
CHAPTER II 
LITERATURE REVIEW

2.1 The Composition of Lignocellulosic Biomass

Lignocellulose is the primary building block of plant cell walls. Plant biomass 
is mainly composed of cellulose, hemicellulose, and lignin, along with smaller amounts 
of protein, extractives (soluble nonstructural materials such as nonstructural sugars, 
nitrogenous material, chlorophyll, and waxes), and ash (Jorgensen et al., 2007). The 
composition of these constituents can vary from one plant species to another. For 
example, hardwood has greater amounts of cellulose whereas wheat straw and leaves 
have more hemicelluloses, see Table 2.1 (รนท et al., 2002). In addition, the ratios 
between various constituents within a single plant vary with age, stage of growth, and 
other conditions (Perez et al., 2002). Basically cellulose forms skeleton which 
surrounded by other substances functioning as matrix (hemicelluloses) and excrusting 
(lignins) materials. Cellulose, hemicellulose, and lignin are closely associated and 
covalent-cross linked. They have been suggested to occur between lignin and 
polysaccharides (lignin-carbohydrate complex, LCC). The side groups of arabinose, 
lactose, and 4-O-methy-glucuronic acid are most frequently perceived as connecting link 
to lignin. It is generally agreed that the hemicelluloses molecular are oriented parallel to 
cellulose fibril, as shown in Figure 2.1 (Fengel et al., 1983).
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Figure 2.1 Representation of lignocellulose structure showing cellulose, hemicellulose 
and lignin fractions (Fengel et al., 1983).

Table 2.1 Cellulose, hemicellulose, and lignin contents in common agricultural residues 
and wastes (รนท et al., 2002)

Lignocellulosic
material Cellulose (%) Hemicellulose (%) Lignin (%)

hardwood stems 40-55 24-40 18-25
softwood stems 45-50 25-35 25-35
nut shells 25-30 25-30 30-40
corn cobs 45 35 15
grasses 25-40 35-50 10-30
paper 85-99 0 0-15
wheat straw 30 50 15
sorted refuse 60 20 20
leaves 15-20 80-85 0

cotton seed hairs 80-95 5-20 0
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newspaper 40-55 25-40 18-30
waste papers from 60-70 10-20 5-10
solid cattle manure 1.6-4.7 1.4-3.3 2.7-5.7
coastal bermudagrass 25 35.7 6.4
Switchgrass 45 31.4 12
swine waste 6.0 28 na

2.1.1 Cellulose
Cellulose is main constituent of plant cell wall comprising about 50% of 

wood. Cellulose is closely associated with hemicelluloses and lignin, and isolation 
cellulose requires intensive chemical treatment. Cellulose consists of D-glucopyranose 
monomer unit bound by P-1-4 glycosidic linkages. The successive glucose residues are 
rotated by 180° relative to each other, and thus repeating unit of the cellulose chain is 
cellubiose unit, as shown in Figure 2.2. The degree of polymerization (DP) of cellulose 
varies between 7,000 and 15,000 glucose units, depending on source (Fengel et al., 
1983).

Figure 2.2 Illustration of a cellulose chain (Kumar et a i, 2009).
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The functional groups in the cellulose chain are the hydroxyl group. These 
hydroxyl groups are able to interact with each other or with O-, N- and ร- groups, 
forming hydrogen bond. Hydrogen bonds also exist between hydroxyl groups of 
cellulose and water molecule. These hydroxyl groups make the surface of cellulose 
largely hydrophilic. The cellulose chain has hydroxyl groups at both ends. The Cl -  end 
has reducing properties. The cellulose chain is stabilized by strong hydrogen bonds 
along the direction of the chain. In native cellulose found in plant source, cellulose 
chains are packed the individual cellulose chains are held together by hydrogen bond 
(O’Sullivan et al., 1997). By forming these hydrogen bounds, the chains tend to arrange 
in parallel and form a structure. Therefore, cellulose microfibrils have both highly 
crystalline regions (around 2/3 of the total cellulose) and less-ordered amorphous 
regions. More ordered or crystalline cellulose is less soluble and less degradable (Zhang 
et al, 2004, Taherzadeh et al., 2008). The degree of cellulose crystallinity is a major 
factor affecting enzymatic hydrolysis of the substrate. It has been reported that a 
decrease in cellulose crystallinity especially influences the initial rate of cellulose 
hydrolysis. Physical or chemical pretreatment to disrupt the crystalline structure of 
cellulose is often used to promote the hydrolysis of biomass.

Christakopoulos et al. (2008) studied the effect of cellulose crystallinity on 
direct conversion of straw to ethanol by Fusariwnoxysporum. The effect of ball milling 
on certain important physical characteristics of wheat straw is depicted. After 14 h of 
milling, the crystallinity index of cellulose was reduced to 23.6%. Ball milling, on the 
other hand, was not very efficient in increasing specific surface area of straw, due to 
particle agglomeration which was evident between 4 and 6 h of treatment. Pretreatment 
of wheat straw with ball milling markedly affected direct conversion of this material to 
ethanol by F. oxysporum F3. Of the main altered physical characteristics of straw, 
namely particle size, specific surface area, and crystallinity index, the latter showed a 
strong correlation with ethanol production. A highly correlated (r = 0.985) inverse linear 
relationship between wheat straw cellulose crystallinity index and ethanol production 
was established. This could be explained on the basis of enhanced action of cellulolytic



7

enzymes on noncrystalline (amorphous) cellulose, resulting in increased rates of 
saccharification and, consequently, ethanol production. Approximately 80% of straw 
carbohydrate was converted to ethanol when the cellulose crystallinity index was 
reduced to 23.6%.

2.1.2 Hemicellulose
The main feature that differentiates hemicellulose from cellulose is that 

hemicellulose has branches with short lateral chains consisting of different sugars which 
are easy hydrolyzable polymers. These monosaccharides include pentoses (xylose, 
rhamnose, and arabinose), hexoses (glucose, mannose, and galactose), and uronic acids 
(e.g., 4-0 methyl glucuronic, D-glucuronic, and D-galactouronic acids). Xylans of many 
plant materials are heteropolysaccharides with homopolymeric backbone chains of 1,4- 
linked P-D xylopyranose units. The backbone consists of 4-O-acetyl, a-L- 
arabinofuranosyl, a-l,2-linked glucuronic or 4-O-methyl glucuronic acid substituents. 
Xylans from different sources, such as grasses, cereals, softwood, and hardwood, differ 
in composition. About 80% of the xylan backbone is highly substituted with monomeric 
side-chains of arabinose or glucuronic acid linked to 0-2 and/or 0-3 of xylose residues, 
and also by oligomeric side chains containing arabinose, xylose, and sometimes 
galactose residues, as can be seen in Figure 2.3 (Saha et al, 2003).
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Figure 2.3 Schematic structure of com fiber heteroxylan (Saha et al., 2003).
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A model for the com fiber cell wall is shown in Figure 2.4. The 
heteroxylans, which are highly cross-linked by diferulic bridges, constitute a network in 
which the cellulose microfibrils may be imbedded. Structural wall proteins might be 
cross-linked together by isodityrosine bridges and with feruloylated heteroxylans, thus 
forming an insoluble network (Saha et ai, 2003). Hemicellulose serves as a connection 
between the lignin and the cellulose fibers and gives the whole cellulose-hemicellulose- 
lignin network more rigidity (Perez et a i, 2005).

