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Abstract: The autoclaving assisted by an irradiation pretreat-
ment method was developed without toxic chemicals to pro-
duce fermentable sugars for their conversion to bioethanol. In
the first step, electron beam irradiation (EBI) of rice straw
was performed at various doses. The electron beam-irradiated
rice straw was then autoclaved with DI water at 120°C for 1 h.
A total sugar yield of 81% was obtained from 300 kGy elec-
tron beam-irradiated rice straw after 72 h of enzymatic hydro-
lysis by Cellulase 1.5L (70 FPU/mL) and Novozyme-188 (40
CbU/mL). Also, the removal of hemicellulose and lignin was
32.0% and 32.5%, respectively. This result indicates that the
environmentally-friendly pretreatment method of rice straw
by an electron beam irradiation could be applied for bioetha-
nol production in plant.

Keywords: Rice straw, Biomass, Pretreatment, Bioethanol,
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S AA A YR AT = REAEAYCE H
OJ T} [1]. vFo]mj 2 F A4 oA 7HE 53t
Hho| Qi A 2 KLE] ¢ 7 o} S}eHE 2 o] At of £F
© 575 T AEEA Ho] Quf A7} ofghs AJARS] 7}
AL Qlek. vfo] Quf A= A w2 1A, 24, 34 Th o] . uj
28 FEEE o] F 1At Bio] Quj A AR A| 9
AAg o] gl= v Y85 R 9 oo YRH| Y oS
o|F&E NAH R vfo| eo&tE oS FHAZ 5= ¢l
Ch 1At Hpo] @m0 ThA|efar g 4= Gl 24|t Hyo] 2w
A Z G4 Bl A-AER A (lignocellulose) HEo] 2
A= " A (rice straw), 2 34 (wheat straw), <5242 (corn
straw), A= R 7] 7] (sugarcane bagasse) 50| 1o oF
o] Frt3 Aol vhe 4 S AU )

Y I-AEZ QA (lignocellulose)?] FRAAE L NEZQ
2 (cellulose), 3] 0] S 2 @ A (hemi-cellulose), 2] 1 (lignin)
Al 7k 9] L ztolth, MER @ A S8 324 (glucose)7}
A1 4-2 23X A3 (B1,4-glucosidic bond) 0.2 HHE ] o]
o] Foi A lom A4 (semi-crystallinityye HTH2]. 12|31
FuAEZ QA= HE QA (pentoses), A QA (hexoses),
obA| 5} G (acetylated sugar) O & o] Fol A Ql= FAHF 1L
2.7} (amorphous polymer)o] ] [3] 2] 1H-& BY xaw o
2] & (phenyl propane units: p-coumaryl, coniferyl and sinapyl
alcohol)o| C-C, C-O-C Ao 2 o|F o FAE 115 A}o]
ok ol Rt Al 7HA] AL EA7E oA B AR ER e A
= TR SFEAS AYES T GO Agkd = Qe
G TEA (AEE0A uAER A )7L &3t
o}2] Aol oJste] g1 of Ee#to] Qlem o] = FAlg
A o M E O] WIS ARttt 1Y ER o] 59 &
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adate] Fel g et AA 27t 42 olth [4].

Hpo] @ uj A KA E] o] HA2 of g 7k HA ] e u}
o} oh5 3k 2o Aeshginh. A A 2] o 2= T A0
= oA Wy, ohehA v, e A Y ol Aok =
A " 0 2L Hlo]| Quj AL QAT V| E Zo| T MER QA
ol AAIEE W7 9% 4 (comminution: ball, col-
loid, hammer, compressioin) [5], B}-0] 2 ] A 1 2}9] 7] F27]
o} ®WA 27}, AYEe] 4as BHOR sk A
(irradiation: electron beam, gamma-ray, microwave) [6], 31|
WE 20 0] HE|H 0l M RolE B4 02 ohiz 7] 24
¥ (steam explosion) [7] 50| it} 354 Hh 0 2= &)
WER 020 AElH el A7 S B0 shs dto] o5 7}
G280 (acid hydrolysis) [8], 21 149) A A A AS &
2o g2 = d7)o o3t 7hH & (alkaline hydrolysis)
[9], 4= Yo} Af Z2% (ammonia fiber explosion) [10] %
o] Glet. Eh AR WHoRE Bl AAS 9T
1] A= (microbe) [11]0] lth. B &0, & oll= 2+t A
A2 o] TS Bebet] flsto] of g 7hA RS A7HAl
2 53 A Wiio] wol WAl qlok [12]. o8 7HA]
AA 2 W Sl A 7hd d ] 2ol 2 Ak 47 E o]
&3t s oty A7 RS Hio| L AE SR
FARE o]-&5to] 4F9] Feof whEh L2 Em Ao A A
WO FuAER A A A A AR QA
2.0.20] B9H F7bols HakAolut Hu] 1SR 0o
12 Qlgto] AURAO| o] WA S| gty FAlof
Y Eo] Fetol Al A = 2-g-5tof AupA o2 A A
A A1 7] = TS 2 QU [13]. 3, |71 2
AFEY PABIEES o] 835to] Augom
HHo s 2l Y A Ao BipA oy aE =9
et AT & &92 9 3 5ol a7-HTh
HAZ AAH R AT AkEFo] oF 7-89] Eo 2 I
&l (wheat straw), S>3 2} 4| 71 W2 5 # 7] =0l 1L
47 vpol ARt Ao r 2 md o] ghefo] Wil
AR 27} oFsto] Hio] Qo ek kS 913 AR 7 2 A]
A Yol =& FHFolt & 4= Slek [15-17].

