
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Composition of .Napier grass

The concentration of cell wall components was measured by using the 
Neutral Detergent Fiber (NDF), Acid Detergent Fiber (ADF) and Acid Digestible 
Lignin (ADL) procedures (Van Soest et al, 1991). The chemical composition was 
analyzed by the following Equations:

NDF = Cellulose + Flemicellulose + Lignin (4.1)
ADF = Cellulose + Lignin (4.2)
ADL = Lignin (4.3)

Napier grass (Pennisetum purpureum) in this research consists of two types: 
Pakchong 1 (Pennisetum purpureum X p. glaucum Pakchongl) from Kanchanaburi 
province (Kan) and Saraburi province (Sa) and Jakkapat (Pennisetum purpureum X p. 
alopecuroides). The main chemical component of Napier grass is shown in Table 4.1.

Table 4.1 The chemical composition of untreated Napier grass

C o m p o s i

t io n

P e rcen tage

P a k c h o n g l

K a n

(L e a f)

P a k c h o n g l

K a n

(S tem )

J a k k a p a t

(L e a f)

J a k k a p a t

(S te m )

P a k c h o n g l

Sa

(L e a f)

P a k c h o n g l

Sa

(S te m )

C e llu lo se 40.94 39.28 37.11 42.33 31.84 31.38

H e m ic e llu lo

se
24.37 20.24 24 .50 17.11 19.16 20.55

A c id

detergent

lig n in

4.96 8.90 5.44 I I . 11 5.05 6.17

O thers 29.73 31.58 32.95 29.45 43.95 41 .90

Note : Others include extractive, acid soluble lignin, protein and ash

Cellulose and hemicellulose are important for producing bioethanol and 
biobutanol because they contain a lot of sugar type such as glucose and xylose. In
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addition, they can be used to investigate the theoretical maximum of total sugar yield 
from Equation as shown below:

The theoretical maximum of total sugar yield (%) = (1.111 X  C)+( 1.136 X  H) (4.4)

Where 1.111 = the factor that converts cellulose to equivalent glucose
1.136 = the factor that converts hemicellulose to equivalent xylose 
c  = cellulose content 
H = hemicellulose content (Janu et a i, 2011)

From Table 4.1 and Equation 4.4, 73.24% of Pakchong 1 Kan (Leaf) can be 
converted to sugar and followed by Jakkapat (Leaf) 69.13%, Pakchong 1 Kan (Stem) 
66.69%, Jakkapat (Stem) 66.52%, Pakchong 1 Sa (Leaf) 57.20% and Pakchong 1 Sa 
(Stem) 58.27%, respectively. When using 20 g/1 of substrate solution which was 
analyzed by the ratio of Napier grass (g) and volume of sodium citrate buffer (L) 
found that The theoretical maximum of total sugar concentration of Pakchong 1 Kan 
(Leaf), Jakkapat (Leaf), Pakchong 1 Kan (Stem), Jakkapat (Stem), Pakchong 1 Sa 
(Leaf) and Pakchong 1 Sa (Stem) were 14.65 g/1, 13.83 g/1, 13.34 g/1, 13.30 g/1, 
11.44 g/1 and 11.65 g/1, respectively. From the experimental results, the highest total 
sugar concentration was obtained from Packchong 1 Kan. In addition, leaf gave 
higher total sugar concentration than stem. The sugar concentration obtained from 
Pakchong 1 Kan was higher result than those obtained Jakkapat and Pakchong 1 Sa.

4.2 Effect of Acid Type on Total Sugar Yield

To improve the total sugar concentration of Napier grass, adding acid as a 
catalyst was the first choice. Recently, acid can be used as a catalyst to the 
degradation of biomass in ionic liquid (Ogura et al., 2014). Zhang et al., 
2012reported that the HC1 in aqueous-[Bmim][Cl] gave the higher yield of glucose 
concentration compared to [Bmim][Cl] only because it probably increases chloride 
ion in HC1 aqueous-[Bmim][Cl]. To investigate the suitable acid type for 
[Emim][Ac], the optimal conditions from previous work was used to study the effect 
of acid type on total sugar yield. Trisinsub, 2013 found that the optimal conditions

l î t J H S î ' i
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for aqueous-50 volume% ionic liquid [Emim][Ac] pretreated rice straw samples was 
162 °c for 48 min.

4.2.1 Total Sugar Concentration
In the present study, two acids (HC1 and CH3COOH) were used as an 

acid catalyst in the IL pretreatment. As shown in Figure 4.1, the napier pretreated 
with 1 volume% HCl-aqueous [Emim][Ac] solution provided equivalent sugar yield 
to aqueous [Emim][Ac] solution. However, the sugar yields became lower at higher 
hydrochloric acid (HC1) concentrations as a result of small ionic-size o f chloride 
anion (CF) compared to (CH3 COO'). It can suitably interact with [Emim]+. 
Nevertheless, at 4 volume% HCl-aqueous [Emim][Ac] gave higher total suger 
concentration than 3 volume% HCl-aqueous [Emim][Ac]. It is possibly due to 
reverse mechanism or acid catalyst reaction. Firstly, reverse mechanism, 
hydrochloric acid (HC1) enhanced the amount o f chloride anion (CF) resulting in 
chloride anion (CF) more interacted with [Emim+]. Then, [Emim][Cl] could dissolve 
cellulose. Secondly, acid catalyst reaction, hydrochloric acid (HC1) acted as acid 
catalyst. When increasing acid concentration, total sugar concentration increased. 
Besides, at any acetic acid (CH3 COOH) concentration, CH3COOH aqueous- 
[Emim][Ac] solution had higher total sugar concentration than aqueous [Emim][Ac] 
solution. But, the sugar yields obtained from CFI3COOH aqueous-[Emim][Ac] had 
the same tendency o f using hydrochloric acid (HC1) as a catalyst; total sugar 
concentration decreased at higher acetic acid (CH3COOH) concentrations. It is 
possibly because increasing acetate anion (CH3 COO") concentration by adding acetic 
acid (CH3 COOH) can support acetate anion (CII3COO") in ionic liquid ([Emim][Ac]) 
system to improve pretreatment efficiency (Zhang e t  a i ,  2012), as shown in Figure 
D l.