Figure 2.4 Model for corn fiber cell walls (Saha et ai, 2003).

The solubility of the different hemicellulose compounds is in descending 
order: mannose, xylose, glucose, arabinose, and galactose. The solubility increases with 
increasing temperature. The solubilization of hemicellulose compounds into the water 
starts around 180 °c under neutral conditions (Bobleter et al, 1994). Garrote et al. 
(1999) however mentioned that starting from 150 ๐c  parts of the hemicellulose were 
solubilized. The solubilization of lignocelluloses components not only depends on 
temperature, but also on other aspects like moisture content and pH (Fengel et ai, 1983). 
The xylan of hemicellulose can be extracted quite well in an acid or alkaline 
environment, while glucomannan can hardly be extracted in an acid environment and 
needs a stronger alkaline environment than xylan to be extracted. Xylan appears to be
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th e  part that can  b e  ex tra cted  th e m o st  e a s ily . O f  c e l lu lo s e , h e m ic e l lu lo s e  and  lig n in  the  
h e m ic e l lu lo s e s  are th e  m o st  th e r m a l-c h e m ic a lly  se n s it iv e . D u r in g  th e r m a l-c h e m ic a l  
p retrea tm en t f ir stly  the s id e  grou p s o f  h e m ic e l lu lo s e  react, fo l lo w e d  b y the  
h e m ic e l lu lo s e  b a ck b o n e  (K u m ar et a l ,  2 0 0 9 ) .

2 .1 .3  L ig n in
L ig n in  is  a c o m p le x , h y d r o p h o b ic , c r o s s - lin k e d  aro m a tic  p o lym er . In 

nature, lig n in  is  m o s t ly  fou n d  as an in tegra l part o f  p la n t c e l l  w a ll ,  em b e d d e d  in  a 
carb oh yd rate  p o ly m e r  m atrix  o f  c e l lu lo s e  an d  h e m ic e l lu lo s e s . T h e  m a in  p u rp ose  o f  
lig n in  is  to  g iv e  th e  p lan t structural su p p ort, im p e r m e a b ility , an d  re s is ta n c e  aga in st  
m ic r o b ia l attack  and o x id a t iv e  stress. L ig n in s  are p o ly m e r s  o f  p h en y l p rop en e  unit: 
g u a ia c y l (G ) u n it from  the p recu rsor tr a n s -c o n ife r y -a lc o h o l, sy r in g y l (ร )  u n its from  
tra n s-p -co u m a ry l a lc o h o l, and  p -h y d ro x y  p h e n y l (H ) u n it fr o m  th e  p recu rsor trans-p- 
co u m a ry l a lc o h o l, as sh o w n  in  F ig u re  2 .5 . T h e  e x a c t  c o m p o s it io n  o f  lig n in  v a r ie s  w id e ly  
w ith  sp e c ie s . In a d d itio n  to c la s s if ic a t io n  as s o f tw o o d , h a r d w o o d  an d  grass lig n in ,  
l ig n in s  can  b e  d iv id e d  in to  tw o  m ajor grou p s: g u a ia c y l l ig n in  an d  g u a ia c y l-sy r in g y l 
lig n in s . G u a ia cy l lig n in s  are p red o m in a n tly  p o ly m e r iz a tio n  p ro d u ct o f  c o n ife r  a lc o h o l  
w h ile  g u a ia c y l-sy r in g y l lig n in s  are c o m p o se d  o f  v a ry in g  parts o f  th e  a ro m atic  n u c le i 
(F e n g e l et al., 1 9 8 3 )
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Figure 2.5 P h e n y l p ro p en e  u n its  (F e n g e l et al., 1983).
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S o f tw o o d  c o n ta in s  m a in ly  u n its  w h ile  hard w o o d  c o n ta in s  a lso  sy r in g y l  
e x tra c tio n  than  h a rd w o o d . It h a s b een  su g g e s te d  that th e  g u a ia c y l lig n in  restr icted  fib re  
s w e l l in g  and th u s  th e  e n z y m a tic  a c c e s s ib i li ty  m ore  than sy r in g y l lig n in . It w a s  o b se r v e d  
that the resid u a l su b strate  rem a in ed  after e x te n s iv e  h y d r o ly s is  o f  th e  s te a m  p retreatm en t 
a sp e n  and e u c a ly p tu s  w a s  m a in ly  c o m p o s e d  o f  v e s s e l  e le m e n ts . V e s s e l  e le m e n ts  are 
k n o w n  to h a v e  g u a ia c y l to  sy r in g y l ratio  th an  o th er c e l ls  fo u n d  in h a rd w o o d  (R a m o s  et 
a l . , 1 9 9 2 ).

T h e  m ajor ty p e  o f  lin k a g e  in  sp ru ce  lig n in s  is  eth er  lin k a g e , o f  w h ic h  aryl 
g ly cero l-P -a ry l lin k a g e  is  th e  m o st  c o m m o n . In a d d itio n , th e  p h en y l p ro p en e  u n its  are 
l in k e d  b y c a rb o n -to -ca rb o n  lin k a g e . T h e  fu n c tio n a l g ro u p s a ffe c t in g  th e rea c tiv ity  o f  
lig n in  in c lu d e  free  p h e n o lic  h y d ro x y l, m e th o x y , b e n z y lic  h y d r o x y l, b e n z y l a lc o h o l,  
n o n c y c lic  b e n z y l ether, and  carb on yl gro u p s. M o le c u la r  d y n a m ic  s im u la tio n  has 
s u g g e s te d  that th e  h y d ro x y l and  m e th o x y l gro u p s in  l ig n in  p recu rsors and o lig o m e r s  
m a y  in teract w ith  c e l lu lo s e  m ic r o fib r ils  d e sp ite  th e  fa c t that lig n in  is  h y d ro p h o b ic  in 
ch aracter. T h e  stru ctu re s c h e m e  for so f tw o o d  lig n in  c o n stru c ted  b y  B r u n o w  et al. (1 9 9 8 )  
is  p resen t in  F ig u re  2 .6 .