H Ao A= HZL AR ZA} (electron beam irradia-
tion)2} &4 (autoclaving) 2] = A &= X127 4 Ql M A 2| &
st om AAA AR whE BlE o] 435 sk, g
&, 121 23ty B4 BskE EA5t 2534, AY
B2 GO FEI A AN A Y A8 7Hs S HESHIT
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2. MATERIALS AND METHOD

21. 4=

B 1] ALgE vho] e Ak A2 AT HrkubAl
M2 AR50l A 20136 ofl Afuat 912G ALt
AAYEE Y3 7124 WAL 22 (grindenS o &
aho] 43 % 35 mesh A2 o] 8-810] 500 um o] a2 ¥

W 40Co) A F0 ol 4 244 7F A3k A
42 A 24 Slote] ARl Bl 5 mm A
25t a4 st Alg5 Celluclast 1.5 L (Cellulase
1.5 L, Novo Co., Denmark)?} Novozyme-188 (B-glucosidase,
Novo Co., Denmark)-2 Sigma-Aldrichiit o] A -3} At} -
A EE (sodium citrate buffer, 0.1 M, pH 4.8)-2 A 3} ¢]
A4} A AN o g ALg5F9th T2, high perform-
ance liquid chromatography (HPLC)EA] A 2 284
(B&J HPLC certified solvent, SK Chemical)E ©]°5A} (mobile
phase) 2 = AR5}t

22. AR =A L B AAE

Az R AR AR 2.5 MeVE] HIUAE 2=
ELV-8 type A& AZ}1] 7}4:7] (EB Tech. Co., Korea)E A&
ko] 25 kGy/scan®] ZAMF =2 £AFSFG o o] uf, A 7A
71= 25 mA, 7E4 5= 10 m/mino] ok AAFA RAVERS
Z+7+ 50, 100, 200, 300, 500 kGy©o] 1 0.1 ZF7+9] ZA}kof u}h
g} HZl L o]3} E50, E100, E200, E300, E5000. 2 3%
oh =AM B 15 g2 559 285 gofl A7kl LB 0]
HoA 120% o Al 1A[ZF ¢ 28 skl om ER 0] 2
T 37 SFFRTE S-S TEAY F FolZH (Whatman
No.1)E o] &3sto] T/F42 pAt o] A4 A At F a4t
o] QFA] 40°CE] X571 2 @ ol 4] 24417t 7 &8} STt

23. 8493

AP 7| AEAN AxEH A2 7| E AN ER A
Hpo] Quj A 0] 2 otz 71-E 2-§-5lo] ALY 3HE =35}
Aot [18]. A 5= 5% (Wwv)E FAAYESF (0.1 M, pH
4.8) A=A 713t & 70 filter paper units (FPU)/mL, 40
cellobiase units (CbU)/mLS] HA#ZAHEE ZH= Celluclast
1.5 L} Novozyme-188 & A& z}zF H7Fshgich 18] 11 50°C
9] Aok (shaking incubator)of 4] 150 rpm S &2 W HESE
¥ 4] 24, 48, 72417 <k et

24. 9139 35S B4

AR 20 o2 g B4 A3 A4S A
5k} 0.2 pm A7 2 EH & of 1} g3t HPLC (Shim-
azu Co., Japan)oj| A} 42383} t}. HPLC £42 columno] ©]
FHOR 254 SRS E 0.6 mL/ming] 4502 SoE
Aminex HPX-87P column (Bio-Rad, USA)S o|-83}o] E]
3}aL RI detector (410 refractive index detector, Waters, USA)
2 A&3t= AAE 333819 t). o] 4, column} detector?]
Lr = X 65°Co]9it).