Moreover, the size o f chloride anion (CF) in hydrochloric acid (HC1) 
is smaller than o f acetate anion (CH3 COO ) and interact with [Emim]+. In addition, it 
could be explained by H-bonding basicity. Generally, hydroxyl group of cellulose 
interacts with the anion of ionic liquid which serves as H-bonding acceptor. The 
ability o f ionic liquids to act as H-bonding acceptors is measured by H-bonding 
basicity (P). H-bonding basicity of acetate anion is 1.09, which is greater than o f
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chloride anion (0.87) (Ha et a i, 2011). From these reasons, acetate anion (CH3COCO 
can interact with hydrogen atom in hydroxyl group better than chloride anion (CF). 
Therefore, adding acetic acid (CH3COOH) as a catalyst increases highertotal sugar 
concentration and it is more effective than hydrochloric acid (HC1).

20

0 1 2 3 4 5

Acid concentration (%)

Ifwftfllfrij Glucose (0% Acid), I I Xylose (0% Acid), I IS III  Glucose (HC1), 
g Z Z i Xylose (HC1), ■ ■  Glucose (CH3COOH), L .\ .1  Xylose (CH3COOH)

Figure 4.1 Comparison of total sugar concentration and acid type with different acid 
concentrations by using Pakchongl from Saraburi province as a raw material. 
Pretreatment conditions: 50 volume% [Emim][Ac] and 162 °c for 48 min.

4.2.2 Crystallinity Index by X-ray Diffraction
After pretreatment, the structure of cellulose will be changed from 

crystal to amorphous structure by disrupting inter- and intra- hydrogen bonding of 
cellulose (Li et a l ,  2010). Therefore, X-ray diffraction was used to analyze structure 
of biomass. The changes in the crystallinity of aqueous-[Emim][Ac], HC1 aqueous- 
[Emim][Ac], and CH3COOF1 aqueous-[Emim][Ac] are presented in Figure 4.2 and
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the crystallinity index (Cri) are shown in Table 4.2. The crystallinity index was used 
to examine the amount of cellulose I in biomass (Cheng et a l,  2011). It could be 
calculated from Equation 4.5.

Qyj __ C o z  amorphous ^  ^
เ002

Where I002 is the intensity of crystalline portion (i.e., cellulose) at about 20 = 22.5° 
and Iamorphous is the minimum intensity between the 101 and 002 lattice plane (i.e., 
cellulose, hemicellulose and lignin) at about 20 = 18.7° (Kumar et a l, 2009; Qing et 
a l, 2014). However, in this study, the amorphous peak occured at 20 = 18° and the 
crystalline peak occurred at 20 = 22.2°. _0.

Cellulose has four polymorphic crystalline structure, including 
cellulose I, II, III and IV. However, cellulose I and II have been most studies form of 
cellulose. Cellulose I is the native cellulose structure which consist of amorphous and 
crystalline regions. In the crystalline regions, cellulose chains contain two phases of 
cellulose I; cellulose Ia and Ip (Yue, 2011). Cellulose la has a triclinic unit cell 
containing one chain and cellulose Ip has a monoclinic unit cell containing two 
parallel chains. The amount of cellulose Ia and Ip depends on the original cellulose 
(Nishiyama et a l, 2002). Cellulose I is converted to cellulose II via regeneration or 
mercerization (Cheng et a l, 2011). It has higher chemical reactivity than cellulose I, 
then it is useful fibers and used in many applications in chemical industry. Moreover, 
cellulose II is more stable form than cellulose I (Yue, 20Î1). The structure of 
cellulose I and II is shown in Figure 4.2.

From Figure 4.3, crystalline peak of untreated was board, compared to 
pretreated samples. After pretreatment, the peak of crystalline cellulose I (002) had 
higher intensity 20 = 22.2° and changed a little bit at any acid concentration. 
However, the crystallinity index of treated biomass increased. As shown in Table
4.2, the crystallinity index of untreated Pakchong 1 from Saraburi province (CrI
0.25) was lower than aqueous-[Emim][Ac], CH3COOH aqueous-[Emim][Ac] and 
HC1 aqueous-[Emim][Ac]. When adding acid in aqueous-[Emim][Ac], the CrI 
increased because amorphous cellulose, hemicellulose, and lignin in pretreated 
biomass was broken down. (Li et a l, 2010). Our result agrees with Zhang et al.,
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2012; however, the Cri decreased at high acid loadings. This may be due to the loss 
of amorphous hemicellulose (Qing et al., 2014). When focused on the effect of acid 
type on CrI, almost all acid concentrations, CH3COOH aqueous-[Emim][Ac] gave 
higher crystallinity index than HC1 aqueous-[Emim][Ac], Therefore, acetic acid 
(CH3COOH) had more effective than hydrochloric acid (HC1).

Figure 4.2 The structure of cellulose I and cellulose II
(http://patentim ages.storage.googleapis.com /W O 2012119229A l/im gf000023_0001 .png).

Figure 4.3 X-ray diffraction patterns of untreated Pakchong 1 from Saraburi 
province, aqueous-[Emim][Ac], (a) 1-4 volume% CEI3COOH in aqueous 
[Emim][Ac] and , (b) 1-4 volume% HC1 in aqueous [Emim][Ac], respectively. 
Pretreatment conditions: 50 volume% [Emim][Ac] and 162 ๐c  for 48 min.

http://patentimages.storage.googleapis.com/WO2012119229Al/imgf000023_0001
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Table 4.2 Crystallinity index of aqueous-[Emim][Ac], CH3COOH aqueous- 
[Emim][Ac], and HC1 aqueous-[Emim][Ac]

Acid Concentration (volume%)
Crystallinity Index 

(CrI)
CH3 COOH HC1

บท treated 0.25
0 0.40
1 0.41 0.38
2 0.50 0.46
3 0.41 0.52
4 0.44 0.36

4.2.3 Crystallinity Index and Functional Group by Fourier Transfonn
Infrared Spectroscopy ( FTIR)
The FTIR spectra of untreated and pretreated Napier grass of 