T h e  c h e m ic a l structure o f  n a tiv e  lig n in  is  e s s e n t ia lly  ch a n g e d  under h ig h  
tem p era tu re, su ch  as th e  c o n d it io n s  d u rin g  stream  p retrea tm en t. A t r e a c tio n  tem peratu re  

h ig h e r  than 2 0 0  ° c ,  lig n in  h as sh o w n  to  b e  ag g reg a ted  in to  sm a lle r  p artic le  and  
sep ara ted  from  c e l lu lo s e  T h e  stu d ie s  o n  h a rd w o o d  lig n in  h a v e  sh o w n  that P -O -4  aryl 
eth er  lin k a g e d  are c le a v e d  in  stea m  e x p lo r a t io n  c a u s in g  a  d e c r e a se  in  m o le c u la r  w e ig h t  
an d  an  in crea se  in  p h e n o lic  c o n te n t (M a r c h e ssa u lt  et a i ,  1 9 8 1 )

L ig n in , ju s t  lik e  h e m ic e l lu lo s e , n o r m a lly  starts to  d is s o lv e  in to  w ater  
arou n d  180 ° c  u n d er n eu tra l c o n d it io n s . T h e  s o lu b ility  o f  th e  lig n in  in  a c id , n eu tra l, or 
a lk a lin e  en v ir o n m e n t d e p e n d s  h o w e v e r  o n  th e  p recu rsor (p -c o u m a r y l, c o n ife r y l, s in a p y l 
a lc o h o l or c o m b in a tio n s  o f  th e m ) o f  the l ig n in  (B o b le te r  et al., 1 9 9 4 )
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Figure 2.6 T h e  stru ctu re o f  so f tw o o d  lig n in  (B r u n o w  et a l ., 1 9 9 8 ).

2.2 Ethanoi Conversion Process

P r o c e s s in g  o f  l ig n o c e l lu lo s ic s  to  e th a n o l c o n s is t s  o f  fou r m a jo r  u n it op era tio n s:  
p retrea tm en t, h y d r o ly s is , ferm en ta tio n , and  p rod u ct sep a r a tio n / p u r if ic a tio n . T h e  first 
ste p  in  b io c o n v e r s io n  o f  l ig n o c e l lo s ic s  to  b io e th a n o l is  s iz e  re d u c tio n  an d  p retreatm en t. 
P retreatm en t is  req u ired  to a lter  th e  s iz e  and  structure o f  th e  b io m a s s , a s  w e l l  a s  its  
c h e m ic a l c o m p o s it io n , s o  that the h y d r o ly s is  o f  th e  ca rb o h y d ra te  fr a c t io n  to m o n o m e r ic  
su ga rs can  b e  a c h ie v e d  ra p id ly  w ith  grea ter  y ie ld s .

A s  th e  p re-trea tm en t is  f in ish e d , the c e l lu lo s e  is  p rep ared  for h y d r o ly s is , 
m e a n in g  th e  c le a v in g  o f  a  m o le c u le  b y  a d d in g  a  w a ter  m o le c u le  (B a la t  et al., 2 0 0 8 ):

(C 6H 10O 5 )n +  n H 20  ^  n C 6H 120 6. (2.1)
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T h e  h y d r o ly s is  p ro c e ss  ca n  b e  s ig n if ic a n tly  im p r o v e d  b y  r e m o v a l o f  lig n in  and  
h e m ic e l lu lo s e , red u ctio n  o f  c e l lu lo s e  cry sta llin ity  and  in c r e a se  o f  p o r o s ity  through  
p retrea tm en t p r o c e s se s . In the h y d r o ly s is  p r o c e ss , th e  su ga rs are r e le a se d  b y  b reak in g  
d o w n  th e carb oh yd rate  ch a in s , b e fo r e  th ey  are ferm en ted  for a lc o h o l p ro d u ctio n .

C h e m ic a l an d  e n z y m a tic  m eth o d s are th e  m o st  c o m m o n  te c h n iq u e s  for 
h y d r o ly z in g  c e llu lo s e . T h e  c h e m ic a l m eth o d , a ls o  k n o w n  a s co n cen tra ted  acid  
h y d r o ly s is , is  c o n d u c te d  w ith  m in era l a c id s , su ch  a s  H2SO4 or HC1 ( in  th e  ran ge o f  1 0 -  
30 % ), at tem p era tu res o f  ab out 1 6 0  °c and p ressu res  o f  a b o u t 10 atm . T h e se  harsh  
c o n d it io n s  (h ig h  tem p era tu re and a c id  c o n cen tra tio n ) are n e e d e d  to lib era te  g lu c o s e  from  
the t ig h tly  a sso c ia te d  ch a in s , b e c a u se  m o st  c e l lu lo s e  is  c r y s ta llin e . In th is  p r o c e s s , acid  
c o n cen tra tio n , tem p era tu re and t im e  are cru cia l fa c to rs , and  m u st b e  c o n tr o lle d  to av o id  
the su ga rs and lig n in  d egra d ation  to  b y -p rod u cts . E n z y m a tic  h y d r o ly s is  h a s attracted  
in cr e a s in g  a tten tio n  as an  a ltern a tiv e  to  co n cen tra ted  ac id  h y d r o ly s is  b e c a u se  th e  p ro cess  
is  h ig h ly  sp e c if ic  and can  be p erfo rm ed  under m ild e r  rea c tio n  c o n d it io n s  (p H  arou n d  5 

and tem p era tu re le s s  than 5 0  °C ) w ith  lo w e r  e n e r g y  c o n su m p tio n  and  lo w er  
en v ir o n m e n ta l im p a ct. In ad d itio n , th ere  are n o  c o r r o s io n  p r o b le m s , an d  it g iv e s  h igh  
y ie ld  o f  pure g lu c o s e  w ith  lo w  fo rm a tio n  o f  b y -p r o d u c ts  that is  fa v o r a b le  for the 
su b seq u en t h y d ro ly sa te  u se  in ferm en ta tio n  p r o c e s se s . E n z y m a tic  h y d r o ly s is  o f  c e llu lo s e  
is  a r ea c tio n  carried  o u t b y  c e llu la s e  e n z y m e s , w h ic h  c o rr esp o n d  to  a m ix tu re  o f  sev era l  
e n z y m e s , a m o n g  w h ic h  at lea st th ree  m ajor g ro u p s are in v o lv e d  in  th e  h y d r o ly s is  o f  
c e llu lo se :  (1 )  P - l -4 -e n d o g lu c a n a se , w h ic h  a ttack s r e g io n s  o f  lo w  c r y sta llin ity  in  the  
c e llu lo s e  f ib er  crea tin g  free c h a in  en d s; (2 )  P - l -4 -e x o g lu c a n a s e  or  c e llo b io h y d r o la se , 
w h ic h  d eg ra d es  th e  m o le c u le  further b y  r e m o v in g  c e l lo b io s e  u n its  from  th e  free  ch ain  
en d s; (3 )  |3 -g lu c o s id a se , w h ic h  h y d r o ly z e s  c e l lo b io s e  to  p r o d u ce  g lu c o s e . A  sc h e m a tic  
rep resen ta tio n  o f  the c e llu la s e  e n z y m e s  o v er  the c e l lu lo s e  stru ctu re is  s h o w n  in  F igure
2 .7  (M u ssa tto  et al., 2 0 1 0 ) .
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Figure 2.7 S c h e m a tic  r e p r esen ta tio n s  o f  the c e l lu la s e  e n z y m e s  o v e r  th e  c e l lu lo s e  
structure (M u ssa tto  et al., 2 0 1 0 ) .

2.3 Pretreament of Lignocellulosic Biomass

P retreatm en t is  a cru c ia l p ro c e ss  s te p  for  th e  b io c h e m ic a l c o n v e r s io n  o f  
l ig n o c e l lu lo s ic  b io m a ss  in to  e .g . b io e th a n o l. It is  req u ired  to  a lter th e  structure o f  
c e llu lo s ic  b io m a ss  to  m a k e  c e l lu lo s e  m ore a c c e s s ib le  to  th e  e n z y m e s  that co n v er t the  
carb o h yd ra te  p o ly m e r s  in to  ferm e n ta b le  su ga rs (M o s ie r  et a l ,  2 0 0 5 ) .