25. 9P HEEY

AR 270 wE Bd Y] /470 ek n=AIA A
o A] 4> (National Renewable Energy Laboratory, NREL)
9] B 314 [19,20]2} v]=+H = A| ] &+ 3] (Technical association
of the pulp and paper industry)2] TAPPI standard and suggested
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methods [21]o]) w2 4=} 5}lrh, A B E A o] Wy e 8] L Me0 025

AE R 9229 B3 (pulping) 2} 7t £-A}8kv] 424G o e W
A% A2E SAR AR )2 Yeh ek 20 on Oy
Hel R R 2% (wiw)S) AL I0COA 14215 2 § o £y B0 b

oFAuHE MY/ BEo] WaE SRS Al g OH’°%‘° Yo

AP0 F =7} 4%oll e wj7bA] B A skar 120°C°ﬂ A TAIZE
59k 4 (autoclaving) & 7 3 A%, A%E S S5O
24 QG 2 lrh AE 2 040 T WYL NaClO/gla-
cial acetic acid/DI water &3} 75°Cof| A 1A|7Fe] w w4
& 58] = o) o3 A|H, A% S 2ehele

2.6. 39 £33 £4

Axe] dsof 559 o}shtx H3l= ATR-FTIR (Bruker
Vertex 70 spectrometer, Germany)<- ©]-835}¢{ 4,000~500 cm
O] IS A 4 em O] BT =R 64H At FHEE
459}

27.X-A 31d £4
A 2] M5 o] Hi2l o] AA | (crystalliniy index, Crl)E X-
Al 318 7] (X'pert Powder, PANalytical, Netherlands)& ©]-8-3}
o] 40kV, 30 mA, Cu Ko (A=1.54 A)Z A )| A 5~50°2] 20 =4
Yol A ZA 8-

3. RESULTS AND DISCUSSION

3.1. 39 43 FAES
A2 A WA LAAHEL oF 41.1%2] MEZ QA oF
253%09] Fuj A= oA OF 19.8%9] g1y ¢ oF 13.8%2)
o|Z Mol g om AN o] met M2 0 20 Hu) S
R 20 At A<l gheF ¥ S-S Table 1o Lhebu Qle}. ARt
ol 2 1A B R 6 A0 TR Fig 13 2o A 20| 4
AT vhot o] EATste] Yol Mg 0 At 3u]
E2e27F glado] ofste] ERjute] glemg ool
aao) HTe et 2 ER 2l ad S avpA oz A
AstAY glad e Ba3sla A3t oFstA oz
aags} el ERAE F7hsHs Ao] X e o] Balo]
o Ao oA g o) ded el B Al
A zAVEFo) whal Z718ke] 500 kGyS ZAFSHL ER 7Y &
A A2 A 41.1%0 A 52.8%2 F 11.1% 2715} 11
SujdER e A0 B o) Al Ae2 22 oF 32%, 32.5%

Table 1. Composition and Mass Balance of Rice Straw Samples

OH o SN

(Cellulose)
HO

OMe
(Lignin)
OMe
o

W

Fig. 1. Structure of cellulose-hemicellulose-lignin complex linkage.

o]t o2t AIE-S A Eof| A AFst uke o] 2] 1
AER QA0 FHA Z7HE BA O R sl B84 B9
el AR 2A A B 8 st RS St AE
RoA FuAERe A B 7he] shehy AdE fdst
A ste] g3t o] Z o] AlAE Aufo|tt. g4 ] - o]
EA 9| ghfago] th2 upo] e Ao ulste] gow £33
7| Z4 AA oA o] B-L AAZ| wrhil A 9
O} [22,23] S71 &2 Bl 1d 3 GO R Agko] 7Hedt
BtrhE 7ho] Hejof aaba]o]x] it [24]. B o] A&}
A 2AF S S7)|Z U AR BRI S ko] o] &

