c e llu lo se  (M F C ), from  sisa l for b e in g  used as re in forcem en t in 
p o ly ca rp o la c to n e  (P C L ), a b iod egrad ab le  m atrix. T h e p resen ce  o f  the w h isk er fillers  
increased  the g la ss  tran sition , cry sta lliza tio n , and m e ltin g  tem peratu res as w e ll as the  
d egree o f  cry sta llin ity  o f  the PCL m atrix  so  the C L W s p rob ably  acted  as a n u cléation  
site . For the M F C -rein forced  c o m p o s ite , the m od u lu s w a s  h igh er than that o f  the 
w h isk er-re in forced  co m p o s ite . M oreover, th e  in troduction  o f  M FC  did not increase the  
d egree o f  cry sta llin ity  o f  the m atrix and its m eltin g  p oin t tend ed  to d ecrea se . T h is sh ou ld  
be cau sed  by the en ta n g lem en t o f  M F C  that tended  to c o n fin e  the p o ly m er  m atrix and  
restricted its crysta lliza tion .
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F ig u r e  2 .21  T h e  d istin gu ish  b e tw een  M F C  and C L W s (ad ap ted  from  S én éch a l et al., 
2 0 1 0 ).

B ras et al. (2 0 1 0 )  incorporated  the w h isk ers  ob ta in ed  from  su garcan e  
b a g a sse  in N R  la tex  in order to prepare n a n o c o m p o site s  by u s in g  the ca stin g /eva p o ra tio n  
tech n iq u e. T he len gth  o f  the incorporated  w h isk ers w a s  in the range 82 n m  to 104 nm  
w h ile  their w id th  ranged from  4  nm  to 12 nm . T h e a sp ect ratio  o f  the ob ta in ed  b agasse  
w h isk ers (about 13) w a s  c lo se  to that o f  w h isk ers iso lated  from  cotton  (ab ou t 1 1  to  1 2 ). 
T h e prepared c o m p o s ite  f ilm s w ere  h o m o g e n e o u s . T h e stress-stra in  cu rve revea led  that 
the Y o u n g ’s m od u lu s and te n s ile  strength  s ig n ific a n tly  in creased  after the ad d ition  o f  the 
w h isk ers  to the N R  m atrix , w h ile  the e lo n g a tio n  at break o f  th e  ob ta ined  n a n o co m p o site  
d ecreased . A d d in g  b a g a sse  w h isk ers  a lso  resu lted  in an in crea se  in the m oistu re  sorption  
o f  the n a n o c o m p o site  film s d u e to  the h yd rop h ilic  nature o f  th e  w h isk ers.

T h e u se o f  m icro p artic les and n an op artic les from  natural resou rces as 
re in forcem en t in c o m p o s ite  has ga in ed  a lot o f  attention . H o w e v e r , there are a fe w  o f  
research es prepared the w h isk er  from  banana tree. B a n a n a  plant fib ers are fibrous  
rem ain in g  parts o f  p seu d o -stem s w h ich  left o v er  after ban an a cu ltiv a tio n . T h e banana, 
fruit, con stitu tes  o n ly  12 % by w e ig h t  o f  the plant. T h u s, th e  rem ain in g  parts b eco m e  
agricu lture c e llu lo s ic -b a se d  w a ste  (E lanth ik k al et a l,  2 0 1 0 ) . A c c o r d in g  to  a h igh  con ten t
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of cellulose in the residue parts, the rachis, pseudo-stem, and leaf sheath, banana fiber
has attracted interest for potential uses as a reinforcing material.

F ig u r e  2 .2 2  B anan a rach is  (Z u lu aga  et a l ,  2 0 0 7 ).

F ig u r e  2 .2 3  S E M  m icrograph s o f  the vascu lar  b u n d les in banana rach is sh o w in g  (a) 
m icrofibril (m f) and (b ) c e ll w a ll ( c w )  as w e ll as m id d le  lam ella  (m l)  (Z u lu aga  et a l., 
2 0 0 9 ).
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T h e iso la tio n  o f  c e llu lo se  fibers requires the rem oval o f  o th er co m p o n en ts  
—  su ch  as lig n in , h e m ic e llu lo se s , and p ectin  —  from the banana fibres. For p ectin s and 
h e m ic e llu lo se s , are so lu b ilized  and rem oved  by a lk alin e  so lu tio n  treatm ent o f  the banana  
fib ers. T o  b reak d ow n  p h en o lic  com p o u n d s and m o le c u le  h a v in g  ch rom o p h o r ic  groups  
p resen ted  in lig n in , the b lea ch in g  treatm ent w a s perform ed (E lanth ik k al et a i,  2 0 1 0 ).

Z u lu a g a  et al. (2 0 0 7 )  iso la ted  c e llu lo se  m icro fr ils  from  banana farm ing  
resid u es. T h e banana rach is w a s  passed  through m ech an ica l and ch em ica l treatm ents. 
T w o  d ifferen t ch em ica l treatm ents —  p e r o x id e /o rg a n o so lv  (P O ) and  
p ero x id e /h o m o g en iza tio n  (P H ) —  w ere in vestigated . T h e w id th  o f  in d iv id u al c e llu lo se  
m icro fib r ils  ob ta in ed  from  both treatm ents w a s c lo se  to 5 nm . H o w ev er , the PO - 
m icro fib r ils  had a h igher cy sta llin ity  due to m ore e ff ic ie n t  rem oval o f  n o n -c e llu lo s ic , 
h e m ic e llu lo se s , and lign in  su b stan ces.

E lanth ikkal et al. (2 0 1 0 )  exa m in ed  the p o ss ib le  u se o f  su lfu r ic  acid  in 
acid  h y d ro ly s is  o f  banana fib res and the e ffe c t  o f  h y d ro ly sis  con d ition  on  the resu ltin in g  
w h isk ers. T h e resu lts sh o w ed  that not o n ly  the acid  con cen tration  but a lso  the reaction  
tim e  used  in h y d ro ly s is  a ffec ted  the d im en sio n s  o f  the ob ta in ed  C L W s.
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