P retreatm en t in v o lv e s  th e  a ltera tion  o f  b io m a ss  s o  th at e n z y m a tic  h y d r o ly s is  o f  
c e llu lo s e  and  h e m ic e l lu lo s e  c a n  b e  a c h ie v e d  m o re  r a p id ly  and  w ith  g rea ter  y ie ld s .  
P o s s ib le  g o a ls  in c lu d e  the r e m o v a l o f  lig n in  an d  d isru p tio n  o f  th e  c r y s ta llin e  structure o f  
c e llu lo s e  (F ig u re  2 .8 ) . T h e  f o l lo w in g  criter ia  lea d  to  an  im p r o v e m e n t in  e n z y m a tic  
h y d r o ly s is  o f  l ig n o c e l lu lo s ic  m ateria l:

•  In crea sin g  o f  th e  su r fa c e  area an d  p o r o s ity

•  M o d if ic a t io n  o f  l ig n in  structure

•  R e m o v a l o f  lig n in

•  (P a rtia l) d e p o ly m e r iz a tio n  o f  h e m ic e l lu lo s e
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•  R e m o v a l o f  h e m ic e l lu lo s e

•  R e d u c in g  th e  c r y sta llin ity  o f  c e llu lo s e
In an  id e a l c a se  th e  pretreatm en t e m p lo y e d  le a d s  to  a l im ite d  form atio n  o f  

d eg ra d a tio n  p ro d u cts  that in h ib it  en z y m a tic  h y d r o ly s is  and ferm e n ta tio n , an d  is  a lso  c o s t  
e f fe c t iv e . H o w e v e r , th e se  are a c tu a lly  th e  m o st  im p o rtan t c h a l le n g e s  o f  current  
p retrea tm en t te c h n o lo g ie s

Figure 2.8 S c h e m a tic  o f  th e  ro le  o f  p retreatm en t in th e  c o n v e r s io n  o f  b io m a s s  to fu e l 
(H su  et al, 1 9 8 0 ).

P retreatm en t m e th o d s  can  b e ro u g h ly  d iv id e d  in to  d iffe r e n t c a te g o r ie s :  p h y sica l 
(m il l in g  an d  g r in d in g ), p h y s ic o c h e m ic a l (stea m  p r e tr ea tm en t/a u to -h y d ro ly s is , 
h y d r o th e r m o ly s is , and w e t  o x id a t io n ) , c h e m ic a l (a lk a li, d ilu te  a c id , o x id iz in g  a g en ts , and  
o r g a n ic  s o lv e n ts ) , b io lo g ic a l ,  e le c tr ic a l, or a  c o m b in a tio n  o f  th e se . D ifferen t  
p retrea tm en t m e th o d s  h a v e  b e e n  d e v e lo p e d  (T a b le  2 .2 ) .
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Table 2.2 C o m p a r iso n  o f  a d v a n ta g es  and  d isa d v a n ta g e s  o f  d iffe r e n t p retreatm en t  
o p tio n s  for l ig n o c e l lu lo s ic  m a ter ia ls  (G ir io  et al., 2 0 1 0 )

Desirable features Concentrated
acid

Dilute
acid

Steam
explosion

Autohydrolysis Organosolv Solid
Super acids

Alkaline Ionic
liquids

Supercritical
fluids

High liemicelluiose solubilisation ++ ♦ + ♦ + ++ + + * ++ +
High hemicellulosic +♦ ** 0 ta •f la 0/+

monosaccharides production
Low hemicellulosic oligosaccharides ♦ * 0 ta + -/O 0 i*

production
High cellฟose recovery ** ** ♦ ♦ - * *
High cellulose digestibility ** ■ H- ♦ ♦ * 0/+
High lignin quality - 01* ♦ * -/O - * +
High Cherniak recycling 0 ar. - ♦ - /0/+ + n.r./+
Low inhibitors formation 0 0 + 0 + 0
Low corrosion problems - 0 0 0 ta <0
Low need for chemicals - 0 ++ - ai* ~ เ0 * ++
Low neutralisation requirements - 0 ar. + -to /0 0 ar.
Low investment costs + ♦ - ♦ 0 0 0!*
Low operational costs - 0 +-*■ ♦ - 0 - 10
Low energy use 0 - 0 0 0 ♦ * ♦

+ , A d v a n ta g e ;  d isa d v a n ta g e ; 0 , neutral; n .r ., n ot re lev a n t.

2 .3 .1  P h y sica l P retreatm en t.
P h y sica l p retreatm en ts o p era te  b ased  o n  the p r in c ip le  o f  p artic le  s iz e  

red u ctio n  b y  m e ch a n ica l stress . M e c h a n ic a l c o m m in u t io n  o f  l ig n o c e l lu lo s ic  m ater ia ls  
th ro u gh  a co m b in a tio n  o f  ch ip p in g , gr in d in g , an d /or  m il l in g  ca n  b e  ap p lied  to red u ce  
c e llu lo s e  cry sta llin ity . T h e  s iz e  o f  th e  m a ter ia ls  is  u su a lly  1 0 - 3 0  m m  after  c h ip p in g  and  
0 .2 - 2  m m  after m illin g  or grin d in g . T h is  ca n  b e o b ta in ed  b y  dry, w e t  v ib ratory, and  
c o m p r e ss io n  b ased  b a ll m il l in g  p ro ced u res, in cr e a s in g  th e e n z y m e  p er fo rm a n ce  by 
im p r o v in g  th e  su rfa ce  area to  v o lu m e  ratio  and in  s o m e  c a s e s  b y  red u c in g  d e g r e e  o f  
p o ly m e r iz a tio n  and cry sta llin ity  o f  c e l lu lo s e . A lth o u g h  p h y s ic a l p retrea tm en ts  are not  
s u ff ic ie n t  to  d ra m a tica lly  in crea se  su gar c o n v e r s io n s , m o s t  o th er p retrea tm en ts req u ire a 
m in im a l p a rtic le  s iz e  red u ctio n  in  order to  b e  e f fe c t iv e , e s p e c ia l ly  to  o v e r c o m e  m a ss  and  
h ea t tran sp ort p ro b lem s. It is  a lso  im p ortan t to  n o t ic e  that b e y o n d  a  cer ta in  p artic le  s iz e  
th is  typ e  o f  p retreatm en t b e c o m e s  e c o n o m ic a lly  u n fe a s ib le . T h e  fin a l p a rtic le  s iz e  and  
b io m a ss  ch a ra cter is tics  d e term in e  th e p o w e r  req u irem en t for m e c h a n ic a l c o m m in u tio n  
o f  agricu ltu ra l m ateria ls .
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T h e e n e r g y  c o n su m p tio n  for  s iz e  red u ctio n  o f  h a r d w o o d s  and agricu ltu ral 
w a ste s  a s  a  fu n c tio n  o f  fin a l p artic le  s iz e  and  c o m m in u tio n  ratio  ( s iz e  red u ctio n ) w a s  
q u a n tified . It w a s  p r o p o se d  that, i f  th e  fin a l p artic le  s iz e  is  h e ld  to  th e  range o f  3 - 6  m m , 
th e  en e r g y  in p u t for  c o m m in u tio n  ca n  b e k ep t b e lo w  3 0  k W h  p er to n  o f  b io m a ss . T h e  
e n erg y  c o n su m p tio n  is  h ig h er  than the th eo re tica l e n erg y  c o n te n t  a v a ila b le  in the  
b io m a ss  in  m o st  c a s e s  (K u m ar et al., 2 0 0 9 ) .