2 9] ok 76.5%E A A8ttt

32948 84

G50l 49 /129 ATEL vl enj2el o2 B

ohe] A4 Gohe R0 2 AN O B AL AL P

A vho] ) 0] 3 cfu] AA| I OO 2 v 2L
F40 2 A,

o off

228 (%)= ﬂ' x 100
A

Fig. 204 & &= Ql5zo] A 2 9] Bl o] F48&-2 724]
7 BATEE 7|E0R oF 494%E BT T2y A
T Ao Fpa WA Ak v st F7heh= 4
S ®mgon HRA 2AFEko] 200, 300 kGyd wf zhHz} of
72.5%, 81.0%0] th. L& 1} 300 kGy 0] 4+e] HAFAl 2 A} A]
FrES oF 82% HEoA s Ao R Tg
80%E ¥7] f1sto] DR gH AR 2ARFE 300 kGyol 3t

Samples (g) Cellulose % (g) Hemicellulose % (g) Lignin % (g) Ash % (g)
Raw (15.0) 41.1 (6.16) 253 (3.79) 19.8 (2.97) 13.8 (2.07)
E50 (13.6) 44.8 (6.09) 25.1 (3.43) 19.8 (2.71) 10.3 (1.41)
E100 (12.6) 47.9 (6.03) 24.6 (3.14) 19.7 (2.42) 7.8 (0.99)
E200 (12.3) 48.5 (5.96) 24.5 (3.11) 19.5 (2.27) 7.5 (0.95)
E300 (11.3) 50.7 (5.72) 24.3 (2.74) 19.0 (2.09) 6.0 (0.72)
E500 (10.7) 52.8 (5.64) 24.0 (2.58) 19.0 (2.00) 4.2 (0.48)
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Fig. 2. Sugar yields obtained using different pretreatment condi-
tions.

A SHolA sl & 12413 BT}
TS VIELR ST A A A B dib] 70%
ol FE FrEs AL ALRAE A 2] A B
M aangeo] osto] 2EE A Frou AA 2 E T A
zoll A F3atetr] Al&stol A ARGl Bl 5ol g4
=] T7teloit. ol AA e 4 FondEre s %
HA S7ER st Aa T4 ol SUhE 2 e S
H&o] 2Ae] A4TeE 7 A 39 T SR T
S5 WA AR w2} Table 20 A4 3] 71313 H. 4
2ol dad diEAd AAE FGA A 57
A2 oF 70~-80% H =9 2 FrES = &4
of Atk L p AR A 2] Al BAH o2 YA H = He-F1t
73E]) F2FE (furfural), 5Ho| =5 A W F 232 (HMF)
5ol &Asto] vrol om0 v Rrt G R R dekd
FRAAA = A FAlol o] 2 7t T e HS 27
5t [25] 57154 A A 2]= oF 160~200°C2] L2-of Al %13
sof o A] &m7EF AL 2 A A Atk [26]. 12 A
A 2ARE ol &7 WA Y2 RS0l 79 BAEA
B AR A glong [27] WA 2ARE T71E4
Hof wsto] 2 2E2oA o 2 ol&3 A2 &
< olgoto] Falidt sfstEd s ARSORA| QAL ol A4
Bl o] FHE Soto] AR Aol w2 FrEs 4 5 3
At Fig. 30f| Uepdl whef o] pgd AATe) Ak
AR AV Wl ste] S7hst 3T e, 500 kGy =
Ab Al A3} 24407F gho]l oF 70%9] BEE Ee 5 3
ALk o= AAAL ZALR Ql3te] T o] o3to] Fofe= A

0y

100

90

80
§ 70
% 604
E 504
r 404 —m— Untreated
®© 304 —e—E50
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@ 297 —v— E200
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Fig. 3. Variations in the sugar yields based on the hydrolysis time
(24, 48, and 72 h).

R0 S AER e A0 T 0] FUIsHAL S I
e AAUA ol A A et FA] AER L 2, F A
RO, FIIHO A ZhA] AR 1 Aol ofshE o
2 QIR BT o] Aol ol 7k ALk o & S8ted AR
Al AL 28190 =4 [29] S5 T} B A] Z42F 50%, 45%
ol A 30~35% %71 oF 80%2] a2 Ao =4 A
ZAReE = O A YA BT skt