Pakchong 1 from Saraburi province at any acid concentration are shown in Figure
4.4. The cellulose structure was estimated by TCI, LOI and lignin/cellulose ratio. 
Nelson and O’Connor introduced the total crystalline index (TCI, A 1372/A2900CÎT1’1) 
which measured the crystallinity of cellulose I and II. The absorption band at 1372 
cm' 1 is assigned to C-H bending in cellulose and hemicellulose and 2900 cm’1 is 
assigned to C-H and CH2 stretching of cellulose (Nelson and O'connor, 1964). 
Furthermore, Hurtubise and Krassig proposed the ratio of two absorption band 
between A ]430 c m " 1 and A g g v c n , ' 1 . It is known as lateral order index (LOI) (Hurtubise 
and Krrassig, 1960) which investigated cellulose I fraction in the cellulose structure 
(Oh et a l, 2005). The band at 1430 cm' 1 is associated with the amount of crystalline 
structure of the cellulose I (CH2 scissoring motion) while the adsorption band 897 
cm' 1 was assigned as C-O-C stretching at the (3-(l ,4)-glycosidic linkage which was 
strong and sharp in cellulose II and amorphous cellulose. (Ha et a l, 2011; Poletto et 
a l, 2012). The last, the ratio between the peak area at 1510 and 897 cm' 1 was used to
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estimate the amount o f lignin and cellulose. The peak at 1510 cm ' 1 refers to aromatic 
skeleton from lignin (Li e t  a l ,  2010).

From Table 4.3 shows that the trend obtained from CH3 COOFI 
aqueous-[Emim][Ac] and HC1 aqueous-[Emim][Ac] had different results. The TCI of 
the untreated sample is lower than those o f aqueous-[Emim][Ac] and acidic aqueous- 
[Emim][Ac]. Moreover, CH3COOH aqueous- [Emim][Ac] and HC1 aqueous- 
[Emim][Ac] were contrary trend. On the other hand, LOI values and the ratio of 
lignin and cellulose continuously increased after the samples were preteated with 
CH3 COOH aqueous-[Emim][Ac] while it decreased in HC1 aqueous-[Emim][Ac] 
pretreatment. Besides, low concentration of acetic acid (CH3 COOFI ) gave low LOI 
and lignin/cellulose ratio which implied that cellulos?crystalline structure decreased 
and transformed to amorphous form. In addition, it provided high surface 
accessibility for enzyme (Spiridon e t  a l ,  2010; Ha e t  a l ,  2011). Normally, many 
reports did not show the correspond result of TCI (Fan e t  a l ,  2012). According to the 
LOI and the ratio o f lignin and cellulose, acetic acid (CH3COOH) is the appropriate 
chemical as acid catalyst. These results agree with XRD results. It could be explained 
that after ionic liquid pretreatment, it removed lignin and reduced hemicellulose and 
cellulose crystallinity. Furthermore, it increased cellulose accessibility.

Table 4.3 TCI, LOI and the ratio o f lignin and cellulose o f the untreated and 
pretreated samples

S a m p l e
TCI L O I L i g n i n / C e l l u l o s e

C H 3C O O H HC1 C H 3C O O H H C l C H 3C O O H H C l
บท treated 0.90 3.63 3.07

0 % 0.96 2.16 1.24
1 % 1.56 1 . 0 2 1 . 1 0 1.73 0:59 1.23
2 % 1.29 1.16 1.72 1.93 0.85 1.25
3% 0.87 1 . 2 1 2.25 1.65 1.30 0.74
4% 0.92 1.52 1.90 1.24 1.15 0.82
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W a v e n u m b e r ( c r n 1)

o
F i g u r e  4 .4  FTIR spectra of untreated Pakchong 1 from Saraburi province, aqueous- 
[Emim][Ac], (a) 1-4 volume% CH3COOH in aqueous [Emim][Ac] and , (b) 1-4 
volume% HC1 in aqueous [Emim][Ac], respectively. At pretreatment conditions: 50 
volume% [Emim][Ac] and 162 °c for 48 min.
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4.3 Optimization of the Total Sugar Concentration using Response Surface 
Methodology (RSM)

To enhance the efficiency of pretreatment, response surface methodology 
(RSM) with a full five factorial central composite design (CCD) was selected to 
investigate the effect of temperature, time, biomass loading, and acid concentration 
by using microwave irradiation as heat source and the Napier grass Pakchong 1 from 
Kanchanaburi province as raw material. The independent variables and total sugar 
concentration results are depicted in Table 4.4. The regression coefficient in Table
4.5 is the polynomial equation of total sugar concentration in terms of temperature, 
time, biomass loading, and acid concentration, as shown in Equation 4.6.

Y 1 = 4.5 8727+ 2.41059*1 + 1.20252*2 -  0.88586*3 -  0.30140*4 + 0.63041**2-1.51673*,* 3  

-0-05115*,*4-1.10256*2*3-0.25568*2* 4 + 0.33290*3*4 + 0.67467*;+ 0.16244*;
-  0.12454*3 -  0 .43529*;

(4.6)
Where Yi is the total sugar concentration (g/1), Xi is the temperature (°C), X2 is the 
time (min), X3 is the biomass loading (g/1) and X4 is the acid concentration 
(volume%).

Table 4.4 Experimental design and results of the central composite design of 
CH3COOH aqueous-[EM!M][Ac]/Microwave pretreatment

Run Temp
(°C)

Time
(min)

Biomass
loading

(g/t)

Acid
Cone.

(volume%)

Glucose
(g/1)

Xylose
(g/1)

Total sugar 
(g/1)

1 120 20 20 1 1.51 0.78 2.29 ± 0.04
2 120 20 20 3 1.52 0.72 2.24 ±0.10
3 120 20 40 1 1.43 0.84 2.26 ± 0.14
4 120 20 40 3 1.41 0.64 2.06 ± 0.57
5 120 50 20 1 2.17 1.27 3.44 ± 0.08
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Table 4.4 E x p erim en ta l design  and resu lts  o f  th e  cen tra l co m p o site  design  o f  
C H 3C O O H  aq u eo u s-[E M IM ][A c]/M ic ro w av e  p re trea tm en t (co n t.)

R u n T em p
(๐๑

T im e
(m in )

B iom ass
loading

(g /1)

Acid
Cone.