2 .3 .2  C h e m ic a l P retreatm en t
2.3.2.1 D ilute A c id  P retreatm ent

D ilu te -a c id  p r o c e s s e s  h av e  b e e n  v ie w e d  p r im a rily  as a  m e a n s  o f  
p retreatm en t for th e  h y d r o ly s is  o f  h e m ic e l lu lo s e s  ren d erin g  th e  c e l lu lo s e  fra ctio n  m ore  
a m en a b le  for a  further e n z y m a tic  treatm ent. B o th  c e l lu lo s e  and h e m ic e llu lo s e  
c o m p o n e n ts  can  a lso  b e  h y d ro ly zed  u s in g  d ilu te -a c id  ca ta ly z e d  p r o c e sse s . C o m p ared  to 
the co n cen tra ted  ac id  p retrea tm en t, o n e  o f  th e  a d v a n ta g e s  o f  d ilu te  ac id  p retreatm en t is  
th e  r e la t iv e ly  lo w  a c id  c o n su m p tio n , lim ite d  p ro b lem  a sso c ia te d  w ith  e q u ip m en t  
c o rr o sio n  and  le s s  e n e r g y  d em a n d in g  for  ac id  reco v e r y . U n d er  c o n tr o lle d  c o n d it io n s , the  
le v e ls  o f  th e  d eg ra d a tio n  c o m p o u n d s  g en era ted  ca n  a lso  b e  lo w . A c id  p retrea tm en ts  
n o rm a lly  a im  for h ig h  y ie ld s  o f  su ga rs from  l ig n o c e l lu lo s ic  b io m a ss . T h ere are m an y  
typ es o f  a c id  p retrea tm en t in c lu d in g  u se  o f  su lfu r ic  a c id , h y d r o c h lo r ic  ac id , p era cetic  
ac id , n itr ic  a c id , or p h o sp h o r ic  acid .

M artin  et al. (2007) in v e s t ig a te d  th e p o te n tia l o f  d ilu te -a c id  pre­
h y d r o ly s is  a s  a p retrea tm en t m e th o d  fo r  su g a rca n e  b a g a sse , r ice  h u lls , p ean u t sh e lls , and  
c a ssa v a  sta lk s . T h e  p r e -h y d r o ly s is  w a s  p erfo rm ed  at 122 °c d u rin g  20, 40, or 60 m in  
u sin g  2% H 2 S O 4  at a s o l id -to - liq u id  ratio  o f  1 :10 . S u gar fo r m a tio n  in crea sed  w ith  
in c r e a s in g  rea c tio n  t im e . X y lo s e , g lu c o s e , a ra b in o se , and g a la c to se  w er e  d e te c te d  in  all 
o f  the p r e -h y d r o ly sa te s , w h erea s  m a n n o se  w a s  fo u n d  o n ly  in  th e  p r eh y d ro ly sa tes  o f  
p ean u t s h e lls  and c a s s a v a  sta lk s. T h e  h e m ic e l lu lo s e s  o f  b a g a sse  w er e  h y d r o ly z e d  to  a  
h ig h -e x te n t  y ie ld in g  co n c e n tr a tio n s  o f  x y lo s e  and  a ra b in o se  o f  19.1 and 2.2 g /L , 
r e sp e c tiv e ly , and a x y la n  c o n v e r s io n  o f  m o re  than  80% . H ig h -g lu c o s e  c o n cen tra tio n s



17

( 2 6 - 3 3 .5  g /L ) w e r e  fo u n d  in  th e  p reh y d ro ly sa tes  o f  r ic e  h u lls , p r o b a b ly  b e c a u se  o f  
h y d r o ly s is  o f  sta rch  o f  grain  rem ain s in  the h u lls . P ean u t s h e lls  and c a s sa v a  sta lk s  
ren d ered  lo w  a m o u n ts  o f  su ga rs o n  p r e -h y d r o ly s is , in d ic a tin g  that th e  c o n d it io n s  w ere  
n ot s e v e r e  e n o u g h  to  h y d r o ly z e  th e  h e m ic e llu lo s e s  in th e se  m a ter ia ls  q u a n tita tiv e ly .

Cara et al. (2 0 0 7 )  s tu d ied  d ilu te  a c id  p retrea tm en t o f  o l iv e  tree  
b io m a ss . P retreatm en t w a s  p erfo rm ed  at 0 .2 , 0 .6 , 1.0, and  1.4%  (พ /พ )  su lfu r ic  acid  
c o n c e n tr a tio n s  w h ile  tem peratu re w a s  in  th e  ran ge 1 7 0 - 2 1 0  °c. A tte n tio n  is  p a id  to  
su ga r  r e c o v e r y  b o th  in the liq u id  fraction  is su e d  from  p retrea tm en t (p re h y d r o ly sa te )  and  
that in  th e  w a te r - in so lu b le  s o l id  (W IS ). A s  a m a x im u m , 83%  o f  h e m ic e l lu lo s ic  su gars in  

th e  raw  m ateria l w e r e  reco v ered  in  the p reh y d ro ly sa te  o b ta in e d  at 17 0  °c, 1% su lfu r ic  
a c id  co n c e n tr a tio n , but the e n z y m e  a c c e s s ib ili ty  o f  the c o r r e sp o n d in g  p retreated  so lid  
w a s  n o t v ery  h ig h . In turn, th e  m a x im u m  e n z y m a tic  h y d r o ly s is  y ie ld  (7 6 .5 % ) w a s  
a tta in ed  from  a  p retreated  so lid  (a t 2 1 0  ๐c ,  1 .4%  acid  c o n c e n tr a tio n ) in  w h ic h  c e l lu lo s e  
so lu b iliz a t io n  w a s  d etec ted ; m o reo v er , su gar reco v ery  in th e  p r e h y d ro ly sa te  w a s  the  
p o o rest  o n e  a m o n g  all the e x p e r im e n ts  p erfo rm ed . T h e  m a x im u m  v a lu e  (3 6 .3  g  
su gar / 1 0 0  g  raw  m a ter ia l)  w a s  o b ta in ed  w h e n  p retreatin g  o l iv e  tree b io m a ss  at 180  °c 
and 1% su lfu r ic  a c id  c o n cen tra tio n , rep resen tin g  75%  o f  a ll su g a rs  in  th e  ra w  m ateria l.