33. B2y 5494

AR AT o N o) Belsheba S4wsts Hol4l &
FEA T XA 3 -2 A S Fote] GobR gkt Fig. 4ol A &
ol AA 2 Ao F0 725 1,000-1,200 e’
shE 9] o] Al 2.0 0k Sl S 0.2 3 2531300
~1,800 cm™ ] T Sy o] )@ w3 Eo |t} 3,303
em! 520 7 25 B 0 )R] o] o5 OH
2EH A o7 o5to] et} [30]. 2,917 em™ F29] 1] =
cAEReA YHEHA 159 CHAEHH 7 Qlsto]
e A3 e) 5 9] 20] F ) ok Subeks Ao o
24 9t} [31]. 1,733 em™ F20] 9] H = S u| A ER 2 A0}
g d 7he] o AH ZA3HH 13 S FudER A
OFAE (acety)L59] v A= defA o o] o A7} =9
Aot oy o agEe s A5 gag oy
Fhe} [32]. 896, 1,155 cm™ o] 93l B 4-FEFAY
A3t (B1,4-glycosidic bond) & &2 L e A A8 & 937}
£7} Z7hst o ol AR o se] Aljd gago] 27}
& A dold. BAeel g HYe TREYS AT

Table 2. Sugar Yields (%) of Untreated and Pretreated Rice Straw after 72 h of Enzymatic Hydrolysis

Samples Glucose Xylose Mannose Galactose Arabinose Total
Raw 32.57 - 15.64 0.35 0.83 49.40
E50 42.39 5.73 15.42 0.53 1.57 65.65
E100 43.37 7.33 1522 0.58 1.55 68.07
E200 46.30 9.09 14.97 0.62 1.57 72.57
E300 53.87 10.21 14.78 0.65 1.55 81.07
E500 55.15 10.39 14.54 0.63 1.51 82.25
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omrosted O G ch cos oot adi 22 1YY 9IS AlASt] 2N E =

i ‘ ol= AA Y &S et = Aotk 2P A 9] &

A b g4 o] Aol AR e Ao FiHol el
o ‘ = _

Q 717} Ydlofw Fig. 5o A & 4= Qlzo] BA A7 S7Fe4

g = g ESF SU1sh AA P Aol s AR =

g 46.5%0°1 A 500 kGy A} A] 55.1%% 2F 8% oA Z71519]

= AAA 2Ago] el AR A7) Bl ste] S7Hko 2

= AAH O & Fpfof FIFS u)HE AT = UM AE

3,303 2.3317 1,733 1,15:5 395 E‘g/\oﬂ ‘(21‘8]— Xﬁ]‘/] 7:IX(‘)] é‘\% ]:01’_/’\__%01] % 00:180]:% U] i]—]:—

4000 3500 3000 2500 2000 1500 1000 500 Qolo g HRA O AL Z719] Yole oA AF3tule}

Wavenumber (cm™) Zol AAe 3 HA F4Y 4 L 20} 2

Fig. 4. FT-IR spectra indicating changes in the chemical structures
of untreated and pretreated samples.

Table 3. Characteristics of Absorption Band in FTIR Spectra of
Pretreated Rice Straw

Absorbance . .
0 Assignment Functional groups
band (cm™)
3,303 Cellulose O-H stretching (hydrogen bond)
2,917 Cellulose C-H stretching (methylene group)
1,733 Hemicellulose C=O ester linkage (acetyl group)
1,155 Cellulose  C-O-C stretching (glycosidic bond)
896 Cellulose C-0-C (f(1,4)-glycosidic bond)
Segal’s method:
CrI (%) = (Icry - Iam) / Icry * 100
>
=
n
c
g |
£ 3 :
j 48.9
18?.4 24

0 10 20 30 40 50
2 Theta (angle)

Fig. 5. Crystallinity index measured by XRD for the different pre-
treatment conditions.

=8 9359 A5 A EE Table 30 VR 2lt}. A A )
270 thE AR50 W3t oh3 i 42 FA 2 A4
skt

I.—1
Cri(%) = ~<2—21x 100

cry
L= 20222400 A 2 Jo9] g3 7} Eelal [, = 20=
18.4°0) 4] F£43 G99 gazrolty. ARFA 4= HAA g
ZQlate] 2O AER O A0 T TR Fu|dER

3]
o] 77k ok 32%, 32.5% A A H A3 3

4. CONCLUSION

24 e} mho] 9u 2 WA ol g3to] MM 24 F BH A
He) 3L 4L o] 2 24
KGy o4 241 5 2 A2

=
=
oF 65%0] FI10 AR AE BT oF 81% 20

Fres 4o 7 A% ol AA P 3L RSt ﬁ}ﬂ“’ A
S ALg31A] ghok W87 Aol o] AP 2 AFo wle)
Bo) 20l golot HHEE AL T slck. webd o] 1A
W Fotol AN FES HEIYS A A vlo] ook
AL o) A e) g THsAo] ke AL o 4
29t
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