(volum e0/))
Glucose

(g/l)
X y lo se

(g/l)
T otal 

su g ar (g /l)

6 1 2 0 50 2 0 3 1.78 0.76 2.54 ± 0 .0 6
7 1 2 0 50 40 1 1 . 8 0.9 2.70 ± 0 .2 4
8 1 2 0 50 40 3 1 . 6 6 0.75 2.41 ± 0 .4 8
9 160 2 0 2 0 1 3 .77 3.18 6.94 ± 0 .3 0

1 0 160 2 0 2 0 3 2.98 2.25 5.22 ± 0 .1 3
1 1 160 2 0 40 3 3.01 2 .06 5.08 ± 2 .4 6
1 2 160 2 0 40 1 1.93 0.98 2.91 ± 0..33
13 160 50 2 0 1 9.43 4.9 14.33 ±1.30
14 160 50 2 0 3 7.98 4.51 12.48 ±0.18
15 160 50 40 1 2 . 2 1.06 3.25 ± 0 .3 0
16 160 50 40 3 1.64 0.75 2.39 ± 0 .6 5
17 1 0 0 35 30 2 1 . 2 1 0.44 1.65 ±0.001
18 180 35 30 2 9.94 4.3 14.24 ±0.89
19 140 5 30 2 1.63 0 .69 2.32 ± 0 .1 8
2 0 140 65 30 2 5.2 4 .28 9.48 ± 0 .4 8
2 1 140 35 1 0 2 2 . 2 2 1.23 3.45 ± 0 .4 9
2 2 140 35 50 2 7.09 4 .42 11.52± 1.36
23 140 35 30 0 2.58 1.81 4.39 ± 0 .6 6
24 140 35 30 4 1.76 0 .87 2.63 ± 0 .7 9
25 140 35 30 2 1.98 1 . 2 1 3.19 ±0 .21

26-30 140 35 30 2 2.75 1.84 4.59 ± 0 .0 3

T ab le  4.5  sh o w s the  resu lts from  A N O V A . T he  P -v a lu e  are used  to  analyse  
the  s ig n ifican ce  o f  co e ffic ien t and in d ica te  th e  in te rac tio n  b e tw een  variab les. I f  P- 
v a lu e  had  lo w  v a lu e , the  coeffic ien t w as m o re  s ig n ifican ce  (S asik u m ar and  
V iru th ag iri, 2008). In th is  research , v a lu es  o f  P -v a lu e  less th an  0.05 in d ica te  th a t the 
te rm  co n stan ts  are sig n ifican t. T herefo re , te m p e ra tu re , tim e, and  b io m ass  lo ad ing  had  
a s ig n ifican t e ffec t on  th is  m odel. T he in te rac tio n  b e tw een  tem p era tu re  and  b io m ass  
lo ad in g  and  in te rac tio n  b e tw een  tim e and  b io m ass  lo ad in g  w ere  a lso  sign ifican t.



๐
4 5

T he  th ree -d im en sio n a l response su rface  and  tw o -d im e n s io n a l co n to u r p lo ts 
for the  to ta l su g ar co n cen tra tio n  in F ig u res 4 .5 -4 .1 0  d e sc r ib e d  th e  effec ts o f  
in te rac tio n s  o f  each  in d ep en d en t variab le on  to ta l su g a r co n cen tra tio n .

Table 4.5 S ta tis tics  reg re ss io n  for the o p tim iza tio n  o f  to ta l su g a r co n cen tra tio n

Term Regression Standard error P-valueconstant coefficient
In te rcep t 4 .587 27 0 .8413 6 .6 7 x 1 0ง

x , a 2 .41059 0 .4 2 0 6 5 3 .98X 10 '5
■ abX2 1.20252 0 .420 65 0 . 0 1 2 0

X 3 C -0 .88586 0 .420 65 0 .0525
x 4d -0 .3014 0 .420 65 0 .484 7

X | X 2 0.63041 0 .5 1 5 1 9 0 .2400
X ) X 3 -1 .51673 0 .5 1 5 1 9 0 . 0 1 0 1

X 1X 4 -0 .05115 0 .5 1 5 1 9 0.9222
X 2X 3 -1 .10256 0 .5 1 5 1 9 0 .049 2
X 2X 4 -0 .25568 0 .5 1 5 1 9 0 .626 9
X 3X 4 0 .332 90 0 .5 1 5 1 9 0 .527 9
X,2 0 .67467 0 .3 9 3 4 8 0 .107 0
X 22 0 .16244 0 .3 9 3 4 8 0 .685 6
X 32 -0 .12454 0 .3 9 3 4 8 0 .756 0
X 4 2 -0 .4 352 9 0 .3 9 3 4 8 0 .286 0

aT em p era tu re  (°C ) 
bT im e (m in) 
cB iom ass lo ad in g  (g/1) 
d A c id -co n cen tra tio n  (vo lum e% )

F ig ure  4.5 sho w s the  in teraction  b e tw een  tim e  and  tem p era tu re . T he  to tal 
su g a r co n cen tra tio n  in creased  w ith  tim e and  tem p e ra tu re . T he e ffec t o f  b iom ass 
lo ad in g  and  tem p era tu re  on  the total sugar c o n cen tra tio n  is p re sen ted  in F igure 4.6. 
A t h ig h  tem p era tu re  and  lo w  biom ass load ing , th e  to ta l su g a r co n cen tra tio n  reached  
to m ax im u m . T he in te rac tio n  betw een b iom ass lo ad in g  and  tim e  gav e  the  sam e effect
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on b io m ass  lo ad in g  and  tem p e ra tu re , as sho w n  in F ig u re  4.7 . T he  m a x im u m  sug ar 
co n cen tra tio n  in c reased  w ith  h igh  tem peratu re  and  lo w  b io m ass  lo ad in g . F rom  
F ig ure  4 .8 , ac id  co n cen tra tio n  w ere  little  e ffective  to the  to ta l su g ar co n cen tra tio n . A t 
any  ac id  c o n cen tra tio n , to ta l sug ar con cen tra tion  in creased  w ith  tem p era tu re . T he 
nex t in te rac tio n  is p resen ted  in  the  F igure 4.9 , the  effec t o f  b io m ass  lo ad in g  and acid  
c o n cen tra tio n  on  to ta l su g a r con cen tra tion . A t lo w  ac id  co n cen tra tio n  and  b iom ass 
lo ad ing , th ey  gav e  the  o p tim u m  po in t, but the  to ta l sug ar co n cen tra tio n  w as  very  low. 
T he las t e ffec t on  to ta l su g a r con cen tra tion  w ere  tim e  and  acid  co n cen tra tio n , as 
sho w n  in F ig u re  4 .10 . A t lo w  ac id  concen tra tion  and  h ig h  p re trea tm en t tim e  gav e  the 
h ig h est to ta l su g a r co n cen tra tio n .