H su  et al. (2010) stu d ied  the o p era tio n a l c o n d it io n s  for the d ilu te  
a c id  p retrea tm en t o f  r ice  straw . A  m a x im a l su ga r  y ie ld  o f  83% w a s  a c h ie v e d  w h en  the  
r ice  s tra w  w a s  p retreated  w ith  1% (พ/พ) su lfu r ic  acid  w ith  a rea c tio n  t im e  o f  1-5 m in  at 
160° or 180 °c. T h e  FT IR  sp ectra  o f  raw  r ice  straw  and p retrea ted  s o l id  r e s id u es  are  
sh o w n  in  F ig u re  2.9. T h e broad  band  at 3350 c m ' 1 w a s  a s so c ia te d  w ith  O - H  stre tch in g  
o f  th e  h y d ro g en  b o n d s  o f  c e l lu lo s e . T h e a b so rp tio n  p eak  in th e  u n treated  r ice  straw  w a s  
s im ila r  to that in  th e  p retreated  s o l id  res id u e s , im p ly in g  th at m o st  o f  th e  cry sta llin e  
c e l lu lo s e  in th e  r ice  straw  w a s  n o t d isru p ted  b y  th e a c id -c a ta ly z e d  rea c tio n . In ad d itio n , 
th e  b an d  at 2900 c m ' 1 w a s  attr ib uted  to C - H  stre tch in g  w ith in  th e  m e th y le n e  o f  c e l lu lo s e  
and  th is  p eak  w a s  s lig h tly  e n h a n c e d  after p retreatm en t. F u rth erm ore, th e  p ro m in en t  
b an d s at 1 2 0 0 - 1 0 0 0  c m ' 1 w ere  ty p ic a lly  re la ted  to the structural fea tu res o f  c e l lu lo s e  and  
h e m ic e l lu lo s e s . T h e  v ib ra tio n s  o f  th ese  b an d s o v er la p p ed  th e  C - O - H  stre tch in g  o f
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p rim ary and  se c o n d a r y  a lc o h o ls  at 1 0 6 4  c m ’1, C - O - C  g ly c o s id ic  b o n d  stre tch in g  at 11 6 0  
c m '1, and C - O - C  ring sk e le ta l v ib ra tion  at 1 1 0 0  c m ’1. N e v e r th e le s s , th e  b an d  at 9 1 0  c m ’ 1 

w a s  d o m in a te d  b y  the b - ( l - 4 ) - g ly c o s id ic  b o n d  ( C - O - C ) ;  th e  a d so rp tio n  p ea k s  o f  th e se  
b an d s w ere  e n h a n ced . F u rth erm ore, th e  e ste r  lin k a g e  c = 0  w ith  an a b so rp tio n  p eak  at 
1 7 2 0  c m ’ 1 w a s  u su a lly  d e fin e d  as th e  a c e ty l grou p  in  h e m ic e l lu lo s e s  stru ctu re an d /or  the  
lin k a g e  b e tw e e n  h e m ic e l lu lo s e s  and lig n in  that sh o u ld  r e f le c t  th e  p r e se n c e  o f  rem ain in g  
e ste r  lin k a g e  b e tw e e n  lig n in  and  h e m ic e l lu lo s e s  in  p retrea ted  s o l id  r e s id u e s . T h ey  a lso  
in v e stig a te d  th e  d istr ib u tio n  o f  l ig n in -a sso c ia te d  b a n d s, th e  c = 0  g ro u p s  in th e  a lk yl 
gro u p s o f  th e  lig n in  s id e  c h a in s  w a s  su g g e s te d  to c o n ju g a te  w ith  th e  aro m atic  structure  
and  then  resu lted  in an a d so rp tio n  p eak  at 1 6 4 0  c m '1. T h e y  fou n d  that th e  a b so rp tio n  
p ea k  for c = 0  grou p  red u ced  in  th e  pretreated  so lid  r e s id u e s  s in c e  th e  a c id  h y d ro ly s is  
rea c tio n  m a y  c a u se  partial lig n in  stru ctu re to r e le a se  from  raw  r ice  straw . T h e  
d egra d ation  o f  th e  ester  and  eth er lin k a g e s  w ith in  th e  lig n in  b y  th e  a c id -c a ta ly z e d  
rea c tio n  m a y  a ls o  d estro y  th e  m atr ix  stru ctu re and g en e r a te  sm a ll lig n in  fragm en ts . T h is  
red istr ib u tio n  o f  th e  lig n in  h a s b een  s u g g e s te d  to g en era te  a trap e f fe c t  that m ay  h in d er  
c e llu la s e  as it b e g in s  to a ttack  the su rfa ce  o f  the c e l lu lo s e .  T h e  c o m p le te ly  re le a se  o f  
su gar (x y lo s e  and  g lu c o s e )  in crea sed  th e  p o re  v o lu m e  o f  th e  p retreated  so lid  res id u es  
resu lted  in  an  e f f ic ie n c y  o f  70%  for th e  e n z y m a tic  h y d r o ly s is . T h e  ex tra  p ore v o lu m e  
w a s  g en era ted  b y  th e re le a se  o f  a c id -so lu b le  lig n in  an d  th is  resu lted  in  th e  e n z y m a tic  
h y d r o ly s is  b e in g  en h a n ced  b y  n ear ly  1 0 %.
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F ig u r e  2 .9  F T IR  sp ectra  o f  raw  r ice  straw  and p retrea ted  s o l id  r e s id u e s  u nder C S F  
1.5 (1 8 0  °C /0 .7 %  H 2 S 0 4 /m in )  and 2 .3  ( 1 8 0  °c/l .0%  H 2 S O 4 / 4  m in ) (H su  ๙  ๔ .,  2 0 1 0 ) .

2 .3.2.2 D ilute A lkaline Pretreatm ent
T h e  a lk a lin e  p retrea tm en ts c a n  b e d iv id e d  in to  tw o  m ajor grou p s, 

d e p e n d in g  o n  th e  c a ta ly s t  u sed : p re-trea tm en ts that u s e  a lk a lin e /a lk a lin e -e a r th  m eta ls  
b ased  a g e n ts  ( ty p ic a lly  so d iu m , p o ta ss iu m , or c a lc iu m ) and th o se  that u se  am m o n ia . 
C o n v e r s e ly  to  a c id  or h yd ro th erm al p r o c e s se s , a lk a lin e  p retrea tm en ts  are v ery  e f fe c t iv e  
for lig n in  s o lu b ilisa t io n  e x h ib it in g  o n ly  m in o r  c e l lu lo s e  and  s lig h t ly  h ig h er  
h e m ic e l lu lo s e  so lu b ilisa t io n .

A ita  et al. ( 2 0 1 0 )  s tu d ied  h ig h  fib er  su g a rca n e  b a g a sse  as  
fe e d s to c k  fo r  th e  p r o d u ctio n  o f  c e l lu lo s ic  e th a n o l. E n e r g y  c a n e  b a g a sse  w a s  pretreated  
w ith  a m m o n iu m  h y d r o x id e  (2 8 %  v /v  so lu t io n ) , an d  w a ter  at a ratio  o f  1 :0 .5 :8  at 16 0  ๐c  
for  1 h u n d er  0 .9 - 1 .1  M P a . A p p r o x im a te ly , 55 %  lig n in , 30 %  h e m ic e llu lo s e , 9%  
c e llu lo s e , an d  6 % o th er  (e .g . ,  a sh , p ro te in s)  w e r e  r e m o v e d  d u r in g  th e p r o cess . T h e  
m a x im u m  g lu c a n  c o n v e r s io n  o f  d ilu te  a m m o n ia  treated  e n e r g y  c a n e  b a g a sse  b y  
c e llu la s e s  w a s  87%  w ith  an  eth a n o l y ie ld  (g lu c o s e  o n ly )  o f  2 3  g  e th a n o l/1 0 0  g  dry  
b io m a ss . T h e  e n z y m a tic  d ig e s t ib i l ity  w a s  re la ted  to th e  r e m o v a l o f  lig n in . L ign in  
d is s o lv e s  at tem p era tu res b e tw e e n  1 4 0 °  and 16 0  °c an d  th e p r e se n c e  o f  a m m o n ia  lo w e r s
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its s o f te n in g  ran ge. F u rth erm ore, liq u id  a m m o n ia  c h a n g e s  th e  cry sta l structure o f  
c e l lu lo s e  an d  c a u se s  c e l lu lo s e  s w e l l in g  m a k in g  su ga rs a c c e s s ib le  to  e n z y m a tic  attack . 
S ig n if ic a n t  m o r p h o lo g ic a l c h a n g e s  w er e  o b serv ed  in  th is  stu d y . A m m o n ia  treated  en erg y  
ca n e  b a g a s s e  c h a n g e d  from  c o m p a c t  and r ig id  to  lo o s e  and s w o l le n  .It is  sp e c u la te d  that 
th e  im p r o v e m e n ts  in  e n z y m e  h y d r o ly s is  in  the d ilu te  a m m o n ia  treated  sa m p le s  are d u e to  
in cre a se d  su r fa ce  area  an d  th e p r e se n c e  o f  p o res  that can  b e a c c e s s e d  b y  e n z y m e s .

W a n g  et al. (2 0 0 9 )  s tu d ied  so d iu m  h y d r o x id e  p retreatm en t o f  
co a sta l B erm u d a  g ra ss . C o a sta l B erm u d a gra ss  w a s  p retrea ted  w ith  N a O H  at 
c o n c e n tr a t io n s  from  0 .5 %  to  3%  (■ พ/พ) for a r e s id e n c e  tim e  fro m  15 to  9 0  m in  at 121 °c. 
T h e p retrea tm en ts  w e r e  ev a lu a ted  b ased  o n  to ta l lig n in  r e m o v a l an d  p ro d u ctio n  o f  total 
red u c in g  su ga rs, g lu c o s e  and x y lo s e  from  e n z y m a tic  h y d r o ly s is  o f  th e  pretreated  
b io m a ss . P retreatm en t t im e  o f  3 0  m in  w a s  s u ff ic ie n t  to  a c h ie v e  a  s ig n if ic a n t  am o u n t o f  
tota l lig n in  r e m o v a l a s  lo n g  as th e  so d iu m  h y d r o x id e  c o n c e n tr a tio n  w a s  eq u a l or o v er  
1%. O n  th e  o th er  h an d , d e c r e a s in g  so d iu m  h y d r o x id e  c o n c e n tr a tio n  fro m  1 to 0 .5%  
s ig n if ic a n tly  red u ced  to ta l lig n in  rem o v a l, but th ere  w a s  n o  s ig n if ic a n t  d if fe r e n c e  in  
lig n in  r e m o v a l b e tw e e n  2  and 3%  N a O H . U p  to  86%  lig n in  r e m o v a l w a s  o b se r v e d . T h e  
o p tim a l N a O H  p retrea tm en t c o n d it io n s  at 121 °c for  tota l r e d u c in g  su ga rs p rod u ction  as 
w e ll  as g lu c o s e  an d  x y lo s e  y ie ld s  w e r e  15 m in  and  0 .7 5 %  N a O H . U n d er  th e se  op tim a l 
p retrea tm en t c o n d it io n s , to ta l r e d u c in g  su gars y ie ld  w a s  a b o u t 71 %  o f  th e  th eo retica l 
m a x im u m , and  th e  o v e r a ll c o n v e r s io n  e f f ic ie n c ie s  for g lu c a n  an d  x y la n  w er e  9 0 .4 3 %  
and 6 5 .1 1 % , r e sp e c t iv e ly .

2 .3 .3  M ic r o w a v e  P retreatm en t
M ic r o w a v e  irrad iation  h as b een  w id e ly  u se d  in m a n y  areas b e c a u se  o f  its  

h ig h  h e a t in g  e f f ic ie n c y  and e a s y  op era tion . S o m e  s tu d ie s  h a v e  sh o w n  m ic r o w a v e  
irrad iation  c o u ld  b e  e a s i ly  c o m b in e d  w ith  c h e m ic a l r e a c tio n  an d , in  s o m e  c a se , 
a c c e le r a t in g  th e c h e m ic a l rea c tio n  rate (C a d d ick  et al, 1 9 9 5 ).
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A n to n io  et al. (2 0 0 5 )  s tu d ied  th erm al e f f e c t  o f  m ic r o w a v e  irradiation. 
M ic r o w a v e  irrad iation  is  rapid and v o lu m e tr ic , w ith  th e  w h o le  m ateria l h eated  
s im u lta n e o u s ly . In con trast, c o n v e n tio n a l h e a t in g  w a s  s lo w  an d  in tro d u ced  in to the 
sa m p le  from  the su r fa ce  (F ig u re  2 .1 0 ) .
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F ig u r e  2 .1 0  T h e  tem p era tu re p r o file  a fter 6 0  s e c  as a f fe c te d  b y  m ic r o w a v e  irrad iation  
( le ft )  co m p a red  to  treatm en t in  o i l  bath (righ t).

M ic r o w a v e  irrad iation  ra ise s  th e  tem p era tu re  o f  th e  w h o le  reaction  
v o lu m e  s im u lta n e o u s ly , w h erea s  in  the o il h ea ted  tub e, th e  r e a c tio n  m ix tu re  in  c o n ta c t  
w ith  th e  v e s s e l  w a ll is  h eated .