T h e  o p tim al c o n d itio n s  from  R SM  are  147 ° c , 76 m in , 20  g/1 b iom ass 
lo ad in g , and  1.287 v o lu m e%  ace tic  acid. The ex te n t o f  lig n in  d isso lu tio n  in the ionic 
liqu id  d ec rea se s  w ith  in c reas in g  in b iom ass lo ad ing . T h ese  c o n d itio n s  gave  sugar 
c o n cen tra tio n  o f  15.72 g/1 w h ile  the actual to ta l su g ar co n cen tra tio n  at th e  sam e 
co n d itio n  w as 14.38 g/1. A lth o u g h  the to tal sugar co n cen tra tio n  o b ta in ed  fro m  actual 
p re trea tm en t ex p e rim e n t w as lo w er than the m od el, th e  e rro r o f  m od el w as less than  
10%  (8 .5 2 % ) and  th ese  c o n d itio n s  gave the h igh  th eo rica l y ield  (9 8 .1 7 % ; ac tua l total 
su g ar co n cen tra tio n /th e o ritic a l m ax im u m  total su g ar co n cen tra tio n ). In ad d itio n , the 
P -v a lu e  o f  th is  m o d e l w as 0 .0 0 2 4  and m ultip le  R -squ are  w as 0 .815 9 . T h e re fo re , th is 
w as c o n firm ed  th a t th is  m od el cou ld  be used to p red ic t the  op tim al c o n d itio n s .

Figure 4.5 (a) R esp o n se  su rface  and (b) co n to u r p lo ts  o f  cen tra l co m p o site  design  
for o p tim iz a tio n  co n d itio n  b e tw een  p re trea tm ent tim e and  tem p era tu re  o f  ac id ic  
aq u eo u s ionic liqu id  p re trea tm en t.
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140 160Temperature, “C

Figure 4.6 (a) R esp o n se  su rface  an d  (b) co n to u r p lo ts  o f  cen tra l c o m p o site  d es ig n  
for o p tim iza tio n  co n d itio n  b e tw e e n  b io m ass  lo ad ing  and  tem p e ra tu re  o f  ac id ic  
aqu eou s io n ic  liq u id  p re trea tm en t.

Figure 4.7 (a) R esp o n se  su rface  and  (b) co n to u r p lo ts  o f  cen tra l c o m p o site  d es ig n  
for o p tim iza tio n  co n d itio n  b e tw e e n  b iom ass lo ad in g  and  p re tre a tm e n t tim e  o f  ac id ic  . : 
aqu eou s io n ic  liq u id  p re trea tm en t.
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Figure 4.8 (a) R esp o n se  su rface  an d  (b) con to u r p lo ts  o f  c en tra l co m p o s ite  d e s ig n  
fo r o p tim iza tio n  co n d itio n  b e tw een  tem p era tu re  and  ac id  c o n c e n tra tio n  o f  ac id ic  
aqueous ion ic  liq u id  p re trea tm en t.

Figure 4.9 (a) R esp o n se  su rface  and  (b) con tour p lo ts o f  c en tra l co m p o s ite  d e s ig n  
for o p tim iza tio n  co n d itio n  b e tw een  b iom ass load ing  and  ac id  c o n c e n tra tio n  o f  a c id ic  
aqueous ion ic  liq u id  p re trea tm en t.
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F ig u re  4 .10  (a) R esp o n se  su rface  and  (b) co n to u r p lots o f  cen tra l co m p o site  d e s ig n  
fo r o p tim iza tio n  co n d itio n  b e tw een  p re trea tm en t tim e and ac id  c o n cen tra tio n  o f  
ac id ic  aqu eou s io n ic  liq u id  p re trea tm en t.

4.3.1 C ry sta llin ity  M easu rem en t and  Functional G ro u p  A n aly sis  by  X R D  
and  F T IR

F ig u re  4.11 and  T ab le  4 .6  illustra te  the lo w er c ry s ta llin e  s tru c tu re  an d  
crysta llin e  index  (C rI) a f te r  p re trea tm en t due to  the d isru p tio n  o f  in ter- and  in tra 
hyd rog en  b o n d in g  in  ce llu lo se  by  io n ic  liqu id  and in crease  m o re  e ffic ien cy  in 
enzy m atic  h y d ro lysis  (L i et a l ,  20 10 ; Q ing  et al., 20 14 ). T h ese  re su lts  w ere  
co n firm ed  by F T IR  resu lts . A s m en tio n ed  before, TC I (to ta l c ry s ta llin ity  in dex ; 
A ^ i /A i^ o c m ’1) is u sed  to  m easu re  the  crysta llin ity  o f  ce llu lo se  m a te ria l (N e lso n  a n d  
O 'con nor, 1964). L O I ( la te ra l o rd e r in d ex ; A i4 3 o /A g 9 7 Cm‘l )  (F lu rtub ise  and  K rra ss ig , 
1960) is in d ica ted  th e  ce llu lo se  I frac tio n  in  the cellu lose s tru c tu re  (O h  et a l ,  20 0 5 ). 
L astly , the ra tio  b e tw een  lig n in  and  ce llu lo se  (A i5 io /A g 9 7  c m '1) a re  u sed  to  e s tim a te  
th e  am ount o f  lig n in  and  ce llu lo se  (L i et a l ,  2010).

F o r th e  u n trea ted  sam p les , the  strong peak  at 1732, 1600, an d  1510 
c m ' 1 co rresp on d  to  th e  p re sen ce  o f  u n ju g a ted  carbonyl, acety l g ro u p  o f  h e m ic e llu lo s e ' 
and  arom atic  sk e le to n  v ib ra tio n s , re sp ec tiv e ly  (รนท et a l ,  2 0 0 9 ; H o sse in ae i et a l ,
2011). W hen th e  sam p les  w ere  p re trea ted , the in tensity  o f  the  s tro n g  p e a k s  w as  
d ram atica lly  d ecreased , su g g estin g  the  rem o v a l o f  the lign in  in  the  sam ples.
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Figure 4.11 (a) X R D  p a tte rn s  and  (b) F T IR  sp ec tra  o f  un trea ted  and  p re trea ted  
^  N a p ie r  grass o f  P a k c h o n g l fro m  K a n ch an ab u ri p rov ince. R eac tio n  co n d itio n s: a t 147

๐c ,  76 m in , 20 g/1 b io m ass  lo ad in g , and  1.287 v o lu m e%  acetic  acid .