H u  et al. ( 2 0 0 8 )  reported  th e  b e n e fit  o f  m ic r o w a v e  pretreatm ent. 
M ic r o w a v e  is  an  a ltern a tiv e  m eth o d  for  c o n v e n tio n a l h e a tin g . C o m p a red  w ith  
c o n d u c tio n / c o n v e c t io n  h e a tin g , w h ic h  is  b a se d  on  su p e r fic ia l h ea t transfer; the  
m ic r o w a v e  u se s  th e  a b ility  o f  d irec t in tera c tio n  b e tw e e n  a h e a te d  o b je c t  an d  an ap p lied  
e le c tr o m a g n e t ic  f ie ld  to  crea te  h eat. T h ere fo re , the h e a tin g  is  v o lu m e tr ic  and rapid. 
W h e n  m ic r o w a v e  is  u sed  to treat l ig n o c e l lu lo s e s ,  it s e le c t iv e ly  h ea ts  th e  m ore p o lar  
( lo s s y )  part and  crea tes  a “h o t sp o t” w ith  the in h o m o g e n e o u s  m a ter ia ls . It is  
h y p o th e s iz e d  that th is  u n iq u e  h ea tin g  fea tu re resu lts  in  an “ e x p lo s io n ” e f fe c t  a m o n g  th e  
p a r tic le s , and im p r o v e s  the d isru p tion  o f  th e  reca lc itran t stru ctu res o f  l ig n o c e llu lo s e . In
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H u et al. (2 0 0 8 )  a lso  s tu d ie d  m ic r o w a v e -b a se d  h ea tin g  pretreated  
sw itc h g r a ss , w h ic h  w a s  th en  h y d r o ly z e d  b y  c e llu la s e  e n z y m e s . W h en  sw itc h g r a ss  w a s  
so a k ed  in  w a ter  and  treated  b y  m ic r o w a v e , to ta l su gar (x y lo s e  +  g lu c o s e )  y ie ld  from  the  
c o m b in e d  trea tm en t and h y d r o ly s is  w a s  3 4 .5  g /1 0 0  g  b io m a ss , e q u iv a le n t  to 5 8 .5 %  o f  
th e  m a x im u m  p o ten tia l su ga rs re lea sed . T h is  y ie ld  w a s  53%  h ig h e r  than that ob ta in ed  
from  c o n v e n tio n a l h ea tin g  o f  sw itc h g r a ss . T o  further im p r o v e  th e su gar y ie ld , 
sw itc h g r a ss  w a s  p re so a k e d  in  d ifferen t co n c e n tr a tio n s  o f  a lk a li s o lu t io n s  and then  treated  
b y  m ic r o w a v e  or c o n v e n tio n a l h eatin g . W ith  a lk a li lo a d in g  from  0 .0 5  to 0 .3  g  a lk a li/g  
b io m a ss , m ic r o w a v e  p retreatm en t resu lted  in a h ig h e r  su ga r  y ie ld  than from  
c o n v e n tio n a l h e a tin g , w ith  th e h ig h e st  y ie ld  (90%  o f  m a x im u m  p o ten tia l su ga rs) b e in g  
a c h ie v e d  at 0 .1  g /g  o f  a lk a li lo a d in g . S c a n n in g  e lec tro n  m ic r o sc o p e  im a g e s  r e v e a le d  that 
th e  a d v a n ta g e  o f  m ic r o w a v e  o v e r  c o n v e n tio n a l h e a tin g  w a s  d u e  to the d isru p tion  o f  
reca lc itran t stru ctu res. F in a lly , the e f fe c t s  o f  tem p era tu re , so lid  c o n te n t, and treatm en t 
t im e  on  m ic r o w a v e  p retrea tm en t o f  sw itc h g r a ss  w ere  in v e s t ig a te d . A t o p tim a l c o n d it io n s  

o f  190  °c, 5 0  g /L  so lid  c o n ten t, and 3 0  m in  treatm en t t im e , the su g a r  y ie ld  from  the  
c o m b in e d  p retrea tm en t and h y d r o ly s is  w a s  5 8 .7  g /1 0 0  g  b io m a ss , e q u iv a le n t  99%  o f  
p o ten tia l m a x im u m  su gars. T h e resu lts  d em o n stra te  that m ic r o w a v e -a s s is te d  a lk a li 
treatm en t is  an e f f ic ie n t  w a y  to im p ro v e  th e  e n z y m a tic  d ig e s t ib i l ity  o f  sw itch g r a ss .

Z h u  et al. ( 2 0 0 6 )  in v e s t ig a te d  m ic r o w a v e -a s s is te d  a lk a li p retreatm en t o f  
w h e a t straw  an d  its  e n z y m a tic  h y d r o ly s is  and  co m p a red  w ith  th e  c o n v e n tio n a l a lk a li p re­
treatm en t p r o c e ss . F irst, th e  e f fe c t  o f  m ic r o w a v e  p o w e r  and  p retrea tm en t tim e  o n  the  
w e ig h t  lo s s  an d  c o m p o s it io n  o f  w h ea t stra w  w a s  e x a m in e d . T h e  resu lts  sh o w  that the  
h ig h e r  m ic r o w a v e  p o w e r  w ith  shorter p retrea tm en t t im e  and  th e lo w e r  m ic r o w a v e  p o w e r  
w ith  lo n g er  p re-trea tm en t t im e  had the sa m e  e f fe c t  o n  th e  w e ig h t  lo s s  and  c o m p o s it io n  at 
th e  sa m e  e n e r g y  c o n su m p tio n . T h e c o m p a r iso n  w a s  th en  m a d e  b e tw e e n  the e f fe c t  o f  the  
m ic r o w a v e -a s s is te d  a lk a li p retrea tm en t an d  the c o n v e n tio n a l a lk a li o n e  o n  the w e ig h t  
lo s s  and c o m p o s it io n  o f  w h ea t straw . T h e  w h e a t straw  h ad  a  w e ig h t  lo s s  o f  4 8 .4 %  and  a

addition, the electromagnetic field used in microwave might create non-thermal effects
that also accelerate the destruction of the crystal structures.
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c o m p o s it io n  o f  c e l lu lo s e  79 .6 % , lig n in  5 .7%  and h e m ic e l lu lo s e  7 .8 %  after 2 5  m in  
m ic r o w a v e  a s s is te d  a lk a li p retreatm en t at 7 0 0  พ ,  co m p a red  w ith  a w e ig h t  lo s s  o f  4 4 .7 %  
and a c o m p o s it io n  o f  c e l lu lo s e  7 3 .5 % , lig n in  7 .2%  an d  h e m ic e l lu lo s e  11 .2%  a fter  6 0  
m in  c o n v e n tio n a l a lk a li p re-treatm en t. T h e  m ic r o w a v e  a ss is te d  a lk a li p re-treatm en t 
rem o v e d  m o r e  lig n in  and h e m ic e llu lo s e  from  w h ea t s tra w  w ith  sh orter  p retrea tm en t tim e  
co m p a red  w ith  the c o n v e n tio n a l a lk a li o n e . F in a lly , th e  e n z y m a tic  h y d r o ly s is  o f  
p retreated  w h e a t  stra w  (su b strate  co n cen tra tio n  5 0  g  r 1, e n z y m e  lo a d in g  2 0  m g  g"1 
su b strate) w a s  a lso  in v e stig a te d  and th e resu lts  in d ica ted  that th e  m ic r o w a v e -a s s is te d  
a lk a li p re-treated  w h ea t straw  had h ig h e r  h y d r o ly s is  rate, r e d u c in g  su ga r  co n ce n tr a tio n  
and g lu c o s e  c o n te n t in  th e  h y d r o ly sa te  than th e c o n v e n tio n a l a lk a li p retreated  o n e . 
M ic r o w a v e -a ss is te d  a lk a li p re-treatm en t is  a  p o ten tia l a ltern a tiv e  o f  w h ea t s tra w  p re­
treatm ent for  it e n z y m a tic  h y d r o ly s is .
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