Table 4.6 The c ry sta llin e  in d ex  o f  u n trea ted  and  pre tea ted  sam p les  o f  P a k c h o n g l 
fro m  K anchanaburi p ro v in ce  b y  F T IR  resu lts

Untreated Pretreated

XRD 0.37 0 .34

FTIR T C I (A 1372/A 2900 c m '1) 8.99 0.93

L O I (Ai43o/As97 cm  ') 2.41 1.47

L ig n in /C e llu lo se  (A i5 io/A 897 c m '1) 1.72 0 .99

4.3.2 T herm al A n a ly sis
T he S T A  (s im u ltan eo u s  th e rm al analysis) w as u sed  to  m easu re  

w e ig h t losses (TG ) and  d e r iv a tiv e  th e rm o g rav im e tric  (D T G ) o f  b io m ass  s tru c tre  at 
sp ec ific  tem peratu re . G en era lly , the  d iffe ren t tw o  peaks in  th e  D T G  o f  p re trea ted  
sam p les  w as the  d e g rad a tio n  o f  h em ice llu lo se  and ce llu lo se , re sp ec tiv e ly . In 
ad d itio n , lign in  w as d e c o m p o sed  in a  w id e  range th a t o v e rlap s  p a rtia lly  o f  
hem ice llu lo se  and ce llu lo se  (Z h ang  et a l. , 2014). F lem ice llu lo se  s ta rted
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d e c o m p o sitio n  at 22 0 -31 5  ° c  and  ce llu lo se  occu rred  at 3 1 5 -4 0 0  ° c  w h ile  the  
d e g ra d a tio n  o f  lign in  o ccu rred  in  a w id e  tem p era tu re  range (1 0 0 -9 0 0  °C ) (Y an g  et 
a l ,  2 0 0 7 ).

F igure 4 .12  d ep ic ts  th e  firs t d e riv a tiv e  o f  un trea ted  and  p re trea ted  o f  
N a p ie r  g rass. A t 220-315  °c , the  D T G  p eak  o f  p re treated  N ap ie r g ra ss  ap p ea red  the 
g rad u a lly  peak  o f  h em ice llu lo se  b u t th is  p eak  d isapp eared  in th e  u n trea ted  N a p ie r  
g rass . T h u s, hem ice llu lo se  w as red u ced  a fte r p re trea tm ent. In ad d itio n , at 3 1 5 -40 0  
๐c ,  th e  peak  o f  ce llu lo se  d ro p p ed  sharp ly  and  reached to h ig h e r tem p era tu re , 
c o m p ared  to the un treated , su g g estin g  m ore  th erm al stab ility . T h e  re su lts  d escrib ed  
th a t th e  ce llu lo se  chan ged  from  ce llu lo se  I to  ce llu lo se  II due  to  th e rm a lly  m o re  
s tab le  th an  n a tiv e ^ e llu lo se  (ce llu lo se  I) (Z h an g  et a l ,  2014).

220 315 400

Figure 4.12 T he first d e riv a tiv e  o f  un trea ted  and  p re trea ted  sam p les  o f  P a k c h o n g l 
fro m  K an chan abu ri p rov in ce .

4 .3 .3  B ET S urface  A rea  and  P ore  S ize  D iam eter
T he su rface  a rea  o f  p re trea ted  N ap ie r  g rass reduced  fro m  3 .98  to  3 .27  

m 2/g  an d  po re  size d iam ete r in c reased  from  59.91 to  72.13 Â , as sh o w n  in  T ab le  4 .7 . 
It w as  becau se  o f  the sw ellin g  b eh av io r (M an aso  et a i ,  2013). A  d ec rea se  in su rface  
a rea  and  c leavage  o f  the po re  w as  o b serv ed . T h ese  resu lts  w as in  a c co rd an ce  w ith  
S E M  im ag es. T he pore s ize  o f  the  N ap ie r  sam p le  a fte r p re trea tm en t w as  la rg e r th an  
th a t o f  u n trea ted  sam ples.
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Table 4.7 S urface  a rea  and  p o re  s ize  d iam e te r o f  u n trea ted  and p re trea ted  sam p les  o f  
P a k c h o n g l from  K an ch an ab u ri p ro v in ce

Sample Surface area (m2/g) Pore size diameter (Â) Total pore volume
(cc/g)

U n trea ted 3.98 59.91 5.9ÔX10 '3

P re trea ted 3.27 72.13 5 .90x1  O'3

4 .3 .4  S cann ing  E lec tro n  M ic ro sco p y  (S E M )^
S E M  im ages o f  u n trea ted  and  p re trea ted  sam ples o f  P a k c h o n g l from  

K an ch an ab u ri p rov in ce  are illu s tra ted  in  F ig u re  4 .13 . A s expected , c o m p ared  to 
u n trea ted  sam p les , the  p re trea ted  sam p les  sh o w  sw e llin g  surface and  la rge  po re  
w h ich  is p re su m ab ly  caused  by  rem o v a l o f  lign in . T hese  im ages cou ld  su p p o rt the  
c ry s ta llin ity  in dex  ob ta ined  from  th e  X R D  and  FTIR  resu lts, su g g es tin g  
h e m ic e llu lo se  and  lign in  w as rem o v ed  a fte r p re trea tm en t. M oreover, th e  h ig h  po re  
s ize  d ia m e te r  and a d ecrease  in  c ry s ta llin ity  o f  X R D  and F T IR  re su lts  w h ich  
in d ica ted  th a t the  e ffic ien cy  o f  e n zy m a tic  h y d ro ly s is  increased (Q iu  et a l ,  20 12 ; 
M o o d  et a l ,  2013).

Figure 4.13 (a) S E M  im ag es o f  u n trea ted  and (b) p re trea ted  sam ples o f  P a k c h o n g l 
from  K an ch an ab u ri p rov ince .
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4.4 Comparison of Total Sugar Concentration of Napier Grasses

In  th is  research  stu d ied  th e  e ffe c t o f  ty p e  (P a k c h o n g  1 from  K an ch an ab u ri 
and  S arab u ri p rov in ce  and Jak k ap a t G rass)  an d  c o m p o sitio n  ( le a f  and  s tem ) o f  
N a p ie r  g rass  on  to tal sugar c o n c e n tra tio n  by  u s in g  th e  o p tim al co n d itio n  fro m  the 
p rev io u s  sec tion . P akchong  1 from  K an c h a n a b u ri p ro v in c e  is the  sam e su b sp ec ie s  o f  
P ak ch o n g  1 from  Saraburi p ro v in ce , bu t th ey  g ro w  a t d iffe ren t loca tio ns. W h ereas  
Jak k p a t g rass  is d ifferen t su b sp ec ie s  fro m  P ak ch o n g  1 from  K an ch an ab u ri p ro v in ce , 
bu t th ey  g ro w  at the sam e location .

A s sho w n  in F igure 4 .1 4 , b o th  u n trea ted  an d  p re trea ted  N a p ie r  g rass , le a f  
p ro v id ed  h ig h e r to tal sug ar c o n c e n tra tio n  th an  s tem  and P ak ch o n g  1 fro m  ® 
K an ch an ab u ri p rov ince  had b e tte r  re su lts  th an  Ja k k a p a t and P ak ch o n g  1 from  
S araburi p ro v in ce . It w as p o ss ib ly  d u e  to  the  re c a lc itra n c e  o f  cell w all and  ch em ica l 
co m p o sitio n . G enerally , the am o u n t o f  c e llu lo se  and  h em ice llu lo se  have  an  im p ac t 
on  the  a m o u n t o f  reducing  su g ar a f te r  en zy m a tic  h y d ro ly s is . F rom  T ab le  4 .1 , stem  
had  m ore  lig n in  and le a f  p ro v id ed  h ig h e r  to ta l o f  c e llu lo se  and  h em ice llu lo se  th an  
stem . A lth o u g h , P akchong  1 le a f  an d  stem  from  S arab u ri p ro v in ce  gave  e q u iv a len t 
to ta l o f  c e llu lo se  and hem ice llu lo se , s tem  gave  lo w er to ta l sug ar co n cen tra tio n . A fte r  
p re trea tm en t, th e  sugar co n cen tra tio n  w as in c reased . T h ese  va lues are ab o u t 4 to  5 
fo ld  h ig h e r th an  those ob ta ined  from  u n trea ted  b io m ass . T hu s, CH3COOH aq u eo u s- 
[E m im ][A c] cou ld  be used to  red u ce  th e  a m o u n t o f  am o rp h o u s h em ice llu lo se  and  
lign in . F u rth erm o re , it increased  th e  a c c e ss ib ili ty  o f  enzy m e.

4.4.1 C rysta llin ity  M easu re m e n t and  F u n c tio n a l G rou p  A n a ly sis  by  X R D  
and FT IR
Figure 4.15 illu s tra ted  th e  X R D  p a tte rn s  o f  N ap ie r  g rasses. It w as 

found  th a t the  C rI in T able 4.8 in c reased  a fte r  p re trea tm en t. B ut, CrI o f  P a k c h o n g  1 
from  K an ch an ab u ri p rov ince  d ec reased . It m ig h t be d e te rm in e  from  tw o fac to rs : (1) 
sw ell b eh av io r and d isso lu tio n  o f  c e llu lo se  (d ec rease  C rI); (2) rem o val o f  lig n in  and  
h em ice llu lo se  (increase  C rI)(S h i et a l ,  2 0 1 4 ). H en ce , o th e r N ap ie r  g rasses  in c reased  
in C rI b ecau se  rem oval o f  lig n in  an d  h em ice llu lo se  m ech an ism  w ere  do m in an t. 
B esides, C rI o f  P akchong  1 from  K a n ch an ab u ri p ro v in ce  dep end ed  on sw ell b eh av io r
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and  d isso lu tio n  o f  cellu lo se  m echan ism . T h e  to ta l su g a r co n cen tra tio n  and  y ie ld  o f  
o th e r  N a p ie r  g ra sse s  are show n in T ab le  4.9.

Figure 4.14 T o ta l su g ar con cen tra tion  o f  u n trea ted  an d  p re trea ted  o f  N a p ie r  g rasses  
( le a f  and  stem ).



Table 4.8  C ry s ta llin e  in d ex  o f  u n tre a te d  an d  p re te a te d  o f  N a p ie r  g rasses

Sample

XRD FTIR

CrI TCI
(A 1372/A2900 cm ')

LOI
(Ai43o/As97 cm ')

Lignin/Cellulose
(Ai5io/A897 cm *)

Untreated Pretreated Untreated Pretreated Untreated Pretreated Untreated Pretreated
Pakchong 1 
(Stem) Kan 0.48 0.51 1.05 0.88 1.38 1.18 1.78 1.81
Pakchong 1 

(Leaf) Sa 0.30 0.42 0.90 1.06 3.63 2.01 3.07 0.97

Pakchong 1 
(Stem) Sa 0.26 0.35 1.36 0.94 3.83 1.41 1.36 0.94
Jakkapat

(Leaf) 0.37 0.45 0.90 0.97 2.68 1.84 2.04 1.14

Jakkapat
(Stem) 0.47 0.50 0.95 0.89 2.10 1.59 1.62 0.91
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Figure 4.15 X R D  patterns o f  a) u n trea ted  and  b) p re trea ted  sam ples o f  P a k ch o n g  1 
N a p ie r  g rasses. R eaction  con d itio ns: at 147 ° c ,  76 m in , 20  g/1 b iom ass lo ad in g , and  
1.287 v o lu m e%  acetic  acid.
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Figure 4.16 F T IR  sp ec tra  o f  un trea ted  and p re trea ted  sam p les  o f  P a k c h o n g l N a p ie r  
g rasses. R eac tio n  co n d itio n s: at 147 °c, 76 m in, 20 g/1 b io m ass  lo ad in g , an d  1.287 
v o lu m e%  ace tic  acid .
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Figure 4.17 S E M  im ages o f  u n trea ted  and  p re trea ted  sam p les  o f  P ak ch o n g l N a p ie r  
g rasses. R eac tio n  conditions: at 147 ๐c ,  76 m in , 20 g/1 b io m ass  load ing , and  1.287 
v o lu m e%  ace tic  acid .
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Figure 4.17 S E M  im ag es  o f  u n trea ted  and  p re trea ted  sam p les  o f  P a k c h o n g l N a p ie r  
g rasses. R eac tio n  co n d itio n s: at 147 ° c ,  76 m in , 20 g/1 b io m a ss  lo a d in g , an d  1 .287  
vo lum e%  acetic  ac id  (cont.).

Table 4.9 T he  to ta l su g a r co n cen tra tio n  and  th eo ritica l y ie ld  o f  N a p ie r  g ra sse s

Type of raw material Sugar concentration (g/1)
Untreated Pretreated Yield (%)

P ak ch o n g l (L eaf) K an 4 .45  ± 0 .3 8 14.38 ± 2 .0 4 98 .16

P ak ch o n g l (S tem ) K an 3.45 ± 0 .6 5 11.77 ± 2 .6 8 88 .23
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Table 4.9 T h e  to ta l su g a r co n cen tra tio n  and  th eo ritic a l y ie ld  o f  N a p ie r  g rasses  
(C on t.)

Type of raw material Sugar concentration (g/1)
Untreated Pretreated Yield (%)

P ak ch o n g  1 (L ea f)  Sa 2.41 ± 0.22 1 2 . 6 8  ±  0 .80 110.84
P ak ch o n g  1 (S tem ) S a 2 .49  ± 0 .1 4 10.16 ± 0 . 1 1 87.21

Jak k ap a t (L eaf) 3 .48 ± 0 .4 1 13.62 ± 0 .3 0 98 .48
Ja k k a p a t (S tem ) 3.34 ± 0 .0 4 10.81 ± 1 . 0 0  

-------------------------------------------- T
81 .28

r ------------------------------------

F T IR  re su lts  in  T ab le  4.8 and  F ig u re  4 .16  had  the  sam e trend  w ith  
P ak ch o n g  1 from  K an ch an ab u ri p rov ince. H o w ev er, L O I and  the  ra tio  o f  lign in  and 
ce llu lo se  o f  P a k ch o n g  1 (S tem ) from  K an chan abu ri p ro v in ce  have  h ig h e r  va lues after 
p re trea tm en t. T h is  is p ro b ab ly  d u e  to  high lign in  in s tru c tu re  o f  the  sam p les .

4 .4 .2  S u rface  A rea  and Pore S ize  D iam e te r w ith  S can n in g  E lec tro n  
M ic ro sco p e
F ro m  T ab le  4 .1 0 , pore  size d iam ete r o f  a lm o st all sam p le s  increased  

but su rface  a reas  red u ced  a fte r  p re trea tm ent. B ecau se  o f  the  sw e ll b eh av io r, as 
d ep ic ted  in F ig u re  4 .1 7 . A fte r  add ing  N a p ie r  g rass  in  C H 3C O O H  aqu eou s- 
[E m im ][A c], N a p ie r  g rass  s truc tu re  becam e b a llo o n s , as  illu s tra ted  in  F ig u re  4 .18 . 
N ex t, the  b a llo o n s  sw o llen  un til they  reached  to  the  m ax im a l sw e llin g  ra tio  and  then 
b a llo o n s  ex p lo d ed , c e llu lo se  in side  ba lloon  re leased  and  d isso lv ed  in  io n ic  liqu id  
(N avard  an d  C u iss in a t, 20 0 6 ). W hile  P akch on g  1 (S tem ) from  S arab u ri p ro v in ce  and 
Jak k ap a t (s tem ) had  h ig h e r sd rface  area after p re trea tm en t due to the  frag m en ta tio n  
o f  su rface  (M an aso  et a l. , 20 13 ).
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Figure 4.18 (a) S ch em atic  d raw ing  o f  a  sw o lle n  fib e r o f  n a tiv e  ce llu lo se . A  is an  
u n sw o llen  sec tio n , B is balloon , and c  is c e llu lo se  sw o llen  an d  d isso lv ed  in  side the 
m em b ra n e  (N av a rd  an d  C uissinat, 2006).

Table 4.10 S u rface  a rea  and pore s ize  d ia m e te r  o f  u n trea ted  and  p re trea ted  o f  N a p ie r  
g rasses

Type of raw 
material

Surface area
(m2/g)

Pore diameter
(A)

Total pore volume
(cc/g)

Untreated Pretreated Untreated Pretreated Untreated Pretreated

P a k c h o n g l 
(L ea f)  K an

3 .98 3.27 59.91 72 .13 5.96* 10 '3 5.90*1 O'3

P a k c h o n g l 
(S tem ) K an

4 .49  3.03 68 .66 81 .12 7 .7 0 * 1 0 '3 6.15*1 O'3

P akchQ ngl 
(L eaf) Sa

3 .57  3.16 79 .0 91 .15 7 .7 2 * 1 0 '3 7.20* 10'3
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Table 4.10 Surface area and pore size diameter of untreated and pretreated of Napier
grasses (Cont.)

Surface area Pore diameter Total pore volume
Type of raw (Â) (cc/g)

material
Untreated Pretreated Untreated Pretreated Untreated Pretreated

P a k ch o n g 1 
(S tem ) Sa

3.03 3 .66 73.13 66 .9 5.55*  10 '3 6 .12*1  O’3

Jakkapsrt
(L eaf)

6 .37 4.01 57.34 88.3 9 .1 3 * 1 0 '3 8.86* 10'3

Jakk apa t
(S tem )

4 .6 4.98 66.08 68 .8 7.59*  10 '3 8 .56*1 O'3

4 .4 .3  T h erm al A n a ly sis
F ig u re  4 .19  sh o w s the  com parison  o f  D T G  cu rv es  o f  u n trea ted  and 

p retreated  N a p ie r  g rasses. A t 2 2 0 -31 5  ๐c ,  the peak  o f  h em ice llu lo se  o f  u n trea ted  
P akchong  1 (L ea f)  from  S arab u ri p ro v in ce  d isappeared , it w as  s im ila r  to  P a k c h o n g  1 
(Leaf) from  K an ch an ab u ri p ro v in ce . In con trast, P ak ch o n g  1 (S tem ) fro m  
K anchanaburi p ro v in ce , Jak k ap a t (L eaf), and Jakk apa t (S tem ) d isp lay ed  sh o u ld e r  
peak. A fte r p re trea tm en t, p re trea ted  sam ples ex h ib ited  a  sm all sh o u ld e r at 315 ° c  
and  a strong  p eak  at 360  °c , w h ich  w ere  a ttribu ted  to  ce llu lo se .
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Figure 4 .19  T he  D T G  cu rves o f  u n trea ted  and  p re tre a te d  sam ples o f  P a k c h o n g l 
N ap ie r  g rasses . R eaction  co n d itio n s: at 147 °c, 76 m in , 20  g/1 b iom ass lo ad in g , an d  
1.287 v o lu m e%  acetic  acid.
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